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Abstract

:

Unstable guide vane torsional mode self-excited vibrations that occur at small guide vane openings during the transient operations with pump flow, such as the starting and closing of the pump mode, are considered to have potentially severe consequences, such as guide vane slippage or damage to the link and lever mechanism. Related site tests have indicated that the end wall clearance of a guide vane may have important influences on torsional mode self-excited vibrations. In this paper, numerical investigations, which were based on computational fluid dynamics (CFD) with a single degree of freedom (1DOF) mass-spring oscillator, were carried out on a prototype high-head reversible pump turbine. The results showed that the guide vane self-excited vibrations are unstable under steady-state conditions and during the pump mode’s starting up process for cases with small end wall clearances. In addition, the critical conditions of self-excitation instability under steady-state conditions have larger safety margins than those during the pump mode’s starting up process. After further discussion, it was concluded that increasing the end wall clearance to suppress unstable guide vane self-excited vibration is unreliable due to the complexity and randomness of the initial vibration excitations.
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1. Introduction


Pumps are prevalent in many different applications in the agricultural, industrial, and other sectors, and there are several different types, including positive displacement pumps, centrifugal pumps, axial pumps, etc. [1,2,3,4]. In modern electrical power networks, pumped storage hydropower technology is used to improve grid stability and to balance load variation [5,6]. As key components in pumped storage power stations, reversible pump turbines are required to withstand many transient operations, such as starting up, shutting down, power failure, load rejection and emergency shutdown [7]. These transient operations occur frequently due to the demands of the power grid and may lead to hydraulic instability and unacceptable mechanical vibrations [8,9,10]. Guide vane vibration is one of the common type of mechanical vibration that occur during the operations of a prototype pump turbine, which have potentially severe consequences, such as guide vane slippage and the damage to the link and lever mechanism [9,11,12,13]. Rotor-stator interaction, flow stall and von Karman vortex shedding are often found to be the main sources of guide vane vibration in normal steady-state operating ranges.



One of the typical problems of guide vane vibration during the transient processes of a prototype pump turbine is the experienced vibration during the commissioning tests of pump-starting, pump-closing, and turbine mode over-speed tests in the No.1 unit of Yixing pumped storage power stations (Yixing, Jiangsu, China) [9,13]. In these tests, pressure fluctuations in the radial gap between the guide vanes and the runner, and the guide vane dynamic torque, which was approximated from servo pressures, were found to have large amplitudes around the torsional mode natural frequency [12]. These vibrations that occur during the different operating modes are considered to be related to two phenomena in the pump flow direction at small openings: bi-stable flow that is caused by the attaching flow on the trailing edge of the guide vane, and torsional mode self-excited vibrations [12]. For a prototype high-head reversible pump turbine, high pressure level is needed in the radial gap area between the guide vanes and runner before opening the guide vanes, in order to deliver an efficient starting up process. According to the study in [14], the attaching flow on the trailing edge of a guide vane is barely induced in these cases due to the relatively high flow rate. Instead, the torsional mode self-excited vibrations pose a higher risk, especially at small openings. Considering the frequent transient operations and small openings, the guide vane self-excited vibrations may also lead to the structural damage of hardware and even premature mechanical failures in extreme cases.



The problems of guide vane self-excited vibrations have been studied through theoretical analyses and model experiments [11]. Due to the complexity of self-excited vibrations, some simplified assumptions and setups have been carried out in those theoretical models and experimental tests, which has led to some limitations on the considerations of the geometric shape or circumferential settings of guide vanes. In contrast, numerical simulations of fluid-structure coupling have been extensively applied on many fluid-induced vibration problems [15,16]. As studied in [17,18], the fluid-structure interaction of an oscillating hydrofoil can be modeled by a single degree of freedom (1DOF) oscillator and verified by the agreement between the predicted and experimental hydrodynamic torque. In the site tests and numerical studies in [12,13,14], it was concluded that, the only involved guide vane vibration at the small openings in prototype high-head reversible pump turbines, is the torsional mode self-excited vibration. Thus, the angular displacement of a guide vane, which is caused by the elastic deformation of the guide vane stem, can be also approximately represented using a 1DOF mass-spring oscillator. Similar approaches, such as coupling unsteady computational fluid dynamics (CFD) with a 1DOF oscillator, were used for the guide vane vibration problems of the No.1 unit of the Yixing pump turbine in [12,13]. The torsional vibrations were predicted in the corresponding guide vane openings, with response frequencies around the torsional mode natural frequency in water, as observed at site tests [12].



