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Abstract

:

The end clearance of the impeller is one of the most important structural parameters in the hydraulic design of a high-speed electrical submersible pump (ESP). In this paper, an ESP with a rotating speed of 6000 r/min was taken as the research object. Numerical calculations were carried out for five different end clearance conditions of 0.1 mm, 0.3 mm, 0.6 mm, 0.9 mm, and 1.2 mm, respectively, to obtain the performance and internal flow field under different situation. The simulation results were verified by the pump performance experiment. It showed that the increase of the end clearance led to a decrease of the head and efficiency of the electrical submersible pump. Through the analysis of the internal flow field, it was found that the existence of the end clearance reduced the flow rate and caused free pre-whirl. With the increase of the end clearance, the phenomenon of de-flow in the diffuser passage was aggravated, which further reduced the performance of the electrical submersible pump. Finally, the reasonable recommended value of the end clearance was given, which facilitated the optimization design and engineering application of the high-speed ESP.
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1. Introduction


Electrical submersible pump (ESP) is a specific multistage centrifugal pump working underwater. The pump and motor are located in the well, and the motor drives the pump to rotate to generate centrifugal force lifting the water or oil in the well to the ground. It is widely used in farmland irrigation and oil exploitation [1,2]. Due to the special working environment, ESP has high requirements for pump structure, performance, and stability. In the recent decades, a lot of scholars have devoted themselves to the improvement of ESP performance. They have proposed abundant performance optimization methods including orthogonal optimization [3,4,5], numerical calculation [6,7,8,9], and neural network genetic algorithm [10,11] for the structural parameters like the angle of installation, the number of blades, and the wrap angle of the blade.



The impeller and diffuser are the vital hydraulic components determining the performance of the ESP. Unlike the onshore pump, due to the limitation of the well diameter, the ESP can only reach the head requirement of several hundred meters by increasing the number of the impeller. Generally, the ESP contains dozens of impellers and diffusers. The installation of the impeller in ESP includes the fixed impeller and floating impeller. The floating impeller can move axially, while the fixed impeller is fixed on the pump shaft, which can neither move axially nor rely on the thrust pad of the diffuser. When the transport medium contains sediments, floating impeller in ESP will easily cause serious wear at the impeller inlet, which will affect the service life and stability [12,13]. Therefore, most enterprises adopt a fixed installation, which will result in end clearance at the impeller inlet. There are complex gaps in the ESP because of too many impellers, which will cause leakage flow, gap vortex, and other complex turbulent structures, and affect the performance of the ESP. At present, in the research process of multistage ESP, it was found that the three-stage structure was adopted to study, which can not only obtain good results but also reduce the calculation time and resources needed in the research process [14,15,16].



Many studies have been carried out on the complex clearance in the pump [17,18]. Hsu et al. [19] found that the inlet eddy current dramatically influences the dynamic characteristics of the impeller rotation through the study of the unsteady force caused by the leakage at the tip of impeller. San Andres et al. [20] studied the effects of six different ring seals on multistage ESP leakage and the experimental results revealed the best characteristics of certain annular seal configurations. Gao et al. [21] studied the effects of ring clearance on the performance of ESP by numerical calculation and found that when the ring clearance was greater than 0.7 mm, the performance dropped faster. Ma et al. [22] studied the tip clearance flow and the curling process of tip leakage vortex and found that the leakage flow appeared in the form of a wall jet. Tamm et al. [23] predicted the loss in the low-speed pump by formula and studied the effects of the radial clearance of the sealing gaps, which may have an essential impact on the losses of centrifugal pumps. Schleer et al. [24] analyzed the influence of the clearance flow on the flow structure at the impeller exit in part-load operation by particle image velocimetry (PIV). This flow behavior was found to be inconsistent with the classic jet-wake model, and an improved flow model including tip leakage was proposed to describe the flow structure under partial load conditions. Henry [25] found that the Reynolds number in the small clearance gap of the centrifugal pump is very high, which has great influence on the flow structures and viscosity. On account of acceleration into space, the high-pressure differences across the clearance spaces bring about a sudden pressure drop in the clearance space of centrifugal pumps. This converts the clearance space into a powerful hydrostatic bearing. As the pump rotates and vibrates, the damping and cross-coupling forces, as well as the radial stiffness, change accordingly.



