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Structural characteristic analysis of the guide vanes of a pump turbine which working at the slight opening region

Keywords: 

In some pumped storage power station, the vibration and abnormal sound occur at the distributor of the pump turbine during the startup and shutdown process when the guide vane opening is very small. In order to find out the root cause of this unstable phenomenon, this paper conducted a deep research on the unstable phenomenon occurred at the small opening region during the startup process of a pump turbine in pump mode. In order to explain the unstable incentives of the pump turbine during the startup process, the static stress on the guide vanes during the startup process was analyzed. The results indicated that the maximum static stress of the guide vane occurred at junction of the end face of the guide vane and the shaft. Moreover, the deflecting of the mainstream can lead to the sudden change of the stress of the guide vane, caused the instability of the units.

INTRODUCTION

Reversible pump turbine (RPT) is designed for pumping water from a lower reservoir to a higher reservoir by using the surplus energy in the power grids. Furthermore, this water have to go down to generate electrical energy by RPT at peak hours or in case of emergency. RPT have to change the working condition between pump mode and turbine mode [START_REF] Eduard | Condition monitoring of pump-turbines New challenges[END_REF]. In order to meet the requirement of power grid, RPT usually works at low load off-design working condition. Due to RPT's special way of operating, it's hard to guarantee the stability of the units. Few years ago, both in TianHuangping pump storage power station [START_REF] Kong | Analysis of abnormal sounds in working condition change-over for high-head pumpturbine[END_REF] and YiXing pump storage power station [START_REF] Cai | The Research of the Abnormal Water Hammer Phenomenon based on the Unit 3 over Speed Test of Jiangsu Yixing Pumped Storage Power Station[END_REF], the abnormal sound and vibration occurs at the distributor of the RPT which in the pump mode when the guide vane opening is very small. In order to resolve this problem, B Nennemann [START_REF] Nennemann | YiXing pump turbine guide vane vibrations: problem resolution with advanced CFD analysis[END_REF] has conducted a detailed research about the abnormal phenomena which happened in YiXing pump storage power station by using 2-D periodical CFD simulation. Eventually, the author acclaimed that the unexpected bi-stable flow conditions and a self-excited torsion mode flutter vibration of the guide vane caused this problem, moreover, the vibration problem can be eliminated by modifying the shape of the guide vane successfully. Addressing the issue of TianHuangping, H G Fan [START_REF] Fan | Hydraulic torque on the guide vane within the slight opening of pump turbine in turbine operating mode[END_REF] studied the HT of the guide vane of the RPT during the startup process and shutdown process in turbine mode by 2-D periodical CFD simulation. His work indicated that repeating reversal of fluid occurs when the guide vane at slight opening during the shutdown process in turbine mode. This phenomena finally results in the dramatically increasing of the Hydraulic Torque (HT) which makes the vibration happens. Our previous work [START_REF] Fan | Flow Analysis of the Guide Vanes Region of Pump Turbine at the Slight Opening in the Pumping Startup Process[END_REF] has performed the 3-D CFD simulation of the startup process of the pump turbine of Tian Huangping pump storage power station which in the pump mode by implementing the dynamic meshing technique. The results indicates that the main flow between the guide vanes has experienced a deflection when the guide vane opening is very small, and this deflection leads to the sharply changing of the hydraulic torque on the guide vanes, if the transmission of the distributer cannot adapt this changing immediately, the vibration and abnormal sound will occur in the unit. With the same flow field analysis method of our previous work [START_REF] Fan | Flow Analysis of the Guide Vanes Region of Pump Turbine at the Slight Opening in the Pumping Startup Process[END_REF] of the dynamic process, this paper presents a structural characteristic analysis of the guide vanes when the pump turbine works in pump mode at slight opening region. The one-way FSI method was carried out to calculate the structural characteristic of guide vanes during the main flow deflection process. And the vibration characteristic of the guide vanes were analyzed. The result shows that the sharply changing of the stress is relevant to the defection of the mainstream.

METHEOD

In this paper, the simulation was performed by using the commercial CFD solver-ANSYS workbench. As same as our previous work [START_REF] Fan | Flow Analysis of the Guide Vanes Region of Pump Turbine at the Slight Opening in the Pumping Startup Process[END_REF], the geometry of prototype pump turbine of Tian Huangping pump-storage power station was implemented. The geometry model is shown in Figure .1 and the characteristics of the parameters are listed in table 1. Head (m) 500 610

In addition, tetrahedral mesh was used for the FEM model of the guide vanes, it has 5276840 elements and 8175137 nodes totally. Figure 2 and Table 2 shows the FEM model and material parameters of the guide vanes. 

PARAMETER NONDIMENSIONALIZATION

In this paper, the Reynolds number and the dimensionless methods of the results were defined as follow:

2 2 Re nRD    (1) 2 V Kv gH  (2) () ref pp Cp gH    (3) m 2 0.5 V A L ref ref ref M C   (4)
Where, Re is Reynolds number, Kv is velocity coefficient, Cp is pressure coefficient, Cm is moment coefficient (the positive moment direction was defined as the closing direction of the guide vane). Rated 

STATIC STRESS ANALYSIS AND RESULTS

Results of CFD simulation

A transient CFD simulation of the startup process of a RPT was carried out with the dynamic meshing technique. Figure 3 shows that the serious flow separation which at the tailing edge of the GV occurred, when the GVO (Guide vane opening) less than 4 degree, during the startup process of the RPT. This separation forced the mainstream stay in type Ⅱ,and the mainstream adhere to the surface of the right side GV (figure 4 shows the illustration of the flow pattren). Thus, the flow field had an intense change near the GV when the deflection happend. The euqation of the moment varitaion ratio is as follow:

m ave D A t  (5)
Where m is the moment varitaion ratio, Aave is the average moment amplitude and tD is the deflecting time. 

