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A vertical axial flow pump device has the characteristics of low head and large flow and has various forms, simple structure, and flexible installation. It is widely used in low-head pumping stations in plain areas. In order to explore the transient characteristics of the internal flow in the impeller and guide vane of the vertical axial flow pump at different flow rates, this article analyzes the internal flow field distribution on the surface of the impeller blade, the velocity and pressure distribution of the impeller inlet and outlet, and the pressure pulsation characteristics of the impeller. The flow field characteristics of the guide vane section, the entropy production loss, and the main frequency change of the pressure pulsation inside the guide vane are analyzed at different radii. The results show that under 0.8 Qbep condition, the streamline distortion area of the blade working face accounts for the largest part of the blade area, and the streamline distortion area of the blade surface decreases significantly at 1.2 Qbep. The circumferential pressure distribution at the impeller inlet presents four high-pressure regions and four low-pressure regions, and the number of regions is consistent with the number of impeller blades. The ratio of axial force to flow rate of 0.8Qbep, 1.0Qbep, and 1.2Qbep is approximately 11:10:9. The radial force on the impeller is the largest under the condition of 0.8 Qbep, and the radial force on the impeller is not significantly different between 1.0 Qbep and 1.2 Qbep. The pressure pulsation amplitude gradually decreases from the inlet to the outlet of the guide vane.
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1 INTRODUCTION
An axial flow pump has the characteristics of low head and large flow, which is widely used in inter-basin water transfer projects, plain municipal engineering, shipbuilding industry, military industry, and other important fields in China. With the development of social economy and the change in global climate and situation, China’s demand for efficient axial flow pumps is very urgent in the fields of military industry, nuclear energy development, municipal engineering, large-scale water diversion projects, and marine resources development (Shen et al., 2020).
A vertical axial flow pump device has the characteristics of various forms, simple structure, and flexible installation. In the first phase of the East Route Project of the South-to-North Water Diversion in China, 57% of the pumping stations are vertical axial flow pump stations (Yang et al., 2022a). During the operation of the vertical axial flow pump device, the internal flow is a complex three-dimensional unsteady turbulent flow, and the flow obtains energy through the impeller domain. In the process of flow out of the outlet channel through the guide vane rectifier, it is easy to produce unstable flow leading to flow separation due to the limitation and influence of boundary conditions such as tip clearance, blade root clearance, and hub rotation (Zhang et al., 2012). The complex flow phenomena such as vortex, impact, secondary flow, and tip clearance leakage lead to a significant reduction in the operation efficiency of the axial flow pump device and affect the efficient and stable operation of the pumping station. So far, many scholars have carried out a lot of research on axial flow pump devices. Zhang et al. (2022) used a physical model test to study the hydrodynamic characteristics and pressure fluctuation of bidirectional axial flow pump under forward and reverse conditions and revealed the energy characteristics and pressure fluctuation propagation law of a bidirectional axial flow pump under forward and reverse conditions. Kan et al. (2021a) used the SST k-ω turbulence model to simulate the stall condition of bidirectional axial flow pump and compared and analyzed the difference of torque and pressure pulsation of bidirectional axial flow pump under forward stall condition and reverse stall condition. Zhao et al. (2021) studied the dominant vortex structure in a diagonally separated flow in an axial flow pump impeller and obtained the average vortex intensity change, turbulent vortex dissipation change, and the evolution process of vortex in a life cycle under various working conditions. Meng et al. (2021) used entropy production theory as the evaluation criterion of energy dissipation, based on numerical simulation technology, to study the influence of backflow clearance on the energy characteristics of axial flow pump. It was found that the loss of impeller decreased first and then increased with the increase of clearance radius, and the other flow components decreased with the increase of clearance radius. Mu et al. (2020) proposed a flow control technology to improve the hydraulic performance of the axial flow pump when a rotating