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In order to clarify the non-constant flow characteristics of the impeller and bulb body of the submersible tubular electric pump device, the entire flow rate conduit of the pump device is numerically calculated using the numerical simulation method, focusing on the analysis of the non-constant flow field characteristics of the guide vane body and bulb body and the time–frequency variation law of the pressure pulsation, and the results of the physical model testing confirm the validity of the numerical simulation. The findings demonstrate that the impeller of a submersible tubular electric pump is mostly responsible for the impeller’s inlet pressure pulsation, and the number of impeller blades to the number of peaks and valleys is consistent. Under the high flow rate condition of 1.2 Qd, the pressure fluctuation in the impeller inlet, between the impeller and the guide vane is small, and the main frequency is located at three times the rotational frequency, and the pressure pulsation at the outlet of the guide vane body has no obvious pattern and small amplitude. As the flow rate increases, the peak value of pressure pulsation at each monitoring point in the characteristic section of the pump device gradually decreases. The pressure pulsation peak value varies widely, ranging from 0.058 to 0.15, at each monitoring location of the impeller inlet. The peak value of pressure pulsation at each monitoring point of the impeller outlet fluctuates less due to the change of flow rate. The size and scale of the omega vortex structure in the guide vane body at different moments of the same cycle is small, and the number of vortex structures from the guide vane body inlet to the outlet direction shows a gradual increase in the trend; with a rise in flow rate, there is a tendency for the velocity and deflection angle of the guide vane body outlet and bulb body outlet surface to decrease.
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1 INTRODUCTION
The installation method of submersible tubular electric pump device is horizontal or tilting type, which is mostly applied to river water lifting and urban drainage projects, which mainly has the following characteristics: 1) the inlet and outlet water conduit is straight, the water flow is stable, and the total hydraulic loss of the flow rate conduit is small; 2) compared to the conventional bulb tubular pump, the bulb body volume is smaller, and the device has a high hydraulic efficiency; and 3) the motor of the submersible tubular electric pump device can run in water, which is simple to operate, generates low noise, does not produce high temperature, and has good cavitation performance. In the 1970s, Japan used submersible tubular electric pump devices in the agricultural government Sijue Lujin pumping station and other large pumping station projects. Early 21st century, China began to develop large submersible tubular electric pumping devices and promote the application of large submersible tubular electric pumping devices in 2008 for the first time in China’s Jiangsu Province, Tongyu River North Extension Water Supply Project irrigation River North, Shan Hou Henan pumping station. In good operating condition, the device has an efficiency of up to 79%, changing the status quo of the traditional tubular pumping device’s low efficiency (Xie et al., 2010). Optimizing the relevant parameters of the impeller and guide vane is of great significance to improve the hydraulic performance of the submersible tubular electric pump.
So far, many scholars at home and abroad have carried out some research on the submersible tubular electric pump device. The research methods mainly use CFD technology and model tests (Wang et al., 2019a; Munih et al., 2020; Yang et al., 2022a) to study the internal and external characteristics and pressure pulsation of the pump device. The three-dimensional steady numerical analysis and structural optimization of the flow field in each flow structure (Lu et al., 2018; Arocena et al., 2021; Sun et al., 2021) have achieved fruitful research results. Zhang et al. (2014) investigated the three-dimensional turbulent flow and the pressure fluctuation in a submersible axial-flow pump by adopting the RNG k-ε turbulence model and the SIMPLEC algorithm, with which the pressure pulsation distribution of the impeller inlet and outlet was obtained (Ji et al., 2021). The influence of shaft position on the performance of tubular pump devices was studied by three-dimensional steady and unsteady numerical simulation combined with a model test. The results showed that the hydraulic performance of the two inlet conduits was excellent, and the hydraulic loss was close. In the study by Xiao et al. (2019), two-dimensional (2D) particle image velocimetry (PIV) was applied to test the blood pump under three different conditions, and the results show that under the medium rotation velocity condition, the flow field is stable and the velocity distribution is even (Choi et al., 2008). The variation of turbine performance with blade angle is analyzed by CFD. The results show that the inlet and outlet angles of the runner blade have great influence on turbine performance. In the study by Miyabe et al. (2006), dynamic particle image velocimetry and pressure fluctuation measurement were used to investigate the unstable flow of a mixed-flow pump with a vane diffuser. It is concluded that the key to improving the positive slope of the flow-head curve is to suppress the growth of the vortex at the diffuser inlet.
