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Abstract: This study investigates the generation mechanism of 
extraordinary stress in a Francis turbine during start-up. The 
stress, termed “Hydro Drum”, is a sporadic free vibration caused 
by impact loads on the runner blades. It intensifies with lower 
rotation speed, relatively larger guide vane opening, and lower 
suction pressure. The stress is linked to the explosive pressure 
rise from the instantaneous condensation of water vapor bubbles. 
Unsteady CFD analysis revealed that the condensation is caused 
by the chain-reaction collapse of cavitation clouds. 

 
 

1 Introduction  
Study of generation of the dynamic extraordinary stress in a hydraulic turbine during 
start-up is very important topic for hydropower in recent years as it plays an 
increasingly important role as a regulating source of renewable energy. A hydraulic 
turbine is subjected to frequent start-up and stopping cycles, as causes more severe 
damage to runner blades which is brought by transient extraordinary stress. As a result, 
it is important to evaluate the damage that occurs to the runner during the start-up and 
stopping in addition to normal operating condition [1]. 
To properly evaluate the damage to the runner, it is necessary to investigate the 
generation mechanism of the extraordinary stress. In previous papers, the 
extraordinary transient stress during start-up were considered to be stochastic and 
random, and that optimization of start-up procedure of the start-up mode has been 
studied to reduce the extraordinary stress [2][3][4]. Prior to our study, the generation 
mechanism of the extraordinary stress has not been clear. This paper describes the 
latest research on the generation mechanisms of this extraordinary stress. 
The specifications of the prototype runner are low specific speed Francis turbine with 
a maximum net head of 500m class and a maximum turbine output of 100MW class. 
 

2 Strain measurement of the prototype turbine 
Strain measurement of prototype runner was carried out [5]. The result is shown in Fig. 
1. The strain gauges of CH1, CH5, and CH11 are attached to the identical position 
(suction surface on the runner tailing edge of band side) of the consecutive blades, 
and CH2 and CH6 are attached to the opposing surfaces. A dynamic strain of up to 
about 25 times that of no-load operating condition was observed at low rotation speed 
below 30% of the rated speed. At the low rotation speed condition, the waveform is not 
stable and shows sporadically impulsive strain. The impulsive strain occurs 
instantaneously and asynchronously between blades. There are no indications of 
blade interaction or rotational synchronization in the intervals of occurrence. The 
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unique phenomenon accompanied with extraordinary dynamic strain is named as 
“Hydro Drum” by the authors [6]. 
 

Fig. 1. Result of the strain measurement during start-up of a prototype Francis turbine 
 
In order to reveal the mechanical deformation mechanism of “Hydro Drum”, transient 
response analysis by FEA was carried out. ANSYS Mechanical 2019(R1) was used for 
the analysis for the analysis model shown in Fig. 2. A sector consisting of one blade 
was modelled with periodically symmetric condition, because “Hydro Drum” is a 
phenomenon that is independent of each blade. Considering that “Hydro Drum” occurs 
at very low rotation speed and the influence of centrifugal force can be out of 
consideration, fixed support was used for the sector boundary. An instantaneous 
impulsive force, which is assumed to arise during start-up, was impressed on the 
designated area on the blade pressure surface near trailing edge. Additional mass 
effect in the surrounding water was considered instead of modelled water itself. 
Dumping effect was adjusted based on the measurement of the site strain 
measurement. 
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Fig. 2. Analysis model of the prototype runner and impressed impact force 
 
Fig.3 shows calculation results by the FEA. Direction of the strain of FEA is same as 
the measurement. It can be seen that the characteristic behavior is well simulated with 
the comparison to the measurement. At the band side, a relatively clear distortion in 
the bending direction as in the measurement was observed, and the crown side, 
characteristic movement of bending distortion including tensile strain was observed. 
Cause of the extraordinary stress was proved to be sporadic free vibration with 
damping generated by the impact load on the pressure side of the runner blade with 
transient response analysis. 
Because the runner blades are subjected to impulsive pressure on the pressure 
surface during start-up, the unique phenomenon accompanying extraordinary stress 
has been named “Hydro Drum”, which is analogous to a drum being intermittently 
struck by drumsticks for a brief period of time. 
 