stall occurs in the saddle area. Shi et al. (2021) compared the structural mechanical properties of the full tubular pump and the axial flow pump. The results show that the maximum equivalent stress of the full tubular pump occurs at the outer edge of the blade, and the maximum equivalent stress of the axial flow pump occurs at the hub center of the blade. Yang et al. (2021a) revealed the phenomenon of flow deviation in the outlet channel of an axial flow pump and the influence of flow deviation on the pressure fluctuation distribution in the outlet channel by experimental research combined with CFD technology. Song and Liu (2021) studied the change process of FAV at the inlet of an axial flow pump and analyzed the energy change and velocity change of FAV combined with V3V. Yang W et al. (2022) used different flange load distribution types of axial flow pump impeller model based on CFD technology to study the influence of these three types of flange load distribution on the tip clearance leakage flow and leakage eddy current of axial flow pump. Zhou et al. (2022) designed a double-layer conduit structure to study the influence of different geometric parameters of the double-layer conduit structure on the external characteristics and internal flow field of the axial flow pump. Xie et al. (2022) studied the double hump characteristics of an axial flow pump under small flow conditions and explored the relationship between the head-flow curve of the axial flow pump and the characteristics of the internal flow field through an internal flow field test. Lin et al. (2021) simulated the influence of sediment concentration, particle size, and cavitation on the internal flow pressure fluctuation of axial flow pump under the combined action of clear water, sediment water, clear water cavitation, and cavitation and sediment wear based on CFD technology. Xu et al. (2021) studied the difference between the forward and reverse runaway transition process of axial flow pump, and calculated and analyzed the loss position and cause of loss in forward and reverse runaway transition process of axial flow pump based on entropy production theory.
The vertical axial flow pump device includes the pump and inlet and outlet conduits with good hydraulic performance. The impeller and guide vane are the core of the axial flow pump device, and their efficient and stable operation determines the operation state of the whole pump device. In actual operation, the internal flow field of the pump device is instantaneous change, and due to the influence of boundary conditions such as blade tip clearance, blade root clearance, and hub rotation, unstable flow is easily generated in the impeller domain. The internal flow of the guide vane becomes very complicated by the influence of the flow velocity loop at the outlet of the impeller, which is easy to induce the vibration of the axial flow pump device and affect the safe and stable operation of the pump station. In order to study the transient internal flow characteristics of the impeller and guide vane in vertical axial flow pump device, based on the theoretical basis and methods of previous research on axial flow pump devices, CFD technology is used to simulate the transient flow characteristics of vertical axial flow pump device under different flow conditions, and the distribution law and development mechanism of the transient flow of impeller and guide vane are clarified.
2 SIMULATION MODEL
The vertical axial flow pump device consists of five flow passage components: campaniform inlet conduit, impeller, guide vane, 90°elbow, and straight outlet conduit. The three-dimensional model of the vertical axial flow pump device is shown in Figure 1. The geometric dimensions of the vertical axial flow pump device can be seen in the study by Yang et al. (2021b). The main parameters of the vertical axial flow pump device are shown in Table 1.
[image: Figure 1]FIGURE 1 | 3D model of the vertical axial flow pump device.
TABLE 1 | Main parameters of the pump device.
[image: Table 1]3 NUMERICAL METHOD
3.1 Calculation Method and Boundary Conditions
The internal flow medium of the vertical axial flow pump device studied in this research work is an incompressible viscous fluid, and the water flow obtains energy through the rotation of the pump impeller. There are some situations in which the swirling flow and some streamlines have a large bending degree. The RNG k-ε turbulence model considers this kind of rotation and swirling flow and can deal well with the flow with a high strain rate and large streamline bending degree. Based on the works of Mompean (1998), Fu et al. (2020), Wang et al. (2020), and Zhang et al. (2021), this study used the Reynolds time-averaged N-S (Navier-Stokes) equation and the RNG k-ε turbulence model to simulate and predict the flow field and hydraulic performance of the vertical axial flow pump device.
