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As one of the important equipment for pumping groundwater, how to improve the operation performance of deep well pump has been a research hotspot. At present, most of the deep well pump hydraulic design research mainly focuses on the low speed condition, and there is still a lack of systematic research on the internal flow theory and design method of the high speed deep well pump. In this paper, numerical simulation is used to investigate the performance change law of high speed deep well pump under different space diffuser blade outlet setting angles, and the performance test of the design scheme model is used to verify the accuracy of numerical simulation. The hydraulic loss inside the space diffuser and the velocity moment at the outlet are quantitatively analyzed. The results shown that the outlet setting angle of 90° is a relatively optimal solution. Under the designed outlet setting angle, the hydraulic loss in the first-stage space diffuser decreases with the increase of the flow rate, and the average hydraulic loss in the space diffuser at all levels fluctuates between 16% and 20%. With the increase of the number of stages, the velocity moment at the outlet of the space diffuser also increases gradually, and the change trend of the velocity moment at the outlet of the first-stage space diffuser under different outlet setting angles is relatively consistent. This research can provide reference for the optimal design and application of high speed deep well pump.
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INTRODUCTION
As the core equipment for pumping groundwater, multistage deep well pumps are widely used in factories, railways, geothermal research, water companies, agricultural irrigation, mining and other fields due to their advantages of small diameter, high head, light weight, convenient transportation and reasonable price (Sontake et al., 2020). Therefore, the increasing number of energy-saving strategies and users has prompted industry and researchers to focus on the performance changes of deep well pumps (Zhou et al., 2022).
In order to investigate the flow pattern of the fluid inside the deep well pump and optimize the hydraulic performance of the deep well pump, scholars have carried out a large number of numerical simulations and experiments on the deep well pump, and have achieved a lot of research results (El-Emam et al., 2022). Gölcü et al. (Gölcü et al., 2006) analyzed the effect of splitter vanes on the performance of the deep well pump with different blade numbers, and continued to study the effect of splitter vane length on the performance of the deep well pump under the optimal scheme. The study shown that when the number of vanes is 6 and 7, the performance of the deep well pump is negatively increased by the splitter vanes. When the number of vanes is 5, the efficiency of the deep well pump is improved, and when the splitter vanes are 80% of the length of the main vane, the deep well pump can reach the best efficiency point. Zhang et al. (Zhang et al., 2016) proposed an axial diffuser, which has improved efficiency and higher economy than radial blades, and is suitable for deep well pumps with medium and high specific speeds. Goel et al. (Goel et al., 2008) optimized the blade shape and found that it can reduce the internal pressure loss of the pump. Shi et al. (Shi et al., 2013) analyzed the influence of different impeller outlet width on the deep well centrifugal pump, and found that with the increase of the impeller outlet width, the hydraulic performance of the pump also became worse, and the shaft power also gradually increased. Lin et al. (Lin et al., 2022) explored the influence of diffuser on the centrifugal pump at different inlet setting angles, and found that the increase of the inlet setting angle is beneficial to reduce the strength of the vortex in the impeller, but the large inlet setting angle will lead to a higher energy loss in the inlet pipe, which reduces the hydraulic performance of the pump. Tan et al. (Lei et al., 2014) proposed an optimal design scheme for blade wrap angle, and proved the superiority of the design method through experiments. Peng et al. (Peng et al., 2020) analyzed the effect of the blade outlet setting angle on the performance of the low specific speed multistage deep well pump, and found that increasing the blade outlet setting angle would lead to more cavitation on the impeller. Tanaka et al. (Tanaka et al., 2021) used a simulation method to study the transient characteristics of a centrifugal pump during rapid start-up, and compared with the experimental results; Zheng et al. (Zheng et al., 2020) found that under the condition of small flow, the gap flow will lead to the performance degradation of centrifugal pump. Cheng et al. (Cheng et al., 2019) found that appropriately increasing the wrap angle of the space diffuser can improve the flow characteristics within the space diffuser. Xu et al. (Xu et al., 2022) studied whether it will affect the centrifugal pump by changing the thickness of the blade, and found that under the constant thickness of blade condition, when the blade thickness exceeds 6 mm, the pump head and efficiency will drop rapidly; and under the variable thickness of blade condition, the minimum thickness of the pump blades should be 4 mm, and a maximum thickness of 60% of the chord length is proposed to improve pump performance.
