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Abstract 
The development of renewable energy sources has increased the need for power regulation. Power 
system regulation is mainly performed by hydropower plants through load variations. Additional 
forces are exerted on the runner blades during these load variations. This paper deals with pressure 
measurement performed on the blades of a Kaplan turbine model under steady state and load variation 
conditions. Flow behavior and frequency content of the pressure are investigated and compared to find 
critical condition in terms of pressure fluctuation. The results show that at various operating points and 
conditions, different regions of the blade are important. During load rejection, a considerable amount 
of pressure fluctuations are exerted on the runner blades. These results will be used to define 
experiments to be performed on the corresponding prototype. On the prototype, the loads acting on the 
runner blades will be investigated at various operation points similar to the model. In addition, the 
relation between the frequency content on the blades and loads on the main shaft will be investigated. 
Comparing results from model and prototype eventually would be valuable to explore the flow 
characteristics in prototype since CFD simulation of prototype is challenging. 
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1 Introduction 
Pressure fluctuations exerted on the runner blades at various operating conditions are essential 
to determine turbine life expectancy [1]. Different forces and pressure fluctuations may be 
exerted on the turbine blades and main shaft during load variations compared to steady 
operation [1]. In recent years Kaplan, Francis and propeller turbines have received much 
attention from the research community under load variation and steady state [2]. Different 
operating points, load variations, start-up and shutdown have been studied on a Francis 
turbine model at the Water power laboratory, NTNU, Norway [3-7]. It has been observed that 
the pressure fluctuation amplitude during transient operating conditions is higher than during 
steady state operations. Pressure measurements were performed on the blades of a propeller 
turbine during steady state and transient operation and frequency analysis was done to find 
various phenomena’s impacting the turbine [1], [8]. Although numerous investigations have 
been done on hydraulic turbine models, the behavior and nature of the flow in prototype has 
received less attention in the scientific community. 
A measurement campaign on a prototype Kaplan turbine is planned. Its scaled model has been 
studied experimentally and numerically [9-12]. The procedure of pressure sensor mounting on 
the prototype runner with possibility of replacing damaged sensors has been proposed [13]. 
The results of the planned measurement can be used to study scale up effects in water turbine
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systems. Moreover, the results will be used for CFD simulation of the prototype. Furthermore 
these experiments may help determine the relation between loads on the blades and torque on 
the main shaft. Consequently, measuring the strain on the main shaft may help determine the 
loads on the runner. 
In this paper, pressure fluctuations on Kaplan runner blades at three steady operating points 
(part load (PL), best efficiency point (BEP) and high load (HL)) and six transient 
measurements between three predefined operating points are analyzed. Regions subjected to 
high pressure fluctuation during the mentioned conditions are examined. 

2 Experimental setup 
The full-scale Kaplan turbine Porjus U9 is situated on the Luleå River in the northern part of 
Sweden. The present study was performed on the 1:3.1 scaled model of the turbine. Fig. 1 
presents a sketch of the model which is operated in a closed-loop unit at the hydraulic 
machinery laboratory of Vattenfall Research and Development, Älvkarleby, Sweden. The 
runner is composed of 6 blades with a diameter of 0.5 m. The penstock presented in Fig. 1a 
delivers water to the water supply system which is composed of a spiral casing, 18 unequally 
distributed stay vanes and 20 equally spaced guide vanes. The turbine operated at a constant 
rotational speed of 696.3 rpm and a net head of 7.5 m during the measurements.  

  
Fig. 1a: Side view of the model; b: top view of the water supply system; spiral casing, stay vane and 

guide vane (Section A-A). [9] 

In this study, the runner characteristics at three different operating points have been 
investigated. The measurements have been performed at a constant blade angle for each 
operating point; i.e., during off-cam mode. Operational parameters for the operating points are 
presented in Tab. 1.  