Commercial software ANSYS CFX was used to simulate the steady and unsteady numerical simulation of the vertical axial flow pump device under three working conditions of 0.8Qbep, 1.0Qbep, and 1.2Qbep. In order to avoid the influence of initial velocity distribution on the flow pattern of inlet and outlet channels, the inlet extension section and outlet extension section were added before the campaniform inlet conduit and after the straight outlet conduit. The boundary conditions in the calculation domain are set as shown in Table 2. The time parameter setting of unsteady numerical simulation of the vertical axial flow pump device can be used for the transient calculation of the axial flow pump device (Yang et al., 2021b).
TABLE 2 | Boundary condition settings.
[image: Table 2]3.2 The Independent Analysis and Convergence Analysis of Grids
ICEM CFD software was used to carry out the hexahedral structured grid for the pump device, and the grid quality was greater than 0.4. The grid number independence of the vertical axial flow pump device was analyzed when the rotational speed was 1433 r/min and the flow rate was 338 L/s. The seven groups of grids were numbered 1–7, and the corresponding number of grids were 2.84 million, 3.33 million, 3.6 million, 3.87 million, 4.1 million, 4.26 million, and 4.8 million, respectively. The efficiency comparison of different grid schemes is shown in Figure 2. The device efficiency of grid schemes 6 and 7 tended to be stable, and the absolute error of efficiency was controlled within 0.2%, which met the accuracy requirement of numerical simulation (Chalghoum et al., 2018).
[image: Figure 2]FIGURE 2 | Efficiency comparison of pump devices under different grid schemes.
Based on the works by Roache (1997), Celik et al. (2008), and Nandan Kumar and Govardhan (2014), we obtained grid error using the grid convergence index (GCI) criterion as the evaluation criteria, compared seven groups of different number of grids to solve the simulation value and extrapolation value, and selected a suitable number of grids, so that the solution of numerical simulation could achieve pseudo-steady-state conditions.
Based on the GCI calculation formula used by Celik et al. (2008), after calculation, GCI21 = 5.91%, GCI32 = 4.56%, GCI43 = 4.01%, GCI54 = 3.22%, GCI65 = 1.99%, and GCI76 = 1.14% and GCI65 and GCI76 were less than 3%, indicating that the discrete error was small (Liu et al., 2014; Kan et al., 2021b). Combined with the analysis of grid number independence, 4.26 million grids were finally used as the final number of grids. The structured grid of the vertical axial flow pump device is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Structured grid diagram of pump device.
In order to ensure the influence of the grid on the calculation accuracy, the dimensionless parameter y + was introduced as the dimensionless number of the distance from the nearest grid node to the wall. At 1.0Qbep condition, the y+ value of the impeller was about 36, and the y+ value of the guide vane was about 78, which met the requirements of Wang (2020), Yang (2020), and Kan et al. (2021c).
3.3 Physical Model Test Verification
The physical model test of the vertical axial flow pump device was carried out on the high-precision hydraulic mechanical test bench of the Hydrodynamic Engineering Laboratory of Jiangsu Province, China. The uncertainty of the test bench system was ±0.261%. The physical model test bench is shown in Figure 4. The parameters of the impeller and guide vane used in the physical model test can be referred to in Table 1. The pump device data from the physical model test are compared with the energy performance data from the numerical simulation, as shown in Figure 5. The maximum relative error between the predicted head by numerical simulation and the experimental value was 5.5%, and the minimum relative error was 0.2%. The maximum difference between the efficiency of the pump device by numerical simulation and the experimental value was 1.83%, and the minimum difference was 0.379%. The small error indicated that the numerical simulation of the vertical axial flow pump device had high accuracy.
[image: Figure 4]FIGURE 4 | Pump device test bench.
[image: Figure 5]FIGURE 5 | Comparison of model test and numerical simulation results.
