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The unsteady flow characteristics of pump as hydraulic turbine play a vital role in its safe and stable operation, while the ultra-low specific-speed centrifugal pump may face more stability problems due to the limitations of its flow conditions under the turbine working condition. Therefore, in this study, the unsteady characteristics of an ultra-low specific-speed centrifugal pump under turbine conditions are studied using a numerical simulation method, and the numerical simulation is verified using an experimental method. Based on the hydraulic losses of each flow passage component, the energy characteristics of pump as turbine (PAT) are established, and the distribution pattern of total pressure fluctuation in the turbine is studied. The results show that the rotor–stator interaction between the impeller and the tongue makes the hydraulic performance and the internal flow field change periodically. The pressure fluctuation intensities at the tongue, blade inlet edge, and balance hole are large, and the total pressure fluctuation in the three areas is intense in space and time. The internal flow characteristics at typical blade positions show that the secondary flow phenomena such as separation flow and wake flow near the tongue make the pressure gradient larger, which is an important influence mode of the rotor–stator interaction. This study provides a reference and guidance for the unsteady study of low specific-speed PAT.
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INTRODUCTION
Due to the asymmetry of the volute and the interaction between the tongue and the impeller, the low specific-speed centrifugal pump exhibits extremely complex unsteady three-dimensional flow characteristics in both pump and turbine conditions. Scholars have never stopped researching pumps and pump as turbine (PAT) (Ebrahimi et al., 2020; Kandi et al., 2021; Zhou et al., 2022). The research results of centrifugal pumps are relatively mature and systematic, while those of PAT are relatively lacking. With the intensification of global climate problems in recent years, PAT has become one of the research hotspots in the field of hydraulic machinery and energy-saving energy storage (Balacco et al., 2021; Cao et al., 2021; El-Emam et al., 2022).
Based on the gradient optimization algorithms and incomplete sensitivity methods (Derakhshan et al., 2008), Derakhshan et al. (2009) redesigned the shape of the PAT radial impeller blade and obtained an increase in the torque, head, and efficiency by 4.258, 1.97, and 2.2%, respectively. Derakhshan and Nourbakhsh (2008) developed a new method for determining the best efficiency point (BEP) for a PAT. The head and flow values obtained by this method agree well with the experimental data. For small hydropower projects, Agarwal (2012) concluded that PAT is a relatively economical engineering solution, and the optimal head and flow range of pump-turbine are clarified. Yang et al. (2012) proposed a correlation formula for the hydraulic performance parameters of the PAT by analyzing and summarizing the experimental data and compared it with the existing empirical formulas. In addition, many scholars summed up and deduced the prediction relationship of hydraulic performance by summarizing the experimental data and theoretical analysis, which can be used to predict the hydraulic performance of the PAT within a certain specific speed range (Tan and Engeda, 2016; Barbarelli et al., 2017; Rossi and Renzi, 2017; Huang et al., 2018; Zhang et al., 2021a; El-Emam et al., 2021). With the development of computer technology and fluid theory, a numerical simulation based on computational fluid dynamics (CFD) has been widely used in fluid machinery research. Yang et al., (2021) used CFD to study the effect of blade fillets on PAT performance and found that the efficiency was improved by 8.09% at 1,500 rpm. Adu et al. (2021) studied the effect of splitter blades on the performance of PATs under different rotational speeds and flow rates. The maximum deviations of efficiency between numerical data and experimental values under different working conditions were 5.6 and 2.6%, respectively. Wang et al. (2017) compared impellers with backward bent blades; the efficiency of the forward bent blades was increased by 7.93%, and the high efficiency zone was widened. Based on the theoretical model, Liu et al. (2019) proposed an iterative flow-based method to determine the optimal efficiency point in PAT.
