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The shaft tubular pump device is widely used in low head pumping stations in plain areas. The N-S equation and the SST k-ω turbulence model are adopted. Then, the investigation on the influence of the shaft transition form on the inflow pattern and hydrodynamic characteristics of the pre-shaft tubular pump device is carried out. By designing three transition forms of shafts, different inflow patterns are provided for the tubular pump device. The characteristic parameters of the shafts and external and internal flow characteristics of the pumping device under different inflow patterns are compared and analyzed. Finally, the optimal transition form is selected for model tests, and unsteady pressure pulsation characteristics are studied. The results show that the flow pattern in the inlet passage of each case is relatively uniform and smooth, and the range of the high-efficiency zone of the pump device is roughly within 0.9Qd–1.2Qd. The energy loss and the weighted average angle on the outlet of each case are similar. The axial velocity distribution uniformity on the impeller inlet of case 1 is better than that of the other cases. The numerical simulation results are consistent with the experimental results, and the numerical simulation method is reliable. Under the design condition, the pressure pulsation amplitude at the impeller inlet is the largest. It gradually increases from the hub to the shroud. The main frequency of pressure pulsation is the blade frequency. The pressure pulsation amplitude at the impeller outlet decreases from the hub to the shroud. The main frequency is not constant due to the rotor–stator interaction between the impeller and the guide vane. The outcome will be beneficial to the design and optimization of the shaft tubular pump device, which is helpful for broadening the corresponding theory and applying it to the actual project.
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1 INTRODUCTION
Shaft tubular pump devices are widely used in extra-low head pumping stations (0–2 m) with low head and large discharge (Liu, 2015; Kan, 2021). The motor operates in the shaft for the shaft tubular pump device, which has a simple structure, small flat size, straight inlet and outlet passages, convenient maintenance, and low construction cost (Jin et al., 2021). According to the location of the shaft, the shaft tubular pump device can be divided into the pre-shaft type and the post-shaft type. The overall flow pattern and hydraulic performance of the pre-shaft tubular pump device are better than those of the post-shaft tubular pump device. Therefore, the pre-shaft tubular pump device is more commonly applied in the pumping station (Chen et al., 2014).
With the development of CFD (computational fluid dynamics), numerical simulation has become a mature research tool and has been widely used in hydraulic engineering. On the one hand, some researchers have paid attention to the shaft tubular pump device by using the CFD method in recent years (Gonza´lez et al., 2002; Landvogt et al., 2014; Lucius and Brenner, 2011; Kan et al., 2021a; Kan et al., 2021b; Kan et al., 2020; Ansar et al., 2002). Liu et al. (2010) studied and analyzed the flow pattern of the pre-shaft and post-shaft tubular pumps. The results show that the guide vane and the shaft are the key factors affecting the flow pattern in the inlet passage and the efficiency of the device. Xu et al. (2011), (2012) conducted a comprehensive study on the shaft tubular pump device and pointed out the excellent hydraulic performance of the shaft tubular pump device. Lu and Zhang (2012) conducted a model test study on the shaft tubular pump device of an extra-low head pumping station and analyzed its hydraulic performance at different blade angles. Yang et al. (2014a) and (2014b) studied the evolution of the shaft profile and its effect on the internal flow characteristics of the tubular pump system, and the one-dimensional hydraulic design method is used to optimize the inlet passage. Shi et al. (2016) utilized the CFD method combined with a model test to finish the design optimization of the bidirectional shaft tubular pump device. The results showed that the inside and outside lines of the bifurcation segment type of the inlet passage had a large impact on the hydraulic loss of the inlet passage and directly affected the hydraulic loss of the following part after the bifurcation segment of the inlet passage. Meng et al. (2017) investigated the guide vane position affecting the hydraulic performance and flow pattern of the bidirectional tubular pump device. In addition, Xie et al. (2015), Zhou et al. (2021), and Qian et al. (2022) also optimized the shaft tubular pump device. The results showed that the optimization of the shaft tail profile is more beneficial to reducing hydraulic loss than the optimization of the shaft head profile and length, while optimizing the bifurcation segment profile of the shaft can significantly improve the hydraulic performance of the pump device. On the other hand, lots of previous research work about the pressure pulsation in hydraulic machinery had also been carried out. Zhu et al. (2010) pointed out that pressure pulsation has an important effect on the stable operation