In the deep well pump, the space diffuser is an important energy conversion flow component, and its hydraulic design greatly affects the performance of the deep well pump (Benghanem et al., 2013; Yang et al., 2021). At present, the research on the influence of the outlet setting angle of the space diffuser of the 6,000 r/min high speed deep well pump on its performance has not been reported yet. In this paper, under the condition that other hydraulic parameters of the space diffuser remain unchanged, the numerical simulation method is used to investigate the effect of the space diffuser, when the blade outlet setting angles are 40°, 50°, 60°, 70°, 80°, 90° and 100°. The influence of deep well pump performance provides a theoretical basis for optimizing the hydraulic parameters of space diffusers.
PHYSICAL MODELS
The research object is the ZQSY100-2.2 YG high-speed deep well pump (hereinafter referred to as the deep well pump), which has four stages, and the main components are the motor, impeller, diffuser, etc. Design flow rate Qd = 4 m3/h, design rated head H = 65 m, designed rotating speed n = 6,000 r/min, specific speed ns = 83. The main design parameters of the overcurrent components of the deep well pump are shown in Table 1, and the assembly diagram of the overcurrent components is shown in Figure 1. Considering the smoothness of the outflow of the last stage diffuser, the space diffuser adopts two design schemes, A and B. The first three stages adopt the space diffuser A, and the last stage adopts the space diffuser B. The three-dimensional models of the impeller and two kinds of diffusers are shown in Figure 2. In order to study the influence of the outlet setting angle of the space diffusers on the performance of the deep well pump, seven different schemes are adopted, namely 40°, 50°, 60°, 70°, 80°, 90° and 100°.
TABLE 1 | Main parameters of flow-through components of the deep well pump.
[image: Table 1][image: Figure 1]FIGURE 1 | Assembly diagram of overflow parts of the deep well pump.
[image: Figure 2]FIGURE 2 | Three-dimensional models of impeller and diffusers.
NUMERICAL METHODS
Computational domain
CFturbo software is used to design spatial diffusers and impellers with different outlet setting angles, and the three-dimensional (3D) water body diagram is derived. UG12.0 is used to carry out 3D modeling of the computational domain of the remaining components of the deep well pump, including the cavity, the inlet pipe, and the outlet pipe. Considering the gap between the orifice ring to the impeller inlet and set its value is 0.5 mm. In order to reduce the influence of the inlet and outlet boundaries on the numerical simulation results and obtain more stable simulation data with good convergence characteristics, the inlet and outlet pipes of the deep well pump are extended.
Mesh generation
In the numerical simulation of the high speed multistage deep well pump, the structural mesh division of the computational domain of each component should be carried out first. The TurboGrid software is used to mesh the impellers and space diffusers at all levels of the high speed multistage deep well pump, and the ICEM software is used to mesh the inlet and outlet sections and cavity parts. The meshes near the blades of the diffusers are locally refined in order to better capture the complex flow in these areas. The specific mesh is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Meshes of the calculation domain.
Boundary conditions
The full flow field structured meshes are imported into ANSYS Fluent software, and each mesh computing domain is defined (Benghanem et al., 2013). The four impeller computational domains are set as rotating domains, the impeller rotational speed is set as 6,000 r/min, and the inlet and outlet sections, cavity and space diffuser fluid domains are set as static domains. The inlet boundary condition is set to total pressure inlet and relative pressure to 0. The outlet boundary condition is set as the mass flow outlet, which selects seven different values according to the rated flow to simulate and calculate the corresponding performance. The impeller is situated in the rotating reference frame, the diffuser is in the fixed reference frame, and they are related to each other through the frozen rotor. The surface roughness is set to 0.06 mm, the wall is set to a non-slip wall. The turbulence model is set to the SST k-ω model, which is widely used in the prediction of internal flow in deep well pumps (Ji et al., 2013).
Mesh independence study
The number of overall meshes will affect the calculation results, and eight groups of meshes with different numbers are selected to provide mesh independence verification. Selecting the rated operating point of the deep well pump at 4 m3/h for numerical calculation, eight groups of different heads are obtained. The relationship between the head and the number of meshes is shown in Figure 4. It can be seen that with the increase of the number of meshes, the change of the head tends to be gentle. When the total number of meshes is greater than nine million, the head of the high speed multistage deep well pump is gradually stabilized. In order to ensure the calculation accuracy and save calculation time, the total number of meshes finally selected is 10 million. The y+ values are generally around 30 for all calculational domains, which meets the simulation needs of the SST k-ω model (Han et al., 2021).
[image: Figure 4]FIGURE 4 | Mesh independence verification.