Due to the pump’s actual operation’s high-velocity rotation, it is very easy for the water flow to produce flow separation, vortex, secondary flow, and other complex flow phenomena (Khalifa et al., 2011). The flow characteristics of the pump device and the flow state of the fluid in the pump have a great influence on its operational reliability and performance stability. Pressure pulsation is one of the main causes of vibration and noise in pump devices, and some scholars have carried out studies on the internal pressure pulsation characteristics of pump devices of different structural forms (Chu et al., 1995; Li et al., 2018; Ji et al., 2020; Yang et al., 2021a). Li et al. (2021) examine the cavitation performance of an LNG submerged pump and the pressure pulsation characteristics during cavitation excitation using CFD analytical technologies. Jin et al. (2019) present an investigation of external flow characteristics and pressure fluctuation of a submersible tubular pumping system by using a combination of numerical simulation and experimental methods. In the work by Shi et al. (2021), CFD is used to compare the difference in pressure pulsation characteristics between a full tubular pump and an axial flow pump. The results show that the pressure pulsation at the inlet of the impeller of the full tubular pump is larger than that of the axial flow pump, while the pressure pulsation of the full tubular pump is smaller than that of the axial flow pump. In the study by Zhang et al. (2015), in order to find a practical way to lower high pressure pulsation levels, a slope volute is explored. The results demonstrate that unique pressure pulsation peaks at fBPF, together with non-linear components, are captured. Results demonstrate that distinct pressure pulsation peaks at fBPF are caught, together with non-linear components. In the study by Al-Obaidi (2020), the influence of different blade numbers on the flow and pressure pulsation in the pump is studied by computational fluid dynamics technology. The impeller blade has a great influence on the pressure, shear stress, magnitude velocity, and axial velocity.
The internal flow of a submersible tubular electric pump device is a complex three-dimensional non-constant turbulent flow, and the water flows through the impeller to obtain energy, so the numerical simulation of the internal flow characteristics of the pump device can help to optimize the pump device structure. This study focuses on the numerical simulation of the internal non-constant flow of the submersible tubular electric pump device at different flow rate conditions by CFD technology, focusing on the time–frequency characteristics of the pressure pulsation in the impeller and guide vane domain to study the internal flow characteristics of the submersible tubular electric pump device, and it elaborates the development law of the pump device’s internal flow characteristics and vortex structure at various points in order to optimize the pump device’s structure and assure the safety of the pumping station.
2 CALCULATION OBJECT AND NUMERICAL METHOD
2.1 Three-dimensional model establishment of the pump device
The submersible tubular electric pump device consists of five parts: straight inlet conduit, impeller, guide vane body, bulb body, and straight outlet conduit. In order to ensure the full development of the water flow into the inlet conduit during the numerical simulation and to be closer to the actual inlet flow field, an inlet extension section was set in front of the straight pipe inlet conduit with a length of 1.0 times the length of the inlet conduit and a height of 1.2 times the height of the inlet conduit; the outlet conduit extension section was set at the outlet of the straight outlet conduit, and its dimensions were set the same as the inlet extension section. Unigraphics NX modeling software was used to model the straight inlet conduit, bulb body, and straight outlet conduit in three dimensions. The complex shape of the blade in the meshing of the rotating equipment may be produced by ANSYS TurboGrid software, so ANSYS TurboGrid was used to provide structured mesh for the impeller domain and guide vane domain. The impeller model is ZM25N, the nominal diameter of the impeller is 300 mm, the rotational velocity is 1,352 r/min, and the impeller nD value is according to the hydraulic performance of the selected ZM25N impeller of the submersible tubular electric pump device and the operating parameters such as the design head and design flow rate of the pump device. The number of impeller blades is 3, the top clearance is 0.20 mm, the number of guide vanes is 5, and the axial distance between the impeller and the guide vanes is 0.25D. The length of the straight inlet conduit is 6.01D, the height of the inlet conduit is 1.72D, and the width of the inlet conduit is 2.21D. The length of the straight outlet conduit is 5.42D, the height of the outlet conduit is 1.72D, and the width of the outlet conduit is 2.21D; the length of the bulb body is 1.67D, the bulb body is supported on the support segment, and the cross-sectional shape of the support is stream-lined; the number of support strucutre is five evenly spaced in the flow conduit, with a length of 0.58D, a width of 0.025D, and an average height of 0.26D. Figure 1 depicts the submersible tubular electric pump device’s primary geometric measurements, and Table 1 presents the pump device’s primary calculation parameters.
