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Abstract


Pumped storage power stations are effective stabilizers and regulators of the power grids. However, during the transient process, especially the operating point entering the S-shaped region, the internal flow patterns and pressure pulsations in the pump–turbine unit change violently, seriously affecting the safety of the power stations, which requires enough optimizations in the design stage of the pump–turbine. In this paper, to explore the key factors which influence the evolutions of flow patterns and pressure pulsations during the runaway process, three pump–turbine runners with different inlet blade lean, including positive angle, no angle and negative angle, were selected to simulate by using the three-dimensional method. The results show that the changes in the inlet blade lean angles have significant effects on the variation periods and maximum values of the macro parameters during the runaway process, and especially the runner with no lean angle results in the smallest oscillation periods and pressure pulsations but enlarges the runner radial forces. In addition, backflows generate from the hub side under the cases with positive or no blade lean angle, while those occur from the shroud side due to the negative angle. The results provide a basic reference for the design of the pump–turbine.
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1. Introduction


With the fast increase in the renewable energy, the stability of the power grid is gradually receiving more attention [1,2,3]. The pumped storage power stations, as the most mature energy storage tool with large capacity, bear the responsibility of regulating the stability of the power grid, becoming the main choice in the large-scale basin [4]. However, many steady operating conditions and frequent condition transitions may cause unit vibration and stability problems [5,6,7]. The S-shaped region is the area where the n11–Q11 or n11–M11 curve presents an inverted “S” shape on the four quadrants plane, in which the pump–turbine encounters severe fluctuations in rotational speed, discharge, torque, and pressure [8,9]. The runaway process is easy to threaten the safety of the pumped storage power stations, during which when the unit is disconnected from the power grid, the guide vanes refuse to close, including from the turbine mode and pump mode [10,11,12,13]. In the low specific speed pump–turbine, the operating point is prone to oscillations in the S-shaped region, and the discharge and pressure pulsation also exhibit approximate periodic evolution [14].



At present, research on the runaway processes of the pump–turbines usually use the three-dimensional (3D) simulations or experimental methods to analyze the two types of conditions, including the runaway point and runaway transient process with rotational speed variation. The results focus on the flow patterns and pressure pulsations at the inlet and outlet of the runner, as well as in the blade passages [15]. Until now, research on runaway point conditions have shown that the abundant unstable vortices generate at the vaneless space, in the blade passages and draft tube [16,17]. Regarding the runaway transient process, the dynamic trajectory usually forms a loop in the S-shaped region [10]. Su [18] pointed out that the dynamic trajectory of the working point only maintains consistency with the static characteristic curve in the early stage during the runaway process, then the working point oscillates in the S-shaped region. And the amplitude of pressure pulsation reaches the maximum value at the runaway point, mainly caused by backflows and rotor–stator interaction. Yang [14] simulated the runaway processes of four different pump–turbines and concluded that as the specific speed decreases, the operating point is more likely to oscillate in the S-shaped region, and the backflow transitions at the runner inlet are also more abundant. Xia [19] conducted three-dimensional simulations of the runaway processes from four different guide vane openings and found that guide vane openings can lead to different backflows at the runner inlet. Fu [20] also simulated the runaway processes of a pump–turbine from different guide vane openings, and the results showed that the backflows at the runner inlet are unstable sources with larger guide vane opening. Zhang [21] chose different inertia of rotating parts to investigate the runaway characteristic, and pointed out that when the operating point enters the S-shaped region, the large inertia is more likely to cause a sudden increase in radial force, because the large inertia slows down the changes in rotational speed and discharge, allowing enough time to generate unstable and non-uniform flow patterns. Hou [22] analyzed the influence of clearance during the runaway process on the axial and radial force of the runner and found that there are similar pressure signal components in the main flow channel and clearance, and the radial force is mainly affected by the flow patterns in the main flow channel, while the flow patterns in the clearance strengthens fluctuation degree. Most results indicate that unstable vortex structures in the blade passages and vaneless space can lead to significant pressure pulsations, both in steady conditions and transient processes.



