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Preface

This book provides a comprehensive introduction of the flow-induced instabilities
(e.g., the pressure fluctuations and the vibrations) of the prototype reversible pump
turbines (RPTs) in the pumped hydro energy storage power stations (PHSEPSs) in
China based on our long-term on-site experiments. In September 2021, the National
Energy Administration of China released the medium- to long-term development
plan for the PHSEPSs (2021-2035), in order to help achieve China’s “dual carbon”
target. In the modern grid, the operational conditions of the RPT need to be switched
frequently to meet the requirements of peak shaving and valley filling. During the
daily operation, the RPTs are significantly affected by the flow-induced instabili-
ties. However, these instabilities have not been fully revealed and grasped, and need
urgent attentions now. Therefore, in this book, the pressure fluctuation, the vibration,
and the shaft displacement signals of several RPTs in China under different opera-
tional conditions will be analyzed in detail to reveal the generation mechanisms and
the propagation characteristics of typical unstable flows. The advanced signal anal-
ysis methods will be employed to obtain the time-frequency information accurately
and further find out the internal correlations between different types of signals. The
advanced artificial intelligence algorithms will be adopted to recognize and diagnose
different flow-induced vibration faults. This book will show some fundamentals of
the RPTs, the suitable signal analysis methods, and the artificial intelligence algo-
rithms, which may be useful for engineers and researchers in this field to carry out
similar researches and improve the safe operational levels of the RPTs. In addition,
the analysis results of the measured signals from the on-site experiments could be
employed for calibrations of numerical simulations and comparisons of model tests.

Beijing, China Xianghao Zheng
June 2022 Yuning Zhang
Yuning Zhang

Jinwei Li



vi Preface

Acknowledgements This book was financially supported by the National Natural Science
Foundation of China (Project Nos.: U1965106, 51976056, and 52076215).



Contents

1 Introduction .......... ... ... . .. . . . ... 1
1.1 Background .............iiiiii 1
1.2 Research Status ............. ..., 2
1.3 Description of the Book ......... ... ... i 3
References . .......... .o 5
2 Generation Mechanisms of Typical Unstable Flows ................. 7
2.1 Rotor=Stator Interaction ..................cciiiiiiineinnennn.. 7
2.2 VOrteX ROPE ...ttt 9
2.3 Rotating Stall ... 9
2.4 Karman VOIteX .. ......itnii ittt et i 9
2.5 Cavitation . ... ... ...t 10
References . ... 10

3 Flow-Induced Pressure Fluctuations and Vibrations in Generating

Mode . ... e 13
3.1 General Description . ..............euuiiii 13
3.2 Experimental SEtUp .. ... 13
3.2.1 Structural Sketch and Essential Parameters of the RPT ..... 13
3.2.2 Definitions of Dimensionless Parameters ................. 14
3.2.3 Experimental Instruments and Procedures ................ 15
3.3 Signal Analysis Methods .......... .. ... i 16
3.3.1 Peak-to-Peak Value .................................... 16
332 FFT Spectrum ........ ..., 16
3.4 Influences of Load Variations .................ccciiiiinnenn... 16
3.5 Influences of Water Head Variations ............................ 23
References ....... ... 27

4 Flow-Induced Transient Pressure Fluctuations During

Start-up Process of Pumping Mode ............................... 29
4.1 General Description . ..........uureitiiiii i 29
4.2 Experimental Setup ..............iiiii 29

vii



viii

Contents

4.2.1 Structural Sketch and Essential Parameters of the RPT ..... 29
4.2.2  Monitoring Points and Experimental Sensors .............. 30
4.2.3 Description of Start-up Process of Pumping Mode ......... 31
4.2.4 Definitions of Dimensionless Parameters ................. 31

4.3 Signal Analysis Methods .......... ... ..., 32
4.3.1 Savitzky-Golay Filter ............. . ... o .. 32
432 Peak-to-Peak Value ........ .. ... .. ... il 32

4.3.3 STFT Spectrogram . .............cooiiiiiiinnannnnann... 33

4.4 Transient Pressure Fluctuations in First Stage .................... 33
4.4.1 Operational Details ............... ... 33
4.4.2 Time-Domain AnalysiS ............c.ccoiiiiiiiiiinnaan. 34
4.4.3 Time-Frequency Analysis ..........c.c.cooiiiiiiinnnennn. 37

4.5 Transient Pressure Fluctuations in Second Stage ................. 40
4.5.1 Operational Details ................. ... 40
4.5.2 Time-Domain AnalysiS . ..........ooviiiiiiinnnnnnen... 41
4.5.3 Time-Frequency Analysis ..........c.ccoiiieeiinnnneennn. 45
References ... ........uuuuu 49
Evaluation of Operational Stability of Main Shaft .................. 51
5.1 General Description . ..............uuueiti 51
5.2 Signal Analysis Methods ......... ... i 52
5.2.1 Wavelet Threshold De-noising Method ................... 52

5.2.2  Empirical Mode Decomposition ......................... 52
5.2.3 Ensemble Empirical Mode Decomposition ................ 53
5.2.4 Variational Mode Decomposition . ....................... 54

5.2.5 Cross-Correlation Coefficient ...................couu.. 55
5.2.6 Permutation Entropy .......... .. ... i 56
5.2.7 Flowchart of Proposed Signal Analysis Procedure ......... 57

5.3 Extraction of Simulated Shaft Displacement Signal ............... 57
5.3.1 Description of Simulated Shaft Displacement Signal ....... 57
5.3.2 Signal Analysis Results ............ ... ... . L. 59

5.4 Extraction of Measured Shaft Displacement Signal ............... 63
5.4.1 Description of Measured Shaft Displacement Signal ....... 63
5.4.2 Signal Analysis Results .............. ... .. ..., 65

5.5 Recognition of Shaft Orbit ........ ... ... .. ................... 69
5.5.1 Pressure Fluctuations in Draft Tube ...................... 69
5.5.2  Shape Evolution of Shaft Orbit .......................... 71

5.5.3 Permutation Entropy of Shaft Orbit ...................... 71
References .. .........uuuu 73
Intelligent Recognition of Flow-Induced Vibration Faults ........... 75
6.1 General Description . ..............uuiii 75
6.2 Feature EXtraction . .............ouuuuuuuuunniinn 76
6.2.1 Time-Domain and Frequency-Domain Indexes ............ 76
6.2.2 Energy Indexes Basedon VMD ......................... 78

6.2.3 Permutation Entropies Basedon VMD ................... 79



Contents ix

6.2.4 Multidimensional Eigenvector .......................... 79

6.3 Intelligent Recognition Algorithms ............................. 79
6.3.1 Extreme Learning Machine ............................. 79
6.3.2 Restricted Boltzmann Machine .......................... 81

6.3.3 Deep Belief Network ........ ... ..o i, 83

6.4 ME-VMD-DBN Fault Diagnostic Model ........................ 84
6.5 Recognition of Flow-Induced Vibration Faults of Top Cover ....... 87
6.5.1 Description of Samples .......... ... ... ... 87
6.5.2 Recognition Results ......... ... ... i, 88
References ... 91
7 Conclusion ............ ... 93



