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ABSTRACT
Water turbines are since some years widely used for grid stabilization purposes according to their
exceptional load variation capability which gives them the ability to compensate grid fluctuations initiated
by the customer’s consumption or intermittent electricity production systems such as wind and solar
power. Different renewable power generation technologies can be combined in mini-grids to electrify
isolated villages and extend existing grid networks. In these occasions, small hydro units are also a good
option to reduce the overall variability of supply to low levels and provide low̻cost, local electrification
solutions. Hence, initially designed hydropower turbines for steady operation at on-design operating
condition experience many off-design, start/stop and load variations during their life time according to the
nowadays on-demand energy market and introduction of intermittent power generation systems to the
electricity market.
Start/stop and load variations can be harsh for the turbines due to the time dependent forces exerted on
different parts of the turbines, especially rotating parts. Off-design performance of hydropower systems
may also result in unfavorable and harmful periodic forces on the rotating parts. Therefore, investigations
are required to study these working conditions and consider them in design of new hydropower plants and
refurbished turbines. This was the motivation for the experimental investigation of a Kaplan turbine
during on-design, off-design and transient operations with focus on the turbine’s rotor. The test case was a
1:3.1 scaled model of Porjus U9; a Kaplan turbine. The first paper deals with pressure measurements on
the runner blades of the model under steady state operating conditions to find and quantify the sources of
pressure fluctuations exerted on the runner at different operating points. The goal was to investigate the
turbine’s performance at the best efficiency point with concentration on the performance of the water
supply system and compare it to operations at high load and part load for a constant blades angle. The
model results are compared with prototype measurements to corroborate the findings. The second paper
presents the model investigations during load acceptance and load rejection. The model was investigated
with pressure measurements on the stationary and rotating parts of the turbine under different load
variations between part load, high load and best efficiency point. The third paper focuses on velocity
ii

measurements in the runner blade channels and at the runner outlet. The velocity measurements are
performed with a laser Doppler anemometry (LDA) system. The results of the model investigations at best
efficiency points of two propeller curves are presented to investigate the runner blade angle effects on the
turbine’s performance.
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APPENDED PAPERS
Paper A
Amiri K, Cervantes MJ, Mulu BG (2013), “Experimental investigation of the hydraulic loads on a
Kaplan turbine runner model and corresponding prototype”, submitted to Journal of Hydraulic
Research in November 2013.
Flow investigation in the runner of water turbines has been a challenge for the researchers from the
experimental point of view as well as numerical simulations. This paper deals with unsteady pressure measurements
on the blades of a Kaplan turbine model (Porjus U9) at several operating points. The results indicate an asymmetry in
the flow distribution at the spiral casing close to the lip-entrance region. The asymmetry induces large oscillations in
the pressure exerted on the runner blade surfaces and runner vibration. Torsion measurements on the main shaft of
the corresponding prototype have also been performed to compare the results with the model measurements. The
bearing of the main shaft of the prototype has been equipped with load sensors at different peripheral locations to
investigate the effect of the asymmetry on the bearings. The results showed that the hydraulic loads on the runner
results in a shaft wobbling and the oscillatory forces exerted on the blades are transferred to the main shaft and
bearings.

Paper B
Amiri K, Cervantes MJ, Mulu BG, Raisee M (2013), “Unsteady pressure measurements on the runner
of a Kaplan turbine during load acceptance and load rejection”, submitted to Journal of Hydraulic
Research in December 2013.
Part load operation and load variation of water turbines can be harmful for the turbines, especially their
rotating parts. Part load operation of single regulated turbines may induce a rotating vortex rope (RVR) in the draft
tube which is source of asynchronous fluctuations on the runner and hydraulic systems. Load variation may also
result in unpredictable loads and unbalance forces on the runner. This paper deals with unsteady pressure
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measurements on the blades of a Kaplan turbine model (Porjus U9) during load variation. The turbine was studied
during different load acceptance and load rejection scenarios in off-cam mode to investigate the effect of the
transients on the turbine performance. Formation and mitigation process of the RVR and its effect on the forces
exerted on the runner were also investigated. The results showed a smooth transition during load variations between
high load and BEP, where the RVR does not form in the draft tube. However, load variation to part load results in the
formation of a RVR with two components; rotating and plunging. Its formation starts with induction of the
fluctuations in the plunging mode and the rotating mode starts with some delay. The same process was observed
during RVR mitigation.

Paper C
Amiri K, Mulu BG, Cervantes MJ (2013), “Experimental investigation of a Kaplan turbine runner:
Best efficiency points”, submitted to Experiments in Fluids in January 2014.
Experimental investigation of the velocity in rotating parts of water turbines is a challenge due to
the flow complexity and accessibility. Hence, flows in rotating parts of such machines are mainly
investigated numerically using experimental results acquired in stationary parts to indirectly validate the
simulation results. Detailed experimental results acquired in the rotating parts of turbine models are
valuable for data validation purposes as well as better understanding of flow condition in rotating
machines.
This study deals with laser Doppler anemometry measurements in the blade channels and at the runner
outlet of a modern Kaplan turbine model, Porjus U9. Measurement results at best efficiency points
corresponding to two propeller curves are presented. The results show fully attached flow to the runner
blades inside the blade channels indicating well-functioning blades at these operating points. Tip clearance
at this section was found to be source of some losses. At the runner outlet section, hub clearance jet has a
strong influence on flow control over the rotating hub. The jet strength decreases with opening the runner
blades and the swirl entering the draft tube.
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ABSTRACT
Flow investigation in the runner of water turbines has been a challenge for the researchers from the
experimental point of view as well as numerical simulations. This paper deals with unsteady pressure
measurements on the blades of a Kaplan turbine model (Porjus U9) at several operating points. The
results indicate an asymmetry in the flow distribution at the spiral casing close to the lip-entrance
region. The asymmetry induces large oscillations in the pressure exerted on the runner blade surfaces
and runner vibration. Torsion measurements on the main shaft of the corresponding prototype have also
been performed to compare the results with the model measurements. The bearing of the main shaft of
the prototype has been equipped with load sensors at different peripheral locations to investigate the
effect of the asymmetry on the bearings. The results showed that the hydraulic loads on the runner
results in a shaft wobbling and the oscillatory forces exerted on the blades are transferred to the main
shaft and bearings.

Keywords: blade pressure measurement, fluid induced vibration, Kaplan turbine, prototype
measurement, water supply performance.
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1

Introduction

The increase in the fossil fuels price together with their pollution problems has increased the
demand for renewable energy production. According to the International Renewable Energy
Agency’s report (Amin 2012), hydropower produces the highest portion of electricity
between the renewable resources; 16-17% of the world’s electricity and about 80% of the
world’s renewable electricity. The study performed by Observ’ER (Observ'ER 2012) shows
that solar and wind power had the highest annual growth in electricity production in the
period of 2001 to 2011; an average of 45.8% and 28.3% per year, respectively. This fast
growth of the intermittent power generation has increased off-design operation of the
hydropower systems and also resulted in more frequent starts/stops and load variation in
hydropower plants (Trivedi et al. 2013b). The turbine operations in off-design mode result in
unfavorable flow which induce large vibrations in the runner, bearings and other rotating and
stationary parts of the turbine. Kaplan turbines, doubly regulated machines, are also a
concern. Undesirable operating conditions together with the emergence of water lubricated
bearings to address environmental issues have increased the concerns about the vibrations
exerted on the rotating parts of the turbines. Considerably lower viscosity of the water (0.66
cSt at 40º) compared to the turbine oils (32-68 cSt at 40º) affects the sustainability of the new
generation of turbine bearings and they can sustain lower specific bearing pressures (Golchin
2013).
More frequent off design operation together with new environmental constraints
necessitate new concept in bearing design and more investigations on the sources of the fluid
instabilities in hydraulic machines. Diamond et al. (Dimond et al. 2009) performed a review
study on turbines bearing design. The lower sustainable specific bearing pressure can be a
major restriction in employment of water lubricated bearings in low head turbines with large
runner diameter. Fluid dynamics of the hydropower turbines has been investigated both
experimentally and numerically. However, the complexity of the flow in hydraulic machines,
(fully turbulent quasi-periodic phenomena together with rotor stator interaction) produces
some physical phenomena which still are not clearly understood. For instance, the onset and
dissipation of rotating vortex rope in the draft tube can be mentioned. Moreover, accurate
simulations of hydraulic machines are still a challenge, particularly at off-design. Hence,
more experimental investigations of the pressure, force and moments exerted on the rotating
parts of the turbines is required to better understand the flow condition in the water turbines,
find the sources of the instabilities, and the nature of the periodic forces on the rotating parts.
A lot of efforts have been dedicated to investigate the flow in Francis turbines at the
Laboratory of Hydraulic Machinery of École Polytechnique Fédérale de Lausanne (EPFL) as
part of the FLINDT project. The velocity field has been measured by LDV (Laser Doppler