Fig. 3. Results of transient response analysis by FEA 
 
Fig.4 shows the“Hydro Drum” intensity map during start-up along various start-up 
procedures. This figure is a bubble chart, where the size of the bubble indicates the 
relative magnitude of the strain. The magnitude of the strain at each time was defined 
by drawing an envelope around the strain waveform. From this figure, it was found that 
taking a larger guide vane opening, especially at low rotation speed below 35% rotation 
speed, leads to a larger distortion, or damage, generated in the runner. In addition, it 
was found that the stress is not affected by the start-up scheme i.e. runner acceleration 
but affected by the transient condition determined with guide vane opening and rotation 
speed. 
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Fig. 4. “Hydro Drum” intensity map during start-up along various start-up procedures 

 

3 Reproduction of the phenomenon by the model test  
Model test was carried out to measure and evaluate pressure and strain on the blade 
[7]. An overview of the model test equipment is shown in Fig. 4. Runner sector models, 
which consists of crown, band and a blade, are structurally coupled circumferentially. 
The runner and head cover were equipped with windows for observation. Water 
pressure sensors and strain gauge were mounted on the blade pressure surface. The 
signals were extracted through a slip ring, and transferred to the data acquisition (DAQ) 
system through amplifier. The sampling frequency was set at 10kHz, which is the same 
order as the propagation time difference between the sensors when considering the 
sound velocity in water containing a large amount of vapor. The pressure sensors and 
the strain gauge were connected to the same DAQ system and the measurement delay 
between these sensors were within 1μs. 
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Fig. 5. Overview of the test rig 

 
A typical example of the measurement waveform is shown in Fig. 6. In this figure, 
dynamic components are shown by eliminating static component i.e. mean value. For 
the purpose of good understanding of relative magnitude of impulsive pressure, PS1 
to PS5 are the normalized pressure by the largest measured value of PS5 among all 
the test points. S1 means normalized dynamic strain by the largest values which 
measured same as pressure sensor. 
Pressure waveform of PS1 were not affected by the difference of the suction head. 
Upstream, where the hydraulic energy is higher, the pressure was higher and the effect 
of depressurization was smaller. In PS4 and PS5, the impulsive pressure, which is a 
characteristic waveform of the “Hydro Drum” observed in the prototype, occurred 
sporadically due to the depressurization. The strain gauge attached near trailing edge 
of the band side(S1) also observed impulsive strain at the same time as the impulsive 
pressure. Large amount of vapor was observed at the observation window at the low 
suction head condition. 
From the further detail investigation of the waveform and those under other test 
conditions, it was found that impulsive pressure of PS3 to PS5 occurs prior to the 
impulsive strain. Thus that, it was considered that a certain impulsive strain is caused 
by the corresponding impulsive pressure. 
The “Hydro Drum” intensity map is shown in Fig. 7. The bubble diameter corresponds 
to the impulsive pressure at PS5. The intensity of the “Hydro Drum” was found to 
increase with the guide vane opening at all speeds, and decrease with rotation speed 
at constant guide vane opening. 
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This trend of Fig. 7 is qualitatively consistent with the trend measured in the prototype 
turbine shown in Fig. 4, as indicates that it is possible to reproduce the “Hydro Drum” 
phenomenon that occurs during the start-up of the prototype in the model test. 
 

Fig. 6. Typical example of the measurement waveform 

 
 

Fig. 7. “Hydro Drum” intensity map at the model test 
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4 Hydrodynamic mechanisms assumed by CFD analysis 
CFD was performed on the model turbine, which has similar geometry to the prototype 
turbine, with ANSYS CFX 21.1. The CFD model consisting of guide vanes, runner and 
draft tube with 7.02 million structured meshes. As for boundary conditions, mass flow 
was given at the guide vane inlet and a constant mean static pressure was set for the 
outlet of the draft tube. The operating conditions were as follows: guide vane opening 
of model aM=13.5% of full opening, cavitation coefficient (Thoma number) σ=0.07, and 
rotational speed of 0% of rated rotation speed (standstill). Large eddy simulation (LES) 
with Smagorinsky subgrid scale model was adopted as a turbulence model. Steady 
state calculation result with shear stress transport (SST) were used as the initial 
condition for LES calculation. As for cavitation model, the simplified Rayleigh-Plesset 
equation shown in equation (1) was adopted. 