Guide vane torsional vibrations and high-intensity noises were also experienced when the guide vane opening is lower than 1° in recent tests on the starting up process of a prototype high-head reversible pump turbine. The pressure fluctuations in the radial gap area between the guide vanes and runner outlet clearly demonstrated high amplitudes around the torsional mode natural frequency of the guide vanes. The site tests also showed that the torsional vibrations and pressure fluctuations in the radial gap were weakened for the same prototype pump turbine when larger guide vane end wall clearances were used. This indicates that the end wall clearance may have important influences on the torsional mode self-excited vibrations of guide vanes. However, less research has been carried out on this subject. Thus, in this study, numerical investigations were performed on a prototype high-head reversible pump turbine, aiming to help us to understand how the end wall clearance influences guide vane torsional mode self-excited vibrations. This study could also help us to understand the feasibility and reliability of suppressing torsional mode self-excited vibrations by changing the end wall clearances. Firstly, three-dimensional steady-state RANS calculations were carried out to study the influence of the leakage flow through guide vane end wall clearance. Then, coupling simulations that were based on the unsteady computational fluid dynamics method and a 1DOF mass-spring oscillator were performed at different steady-state operating conditions with different small openings and end wall clearances. Considering the influence of transient flows and guide vane opening motions, coupling simulations were also carried out for the starting up process with different end wall clearances. In the end, analysis and further discussions were carried out to establish the feasibility and reliability of suppressing torsional mode self-excited vibrations by changing the end wall clearance during the pump mode’s starting up process.




2. Numerical Methods


2.1. Governing Equations


The turbulent flow calculations were carried out using the Reynolds-Averaged Navier-Stokes (RANS) solver in ANSYS CFX. The mass conservation equation and momentum equation were represented by Equations (1) and (2), respectively, where   u i   (  i = u , v , w  ) is the velocity,   x i   (  i = x , y , z  ) is the position, t is the time, p is the pressure,  μ  is the dynamic viscosity and   S M   is the external momentum source term. The Reynolds stresses   ρ      u ′   i     u ′   j   ¯    could be modified using a turbulence model. All averaged bars were removed except for the Reynolds stresses [19]. Due to the advantages of low costs and high accuracy in predicting flow separation, the turbulence model of k- ω  shear stress transport (SST) was utilized in this study.


    ∂ ρ   ∂ t   +  ∂  ∂  x j      ρ  u j    = 0  



(1)






   ∂  ∂ t     ρ  u i    +  ∂  ∂  x j      ρ  u i   u j    = −   ∂ p   ∂  x i    +  ∂  ∂  x j      μ   ∂  u i    ∂ t   − ρ      u ′   i     u ′   j   ¯    +  S M   



(2)







The torsion could be represented by a 1DOF mass-spring oscillator [17,18]. The differential equation for this model was represented by Equation (3), where  θ  is the rotation degree of freedom, M is the hydraulic torque, J is the mass moment inertia and   ω 1   is the natural circular frequency, which was calculated using Equation (4), where K is the torsion stiffness. The damping which is proportional to the vibration velocity of 1DOF oscillator was not considered in this study and neither was the additional external damping, e.g., from mechanical friction, because they would always be positive and stabilize the self-excited vibrations. Hydrodynamic damping was included in the hydraulic torque M.


   θ ¨  +  ω 1 2  θ =  M J   



(3)






   ω 1  =  K J   



(4)







The rigid body solver in ANSYS CFX was applied to simulate the fluid-structure interaction, which avoided the structure mechanics calculation and the coupling between fluid and structure solver [20]. Based on the hydraulic torque and the displacement of the guide vane profile, the new angular position could be recalculated using the mesh deformation algorithm. In this way, the flow-induced torsional vibrations could be simulated for the guide vanes. A detailed description of the rigid body solver can be found in [20].




2.2. Overview of the Studied Object and Numerical Settings


A structure that is similar to a water turbine is commonly used for a reversible pump turbine, which generally consists of a draft tube, a runner, adjustable guide vanes, stay vanes and a spiral casing, as shown in Figure 1 and Figure 2. In the most common regulations, the reversible pump turbine rotates as a pump for water storage when power becomes affluent. During the pump mode’s starting up process, the small guide vane opening situations with pump flow commonly occur and may be accompanied by unstable torsional mode self-excited vibrations in some prototype high-head pump turbines.



As shown in previous studies, the torsional mode self-excited vibrations are closely related to a high-speed flow through a narrow gap between two guide vane blades. In this paper, the flow rates through the narrow gap between two guide vane blades were first calculated using 3D steady-state RANS simulations. Then, the influence of end wall clearance on the self-excited vibrations was analyzed using 2D coupling simulations. This indirect simulation approach could be not only used to analyze the influence of end wall clearance, but also to avoid the high simulation costs and the difficulty of mesh deformation near the clearance.