Moreover, the operation stability of PAT is closely related to pressure fluctuations and unsteady flow patterns. Zhang et al. (2019) and Binama et al. (2021) studied the formation mechanism of the PAT flow structure through numerical simulation. They found that the flow field and pressure field were both distorted as the flow rate decreased. The increase of the impeller speed can weaken the pressure pulsation level at high flow rates. Morabito et al. (2021) studied the effect of the volute tongue on the hydraulic performance of the PAT based on the experimental data. The tongue interfered with the flow at the runner inlet and produced local distortion in the velocity field, thereby reducing the hydraulic performance of the PAT. Based on the calculation results of the internal flow field obtained by CFD simulation, a multivariate regression method was used to establish a correlation model between the geometric parameters of the tongue and the hydraulic performance of PAT. Liu and Lei (2018) found that when the mixed-flow pump worked as turbine, the existence of the tip clearance induced the tip leakage flow that interacts with the main flow, resulting in unstable flow and complex vortex structures in the channel.
To sum up, the research on PAT is mostly concentrated on mixed-flow pumps and other medium and high specific-speed pumps and mainly focuses on the performance prediction and fluctuations in internal and external characteristics However, there is still a lack of research on the evolution law of impeller inlet velocity and energy characteristics in ultra-low specific-speed centrifugal pumps under turbine condition. In this study, the evolution law of unsteady flow field in an ultra-low specific-speed centrifugal pump as turbine and the unsteady variation law of impeller inlet velocity are studied, and the evolution mechanism of the flow field in low-power hydraulic PAT is revealed, which provides theoretical guidance for the improved design and development of design method of low-power hydraulic PAT.
THEORETICAL AND NUMERICAL METHOD
Basic performance parameters
The basic external characteristic parameters of centrifugal pumps include the head and efficiency. The dimensionless head coefficient and efficiency are shown in Eq. 1 and 2, respectively:
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where H represents the head, m; u2 is the circumferential velocity of the impeller outlet, m/s; P1 and P2 are the inlet and outlet total pressure, Pa; Ws is the shaft power, W; and Q is the flow rate, m3/s.
Another vital parameter is pressure fluctuation, and the average value of pressure fluctuation is calculated as follows:
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Pressure fluctuation intensity is the variance coefficient of pressure fluctuation:
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where [image: image] is the instantaneous pressure of the measuring point, Pa; and [image: image] is the average pressure, Pa.
The dimensionless pressure fluctuation coefficient is as follows:
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where CP is the dimensionless pressure fluctuation coefficient, and ρ is the density of the medium, kg/m3.
To study the variation of external characteristics, the total pressure difference can be used to calculate the hydraulic loss of the flow components. The total pressure coefficient of each flow passage component is defined as follows:
Total pressure coefficient of the volute:
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Total pressure coefficient of the impeller:
[image: image]
where the subscripts w and r represent the volute and impeller, respectively; out and in represent the outlet and inlet of overflow components; and tp represents the total pressure. Due to the work of the impeller, the total pressure difference between the inlet and outlet of the impeller is not equal to the hydraulic loss.
The dimensionless coefficient of impeller work is defined as follows:
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where A2 is the impeller outlet area.
The power coefficient of impeller passage is Wc, and it is calculated as follows:
[image: image]
where MP and MS represent the fluid torques on the pressure side (PS) and suction side (SS) of the flow channel, respectively.
Numerical simulation methods
In this study, an ultra-low specific-speed centrifugal pump reverses as a hydraulic turbine. Under the pump condition, the designed flow Qd and head H are 10 m3/h and 80 m, respectively, and the rotational speed n and the specific rotational speed ns are 2,900 rev/min and 21, respectively. The rotational speed of the turbine condition is the same as that of the pump condition, and the specific speed is calculated using Eq. 10.
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To accurately calculate the working performance of PAT, this study numerically simulates the flow structure in the whole flow field. The calculation domain of the model centrifugal pump includes five parts: inlet pipe, impeller, pump chamber, volute, and outlet pipe. The computing domain is meshed using ANSYS ICEM, and the hexahedral structured grid is adopted for the computing domain. In addition, the blade surface and volute tongue are locally refined.
The inlet boundary condition is specified as the pressure inlet, and the outlet adopts the opening condition to prevent the backflow problem with the reference pressure set as 1 atm. The rotational speed under the turbine condition is the same as that under the pump condition. A smooth non-slip wall is selected for all walls, and a transient rotor–stator is selected for the rotor–stator interface under unsteady conditions. The time step of the unsteady calculation is equal to the time that the impeller rotates 1°. The finite volume method based on the finite element method is adopted, in which the convection term is discretized by a high-resolution scheme. This scheme combines the advantages of upwind difference and central difference. On the basis of avoiding the oscillation defect of central difference, the results are as accurate as possible. The unsteady term adopts second-order Euler backward difference to improve the accuracy. In the turbulent transport equation, the unsteady term is a second-order difference, and the convection term is an upwind difference. Considering the factors such as calculation cost and calculation accuracy, the SST k-ω model is finally selected as the turbulence model (Han et al., 2021; Wei et al., 2021).