5
Pressure measurements on runner – Steady operation
Velocimetry) and PIV (Particle Image Velocimetry) systems at the entrance of the draft tube
(Ciocan et al. 2000), by 3D PIV and LDV at the draft tube outlet (Iliescu et al. 2002), and also
by pressure measurements on the draft tube wall (Arpe and Avellan 2002). The LDV results
were used to propose a mathematical model for the highly complex and turbulent flow exiting
the runner (Susan-Resiga et al. 2006). The cavitating draft tube vortex rope was also
investigated by PIV system (Iliescu et al. 2008).
Propeller turbine has been the subject of thorough experimental investigations within
the AxialT research project at the Hydraulic Machines Laboratory in Laval University
(LAMH). Measurements on the propeller turbine model have been performed on the main
hydraulic components to acquire velocity and pressure distributions (Deschenes et al. 2010).
LDV and PIV measurement systems have been used to measure velocity distribution at the
draft tube inlet and outlet of the turbine (Gagnon et al. 2008; Gagnon et al. 2012; Gouin et al.
2009).
Kaplan turbines have received less attention compared to the other types of reaction
turbines (Mulu et al. 2012). The main features of the flow in the stationary parts of a Kaplan
turbine model have mainly been presented in two doctoral theses at Luleå University of
Technology; (Mulu 2012) and (Jonsson 2011). The model has been investigated through
pressure and LDA measurements in the penstock, spiral casing and draft tube. Experimental
results of the flow condition at the draft tube of the model are presented in (Jonsson et al.
2012) and (Mulu et al. 2012). The results show the main features of the flow in the conical
diffuser of the Kaplan turbine model and how flow develops through the conical draft tube
under on-design and off-design conditions. Mulu, Cervantes and Jonsson also investigated the
performance of the spiral casing of the Porjus U9 model with LDA and pressure
measurements. LDA measurement results at two different locations of the spiral casing are
presented in (Mulu and Cervantes 2010). The results at these two sections showed that “the
radial velocity has a similar magnitude at both locations, which indicate that an axisymmetric
flow entered the distributor”. However, the pressure measurement results acquired at four
different locations of the distributor (Jonsson and Cervantes 2010) showed that although the
phase resolved curves of the pressure sensors follow similar pattern, there was differences
between the signals acquired by the sensors located at different peripheral locations which can
be an indicator of asymmetrical flow distribution at spiral casing outlet. Such un-symmetry
may be the result of the elbow followed by a diffusing pipe upstream of the spiral casing
or/and the spiral geometry itself. An asymmetrical flow to the runner may induce undesired
forces and de facto vibrations on the runner that can be transferred to the entire system, which
may induce fatigue and affect the turbine life time. A way to clarify this ambiguity is to
experimentally investigate the flow delivered to the runner, e.g., by measuring the pressure on
runner blades.
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Farhat et al. (Farhat et al. 2002) performed pressure measurements on the blades of a
pump turbine model. Later on, Kobro presented the blade pressure measurements on a Francis
turbine model and its corresponding prototype (Kobro 2010). Trivedi used the same model as
Kobro for on-design, off-design (Trivedi et al. 2013a) and load variation measurements
(Trivedi et al. 2013 (accepted); Trivedi 2013) with focus on the rotor stator interaction.
Similar measurements have also been performed on a propeller turbine model at LAMH
laboratory (Houde et al. 2012a; Houde et al. 2012b). In all these cases, a frequency analysis
was performed on the acquired data to clarify the dominating frequencies exerted on different
parts of the blades; however, the source of the disturbances was not clarified.
In the current work, unsteady pressure measurements on the blades of the Porjus U9
model are performed and the results are presented. The aims are to investigate the effect of
the water supply systems (spiral casing, guide vanes and stay vanes) on the pressure
distribution of the blades and exerted forces and moments on the rotating parts of the turbine.
The measurements are performed at three operating conditions of the turbine; part load, best
efficiency point (BEP) and high load on one propeller curve. The results clearly showed high
level of non-uniformity of the flow supplied by the spiral casing/distributor to the runner. This
asymmetry may result in periodic vibration of the blade and finally fatigue on the turbine
rotating parts. Measurements performed on the corresponding prototype are also presented.
The torque and axial load exerted on the main shaft of the turbine are measured by strain
gauges installed on the main shaft. The turbine guide bearing pads are also equipped with
load cells and the exerted loads are measured at different operating conditions. The results are
compared with the model pressure measurements. The results showed the similarity of the
water supply performance on the model and the prototype. In comparison, similar pressure
measurements were performed on propeller and Francis turbines as mentioned above.
However, in most of the cases there was no comparison made between the model and
prototype. Another new feature of the current work is the method used to analyze the results.
The phase averaged results of the pressure sensors are presented in order to investigate the
effect and performance of the water supply elements of the turbine and the interaction
between fluid and structure.
2

Experimental setup

Pressure measurements on the suction and pressure sides of the runner blades of a 1:3.1 scale
model of the Porjus U9 Kaplan turbine were performed. The model has a penstock supplying
the water to the spiral casing, Fig. 1a. The penstock has an elbow to mimic the prototype
experimental conditions. There are 20 equally distributed guide vanes and 18 stay vanes
forming the distributor, Fig. 1b. Illustrated in the figure, the stay vanes are unevenly
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distributed in the spiral casing. There is a stay vane close to each guide vane except two guide
vanes close to the lip of the spiral casing. The runner is composed of 6 blades and an elbow
type draft tube is installed after the runner for pressure recovery purpose.
(a)

(b)

Figure 1 .
Sketch of the whole turbine (a) and water supply system; spiral casing, stay
vanes and guide vanes (b)
Torsion on the main shaft of the prototype was also estimated together with the loads
exerted on different pads of the turbine guide bearing installed close to the runner. The
prototype results are compared with the model data. The following sections present the
specification of the model, prototype and corresponding experimental setups.
2.1

Porjus-U9 model

Model specification and operating conditions
Pressure measurements have been performed on a 1:3.1 scaled model of the Porjus U9
prototype; a Kaplan turbine. The model runner diameter is Dm=0.5 m and the operational net
head during all investigated operating conditions was Hm=7.5 m. The runner rotational speed
during the measurements was Nm=696.3 rpm. The rotational speed was selected to ensure
similar n11 in the model and the prototype to assure their kinematic similarity. The
measurements at off-design points were performed under off-cam condition, which means the
blade angle was set to the appropriate angle for the BEP and kept constant during the other
operating points. Such type of operational condition is not usual for Kaplan turbines since
doubly regulated. However, the increase need of power regulation is demanding for Kaplan
turbines blade mechanism. Some power suppliers investigate therefore the idea to regulate
power at a constant blade angle to decrease wear despite a significant efficiency decrease.
Furthermore, the power necessary to adjust the runner blades is also significant, decreasing
the machine overall efficiency. The guide vanes angle at each operating condition together
with the corresponding flow rate and reduced turbine parameters, n11 and Q11, are presented
in Table 1.
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Table 1 .
Operating condition parameters
Operating point
Guide vane angle