4 RESULTS AND ANALYSIS
4.1 Unsteady Flow Characteristics in the Impeller
The pressure and streamline distribution of the impeller blade surface are shown in Figure 6. Under the condition of 0.8 Qbep, streamline distortion occurred at the blade suction surface hub and pressure surface hub, and there was a small range of vortex at the blade suction surface inlet edge. The streamline distortion area of the suction surface accounted for 11.5% of the blade area, and the streamline distortion area of the pressure surface accounted for 14.4% of the blade area, which indicated that secondary flow occurred near the hub under small flow conditions. Under 1.0 Qbep and 1.2 Qbep conditions, the streamline allocation on the impeller blade pressure surface was uniform, and there was no reverse flow phenomenon. The local streamline distortion existed in the suction surface, and the streamline distortion area was reduced by 40 % and 73% compared with the 0.8 Qbep condition. The vortex at the rim disappeared at 1.2 Qbep condition, which indicated that the streamline allocation on the blade surface was straight, and the flow pattern was better in large flow. Under 0.8 Qbep and 1.0 Qbep, the blade inlet flow angle was negative, the local high-pressure area was formed at the pressure surface inlet edge, and the local low-pressure area was formed at the suction surface edge. Under 1.2 Qbep, the blade inlet flow angle was positive, forming a local low-pressure area at the pressure surface inlet of the blade and a small range of high-pressure area at the suction surface inlet. Under different flow conditions, the impeller head of the axial flow pump was also different, and the hydraulic work of the blade pressure surface and the suction surface of the impeller was also different, so the surface flow field of the blade pressure surface and suction surface were also different. When the flow changed from 0.8Qbep to 1.0Qbep, the flow increased by 25%, and when the flow changed from 1.0Qbep to 1.2Qbep, the flow increased by 20%. When the flow rate changed by more than 20%, there were obvious differences in the flow rate. The velocity distribution at the outlet edge of impeller blades with different flow rates (Figure 7) was different near the hub, especially 0.8Qbep, and the flow pattern had a significant impact on the velocity distribution.
[image: Figure 6]FIGURE 6 | Pressure distribution and streamline distribution of blade surface (Unit: Pa).
[image: Figure 7]FIGURE 7 | Velocity distribution of the impeller blade inlet and outlet edge and 50% blade height under different flow conditions at different times.
In this article, the blade radial coefficient Sp is defined to represent the dimensionless distance from the blade root to the blade tip of the pump device impeller. The expression of blade radial coefficient is as follows:
[image: image]
Figure 7 shows the velocity distribution at the inlet and outlet edges of impeller blades and at 50% of blade height. The flow velocity distribution at the impeller inlet increases gradually from the blade root to the blade tip. The flow is affected by the impeller hub wall and liquid viscous resistance, resulting in the decrease of flow velocity near the impeller hub. The sudden drop in the flow velocity near the tip of the blade is mainly due to the leakage of the tip clearance. In a rotating cycle, the velocity of the blade inlet side will change, and the maximum average velocity at the inlet edge of the blade is 17.68 m/s under 1.2Qbep at 1/3T. At the time of 2/3T, the inlet velocity of the blade at three working conditions decreases with the increase of flow rate, and the inlet velocity at each flow condition has little difference. At the time of 3/3T, the inlet velocity of the blade increases with the increase in flow rate, and the average inlet velocity of the blade is 17.47 m/s, 18.09 m/s, and 18.76 m/s, respectively. The velocity at 50% of blade height and at the outlet edge of the blade fluctuates to some extent near the blade root (Sp is 0–0.2), and the velocity at the outlet edge of the blade first decreases and then increases under 0.8Qbep. This is because the secondary flow and other adverse flow patterns near the hub are affected by the impeller blade root clearance, and the distortion of the airfoil blade at the hub position is large, resulting in local reverse flow and flow velocity fluctuation. The speed at the blade height of 50% and the outlet edge of the blade increases from the hub to the rim and reaches the maximum near Sp = 0.9, and the speed at the rim decreases sharply. The velocity at the blade height 50% and the outlet edge of the blade increases with the increase of flow rate. As the impeller rotates, the velocity changes at 50% of the blade height in a rotating cycle are not significant, and the velocity changes at the impeller outlet are mainly concentrated near the hub (Sp is 0–0.2). This is because the changes in adverse flow patterns, such as secondary flow near the hub in the rotating cycle, lead to the most obvious change, and the change regularity is not strong under the flow condition.