[image: Figure 1]FIGURE 1 | Dimensional drawing of the whole submersible tubular electric pump device.
TABLE 1 | Main parameters of the submersible tubular electric pump device.
[image: Table 1]2.2 Calculation method and boundary conditions
The SST-CC turbulence model can better handle the transport of turbulent shear stress in the inverse pressure gradient and separation boundary layer (Chalghoum et al., 2018; Smirnov and Menter, 2009) and predict the flow separation in the inverse pressure gradient region by using ANSYS CFX to perform three-dimensional non-constant numerical values of the internal flow field of a submersible tubular electric pump device at different flow rate conditions. Also, the turbulence model has been well applied in rotating mechanical energy performance and three-dimensional flow field prediction (Tao et al., 2014; Yang et al., 2022b), so this study uses the SST-CC turbulence model with rotation and curvature-adjusted vortex viscosity model. Pressure is the inlet boundary condition, the reference total pressure size is set to 1 atm, and the inlet surface of the inlet extension is designed to have the entire pressure. The outlet condition is mass flow rate, which is set on the outlet surface of the outlet extension. The impeller, guide vane body, bulb body, and the solid wall surface of the flow rate conduit are set as no-slip boundary conditions, and the intersection surface between the impeller and the inlet water conduit and guide vane body is set as the dynamic–static intersection interface, as shown in Table 2, and the transient frozen rotor intersection interface is used for non-stationary flow field calculation. Referring to the time step setting of the non-constant numerical calculation in the literature (Wang, 2020; Yang et al., 2022c), the time step for the non-constant calculation of the submersible tubular electric pump device is set to 3.6988 × 10–4 (1/120 of the impeller rotational period), and one time step is set for every 3° of impeller rotation, 8 calculation periods are selected for a total of 960 steps, and the total time is set to 0.35552 s. The range of flow rate conditions is calculated by changing the inlet flow rate and monitoring the inlet and outlet pressure, the efficiency and head under different flow rate conditions are calculated, and 1.0 × 10–5 is the convergence accuracy setting.
TABLE 2 | Setting of boundary conditions.
[image: Table 2]3 COMPARISON OF MESH DISSECTION AND MODEL TEST VALIDATION
3.1 Mesh dissection and irrelevance analysis
There are two main types of mesh segmentation methods: structured and unstructured. The structure of the pump device is complex, and the block mesh separation strategy is used. The complicated shape of the blades in the mesh section of rotating machinery can be generated by ANSYS TurboGrid software as a high-quality structured mesh, the fluid domain of the impeller and guide vane body is separated by structured mesh through TurboGrid, the inlet and outlet water conduits are generated in ICEM CFD software to generate structured mesh, and the bulb body’s fluid domain is dissected by ICEM CFD software with an unstructured grid, the accuracy of the internal flow of the pump device’s, and the Jacobi determinant value is used to judge the grid quality, and the grid quality of each overflow structure is greater than 0.6. The impeller and impeller grid y+ are within 20. This satisfies the near-wall grid quality requirements of the SST-CC turbulence model (Yang et al., 2021b). The impeller and guide vane body meshes of the submersible tubular electric pump device are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Grid of impeller and guide vane.
