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ABSTRACT  

 

The aim of the research has been to investigate the change of dynamic behavior of a Kaplan turbine runner when 

submerged in still water. More specifically, the effects of the added mass on the modes of vibration have been 

quantified. For that, the modes of vibration of the runner in vacuum, in air and in water have been simulated with 

a coupled Acoustic-Structural modal analysis and, from their comparison, the reduction of the natural frequencies 

and the possible changes of the mode shapes have been determined. The results show that the typically assumed 

invariance of all the mode shapes of a structure when submerged in a dense fluid is not fully accomplished in this 

particular geometry. And regards to the frequency reduction ratios, they are found to be similar for the first six 

modes with an average value of about 37%. 
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1 METHODS  

Up to now, the prediction of natural frequencies in hydraulic turbines has been performed by considering that 
the solid surface displacements and the fluid density variations are small, and by using an irrotational flow 
without mean velocity (J.P. Gauthier et al., 2017; D.S. Braga et al., 2013). Therefore, the use of the acoustic 
wave equation for pressure coupled to the structural one is deemed valid to carry out the modal analysis of a 
Kaplan turbine runner based on Equation 1: 

[𝑀𝑠]�̈� + [𝐾𝑠]𝑢 = [𝑅]𝑝

[𝑀𝑓]�̈� + [𝐾𝑓]𝑝 = −𝜌[𝑅]𝑇ü
} [1] 

 

where [𝑀𝑠] and [𝑀𝑓] are the structural and fluid mass matrices, respectively, [𝐾𝑠] and [𝐾𝑓] are the structural and 

fluid stiffness matrices, respectively, [𝑅] is the coupling matrix, 𝑝 is the pressure, 𝜌 is the density and 𝑢 is the 
structural displacement. 

The frequency reduction radio (FRR) between the natural frequencies of the structure in vacuum and in water 
has been computed using the Equation 2: 

FRR (%) =
𝑊𝑣 − 𝑊𝑤

𝑊𝑣

100 [2] 

 

where 𝑊𝑣 is the natural frequency of the structure in vacuum and 𝑊𝑤 in water. 

The Modal Assurance Criterion (MAC) has been used to compare the modal vectors between the runner in 
vacuum, in air and in water (M. Pastor et al., 2012) as defined by Equation 3: 

MAC (r, q) =
|{𝑉𝑟}𝑇{𝑉𝑞}|

2

({𝑉𝑟}𝑇{𝑉𝑟}) ({𝑉𝑞}
𝑇

{𝑉𝑞})
 [3] 

 

where {𝑉𝑟} is the mode shape of the structure in vacuum and {𝑉𝑞} in air or water. The MAC can take a value 

between 0 and 1, with values larger than 0,9 indicating a consistent correspondence between two mode shapes, 
whereas small values suggest a poor resemblance between them. 
 
2 RESULTS 

In Table 1, the frequencies of the first six bending modes of the runner blades in vacuum, in air and in water are 

listed along with the FRRs between the frequencies in vacuum and water. Others studies which also investigated 
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the FRRs of the first bending mode of a Kaplan runner blade showed values ranging from 40 to 50 % (V.P. 

Zolotarevich et al., 2017; J.P. Vialle et al., 2008; M. Zhang et al., 2019). The dispersion between results steam 

from the fact that the added mass depends on multiple factors such as geometry, dimensions, blade-hub 

assembly or nearby boundary conditions, which makes comparisons complicated. 

Table 1. Runner natural frequencies in vacuum, air and water, and corresponding FRRs. 

 

 

 

 

 

 

 

Despite of the common assumption that the mode shapes are invariant between structures in vacuum and 
water, it seems that this correlation is lost for complex structures which are submerged in a heavy fluid such as 
a Kaplan turbine runner. 

Table 2 shows the MAC values for the vibration modes obtained by the numerical modal analysis of the present 
geometry. It can be observed that they are exactly 1 between vacuum and air, as expected, but they are 
significantly lower between vacuum and water, specially for M6. 

Table 2. MAC values between mode shapes: vacuum-water and vacuum-air. 

 

 

 

 

 

 

 

 

 
3 CONCLUSIONS 
It has been found that the FRRs of a Kaplan turbine runner are slightly lower than the values provided by other 
authors, which might be attributed to the high sensitivity of the estimates to several factors such as the boundary 
conditions. With regards to the mode shape invariance which is generally assumed, it is shown in our particular 
case that the modes shapes when submerged in water are slightly different than the ones in vacuum, and 
specially for the highest order mode considered in the present study. 
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 Natural Frequency (Hz)  

Mode Vacuum Air Water FRR(%) 

M1 1081 1081 736 32 

M2 1257 1257 768 39 

M3 1262 1261 775 39 

M4 1269 1268 779 39 

M5 1280 1279 833 35 

M6 1285 1284 836 35 

  Water 

  M1 M2 M3 M4 M5 M6 

 
Vacuum 

M1 0,8 0,7 0,7 0,6 0,7 0,6 

M2 0,5 0,9 0,4 0,2 0,3 0,2 

M3 0,9 0,8 0,9 0,3 0,7 0,3 

M4 0,5 0,4 0,6 0,8 0,6 0,3 

M5 0,8 0,5 0,9 0,4 0,8 0,3 

M6 0,3 0,4 0,3 0,7 0,3 0,4 

  Air 

  M1 M2 M3 M4 M5 M6 

 
Vacuum 

M1 1 0,5 0,8 0,7 0,7 0,6 

M2 0,5 1 0,6 0,2 0,3 0,3 

M3 0,8 0,6 1 0,6 0,8 0,3 

M4 0,7 0,2 0,6 1 0,7 0,5 

M5 0,7 0,3 0,7 0,7 1 0,2 

M6 0,6 0,4 0,4 0,5 0,2 1 