Working condition

Figure 6 illustrates the Cm-GVO plot of GV 26# during startup process, the points on the curve are the working condition points in this paper. And it's easy to find out that the moment of the GV has a sharply increasing when the mainstream started deflecting. All of the working condition were classified based on the flow pattern and were listed in table 3. 

Results of the static stress

Figure 7 divides the Cm -GVO plot of 26# GV into different flow pattern regions during the startup process. Figure 8 shows the maximum stress on the 26# GV at various GVO.

During the startup process, the maximum stress in GVs is negatively correlated to GVO. The greater GVO, the lower the maximum internal stress. But the hydraulic torque and maximum stress on GVs is far greater than any other flow pattern when the mainstream stays in Type Ⅱ.

In the latter part of Type Ⅱ flow pattern region, maximum stress decreases as GVO increases.

As the GVs open up, the incident angles on GVs decreases, the flow has less impact on GVs. According to the flow analysis, the hydraulic pressure on GVs decreases as GVs open up. This explains the stress decrease in the latter part of Type Ⅱ flow pattern region.

The hydraulic torque on GV slowly decreases during the deflection process. Torque perturbations are due to fluctuation of the mainstream that changes the flow field. Similar to the hydraulic torque, the maximum stress on GV fluctuates slightly yet remain stable in a larger scope. 

CONCLUSION

The structural characteristic analysis of the guide vane during the startup process of the pump turbine in pump mode indicated that:

1. The GV internal stress decreases with greater GVO. And the maximum stress position varies with different GVO because of varied fluid excitement to GVs due to different mainstream flow pattern as GVO increases. The maximum stress occurs near the shaft -GV connecting positions at each GVO.

2. The mainstream deflection between each pair of GVs contributes most to the significant stress change when GVO is below 3°. And the stress changes less when GVO is above 3°. It meant GV internal stress changes significantly when the mainstream between each pair of GVs deflects from Type Ⅱ, while remains relatively stable in other flow pattern regions. and the significant GV internal stress change is due to the flow pattern change from Type Ⅱ to Type Ⅰ . These sharply changes are potentially damage to the structure of the units.
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 1 Figure 1. CFD computational domain of the pump turbine

2 .

 2 (a) geometry of the guide vanes (b) mesh of single guide vane Figure FEM model of guide vanes

  rotated speed n=500 rpm, outlet radius of the runner R=1.0225 m, outlet diameter of the runner D2= 2.045 m, water density (20 ℃ ) ρ=998.2 kg/m 3 , water viscosity (20 ℃ ) =1.003x10 -3 , head of the pump turbine H=610 m, reference pressure Pref=0, reference velocity Vref=1 m/s, reference area Aref=1 m 2 , reference length Lref=1 m, and in this paper Re=6.55x10 6 .
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 3 Velocity contours of 26# guide vane (right one) during the startup process

Figure. 4

 4 Figure. 4 flow pattren of the main flow

Figure. 5

 5 Figure. 5 Average hydraulic moment variation rate of the different guide vane during the startup process
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 6 Figure 6 Cm -GVO plot of 26# guide vane during startup process
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 78 Figure 7 The Cm-GVO plot of 26# guide vane during the startup process

  distribution of 26# guide vane under different working condition during the startup process Considering that maximum stress occurs at different positions as GVO changes, local stress at fixed points on GVs where maximum stress once occurred are selected to compare the local stress variations throughout the startup process, as is shown in Figure 10. Curve "point 1" indicates the local stress plot at the maximum stress position in condition point 1, the rest and so on. Local stress at each selected positions decreases as GVO increases. Local stress at point 3, 4 and 5 vary significantly when GVO is below 3°, yet remain stable when GVO is above 3°. About the flow pattern regions, local stress at point 3, 4 and 5 vary most significantly in Type Ⅱ flow region and deflecting region, where flow pattern started deflecting. The mainstream deflects differently in different flow regions, produces different pressure fields around the GVs and therefore results in different internal stress distributions that were calculated based on the GV surface pressure field. When GVO is above 3°, the local stresses change less. The conclusion is that the GV stress changes most significantly when the flow pattern varies from Type Ⅱ to the others during the startup process. And it can lead to the damage of the guide vane dueing the operation.

Figure. 10

 10 Figure.10 Stress plot of different maximum stress point during the startup process

Table 1

 1 Parameters of the pump-turbine

	Parameters Runner outlet diameter D2 (mm) Guide vane height b0 (mm) Runner blade number Guide vane number Stay vane number Rated speed (rpm)	Value 2045 262 9 26 26

Table 2

 2 Material parameters of the guide vanes

	Parameters Guide vane height b0 (mm) Guide vane number Material density ρ (kg/m 3 ) Young's modulus E (GPa) Poisson's Ratio γ	Value 262 26 7850 206 0.28

Table 3

 3 Classification of the flow pattern zone under the different working condition during the startup process Flow pattern

	region	Working condition number	GVO (degree)
		1	2.03
	type Ⅱflow pattern region	2 3 4	2.11 2.30 2.50
		5	2.69
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