In the numerical simulation calculation of the internal flow of the pump device, the grid dissection nodes contain physical quantities. Thus, while in theory, a larger number of grid nodes would result in more precise calculations, in fact, the accuracy of the calculations is not in a linear relationship with the number of grids. When the number of grids reaches a certain value, the increase in calculation accuracy tends to be stable. In order to select a suitable number of grids for the pump device, the predicted values of the pump device efficiency at seven grid quantities were selected as the basis for the evaluation of the grid quantities, and the grid quantities of schemes 1 to 6 were 2514527, 3345478, 4224561, 5143695, 5854427, and 7185921, respectively. The results of the calculation of the efficiency of the device are shown in Figure 3. When there are 5.85 million grids, the efficiency of the pump device changes noticeably more slowly. The absolute error of the device efficiency of scheme 4 and scheme 5 is 0.4%, the absolute error of the device efficiency of scheme 5 and scheme 6 is 0.15%, and the absolute difference of the pump device efficiency of scheme 4, scheme 5, and scheme 6 is less than 0.5% to meet the accuracy requirements; this study adopts 5.85 million grids. The submersible tubular electric pump device is numerically simulated using the grid number of scheme 5.
[image: Figure 3]FIGURE 3 | Grid number irrelevance.
3.2 Test bench and pump device predicted performance verification
3.2.1 Test bench and test contents
To verify the validity of the numerical calculations, the energy performance of the submersible tubular electric pump device was tested on a high-precision hydro-mechanical test bench at the Key Laboratory of Hydraulic Power Engineering in Jiangsu Province, China, as shown in Figure 4. The pump device’s physical model test used an impeller and guide vane with the same geometry as the numerically calculated model, and the head, flow rate, and torque of the pump device were measured under different flow rate conditions at a blade placement angle of 0° and a rated rotational speed of 1,352 r/min. A reputable metrology calibration department in China confirmed the system uncertainties of the test equipment, and Table 3 lists the system uncertainties of each piece of test equipment. The system uncertainty of the test bench and pump device energy performance efficiency is 0.274%, the random uncertainty of the pump device efficiency test is 0.11%, and then the comprehensive uncertainty of the test bench is 0.296%. The comprehensive uncertainty of the efficiency test is in line with the requirements of the water industry standard of the People’s Republic of China “Code of practice for model pump and its installation acceptance tests (SL140-2006).”
[image: Figure 4]FIGURE 4 | High-precision hydro-mechanical test bench.
TABLE 3 | Systematic uncertainty of the test equipment.
[image: Table 3]3.2.2 Numerical calculation of energy characteristic results
The head ∼ flow rate and efficiency ∼ flow rate curves of the submersible tubular electric pump device at different flow rate conditions are shown in Figure 5. The trends of flow rate ∼ efficiency curve and flow rate ∼ head curve of numerical simulation and model test are consistent, and the test results of head and efficiency in the high-efficiency zone, flow rate 280 L/s∼320 L/s, are in good agreement with the outcomes of the numerical simulation. In the range of calculated flow rate conditions 200 L/s∼400 L/s, the maximum relative head error is 7.6 and the maximum absolute efficiency error is 2.5, all of which are within acceptable bounds. Indicating that the numerical calculation results are realistic and reliable and can accurately reflect the internal flow characteristics of the pump device, the numerical calculation predicts the overall agreement between the energy performance results of the pump device and the physical model test results. For the purpose of analysis, three characteristic flow rate conditions were selected, namely, 1.0Qd (Q = 300 L/s) for the design flow rate condition, 1.2 Qd (Q = 360 L/s) for the high flow rate condition, and 0.8 Qd (Q = 280 L/s) for the low flow rate condition.
[image: Figure 5]FIGURE 5 | Comparison between numerical simulation and test results of energy performance parameters of the pump device.