Operating point PL BEP HL  
Guide vane angle αgv [º] 20 26.5 32 
Volume flow rate ( Q ) [m3s-1] 0.62 0.71 0.76 
Discharge factor ( EDQ ) [-] 0.289 0.331 0.354 
Speed factor ( EDn ) [-] 0.676 0.676 0.676 
Relative efficiency to BEP ( BEPηη − ) [%] -5.6 0.0 -1.6 

Tab. 1 Operational condition parameters for the U9 model  

The discharge and speed factors are dimensionless numbers defined by the following 
equations. 

gHD
QQED 2=  (1) 

gH
nDnED =  (2) 
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The sensors were mounted on two blades, a blade-to-blade channel, on the pressure side of 
one blade and the suction side of another blade. Six piezoresistive pressure sensors 
manufactured by Kulite (LL-080 series) were flush-mounted on the pressure side of blade 
number 1 and six sensors were installed on the suction side of blade number 2. Sensors on the 
pressure side of blade 1 are shown in Fig. 2. Additional information about the location of the 
sensors can be found in [9]. The pressure range and natural frequency of the sensors are 0-7 
bar and 380 kHz, respectively. Due to the high natural frequency of the sensors compared to 
the frequencies of interest from the measurements, the investigated frequencies were not 
affected. 

 
Fig. 2 Schematic of the runner [9]. 

Two identical telemetry systems, one for each blade, from Summation Research Inc. (SRI-
500e) were used for the calibration and measurements. The system was able to transfer data 
with a frequency up to 17 kHz. The transmitters installed on the rotating shaft, sent signals to 
the stationary receiver. The analogue signals received by the receiver and pressure sensors on 
the draft tube cone were directly fed to a data acquisition (DAQ) system with 24-bit 
resolution; a PXI chassis with four Ni-4472 DAQ cards [9]. 
The uncertainties of the test rig parameters and sensors are presented in Tab. 2. For additional 
information see [9].  

Instrument Uncertainty Position 
Hydraulic efficiency ≤ ±0.13% Test rig 
Volume flow rate (Q) ≤ ±0.18% Test rig 
Head (H) ≤ ±0.04% Test rig 
Guide vane angle setting (αgv) ≤ ±1.3% Test rig 
Encoder 0.03º Test rig 
Pressure sensors ≤ ±0.18% Runner blades 

Tab. 2 Calibration uncertainties of the test rig parameters and sensors. 

3 Data processing 
Pressure measurements on the runner blades of the Kaplan turbine model were performed at 
steady state and load variation operating conditions. At steady state, the model was operated 
and investigated at PL, BEP and HL. Six load variations between three identical operating 
points were selected for the unsteady measurements.  
The pressure fluctuations are defined as follow: 

( ) ( ) PtPtP ii -ˆ =  (3) 

Where ( )tPi  is the acquired pressure signal, P  is the time-averaged pressure, t is time, i is the 
sample index and ( )tPî  is the fluctuating part of the acquired pressure signal. The data analysis 
was performed with an in-house developed code, using Welch’s method to obtain the 
frequency content at the various operating conditions. The sampling frequency during all 
experiments was 4 kHz and the data was recorded for 300 seconds. 
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4 Results 

4.1 Steady measurements 
Best efficiency point 

Fig. 3 presents the pressure amplitude of the pressure sensors at the BEP for runner and guide 
vane passing frequencies.  The blade tip is affected by the guide vane passing frequency more 
than other region at the BEP. 

 
Fig. 3 Pressure amplitude of the pressure sensors at the BEP for runner and guide vane passing 

frequencies 

Runner and guide vane passing frequencies were the dominant frequencies in most of the 
measurements. Furthermore, 21 × 𝑓𝑓∗ (𝑓𝑓∗ as the dimensionless runner frequency) was also 
one of the dominant frequencies, visible in the frequency spectrum of the measured data. For 
all the steady state cases, the amplitude of the mentioned frequencies increases from the 
leading edge to the trailing edge on the pressure side. On the other hand, the amplitude of 
runner frequency decreases chord-wise on the suction side. At the measured operating points, 
impact of guide vane passing frequency on the suction side at the mid points (SS2, SS5) is 
maximum compared with adjacent sensors. SS2 has the maximum amplitude for the 
mentioned frequency. 