However, previous studies only focus on the internal and external characteristics of a pump–turbine during runaway process, without further investigating the influence of specific structures on the flow patterns and pressure pulsations. In Yang’s research [14], the simulation results of four different pump–turbines during runaway processes pointed out the effects of blade lean angles, runner inlet height, and other factors on the backflows and pressure pulsations at the runner inlet. The results indicate that the blade lean angles at the runner inlet affect the pressure gradient distribution, further affecting the location of the backflows. Moreover, the smaller inlet heights make backflows easily have transitions, ultimately leading to significant differences in pressure pulsations. However, due to many significant differences in the four pump–turbine structures, such as the length and number of blades, as well as the number of guide vanes, it is a comprehensive evaluation result that cannot solely reflect the influence of a certain parameter. In response to this issue, it is particularly important to conduct in-depth research on changing a certain structural dimension only, to investigate how the body structure affects the internal and external characteristics. A few researchers have carried out some investigations. For example, Lu [23] optimized the shape of the guide vanes and analyzed their influences on fluid energy dissipation in pump mode. Zhao [24] drew on the protuberances of the leading edge of a humped whale flipper, and designed different bionic protuberances applied to stay–guide vanes. The results show that the bionic protuberances can effectively improve the flow regime in the stay–guide vanes and runner and weaken the flow separation. Qin [25] optimized the runner by introducing the concepts of “swept”, “bowed (lean),” and “twisted” to widen the design space, which can increase the efficiency in the pump and turbine modes. In addition, there are studies on the influence of blade lean angles on flow patterns and pressure fluctuations. Ma [26] studied the internal and external characteristics at steady operating points under three different blade lean angles, including negative angles, positive angles, and no angles. It was found that blade lean angles can change the S-shaped characteristics and cause changes in the internal flow state and pressure at various points in the S-shaped region. Li [27] also optimized the blade lean angles and explored the influence on the hump shaped characteristic, flow patterns and pressure fluctuations. The analysis showed that the change in blade lean angles reduced the stall vortices formed by three low-pressure regions, alleviated the phenomenon of rotating stalls, and made the circumferential distribution of pressure fluctuations more uniform. Xia [28] simulated the differences and correlations in flow patterns and pressure fluctuations during load rejections with different blade lean angles, indicating that the blade lean angles can effectively affect the position of the backflows at the runner inlet, thereby affecting the amplitudes of pressure fluctuations. Although there have been some studies on structural optimization in the above studies, the internal and external mechanisms influenced by blade lean angles during the transient process are still incomplete and require further research.



This paper takes a pump–turbine as a benchmark and modifies the high-pressure side to obtain three runners with positive blade lean angles, no blade lean angles, and negative blade lean angles, respectively. The remaining parts of the structure remain unchanged, and the three runaway processes are simulated based on the same boundary conditions. This paper aims to analyze the flow pattern distributions at the initial steady condition and compare the evolution differences in macro parameters, flow patterns, pressure pulsations, and runner forces during runaway processes in three runners, and ultimately conclude how the blade lean angles affect the external and internal characteristics.




2. Numerical Methods


2.1. Computational Domain and Main Parameters of the Pump–Turbine


The objects of the simulations are three model pump–turbines, and the computational domain is shown in Figure 1, including spiral casing, stay vanes, guide vanes, runner, draft tube, and extension pipes. Among them, Runner-2 is the original runner with no blade lean angle, and then the blade lean angle is adjusted in 5° to obtain Runner-1 (positive angles) and Runner-3 (negative angles), respectively. The basic parameters of the pump–turbine are shown in Table 1.




2.2. Three-Dimensional CFD Setup


The mesh was generated by ICEM-CFD and the 3D CFD simulations were carried out by using ANSYS FLUENT 2022 R1, respectively. The spiral casing, runner, draft tube, and the extension pipes were discretized by hexahedral structure grids, while the stay and guide vane regions were discretized by wedge grids. Because there was only a minor change at the runner inlet and the rest of the geometry remained unchanged, the mesh dependence was conducted considering the efficiency in turbine mode based on the original runner with no blade lean angle (Figure 2a), and it was found that the efficiency no longer undergoes significant changes when the grid number exceeds 6.9 million; finally, we chose it considering the simulation time and computer resources (Figure 3). In addition, the comparisons of simulation and model test results at steady conditions are shown in Figure 2b, and Y+ of runner blades and guide vanes are shown in Figure 2c. During the runaway simulations, the upper and lower extension pipes were set as pressure boundaries, and the timestep was selected as 0.0005 s. The k-ω SST turbulence model and SIMPLEC algorithm were adopted, and the sliding mesh approach was used for rotor–stator interface configuration.