Įgv (q)

Volume flow rate

Qm (m3/s)

Reduced flow rate

Reduced speed

ܳଵଵ =
݊ଵଵ =

Relative efficiency to BEP

ܳ
 ܦଶ ξܪ
݊ܦ
ξܪ

(െ)

(െ)

ߟ െ ߟா (%)

Part Load

BEP

High Load

20

26.5

32

0.62

0.71

0.76

0.905

1.037

1.11

127.1

127.1

127.1

-5.6

0.0

-1.6

Test Rig
The model measurements were performed in Vattenfall R&D model test facility at
Älvkarleby, Sweden. The test rig is a closed loop system designed for testing of Kaplan, bulb
and Francis turbines. The uncertainty in the flow rate and hydraulic efficiency measurements
are ±0.13% and ±0.18%, respectively. The repeatability of the measurements is below
0.1%. The head of the turbine model can be set by adjusting the pumps rotational speed, the
pressure in the upstream high pressure tank and downstream low pressure tank. The
possibility to independently adjust both the upstream and downstream tanks pressures makes
it possible to perform the measurements either with or without cavitation. The current
measurements were performed under cavitation-free condition to investigate the effect of the
distributor on the runner. The sketch of the test rig with the mounted model in the test section
is illustrated in Fig. 2.

Figure 2 .

Sketch of the test rig with installed Porjus U9 model, (Mulu et al. 2012)

Instruments and measurement techniques
Twelve piezo-resistive pressure sensors manufactured by Kulite (LL-080 series) were flush
mounted on the suction side and pressure side of two adjacent blades, six on each. The
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sensors were placed on the blades in such a way that the pressure distribution on the blades
surfaces in a blade-to-blade channel can be acquired. The sensors are located on the vertices
of a net formed by the imaginary circles passing through 1/3 and 2/3 of the blade span and
1/4, 1/2 and 3/4 of the blade chord lines; see Fig. 3. The transducers diameter is 3 mm and
their sensitive part has a diameter of 1.5 mm; meaning that the pressure results are the average
of pressure over an area of a circle with 1.5 mm diameter. Higher pressure than the measured
values are therefore expected locally. The sensors pressure range was selected to be 0-7 bar.
The range is higher than the expected range of pressure fluctuation under steady operation to
allow measurements under transient and start/stop as well. The natural frequency of the
sensors is 380 kHz, well above the expected frequencies during the measurements. The
transducers wires were running through grooves on the blades surfaces to the hollow shaft
where they were connected to the transmitter. The grooves were filled with resin to keep the
hydraulic shape of the blades.

Figure 3 .
Top view of the runner with the sensors on the pressure surface (red circles)
and the suction surface (green hatched circles) of the runner blades
Calibration was performed by putting the blades in a specially designed Nitrogen
tight steel pressure tank together with radio transmitters. During calibration the tank was
filled with water up to the blade level in order to calibrate the pressure sensors at the same
temperature as the test rig water. The Plexiglass cap of the calibration tank permits the radio
transmission of the data from inside the tank. With this setup, the transducers wires are not
required to be taken out from the pressurized tank, avoiding any leakage around the wires and
thus decreasing the calibration uncertainty. The pressure can be set with 3 Pa accuracy in such
setup. DPI 610 pressure sensor calibrator from Druck was used as the reference pressure. The
sensors were calibrated in the range of 1 to 2 bar. The sensors output voltages were recorded
in ten randomly selected points while increasing the pressure and 10 other points during
pressure decrease. According to the manufacturer’s calibration document, the sensors
calibration curves are linear in the whole operating range, 0 to 7 bar, so the calibration curves
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are extrapolated when required. The maximum uncertainty of the calibration for all the
sensors was lower than 50 Pa.
Two identical telemetry systems from Summation Research Inc. (SRI-500e) were
used during the calibration process and measurements, one for each blade. Each system can
handle up to eight sensors. The systems transfer data in 868 MHz band. However it’s possible
to set the transmission frequency of the systems independently in the specified range. This
allows the user to set the frequency to an appropriate value without interfering with any other
radio signal. This specification was necessary during the current measurements with two
telemetry systems. The system can transfer data with a frequency up to 17 kHz. The telemetry
systems have the capability of applying antialiasing filter, digitalizing analog signals and
recording them. However, the analog signal received by the receiver was directly feed to a
DAQ (data acquisition) system.
The data acquisition system used for the pressure measurements was a PXI chassis
with 4 Ni-4472 DAQ card. The resolution of the cards is 24-bit and each card has 8 channels
with a built-in antialiasing filter. The system is capable of simultaneous sampling with
frequency up to 102.4 kHz. The results were acquired during the measurements with a
sampling frequency of 4 kHz and within a period of 300 s. The sampling frequency was
selected according to the maximum expected frequency in the pressure results. Measurements
were also performed with a sampling frequency of 15 kHz; the results were similar in the time
and frequency domains.
Head, flow rate and efficiency were also recorded simultaneous to the pressure
measurements and monitored online to check probable changes in the operating condition of
the test rig. The signal from a magnetic encoder installed on the main shaft was also recorded
to determine the runner angular position at each instant. The encoder signal consists of one
step per revolution with an accuracy of 0.03 deg.
2.2

Porjus-U9 prototype

Prototype specification
The Porjus U9 prototype is situated at Lule River in northern part of Sweden. The turbine’s
operational head is 55 m with a maximum discharge capacity of 20 m3/s and the runner
diameter is 1.55 m. The maximum output power of the turbine is 10 MW. The prototype is
geometrically similar to the model so the number of blades, stay vanes, guide vanes and their
distribution pattern are the same as the model. The rotational speed of the turbine is 600 rpm.
The prototype has been investigated at different operating points, however since the model is
run in off-cam mode just the best efficiency point results are compared with the model data in
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this paper. The operating point specifications are presented in Table 2.
Table 2 .

Prototype operating condition parameters
Operating point

BEP

Guide vane angle

Įgv (º)

28

Volume flow rate

Q (m3/s)

18.5

Reduced flow rate

Q11 (-)

1.038

Reduced speed

n11 (-)

126.6

Instruments and measurement techniques
Torsion and axial force exerted on the main shaft of the prototype were measured with strain
gauges installed on the prototype main shaft. Strain gauges of HBM 350 W type were used
for the measurements. Two full bridge strain gauges were installed for torsion and two half
bridge were used for axial force measurements on the shaft. The measurement section is
between “Bearing 1” and “Bearing 2” presented in Fig. 4a. NI cRIO-9014 from National
Instrument was installed on the shaft to digitalize the strain gauge signals. A standard wireless
local area network (WLAN) was used to transfer the data from the cRIO to the stationary
master computer. It was possible to perform the simultaneous measurements of the channels
at a sampling frequency of 2500 Hz with the measurement setup. The results were recorded
for 210 s.
A schematic of the turbine rotating parts together with the supporting bearings is
presented in Fig. 4a. The sketch of “Bearing 1” is shown in Fig. 4b. It is composed of 8
similar pads symmetrically distributed around the bearing. For the measurements, the pivot
pins of the pads were replaced with a load cell to measure the radial load on each pad during
the turbine operation. The detailed specification of the pads and the bearing are presented in
Simmons (Gregory F Simmons 2013). Comparing Fig. 4 with sketch of the spiral casing
presented in Fig. 1, it can be concluded that pad 2 and 3 are located on top of the spiral lip and
spiral inlet, respectively. The signals from the load cells were recorded simultaneous with the
strain gauges signals with the same data acquisition setup.
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(a)

(b)

Bearing 3
Thrust Bearing
Generator
Bearing 2

Bearing 1

Figure 4 .
a: Sketch of the runner, generator and the bearings positions. b: sketch of the
Bearing 1 pads (Gregory F Simmons 2013)
3