Considering the leakage flow through the end wall clearance of the guide vane, three-dimensional steady-state RANS calculations were carried out under different guide vane opening conditions and end wall clearances. In this study, a half-height periodic flow passage was selected as the computational domain, which contained a unilateral end wall clearance (  c e  ) and two semi–guide vane blades, as shown in Figure 3. The inlet boundary was between the runner and the guide vane, while the outlet boundary was between the guide vane and the stay vane. The radial and circumferential velocities were set as the inlet boundary conditions, which were converted by the characteristic curves of the pump turbine. The static pressure was set as the outlet boundary condition. These simplifications were considered tolerable in order to obtain the flow rates through the narrow gap between two guide vane blades.



As shown in previous studies, the only involved vibrations for the guide vane are torsional mode self-excited vibrations [12,13,14], which are only related to the angular displacement that is caused by the elastic deformation of the guide vane stem. Thus, the 2D approach, which is based on CFD and a 1DOF mass-spring oscillator, was considered to be a valid approximation for simulating the torsional mode self-excited vibrations. In addition, comparative studies have shown that the influence of neighboring guide vanes on self-excited vibrations can be neglected. Thus, the computational domain was a partial flow passage that contained one guide vane (shown in Figure 4 with red lines) to produce a relatively fine mesh resolution and a high simulating accuracy. The downstream of the computational domain was extended outward for a better boundary condition. The pressure difference between the inlet and outlet was the cause of the high-speed flow through the narrow gap between the two guide vane blades. The very short vibration duration of the self-excited vibrations left little time to change the average flow rate. Additionally, the outlet pressure could be considered as constant during the self-excited vibration process due to the low frequency of the flow stall in the stay vanes. Thus, the total pressure and static pressure were set as boundary conditions in this study.



The near-wall flow was solved by the automatic near-wall treatment in ANSYS CFX. It automatically switched from wall functions to a low-Reynolds near-wall formulation as the mesh was refined. The guide vane profile was calculated using the rigid body solver, in which the 1DOF mass-spring oscillator could be established with the rotational degree of freedom, mass moment of inertia and torsional stiffness. The time-step was applied using Δt = 1.875 ×   10  − 4    s, considering the natural frequency that was imposed on the mass-spring oscillator. Then, the coupling calculating solution was set up for the guide vane self-excited vibrations, based on the unsteady Reynolds-averaged Navier-Stokes solver and the 1DOF oscillator model (URANS-1DOF). The main numerical settings are listed in Table 1. A detailed description of the numerical methodology can be found in [20].




2.3. Mesh Generation and Independence


Hexahedral meshes were generated for both the 3D and 2D computational domains. The mesh resolutions were evaluated using the grid convergence index (GCI) method, which was based on the Richardson extrapolation [21]. The mesh resolution for the operating conditions of   α 0   = 0.2° and   c e *   = 0.13% was assumed reliable enough to merit extension to other conditions, where   α 0   is the average guide vane opening and   c e *   is the relative width of the unilateral end wall clearance. The leakage flow rate coefficient of the unilateral end wall clearance (  C  ϕ c   ) and the damping ratio of the guide vane opening (  ζ α  ) were used as the key parameters ( χ ) of the 3D steady-state RANS results and the 2D URANS-1DOF coupling simulations, respectively. The damping ratio was defined by Equation (5), where  α  is the guide vane opening, subscript P and R represent two peaks with an interval of   N T   (N = 1, 2, …) and T represents the vibration period, as shown in Figure 5. The positive damping ratio implied that the guide vane self-excited vibration was unstable.


   ζ α  =   ln (  α P  /  α R  )   2 π N    



(5)







The calculations of the discretization error of the mesh are shown in Table 2. The convergence index of   G C  I  f i n e  21    was within 5%. Thus, the mesh numbers 513,821 and 81,201 were considered to be tolerable for the 3D and 2D calculations in this work, as shown in Figure 6.





3. Results and Discussion


3.1. Influence of End Wall Clearance on the Boundary Conditions of URANS-1DOF Coupling Simulations


Figure 7 shows the flow rate coefficients at different guide vane openings during the pump mode’s starting up process (converted by the characteristic curves of the pump turbine), which were applied as velocity inlet boundary conditions. The three-dimensional steady-state RANS calculations were carried out under different guide vane opening conditions (  α 0   = 0.05°, 0.2°, 0.4°, 0.6° and 1°) and end wall clearance widths (  c e *   = 0.06%, 0.13%, 0.21%, 0.3%, 0.39% and 0.48%) in order to obtain the flow rates through the narrow gap between two guide vane blades. Figure 8 shows the pressure and velocity at the throat of the narrow gap as a function of height, in which   z *   = 0 represents the horizontal central plane of the guide vane flow passage. Due to the leakage flow of the end wall clearance, there were small differences in the velocity fields for different heights, as shown in Figure 8 and Figure 9. However, these were identified as axial disturbances, which were not considered in this study. The flow through the narrow gap is attached to the surface of the neighboring guide vane at different heights, which is similar to the 2D simulation results in Section 3.2.