Grid independence and experimental verification
Figure 1 shows the PAT experimental system. The test rig is composed of a water tank, booster pump, control valve, electromagnetic flowmeter, pressure transmitter, high-frequency dynamic pressure sensor, dynamometer, variable frequency control cabinet, and other equipment.
[image: Figure 1]FIGURE 1 | PAT experimental system.
In numerical calculation, the basic guarantee for the credibility of numerical calculation is to ensure the independence of time and space step size. In this study, three sets of grid generations are adopted, and the number of grids corresponding to each set is 2.01×106 (G1), 5.12×106 (G2), and 7.48×106 (G3). Figure 2 shows the comparison of numerical simulation results and experimental data under three PAT grids. The head increases as the flow rate increases, and the error of grid G1 is relatively larger than the other two; the maximum difference reaches 7.7%. However, for grids G2 and G3, the differences between the experimental and numerical results are less than 0.45%, which means that the simulation results are in good agreement with the measured data. Therefore, in this study, the SST turbulence model can be used to study the internal and external characteristics of the pump as a turbine.
[image: Figure 2]FIGURE 2 | Grid independence verification.
RESULTS AND DISCUSSIONS
Unsteady hydraulic characteristics of PAT
Figure 3 shows the head and efficiency curve of the ultra-low specific-speed centrifugal pump as a turbine. It can be seen from the figure that the head of the pump gradually increases with the increase in flow rate; meanwhile, its efficiency increases at first and then decreases. The flow rate at the highest efficiency point is Qbep = 52 m3/h, which is much larger than that at the highest efficiency point of pump mode. In order to facilitate the study of unsteady external characteristics, the circumferential angle between the suction surface at the trailing edge of the blade and the tip of the volute tongue is defined as ε. When the blade is located at the tongue, ε = 0°.
[image: Figure 3]FIGURE 3 | Head and efficiency curve of PAT.
Figure 4 shows an unsteady curve of the head coefficient in a rotating period of the impeller. The curve shows notable periodicity with three evident peaks and troughs, which is explicitly caused by the rotor–stator interaction (RSI) of the impeller and tongue. With the increase in flow rate, the fluctuation intensity of the head increases gradually. At a low flow rate, the unsteady head changes very little. When the blade is at the tongue position, the water head changes slightly. At a high flow rate, the unsteady head gradually decreases with the blade getting away from the tongue. When ε is at 0, 120, and 240°, the head curve is in the trough. At this time, the blade is located at the tongue, and as it is away from the tongue, the head increases dramatic and then gradually decreases to the next trough. Moreover, there is a secondary fluctuation at the trough. It contributes to the RSI between the trailing edge of the SS, PS, and the tongue, leading to the flow field fluctuation and the occurrence of secondary fluctuation. With the flow rate increasing, the fluctuation range of the head coefficient gets larger, which indicates that the influence of RSI between the impeller and tongue on the flow field is intensified (Zhang et al., 2021b).
[image: Figure 4]FIGURE 4 | Transient variation of head coefficient in a single impeller rotation cycle.
Figure 5 shows the total pressure coefficient fluctuation curve of the impeller and volute in a single impeller cycle. The fluctuation trends of the total pressure loss of the volute and the total pressure drop of the impeller are similar to those of the head coefficient, and the dramatic change occurs when the blade is located at the tongue. The total pressure drop of the impeller is much larger than that of the volute, but the fluctuation intensity of the total pressure loss of the volute is greater than that of the total pressure drop coefficient of the impeller. It indicates that the RSI between the impeller and the tongue has a greater impact on the flow field of the volute. Combined with the head variation, it can be seen that the sharp fluctuation of the head curve is mainly caused by the large variation of the volute pressure drop.
[image: Figure 5]FIGURE 5 | Total pressure coefficients of impeller (left) and volute in a single impeller cycle.