Data Analysis

The main analysis tools to investigate the flow features in the rotating parts of the turbine
were developed using MATLAB. The first analysis part mainly concentrates on the spectral
analysis of the results to identify the dominant frequencies of the flow and their physical
sources. The pressure data obtained on the model are uniformly sampled which allows
treating the results with standard Fast Fourier Transform methods (FFT). Before applying
FFT, the calibration results were applied to the voltage signals. The spectral analysis was
performed with Welch’s method and applying Hanning window on the fluctuating parts of the
pressure results; Ƹ ()ݐ:
Ƹ ( = )ݐ ( )ݐെ ҧ

(1)

This method is used to get better approximation of the amplitudes in the spectral
analysis results (Vekve 2004). The original set of pressure measurement data (300 s, fs=4
kHz) is divided into 6 sub-windows with 50% overlap. Hence, the maximum non-aliased
frequency in all presented cases is 2 kHz and the frequency resolution for each sample set is
0.0033 Hz. The frequency resolution of the subsampled signals is 0.02 Hz. The frequency
analysis results were also used to find the phase difference between different pressure sensors.
The recorded signal from the encoder was used to determine the turbine rotational
speed and the runner angular position to angularly resolve the pressure signals recorded
during the model measurements. One runner revolution was then divided into bins of identical
size, οߚ. The averaged data at each bin centered at ߚ was obtained from the recorded data in
the interval [ߚ െ οߚΤ2 , ߚ + οߚΤ2]. After performing a sensitivity analysis, the bin size
was chosen to be 0.5º for all measurements to have a smoothed curve by filtering out the high
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frequency fluctuations in the pressure signals. No gradient compensation was required in
phase averaging according to the small bins.
The same methods were used to analyze the results recorded in the prototype. The
maximum non-aliased frequency in the strain and pads load measurements is 1250 Hz. The
frequency resolution for each sample set is 0.0048 Hz and the subsampled signal frequency
resolution is 0.028 Hz.
Function of the measuring technique used, the same flow may give different results.
A perturbation in the water supply system resulting in an asymmetry of the flow at the output
of the distributor is now assumed to simplify the interpretation of the experimental results in
the next section, see Fig. 5. The asymmetry is expected to be captured by the setup used for
the blade pressure measurements as well as the strain gauge and pads load measurements. The
effect will be seen in the frequency analysis results and also in the phase resolved data. The
frequency analysis presents the frequencies while the phase resolved data clarifies the
position of the disturbance and magnitude. The asymmetry around the spiral casing is
assumed to decrease the pressure on the runner blade pressure surface. In this case, whenever
the sensor located on the pressure side of the blade one passes through the disturbed region,
the pressure value decreases resulting in a pressure fluctuation with the runner rotational
frequency. This disturbance will be captured by a peak with the runner frequency in the
frequency analysis results and a decreased pressure region in the phase averaged data. In
torsion measurement case, whenever a blade passes through the disturbance region, the
torsion will be decreased and then increased again after passing through the disturbance.
Hence a peak at 6.f* is expected in the frequency analysis diagrams. From a structural point of
view, when a blade (suppose blade 1) passes through the disturbance, there is an asymmetry
on the runner resulting in a lower lift on blade 1 compared to blade 4 located on the opposite
side of the runner. This asymmetry results in bending of the main shaft in such a way that the
load on the pad located on top of the disturbance position will be increased and on its
counterpart pad will be decreased. After the blade passing, the runner tends to go back to its
natural position and the load on the two pads will be balanced. Then the next blade (blade 2)
comes to the position and the phenomenon happens again. Hence, a peak at 6.f* is expected in
the pad load results as well.
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Figure 5 .
4

Schematic of the asymmetry in the water supply system

Results and Discussion

The model was investigated at the three operating points presented in Table 1. At off-design
operating points, the turbine was operated at off-cam mode; i.e. the runner blade angle at BEP
was used for off-design operating conditions. The runner rotational speed was also the same
in all the cases. The corresponding results are presented in the following sections for each
operating point. The prototype was investigated at different operating points ranging from
10% of maximum discharge up to 100%. However, since the model was investigated at offcam mode, comparison between the prototype and model results is not possible at off-design
points. Therefore, the prototype results are only presented at BEP.
4.1

BEP

The best efficiency point of the turbine model was found experimentally by analyzing the
efficiency at different guide vane angles for the prescribed blade angle. The BEP was found
to be at a guide vanes angle of 26.5º. The amplitude spectrum of the pressure sensor at
position SS4 (see Fig. 3) is illustrated in Fig. 6 as an example. The spectral analysis of the
other sensors on the suction side and pressure side of the blades are qualitatively similar to the
presented plot. As expected, the dominant frequencies are the guide vanes passing frequency
and the runner frequency. A multitude of harmonics is also present. The figure also shows the
complexity of the flow passing through the blade channels in Kaplan turbines. This result
differs from Francis turbines. In Francis turbines the spacing between the rotor and guide
vanes is less and decreases with the specific speed. This geometrical difference results in high
level of interaction between the rotor and stator in Francis turbines and as a result, the
pressure measurements on the blades show a really neat pattern at BEP, only a peak at the
guide vanes passing frequency (Trivedi 2013). However, in low head turbines, the spacing
between the runner and the guide vanes is larger. This geometrical difference results in a
lower level of rotor stator interaction. The guide vane trailing edge wakes, propagating
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downstream from the guide vanes, spread and are subject to rotation. Consequently, the flow
entering the blade channel is more complicated.

Figure 6 .
Amplitude spectrum of the pressure sensor located at the position of SS4 at
BEP. The other pressure sensors present similar results
The amplitude spectrums of all the pressure sensors at low frequencies are presented
in Fig. 7. The highest peaks in this region are the runner frequency and its second harmonic
for all the sensors. There are three other peaks at 0.8, 1.6 and 2.12 which are at least one order
of magnitude smaller than the runner frequency. The first frequency is the pump frequency.
The second harmonic of the pump frequency, 1.6, has higher amplitude since the water supply
system of the test rig consists of two identical pumps with the same frequency. The peak at
2.12 is either related to the test rig natural frequency or to the small pump used for keeping
the head of the test rig constant. The frequency was found to be independent of the turbine
operating condition during the experiments and was present in the signals even when the test
rig was off and just the head pump was working.