For the convenience of analysis, the pressure is dimensionless in this study. According to Zhang et al. (2019), the pressure is transformed into the pressure coefficient Cp. The formula is as follows:
[image: image]
Figure 8 shows the Cp distribution on the impeller inlet and outlet diameter of 0.725D at different times. The distribution of the Cp is relatively regular at the impeller inlet. The Cp distribution range of the impeller inlet is the largest at 0.8 Qbep, and the Cp allocation range of the impeller inlet is the smallest at 1.2 Qbep, showing four high-pressure regions and four low-pressure regions, the number of which corresponds to the number of blades. The water flows through the impeller, forming a low-pressure area at the head of the suction side of the impeller, and a high-pressure region at the head of the pressure side. As the position of the impeller blades changes, the angles corresponding to these high-pressure and low-pressure regions will change. Compared with the impeller inlet, the Cp allocation at the impeller outlet is less regular, indicating that the flow state of the impeller outlet is poor. The flow obtains energy through the rotation of the impeller, and the flow has a large circumferential speed at the impeller outlet. The moving flow is restrained by the solid wall of the guide vane itself, and the low-speed water flow on the pressure surface of the impeller blade and the high-speed water flow on the suction surface converge. This leads to the turbulence of the flow state of the impeller outlet, resulting in a significant change in the distribution of the Cp. At 0.8Qbep, the maximum Cp at the impeller outlet is 0.0546, and the angle distribution is around 250°at 2/3T. At 1.0Qbep and 1.2Qbep, the distribution of Cp fluctuates slightly, and the distribution trend at each time is similar.
[image: Figure 8]FIGURE 8 | Distribution of circumferential pressure coefficient of the impeller inlet and outlet at different time.
In order to clarify the force variation of the impeller in the calculation condition, the axial force (FZ) and radial force (FR) of the impeller are calculated (Yang et al., 2022b). The calculation formulas of axial force and radial force are as follows:
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The transient changes of axial force at various moments are shown in Figure 9. The axial force on the impeller of the pump device changes slightly at each time under three flow conditions of 0.8 Qbep, 1.0 Qbep, and 1.2 Qbep. The axial force on the impeller is greatly affected by the change of the flow rate. The larger the flow rate, the axial force get smaller. The ratio of the average FZ on the impeller in the calculation conditions of 0.8 Qbep, 1.0Qbep, and 1.2Qbep is about 11:10:9.
[image: Figure 9]FIGURE 9 | Transient changes of axial force on the impeller in a rotating cycle.
Figure 10 shows the radial force in the calculation condition. The FR is not significantly affected by the change in flow rate, and the FR is greatly affected by the change in the internal flow field of the pump device. Under 0.8 Qbep flow conditions, the large FR is the largest. The average FR is 249 N, and the fluctuation range of the FR is 60.2 %—127.7% of the average FR. The average FR under the calculation conditions of 1.0Qbep, and 1.2Qbep is similar. The average FR at 1.0Qbep is 89 N, respectively, and the average FR at 1.2Qbep is about 95.5% of that at 1.0Qbep. The fluctuation range of FR at each time under 1.0Qbep flow condition is 51.7 %–141.6% of the average FR, and the FR fluctuation range at each time under 1.2Qbep flow condition is 55.3 %—138.8% of the average FR. The FR on the impeller changes with no obvious regularity at each moment.
