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ABSTRACT 
This paper presents an investigation of time-dependent pres-

sure measurements in the spiral casing of a Kaplan turbine model. 
The work is part of a project with the purpose of investigating 
unsteady flow phenomena in hydro-power turbines. Three dif-
ferent loads were investigated: part load, best efficiency point, and 
high load. Several locations on the spiral casing were investigated. 
The results are compared with measurements in the draft tube cone. 
The mean values of the pressure around the spiral casing outlet 
indicates a nearly uniform distribution of the pressure to the runner. 
The runner frequency is one of the dominating frequencies. The 
corresponding amplitude is similar for all loads and decreases on 
the outer part of the spiral casing. At part load, a rotating vortex 
rope with precessional movement occurs in the draft tube. The 
rope generates an acoustic propagation upstream of the runner, 
which amplitude is ~1/5 of the amplitude in the draft tube. 

 
NOMENCLATURE 
D Runner diameter  [m] 
f  Frequency   [Hz] 
f* Normalized frequency, (f/fn) [-] 
fn Runner rotational frequency [Hz] 
g Gravitational acceleration  [m/s2] 
H Head   [m] 
P Pressure   [Pa] 
p* Normalized pressure  [-] 
Q Discharge   [m3/s] 
Ref Reference position  [-] 
α Guide vane angle  [°] 
ρ Water density   [kg/m3] 
 
INTRODUCTION 

Hydropower is a sustainable energy resource that has been 
developed since the early 20th century. Many hydropower plants 
are as old as 100 years, and are in need or in progress of refur-
bishment. During the refurbishment and new construction of large 
hydro-power turbines, it is common to estimate the efficiency and, 
in case of renovation, the efficiency step up with model tests. 
Model tests are a costly and time consuming, yet important step in 
the construction and refurbishment process. Accurate simulations 
of generic fluid flow and certain types of industrial flow are made 
with high performance computers and advanced computational 
programs. By implementing Computational Fluid Dynamics 

(CFD) in the design phase, the number of model tests can be 
reduced. A decrease in model tests could lead to a shorter devel-
opment time and lower costs. The flow through a turbine is rather 
complex and can be difficult to predict numerically, especially at 
off design. In order to validate and improve the accuracy of the 
numerical codes, validation data for these complex flows is 
needed. 

Over the last 10 to 15 years, a number of advanced experi-
mental research of model and prototype turbine projects were 
completed. Extensive investigations of Francis turbines were 
performed at the universities, École Polytechnique Fédérale de 
Lausanne in Switzerland and the Norwegian University of Science 
and Technology in Norway. Pressure phenomena that occur in 
Francis draft tubes has been characterized by sophisticated 
methods at these universities, e.g., Arpe et al. (2002), Nicolet et al. 
(2004) and Vekve (2004). In Sweden, a project named Turbine-99 
investigated the flow in a Kaplan turbine. The measurements were 
used as boundary conditions and validation data for subsequent 
numerical simulations, e.g., Andersson (2009) and Lövgren 
(2006). A Kaplan turbine is double regulated and, thus, able to 
trigger specific flow phenomena such as vortex breakdown. 
Therefore, this type of turbine is ideal for this survey. 

An ongoing project, named Porjus U9, aimed to investigate the 
flow in both the spiral casing and the draft tube of a Kaplan turbine 
model. The investigated turbine is a 1:3.1 scale model and consists 
of 6 runner blades, 20 guide vanes and 18 stay vanes. The runner 
model diameter is 0.5 m. The prototype turbine, U9, is situated at 
the Luleå River in Northern Sweden. It operates under a head of 55 
m and produces 10 MW at full capacity. The primary purpose of 
the Porjus U9 project is to build a database with experimental 
measurements for the validation of CFD simulations. Additionally, 
the database will be used for a survey of scale-up formulas because 
similar measurements can be performed on the corresponding 
prototype. The experimental part of the project is divided into two 
components, velocity measurements with LDV technique and time 
resolve pressure measurements. Mulu and Cervantes (2009) and 
Jonsson and Cervantes (2009) have already presented the meas-
urements performed in the draft tube.  