of the pump device. Wang et al. (2007) used a large eddy simulation method to conduct a more comprehensive and in-depth study and analysis of the pressure pulsation characteristics in the axial flow pump. The main frequency of the pressure pulsation in the axial flow pump is the blade frequency, and the pulsation at the outlet of the guide vane is dominated by low frequency. Dai et al. (2013) analyzed the effect of the turbulent flow model on pressure pulsation and pointed out that the SST k-ω model is suitable for studying the pressure pulsation of circulating pumps. Zhen et al. (2010) studied the pressure pulsation characteristics of the axial flow pump under different blade angles of the impeller and heads by using the model test method. Zhang et al. (2014) measured the pressure pulsation of the axial flow pump under different conditions. The experimental results revealed the pressure pulsation law at different locations inside the axial flow pump. Shi et al. (2014) tested the pressure pulsation of the key points at different speeds for the axial-flow pump. Shen et al. (2018) utilized the computational fluid dynamics method to study the hydrodynamic characteristics of the axial flow pump with different tip clearance distances. Wei et al. (2019) studied the propagation of pressure pulsation in a two-stage double suction centrifugal pump using an unsteady method. Al‐Obaidi (2020) studied the hydrodynamic characteristics of axial flow pumps with different impeller blade numbers. Ji et al. (2022) compared the hydraulic performance and pressure pulsation characteristics of the pre-shaft tubular pump and the post-shaft tubular pump by applying the numerical simulation and model test method. Shi et al. (2021) investigated the pressure pulsation characteristics between a full tubular pump and an axial flow pump based on the CFD method.
In this study, a pre-shaft tubular pumping station is used as the research object. By using the CFD method, the inflow pattern of the tubular pump with different shaft transition types and its influence on its hydraulic performance are analyzed. Then, the optimal shaft transition form is confirmed to promote the model experiment and unsteady pressure pulsation characteristics in the following. The results will benefit the optimization of the inlet passage design for the shaft tubular pump.
2 NUMERICAL SIMULATION
2.1 Governing Equations
The flow in the shaft tubular pump device follows the mass conservation equation and the momentum conservation equation. In this study, the Reynolds time-averaged N-S equation is selected to describe the flow in the shaft tubular pump device, and its governing equation (Kan et al., 2020) is as follows:
The continuity equation is as follows:
[image: image]
The momentum equation is expressed as follows:
[image: image]
where [image: image] and [image: image] denote the components of the Reynolds time mean velocity in the i and j directions, respectively, m/s. [image: image] and [image: image] denote the components of the Cartesian coordinates in the i and j directions, respectively, m. t denotes time, s. ρ denotes the fluid density, kg/m3. [image: image] denotes the time-averaged pressure, Pa. μ denotes the dynamic viscosity, Pa·s. [image: image] denotes the Reynolds stress, Pa. fi denotes the mass force component, N.
The shear–stress transport (SST) k-ω (Zhao et al., 2021) turbulence model can modify the turbulent viscosity equation. Thus, the shear stress on the wall and the flow in the near-wall region are better transferred and predicted. Moreover, the over-prediction of the turbulent viscosity can be avoided. Therefore, the SST k-ω turbulence model is chosen to close the governing equations, where the turbulent kinetic energy k equation is as follows:
[image: image]
The turbulent dissipation rate ω equation is given by the following:
[image: image]
where Uj is the vector velocity, m/s. μt is the turbulent viscosity, m2/s. Pk is the turbulent generation rate. F1 is the mixing function. β′ is the empirical coefficient, usually taken as 0.09. α, β, and σ are correlation constants.
2.2 Computational Domain
To ensure the incoming and outgoing flow patterns of the inlet and outlet passages, the extension parts named as the water inlet and water outlet are provided before the inlet passage and after the outlet passage, respectively. In other words, the computational domain includes the water inlet, inlet passage, impeller, guide vane, outlet passage, and water outlet, as shown in Figure 1. Its main design parameters are listed in Table 1 below.
[image: Figure 1]FIGURE 1 | Computational domain.
TABLE 1 | Main design parameters.
[image: Table 1]2.3 Mesh Generation
Based on the ANSYS ICEM platform, the pre-shaft tubular pump is divided into blocks, and the structured meshes are generated, as shown in Figure 2A. The inlet passage is spatially discretized with a more adaptive unstructured mesh. To obtain the reliable mesh, the grid-independence analysis is performed. The efficiency is selected as the characteristic parameter. Figure 2B shows the efficiency growth trend of six different meshes under the design condition. When the number of grids exceeds 6.74 million, the error of the efficiency is less than 0.04%, so the number of meshes is confirmed as 6.74 million.