Figure 10 shows the flow rate coefficients of the flow through the narrow gap between two guide vane blades at different operating conditions and demonstrates that the influence of end wall clearance on the flow rate cannot be ignored, especially at small openings with large end wall clearance widths.



The two-dimensional steady-state RANS calculations were also carried out for the computational domain shown in Figure 4 using the flow rate coefficients from Figure 7. The curves of the pressure difference between the inlet and outlet vs. the guide vane opening are drawn in Figure 11, which were employed as the boundary conditions of the URAN-1DOF coupling simulations. For the conditions of    c e *  ≤   0.13%, the pressure difference reached its maximum value at   α 0   = 0.3° and then gradually decreased as the opening angle increased. For the others, the pressure difference gradually increased as the opening value increased. In addition, the pressure difference at   α 0   = 1° was less affected by the end wall clearance compared to other opening conditions.




3.2. Guide Vane Self-Excited Vibrations under Steady-State Operating Conditions


The URANS-1DOF coupling simulations were carried out under the above operating conditions. Considering that severe hard excitation with a large initial amplitude would not likely occur in real pump turbine starting up processes, only the soft excitation was simulated in this study by subtracting the static value away from the total hydraulic torque in Equation (3).



The time histories of the guide vane openings and total hydraulic torque are drawn in Figure 12 to demonstrate the unstable case of   α 0   = 0.2° and   c e *   = 0.06%. The positive value of the hydraulic torque signified the direction in which the guide vane was closing. The static pressure and velocity distributions near the narrow gap between two guide vane blades are also shown in Figure 13 at the moments corresponding to the red dots. The flow through the narrow gap was attached to the surface of the neighboring guide vane and led to large gradients of pressure and velocity. This flow pattern was aggravated by smaller openings, which induced larger positive values of hydraulic torque. As the opening increased, the hydraulic torque became negative, which was in the opening direction of the guide vane. The high sensitivity of the pressure and velocity fields to the guide vane torsional vibrations led to the high-amplitude oscillation of the hydraulic torque. On the other hand, the fluctuation of hydraulic torque could, in turn, strengthen the torsional vibrations due to the small phase delay of the guide vane opening to hydraulic torque. This positive feedback caused small disturbances to eventually develop into unstable vibrations.



The damping ratios of the self-excited vibrations under different guide vane openings are drawn in Figure 14 as a function of end wall clearance. The self-excited frequencies were close to the torsional mode natural frequency of the guide vane, which was also consistent with the main vibration frequencies in the site tests. The damping ratios were negative under most operating conditions, as shown in Figure 14, which suggests that the self-excited vibrations in these cases were unstable and posed a high risk of causing structural collisions between the guide vane blades. The instability of the self-excited vibrations was gradually weakened with the increase in end wall clearance, especially under the condition of   α 0   = 0.05°. This means that the influence of the end wall clearance on self-excited vibrations was significant at small openings.




3.3. Guide Vane Self-Excited Vibrations during the Pump Mode’s Starting Up Process


As experienced in site tests, guide vane self-excited vibrations occurred during the transient processes of the pump mode’s starting up with small guide vane openings. Therefore, in this section, the unsteady coupling calculations of URANS-1DOF were carried out in small opening ranges of the starting up process. According to the site tests, the opening speed of the guide vane was about 1 °/s. The initial average guide vane opening of 0.05° was chosen in this study, considering the limit of grid topology. The pressure boundary conditions, which were related to the average opening, were set according to Figure 11 with different end wall clearances. The static values were also subtracted from the total hydraulic torque to set the initial soft excitation.



Figure 15 shows two typical time histories of the guide vane opening during the pump mode’s starting up process. A small initial disturbance rapidly developed into high-amplitude vibration under the condition of   c e *   = 0.06%. The minimum value of guide vane opening   α  p 2    was almost 0°, which implied that the neighboring guide vane blades could collide when at   t  pp - max   . The self-excited vibrations in these cases were unstable and threatening for the guide vane system. By contrast, the increase in the vibration amplitude was slow and limited under the condition of   c e *   = 0.39%. These self-excited vibrations were considered as tolerable due to the small maximum peak-to-peak value of the guide vane opening (  A  pp - max   ).