Present work deals with the pressure measurements in the 
spiral casing. The results are discussed with measurements pre-
viously collected from draft tube cone experiments, e.g., Jonsson 
and Cervantes (2009). Three regimes are investigated in the pre-
sent study. The first regime is part load, where large amplitude 
pressure oscillations may occur in the draft tube. The dominating 
phenomenon at part load is the Rotating Vortex Rope (RVR), 
which may cause fatigue and malfunction of the machine. The 
Best Efficiency Point (BEP) is also investigated. For this regime, 
the machine runs smoothly and the synchronous frequencies (ro-
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Figure 1: Schematics of the test rig.

tor-stator interaction) are the dominating fluctuations, e.g., runner 
frequency, blade passage frequency, etc. Finally, high load is 
investigated. In this regime, separation at curved surfaces, un-
steadiness, and swirl flow may appear. 
 
EXPERIMENTAL SETUP 

The experiments were performed at Vattenfall Research and 
Development (VRD) model test facility in Älvkarleby, Sweden. 
The test rig is a closed loop system with a high and low pressure 
tank. The turbine is situated between the two tanks (Figure 1). The 
absolute pressure in the downstream tank can be adjusted to either 
trig or to avoid cavitation. Cavitation was not present in the actual 
experiment. Throughout all measurements, the blade angle was 
held constant. The runner speed and the net head were set to 696.3 
rpm and 7.5 m, respectively. Three working points were investi-
gated: one on the left of the BEP on the propeller curve (Left), the 
Best Efficiency Point (BEP) and one on the right of the BEP on the 
propeller curve (Right). These points correspond to a guide vane 
angle of 20°, 26° and 32°, respectively. An overview of the main 
operational parameters is presented in Table 1. 

. 
Table 1: Operational parameters. 

Operating point Left BEP Right 
Guide vane angle [°] 20 26 32 
Discharge [m3/s] 0.62 0.71 0.76 

Unit discharge, 2Q D H  [-] 0.9 1.0 1.1 

Normalized efficiency [-] 94 100 99 
 
Acquisition System and Geometry 

Three different types of flush-mounted pressure transducers 
were used during the measurements, depending on the measuring 
location. In the spiral casing, sensors from Sensotec (M10HT) and 

Unisensor were used. The M10HT sensors were of a sealed gauge 
type with an accuracy of 0.5%. They did not accurately capture the 
absolute value and therefore were only used to measure the fluc-
tuations, i.e., for spectral analysis and cross-correlation. Instead, a 
transducer from Unisensor was used to measure the mean values. 
The transducer is relatively small and suitable for use on the outlet 
of the spiral casing, where the narrow mounting space was prob-
lematic. According to the manufacturer, the accuracy of the sensor 
is less than 2%. However, the sensor was carefully calibrated with 
high accuracy before and after the measurements. It will also be 
valuable for the design of future measurements. 

We chose eight positions in the spiral casing. Six positions 
were around the spiral casing outlet, i.e., in the region near the 
guide vanes and two of them were on the outer part of the spiral 
casing. Figure 2 illustrates the position locations. A reference 
pressure sensor was mounted in the inlet tube 0.6 m upstream of 
the spiral casing inlet. 

Differential type sensors from Druck (PDCR810) with an ac-
curacy of 0.1% were used in the draft tube. Four sensors equally 
spaced around the circumference were mounted in the top of the 
draft tube cone (Figure 3). A reference sensor was placed near the 
draft tube outlet. Jonsson and Cervantes (2009) provide a further 
description and more detailed results from the draft tube meas-
urements. 

During all of the measurements, a magnetic encoder was used 
to resolve the angular position of the runner. A data acquisition 
system with 24-bit PXI cards (Ni-4472) was used. Each card has 
eight channels with anti-aliasing filters and a maximum sampling 
frequency of 102.4 kHz. In order to acquire simultaneous logging, 
all cards were coupled in the chassis. For all measurements, sam-
pling frequencies of 2 kHz and 5 kHz were used to obtain long 
time series, i.e., several RVR revolutions, and accurately 
phase-resolve the data with respect to the runner frequency. 
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Figure 2: Top view of the spiral casing with sensor positions S1 to S8 and side view of the spiral casing with sensor positions S4 to S8. 
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Figure 3: Side view of the draft tube cone where 1 denotes the position of the cross section. Top view of the draft tube cone with the sensor 
positions DT1 to DT4, placed with 90° spacing around the circumference. 

Measuring Method and Data Evaluation 
The measuring procedure in the draft tube follows the methods 

presented in Jonsson and Cervantes (2009) and Lövgren (2006). 
Between six and ten transducers were used simultaneously. In 
order to minimize systematic errors, the transducers were ran-
domly switched between the pressure taps covering all positions 
twice.  