[image: Figure 10]FIGURE 10 | Transient changes of radial force on the impeller at different times.
The impeller is the core component of the axial flow pump device, and its efficient and stable operation determines the operation stability of the whole pump device. The impeller produces obvious pressure pulsation when rotating. Three pressure pulsation monitoring points are set in the impeller domain to monitor the pressure pulsation in the impeller domain. Three monitoring points are P1, P2, and P3, respectively. Along the axial direction of the pump, P1 is set at the impeller domain inlet, P2 is set at the tip clearance at 50% of the blade height, and P3 is set at the impeller domain outlet. The location of monitoring points is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Distribution of monitoring points of the impeller.
Figure 12 shows the time-domain diagram of pressure pulsation at each monitoring point of the impeller. The Cp allocation at P1 is relatively regular and has obvious periodicity. In four cycles, there are 16 peaks and 16 valleys in total. The number of peaks and valleys in each cycle is equal, and the time of occurrence is roughly the same. The number of peaks and valleys in the interior corresponds to the number of blades, which is due to the periodic pressure fluctuations caused by the interaction between the two working surfaces of the impeller rotating. The Cp allocation in the tip clearance is not regular, and the Cp allocation in the tip clearance is unstable mainly due to the leakage of the tip clearance. The tip clearance leakage is mainly caused by the pressure difference between the pressure surface and the suction surface of the axial flow pump blade, and the tip clearance leakage becomes more serious in small flow. Therefore, the fluctuation of the pressure fluctuation coefficient of the tip clearance at 1.2Qbep is smaller than that at 0.8Qbep. The Cp allocation at P3 presents four peaks and four troughs, but the fluctuation law is unstable. The change of Cp is sometimes large and sometimes small, which is caused by static and dynamic interference. However, when the flow rate is 1.2 Qbep, the pressure pulsation at the impeller outlet has good regularity, and the fluctuation tends to be stable.
[image: Figure 12]FIGURE 12 | Time domain diagram of pressure pulsation at each monitoring point of the impeller.
In this study, the time-domain signal of pressure pulsation was converted into the frequency-domain signal based on FFT (Fast Fourier Transform). As shown in Figure 13, the main frequency of P1 was 1 times the blade passing frequency (BPF), and the secondary main frequency was 2 times the BPF. The Cp amplitude of 1.0Qbep and 1.2Qbep was lower than that of 0.8Qbep, and the maximum Cp amplitude was 0.07113 at 0.8Qbep. The amplitude of Cp at 1.0Qbep was about 23.5% lower than that at 0.8Qbep, and the amplitude of Cp at 1.2Qbep was about 38.4% lower than that at 0.8Qbep. The pressure pulsation in the tip clearance was affected by the tip clearance leakage, and the main frequency distribution of pressure pulsation was irregular. The main frequency amplitude of Cp in 0.8Qbep blade tip clearance was 0.00869, and the main frequency amplitude of Cp in 1.2Qbep blade tip clearance was reduced by 63.1%, mainly because the pressure difference between the pressure surface and the suction surface of the impeller blade was reduced under the condition of large flow rate, which led to the decrease of tip clearance leakage. The pressure pulsation of P3 was still affected by the number of impeller blades, and the main frequency was the BPF. The Cp amplitude of the P3 was significantly lower than that of the P1, which was mainly due to the suction effect of the blade at the impeller inlet. There was a local impact between the flow and the blade, and a large pressure gradient was formed at the impeller inlet. There was dynamic and static interference at the impeller outlet, the flow at the impeller outlet was more complex, and the spectrum distribution area was more extensive than the P1.
[image: Figure 13]FIGURE 13 | Frequency domain diagram of pressure pulsation at each monitoring point of the impeller.