To further study the variation law of impeller shaft power, Figure 6 shows the variation curve of flow channel power during an impeller rotation period. At a low flow rate, the blade load coefficient changes largely around ε = 0°. At this time, the RSI between the trailing edge of blade SS and the tongue leads to the change of the flow field near the outlet of the flow channel. With the rotation of the blade away from the tongue, the blade load coefficient increases gradually. At ε = 120°, the peak appears, and then, with the rotation of the impeller, the load coefficient decreases gradually. At the BEP, the fluctuation trend is similar to that at low flow, but the highest value appears at ε = 50°. At a high flow rate, as the blade rotates to ε = 120°, the fluctuation amplitude is significantly higher than that at other flow rates. Then, the shaft power of the blade decreases gradually with the impeller rotating. When ε is about 200°, the shaft power begins to increase gradually, and the change trend is opposite to that at the low flow rate.
[image: Figure 6]FIGURE 6 | Shaft power variation of impeller passage in a single impeller cycle.
For an incompressible fluid, the total pressure represents fluid mechanical energy. Figure 7 shows the average distribution of total pressure and the variance distribution of total pressure in a single impeller cycle under different flow rates. At a low flow rate, the total pressure gradually decreases from the volute inlet to the impeller outlet. The local low total pressure zone appears in the anterior part of the volute tongue septum and outside of the volute inlet tube. In the impeller, the maximum total pressure appears at the impeller inlet around the blade PS, and the total pressure increases slightly at the position of the balance hole. In the front of the tongue, the variance distribution of total pressure is significantly different. The total pressure variance value is larger at the impeller blade inlet, which means that the flow field fluctuates violently at the tongue and the inlet of the impeller. Under the BEP, the total pressure difference between the PS and SS of the impeller blade rises further. In addition, the total pressure difference of the impeller inlet is higher than that of the outlet side. Compared with the low flow rate, the circumferential distribution of total pressure in the volute is more even. The maximum total pressure variance at the BEP appears in the SS of the impeller blade, followed by the total pressure variance around the blade inlet and tongue. This is attributed to a strong periodic vortex on the SS of the blade under the effect of the RSI, resulting in a large change in the total pressure on the SS. At a high flow rate, the variance distribution inside the impeller is similar to that at the BEP, but its variance is larger, and the variance in the spiral section of the volute is significantly higher than that in other regions. The variances of the tongue, blade inlet, and balance hole vary a lot, indicating that the total pressure fluctuation in these regions is relatively intense.
[image: Figure 7]FIGURE 7 | Distribution of total pressure and total pressure variance at three flow rates. (A): 0.77 Qbep; (B):1.0 Qbep; (C): 1.23 Qbep.
The evolution of the vortex is the cause of mechanical energy loss in turbulence flow, and the deformation of the vortex is mainly led by a velocity gradient. The Q criterion is used to define the vortex structure in this study, which is defined as follows:
[image: image]
Here, the Q criterion represents the balance between the shear strain rate and vortex intensity.
Figure 8 shows the vortex core distribution at the impeller outlet and the balance hole under small flow conditions. The leakage flow of the balance hole is a leakage vortex generated in the impeller channel. The velocity in the vortex core area decreases, and the pressure increases. Therefore, there is a notable high-pressure area near the balance hole in Figure 8. The vorticity at the outlet of the impeller is large, which indicates that the shear deformation rate of the fluid at the outlet is large, and the hydraulic loss is also large.
[image: Figure 8]FIGURE 8 | Vortex structures identified by Q criterion at three flow rates.
Pressure fluctuation characteristics of PAT
The periodic variation of head and shaft power under PAT conditions indicates that the internal flow also has the same fluctuation, which also affects the pressure pulsation. The variation of the average pressure coefficient of the volute in a rotating period is shown in Figure 9. The pressure of the volute increases with the flow rate. For the volute outlet, the pressure from 0° to 20° and 345° to 360° increases rapidly, which indicates the existence of a large pressure gradient around the tongue. For the near-wall of the volute, the pressure at the tongue increases rapidly, while the pressure at the inlet of the volute decreases dramatically. These phenomena indicate that there is a low-pressure zone at the tongue and the volute inlet, which is caused by the fluid inertia force and the separation flow of the tongue. In general, the pressure at the volute outlet is smaller than that at the near-wall of the volute due to the low velocity near the wall.