The fluctuating cycle of guide vane opening with the maximum peak-to-peak value (  T  pp - max   ) could be considered as an effective foundation to estimate the threat of self-excited vibrations for the guide vane system during the starting up process. In Figure 16, half of the peak-to-peak value (0.5  A  pp - max   ) and the average opening (  α 0pp-max  ) in this cycle are drawn as a function of end wall clearance. These two values are equal for the conditions of    c e *  ≤   0.21%, which implied that the too large vibration amplitudes lead to the collisions between neighboring guide vane blades. For the conditions of    c e *  ≥   0.21%, 0.5  A  pp - max    is smaller than the average opening. In these conditions, the self-excited vibrations have limited amplitudes and are considered to be tolerable.




3.4. Analysis of the Influence of End Wall Clearance


Generally, for the pump mode’s starting up process of a pump turbine, the rotating speed of the runner begins to increase from 0 to 100% (with around 20% power load). During this time period, the runner chamber is kept pressurized with air to avoid instant overload. Then, air is released out of the runner chamber and the ball valve starts to open. The guide vane starts to open after staying closed for a while. Finally, the load increases to full load when the ball valve and guide vane are completely open. In the site tests of guide vane self-excited vibrations during the starting up process, three experiments were carried out with different starting up processes and end wall clearances, as shown in Table 3.



The time histories of the guide vane opening, after the ball valve started to open, are drawn in Figure 17. The guide vanes opened linearly from 0 to 100% throughout the starting up process A. For starting up process B, the guide vanes maintained a small opening angle (around 5%) for a while and then continually opened to 100%. The time difference between the moment   t  a 0    and   t  b 0    in Figure 17 was about 10 s. This led to a lower pressure level in the radial gap (between the runner and guide vanes) before the guide vanes started to open in site test 3.



In the site tests, the guide vane with the largest vibration amplitude was chosen to evaluate the vibrations of the guide vanes in the pump turbine. The horizontal vibration velocities of the guide vane were monitored when the guide vanes started to open (  α gv   changed from 0 to 0.8°). The time histories and amplitudes of the horizontal vibration velocities are shown in Figure 18, where   C vv   and   A vv   are the values nondimensionalized by the peak-to-peak value of the vibration velocities in site test 3. In addition to the frequencies that were related to the runner blade passing by, the high amplitude with a special frequency (15.73  f n  , 15.47  f n   or 15.13  f n  ) corresponded to the torsional mode natural frequency of the guide vane. Based on the site test results, a qualitative conclusion was reached that the guide vane vibration amplitude was relatively small for the starting up process with a lower pressure level or larger end wall clearances.



As for the URANS-1DOF coupling simulations in this study, they were carried out under simplified conditions due to the assumptions of the computational domains, boundary conditions and initial disturbances. However, they could help us to qualitatively understand the influence of end clearance on self-excited vibrations. The results under steady-state and starting up conditions showed that the instability of guide vane self-excited vibrations was weakened in cases with larger end clearances. This was consistent with the conclusions from site tests.



The guide vane self-excited vibrations were unstable under most steady-state conditions, as shown in Figure 14, apart from the operating condition of   α 0   = 1° and   c e *   = 0.39%. By contrast, the self-excited vibrations in the starting up processes were tolerable for cases with large end wall clearances (  c e *   = 0.3% and 0.39%). This suggests that the critical condition for self-excited vibration instability was harsher when the transient process of the pump mode’s starting up was not considered. At the beginning of the pump mode’s starting up process, the guide vanes remain closed for a while to ensure there is sufficient pressure at the runner outlet, which is known as the pressure-making process. Due to the machining precision of a guide vane blade and the wear that is experienced during the operating process, there may be a small vertical clearance between two guide vane blades when they are theoretically closed. Regardless of whether there are small vertical clearances, the initial torsional vibration of a guide vane is most probably stimulated during the pressure-making process due to the high pressure level and complex high-speed flow at the runner outlet. This means that there may be enough time for small disturbances to develop into high-amplitude vibrations in the unstable cases. Therefore, the critical conditions of self-excited vibration instability that were obtained from the coupling simulations of the pump mode’s starting up processes have smaller safety margin due to the inaccurate estimations of the initial openings and disturbances. By contrast, there was enough time for the evolution of initial disturbances under steady opening conditions. The critical conditions from these cases have relatively large safety margins.



The above results show that large end clearances for guide vanes are beneficial in weakening the instability of self-excited vibrations, but they are unfavorable for hydraulic efficiency due to the leakage flow from the end wall clearance. More importantly, the guide vane vibration velocity was still large in site test 2, as shown in Figure 18, due to the complexity of the initial vibration excitations and the relatively small end wall clearances. Thus, increasing the end wall clearances is considered unreliable for suppressing guide vane self-excited vibrations and the collision of neighboring guide vane blades. On the other hand, the pressure difference between the inlet (runner side) and outlet (stay vane side) were lower for the cases with large end wall clearances. This suggests that reducing the pressure level in the radial gap between the guide vanes and the runner is effective for avoiding high-amplitude guide vane vibrations and strong pressure fluctuations at small openings by changing the starting up operating process. These were in good agreement with the conclusions from the site validation tests, in which the guide vane vibration velocity significantly decreased and the strong noises disappeared with the decreasing pressure level in the radial gap area during the starting up process.