𝑑𝑑𝑅𝑅𝐵𝐵
𝑑𝑑𝑑𝑑

= �
3
2
𝑝𝑝𝑣𝑣 − 𝑝𝑝𝑤𝑤
𝜌𝜌𝑤𝑤

(1) 

Where, 𝑅𝑅𝐵𝐵 is the represents radius of vapor bubble, 𝑝𝑝𝑣𝑣 is the pressure in the bubble, 
𝑝𝑝𝑤𝑤 is the pressure in the water, 𝜌𝜌𝑤𝑤 is the density of water. Calculations were performed 
while gradually decreasing the outlet pressure to stabilize the calculations. The 
calculation results were evaluated at a time after the fluctuation of the cavitation volume 
due to the change in outlet pressure stabilized. Monitor points PS1 to PS5 of static 
pressure on pressure surface of the runner blade were set as the position corresponds 
to where the water pressure sensors were installed in the model test (Refer to Fig. 5). 
Fig. 8 shows the behavior of two cavitation clouds.  The left-hand figure shows the time 
history of the monitor points of the wall static pressure. Vertical axis was 
nondimensionalized with the net head. Horizontal axis was set to zero seconds at time 
(a). The static pressure at PS3 to PS5 increased rapidly after time (d) and then 
subsided rapidly. The right-hand figure (captured image) shows the isosurface of water 
pressure, static pressure at pressure surface of the blade and isosurface of 50% water 
vapor volume fraction. In the capture at time (a), there are two cavitation clouds as 
shown by [A] and [B]. These cavitation clouds are a part of the large amount of 
cavitation clouds generated near the runner blade inlet by the separation flow at 
leading edge of the blade. As time progresses from (a) to (c), the cavitation cloud [A] 
slowly condenses and completely collapses at time (d). The pressure wave originating 
from the collapse of the cavitation cloud rapidly condenses the other cavitation cloud 
[B] from time (d) to time (f), causing a large-scale collapse at time (g). Pressure waves, 
the amplitude of which is close to the net head, spreads over a wide area. The chain-
reaction collapse of cavitation clouds has been experimentally confirmed by the basic 
research of Sato et al. [8] and it was shown that same phenomenon occurred in the 
flow channel of the Francis turbine. 
Fig. 9 shows example of the pressure wave generated by three cavitation clouds 
shown by [A], [B], and [C]. Cavitation cloud [A] was the first to collapse slowly. The 
pressure wave from the collapse of cavitation cloud [A] rapidly condenses another 
cavitation cloud [B], then the other cavitation cloud [C]. It should be noted in the results 
that the collapse of the last cavitation cloud [C] generated higher pressure wave than 
the collapse of the cavitation cloud [B] which had the largest cavitation cloud size. For 
the chain-reaction collapse of a single cavitation bubble, Lauer et al. have shown that 
the pressure increase due to the last bubble is the highest although the bubbles are 
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same size [9]. The present results suggest that even small cavitation clouds have the 
potential to generate large pressure rise depending on the conditions of chain-reaction 
collapse. 
 

Fig. 8. Collapsing behavior of two cavitation clouds 

 
 

Fig. 9. Collapsing behavior of three cavitation clouds 
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5 Conclusion 
Hydraulic load of extraordinary stress on runner blades during the start-up of Francis 
turbines was investigated by the site measurement, model test and CFD, and the 
following results were obtained. 
 
 The extraordinary stress was proved to be sporadic free vibration with damping 

generated by the impact load on the pressure side of the runner blade. 
 
 Model test results indicates that it is possible to reproduce the phenomenon that 

occurs during the start-up of the prototype. 
 
 CFD results revealed that the hydraulic load of extraordinary stress on runner 

blades during the start-up is caused by the chain-reaction of collapse of cavitation 
clouds. 

 
 
 In conclusion, it is clear that the hydraulic load of extraordinary stress on runner 

blades during the start-up of Francis turbines is caused by the chain-reaction of 
collapse of cavitation clouds. 

 
The phenomenon that runner blades are struck by impact load on the pressure surface 
during start-up are unique characteristics and compared to a drum beaten by 
drumsticks randomly in short time, and we named the unique phenomenon “Hydro 
Drum”. 
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