Except experimental investigations, computational fluid dynamics can offer details of the internal flow field of the pump, including instability flow and performance characteristics under different flow conditions [26]. Engineering predictions of the complex flow field for the design of turbomachinery usually rely on the Reynold-averaged Navier–Stokes (RANS) for turbulence closure. Large eddy simulations (LES) and detached eddy simulations (DES) lead to an extremely fine grid resolution, which in turn makes the required calculation time and computer resources exorbitant in such complex flows [27]. LES and DES are mainly used when the aim is to investigate the unsteady phenomena or transient flow features. Pavesi et al. [28] employed DES to study the dynamic behavior of the variable speed pump-turbine in the transient load following process. Posa et al. [29] selected LES to investigate the unsteady flow features in a mixed-flow pump at off-design conditions.



Until now, once the aim was to study the effects of geometry parameters on the pump performance for optimal design, computational fluid dynamics (CFD) with RANS models and steady simulation were the first choice for the fast calculation time [30]. Shim et al. [31] chose the k–ω shear stress transport (SST) turbulence model to carry out the three-objective design optimization of a centrifugal pump impeller to reduce flow recirculation and cavitation. Liu et al. [32] used the SST model to simulate and design a double-blade centrifugal pump impeller by multicondition optimization method. Yang et al. [33] utilized the realizable k–ε turbulence model to improve the efficiency of a double volute centrifugal pump. Muggli et al. [34] employed the k-ε turbulence model and steady-state simulations to study the pump characteristic under different flow conditions. The results showed that the pump characteristic can be quite accurately predicted from full load to part load by modern numerical tools. Similar results were presented by He et al. [35]. They compared five models, i.e., standard k-ε, renormalization-group (RNG) k-ε, baseline (BSL) k-ω, standard k-ω, and SST k-ω with test results. They found that k-ε and k-ω are most suitable for internal flow and performance prediction. Furthermore, as a powerful simulation method, CFD approach was applied on the other hydraulic machines, including Francis turbine [36,37,38], water turbine [39], and tidal turbine [40].



At present, there are relatively few studies on the influence of end clearance on the performance of ESP. Especially in the high-speed ESP, if the improper end clearance is mixed with sediment, wear and tear will occur, resulting in reduced performance. In severe cases, the impeller and motor will be destroyed [41,42]. Therefore, the appropriate end clearance is crucial for the stable operation of the high-speed ESP. This article took a typical high-speed ESP as the research object. Numerical simulations of different end clearance conditions were carried out while ensuring that other design parameters remain unchanged. This test validated the effect of end clearance on ESP performance and also provided a reference for controlling end clearance during installation.




2. Numerical Methods


2.1. Geometry Model


A three-stage ESP with a specific speed of 187 was selected as the research object. The design flow rate was Qd = 20 m3/h and the rated power is 5.5 kW. The main structural parameters are shown in Table 1. The pump section diagram and the location of end clearance are shown in Figure 1. The solid model of impeller and diffuser are shown in Figure 2.




2.2. Mesh and Turbulence Model


A special rubber bushing mounted on the diffuser hub will largely eliminate interstage leakage, and it can be considered that there is no interstage leakage. The solid models were created and assembled to form the computational domains in Unigraphics NX 10.0 software. As shown in Figure 3, the computational domains include the inlet section, impeller, diffuser, cavity, end clearance, and outlet section. In order to fully develop the flow and reduce the influence of the boundary on the internal flow of the pump, the length of the inlet and outlet sections was extended to four times of the inlet diameter of the impeller.