4 RESULTS OF CALCULATIONS AND ANALYSES
4.1 Analysis of the internal flow characteristics of the pump device
Omega criterion has a low perception of moderate threshold change compared to traditional vortex identification methods, and it is able to precisely capture the intricate weak and strong vortices inside each overflow part of the pump device (Liu et al., 2016; Wang et al., 2019b). In this study, the omega criterion was used to analyze the vortex structure of the guide vane domain at 1.0Qd operating conditions, and the vortex structure inside the guide vane is shown in Figure 6, using turbulent kinetic energy (TKE) for a threshold value of 0.68 equivalent surface coloring to reflect the intensity of the vortex structure (Hunt et al., 1988; Jeong and Hussain, 1995). The vortex structure of the guide vane body at three different characteristic moments in one rotational period (T) under the low flow rate condition mainly exists at the position where the hub, rim, and blade are connected, and the influence of the guide vane on the fluid flow pattern is easy to form a vortex at the edge of the blade. The number of vortex structures from the guide vane body inlet to the outlet direction shows a gradual increase in the trend. With the same rotational period at different moments, the change in size and scale of the vortex structure is small, the shape of the vortex structure overall is a long strip, and there is obvious continuity. The guide vane body’s exit rim is where the high turbulence energy area is concentrated, and its value is primarily between 0.5 and 0.8.
[image: Figure 6]FIGURE 6 | Structure of the vortex of the guide vane body at different moments (1.0Qd).
The guide vane body of the submersible tubular electric pump device plays a role in changing the flow direction and recovering kinetic energy, and the vane blade of the guide vane body has a great influence on the flow pattern of water. Bulb body support is an important over-flow component inside the submersible tubular electric pump device, and a reasonable shape of the support can improve the flow pattern, reduce the amount of water circulation, and improve the efficiency of the pump device. The water flow at the outlet of the guide vane has a certain residual velocity circulation, which induces the spiral operation of the water flow inside the flow conduit and affects the hydraulic loss of the outlet conduit. The tail of the bulb body increases the radial velocity due to the increase in the flow area, the water flow is disordered, and the velocity distribution is uneven. The flow field of the characteristic section of the bulb body is analyzed by selecting three characteristic moments in one rotational period, and the location of the characteristic section is shown in Figure 7. The distance of section 1-1 from the center line of the impeller is 0.61D and the distance of section 2-2 from the center line of the impeller is 2.3D. The relative velocity distribution of section 1-1 at different moments of the guide vane body (vi is the instantaneous velocity at this point and va is the average velocity of the section) is shown in Figure 8. There are five similar areas at the outlet all showing obvious high-velocity and low-velocity areas, and the low-velocity area is mainly at the position of the guide vane because the water flow at the suction surface and the hub of the guide vane has a bad flow pattern. The flow velocity distribution of section 2-2 at different moments is shown in Figure 9. The overall flow velocity value at the exit of the bulb body is small, basically the low-velocity zone. In the tail area of the bulb body, due to the sudden expansion of the overflow section, resulting in complex flow patterns such as deluge and vortex, the size distribution position of the flow velocity in the same cycle is relatively unchanged in periodic changes.
[image: Figure 7]FIGURE 7 | Diagram of each section position of the bulb body.
[image: Figure 8]FIGURE 8 | Outlet velocity cloud contour of section 1-1 guide vane at different moments (1.0Qd).
[image: Figure 9]FIGURE 9 | Velocity cloud contour of section 2-2 bulb body outlet at different moments (1.0Qd).
The deflection of the flow velocity at the guide vane body and bulb body outlet needs to be statistically analyzed. The deflection angles of the flow at the two characteristic sections of the guide vane body outlet and the bulb body outlet at 0.8 Qd, 1.0 Qd, and 1.2 Qd operating conditions were analyzed (Yan et al., 2016), and the calculated equation is shown below.
[image: image]
where [image: image] is the transverse velocity and [image: image] is the axial velocity.
Figure 10 shows the deflected flow angle of section 1-1 at all three characteristic flow rate conditions, and the flow at the outlet of the guide vane body has a certain circumferential flow velocity, among which the deflected flow angle is larger at the low flow rate condition of 0.8 Qd, mainly due to the larger remaining ring volume at the outlet of the guide vane body at the low flow rate condition. Figure 11 shows a cloud diagram of the deflection angle of the bulb body outlet of section 2-2 at different flow rate conditions; the larger deflection area is concentrated in the tail center of the bulb body. With the increase in flow rate, the bulb body inlet to the bulb body outlet angle of deflection is gradually decreasing trend. In the high flow rate condition of 1.2 Qd, section 1-1 and section 2-2 deflected flow angle below 0.3°, the largest region, indicating that in the high flow rate condition, the bulb body outflow pattern is better and the flow line is relatively smoother.