3. Simulation Results


3.1. Internal Characteristics in the Pump–Turbine at Initial Operating Point


The flow patterns on the pressure and suction surfaces of the runner blades under three initial steady conditions are shown in Figure 4. The velocity vector diagram stained by black represents the flow trend on the wall without any velocity magnitude, but can also be called flow patterns. It can be seen that the blade lean angles have significant interference effect on the pressure distribution, which further affects the development of the flow patterns. Specifically, in Runner-1 (Figure 4a), on the pressure surface of the blades, the pressure near the hub side is low, while that near the shroud side is high; then the inlet water flows from the shroud side towards the hub side. However, in the middle and rear parts of the blade, the upward flow has a clear trend to go downwards. The pressure distribution on the suction surface at the blade leading edge is exactly the opposite, with higher pressure near the hub side and lower pressure near the shroud side. In addition, the water also flows approximately perpendicular to the blade inlet, namely a downward trend. For the Runner-2 (Figure 4b), whether on the pressure surface or suction surface at the blade leading edge, the pressures at the hub side and the shroud side are similar, which results in the flow at pressure surface converging from the upper and lower sides towards the middle, while the flow on suction surface enters the blade passage approximately horizontally. And for Runner-3 (Figure 4c), the pressure distribution at the blade leading edge and flow patterns on the blade surfaces are exactly opposite to those in Runner-1. Therefore, the change in blade lean angles mainly affects the distribution of pressure and the flow trend at the runner inlet. However, because these operating conditions are near the optimal one and there are fewer unstable vortex structures, the influence on macro parameters is not significant.



The streamlines on 0.1 Span, 0.5 Span, and 0.9 Span in each operating condition were selected (Figure 1), and the influence of blade lean angles on flow patterns were further analyzed (Figure 5, Figure 6 and Figure 7). Firstly, the overall similarity is that in all the three operating conditions, the velocity at 0.1 Span and 0.9 Span is higher, while that at 0.5 Span is lower, indicating that the water mainly enters the blade passages along the hub side and shroud side. Secondly, comparing the flow patterns at 0.1 Span in three operating conditions, relative low-velocity regions occur in the middle of the blade pressure surfaces in Runner-1 (Figure 5a). The reason is that the presence of blade lean angle in Runner-1 causes spatial distortion in the front section of the blade, changing the water flow direction. For this reason, in Runner-2 (Figure 6) and Runner-3 (Figure 7), the overall flow is relatively smooth despite the low-velocity regions on the pressure surfaces. For the flow patterns on 0.5 Span and 0.9 Span of three operating conditions, the slight flow separations, namely the streamlines deviating from the blade surface, occur in the middle of the blade pressure surface at 0.5 Span in Runner-2, while the smooth flow patterns generate at the other locations. Overall, the flow patterns at the hub side and middle region of the blade pressure surface are more obviously affected by the blade lean angles, presenting in forms of the low-velocity region caused by the blade distortion, while the flow velocity at the shroud side is generally higher due to the downward flow trend with small differences in each condition.




3.2. Variations in Macro Parameters During the Runaway Processes


Based on the above three steady operating conditions, numerical simulations of the runaway processes are conducted. The unit parameters are defined as     n   11    =  n   D   1    /   H    and     Q   11    =  Q  / (    D   1   2    H  )  , where H = E1 − E2, with E1 and E2 being the total energy values at the spiral casing inlet and the runner outlet, respectively. The dynamic trajectory curves of the three operating points are shown in Figure 8. Due to the high head and low specific speed of the pump–turbine selected in this paper, all the three dynamic trajectories enter the reverse pump mode and exhibit circular characteristics. By comparison, the dynamic trajectory in Runner-3 occupies the largest loop, which is related to changes in macro parameters. When the operating point slides into the S-shaped region, there is a high-frequency and high amplitude pulsation phenomenon.