4.2 Unsteady Flow Characteristics Inside Guide Vane
In order to better analyze the internal flow field in the guide vane of the vertical axial flow pump device, three typical sections with different radii were selected from the hub to the rim to analyze the internal flow features of the pump. The radii of each section were 0.205D, 0.375D, and 0.495D, and they were numbered as 1–3, respectively. The selected sections are shown in Figure 14.
[image: Figure 14]FIGURE 14 | Section diagram of guide vane with different radii.
Figure 15 shows the flow field of the guide vane section. The entropy production loss calculation formula in the references (Li et al., 2017; Li et al., 2019; Li et al., 2020; Yang et al., 2022c) was used to calculate the entropy production loss of section 2 inside the guide vane, as shown in Figure 16. It can be seen from Figure 15 that there was a large range of reverse flow area on the guide vane back at 0.8Qbep condition. The reverse flow area of section 1 was the largest and was mainly located in the guide vane middle and lower section. The reverse flow area of section 2 was located in the guide vane middle and upper section, and the area of the reverse flow region decreased. The reverse flow area of section 3 was further reduced, mainly distributed near the guide vane trailing edge. Under 1.0Qbep condition, the reverse flow area in the guide vane was significantly reduced compared with 0.8Qbep condition. There was an obvious reverse flow area on the guide vane back of section 1, and the flow pattern in the guide vane of section 2 was better. Only a small range of reverse flow area existed on the back of the guide vane. Under 1.2 Qbep condition, the flow pattern in the guide vane was the best without obvious vortex and reverse flow. Under small flow condition, there was a wide range of recirculation zone and vortex motion in the guide vane, which led to the poor recovery effect of the guide vane on the flow velocity circulation and increased the hydraulic loss of the guide vane. When the flow increased, the flow pattern in the guide vane became better under the 1.0Qbep condition, and the decrease of the entropy production loss area was mainly concentrated in the guide vane back and the guide vane outlet. When the flow increased, the entropy production loss was further reduced in the guide vane, and the entropy production loss area was mainly concentrated on the trailing edge of the guide vane.
[image: Figure 15]FIGURE 15 | Flow field diagram of guide vane with different radii.
[image: Figure 16]FIGURE 16 | Distribution of entropy production loss in guide vane.
The design purpose of the guide vane is to recover the velocity circulation of the flow, correct the flow pattern of the flow, reduce the hydraulic loss of the flow in the radial direction, and enable the flow to enter the outlet conduit smoothly. This article studied the influence of the flow pattern inside the guide vane on the internal pressure pulsation. Therefore, nine monitoring points were set along the flow direction in the guide vane to explore the variation of pressure pulsation in the guide vane. Monitoring points P4, P5, and P6 were set at the guide vane inlet, P7, P8, and P9 were set at the guide vane middle, and P10, P11, and P12 were set at the guide vane outlet. The position of monitoring points is shown in Figure 17.
[image: Figure 17]FIGURE 17 | Location of monitoring points of guide vane.
Figure 18 shows the frequency domain diagram of pressure pulsation in the guide vane. The pressure pulsation at the guide vane inlet was mainly affected by impeller rotation, and the main frequency was BPF. The flow at the guide vane inlet was affected by dynamic and static interference. It had a large velocity circulation, and with a large circumferential velocity was limited by the wall of the guide vane, which made the flow field at the guide vane inlet complicated, resulting in the Cp at the guide vane inlet being more complex and intense than that at the impeller inlet. Therefore, the peak number of the Cp amplitude at the guide vane inlet was more than that at the impeller inlet. When the flow increased, the Cp amplitude of the guide vane inlet decreased gradually. The main frequency of Cp in the middle and the guide vane outlet was not the BPF, indicating that the Cp amplitude at each monitoring point was less affected by the impeller rotation. At this time, the main excitation source of pressure pulsation was the velocity circulation of water flow. At small flow rate condition, the internal and outlet monitoring points of the guide vane were also affected by the local reverse flow. At 1.2 Qbep, the reverse flow area gradually disappeared, and the Cp in the guide vane decreased. The Cp amplitudes of P7, P8, and P9 were higher than those at each monitoring point at the guide vane outlet. At 0.8Qbep, the average Cp amplitude at the guide vane inlet was 1.33 times that at the guide vane middle, and the average Cp amplitude at the guide vane middle was 28.2% higher than that at the guide vane outlet. At 1.0Qbep, the average Cp amplitude at the guide vane inlet was 0.553 times that at the guide vane intermediate, and the average Cp amplitude at the guide vane intermediate was 17.5% higher than that at the guide vane outlet. At 1.2Qbep, the average Cp amplitude at the guide vane inlet was 6.46 times that at the guide vane intermediate, and the average Cp amplitude at the guide vane intermediate was 20.2% higher than that at the guide vane outlet.