Figure 7 .
Amplitude spectrum of the pressure sensors on the suction and pressure sides
of the Kaplan runner blades at BEP, function of the dimensionless frequency
The peaks at the runner frequency in Fig. 7 can either be due to asymmetry in the
distributor, effect of draft tube elbow downstream of the runner or mass imbalance in the
rotating parts of the turbine. The phase resolved pressure signals from the sensors located on
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the rotating part of the machine can be useful in finding the source of the peak. They are
representative of the water supply system performance, spiral and distributor, and their effect
on the runner blade pressure distribution. Such graph for the pressure sensor located at
position PS1 is presented in Fig. 8, for instance. The zero degree in the horizontal axis
indicates where the blade leading edge reaches to the lip-entrance region, see Fig. 1. In Fig. 8,
the black dots are the phase resolved data according to the encoder signal, the white line
indicates the phase average results, the dashed green line shows WKHıEDQG of the data and
the red line shows the mean value of the signal. The result shows a distinct peak with high
scattering of the data points at about 45º which is apparently due to the water supply system.
Similar scattering of the data with lower amplitudes appear every 60º at 105º, 165º, 225º, 285º
and 345º. This indicates that each time a blade passes through the spiral casing lip-entrance
junction region, a flow with inappropriate angle of attack hits the blade resulting in vibration
of the complete runner and certainly shaft wobbling, consequently. The asymmetry of the
flow at the distributor outlet was not captured in the LDA measurement of Mulu and
Cervantes (B. Mulu & Cervantes, 2010). After performing LDA measurements at two
different locations of the spiral casing, they concluded that “the radial velocity has a similar
magnitude at both locations, which indicates that an axisymmetric flow entered the
distributor”. The reason that the flow asymmetry in the spiral casing was not captured by the
LDA measurements is that the locations selected for the LDA measurements were far from
the lip-entrance region. The source of such a strong asymmetry is not completely clear but
should be either attributed to the geometry of the spiral casing, distributor or the velocity
distribution at the spiral casing inlet. As a matter of fact, there is an elbow upstream of the
spiral followed by a smooth diffusing section which creates an uneven velocity profile at the
spiral caring entrance. LDA measurements performed by Mulu and Cervantes (Mulu and
Cervantes 2010) pointed out a larger velocity at the bottom entrance of the spiral casing.
In the interval 130º to 360º the spiral casing feeds the water to the runner in a quasiaxisymmetric manner. The maximum fluctuation in the phase averaged results in this region
is 500 Pa which is less than 0.7% of the head. The maximum difference from the mean value
recorded during 300 s of data acquisition in this region was less than 5% of the head.
However, when the blade passes through the lip-entrance junction, the pressure decreases and
then suddenly increases. Following the jump, there is a fluctuation in the pressure data. The
pressure peak and the following fluctuations are attributed to the flow coming from the
entrance region and the guide vanes. The ı band of the pressure signal is also presented in
Fig. 8. About 95% of the data points lie in the indicated band according to the nearly normal
distribution of the histogram of the pressure data. In this case, the maximum pressure peak in
WKH ı EDQG LV FORVH WR  RI WKH KHDG DQG WKH PD[LPXP SHDN UHFRUGHG GXULQJ WKH
measurement at this location is more than 15% of the head. The standard deviation and peak
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values recorded for this sensor were the lowest between all the sensors. The maximum
GHYLDWLRQRIWKHıEDQGIURPWKHPHDQYDOXHGLIIHUVLQWKHUDQJHRIWRIXQFWLRQ of
the sensor location. This high level of pressure fluctuation induces vibration in the machine
which may affect the rotating parts life time. From a numerical simulation point of view, it
can be concluded that the widely used symmetrical boundary condition at the distributor
outlet in simulation of water turbines should be considered carefully function of the purpose.

Figure 8 .
Phase resolved (black dot), phase averaged (white line), mean value (red line)
and 2ı band (dashed green) of the pressure signal of the pressure sensor PS1 at BEP. The
pressure is made dimensionless with the operational head
To investigate the phenomenon more in detail, the phase averaged results from the
pressure sensors on the pressure and suction side of the blades are presented in Fig. 9. In this
figure the pressure results from the pressure side of the blades are phase shifted by 60º; the
phase difference between two blades. Seen in the figure, although the sensors are located at
different angular position on each blade, all the signals from the sensors located on the
pressure side of the blade show synchronous fluctuations. The same phenomenon is observed
for the sensors on the suction side. Moreover, in the interval 20º to 120º, the pressure
fluctuations have opposite sign on the pressure and suction sides, which is an indication of an
intermittent fluctuation in the flow angle. On both surfaces the pressure sensors located close
to the shroud have the maximum pressure fluctuations as they pass the lip entrance region.
The position of the maximum fluctuations can be explained according to the guide vane wake
spreading in the lateral direction. The flow entering the blade channel close to the shroud
travels a shorter distance from the guide vane to the blade channel along its streamline
compared to the flow entering the blade channel close to the hub. Hence, the wake spreading
close to the shroud in the lateral direction is less than the hub region. Consequently, the nonuniformity close to the shroud is higher than the hub section resulting in larger fluctuations in
the pressure results.
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(a)

(b)

Figure 9 .
Phase averaged pressure distribution on the suction side (a) and pressure side
(b) of the blades at BEP. The head is made dimensionless with the operational head
Illustrated in Fig. 9, after the start of the oscillations at 45º, the following fluctuations
in the interval 50º-130º have a phase difference close to 18º. This phase difference is equal to
the guide vanes angular position. In this region, the spiral casing cannot supply the water to
the guide vanes with the appropriate angle of attack. The performance of the spiral casing
results in flow separation on the guide vanes and consequently a non-ideal flow angle to the
runner blade. The separation results in a wake region with decreased velocity and increased
velocity in the wake free region. At the same time, since the flow does not leave the guide
vanes with a suitable direction, its angle of attack with respect to the runner blade angle is not
appropriate and varies trough the wake. The inappropriate angle of attack induces alternative
separation on the pressure and suction sides. The velocity profile influenced by the guide vane
wake may produce a variable angle of attack to the runner blades. Passing through the wakes
and high velocity regions with different angle of attacks results in intermittent pressure
fluctuation and structural deformation of the blade. Figure 9 illustrates the simultaneous
fluctuations on each side of the blades. The fluctuations on the pressure and suction sides are
in opposite direction which indicate a structural deformation of the runner blades; certainly a
bending near the hub.
The phase resolved pressure difference between the sensors located on the suction
and pressure side of the blade in the middle of the blade chord and close to the shroud (PS2SS2) is presented in Fig. 10. The pressure difference is subtracted from its mean value to
show the variation around the mean. The main features of the plot are similar to the signal
from one pressure sensor. The scattering of the data in 60º intervals and fluctuations with the
guide vane frequency can be seen in this plot as well. The most surprising fact in this figure is
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that the pressure difference between the suction side and pressure side of the blade can reach
up to 63% of the head and the total range of variation in the pressure difference in this point is
close to the turbine head. The maxiPXPSHDNLQWKHıFXUYHLVRIWKHKHDG(YHQWKH
highest peak in the phase averaged curve is close to 16% of the head. The high level of
fluctuations in the pressure difference will be transferred to the supporting parts, i.e., blade
and the shaft bearings. The bearings performance as well as their life time may suffer from
the pressure fluctuations.

Figure 10 .
Phase resolved (black dot), phase averaged (white line) and 2ı band (dashed
green line) of the pressure difference between the pressure and suction sides in the middle
of the chord and close to the shroud at BEP (PS2-SS2)
Measurements on the corresponding prototype were performed to compare the spiral
casing performance in model and prototype. The turbine bearing pads, “Bearing 1” in Fig. 4a,
were equipped with load sensors to check the asymmetry of the forces exerted on different
pads of the bearing. The axial force and torsion on the main shaft of the prototype were
measured by strain gauges, too. Figure 11 illustrates the amplitude spectrum of the pads 1, 2,
5 and 6. Seen in the figures, the dominant frequency in all the pad results is the turbine
revolving frequency which is mainly related to the structural asymmetry of the rotating parts
of the turbine (mass imbalance) inducing shaft wobbling. The harmonics of the runner
frequency also exist in the spectrum similar to the model measurements. The plots show that
in all cases the blade passing frequency 6.f* exist in the amplitude spectrum and the
corresponding amplitude is higher than the adjacent harmonics of the runner frequencies 5.f*
and 7.f*.
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(a)

(b)

(c)

(d)

Figure 11 .
pad6

Amplitude spectrums of the load sensors on a) pad1; b) pad 2; c) pad 5; d)

Figure 12 shows frequency analysis results of all the pads in a waterfall diagram. The
figure shows that in all pads, the amplitude at 6.f* has higher peaks compared to the adjacent
harmonics of the runner frequency (5.f* and 7.f*). It shows that the frequency is not just a
harmonic of the runner frequency and is an indicator of a physical phenomenon in the turbine.
Results from sensors 1, 2, 5, and 6 show that the counterpart pads have the same behaviour at
the blade passing frequency. The maximum amplitude at the blade passing frequency is found
to be on pad 2 and 6; both have the amplitudes close to 30 kN. The amplitude of the exerted
load on pad 1 and 5 at the blade passing frequency is close to 10 kN. The results clearly show
the asymmetry of the loads on different pads due to the flow asymmetry at the spiral
distributor. One should notice that the pad 2 is located on top of the spiral lip. The pressure
measurements performed on the model blades surface showed that the water supply system
cannot feed the water to the runner in a symmetrical way; resulting in high pressure
fluctuations on the blade in the lip-entrance junction region. In prototype, similar to the
model, it can be seen that when one blade passes through the lip-entrance junction region, the
flow coming from the distributor, hits the blade, resulting in bending and deformation of the
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shaft. In this case, when a blade passes through the lip-entrance region, the flow hits the
blade, resulting in imbalance between the blade and its counterpart. Hence, the main shaft
bends toward pad 6 resulting in load increase on the pad. After passing the blade, the shaft
tends to come back to its natural position and then the next blade comes to the disturbed
region and the process repeats again. As a result, the amplitude of the load at blade passing
frequency is higher in pad 2 and its counterpart, i.e., pad 6, compared to the other sensors. It
was expected to have even higher peaks on pad 3 and pad 7 according to the pressure
measurements performed on the model runner blades; however, the sensors installed on the
pads were defected before the measurements.