[image: Figure 9]FIGURE 9 | Pressure distribution of volute along circumferential direction. (A): Circumferential pressure distribution at volute outlet; (B) Circumferential pressure distribution near the wall of volute.
The pressure coefficient change of the monitoring points near the tongue is shown in Figure 10. The pressure variation trend of the three monitoring points is consistent under a low flow rate. With the increase in flow rate, the pressure coefficient and fluctuation intensity of monitoring points increase. Furthermore, due to the effect of inertial force, the flow velocity at point MP3 is larger, and the pressure is far less than that at other locations.
[image: Figure 10]FIGURE 10 | Variation of pressure coefficient at monitoring points. (A): Position of the monitoring points; (B): 0.77 Qbep; (C):1.0 Qbep; (D): 1.23 Qbep.
Figure 11 shows the distribution of average pressure and pressure fluctuation intensity in the impeller. The pressure decreases from the inlet to the outlet of the impeller, and the pressure gradient in the outlet gets larger with the increase of the flow rate. At the low flow rate, the lowest pressure appears at the impeller outlet and the balance hole. At BEP, the pressure at the balance hole is higher than that at the impeller outlet. The minimum pressure of the impeller appears in the middle area of the blade, which gradually shifts to the impeller inlet, with the flow rate increasing to 1.23Qbep. As the flow rate increases, the area of high-pressure pulsation intensity gradually expands from the balance hole to the middle of the impeller channel, which is caused by RSI and balance hole leakage.
[image: Figure 11]FIGURE 11 | Distribution of mean pressure and pressure fluctuation intensity in the impeller. (A): 0.77 Qbep; (B):1.0 Qbep; (C): 1.23 Qbep.
The rotor–stator interaction effect
The five significant instants in Figure 8 are selected to explore the principle of RSI, and the corresponding impeller positions are shown in Figure 12. Figure 13 shows the pressure coefficient distribution at the volute outlet under BEP. At T1, the tongue is located in channel C. The pressure is lower upstream (0°–40°) of the tongue, while the pressure is higher downstream (280°–360°). The channel pressure increases along the impeller rotation direction. At T2, the SS of the flow channel C get close to the tongue, inducing a low-pressure region, while the PS exists in a high-pressure zone. At T3, the PS of channel A is close to the tongue, leading to an increase in the pressure on the PS. There is still a low-pressure area upstream of the tongue. The pressure distribution of channels B and C is similar. At T4, the high-pressure region of PS of channel A enlarges, and the pressure changes of other channels are small. At T5, the pressure of the volute outlet reaches the lowest, and the low-pressure area near the SS of the channel is large. The high-pressure area still exists downstream of the tongue. In general, when the PS of the channel is close to the tongue, the pressure of the volute outlet increases gradually. When the flow channel is away from the tongue, the pressure of the volute outlet gradually decreases.
[image: Figure 12]FIGURE 12 | Typical position of the impeller.
[image: Figure 13]FIGURE 13 | Distribution of pressure coefficient in the volute outlet at BEP.
Figure 14 shows the radial velocity distribution of the volute outlet under the BEP. In the low-pressure region near the SS of the flow channel, the radial velocity is negative with a large value, while it presents a positive value at the tongue. In the regions of y/b = 0.25 and 0.75, the radial velocity is lower due to the effect of the cover plates. At y/b = 0 and 1, the radial velocity is negative because the fluid enters the pump chamber. At T1, there is a notable negative value area at the PS of channel C and at the low-pressure region. The absolute value of the negative radial velocity of channel C is less than that of channel A and channel B, which indicates that RSI has an influence on the radial velocity of the fluid. The tongue has a certain blocking effect, preventing the fluid from entering the impeller. At T2, the radial inflow velocity in channel C keeps decreasing while it presents a rise in other channels. At T3, the radial velocity reaches the minimum value. At T4, the tongue is located in channel A, and the negative radial velocity region near the SS of channel A reduces. As the impeller rotates to the T5 position, the negative radial velocity region near the SS of channel A increases, but the radial inflow velocity upstream of the tongue gets small.