[image: Figure 18]FIGURE 18 | Frequency domain diagram of pressure pulsation in guide vane.
5 CONCLUSION
In this article, the reliability of numerical simulation was verified by comparing the energy performance test of the pump device with the energy performance test of the numerical calculation of the pump device. The transient hydraulic characteristics of the impeller and the guide vane of the vertical axial flow pump device were studied, and the following three conclusions were obtained:
1) When the flow increases, the area of streamline distortion at the hub of the blade working face decreases. The velocity distribution on the impeller blade increases gradually from the blade root to the tip. The flow is affected by the viscous resistance of the impeller hub wall to the liquid and the leakage of the tip clearance, resulting in the decrease of the flow velocity near the impeller hub and the rim.
2) The ratio of the average FZ on the impeller under the three flow conditions of 0.8 Qbep, 1.0Qbep, and 1.2Qbep is about 11:10:9. Under 0.8 Qbep condition, the FR on the impeller is the largest, and the average FR is 249 N. The fluctuation range of FR is 60.2 %—127.7% of the average FR. Under different flow conditions, the main frequency of Cp at the impeller inlet and outlet is 1 times the BPF. When the flow increases, the Cp amplitude decreases. The pressure pulsation in the tip clearance is affected by the tip clearance leakage, and there is no obvious regularity.
3) The internal flow pattern of the guide vane is the worst at 0.8 Qbep, and the internal hydraulic loss is large. At 1.2 Qbep, the flow pattern is good, and the hydraulic loss caused by flow disorder is decreased. The pressure pulsation amplitude gradually decreases from the inlet to the outlet of the guide vane, and the main frequency of the pressure pulsation at the guide vane inlet is 1 times the BPF, while the guide vane outlet is not the BPF.
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NOMENCLATURE
List of symbols
Cp Pressure coefficient
D2 Exit diameter of shroud
D Impeller diameter
FR Radial force
Fx The radial force component on x axis
Fy The radial force component on y axis
FZ Axial force
GCI21 Grid convergence index of grid scheme 2 and grid scheme 1
GCI32 Grid convergence index of grid scheme 3 and grid scheme 2
GCI43 Grid convergence index of grid scheme 4 and grid scheme 3
GCI54 Grid convergence index of grid scheme 5 and grid scheme 4
GCI65 Grid convergence index of grid scheme 6 and grid scheme 5
GCI76 Grid convergence index of grid scheme 7 and grid scheme 6
Hy Working head of impeller
N The number of grid nodes on the coupling surface
[image: image] Average pressure
P Instantaneous pressure
Pi The pressure at the ith grid node
Pzh The axial force generated by water flow on the hub
Pz The axial force on the blade
Qbep Design flow rate
R The radius of the impeller
r The radius from the measuring point to the hub
Rm Hub radius
Sp Blade radial coefficient
T Rotation cycle
ρ The density of water
V Circular velocity
Abbreviations
CFD Computational fluid dynamics
FAV Floor-attached vortex
N-S Navier–Stokes
RNG Renormalization group
GCI Grid convergence index
FFT Fast Fourier transform
BPF Blade passing frequency
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