Figure 12 .

Waterfall of the load sensors on different pads

The torsion strain gauge measurements were also performed on the main shaft of the
prototype. Figure 13 shows the phase resolved torsion data with respect to the runner
frequency. In the figure the black dots are the phase resolved data with respect to the turbine
rotational frequency, the red line is the phase averaged results as discussed in the data
analysis section, the green dashed line is the mean value of the shaft torsion. The yellow dots
in the figure represent the phase resolved torsion after applying a band pass filter around the
runner frequency and the blade passing frequency on the original data to see the effect of the
blade passing frequency. The filtered data plot is presented in the figure to check the
frequency of the noticeable fluctuations in the phase averaged data (red line) and see if the
fluctuations are related to the blade passing frequency or not. The figure shows that the
filtered data follows the phase averaged data in most part of the plot and oscillate with the
phase averaged plot. Hence, the oscillations in the phase averaged data are related to the blade
passing frequency and the two dominant frequencies (runner frequency and the blade passing
frequency) are representative of the signal. This again proves the existence of asymmetry in
the spiral distributor. Each time that one blade passes through the region with inappropriate
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flow condition the pressure difference on the pressure and suction side on the blade will be
increased as measured on the model. This results in shaft torsion increase and after passing
the blade, the torsion is decreased again. This phenomena happens 6 times in each runner
revolution; one for each blade passing through lip-entrance junction region.

Figure 13 .
Phase resolved (black), phase averaged (red), mean (dashed green) and
filtered shaft torsion according to the runner and blade passing frequency
4.2

High Load

The turbine model was investigated under high load operating condition, too. During the
measurements the guide vanes angle was set to 32º and the flow rate through the turbine was
increased by 7% as presented in Table 1. The turbine rotational speed was kept constant and
equal to the BEP case; 696.3 rpm. The runner blades angle was also the same as the optimal
value at BEP, indicating that the turbine was investigated under off-cam operating condition.
The FFT results showed that the main features of the flow on the blade are similar to the BEP
case. The main frequencies are the runner rotational frequency and the guide vanes passing
frequency. All the harmonics of the runner frequency exist in both cases with similar pattern.
The only difference between the two operating conditions is the value of the peaks in the
spectrum. The amplitudes at high load are slightly higher than the BEP due to the higher
velocity of the water and higher level of fluid’s energy. Due to the similarity between the BEP
and high load results, they are not presented here.
The phase averaged results at high load showed the same trend as the BEP case; see
Fig. 14. The differences between the phase averaged results at high load and the BEP are the
shift in the mean (cannot be seen in this figure) and the peak values. Otherwise, the two
figures are qualitatively identical. At high load, the mean values of the pressure sensors
located on the pressure surface were generally increased while decreased on the suction
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surface compared to the BEP, resulting in higher torque on the shaft and consequently higher
output power.
(a)

(b)

Figure 14 .
Phase averaged pressure distribution on the suction side (a) and pressure side
(b) of the blades at high load
In summary, the fluctuating part of the pressure on the blade surface is found to be
similar at the BEP and high load. Similar results were reported in the draft tube of the Porjus
U9 model (Jonsson et al. 2012).
4.3

Part Load

The blade pressure measurements on the model were also performed at part load. The
operating point specifications are presented in Table 1. A guide vanes angle of 20º was
selected for the part load investigation. Changing the operating point from the BEP to the part
load resulted in a drop in turbine efficiency by 5.6%; compared with 1.6% drop in the high
load case. The flow rate also showed a comparatively large decrease of 13% which is almost
double of the flow rate change from high load to BEP. At this operating condition, a rotating
vortex rope (RVR) develops in the draft tube which is the main reason for the efficiency drop.
The amplitude spectrum of the pressure sensor located at SS4 is presented in Fig. 15.
Except in the interval of 0-1, the amplitude spectrum is more or less similar to the other
operating conditions; the BEP and high load. All the harmonics of the runner frequency are
present in the frequency spectrum with different amplitudes like the other cases. However, at
this operating point the frequency of 21.f* dominates the guide vane passing frequency.
Similar results are reported by Houde et al. (Houde et al. 2012a) in some specific operating
points. The pressure signal recorded during the measurements is the static pressure on the
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blade surface. The Bernoulli equation in the rotating frame helps to understand the high
amplitude at 19.f* and 21.f*. The instantaneous fluid pressure on the runner blades is
composed of two terms; the instantaneous total pressure, and the instantaneous dynamic
pressure on the runner blade surface composed of the relative velocity (v) and the runner
angular velocity (u) such as:
1
1
 = )ݐ(௧௧ െ ߩݑଶ + ߩ ݒଶ
2
2

(2)

The relative velocity is the vector summation of the absolute velocity and angular
velocity. The relative velocity is function of the number of guide vanes, the perturbation at the
lip entrance and runner angular frequency. The relative velocity may be written as:
ݒ = ݒ ൫1 + ܽଵ௩ ή ܿ(ݏ2 ή ߨ ή ݂  כ+ ߮௩ଵ ) + ܽ௩ଶ ή ܿ(ݏ2 ή ߨ ή 20݂  כ+ ߮௩ଶ )൯
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Assuming a constant runner angular velocity, the pressure on the blades is given by:
1
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The oscillations of the pressure are expected to be at 20.f*. However, the square of the
relative velocity makes two peaks at 19.f* and 21.f*. Depending on the amplitude of the
relative velocity components at 1.f* and 20.f*, each of the 19.f*, 20.f* and 21.f* frequencies
may dominate. The signals noise level is also a factor influencing the amplitude spectrum.
The dominant frequency is therefore a function of the operating point and the performance of
the guide vanes at each operating point. At BEP and the high load, the 20.f* dominates the
others as the amplitude of the spiral asymmetry is large. However, at part load, the
inappropriate angle of attack of the guide vanes may result in higher amplitude in the
fluctuating part of the fluid corresponding to the guide vane passing frequency; this effect is
more pronounced near the lip entrance for an angle varying from 0 to 120º, see Fig. 8. This
results in higher effect of the guide vanes passing frequency at this operating point compared
to the others and the dominating frequency is moved to 21.f*, consequently.
At low frequency, there are two distinct peaks at 0.171.f* and 0.829.f* in the spectrum.
The simultaneous recorded pressure measurements at the draft tube cone together with the
flow visualization proved the presence of a RVR in the diffuser at part load. The frequency
spectrum of the data shows that the RVR revolves with a frequency 0.171.f*. This is in
agreement with the LDA and pressure measurement results presented by Jonsson et al.
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(Jonsson et al. 2012). Since the rotating vortex rope revolves with a frequency that differs
from the runner rotational speed, the effect of the RVR should also be observed in the rotating
כ
domain. According to the co-rotation of the RVR with the runner, a frequency of ݂ோோ,௧
=
כ
= 0.829 is expected in the rotating domain. However, if the RVR does result
1 െ ݂ோோ,௦௧

oscillation in the axial direction, f*=0.171 should also be captured in the rotating domain.

Figure 15 .