Part load 
Fig. 4 presents the amplitude spectra registered by pressure sensor SS2 at the PL operating 
point. At PL, 21 × 𝑓𝑓∗ has a significant role in the frequency content. This large frequency 
amplitude can be seen on the suction side blade tip. Correspondingly, SS2 has the maximum 
amplitude at this frequency (see Fig. 4 (b)). In addition, the changing pattern of amplitude of 
the guide vane passing frequency is similar to the BEP. More information about this 
frequency was explained by Amiri et al. [9].  

 
(a) 

 
(b) 

Fig. 4 a) Amplitude spectra of the pressure sensor SS2 b) pressure amplitude with respect to the 21 ×
𝑓𝑓∗ frequency, at the PL operating point 

Two frequencies of 0.171 × 𝑓𝑓∗ and 0.829 × 𝑓𝑓∗ appeared in the amplitude spectra at the PL 
for all the sensors synchronously, for instance Fig. 4 for SS2. These frequencies were found to 
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be related to the plunging and rotating modes of the rotating vortex rope (RVR), respectively 
[9]. The amplitude of the plunging mode is as large as runner and guide vane passing 
frequency amplitudes. The influence of the other dominant frequencies has been 
overshadowed by the amplitude of the rotating mode. The amplitude of this frequency is 
approximately 3 and 6 times larger than the runner and guide vane passing frequencies, 
respectively. Small peaks found in the amplitude spectra near the dominant frequencies for all 
of cases due to acquisition system. As the source of these frequencies is known, they were not 
considered in the analysis. 

High load 
Fig. 5 illustrates that the trend of the frequency spectrum for HL operating point is similar to 
the BEP; and the average magnitude of the guide vane passing frequency is smaller than that 
of for BEP. It can be seen in Fig. 5 that sensor SS1 and SS2 have the maximum magnitude 
among all the sensors at the runner and guide vane passing frequencies, respectively.  

  
(a) 

  
(b) 

Fig. 5 Pressure amplitudes with respect to the runner and guide vane frequencies at a) HL, b) BEP 

4.2 Transient measurements 
Transient measurements have been performed by load acceptance and load rejection tests 
between three operating points in two different manners; PLtr to BEP, BEP to HLtr, PLtr to 
HLtr, HLtr to BEP, BEP to PLtr and HLtr to PLtr. Tab. 3 presents the operational parameters of  
the transient measurements. 

Case No.  αgv1 αgv2 Q1 Q2 H1 H2 
1 PLtr to BEP 16.2 26.7 0.51 0.69 7.6 7.6 
2 BEP to HLtr 26.7 37.5 0.69 0.77 7.5 7.5 
3 PLtr to HLtr 16 37.5 0.51 0.77 7.6 7.5 
4 HLtr to BEP 37.5 26.6 0.77 0.69 7.5 7.5 
5 BEP to PLtr 26.5 16 0.69 0.51 7.6 7.5 
6 HLtr to PLtr 37.6 16 0.77 0.51 7.5 7.6 

Tab. 3 Operational condition parameters for the unsteady measurements 

Guide vane angle during the transient measurement for PLtr and HLtr was not the same as the 
one during steady operation. The amplitude spectra for some of these cases, which include 
PLtr and HLtr as an operating point for load acceptance or load rejection, are not quantitatively 
comparable with that of steady operation. Nevertheless, the magnitude of the dominant 
frequencies of transient operation can be examined and qualitatively compared with each 
other.  

Case 1 
In the transient measurement case 1, the runner and guide vane passing frequencies are the 
dominant frequencies (See Fig. 6 (a)). Fig. 6 (b) presents the pressure amplitudes at the runner 
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and guide vane passing frequencies during the load variation. Similar to the steady 
measurements, on the pressure side of the blade, the amplitude of the runner frequency 
increases along the chord. The amplitude of the runner frequency measured on the suction 
side decreases chord-wise. This can be the result of the overlap between the runner blades 
which decreases pressure pulsation at the trailing edge of the runner. Also, sensors at the 
position SS2 and SS5 have the maximum magnitude for guide vane passing frequency among 
the chord-wise arrangement; SS2 has larger amplitude in comparison with SS5 in the all 
cases.  