4. Conclusions


The current study aimed to investigate the influence of end wall clearance on guide vane torsional mode self-excited vibration. Numerical simulations that were based on steady-state RANS methods and URANS-1DOF coupling modeling were carried out under different operating conditions.



The three-dimensional steady-state RANS calculations show that the influence of end wall clearance on the narrow gap flow rate cannot be ignored, especially at small guide vane openings and large end wall clearance widths. This leads to different pressure differences between the inlet (runner side) and outlet (stay vane side) at the same opening.



The URANS-1DOF coupling simulations under steady-state conditions and during the pump mode’s starting up process show that the guide vane self-excited vibrations are unstable under the conditions of small openings and end wall clearances. The high sensitivity of the pressure and velocity fields to torsional vibration, and the positive feedback between the hydraulic torque and vibrating amplitude, cause small disturbances to eventually develop into high-amplitude vibrations.



The critical conditions of self-excited vibration instability that were obtained from the coupling simulations under steady-state conditions have larger safety margins than those under the pump mode’s starting up processes. However, increasing the end wall clearances to suppress unstable self-excited vibrations is considered unreliable due to the complexity and randomness of the initial excitations. By contrast, reducing the pressure level in the radial gap between the guide vanes and the runner during the starting up operating process is effective for avoiding the high-amplitude vibrations and strong pressure fluctuations at small openings.
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Abbreviations


The following abbreviations are used in this manuscript:



	  c e  
	Width of unilateral end wall clearance (m)



	  c e *  
	Normalized width of unilateral end wall clearance,    c e *  =   c e  b   



	b
	Guide vane height (m)



	  C ϕ  
	Flow rate coefficient,    C ϕ  =   v  r i n    U 1    



	  U 1  
	Circumferential velocity at runner inlet (m s−1),    U 1  =   2 π n  R 1   60   



	n
	Rotating speed of runner (r min−1)



	  R 1  
	Runner inlet radius (m)



	  C  ϕ c   
	Flow rate coefficient of end wall clearance



	  C  ϕ o   
	Flow rate coefficient of blade-to-blade narrow gap



	  v  r i n   
	Radial velocity at inlet (m s−1)



	  C p  
	Static pressure coefficient,    C p  =   p s   0.5 ρ  U 1 2     



	  p s  
	Static pressure (Pa)



	  C v  
	Velocity coefficient,    C v  =  v  0.5 ρ  U 1     



	v
	Velocity (m s−1)



	  c e *  
	Normalized axial coordinate value,    z *  =  z b   



	  δ ψ  
	Guide vane inlet–outlet pressure difference,   δ ψ =    p  t 1   −  p  t 2     0.5 ρ  U 1 2     



	  p  t 1   
	Total pressure at guide vane inlet (Pa)



	  p  s 1   
	Static pressure at guide vane inlet (Pa)



	 ρ 
	Density of fluid (kg m−3)



	  C τ  
	Hydraulic torque coefficient on guide vane,    C τ  =  τ  M g  R 1     



	 τ 
	Hydraulic torque on guide vane (N·m)



	M
	Mass of a guide vane (kg)



	g
	Gravitational acceleration (m s−2)
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Figure 1. The main flow passage components of a pump turbine (pump mode). 
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Figure 2. Flow passage model of a pump turbine (pump mode). 
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Figure 3. The computational domain of the guide vane for the 3D steady-state RANS calculations (Left), where   c e   is the unilateral end wall clearance width (Right). 
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Figure 4. The computational domain of the guide vane for the 2D URANS-1DOF coupling simulations. 
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Figure 5. The definition of the damping ratio of the self-excited vibrations. 
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Figure 6. The partial cells of the computational domains: (a) the 3D steady-state RANS calculation; (b) the 2D URANS-1DOF coupling simulation. 
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Figure 7. The flow rate coefficient at different guide vane openings during the pump mode’s starting up process. 
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Figure 8. The pressure and velocity at the throat of the narrow gap between two guide vane blades as a function of guide vane height. 
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Figure 9. The velocity distribution near the narrow gap between two guide vane blades at different guide vane heights. 
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Figure 10. The flow rate coefficients of the flow through the narrow gap between two guide vane blades vs. the guide vane opening and end wall clearance width. 
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Figure 11. The pressure difference coefficient between the inlet and outlet vs. the guide vane opening. 
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Figure 12. The time histories of the guide vane opening and total hydraulic torque in an unstable case (  α 0   = 0.2° and   c e *   = 0.06%). 
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Figure 13. The static pressure and velocity magnitude distributions near the narrow gap between two guide vane blades during one vibration cycle: (a) static pressure; (b) velocity magnitude. 
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Figure 14. The damping ratios of self-excited vibrations under different guide vane openings as a function of end wall clearance. 
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Figure 15. The time histories of the guide vane opening during the pump mode’s starting up process: (a) under the condition of   c e *   = 0.06%; (b) under the condition of   c e *   = 0.39%. 
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Figure 16. Half of the peak-to-peak value and average opening of the fluctuating cycle   T  pp - max    as a function of end wall clearance. 
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Figure 17. The time histories of the guide vane opening after the ball valve started to open. 
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Figure 18. The horizontal vibration velocities of the guide vane blade in site tests: (a) the time histories of the vibration velocities, where   T n   is the runner rotating period; (b) the amplitudes of the vibration velocities, where   f n   is the runner rotating frequency. 
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Table 1. The basic numerical settings for the URANS-1DOF coupling simulation.