Amplitude spectrum of the sensor located at SS4 at part load

The phase differences between some sensors located at different positions on the
suction and pressure sides of the blades are presented in Fig. 16. The phase difference
כ
between the acquired signals is independent of the position of the sensors at ݂ோோ,௦௧
. The

phase differences between different combinations of the pressure signals are close to zero.
The small variation from zero is attributed to the superposition of numerous sinusoidal with
different frequencies and also comparing the signals acquired on suction side with pressure
side. This implies a synchronous phenomenon in the turbine. Investigation of the pressure
drop along the penstock, far upstream of the runner, shows that this frequency is even present
in the penstock, see Fig. 17. The pressure measurement at the draft tube and also in the
downstream pressure tank of the test rig showed the presence of the RVR frequency. So, it
can be concluded that the RVR induces an axial oscillation through the whole conduit with its
frequency.
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Figure 16 .

Phase difference between different pressure sensors at RVR frequency

Figure 17 .

Amplitude spectrum of pressure drop along penstock at part load

Comparing the amplitude spectrum of different pressure sensors presented in Fig. 18
shows that in all cases the most important frequencies are the RVR frequencies; axial and
rotating components. It is also observed that in all cases the amplitude at the RVR frequency
on the suction side is higher than the pressure side indicating that the disturbance propagates
from downstream of the runner to upstream. Meanwhile, the runner blades act as dampers to
the wave propagation. After passing through the runner, the amplitude of the fRVR,rot decreases
significantly while the runner does not have such a damping effect on the fRVR,st. It is due to
the large mass of water in whole test rig that oscillate with fRVR,st in axial direction as
discussed in the previous paragraph. Under this situation the runner blades cannot have a
large damping effect on the oscillation of the water in axial direction. In the presented
waterfall, there are some small peaks in all sensors signals at f* equal to 0.342, 0.5139, 0.685,
0.761, 1.522, 1.658 and 2.12. The first three frequencies are the harmonics of fRVR,st. The
frequency f*=0.761 is the test rig pump frequency and f*=1.522 is its second harmonic. The
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peak at f*=1.658 is the second harmonic of fRVR,rot and the last peak’s source was introduced in
the BEP section.

Figure 18 .

Amplitude spectrum of the sensors at part load.

The phase resolved data with respect to fRVR,rot and fRVR,st are illustrated in Fig. 19 for
the sensors located at SS4 and PS4. The resolved data with respect to fRVR,st and fRVR,rot are
presented at the left and the right of the figure, respectively. The top figures (Fig. 19 a and b)
show the results from the pressure side sensor and the results from the suction side are
presented in the bottom part of the figure (Fig. 19 c and d). The figure again depicts that the
amplitude of the oscillations on the suction side is larger than on the pressure side as
previously discussed. The resolved data according to the fRVR,st presented in the left part of the
figure are in phase. Since the sensors are located on two different blades and different sides,
this proves again the existence of the axial oscillatory flow in the turbine conduit induced by
the RVR at this frequency. However, there is a phase difference between the phase-resolved
data according to the fRVR,rot, see Fig. 19 b and d. The RVR hits the two adjacent blades with a
phase difference of 60º according to the fRVR,rot. However, the phase difference in this case is
close to 43º. That is due to the fact that one of the sensors is located on the suction side while
the other one is on the pressure side, see Fig. 19. The suction surface sensor senses the RVR
at the same time that it passes the sensor, while for the other sensor the blade blocks the wave
propagation from the suction side to the pressure side. Consequently, the sensor on the
pressure side cannot sense the presence of the RVR until it reaches to the blade trailing edge.
Since the phase difference between the sensor position and the blade trailing edge is close to
17º, the phase difference between the two signals is 60º-17º.
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(a)

(b)

(c)

(d)

Figure 19 .
Phase resolved (black dot) and phase averaged pressure (white line) on
pressure surface (top) and suction surface (bottom) with respect to ݂ோோ,௦௧ (left) and
݂ோோ,௧ (right) together with mean (red line) and 2ı band (dashed green). The Y-axis
limits are different in the top and bottom plots. a) PS6, resolved at f*=0.171; b) PS6,
resolved at f*=0.829; c) SS6, resolved at f*=0.171; d) SS6, resolved at f*=0.829
Similar phase averaged plots of the pressure measurements as those presented for the
BEP case are presented in Fig. 20 to Fig. 22 for the part load operating condition. Comparing
the figures with the result presented for the BEP, it can be concluded that the figures are
qualitatively similar with some differences. At part load, the mean pressure on the pressure
side of the blade is lower and higher on the suction side resulting in a lower pressure
difference and consequently lower torque and lower output power. Furthermore, the lower
flow rate and flow inertia at part load induce fluctuations with lower amplitudes. The highest
fluctuDWLRQLQWKHıSORWRIWKHUHVXOWVRIWKHVHQVRUVLVORFDWHGDW36DQGLVDERXWRIWKH
head compared to 7% at the BEP. For the ǻ3 curve presented in Fig. 22, the maximum
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deviation of the phase averaged results is close to 13% and the maximum value of WKH ı
curve is about 22%. The corresponding values at the BEP were 16% and 32%, respectively.

Figure 20 .
Phase resolved (black dot), phase averaged (white line), mean value (red line)
and 2ı band (green dashed line) of the pressure signal of the sensor located at PS1 at part
load
(a)

(b)

Figure 21 .
Phase averaged pressure distribution on the suction side (a) and pressure side
(b) of the blades at part load
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Figure 22 .
Phase resolved (black dot), phase averaged (white line), mean value (red line)
and 2ı band (green dashed line) of the pressure difference in the middle of the chord and
close to the shroud at part load (PS2-SS2)
5

Conclusion

Unsteady pressure measurements on the suction and pressure sides of the runner of a Kaplan
turbine model were performed at three operating conditions; part load, best efficiency point
and high load. The results provide multiple insights about the flow features in the rotating part
of the turbine as well as the performance of the water supply system; spiral casing and guide
vanes. The frequency spectrum and phase resolved data indicated the asymmetry of the flow
at the outlet of the spiral casing distributor. It showed the poor performance of the water
supply system close to the lip-entrance junction which results in flow separation on the guide
vanes close to this region. The resulting wake propagating downstream from the guide vanes
results in inappropriate angle of attack of the flow with respect to the runner. This induces
high level of pressure fluctuation and probable flow separation on the runner blades. The
existence of the asymmetrical flow at the distributor criticizes the current trend in assuming
axisymmetric flow supplied by the spiral casing to the runner for numerical simulations. The
results also revealed that the co-rotating vortex rope with the runner at partial loads induces a
synchronized axial oscillation in the whole turbine conduit.
The load measurements performed on the turbine journal bearing together with the
torsion measurements on the prototype shaft proved the existence of the asymmetrical
pressure on the runner due to the flow asymmetry at the spiral casing distributor outlet. The
asymmetry results in wobbling of the main shaft. The oscillatory stresses are transferred to the
bearings and may affect their performance as well as their life time. Therefore, consideration
of the asymmetrical forces and hydro-elasticity effects on the runner and consequently the
bearings for their life time estimation and overhaul schedule is mandatory. The torque
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measurements also proved the existence of the asymmetry in the fluid feed to the runner by
spiral casing.
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Notation
B = Bending on the shaft (kNm)
Dm = Runner diameter of turbine model (m)
F = Rotational frequency of the runner (Hz)
f = Frequency (Hz)
fRVR,st = Frequency of rotating vortex rope in stationary frame (plunging mode) (Hz)
fRVR,rot = Frequency of rotating vortex rope in rotating frame (Hz)
fs = Sampling frequency (Hz)
݂= כ


ி

= Dimensionless frequency with respect to runner rotational frequency (-)

H = Head (m)
Hm = Head during model test (m)
Nm = Runner rotational speed of the model (rpm)
݊ଵଵ =


ξு

= Turbine reduced speed (-)

P = Turbine Power (W)
p = Static Pressure (Pa)
Pa,tot = Amplitude of Total Pressure (Pa)
Ptot = Total Pressure (Pa)
Ƹ = Fluctuating part of static pressure (Pa)
ҧ = Time averaged static pressure (Pa)
Q = Prototype flow rate (m3s-1)
ܳଵଵ =