Because the previous studies show that the operating point during runaway conditions in the high head pump–turbine is prone to experience periodic oscillations [14], only one fluctuation period of macro parameters was selected in this paper, which is enough to meet the investigation of flow patterns, and pressure fluctuations (Figure 8). Also, the oscillation periods and extreme values of the rotational speed and discharge are shown in Table 2. By comparison, there are several significant differences in the specific parameters between the three operating conditions. Firstly, the variation periods are different, which in Runner-2 is the shortest one (4.95 s), while those in other two conditions are similar. Secondly, the variation period causes the rotational speed in the Runner-2 condition, reaching its maximum value as quickly as possible, directly leading to the smallest rate of increase in the rotational speed compared to those in the other two conditions. This is also the reason why the dynamic trajectory shape in the Runner-2 condition is the smallest one. Thirdly, the difference in the head variation is mainly reflected in high-frequency and high amplitude pulsation, with the relatively smaller amplitude in the Runner-2 condition.



Therefore, the changes in the blade lean angles in the pump–turbine affect the amplitude and period of macro parameters and the dynamic trajectories on the four quadrant characteristic plane, which need to be carefully considered in the design stage of the pump–turbine.




3.3. Backflows at the Runner Inlet During Three Runaway Processes


In the aforementioned analysis, especially in Xia’s research [28], the change in blade lean angles has a significant effect on the backflows at the runner inlet during load rejections and even changes the generation position of the backflows. To further investigate the differences in internal parameter changes under three transient processes, the method in Xia’s research [28] was used, which involved selecting three monitoring points at the runner inlet, including the hub side (0.1 Span), middle span (0.5 Span), and shroud side (0.9 Span), as shown in Figure 1, to monitor the real-time radial velocity changes during the runaway process. The filtered low-frequency values mean the flow trend and are dimensionless according to Equation (1). In addition, although the flow distribution inside the runner is uneven during the runaway process, the three-dimensional flow patterns at the runner inlet can also explain the evolution mechanism of the backflows.


    V   r    = 60    U   r    / (  π   n   0     D   1   )  



(1)




where Ur is the instantaneous radial velocity, m/s; n0 is the rated rotational speed, r/min; D1 is the runner inlet diameter, m; π is a natural constant.



Firstly, in the Runner-1 condition (Figure 9a), the initial velocity fluctuation is small, indicating that the water flow enters the blade channel normally along the blade, and the flow loss is small. It can also be observed that the initial flow velocity at the three monitoring points is different, with the lower flow velocity at 0.5 Span and the higher flow velocity at 0.1 Span and 0.9 Span. This flow velocity distribution also provides a basis for subsequent velocity changes during the runaway process. When the rotational speed increases, the velocity triangle at the runner inlet and outlet change, leading to the direction of flow deviating from the blade bone line, and the degree of impact between the water with the blade intensify. Then, the radial velocity fluctuation increases, with the largest amplitude at the hub side. Also, as the operating point slides towards the S-shaped region near the runaway point, the fluctuation amplitude at each monitoring point reaches its maximum value. However, once the operating point enters the reverse pump mode, the amplitudes at all monitoring point rapidly decrease, although there are still some pulsations. Subsequently, due to the oscillation of operating points in the S-shaped region, the variation law of the radial velocity is also approximately periodic, which is similar to the head variation mentioned before.



The filtered velocity variation is shown in Figure 9b. Because the increase in the rotational speed leads to an increase in centrifugal force, the discharge begins to decrease, which also means that the inlet radial velocity will decrease. However, during this process, the radial velocities decrease inconsistently at the entire inlet, decreasing slowly at 0.1 Span and remaining approximately unchanged at 0.5 Span and 0.9 Span (Before t = 1 s). After t = 1 s, the velocity at 0.1 Span undergoes a sudden change and begins to decrease rapidly. Correspondingly, the velocity at 0.5 Span increases rapidly, while that at 0.9 Span increases slowly, which is similar to the time of the discharge change in Figure 8a. Then, when the velocities at 0.5 Span and 0.9 Span reach their maximum values, they no longer rise and begin to fluctuate slightly. During this process, the velocity at 0.1 Span begins to reverse at t = 1.6 s and reaches its maximum value near t = 3 s, and the discharge also decreases rapidly (Figure 8a), indicating that the decrease in discharge is caused by changes in the radial velocity at the runner inlet. After the working point enters the turbine braking mode, the velocity at each monitoring point rapidly decreases, and a backflow transition occurs near t = 3.6 s, namely the velocity at 0.5 Span begins to reverse, and the velocity at 0.1 Span begins to go forward, indicating that the backflows turn from the hub side to the middle span and maintains this state in the reverse pump mode.