[image: Figure 2]FIGURE 2 | (A) Mesh generation. (B) Grid independence analysis.
2.4 Boundary Condition
For steady simulation, the inlet of the water inlet is set as the mass flow. The outlet of the water outlet is set as the pressure. The impeller is set as the rotational domain with a speed of −981 rev/min. The “Stage” model is applied for the interfaces between the rotating domain and the non-rotating domain, such as the “inlet passage outlet—impeller inlet” interface and the “impeller outlet—guide vane inlet” interface. All other interfaces are static interfaces. No slip boundary is adopted for the wall, and the near-wall region is treated as a standard wall function. The convergence accuracy is set to 1.0 × 10−4. Under unsteady simulation, the time step is set to 1.02 × 10−4 s, the impeller rotates 6° per time step, and the total calculation time is 0.489 s. The monitoring probes are shown in Figure 3. Two groups of monitoring probes are arranged from the hub to the shroud on the outlet of the impeller, which are P1–P3 and P4–P6. Another two groups of monitoring probes are arranged along the radial direction on the inlet of the impeller, which are P7–P9 and P10–P12. In addition, two groups of monitoring probes are arranged from the hub to the shroud on the outlet of the guide vane, which are P13–P15 and P16–P18.
[image: Figure 3]FIGURE 3 | Layout of monitoring points.
2.5 Model Test
Figure 4A shows the high-precision hydraulic cycle test system. The system has a comprehensive error of ±0.39%. The random error of this experiment is ±0.1321%. Meanwhile, based on the pump head and efficiency of the best efficiency point, the head and efficiency of the other conditions are normalized. Figure 4B shows the numerical simulation results and the experiment results. The external characteristic curves obtained from the numerical simulation and the experiment are basically consistent. The errors of the efficiency and the head under the design condition are not more than 5%. It shows that the numerical simulation method is reliable.
[image: Figure 4]FIGURE 4 | (A) Schematic diagram of the test system. (B) Experimental and numerical simulation results.
3 RESEARCH CASES
In order to obtain the influence on the hydrodynamic characteristics of the shaft tubular pump device under different inflow patterns, three different transition forms of the shaft are designed. As shown in Figure 5, the sections are sliced and numbered from the outlet to the inlet of the inlet passage, according to the location of the beginning of the contraction section. The bS is the relative area, which is obtained by bi/S, where bi is the area of the ith section, and S is the impeller inlet area. dL is the relative spacing, which is calculated by di/L, where di is the distance of the inlet section of the inlet passage of the ith section, and L is the total length of the inlet passage.
[image: Figure 5]FIGURE 5 | Cross-sectional area of the variation curve of the inlet passage for each case.
4 RESULT ANALYSIS
4.1 External Characteristics
The head and efficiency reflect the external characteristic performance of the pump unit. Based on the head and efficiency of the best efficiency point of case 1, the head and efficiency of the other conditions are normalized. The dimensionless head and efficiency of each case are shown in Figure 6A,B.
[image: Figure 6]FIGURE 6 | Hydraulic performance of each case. (A) Q-H′ curve. (B) Q-η′ curve.
4.2 Analysis Sections and Parameters
4.2.1 Analysis Sections
To capture the energy characteristics and flow features of the inlet passage in detail, seven characteristic sections are sliced along the flow direction, which is noted as n-n sections (n takes 1–7). As shown in Figure 7, the seven characteristic sections are the inlet section of the inlet passage, the starting transition section of each case, the outlet section of the inlet passage, and the center section of the inlet passage, which are intercepted sequentially.
[image: Figure 7]FIGURE 7 | Location of the analysis cross section.
4.2.2 Analysis Parameters
An evaluation index should be introduced to quantitatively analyze the hydraulic performance of the inlet passage of each case. Therefore, energy loss ratio ζ, axial velocity distribution uniformity Vu, and velocity-weighted average angle θ are defined. The energy loss ratio ζ represents the ratio of the energy loss ΔCi of each adjacent section at different conditions to the total energy loss ΔCt of the intake passage of case 1 under the optimal condition. Axial velocity distribution uniformity Vu indicates the uniformity of axial velocity distribution on the outlet section of the inlet passage. The velocity-weighted average angle θ indicates the angle between the velocity at the outlet of the inlet passage and the outlet cross section. Generally speaking, when the axial velocity distribution uniformity Vu is closer to 100%, the velocity distribution is more uniform. When the velocity-weighted average angle θ is closer to 90°, the flow goes smoothly. Similarly, the smaller the inlet passage energy loss ratio ζ, the higher the efficiency is.