All positions in the spiral casing were measured simultaneously 
with the M10HT sensors and the positions S1-S6 (randomly 
switched) with the other sensors. Due to water leakage and mal-
functioning sensors, some positions were not properly repeated. 
During all tests, reference pressures were measured in the draft 
tube and the spiral casing. For further details of the practice, refer 
to Lövgren et al. (2006). 

The results are presented in a non-dimensional form, according 
to Eq. 1, that normalizes the pressure by the head-pressure. The 
reference pressure, pref, is measured in the inlet tube for the spiral 
casing measurements and near the draft tube outlet for the draft 
tube measurements. 
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Spectral analysis in the frequency/amplitude domain followed 

the evolution of pressure fluctuations through the machine/water 
passages (Vekve (2001) and Jacob et al. (1994)). It can be difficult 
to obtain good approximations of amplitudes and frequencies in 
measured data because of noise, shift in periods, etc. The Welch 
method of periodogram type is a suitable method for this purpose. 
The Welch method divides the signal into overlapping sub-blocks 
that allows for the use of different windows. The Welch method, 
with a Hanning window, was adopted throughout the spectral 
analysis. The overlapping of the sub-blocks was set to 50%. Fur-
ther details of the method may be found in Proakis and Manolakis 

(1992) and Vekve et al. (2004). 
The test rig experiences long-period swings, which cause errors 

for a lengthy time series. In order to reduce the swing influence, 
the signal was high-pass filtered at the frequency 0.043·f  (0.5 Hz). n

The origin and the shape of the main fluctuations were inves-
tigated. The frequency was isolated and the signals from the dif-
ferent sensors were cross-correlated. The nature of a fluctuation, 
e.g., rotating oscillation, acoustic propagation and electrical dis-
turbance, is determined by the magnitude of the phase shift be-
tween signals. 

The synchronous frequencies (fn and multiples of fn) can be 
phase-resolved with respect to the angular position of the runner. 
The readings from the magnetic encoder indicate the time of a 
fixed angular position of the runner.  Then, the time series can be 
divided into segments with respect to the angular position of the 
runner. The data is partitioned into bins and averaged. The bin size 
was set to 3° and the averaging method is similar to one used for 
LDV measurements. Refer to Glas et al. (2000) for further details. 
 
RESULTS AND DISCUSSION 
 
Mean Values

The purpose of a spiral casing is to deliver the flow to the 
runner so that it is equally distributed around the circumference. 
Non-uniform water distribution may give rise to lateral forces. An 
indication of the flow symmetry delivered to the runner may be 
obtained by measuring the mean pressure in the spiral casing.  
Mean pressure measurements around the guide vanes are also 
important for CFD validation, i.e., checking the validity of the 
runner inlet boundary condition. 

Figure 4 shows the mean pressure distribution around the outlet 
of the spiral casing (S1 - S4). For each operating point, an equally 
distributed pressure is noticeable. The maximum variation is less 
than 2% of the pressure-head, which is approximately the guar-
antied resolution of the sensor.  

Figure 4: Mean pressure at the positions around outlet of the spiral 
casing. 

Figure 5: Mean pressure development between 2 guide vanes. 
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ind the guide vane and 
adopts a similar value to the S5 position. 

Fr

The pressure at three positions following a line between two 
guide vanes is presented in Figure 5. Large differences in pressure, 
as function of the load, can be observed at the position S4. The 
pressure appears to converge to a single value as the sensor moves 
upstream toward the S5 and S6 positions. At position S6, the 
cross-sectional area (normal to the flow direction) is almost in-
dependent of α. Variation in the dynamic pressure is small because 
it is related to the velocity. The cross-sectional area at the S5 
position is almost twice as large for α = 32°, compared to 20°. 
Thus, the variation in velocity near the guide vanes, as function of 
the load, is much larger than the flow rate variation. The variation 
in velocity induces large differences in dynamical pressure. Posi-
tion S4 is in the high velocity field beh

 
equency Analysis 
In hydraulic turbines, different types of pressure oscillations 

arise independent of the regime. At the highest efficiency, the 
amplitudes are usually much lower than at off-design. Figure 6 
shows an amplitude spectrum in the spiral casing at BEP. The 
machine runs smoothly in this regime and the runner frequency is 
predominant. The two synchronous frequencies, blade passage 
(6·fn

*) and the rotor-stay vane interaction (18·fn
*) are barely no-

ticeable. Three non-synchronous frequencies are observed, 0.8·fn
*, 

8.6·fn
* and 12.5·fn

*. The first frequency will be discussed later in 
the paper. The second frequency corresponds to 100 Hz and 
originates from the rectifier in the electrical system. The last fre-
quency has not yet been identified. 