Figure 10 shows the backflows at the part region of the runner inlet in Runner-1. When t = 3 s (Figure 10a), the velocity at the shroud side increases. The flow on the hub side collides with the blade pressure surface and forms reverse flow, and the velocity is relatively small. It should be noted that the backflows can cross adjacent blades to re-enter the vaneless space. When t = 3.55 s (Figure 10b), the backflows at the hub side are closer to the vaneless space, making it difficult for the water to enter the runner passage. At t = 4.5 s (Figure 10c), the working point enters the reverse pump mode, and the discharge is reversed. In addition, the overall velocity is very small, and only part of water enters the blade passage from the hub side and shroud side. With the periodic oscillation of the operating point, after the operating point enters the turbine mode again, the backflows undergo a transition.



The variations in the radial velocity and flow patterns in Runner-2 (Figure 11 and Figure 12) are similar to those in Runner-1, which means the backflows occur from the hub side, develop to the middle span, and then periodically move between the two locations. However, the difference is that in the initial stage of the runaway, the radial velocities at all three monitoring points in Runner-2 slowly decrease simultaneously (Figure 11b), unlike the laws in Runner-1. Secondly, the time needed for the velocity to decrease and reach the maximum reverse value at 0.1 Span is significantly shortened, and it only costs 2.1 s, and the velocity at 0.5 Span and 0.9 Span also shows a rapid increasing trend, indicating that the lost interference of blade lean angles in Runner-2 accelerates the evolutions of the flow patterns. Then, before the working point enters the turbine braking mode, the velocity at 0.1 Span and 0.5 Span completes the directional change, that means the backflows turn from the hub side to the middle span. Therefore, in the turbine braking mode and the reverse pump mode, the backflows mainly exist at the middle span. The above rapid change also directly leads to a short residence time of the operating point in the S-shaped region, and the velocity fluctuation amplitude at the hub side is relatively small, indicating that the insufficient development of the flow patterns can reduce the fluctuation amplitude. Then the operating point enters the turbine mode again, the backflows still exist in the middle span for some time before transferring to the hub side.



Finally, the radial velocity and flow patterns in Runner-3 are shown in Figure 13 and Figure 14, respectively. Compared with the results in previous two conditions, the pulsation amplitude at the shroud side is the largest in Runner-3, and the backflows also generate from the shroud side. This indicates that the change in blade lean angles can effectively affect the generating location of the backflows. In addition, the developing trend of the radial velocity in Runner-3 is very similar to that in Runner-1, especially the fluctuation period. Also, 0.1 Span in Runner-1 and 0.9 Span in Runner-3 are the backflow generation regions, respectively, and the decreasing trend and maximum reverse values of the radial velocity in these two conditions are very similar.




3.4. Pressure Pulsations at the Vaneless Space During Three Runaway Processes


The above three monitoring points are also selected to investigate the pressure pulsation characteristics at the vaneless space during the runaway process, and Equation (2) is used for dimensionless analysis.


    C   p   =    p -   p   ave     0.5 ρ   u   1   2       



(2)




where p is the instantaneous pressure signals, Pa; pave is the average pressure, Pa; ρ is the water density, kg/m3; and u1 is the tip velocity of the runner blade leading edge, m/s.



The pressure pulsation at the vaneless space is mainly affected by the rotor–stator interaction, and its amplitude is not only affected by the flow patterns, but also by the distance between the monitoring position and the blade leading edge. The variations in the pressure pulsations under three runaway processes are shown in Figure 15, Figure 16 and Figure 17. Overall, the developing trend of the pressure pulsation is similar to that of radial velocity, but with some differences. Firstly, the initial pressure fluctuation is small, indicating that the water approximately enters the blade channel along the blade bone line, and the degree of impact between the water and the blade is weak. Although there are differences in variations in the rotational speeds among the three processes, the initial pressure between them is similar with only slight changes due to the different blade lean angles. Secondly, during the runaway processes, it can be inferred from the aforementioned radial velocity changes that the velocity at the three monitoring points in each process exhibits different trends at different positions, but the pressure changes are similar. However, the difference in blade lean angles only results in partial differences in pressure pulsation between the three processes. For example, the pressure pulsations in Runner-2 increase rapidly, while those in Runner-1 and Runner-3 increase slowly. Also, the pressure pulsation in each location reaches maximum value near the runaway point. After the working point enters reverse pump mode, the pressure pulsation amplitudes at different positions in three conditions all decrease rapidly, which is consistent with that of velocity pulsations. Subsequently, due to the oscillation of three operating points in the S-shaped region, the variation laws of pressure pulsation exhibit periodic changes.