[image: Figure 14]FIGURE 14 | Distribution of radial velocity in the volute outlet under BEP.
Figure 15 shows the distribution of the circumferential velocity and flow angle at the volute outlet under BEP. The high circumferential velocity is mainly located at the regions of y/b = 0.75 and 0.25. At T1, the circumferential velocity is relatively small upstream of the tongue (0°–40°), and it is relatively large in other positions. A local high-velocity region appears near the SS of the channel. At T2, the circumferential velocity increases at the SS of channel B and channel C and decreases in channel A. A small value appears at the downstream channel C of the tongue (350°–360°). At T3, there is a large region of low circumferential velocity near the SS of channel C, and the change of circumferential velocity in channels A and B is small. At T4, the circumferential velocity decreases at the PS of channel A and changes slightly elsewhere. At T5, a high circumferential velocity region appears at the low-pressure zone of channel C. The value of the circumferential velocity in runner C increases as a whole, but that in other positions shows little change. The distribution of flow angle is similar to that of radial velocity. Due to the large radial velocity on the blade SS, there is a large negative flow angle area. A small positive flow angle appears at y/b = 0.25 and 0.75, which is attributed to the influence of the front and rear cover. In conclusion, the tongue has a great influence on the flow field of the flow channel near the tongue.
[image: Figure 15]FIGURE 15 | Distribution of circumferential velocity and flow angle in the volute outlet at BEP.
Figure 16 presents the pressure distribution on the PS and SS of the flow channel C under five different impeller positions. At the T1 position, the region of the PS near the impeller outlet and the middle region of the suction side (R1) are in lower pressure, which is caused by the vortex motion caused by the leakage of the balance hole. As the impeller rotates to the T2 position, the pressure in region R1 increases, the pressure difference between PS and SS increases, and the power of the flow channel also increases. As the impeller rotates to the T3 position, the pressure of region R1 decreases, but the range of the low-pressure area in the zone of SS near the impeller outlet enlarges, and the pressure on the outer edge of the blade increases. At the same time, the power of the flow channel reaches the minimum value. At the T4 position, the pressure on the PS of the flow channel increases while the pressure on the SS decreases. At this time, the runner power has increased. When the impeller rotates to the T5 position, the pressure on the leading edge of the blade PS is low, and the low-pressure area is large. The pressure on the trailing edge of the SS decreases significantly. On the whole, the inlet pressure change of the channel has a major impact on the impeller work.
[image: Figure 16]FIGURE 16 | Pressure distribution on the PS and SS of the flow channel C under the impeller positions.
Figure 17 shows the streamlined distribution of the middle section plane of the five impeller positions under BEPs. The internal vortex flow of PAT is notable. There is a large vortex in the region with low pressure near the flow channel outlet and a relatively small vortex in the region with high pressure around the flow channel inlet. At the T1 position, three vortex structures appear at the SS of this channel, and their influence range is from the inlet to the outlet of the flow channel. When the impeller rotates to the position of T2, the vortex in the low-pressure region tends to enlarge to the impeller inlet, and the small vortex begins to appear at the inlet of the flow channel, which blocks the passage, resulting in the increase of the channel inlet pressure. As the impeller rotates to the T3 position, the influence area of the large vortex is reduced due to the blocking effect of the tongue, and the channel pressure near the impeller inlet increases, causing the power of the flow channel to decrease. When the impeller continues to rotate away from the volute tongue, the intensity of the vortex structures all increases, resulting in the decrease of the pressure in the channel.
[image: Figure 17]FIGURE 17 | Streamline distribution of the middle section plane of the impeller positions.
Furthermore, the pressure gradient at the inlet elbow of the volute is large, which is caused by the high fluid velocity and the large inertial force in this position. Under the action of the impeller rotation, the upstream area of the tongue has a larger flow velocity and a lower pressure. At the position of the volute tongue, the fluid with a small flow cross-section flows around the tongue into the corresponding impeller channel and mixes with the high-pressure mainstream, which makes the pressure gradient around the tongue very large.
CONCLUSION
This study explores the transient hydraulic performance of an ultra-low specific-speed centrifugal pump under turbine conditions. The numerical simulation method verified by experiments is used to study the internal flow characteristics, and the unsteady fluctuation of hydraulic characteristics and the rotor–stator interaction are explored.