ANSYS-ICEM 17.0 software was used to build the structured mesh of computational domains associated with the block topology of Y-type and O-type. By controlling the mesh growth rate of the boundary layer, the overall mesh thickness and density were ensured. This work applied the grid independence test to opt the appropriate mesh density. The orthogonality quality of all mesh was above 0.3. As demonstrated in Table 2, this paper established five calculation schemes with different grid numbers. The head and efficiency of the ESP were taken as grid independence indicators. According to the prediction results of the performance of the ESP, it was explicit that the numerical value of head and efficiency showed a stable trend, as the number of mesh increased. The predicted head and efficiency of Scheme 1 and Scheme 2 are lower than that of other schemes. Between Scheme 3 and Scheme 4, as the grid increased, there was no significant difference in head and efficiency, which means that Scheme 3 had sufficient grid density to achieve the required accuracy. Therefore, considering the configuration and calculation time of the computer, Scheme 3 was selected as the final grid scheme for numerical computation, and the total numbers of the grid were 2,610,407. Meanwhile, it was ensured that the entire computational domain 30 < y+ < 100 to meet the requirement of standard wall functions. Figure 4 is the final mesh for the impeller, diffuser, and the whole calculation domain. The simulations were performed on following hardware configuration: Intel Xeon 2.6 GHz, 24 cores, and 64 GB ram. The computing time of design flow rate was about 2.5 h to meet the convergence criterion.




2.3. Turbulence Model and Boundary Conditions


Considering the turbulence was highly complex, there was barely a single method to comprehensively and accurately simulate the turbulence of all flow problems. The key was to consider and study the turbulence model’s simulation capabilities and calculation requirements. It was essential to find the most suitable turbulence model for the components to be calculated, and then carefully verify it by comparing the numerical results with the test data. As shown in Table 3, the pump efficiency and head predicted by four turbulence models which are widely utilized in pumps were compared with the test data of 0.3-mm clearance under the design flow rate. Among them, the RNG k-ε model predicted the highest head and pump efficiency, while the standard k-ε model had the lowest and closest predicted value with the experimental results. Thus, the standard k-ε model was chosen to proceed to numerical calculation [43,44].



For the boundary conditions, the inlet was set as the pressure inlet, the outlet boundary condition was the mass flow outlet, the wall surface was the nonslip boundary condition, and the rotational speed was 6000 r/min. As shown in Figure 3, the impeller was a rotating domain and the rest of the computational domains were static domains. The convective and the diffusive terms were solved by second order upwind discretization. Second order implicit was used as the time dependent term scheme. Semi-implicit method for pressure linked equations-consistent (SIMPLEC) algorithm was employed to calculate the pressure-velocity coupling, and the convergence criterion was set as 10−5. More details about the boundary conditions are listed in Table 4.





3. Results and Discussion


3.1. Pump Performance Verification


In order to verify the accuracy of the numerical calculation, the performance test of the model pump was carried out. The impeller and diffuser were manufactured by 3D printing technology and made of photosensitive resin and cyanate ester, as presented in Figure 5. The usage of a special rubber bearing in the diffuser was to reduce the effect of interstage leakage. The design of the open testbed, shown in Figure 6, included a flow control device, data acquisition device, and data processing device. During the experiment, the flow rate and the pressure were measured by the electromagnetic flowmeter and the pressure sensor [44]. Then, under the adjustment of the valve opening, the pressure at different flow rates was measured, and all signals were input to the computer software for calculation.



The experimental results are shown in Figure 7. In this study, five different end clearances were set to find a suitable installation clearance. We tested the performance of ESP at 0.3-mm end clearance. The numerical simulation was carried out at 12 m3/h, 16 m3/h, 20 m3/h, 24 m3/h, and 28 m3/h. It was obvious that the CFD results were in good agreement with the experimental results. The experimental results were relatively lower than the CFD results, but the error was less than 5% and they had the same changing trend at different flow rates. Hence, the method of this study is credible. The reason for the decrease in calculation results was probably the neglect of mechanical losses.