A more specific analysis of the three working conditions are as follows. In Runner-1, due to the slow change in radial velocity (Figure 9), the pressure pulsation before t = 1 s also shows a slow increasing trend (Figure 15). After t = 1 s, the radial velocity decreases rapidly (Figure 9), and the pressure pulsation increases rapidly (Figure 15). Because the backflows generate from the hub side, the degree of water hitting the blade pressure surface increases, intensifying the effect of the rotor–stator interaction, resulting in obvious higher pressure at 0.1 Span than that at 0.9 Span. After the working point enters the S-shaped region, the pressure pulsations at all three monitoring points increase significantly and reach maximum values near the runaway points, followed by the decrease in the reverse pump mode. In addition, when the operating point re-enters the turbine mode, the pressure pulsations increase again. As the backflows still exist at the hub side, the pressure at 0.1 Span is also relatively large and even more pronounced than that in the first turbine mode. In Runner-2, the evolution mechanism of backflows is similar with that in Runner-1, except for the advanced generation time. Therefore, Runner-1 and Runner-2 all have the rapid increase in pressure pulsations in the initial stage and similar variation characteristics during other times. In Runner-3, the opposite characteristics occur, including larger pressure pulsations at 0.9 Span because the backflows generate at 0.9 Span.



Based on the pressure pulsation characteristics analyzed above, it can be concluded that the different blade lean angles change the generation position of backflows, further affecting the developing trend of pressure pulsations, which needs to be emphasized in the design stage.




3.5. Flow Patterns in the Blade Passages During Runaway Process


To further analyze the evolution mechanism of pressure pulsations, the streamlines at 0.5 Span at typical time in three processes are selected, and the distributions of flow direction and velocity magnitude are analyzed (Figure 18, Figure 19 and Figure 20). The flow patterns at the initial point are explained in Section 3.1; this section focuses on the process accompanying the high amplitude pressure fluctuations, during which the working point passes through the turbine mode, turbine braking mode, and reverse pump mode. It can be observed that the flow patterns inside the blade passages present similarity between the three processes. Taking the results in Runner-1 as an example, when t = 2.5 s the backflow region is located at the hub side, but the velocities in the middle and shroud side are relatively large (Figure 9b). Therefore, the velocity at 0.5 Span at the runner inlet increases and part of flow patterns are disorganized, and the high velocity region is mainly distributed on the pressure surface (Figure 18a). This is also the reason for the pressure increase in Figure 15. When t = 3.55 s, the operating point is in the turbine braking mode, and the rotating stalls occur with backflows and low-velocity vortices generating in the six blade passages, and it happens to be the moment when the backflows turn from the hub side to the middle span. When t = 4.5 s, low-velocity vortices appear almost throughout the entire blade passages, but the overall velocity is low, namely the degree of impact between the water and blade is small, and this is also the reason for the relatively small pressure fluctuation amplitude in the reverse pump mode. In Runner-2 and Runner-3, the developments of flow patterns in the blade passages are similar to that in Runner-1, both of which go through several stages including inlet velocity increasing, rotating stall generating, and low-velocity vortices occupying the entire blade channels. The main difference between them is that the unstable flow patterns occur at different time due to the different fluctuation periods caused by different blade lean angles.




3.6. Runner Forces During Runaway Processes


The forces acting on the runner include radial forces (Fx and Fy) and axial force (Fz). The radial forces (Fx and Fy) mean the radial hydraulic thrust on the runner in the x and y directions, while the axial force (Fz) means axial hydraulic thrust in the z direction, and the directions of x, y, and z are shown in Figure 1. The runner forces are all dimensionless according to Equation (3) [29].