RESULTS AND DISCUSSION
Verification of simulation
This pump performance experiment was carried out in the open experimental bench of the National Pump Comprehensive Laboratory of Jiangsu University. The schematic diagram of the experimental bench is shown in Figure 5. It mainly consists of high speed multistage deep well pump, frequency converter, outlet pipeline, outlet regulating valve, outlet pressure sensor, flow meters, data acquisition instruments, etc. The speed of the deep well pump is adjusted by the frequency converter, the flow is adjusted by the valve on the pipeline, and the outlet pressure of the deep well pump is monitored by the pressure sensor. The diameter of the outlet pipeline is 50mm, the pressure sensor adopts the WT2000 pressure sensor, the measurement range is 0–1.6MPa, and the comprehensive accuracy is 0.5%. The turbine flowmeter adopts the LWGY-50A0A3T turbine flowmeter, and the test accuracy is ±0.5%. The data are collected using a comprehensive hydro-mechanical tester of type TPA-3A developed by Jiangsu University.
[image: Figure 5]FIGURE 5 | Schematic diagram of the experimental test device.
Figure 6 is a comparison diagram of the experimental data and the simulated data of the high speed multistage deep well pump under the design speed of 6,000 r/min and different flow conditions. It can be seen that the simulation value of the external characteristics of the high speed multistage deep well pump is in good agreement with the experimental value. Under the working condition of rated flow of 4 m3/h, the head tends to be equal to the experimental value, and the difference between the efficiency and the experimental value is small. Under different flow conditions, the errors of the simulated and experimental values of head and efficiency are all within the acceptable range, indicating that the numerical simulation results have relatively high reliability and reference value.
[image: Figure 6]FIGURE 6 | Comparison of external characteristic curves.
External characteristics
The outlet setting angle of the space diffuser is changed and matched with the same impeller. Keeping the pre-processing settings unchanged, numerical simulations are performed for seven sets of outlet setting angles of the space vane. The relationship between the space diffuser outlet setting angle and the head and efficiency of the deep well pump at rated flow rate is obtained and the results are shown in Figure 7. With the increase of the outlet setting angle of the space diffuser, the head of the deep well pump gradually increases. When the outlet setting angle of the space diffuser is 90°, the head of the deep well pump is the largest, and then decreases. And the efficiency of the deep well pump shows an upward trend of oscillation, when the space diffuser outlet setting angle is 50°. The efficiency of the deep well pump at rated flow is the lowest, and when the space diffuser outlet setting angle is 80°, the deep well pump has the highest efficiency at rated flow. Considering the head and efficiency performance of the deep well pump comprehensively, the optimal space diffuser with the outlet setting angle of 90° is selected (Gonzalez et al., 2002).
[image: Figure 7]FIGURE 7 | The characteristic curve of the head and efficiency with different outlet setting angle.
Figure 8A is the head characteristic curve of the deep well pump under the space diffusers with different outlet setting angles. The head change trends of the deep well pump under the space diffusers with different outlet setting angles are basically the same, and they all decrease with the increase of the flow rate. When the flow rate is 2 m3/h, the head of the deep well pump is the largest when the setting angle of the space diffuser outlet is 100°, and the head of the deep well pump is the smallest when the space diffuser outlet setting angle is 40°. When the flow rate is 8 m3/h, the head of the deep well pump is the largest when the outlet setting angle of the space diffuser is 100°, and the head of the deep well pump is the smallest when the outlet setting angle of the space diffuser is 40°. On the whole, from small flow rate to large flow rate, the head of the deep well pump is the largest when the space diffuser outlet setting angle is 100°, and the smallest when the outlet setting angle is 40°. Figure 8B is the efficiency characteristic curve of the deep well pump under the space diffusers with different outlet setting angles. The efficiency changing trend with different outlet setting angles is basically the same. The efficiency of the pump increases first and then decreases as the flow rate increases. Under the condition of small flow rate of 2 m3/h, the efficiency of the deep well pump is the highest when the space diffuser outlet setting angle is 60°, and the efficiency of the deep well pump is the lowest when the space diffuser outlet setting angle is 50°. When the flow rate is 8 m3/h, the efficiency of the deep well pump is the largest when the space diffuser outlet setting angle is 100°, and the deep well pump efficiency is the lowest when the space diffuser outlet setting angle is 40°.
[image: Figure 8]FIGURE 8 | Comparison of external characteristics at different outlet setting angles of space diffusers.