[image: image]
where Hi denotes the elevation of the section, m. Pi denotes the total pressure of the section, Pa. vi denotes the average velocity of the section, m.
[image: image]
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where [image: image] and [image: image], respectively, are the axial velocity of the node on the outlet of the inlet passage and the average axial velocity on the outlet of the inlet passage, m/s. [image: image] indicates the normal velocity of the node on the outlet of the inlet passage, m/s.
4.3 Internal Flow Characteristics
Figure 8 shows the static pressure distribution and streamlines on section 7-7 and the velocity contours on section 5-5 with different transition forms under various conditions. As shown in Figure 10, the overall flow patterns in the inlet passage for all three cases are smooth, and there is no separation flow. At the head of the shaft, the flow is evenly divided into two streams. The velocity on both sides of the shaft increases, and the pressure decreases when the sections tend to contract. The streamline and pressure distribution are symmetrical on both sides of the shaft. At the end of the shaft, the flow merges into one stream smoothly. There is a small low pressure area on both sides of the end in the contraction segment of the shaft. The low pressure area of cases 2 and 3 is approximately the same, which are slightly larger than that of case 1. Thus, section 5-5 is sliced, and there is a symmetrically distributed high velocity area which is corresponding to the low pressure area. The velocity at the outside of the shaft is larger than at the inside, and such a trend appears more obvious when the flow rate enlarges.
[image: Figure 8]FIGURE 8 | Streamlines and the pressure distribution on the center section (left) and the velocity distribution on section 5-5 (right) of different cases under each condition. (A) Q/Qd = 0.8 (B) Q/Qd = 1.0 (C) Q/Qd = 1.2.
The inlet passage is mainly installed to provide a uniform flow pattern for the impeller. Therefore, it should ensure and give priority to the uniformity of the velocity on the outlet of the inlet passage. As shown in Figure 9, the velocity contours on the outlet of the inlet passage of each case under different conditions are given. As shown in Figure 9, the velocity on the outlet of each case is symmetrically distributed bilaterally and vertically under different conditions. The low velocity near the wall is observed. The velocity growth rate near the shaft is significantly greater than that which is far away from the shaft on the outlet.
[image: Figure 9]FIGURE 9 | Velocity contours on the outlet of the inlet passage. (A) Q/Qd = 0.8 (B) Q/Qd = 1.0 (C) Q/Qd = 1.2.
Under the same condition, the velocity distribution on the outlet of each case shares the same trend. The velocity magnitude is basically similar. The symmetrical contraction on the left and right is much larger than that on the top and bottom. The mainstream is concentrated on the left and right near the outside, and the velocity on the top and bottom near the inside tends to be small. Moreover, the velocity distribution on the outlet is positively correlated with the flow rate. The maximum velocity under the condition of 1.0Qd is about 1.20 times the maximum velocity under the condition of 0.8Qd. However, the maximum velocity under the condition of 1.2Qd is also about 1.20 times the maximum velocity under the condition of 1.0Qd.
4.4 Energy Characteristics
Figure 10 shows the energy characteristics’ trend of each section for each case under different conditions. The horizontal coordinate is the relative distance of each section from the outlet of the inlet passage, which is defined as x/l. The vertical coordinate is the energy loss ratio ζ of the section. For the inlet passage, the energy loss in the inlet passage is hydraulic loss, and there is no leakage loss. As shown in Figure 10, the energy from the inlet to the outlet in the inlet passage decreases with the increasing flow rates. In other words, the hydraulic losses keep increasing. The largest energy loss of each case happens in the shaft tail, which is from section 4-4 to section 6-6 under different conditions. Another major energy loss is located from section 3-3 to section 4-4. The energy loss originates from the severe transition of the shaft. The energy loss of case 1 is significantly smaller than that of the other two cases.
[image: Figure 10]FIGURE 10 | Energy characteristics in the inlet passage for each case. (A) Q/Qd = 0.8 (B) Q/Qd = 1.0 (C) Q/Qd = 1.2.