3.2. Performance Analysis


Numerical simulations were carried out at five flux (0.6 Qd, 0.8 Qd, 1.0 Qd, 1.2 Qd, 1.4 Qd) for different end clearances (b = 0.1 mm, 0.3 mm, 0.6 mm, 0.9 mm, 1.2 mm). Figure 8 shows the CFD results of the performance of the ESP at different end clearances. It can be seen that as the flow rate increased, the head decreased at the same end clearance. The efficiency of ESP showed a trend of increasing firstly and then decreasing. The highest efficiency appeared at 1.2 Qd. Under the condition of constant flow rate, the head and efficiency reduced as the end clearance increased. At the 1.0 Qd, the head dropped by 2.36 m, 2.53 m, 1.7 m, 2.42 m at 0.3 mm, 0.6 mm, 0.9 mm, and 1.2 mm, respectively. Compared with 0.1 mm, the head decreased by 9.01 m at 1.2 mm. The efficiency decreased by 1.42%, 2.25%, 1.83%, and 2.53% at 0.3 mm, 0.6 mm, 0.9 mm, and 1.2 mm, respectively. When the end clearance was 1.2 mm, the efficiency was reduced by 8.03% compared to 0.1 mm. This illustrated that the end clearance had a great influence on the performance of the ESP.



At 0.6 Qd with the 1.2-mm end clearance, the head and efficiency decreased by 11.32 m and 11.19%, respectively, compared with 0.1 mm. However, at 1.0 Qd, they decreased by 9.01 m and 8.03%, respectively. At 1.4 Qd, they just decreased by 5.58 m and 6.31%, respectively. It indicates that the influence of end clearance on the part flow condition was obviously stronger than the overflow condition in the process of increasing the end clearance.



Therefore, when it comes to the situation which contains clear water and fine sand with a diameter of 0.05 mm to 0.005 mm, it is recommended to be 0.1 mm. The smaller end clearance means better performance. However, it should be considered that the too-small end clearance, when mixed with sediment, will result in severe wear and cause power overload. When the water quality is good and the water contains a small amount of fine sand with a diameter of 0.125 mm to 0.25 mm, 0.1 mm~0.3 mm is the recommended value. At this time, the performance of the ESP will occur as a slight decline. When the water quality is poor and contains a small amount of medium sand with a diameter of 0.25 mm to 0.5 mm, given the service life and stability of the pump, it is recommended to increase the end clearance appropriately but less than 0.6 mm. In this case, the performance loss caused by the end clearance needs to be taken into account in actual operation, and the maximum is no more than 0.9 mm. Otherwise, the performance of ESP may generate a serious drop and then exceed beyond expectation ultimately.




3.3. Flow Field Analysis


3.3.1. Influence of End Clearance on the Performance of Impellers


This paper used head and efficiency to study the effect of tip clearance on impeller performance. The calculated head and efficiency and the results are shown in Figure 9. The formulas for the impeller head (H) and impeller hydraulic efficiency (ηim) are as follows:


  H =    p  out   −  p  in     ρ g    



(1)






   η  im   =   ρ g Q H   M ω    



(2)




where pout is the total pressure at impeller outlet, pin is the total pressure at impeller inlet, ρ is the liquid density, M is the torque, ω is the angular velocity.



As shown in Figure 9, at the same end clearance, the head and efficiency of the second and third stage impellers were reduced compared to the first stage impeller, and the second and third stage impellers shared similar performance. We can explain the phenomenon from the Euler equation. According to the Euler equation, expression of the pump:


   H  ideal   =    u 2   c   u 2    −  u 1   c   u 1     g   



(3)




where Hideal is the ideal head of pump, cu1 is circumferential component of the flow velocity at the impeller, cu2 is the circumferential component of the flow velocity at the impeller outlet, u1 is the peripheral speed at impeller inlet, u2 is the peripheral speed at impeller outlet, g is the gravity acceleration.



The first-stage impeller of the ESP had no prerotation, actually cu1 = 0, so the head of the first-stage impeller was higher. Through the first-stage impeller, the liquid became swirled, cu1 > 0, so the head and efficiency of second-stage and third-stage impeller were lower than first-stage.