[image: Figure 10]FIGURE 10 | Distribution diagram of the deflected flow angle of section 1-1 under different conditions.
[image: Figure 11]FIGURE 11 | Distribution diagram of the deflected flow angle of section 2-2 under different conditions.
4.2 Pressure pulsation characteristic analysis
Considering the unsteady sequential interference between the impeller and the guide vane, the pressure in the pump will change rapidly with time; that is, the pressure pulsation is generated. Monitoring points are set up at the inlet and outlet of the impeller and between the impeller and the guide vane to analyze the variation of pressure pulsation. Due to the sealing characteristics of the submersible tubular electric pump device and the limitation of the test method, the monitoring points of the model test can only be arranged on the wall surface of the pump device. In order to facilitate the comparison between the numerical simulation results and the pulsation test results, three pressure pulsation monitoring points were arranged near the wall surface. At three different flow rate conditions (0.8 Qd, 1.0 Qd, and 1.2 Qd), pressure pulsation in the zone of the impeller and guide vane body was analyzed spectrally and in the temporal domain. Three pressure pulsation monitoring points were set separately at the impeller inlet, impeller outlet, and guide vane body outlet, and the location of each monitoring point is shown in Figure 12. Three monitoring points are set at the impeller inlet: the distance from monitoring points P01–P03 to the pump axis is 0.092D, 0.117D, and 0.143D, respectively. Between the impeller and the body of the guiding vane, the distance from monitoring points P04–P06 to the pump axis is 0.078D, 0.112D, and 0.149D, respectively. Three monitoring points are set at the guide vane body outlet: the distance from monitoring points P07–P09 to the pump axis is 0.078D, 0.112D, and 0.149D, respectively. The distance from P07–P09 to the pump axis is 0.242D, 0.256D, and 0.272D, respectively.
[image: Figure 12]FIGURE 12 | Schematic diagram of the pressure pulsation monitoring point.
4.3 Time domain analysis of pressure pulsation
Frequency domain and time domain techniques are frequently used in pressure pulsation analysis. In the process of time domain analysis, in order to eliminate disturbances, the instantaneous pressure needs to be dimensionless, and the pressure coefficient CP is calculated as shown below (Widmer et al., 2011):
[image: image]
where P is the instantaneous pressure, [image: image] is the average pressure, and [image: image] is the circumferential velocity of the impeller outlet. Figure 13 shows the time domain diagram of pressure pulsation at monitoring points P01–P03 of impeller inlet at different flow rate conditions. From Figure 13, it can be seen that the pressure pulsation at each monitoring point is more regular. In one rotational period, the three peaks and three troughs at the low flow rate condition 0.8 Qd and the high flow rate condition 1.2 Qd are consistent with the number of impeller blades of the pump device, demonstrating that the number of impeller blades affects the impeller inlet pressure pulsation and that the peaks and troughs are generated roughly at the same time, which is caused by the alternating pressure fluctuations when the impeller rotates. From the impeller hub to the wheel rim, the amplitude of pressure pulsation grows. At 0.8 Qd working condition, the pressure pulsation amplitude at each monitoring point of the impeller inlet is the largest, and as the flow rate increases, the water flow is more and pressure pulsation amplitude fluctuation is smaller. Figure 14 depicts the time domain diagram of the pressure pulsation between the impeller and the guide vane body at monitoring points P04–P06 under various flow rate conditions. The vane of the guide vane body restrains the flow in the axial direction to better recover the circumferential kinetic energy of the flow. Under the constraint of the guide vane, the maximum value of the pressure pulsation amplitude between the impeller and the guide vane body is greatly decreased. The pressure fluctuation amplitude of the maximum monitoring point at the distance from the pump axis decreases by about 69.1% from 0.8 Qd to 1.2 Qd. The pressure pulsation amplitude increases with the distance from the pump axis, due to the influence of static and dynamic interference, which results in an unsteady flow at the impeller outlet, and at low flow rate condition, due to the existence of backflow, deliquescence and other undesirable flow patterns make pressure pulsation fluctuation more obvious. In the 1.2 Qd working condition, the pressure pulsation law is more similar to the 1.0 Qd working condition, and the pressure pulsation fluctuation is smaller. Figure 15 shows the time domain diagram of pressure pulsation at monitoring points P07–P09 of the guide vane body outlet. The pressure pulsation at the guide vane body’s exit varies by about 0.01 for each flow rate condition, and the difference in amplitude is not large. At 0.8 Qd, the pressure pulsation at the outlet of the guide vane body decreases significantly compared with that at the impeller inlet; there are irregular fluctuations, and the fluctuations at the monitoring points of the wheel rim and hub are larger than those at the middle point. At 1.2 Qd, the pressure pulsation at the outlet of the guide vane body shows obvious periodic changes, and the pattern of pulsation fluctuation at each monitoring location is consistent.