The minimum value of the unsteady head occurs when the blade passes through the tongue. With the increase of flow rate, the fluctuation range of the head coefficient increases, and the influence of the impeller tongue rotor–stator interaction on the flow field intensifies. The total pressure loss of the impeller and the volute change periodically with the rotation of the impeller, but the total pressure loss of the volute fluctuates violently, and the total pressure loss of the impeller fluctuates relatively smoothly. The leakage flow from the balance hole leads to large vorticity at the impeller outlet, which leads to large hydraulic losses. The periodic variation of the impeller power is due to the influence of the blade load and the impeller channel power by the interaction of the rotor and the stator. The pressure inside the volute increases sharply at the tongue, and the pressure increase outside the volute is greater than the pressure increases inside the volute. For the entire PAT, the areas with larger pressure fluctuations are the blade trailing edge area and the balance hole outlet.
There is a large negative radial velocity region between the pressure surface side and the back side of the channel, and the negative radial velocity value on the back side is higher than that on the pressure surface side. When the flow passage is close to the tongue, the negative value area on the side of the pressure surface gradually increases. The rotor–stator interaction between the impeller and tongue affects the pressure and velocity distribution of the whole volute. In the area upstream of the tongue (about 0°–20°), the pressure is low, and the velocity and liquid flow angle are high. As the pressure surface of the passage approaches the tongue, the pressure on the pressure surface first increases and then decreases, and the liquid flow angle gradually decreases. When the passage is far away from the tongue, the pressure first decreases and then increases, and the radial velocity and circumferential velocity both decrease.
The flow separation on the back of the impeller passage leads to a large eddy flow in this area. With the rotation of the impeller, the large eddy moves alternately to the inlet and outlet of the passage, resulting in different effects on the pressure on the back of the passage. When the flow rate is large, the influence area of the large eddy becomes larger, which not only affects the back pressure distribution but also affects the middle and front area of the pressure surface. The movement of small vortices in the middle and rear area of the pressure surface will affect the pressure at the outer edge of the pressure surface. This kind of pressure change on the pressure surface and suction surface leads to the periodic fluctuation of channel power and shaft power.
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NOMENCLATURE
Abbreviations
A2 Area of the impeller outlet [m^2]
CPsdv Dimensionless pressure fluctuation intensity [-]
Cp Pressure coefficient [-]
[image: image] Average pressure fluctuation coefficient [-]
D1 Diameter of pump inlet [mm]
D2 Diameter of pump outlet [mm]
Di Diameter of impeller outlet [mm]
H Design head [m]
g Gravity [m/s^2]
Mn Torque [N•m]
MP Moment of the fluid acting on the pressure side of the flow channel [N•m]
MS Moment of the fluid acting on the pressure side of the flow channel [N•m]
nd Rotating speed [r/min]
ns Rotating speed [-]
N Number of samples [-]
P1 Total pressure of the pump inlet [Pa]
P2 Total pressure of the pump outlet [Pa]
p(i) Pressure of the monitor point [Pa]
[image: image] Average pressure [Pa]
Pw,out,tp Total pressure of the volute outlet [Pa]
Pw,in,tp Total pressure of the volute inlet [Pa]
Pr,out,tp Total pressure of the impeller outlet [Pa]
Pr,in,tp Total pressure of the impeller inlet [Pa]
Q Flow rate [m3/s]
Qd Design flow rate [m3/s]
Q Flow rate [m^3/s]
Qd Design flow rate [m^3/s]
Qbep Flow rate at best efficiency point [m^3/s]
u2 Circumferential velocity [m/s]
Ws Shaft power [W]
Wsft Dimensionless coefficient of impeller work [-]
Z Number of impeller blade [-]
[image: image] Dimensionless head coefficient [-]
[image: image] Total pressure loss coefficient of the volute [-]
[image: image] Total pressure loss coefficient of the volute [-]
η Efficiency [%]
ρ Density [kg/m3]
CFD Computational fluid dynamics
BEP Best efficiency point
SS Suction side of the blade
PS Pressure side of the blade
RSI Rotor–stator interaction.
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