4.5 Velocity Uniformity Characteristics
Figure 11 shows the axial velocity distribution uniformity Vu and the velocity-weighted average angle θ on the outlet of the inlet passage for each case under different conditions. It can be seen that Vu and θ increase rapidly in the flow rate range of 0.8Qd to 1.1Qd, and then, the increment is small. The Vu of case 1 is the highest. The axial velocity distribution uniformity is the best under the condition of 1.2Qd, whose value is 96.47%. The Vu and θ of case 3 are the worst, and its axial velocity distribution uniformity is the worst under the condition of 0.8Qd, whose value is 93.06%. Under the same flow rate condition, the axial velocity distribution uniformity on the outlet of the inlet passage for case 1 and case 2 is nearly the same, which is higher than that of case 3. The velocity-weighted average angle on the outlet of the inlet passage for case 1 is the largest, reaching 88.86°.
[image: Figure 11]FIGURE 11 | Axial velocity distribution uniformity Vu and the velocity-weighted average angle θ on the outlet of the inlet passage for each case.
4.6 Pressure Pulsation Characteristics
The complex flow in the axial flow pump can lead to rapid pressure pulsation, which causes vibration and noise that reduces the efficiency and the life cycle of the pump. The flow is not stable in the early periods; therefore, the data on the last four periods are selected to analyze the pressure pulsation.
To establish the relationship between the pressure pulsation and the flow rate, the pressure pulsation of monitoring points P1-P3, P7-P9, and P13-P15 under the flow rate conditions of 0.8Qd, 1.0Qd, and 1.2Qd is compared.
The pressure pulsation coefficient Cp and the multiplier of the shaft frequency fn are introduced and calculated as follows :
[image: image]
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where F is the frequency by utilizing fast Fourier transform, Hz. p is the pressure at the monitoring point, Pa. [image: image] is the average pressure at the monitoring point during a period of the impeller, Pa. ρ is the fluid density, kg/m3. u is the circumferential speed of the impeller, m/s.
Figure 12 shows the time domain chart (subfigures on the left) and frequency domain chart (subfigures on the right) of the pressure pulsation on the impeller inlet at monitoring points P1-P3 under different conditions. In the time domain chart of Figure 12, it can be seen that the pressure pulsation under each condition is sinusoidally distributed with obvious periodic fluctuations. When the rotator runs per round, three peaks and troughs appear. The number of peaks and troughs is consistent with the blade number. The farther the monitoring point is from the hub, the larger the pressure pulsation amplitude is. The pressure pulsation amplitude of P3 is about 1.83 times that of P1 under the conditions of 0.8Qd, 1.0Qd, and 1.2Qd. The pressure pulsation of the impeller inlet is obviously periodic under each condition.
[image: Figure 12]FIGURE 12 | Time domain chart and frequency domain chart of pressure pulsation on the impeller inlet at monitoring points P1-P3 under different conditions. (A) Q/Qd = 0.8 (B) Q/Qd = 1.0 (C) Q/Qd = 1.2.
In the frequency domain chart of Figure 12, the amplitude of monitoring points P1, P2, and P3 increases gradually from the hub to the shroud along the radial direction at the impeller inlet under each condition. The pressure pulsation amplitude of P2 under the condition of 0.8Qd is 1.36 times than that under the condition of 1.0Qd and 1.94 times than that under the condition of 1.2Qd, respectively. Meanwhile, the main frequency of each monitoring point is 3 times the shaft frequency, and the secondary frequency is 6 times the shaft frequency. Therefore, the pressure pulsation at the impeller inlet is greatly influenced by the blade number.
Figure 13 shows the time domain chart (subfigures on the left) and frequency domain chart (subfigures on the right) of the pressure pulsation on the impeller outlet at monitoring points P7-P9 under different conditions. In the time domain chart of Figure 13, it is shown that the general trend of pressure pulsation of each condition is consistent. There are three peaks and troughs in a period for P7 and P8. However, there are five peaks and troughs for P9. The result shows that the pressure pulsation at the impeller outlet is still mainly influenced by the blade number of the impeller. For the monitoring point P9, the guide vane number dominates the growth low of the pressure pulsation on it. The reason is its location, which is close to the shroud of the impeller outlet and the guide vane.