[image: Figure 13]FIGURE 13 | Time domain diagram of the impeller inlet monitoring points at different flow rate conditions.
[image: Figure 14]FIGURE 14 | Time domain diagram of pressure pulsation at the monitoring point between the impeller and guide vane body at different flow rate conditions.
[image: Figure 15]FIGURE 15 | Time domain diagram of pressure pulsation at the outlet of the guide vane body at different flow rate conditions.
After the initial analysis of the data with obvious features in the time domain, it is found that some signals with the same time domain parameters have differences in other parameters, so the concept of frequency domain is introduced here for further analysis of the signal. FFT can characterize the overall nature of the signal, but when it is necessary to understand the local characteristics of the signal, FFT is used to select a window function of limited length and divide the signal into many small intervals, and Fourier analysis is performed on the signal at each time interval. In this study, the FFT is used to convert the pressure pulsation time domain signal into frequency domain signal, and the pressure pulsation spectrum of each pressure pulsation monitoring point is obtained. In Figure 16, Figure 17, and Figure 18, the X-axis is the ratio of frequency to rotational frequency (rotational frequency [image: image] Hz), the Y-axis is the monitoring points of different sections, and the Z-axis is the amplitude of the pressure pulsation coefficient.
[image: Figure 16]FIGURE 16 | Pressure pulsation spectrum of impeller inlet monitoring points 1–3 at different flow rate conditions.
[image: Figure 17]FIGURE 17 | Pressure pulsation spectrum of monitoring points 4–6 between the impeller and guide vane body at different flow rate conditions.
[image: Figure 18]FIGURE 18 | Pressure pulsation spectrum of monitoring points 7–9 between guide vane body outlets at different flow rate conditions.
The frequency spectrum of pressure pulsation at monitoring points P01–P03 of the impeller inlet under various flow rate conditions is shown in Figure 16. The pressure pulsation amplitude increases from the hub to the rim, and the main frequency of each monitoring point is situated at three times the rotating frequency. Under various flow rate conditions, the pressure pulsation frequency at the impeller’s input section is identical, indicating that the inlet section of the impeller domain is significantly influenced by the rotation of the impeller. With a rise in flow rate, each monitoring point’s pressure pulsation amplitude reduces to varying degrees, and the pressure pulsation amplitude at the wheel edge at 1.2 Qd operating condition decreases about 34 compared with the small flow rate at 0.8 Qd operating condition. The main frequency amplitude of each monitoring point is P03, P02, and P01 in descending order, which indicates that the pressure fluctuation at the wheel edge of the impeller domain is greater. Figure 17 shows the pressure pulsation spectrum of monitoring points P04–P06 between the impeller and guide vane body. The main frequency is still visible at three times the rotational frequency, and the number of impeller blades has no effect on the pulsation at any monitoring point. In the 1.2 Qd condition, the difference of the pressure pulsation amplitude at the hub and the wheel rim is not large, and the pressure pulsation amplitude value increases from the hub to the wheel rim and the overall value decreases. Figure 18 shows the pressure pulsation spectrum of monitoring points P07–P09 between the guide vane body outlets. In 0.8 Qd and 1.0Qd conditions, the pressure pulsation coefficient of each monitoring point dominates the corresponding frequency multiplier in the leaf frequency, and the spectrum of each monitoring point has no obvious similarity compared with other sections.