At the different end clearance, the performance of ESP dropped with the increases of the end clearance, which can intensify the internal leakage. From Figure 10, we can see the internal leakage of the single impeller at 1.2-mm end clearance was almost seven times as much as the leakage at 0.1-mm end clearance. It can be speculated that all of the liquid at the impeller entered the diffuser, and the flow can be regarded as the design flow at 0.1-mm end clearance. As the end clearance increased, part of the liquid entered into the diffuser, and part of the liquid re-entered the impeller from the end clearance, causing the actual flow to be less than the design flow. The change in flow rate triggered pre-whirl. The pre-whirl included forced pre-whirl and free pre-whirl. Forced pre-whirl was induced by external factors, such as structure, while free pre-whirl occurred independently of the structure and was only related to change of flow. The flow of pre-whirl is called the critical flow (critical flow is less than the design flow). When the flow is reduced to this critical flow, a strong countercurrent will be produced. The strong mixing of countercurrent and mainstream also caused the impeller to produce pre-whirl before the inlet. The smaller the flow is, the greater the countercurrent and the larger the pre-whirl will be. Because the energy in the process was provided by the impeller, the countercurrent caused by the pre-swirl flow consumed part of the impeller power [45].



Figure 11 is the pressure diagram of the second-stage impeller and cavity under different end clearances at design flow rate. It can be seen that at the 0.3-mm end clearance, the flow inside the impeller was regularly stable, only a small low-pressure area existed in the inlet of impeller. When the end clearance increased to 0.6 mm, 0.9 mm, and 1.2 mm, the low-pressure area appeared inside the impeller. With the increase of the end clearance, this low-pressure area further extended from the impeller inlet to the middle of the impeller passage. Beyond that, the high-pressure fluid returned to the impeller inlet through the end clearance and formed a high-pressure zone, which developed along the shroud edge of the impeller. As the end clearance increased, the leakage flow rose. At 0.6-mm end clearance, separation vortex appeared at the impeller pressure side and further developed into serious flow separation as the increase of end clearance. At 1.2-mm end clearance, the impact of leakage flow on the main flow was obvious at the inlet of impeller passage.



Figure 12 is the pressure diagram of the outlet of the second-stage impeller at 1.0 Qd. It is clear that the pressure from hub to shroud was distributed from low to high. This should be attributed to the fact that ESP usually uses inclined impellers to reduce liquid clogging. The hub diameter was shorter than shroud diameter, so the length of the impeller blade was different. Besides, with the increase of the end clearance, a relatively low-pressure region appeared at the hub side. It can be seen from Figure 12 that at the end clearance of 0.6 mm, 0.9 mm, and 1.2 mm, this low-pressure region at the outlet of the impeller gradually increased. At 1.2-mm end clearance, the low-pressure area occupied half of the impeller outlet. It revealed the end clearance will affect the flow in the impeller. The performance of ESP reflected that the pressure drop was more obvious. It indicated that the existence of the end clearance had a serious impact on the performance of the ESP.



Figure 13 is a pressure distribution diagram of the second impeller with different end clearances. It is shown that the pressure distribution of each flow channel in the impeller was uniform, and the pressure of the pressure surface was higher than the suction surface. The difference was that when the end clearance was 0.1 mm, the pressure of the impeller was obviously higher than that of 1.2 mm at full flow range. It means the increase of end clearance caused the decrease in pressure and the loss of impeller performance. At 1.4 Qd, when the end clearance was 0.1 mm, the pressure distribution was relatively regular, while, as the end clearance increased to 1.2 mm, the pressure reduced severely and flow separation occurred. At 0.6 Qd, the difference in pressure distribution was more pronounced compared to 1.0 Qd and 1.4 Qd. At 0.1-mm end clearance, only four vortices were found at the tip of the blade, but at 1.2 mm, there were obvious vortices at the tip of all blades. It was noticeable that the effect of the end clearance under over-load flow conditions was more obvious than that of part-load flow conditions. At 1.0 Qd, the difference between 0.1 mm and 1.2 mm was just a reduction in pressure value.




3.3.2. Influence of End Clearance on the Performance of the Diffuser


The diffuser is a vital energy transfer device in the pump. It collects the liquid from the impeller and converts the kinetic energy to pressure energy. In order to further understand the internal flow field distribution at different end clearance, the second-stage diffuser was opted for flow-field analysis. The first-stage of the multistage ESP consisted of the first cavity, impeller, and diffuser. The single-stage diffuser efficiency was calculated by the Equations (4)–(8), which were used as an index to measure the efficiency of the diffuser.