Table 1. The basic numerical settings for the URANS-1DOF coupling simulation.





	Item
	Setting





	Mesh motion of the guide vane
	Rigid body solution



	External torque
	1DOF torsional spring solution



	Wall function
	Automatic near-wall treatment



	Advection scheme
	High resolution



	Turbulence numeric
	High resolution



	Transient scheme
	Second-order backward Euler



	Convergence criterion
	10    − 5   



	Maximum number of inner loops
	20
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Table 2. The calculations of the discretization error of the mesh.
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	Item
	   C  ϕ c     (3D Steady-State RANS)
	   ζ α    (2D URANS-1DOF)





	  N 1  ,   N 2  ,   N 3  
	513,821, 210,822, 80,923
	81,201, 47,025, 26,532



	   r 21   
	1.346
	1.314



	   r 32   
	1.376
	1.331



	   χ 1   
	0.1705
	−0.0290



	   χ 2   
	0.1670
	−0.0304



	   χ 3   
	0.1795
	−0.0339



	   χ  e x t  21   
	0.1720
	−0.0279



	   e  e x t  21   
	0.87%
	4.04%



	   G C  I  f i n e  21    
	1.1%
	4.86%
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Table 3. The main settings for the site tests.
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	Case
	Starting Up Process
	End Wall Clearance,    c e *   





	Site test 1
	A
	0.039%



	Site test 2
	A
	0.090%



	Site test 3
	B
	0.039%
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
0.015
0.012
. 0.0094
0.006 1

0.003

0.000 T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
a, (°)





media/file4.png
Stay vane Runner

Rotor-stator clearance
Ve
Outtlow
, : Draft tube Inflow
Spiral casing





media/file30.png
0.00

—0.01 -

s —0.02 -

—0.03 1

—0.04 -

0.0

0.1

0.2
¢, (%)

0.3

0.4





media/file26.jpg
1876 =9 17924

A

1T-9.49 41973
(b)





media/file27.png
MN

t/T=8.76 =9 1/7=9.24
C

p

1.255

g“ oass
1/T=9.49 #/7T=9.73

(a)






media/file18.png





media/file35.jpg
Guide vane opening

ecssssacacs,

=e-e-e= Startup Process A “100%
i
f i Latoo






media/file21.jpg
0.354
0.304
0.254
0.204

0.154

0.10
0.05

0.00 T T T T T
0.0 02 0.4 0.6 08 1.0

a,(°)






media/file3.jpg
Stay vane  Runner

Rotor-stator clearance

. Draft tube Inflow
Spiral casing e
uide vane





media/file22.png
oy

0.35 -

| —e—,"=0.06%
0.30 4 —a—,=0.13%
T —v—c,=0.21%
0.25 - ——,"=0.3%
_ ——,"=0.39%
0.20
0.15 1
0.10
0.05
0.00 —— 77—

0.0 0.2 0.4 0.6 0.8 1.0
g (°)





media/file19.jpg
0.4

“u(o).

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Co/Co





media/file7.jpg
Opening pressure outlet

}(Slay vane!