Hydraulic loss
When the deep well pump is running, due to factors such as the roughness of the wall surface of the over-flow part and the viscosity of the fluid itself, the fluid will have collision and friction when flowing in the deep-well pump, which will cause the phenomenon of fluid de-flow and backflow in the flow channel of the over-flow component (Zhang et al., 2021). The loss of head and efficiency of the deep well pump is called hydraulic loss, and the calculation formula of the hydraulic loss in each stage of the space diffuser is as follows:
[image: image]
where δ is the hydraulic loss ratio in the space diffuser; p1 is the total pressure at the inlet of the space diffuser; p2 is the total pressure at the outlet of the space diffuser; Δp is the pressure boost value of the impeller at all levels. The following will analyze the hydraulic loss inside the space diffuser under different outlet setting angles and different flow rates.
Figure 9A shows the hydraulic loss in the first-stage space diffuser under different outlet setting angles. The hydraulic loss in the first-stage space diffuser increases first, then decreases and then increases with the increase of the outlet setting angle. When the diffuser outlet setting angle is 90°, the hydraulic loss in the first-stage space diffuser is the largest, and when the space diffuser outlet setting angle is 70°, the hydraulic loss in the first-stage space diffuser is the smallest. Figure 9B shows the average hydraulic loss in the space diffusers at all levels under different outlet setting angles. The hydraulic loss in the space diffusers at all levels decreases first and then increases with the increase of the outlet setting angle. When the outlet setting angle is 90°, the hydraulic loss in the space diffusers at all levels is the largest. When the outlet setting angle of the space diffuser is 60°, the hydraulic loss in the space diffusers at all levels is the smallest, but the relative difference in the size of the hydraulic loss is not very large. The hydraulic loss cannot fully represent the level of efficiency, because the setting angle of the diffuser outlet will affect the internal flow and pressure distribution of the next-stage impeller, and the blade load will change. For multistage pumps, the factors affecting efficiency are complex.
[image: Figure 9]FIGURE 9 | Hydraulic loss in the first stage space diffuser and the average hydraulic loss in space diffusers with different outlet setting angles.
Figure 10 shows the hydraulic loss in the first-stage space diffusers and the average hydraulic loss in the diffusers at all levels at different flow rates under the design outlet setting angle. With the increase of the flow rate, the hydraulic loss in the first-stage space diffusers gradually decreases, when the flow rate is 8 m3/h, the hydraulic loss in the first-stage space diffuser reaches the minimum. The average hydraulic loss in the space diffusers at all levels fluctuates between 16% and 20%. At 7 m3/h, the average hydraulic loss in the space diffusers at all levels reaches the minimum. At 2 m3/h, the average hydraulic loss in the space diffusers at all levels reaches the maximum. Starting from the rated flow rate of 4 m3/h, the hydraulic loss in the first-stage space diffusers is less than the average hydraulic loss in the space diffusers at all levels. The gap gradually widens with the increase of flow rate, indicating that under large flow conditions, the first stage hydraulic loss in the space diffuser is relatively small in the four-stage space diffuser.
[image: Figure 10]FIGURE 10 | The hydraulic loss in the first-stage space diffusers and the average hydraulic loss in the space diffusers at different flow rates.
Outlet velocity moment
The space diffuser plays the role of rectification in the deep well pump (Iskenderli et al., 2013). In order to compare the rectification effect of the space diffuser under different outlet setting angles, the velocity moment is introduced, which represents the size of the general trend of the fluid particles moving along the direction of the closed surface. It is specified that the counterclockwise direction along the curve is the positive direction, and the clockwise direction along the curve is the negative direction. The specific formula is as follows:
[image: image]
where Γ is the velocity moment, L is the closed curve, [image: image] is the velocity vector, and [image: image] is the arc element vector of the curve L.
The absolute value of the velocity moment represents the size of the rectification capability of the space diffuser, and the smaller the absolute value, the stronger the rectification capability. Now define ε as the dimensionless radial position, and its calculation formula is as follows:
[image: image]
where RD is the outer diameter of the space diffuser outlet, Rd is the inner diameter of the space diffuser outlet, and R is the radius of a point between the inner diameter and the outer diameter of the space diffuser. The following will analyze the velocity moment of the space diffuser outlet under different outlet setting angles and different flow rates.
Figure 11 shows the outlet velocity moment of the space diffusers at the rated flow rate under the designed outlet setting angle. The variation trend of the velocity moment of the four-stage space diffusers are basically same. The overall magnitude is not large and the outlet velocity moments of the space diffusers at all levels are all positive values, among which the velocity moment at the exit of the fourth-stage space diffuser is much larger than the other three-stage space diffusers, and the exit velocity moment of the first-stage space diffuser is the smallest, indicating that the rectification effect of the first-stage space diffuser is better. On the whole, from the inner diameter to the outer diameter of the space diffuser outlet, the outlet circulation of the space diffusers at all levels shows an upward trend. However, near the outer diameter of the space diffuser outlet, the velocity moment of the space diffusers at all levels will decrease.