   η  st   =  P   P  im      



(4)






  P =   9.8 ×   10  3  × Q ×  H ′    3.6 ×   10  6     



(5)






   H ′  =    P 2  −  P 1    9.8 ×   10  3     



(6)






   P  im   = M ω −   M n   9.55 ×   10  3     



(7)






   η  st   =  η d  ×  η  im    



(8)




where P is the hydraulic power, Pim is the power consumed by the impeller, H’ is the single-stage head, p2 is the pressure at diffuser outlet, p1 is the pressure at diffuser inlet, ηst is the efficiency of single-stage pump, and ηd is the efficiency of the diffuser.



Figure 14 compares the efficiency of the diffuser at different end clearances at 1.0 Qd. It can be seen from the figure that the efficiency of the first-stage diffuser was significantly higher than the second-stage and third-stage diffuser at the same end clearance. The efficiency of second-stage and third-stage diffuser was similar. The efficiency of the same stage diffuser had a significant decrease as the end clearance increased. This may be ascribed to the increase of the end clearance disturbing the flow of liquid in the impeller, which in turn affected the flow stability of the inflow of diffuser. Meanwhile, when the end clearance increased to 0.3 mm, the decrease of the diffuser efficiency was more evident. Hence, it can be conjectured that 0.3 mm may be the installation threshold affecting the performance of the ESP.



Figure 15 is the streamline diagram of the velocity of the diffuser blade on the span surface at 1.0 Qd. We found the distinct vortices in the internal flow field of the diffuser, and the vortex intensity inside the diffuser increased with the rise of the end clearance. The increase in the leakage caused by the end clearance should be the main reason for this phenomenon. On one hand, it produced a strong collision with the fluid at the outlet of the diffuser and triggered secondary flow and energy loss, since the leak flow had a high velocity at the inlet of the next stage impeller. As the leakage increased, the vortex in the middle passage of the diffuser developed further. On the other hand, according to the speed triangle principle, the existence of the end clearance caused the decrease of axial velocity, leading to the collision angle of the flow increases and the mismatch with blade setting angle of diffuser. This was also a major cause of energy loss and turbulence, which led to the decline of the ESP performance.






4. Conclusions


This paper presents the numerical and experimental study of ESP with five different end clearances under various flow conditions. The performance curve and internal flow field distribution of ESP were obtained by numerical simulation and experiment. The conclusion includes the following aspects.



	(1)

	
The results illustrate that as the increase of internal leakage caused by the end clearance, the turbulence flow occurred in the impeller and the diffuser. Meanwhile, the turbulence intensity was aggravated when the end clearance increased. The diminution of the actual flow caused by the end clearance also gave rise to the free pre-whirl and aggravated energy loss.




	(2)

	
It was found that the end clearance caused a decrease of ESP performance within the full flow range, and in the small flow conditions the drop was even more serious. The effect of the end clearance was especially serious in small flow conditions.




	(3)

	
According to the CFD results, the suitable installation clearance was 0.1 mm~0.6 mm with the different diameters of the sand in the medium. When the clearance exceeded 0.9 mm, the ESP performance dropped rapidly. The results of this study may lay the foundation for further improving the design and operating reliability for high-speed ESP.
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Nomenclature