Periodic





media/file28.png
t/T=8.76

1/T=9.49 1#/7T=9.73

(b)





media/file10.png
> Zz ,;CAVAVAV/\V/\V/\V/\\/A\/\V/\ ﬂ\

0.15 -

0.10 - \

0.00 0.02 0.04 0.06 0.08 0.10
£(s)





media/file33.jpg
o oy
oo =
L 1

Magnitude (°)
o
(=

—=—0.54,

pp-max

T Coppmax

0.1

0.2
¢, (%)

0.3

0.4





media/file32.png
a (%)

0.00 0.03 0.06

pp-max

!

pp-max

02 04 06 08 10
£(s)
(b)





media/file14.png
0.015
0.012 -
. 0.0091
0.006—-

0.003

0.000






media/file11.jpg
®)





media/file6.png
Periodic \\\

— R : w|

‘S‘#J,\:‘\J

Periodic

Symmetry





media/file36.png
Guide vane opening

Y —

100%

lalOO

o
[
[
[
[
[
[
[
[
[
[
[
[






media/file15.jpg
P

2.0

1:54

1.0

0.5

—a— Pressure at throat
—=— Velocity at throat

F0.9

F0.6

F0.3

0.0





media/file37.jpg
1573, —sieTes 1

[

RN

(@) ()





nav.xhtml


  jmse-10-00528


  
    		
      jmse-10-00528
    


  




  





media/file16.png
P C,
—4a— Pressure at throat
| —=— Velocity at throat
2.0 00
1.5 Y
1.0 /4/ i
A A A A A__A-"‘/A 03
0.5 . , , . 0.0
00 01 02 03 04 05





media/file2.png
Guide vane rotation axis

-

Runner rotation axis I

.

Outflow <«

Stay vane

Guide vane Runner blade

Spiral casing

Draft tube

Inflow






media/file20.png





media/file23.jpg
N b
ST N < =3 =
Lo S S T s
" il ! h
B i) =
BB
g
———_
IIII|'
Rasna. N I o
meg,
R rmmmmmmmem——— Lo
8 &5
g £ s
8 e
BB & L
g >
e&8 <
= > e
R >
28 £
= o b e
] ”~
RS
] b
| .
4 (=]
T T T T T
O v @ vw o »n [T}
N N — —_— |





media/file5.jpg
Periodic

Outlet Blade

Inlet \ ‘ N

Periodic

Symmetry





media/file24.png
o (%)

CT

N <
. N S - -
| [ 1 1 )
i =
"'."'
[y
Se———_
‘l"
|||||
:::::: - 00
Py
S0l
=
'l'\l — 6
on ="
E- R
CI= o2
=2 <
g © >~ - <t
< O )
Qg el
B S
S 3
33 <
~ -
T O ) N
) ~
[ *a
'
' /
[}
T T T -
[V ) ) ) ) [V
@\ (@\] — — |





media/file29.jpg
0.1

0.2
¢ (%)

0.3

0.4





media/file1.jpg
e

Guide vane rotation axis

Oulow <€

Spiral casing

Stay vane,

<

de vane

Runner blade

Draft tube

Runner rotaion axis 1

Inflow






media/file31.jpg
@)

000

003

006
©
(@

000

©
®)





media/file25.jpg
-‘u“

1T876 17924

1255

(@)





media/file12.png
\\\\\\\\\\\\
i
i

-

775
55547%

7 L%
4 e KK
A e A

S,
e N,
Sy
A

D5
iy
%
G K5
e G0
SRk

Q
e
NS

SN
=

L

N

D
RN

SO
SR
R

SRS

NN
AR

\
A
{
S
SRR
e

..
ST
ARSI

GRS,
(IR
KSR
sss\ééu..o R

X

=3
R
2

3
3
R
A
et

o7

&
2
%

...
KPR,
s
A 2
o R A
O A
e
A
o A T AL s e T e
R i
o
0 by sy s g
sy s sl s A
s
e i s i
L LA it

iy, %
i N
\\\\\\\\\\\\\\\\\\“\\\\«\\\«
i
7

L
rrin,
R
i






media/file9.jpg
0.30
NT A

0.254

& 0,20 AWANANS A
8
0.15

0.104

0.00 002 004 006 008 0.10
1(s)





media/file0.png





media/file38.png
Vibration velocity, C,,

Site Test 1

I
(8]
|
k.
[
4
[
(98]
N

0.2 Site Test 1
‘:i
5 0.1
=
I T T T T T T T I E OO
3 Site Test 2 g 0.2 _ Site Test 2
0 2 15.47¢,
! 3 0.1
31 N L
I I I ' | ; OO 1 T T T |‘ | T
3 - Site Test 3 RS Site Test 3
2 0.2-
St _
=
> 0.
0.

o
[E—
[\
W
AN
()
N
-]
U
-]
[\
-]
W
-]
N
-]

50 60





media/file8.png
——————————————

Opening pressure outlet

______________

———————————

___________

Periodic Periodic

________

Total pressure.nlet





media/file34.png
[am—
-]
|

—a—0.54

pp-max
aOpp-maX

<
o0
]

<
(@)
1

Magnitude (°)

0.0 0.1 0.2 0.3 04
¢, (%)





media/file17.jpg