[image: Figure 11]FIGURE 11 | Outlet velocity moment of space diffusers at each level at design outlet setting angle.
Figure 12 shows the outlet velocity moment of the first-stage space diffuser at different outlet setting angles under rated flow. The variation trend of the first-stage space diffuser outlet velocity moment under different outlet setting angles is basically the same. From the inner diameter of the first-stage space diffuser outlet to the outer diameter, the velocity moment first increases and then decreases. When ε is between 0 and 0.54, the outlet setting angle is 90°, and the velocity moment at the first-stage space diffuser is the smallest. When ε is between 0.54 and 1, the outlet setting angle is 100°, the velocity moment of the first-stage space diffuser is the smallest. It means that the space diffuser has better rectification capability and can eliminate the rotational component of fluid better, when the space diffuser outlet setting angle is 90° and 100°. When the outlet setting angle is 40°, the outlet velocity moment of the first stage space diffuser is the largest. It means that when the outlet setting angle is 40°, the rectification capability of the space diffuser is poor, and it is not able to better eliminate the rotational component of the fluid. It leads to unstable flow pattern when the fluid enters the next stage impeller, which affects the overall performance of the deep well pump.
[image: Figure 12]FIGURE 12 | The velocity moment of the first-stage space diffuser at different outlet setting angles.
Figure 13 shows the outlet velocity moment of the first-stage space diffuser at different flow rates under the design outlet setting angle. The change trend of the outlet velocity moment of the first-stage space diffuser under different flow rates is relatively consistent, from the inner diameter of the first-stage space diffuser outlet to the outer diameter and the velocity moment both increase first and then decrease. With the increase of the flow rate, the outlet circulation volume of the first-stage space diffusers also gradually increases. When the flow rate is 8 m3/h, the outlet velocity moment of the first-stage space diffusers is the largest, and the rectification capacity of the space diffusers is the worst. This is because under large flow conditions, the rotational component of the fluid at the outlet of the space diffuser is very large. The space diffuser can only eliminate part of the rotational component, and the remaining rotational component leads to a large velocity moment. Under the condition of small flow, the velocity moment near the outlet diameter of the first-stage space diffuser changes drastically, which has exceeded the outlet velocity moment under the rated flow. It shows that the internal flow of the deep well pump is unstable under small flow conditions, and the rectification ability of the space diffuser is also poor.
[image: Figure 13]FIGURE 13 | The velocity moment of the first-stage space diffuser at different flow rates.
CONCLUSION
Based on the numerical simulation method, the performance comparison of the deep well pump with different outlet setting angles of the space diffuser was carried out, and the hydraulic loss inside the space diffuser and the outlet velocity moment were quantitatively analyzed. The main findings and conclusions are as follows:
(1) The head of the high-speed deep well pump at rated flow increases with the increase of the outlet setting angle of the space diffuser. When the outlet setting angle is 90°, the head is the largest. When the outlet setting angle is 80°, the efficiency is the largest. Compared with the space diffusers with different outlet setting angles, it is a relatively optimal solution to design the space diffuser outlet setting angle to 90°.
(2) When the outlet setting angle of the space diffuser is 90°, the hydraulic loss in the first-stage space diffuser and the average hydraulic loss in the space diffusers at all levels are relatively the largest. Under the design outlet setting angle, the hydraulic loss of first-stage space diffuser decreases with the increase of the flow rate, and the hydraulic loss in the first-stage space diffuser is the smallest at 8 m3/h. The average hydraulic loss in the space diffusers at all levels fluctuates between 16% and 20%. At 7 m3/h, the average hydraulic loss in the space diffusers at all levels is the smallest, and at 2 m3/h, the average hydraulic loss in the space diffusers at all levels is the largest.
(3) Under rated operating conditions, the variation trend of the velocity moment at the outlet of the space diffusers at all levels is relatively consistent. With the increase of the number of stages, the velocity moment at the exit of the diffuser also increases gradually. The variation trend of the outlet velocity moment under the setting angle is relatively consistent. When the outlet setting angle is 90° and 100°, the outlet velocity moment of the first-stage space diffuser is smaller, and the rectification capability of the space diffuser is stronger. When the outlet setting angle is 40°, the velocity moment of the first-stage space diffuser outlet is the largest, and the rectification capacity of the space diffuser is poor. Under different flow rates, the velocity moment of the first-stage space diffuser outlet increases with the increase of the flow rate, and when the flow rate is 8 m3/h, the velocity moment at the exit of the first-stage space diffuser is the largest.
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