   
(a) 

  
(b) 

Fig. 6 a) Amplitude spectra of the pressure sensor SS2, b) pressure amplitudes with respect to the 
runner and guide vane passing frequencies, during load variation from PLtr to the BEP.  

Case 2, 3 and 4 
The transient results of the sensors for the runner and guide vane passing frequencies during 
transient measurement from BEP to HLtr and HLtr to BEP are presented in Fig. 7. Similar 
results to case 2 have been obtained for case 3. As it can be seen in Fig. 7, the runner and the 
guide vane passing frequencies dominate the frequency spectrum in the load acceptance and 
load rejection, respectively. Besides the changing pattern of the amplitude of the guide vane 
passing frequency during load rejection from HLtr to BEP, it is almost similar to that of the 
PLtr to BEP. In case 2 and 3, the average amplitude of the runner rotational frequency is 
higher compare to the other load variations as a result of higher mass flow rate at HLtr 
compared to the other points.  

  
(a) 

  
(b) 

Fig. 7 Pressure amplitudes with respect to the runner and guide vane passing frequencies; a) BEP to 
HLtr , b) HLtr to BEP 

Case 5 and 6 
Two distinct frequencies, which are related to the RVR, were discussed in the results from 
steady operation at PL. In these two cases, more than 90% of the samples are acquired while 
the turbine operates at PLtr, unlike other cases. Fig. 8 illustrates pressure amplitude of RVR 
frequencies (plunging and rotating modes) for case 5. As it can be seen, the dominant 
frequency in these cases is found to be the rotating frequency of RVR. Furthermore, as 
presented in Fig. 8, the suction side senses higher amplitude of RVR compared to the pressure 



IAHR WG Meeting on Cavitation and Dynamic Problems in Hydraulic Machinery and Systems, Ljubljana 2015 

 

side since flow disturbance comes from the draft tube to the runner [14]. Spectral analysis of 
these two cases gave quantitatively similar results. It can be realized that since the flow rate in 
PLtr is less than steady one, the frequencies of plunging and rotating modes of RVR are 
greater and smaller compared to steady measurements respectively.  

 
Fig. 8 Pressure amplitudes with respect to the RVR frequencies during load variation from BEP to 

PLtr  

Fig. 9 (a) presents amplitude spectra of the pressure sensors during load variation from HLtr to 
PLtr. The RVR frequencies have significantly large amplitude than the runner and guide vane 
passing frequencies in these cases. Fig. 9 (b) illustrates the pressure amplitude of the runner 
and guide vane passing frequencies for case 6. For the PL steady measurement, the amplitude 
of the RVR frequency was up to 3 times the average value of the runner frequency amplitude; 
in the present two cases, this ratio is close to 7. Also, there are large differences between the 
magnitudes of the runner frequency of the sensor SS5 and others during transient 
measurement of case 5 and 6. The region close to the runner hub and trailing edge (SS5 and 
SS6) has the maximum amplitudes among the sensors that are up to 9 and 3 times the average 
of other sensors, respectively. 

 
(a) 

  
(b) 

Fig. 9 a) Amplitude spectra of the pressure sensors and b) pressure amplitudes with respect to the 
runner and guide vane passing frequencies, during load variation from HLtr to PLtr 

5 Conclusion 
Pressure measurements on two runner blades of a Kaplan turbine model were performed 
during steady and transient operations. Different critical points have been detected during the 
measurements. In the steady part, pressure variation at the location SS2 was significant 
compared to other regions on the runner blades. More importantly, results from transient 
measurements shows that pressure fluctuations exerted on the runner blades are stronger than 
steady operating condition. Particularly, load rejection from HLtr to PLtr and BEP to PLtr 
impact on the pressure fluctuations magnitude. The mid blade region near the hub (SS5) 
sensed a large pressure fluctuation due to RVR frequency during transient operations from 
HLtr to PLtr and BEP to PLtr. 
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