 6: Amplitude spectra for position S4 in the spiral casing at 
BEP.  

he other synchronous frequen-
cie appear as small fluctuations. 
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 Figure 7 shows the phase-averaged data over one revolution 

for the sensors situated at the spiral casing outlet (S1 to S4). At the 
runner frequency, the fluctuations have a phase shift correspond-

ing to the angular position of the sensors. Therefore, each curve in 
Figure 7 is compensated by the corresponding phase shift. The 
curves follow a similar pattern and indicate a circular movement in 
the fluctuation indicating differences in the blades adjustment 
and/or a wobbling of the runner. T

s 
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The frequency 0.8·fn

*, observed in Figure 6, varies slightly as a 
function of the load. At each load, the frequency corre

 rotational speed of the test rig water supply pumps. 
Figure 8 presents the cross-correlation of the isolated frequency 

0.8·fn
* between different sensors in the draft tube and spiral casing. 

The phase shift for all correlations nearly equals zero. Therefore, 
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Figure 9: Amplitude spectra for the sensors in the spiral casing at BEP and high load. 



 

Figure 10: Amplitude spectra for the sensors in the spiral casing and the draft tube at part load. Notice, the z-axes are scaled differently.  
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umps generate pressure pulsations that affect the entire test 
rig

des observed in Figure 10 indicate an acoustic 
ropagation. 
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Amplitude spectra for all sensors in the spiral casing are pre-

sented in Figure 9 with the left and right sub-figure obtained at 
BEP and high load, respectively. The amplitudes are approxi-
mately equal for all the sensors near the guide vanes (S1 to S6), 
both under BEP and high load. On the outer part of the spiral 
casing (S7 and S8), the amplitudes are slightly lower for fn

* be-
cause they are located further away from the runner and are 
damped. At part load (Figure 10), the amplitudes at fn

* show 
similar values for BEP and high load. Independent of the load and 
the measured position, the fluctuation at the pump frequency 
(~0.8·fn

*) is nearly constant in amplitude. 
By lowering the discharge and keeping the blade angles con-

stant, a RVR develops. The frequency of the RVR (0.175·fn
*) 

dominates the spectra (Figure 10). Two harmonics related to the 
RVR are also observed in the draft tube amplitude spectra. The 
maximum amplitude of the RVR is equal to approximately 2% of 
the pressure-head in the draft tube. This amplitude is about 5 times 
larger than the maximum amplitude observed in the spiral casing 
(~0.4%). Figure 11 shows a phase shift of ~0.12 s at the RVR 
frequency for positions with 90° angular spacing in the draft tube 
at section 1. The cross-correlation of signals, measured at posi-
tions with 90° angular spacing, give time delays between 0.08 to 
0.165 s. The variation in the phase shift and the difference in the 
amplitude observed in Figure 10 indicate a wobbling movement of 
the RVR, i.e., a precession. The cross-correlation of signals from 
the sensors in the spiral casing (S1 to S8) shows approximately 
zero time shifts (Figure 11). The zero phase shift and the nearly 
equal amplitu
p
 
 

NCLUSIONS 
A survey of time-dependent pressure fluctuations in the spiral 

casing of the Kaplan turbine model was made. Three different 
operational conditions were investigated, part load, BEP and high 
load. For all cases, a constant runner blade angle was used. A

mparison was made to measurements in the draft tube cone. 
According to the sensor accuracy, the mean pressure around the 

spiral casing outlet is distributed fairly equally, independent of the 
d investigated. This shows a well designed spiral casing. 
Two distinct amplitudes are observed when investigating pe-

riodic fluctuations. The runner frequency (fn) occurs for all three 
loads. The RVR frequency occurs at part load. The amplitude of 
the runner frequency shows an equal pattern for all loads, with the 
lower amplitude further away from the runner. A cross-correlation 
and spectral analysis indicates that the RVR has a precessional 
movement in the draft tube cone. The RVR generates an acoustic 
propagation upstream of the runner that has an equal frequency 
and a smaller amplitude (~1/5). Periodic fluctuations with small 
amplitudes have also been observed. Their origin has been derived 
to synchronous components (e.g., blade passage fluctuations), and 
disturbances from both water supply pumps and the electrical 
system. However, many of the measured fluctuations have am-
plitudes in the range of the sensor accuracy. It is important to 
rememb
p
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