	Q
	flow rate



	Qd
	design flow rate



	H
	head



	pout
	total pressure at impeller outlet



	pin
	total pressure at impeller inlet



	ρ
	liquid density



	M
	torque



	ω
	angular velocity



	Hideal
	ideal head



	cu1
	circumferential component of the flow velocity at the impeller inlet



	cu2
	circumferential component of the flow velocity at the impeller outlet



	u1
	the peripheral speed at impeller inlet



	u2
	the peripheral speed at impeller outlet



	g
	gravity acceleration



	P
	hydraulic power



	Pim
	power consumed by impeller



	H’
	single-stage head



	p2
	the pressure at diffuser outlet



	p1
	the pressure at diffuser inlet



	ηst
	The efficiency of single-stage pump



	ηd
	the efficiency of the diffuser



	v
	velocity
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Figure 1. Simple diagram of pump section model and end clearance. 
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Figure 2. Solid model of impeller and diffuser. (a) Impeller, (b) diffuser. 
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Figure 3. Computation domain. 1. Inlet. 2. End clearance. 3. Cavity. 4. Impeller. 5. Diffuser. 6. Outlet. 
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Figure 4. Mesh of impeller and diffuser. (a) Impeller, (b) diffuser, (c) whole calculation domain. 
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Figure 5. Impeller and diffuser. (a) Impeller, (b) diffuser. 
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Figure 6. Testing apparatus. 1. Data acquisition instrument. 2. Frequency inverter. 3. Electromagnetic flowmeter. 4. The valve. 5. Computer. 6. Pressure sensor. 7. Pump. 8. Motor. 
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Figure 7. Comparison of pump performance between numerical and experimental results. 
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Figure 8. CFD-predicted performance with different end clearance size. (a) Head, (b) efficiency. 
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Figure 9. Comparison of impeller head and efficiency at all levels. (a) Head of single-stage impeller, (b) efficiency of single-stage impeller. 
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Figure 10. Leakage of different end clearance. 
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Figure 11. Total pressure contour of second-stage impeller, (a) 0.3 mm, (b) 0.6 mm, (c) 0.9 mm, (d) 1.2 mm. 
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Figure 12. Pressure contour at second-stage impeller outlet, (a) 0.3 mm, (b) 0. 6mm, (c) 0.9 mm, (d) 1.2 mm. 
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Figure 13. Pressure distribution of blade expansion in the second-stage impeller, (a) 0.6 Qd, 1 mm; (b) 1.0 Qd, 1 mm; (c) 1.4 Qd, 1 mm; (d) 0.6 Qd, 1.2 mm; (e) 1.0 Qd, 1.2 mm; (f) 1.4 Qd, 1.2 mm. 
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Figure 14. Comparison of the efficiency of the diffuser at different end clearances. 
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Figure 15. Streamline diagram of the velocity of the diffuser, (a) 0.3 mm, (b) 0.6 mm, (c) 0.9 mm, (d) 1.2 mm. 
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Table 1. Parameters of impeller and diffuser.
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	Blade wrap angle of impeller
	85°
	Impeller inlet diameter
	40 mm



	Inlet setting angle of impeller
	44°
	Impeller outlet width
	6 mm



	Outlet setting angle of impeller
	25°
	Hub diameter
	19 mm



	Blade number of impeller
	6
	Impeller outlet diameter
	77 mm



	Blade number of diffuser
	7
	Blade wrap angle of diffuser
	75°



	Inlet setting angle of diffuser
	15°
	Outlet setting angle of diffuser
	88°
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Table 2. Grid independence analysis.
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	Scheme No.
	Grid Number
	Head (m)
	Efficiency (%)





	Scheme 1
	1120764
	57.55
	69.64



	Scheme 2
	1543478
	58.91
	70.02



	Scheme 3
	2610407
	60.77
	71.65



	Scheme 4
	3241243
	60.79
	71.33
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Table 3. Turbulence model comparison.
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Flow Rate

	
Turbulence Model

	
Standard k-ε

	
RNG k-ε

	
Standard k-ω

	
SST k-ω

	
Test Data






	
20 m3/h

	
Efficiency (%)

	
66.65

	
67.35

	
66.72

	
66.91

	
64.73




	
Head(m)

	
60.77

	
62.1

	
61.35

	
61.51

	
57.26




	
16 m3/h

	
Efficiency (%)

	
61.41

	
62.82

	
62.09

	
61.95

	
58.47




	
Head(m)

	
64.45

	
66.20

	
65.41

	
64.70

	
61.55




	
12 m3/h

	
Efficiency (%)

	
55.61

	
56.31

	
56.08

	
55.44

	
52.15




	
Head(m)

	
67.15

	
67.59

	
67.26

	
66.81

	
64.92











[image: Table] 





Table 4. Boundary conditions.






Table 4. Boundary conditions.





	Location
	Boundary Condition Types
	Settings





	Inlet
	Pressure inlet
	101,325 Pa, 5% turbulence intensity



	Outlet
	Mass flow outlet,
	Equal to the operating flow rate



	Wall
	Nonslip wall
	Surface roughness 0.01 mm



	Impellers
	Rotating
	6000 r/min



	Diffusers
	Stationary
	0 r/min
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