The highest pressure that can be obtained at that monitoring point in the calculation cycle is reflected by the pressure pulsation peak-to-peak value, which describes the pulsation pattern of the pulsation signal in one rotational period. Using 97% confidence interval for pressure pulsation peak value (Li et al., 2017; Yang et al., 2019), remove the first 1.5 and after 1.5 of the data samples; the maximum and minimum values of the remaining data are used to find the difference to obtain the peak pressure pulsation for further analysis of the impeller inlet, impeller and guide body, and guide body outlet pressure pulsation fluctuations; the monitoring points P01–P09 have been calculated for the peak. Figure 19 shows the peak values of pressure pulsation at each monitoring point under different working conditions. At the impeller inlet, due to the influence of the impeller blade rotation, the flow pattern is unstable and generates large fluctuations, and the peak value of pressure pulsation gradually increases from the wheel edge to the wheel hub. Due to the guide body rectification recovery effect, the water flows through the guide body, the pulsation pressure is reduced, the pressure gradient is reduced, and the corresponding peak value is reduced. At 0.8 Qd working condition, pressure pulsation reaches its maximum at the impeller’s intake wheel edge, where it reaches a peak value of 0.112, and at the guide body’s exit wheel edge, where it reaches a peak value of 0.015, which is reduced by 88.46.
[image: Figure 19]FIGURE 19 | Pressure pulsation peak-to-peak.
5 CONCLUSION
The reliability and validity of the numerical calculation were verified by physical model tests, and the variation law of the transient characteristics of the internal flow of the impeller and guide vane of the submersible tubular electric pump device was studied. By establishing monitoring points and conducting a time–frequency domain analysis of pressure pulsation, the features of this pump device’s pressure pulsation under various flow rate conditions are better explored, and the following results are drawn.
1) The long strip vortex structure inside the guide vane body is mainly divided into the hub and guide vane body outlet area. As the flow rate increases, the size and number of vortex structures gradually decrease at different moments, and the number of vortex structures gradually increases from the inlet to the outlet of the guide vane, but the volume of the vortex structures gradually decreases, and the turbulence energy is significantly reduced. The deflected flow angle of the guide vane body outlet is mainly concentrated in the edge area of the guide vane. Thus, for each flow rate condition, there is a specific transverse flow velocity at the guide vane body’s exit surface. The relative velocity at the exit of the guide vane body and bulb body does not change significantly in one rotational period.
2) Each monitoring point at the impeller inlet is in a rotational period, and the number of peaks and troughs of the pressure fluctuation time domain curve is three. The number of peaks and troughs is consistent with the number of impeller blades. The pressure fluctuation has strong periodicity and large fluctuation amplitude. The pressure fluctuation amplitude gradually increases with the increase of the distance between the monitoring point and the pump axis. With the increase of flow rate, the pressure fluctuation amplitude of each monitoring point at the impeller outlet decreases obviously. The pressure pulsation value of the farthest monitoring point from the pump shaft decreased by about 62.3%, and the pressure pulsation fluctuation is more obvious in the case of small flow rate, and the pressure pulsation fluctuation tends to be regular as the flow rate increases. The pressure pulsation amplitude at each monitoring point of the guide vane body outlet differs less, and the section mainly bears low-frequency pulsation and appears with more obvious irregular fluctuations. As the flow rate increases, the pressure pulsation amplitude at each section from the impeller inlet to the guide vane body outlet monitoring points obviously appears in different degrees of reduction.
3) The pressure pulsation peak value is greatest under the influence of impeller rotation at each monitoring point of the impeller inlet under the same flow rate conditions. Water flows through the guide vane body; because of the guide vane body rectification and diffusion effects, the pressure pulsation peak values at the guide vane body outlet monitoring points are lower than those of the guide vane body inlet monitoring points. Each monitoring point on the section surface shows a diminishing trend as the flow rate rises in terms of the peak value of pressure pulsation, and the peak value of pressure pulsation at each monitoring point of the impeller exit section is more influenced by the flow rate change. At the low flow rate 0.8 Qd, the peak value of pressure pulsation at the monitoring point of the hub is 3.5 times higher than that at the high flow rate 1.2 Qd.
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