[image: Figure 13]FIGURE 13 | Time domain chart and frequency domain chart of pressure pulsation on the impeller outlet at monitoring points P7-P9 under different conditions. (A) Q/Qd = 0.8 (B) Q/Qd = 1.0 ((C) Q/Qd = 1.2.
In the frequency domain chart of Figure 13, the main frequencies of P7 and P8 at the impeller outlet are 3 times the shaft frequency under each condition. The main frequency of P9 is 5 times the shaft frequency. The pressure pulsation amplitude grows higher from the shroud to the hub. Due to the rotor–stator interaction between the impeller and the guide vane existing in the pump, the frequency spectrum is varied. Considering that the strength of the circulation caused by the pre-rotation of the impeller exceeds the circulation recovery caused by the guide vane, the absolute value of the pressure pulsation on the inlet of the impeller is larger than that on the outlet of the impeller for each case.
Figure 14 shows the time domain chart (subfigures on the left) and frequency domain chart (subfigures on the right) of the pressure pulsation on the guide vane outlet at monitoring points P13-P15 under different conditions. In the time domain chart of Figure 14, there is no obvious regular pattern and periodicity of the pressure pulsation for each condition, and random pulsation is observed. Under the conditions of 0.8Qd and 1.0Qd, the wave of the pressure pulsation is relatively disordered. Under the condition of 1.2Qd, there are three peaks and troughs in a period. It shows that the pressure pulsation at the outlet of the guide vane is still influenced by the blade number of the impeller.
[image: Figure 14]FIGURE 14 | Time domain chart and frequency domain chart of pressure pulsation on the guide vane outlet at monitoring points P13-P15 under different conditions. (A) Q/Qd = 0.8 (B) Q/Qd = 1.0 (C) Q/Qd = 1.2.
In the frequency domain chart of Figure 14, it is found that the frequency spectrum of the pressure pulsation at each monitoring point at the outlet of the guide vane under each condition is more complex due to the hydraulic conductivity and energy recovery of the guide vane, which is obviously different from the pressure pulsation characteristics of the impeller inlet and outlet. Under the conditions of 0.8Qd and 1.0Qd, the pressure pulsation in the low frequency band is more complex, and the major frequency at each monitoring point is not obvious, and the amplitude is similar. Under the condition of 1.2Qd, the major frequency of the pressure pulsation at each monitoring point is the shaft frequency. But there are multiple secondary frequencies near it, which are multiples of the shaft frequency of the impeller.
5 CONCLUSION
In this study, the investigation on the influence of the shaft transition form on the inflow pattern and hydrodynamic characteristics of the pre-shaft tubular pump device is carried out by using the CFD method. The pump device with the optimal transition form of the shaft is experimented upon, and unsteady pressure pulsation characteristics are studied. The conclusions are as follows:
1) The numerical simulation results are verified with model tests. The numerical simulation prediction results and experimental results are compared under different flow rate conditions. The errors are less than 5%, and the hydraulic performance curves match well. The numerical method is reliable, and the result is correct.
2) The hydraulic performance of case 1 is better than that of case 2 and case 3. The flow rate of the high-efficiency region is roughly in the range of 0.9Qd–1.2Qd.
3) The flow in the inlet passage of three cases is smooth, and no obvious separation flow is observed. The velocity contours on the outlet of the shaft are symmetrically distributed bilaterally and vertically, providing the outstanding flow pattern for the impeller.
4) The transition form of the shaft has a limited effect on the energy characteristics and the weighted average angle of the inlet passage. The smoother the inlet passage transits, the lower the energy loss is. The axial velocity uniformity on the outlet of the inlet passage for case 1 is better than that of the other cases.
5) The periodic pressure pulsation at the impeller inlet is obvious, and the amplitude is the largest compared with the impeller outlet and the guide vane outlet. The pressure pulsation increases from the hub to the shroud. However, the pressure pulsation at the guide vane outlet is aperiodic, and the amplitude is the smallest. The pressure pulsation near the hub is larger than that near the shroud.
6) The pressure pulsation at the impeller inlet is mainly related to the blade number of the impeller. Thus, the main frequency at the impeller inlet is the blade frequency. The main frequency near the hub at the impeller outlet also follows the regular pattern as mentioned previously. On the contrary, the main frequency near the shroud at the impeller outlet is related to the guide vane, and its value is not the blade frequency. In addition, the pressure pulsation at the guide vane outlet is also affected by the impeller under large flow rate conditions.
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