  F  =    F   time    / (  ρ   D   1   2   gH )  



(3)




where Ftime is the instantaneous runner force (Fx, Fy, Fz), N; ρ is the water density, kg/m3; D1 is the runner inlet diameter, m; g is the gravitational acceleration, m/s2; H is the rated head, m.



The variation in radial forces reflects the non-uniformity of the flow patterns in the blade passages and vaneless space, while the axial force is not only affected by the flow patterns, but also by the discharge and water hammer inside the draft tube. During the runaway process, as the operating point slides through different working conditions, the runner forces also exhibit regular fluctuations (Figure 21). Overall, as the rotational speed increases, the radial and axial force pulsations gradually increase. When the working points approach the runaway points, the uneven distributions of flow patterns in the blade passages become more severe, and the radial forces show significant sudden increases, while the axial forces gradually decrease under the influence of discharge. In addition, it should be noted that due to the severe non-uniformity of the flow patterns in the turbine braking mode and the increasing range of the backflows at the runner inlet, the radial forces reach maximum values. After the operating points enter the reverse pump mode, the overall velocity inside the runner is relatively small, then both radial and axial forces show small fluctuations, although the blade passages are still filled with vortex structures.



Specifically, for the radial forces, the maximum absolute values of Fx observed for Runner-1, Runner-2, and Runner-3 are 0.03531, 0.04065, and 0.03784, respectively, while those of Fy are 0.03497, 0.04320, and 0.03162, respectively, and all the maximum values occur in the turbine braking mode. Because of the presence of the blade lean angles in Runner-1 (Figure 21a) and Runner-3 (Figure 21c), the radial forces increase rapidly and last for a long time due to the forced change in the radial velocity at different spans during rotational speed increasing period. However, the radial forces of Runner-2 are the largest when the working point enters the turbine braking mode (Figure 21b), and from the comparison of the flow patterns between three conditions (Figure 18b, Figure 19b, and Figure 20b), it can be clearly observed that the distribution of inlet backflows in Runner-2 is the most uneven. Similar to the variation trend of the pressure pulsations, the radial force pulsations in the reverse pump mode are also the smallest. For the axial force, the changes in the internal flow patterns in the runner cause the axial forces to present high frequency and high amplitude characteristics, while that of Runner-2 is the smallest. From the perspective of flow patterns, the inlet backflows in Runner-3 mainly occur on the shroud side, which is near the draft tube and may cause relatively large amplitudes.





4. Conclusions


Three pump–turbine runners with different blade lean angles were selected in this paper to study the evolution mechanism differences in the macro parameters and internal flow pattern characteristics at the initial steady point and during the runaway processes from turbine mode. The variation laws of macro parameters in three conditions during the transient processes were compared, the mechanism of backflows at the runner inlet and vortex structures in the blade passages were investigated, the influences of blade lean angles on the pressure pulsations and runner forces were explored, and the correlations between the blade lean angles with macro parameters and internal flow patterns were summarized. The specific conclusions are as follows:




	(1)

	
The blade lean angles affect the pressure distribution at the runner inlet and the direction of flow entering the blade passages from the vaneless space under steady operating conditions. At the blade pressure side, the inlet water flows from the shroud side towards the hub side, affected by a positive angle; converges from the hub and shroud sides towards the middle region, affected by no angle; and flows from the hub side to the shroud side, affected by a negative angle. At the blade suction side, the inlet water flows towards the blade passages approximately perpendicular to the blade inlet.




	(2)

	
The blade lean angles affect the generation position and development trend of the backflows at the runner inlet. The backflows generate from the hub side in runners with a positive angle and no angle, while they occur from the shroud side under the condition with a negative angle, and the backflows in all three conditions transfer to middle region in the reverse pump mode.




	(3)

	
The blade lean angles affect the variations in macro parameters, pressure pulsations, and runner forces during runaway processes. The macro parameter of three runners exhibit periodic oscillations, and especially the process with no blade lean angle has the shortest fluctuation period, smallest pressure pulsations, and the largest runner radial forces.




	(4)

	
This paper focuses on the influence of blade lean angles on internal and external characteristics during the runaway process. In practical design, the more steady and transient conditions, accompanied with different heads, guide vane openings and lean angles can be comprehensively considered to investigate how the blade lean angles affect the instability of the pump–turbine unit.
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Figure 1. The simulation domain and monitoring points in pump–turbines. 
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Figure 2. Grid independence, simulation model verification, and Y+ of runner blades based on the original runner with no blade lean angle (Runner-2). (a) Grid independence; (b) simulation model verification; (c) Y+ of runner blades and guide vanes. 
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Figure 3. Grid diagram of the simulation region. 
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Figure 4. Flow patterns on steady conditions in three runners. (a) Runner-1; (b) Runner-2; (c) Runner-3. 






Figure 4. Flow patterns on steady conditions in three runners. (a) Runner-1; (b) Runner-2; (c) Runner-3.



[image: Water 17 02784 g004]







[image: Water 17 02784 g005] 





Figure 5. Flow patterns on different surfaces under steady conditions in Runner-1. (a) 0.1 Span; (b) 0.5 Span; (c) 0.9 Span. 
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Figure 6. Flow patterns on different surfaces under steady conditions in Runner-2. (a) 0.1 Span; (b) 0.5 Span; (c) 0.9 Span. 
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Figure 7. Flow patterns on different surfaces under steady conditions in Runner-3. (a) 0.1 Span; (b) 0.5 Span; (c) 0.9 Span. 
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Figure 8. Dynamic trajectories and variations in macro parameters in three working conditions. (a) Runner-1; (b) Runner-2; (c) Runner-3. 
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Figure 9. Radial velocity at the runner inlet in Runner-1. (a) Original data; (b) filtered data. 
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Figure 10. Evolutions of backflows at the runner inlet in Runner-1. (a) t = 3 s; (b) t = 3.55 s; (c) t = 4.5 s. 
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Figure 11. Radial velocity at the runner inlet in Runner-2. (a) Original data; (b) filtered data. 
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Figure 12. Evolutions of backflows at the runner inlet in Runner-2. (a) t = 2.5 s; (b) t = 3.05 s; (c) t = 4.5 s. 
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Figure 13. Radial velocity at the runner inlet in Runner-3. (a) Original data; (b) filtered data. 






Figure 13. Radial velocity at the runner inlet in Runner-3. (a) Original data; (b) filtered data.
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Figure 14. Evolutions of backflows at the runner inlet in Runner-3. (a) t = 3 s; (b) t = 3.48 s; (c) t = 4.5 s. 
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Figure 15. The evolution of pressure pulsations in Runner-1. (a) 0.1 Span; (b) 0.5 Span; (c) 0.9 Span. 
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Figure 16. The evolution of pressure pulsations in Runner-2. (a) 0.1 Span; (b) 0.5 Span; (c) 0.9 Span. 
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Figure 17. The evolution of pressure pulsations in Runner-3. (a) 0.1 Span; (b) 0.5 Span; (c) 0.9 Span. 
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Figure 18. Typical flow patterns at 0.5 span in Runner-1. (a) t = 2.5; (b) t = 3.55 s; (c) t = 4.5 s. 
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Figure 19. Typical flow patterns at 0.5 span in Runner-2. (a) t = 2.5; (b) t = 3.3 s; (c) t = 4.5 s. 
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Figure 20. Typical flow patterns at 0.5 span in Runner-3. (a) t = 2.5; (b) t = 3.5 s; (c) t = 4.5 s. 
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Figure 21. Evolutions of runner forces during runaway processes. (a) Runner-1; (b) Runner-2; (c) Runner-3. 
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Table 1. Main parameters of the pump–turbine.
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	Parameter
	Value
	Parameter
	Value





	The runner inlet diameter

D1 (m)
	0.54
	The number of stay vanes/guide vanes Zv (-)
	22



	The runner out diameter

D2 (m)
	0.25
	The rated speed

ω0 (rpm)
	600



	The number of runner blades Zb (-)
	9
	Rated head

H (m)
	15.5










 





Table 2. Main parameters of the rotation speed and discharge.
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	Cases
	The Maximum Value of Rotation Speed (r/min)
	The Maximum Value of

Reverse Discharge (m3/s)
	Oscillation Period (s)





	Runner-1
	782.45
	0.0474
	5.04



	Runner-2
	769.46
	0.0454
	4.95



	Runner-3
	783.14
	0.0471
	5.22
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