ொ
 మ ξு

= Turbine reduced flow rate (-)

Qm = Model flow rate (m3s-1)
T = Time (s)
u = Runner velocity (ms-1)
v = Fluid relative velocity (ms-1)
Įb = Runner blade angle (º)
Įgv = Guide vane angle (º)
ߚ = Bin size (º)
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Ș= Turbine efficiency (-)
Ĭ= Angular position (º)
ȡ Fluid density (kgm-3)
ı = Standard deviation
ĳ = Phase of oscillation (rad)
Abbreviations
BEP = Best Efficiency Point
DAQ = Data Acquisition System
FFT = Fast Fourier Transform
RVR = Rotating Vortex Rope
6
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ABSTRACT
Part load operation and load variation of water turbines can be harmful for the turbines, especially their
rotating parts. Part load operation of single regulated turbines may induce a rotating vortex rope (RVR) in
the draft tube which is source of asynchronous fluctuations on the runner and hydraulic systems. Load
variation may also result in unpredictable loads and unbalance forces on the runner. This paper deals with
unsteady pressure measurements on the blades of a Kaplan turbine model (Porjus U9) during load variation.
The turbine was studied during different load acceptance and load rejection scenarios in off-cam mode to
investigate the effect of the transients on the turbine performance. Formation and mitigation process of the
RVR and its effect on the forces exerted on the runner were also investigated. The results showed a smooth
transition during load variations between high load and BEP, where the RVR does not form in the draft
tube. However, load variation to part load results in the formation of a RVR with two components; rotating
and plunging. Its formation starts with induction of the fluctuations in the plunging mode and the rotating
mode starts with some delay. The same process was observed during RVR mitigation.

Keywords: Kaplan turbine, load acceptance, load rejection, runner pressure measurements,
rotating vortex rope formation, rotating vortex rope mitigation
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1. Introduction
On demand electricity production is performed by combination of intermittent and continual
production systems. The comparatively new trend in encouragement of using renewable energy
sources for electricity production according to the environmental issues as well as their financial
benefits has increased the portion of solar and wind based energy production in last years. The
study performed by (Observ'ER 2012) showed that solar and wind power had the highest annual
growth in electricity production in the period of 2001 to 2011; an average of 45.8% and 28.3%
per year, respectively. Flexible electricity production systems such as hydroelectric turbines are
used to maintain the grid parameters within a specific band. Consequently, this fast growth of the
intermittent power generation combined with the deregulation of electricity markets has increased
the number of emergency shut-down, starts/stops and load variation in hydropower plants
(Trivedi et al. 2013). The recent review on the transient phenomena in Francis turbines performed
by (Trivedi et al. 2013) showed that Francis turbines experience cyclic stresses, asymmetric
forces on the runner, and wear and tear during load variation, all of which reduce the operating
life time of the components. Axial turbines, i.e., Kaplan, bulb and propeller, experience similar
condition during load variation. The load variation has such great effect on the turbine life time
that a guaranteed number of load variation cycles, as the most severe condition a turbine
experiences, is one of the representative parameters the power plant owners usually ask from
turbine manufacturers (Weber et al. 2013). At the same time, reduced sustainability of the turbine
bearings, designed based on the concept of water lubricated power plant (Golchin 2013), has
increased the concerns about the loads on the rotating parts, especially under load variation
conditions.
From a controlling point of view, the transients are a challenge as well. A hydro turbine is
a non-linear and non-stationary multivariable system. Its characteristics vary significantly with
unpredictable load on it, which presents difficulties in designing an efficient and reliable
controller. One of the main problems is the regulation of turbines with large load variation in the
power system. These problems have not been adequately solved and continue to pose challenges
to the control community (Kishor et al. 2007). When modeling Kaplan turbines, the fact that the
regulation of the flow rate is performed by both the guide vanes position and the runner blades
angle, complicates significantly the formation of a model suitable for analysis of large
disturbances. Turbines characteristics are obtained from prototypes operating at different steady
state operating points. However, it has been shown that during a dynamic perturbation in the
system, the turbine behavior departs from the values defined by the steady state operation
(Arnautovic and Milijanovic 1985).
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Francis turbines have rarely been subject of transient investigations and the works
performed on the axial turbines are limited. An overview of the effect of transient investigations
on water turbines are summarized in (Trivedi et al. 2013). The review shows that there are a
limited number of experimental investigations under load variation conditions in water turbines.
In most of the cases, the global parameters of the turbines like the guide vanes angle, head, flow
rate and runner rotational speed have been investigated during different transient scenarios.
Pressure result in vaneless space of a bulb turbine during total shut down is presented (Kolsek et
al. 2006) and compared with the numerical simulations. Liu et al. (Liu et al. 2010) numerically
investigated the flow condition in a Kaplan turbine model under runaway condition.
Some researchers have recently started experimental investigations on the effect of
transients in rotating parts of hydro turbines, i.e., runner blades and turbine bearings, because of
their high level of vulnerability to transient operations. The analysis performed by (Gagnon et al.
2010) proved the effect of start-stop scheme on crack propagation in a Francis turbine runner
blade and the need of more investigations in order to efficiently optimize start-stop scheme for
hydropower plants. The pressure variations on the blade of a propeller turbine under runaway
condition and speed-no-load were investigated by (Houde et al. 2012). The frequency spectrum of
the results indicates that in both cases the pressure fluctuations with the highest amplitude occur
during the transient time interval. Pressure measurements on a Francis turbine runner blade
during load acceptance/rejection with different schemes were performed by (Trivedi 2013). The
measurement results proved the unsteadiness in the pressure field due to the guide vanes angular
movement. During the guide vane movement interval, it was observed in the measurements that
the amplitude of the fluctuations was increased at rotor stator interaction frequency. The unsteady
pressure field during the load variation may result in unbalance pressure distribution on the
runner.
Generally, injection of intermittent power generation systems and market deregulation
have increased the transients in hydropower systems. The complexity of the hydropower systems
together with the lack of experimental and numerical results necessitates investigation of
transients and their effects on the runner according to the recent review by (Trivedi et al. 2013).
The present work deals with unsteady pressure measurements on the blades of the Porjus U9
model, a Kaplan turbine, during different load variation schemes. The model has been
investigated during steady state operations. The flow condition in the draft tube of the model at
best efficiency point (BEP) has been investigated by laser Doppler anemometry (LDA) system
and the results are presented in (Mulu et al. 2012). The corresponding results for off-design
operating points are presented by (Jonsson et al. 2012). The off-design results showed that the
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flow features at high load are qualitatively similar to the BEP, however, at part load the rotating
vortex rope (RVR) developed in the draft tube results in an abrupt drop in turbine efficiency. The
exerted pressures on the model runner blades together with the exerted forces on the main shaft
and the bearing pads of the corresponding prototype, investigated by (Amiri et al. submitted
2013), showed the existence of asymmetry at the spiral casing distributor resulting in the runner
blades deformation and shaft wobbling. The investigation also proved the existence of the RVR at
part load with two modes; plunging and rotating. The aim of the current study is to investigate the
effect of load variation on the pressure distribution and exerted loads on the blades and other
rotating parts of the turbine. Investigations performed on the runner of the turbine under steady
state operation presented by (Amiri et al. submitted 2013) showed that the part load operation of
the turbine in off-cam mode, when the RVR forms in the conical draft tube is the most harmful
steady state operation case of the turbine. Hence, the pressure measurements were performed
during six possible load variations between three operating points; part load, BEP and high load,
located along a propeller curve. Such type of operational condition is not usual for Kaplan
turbines since doubly regulated. However, the increase need of power regulation is demanding for
Kaplan turbines blade mechanism. Some power suppliers investigate therefore the idea to regulate
power at a constant blade angle to decrease wear despite a significant efficiency decrease.
Furthermore, the power necessary to adjust the runner blades is also significant, decreasing the
machine overall efficiency. For that purpose, the model was run in off-cam mode with a fixed
runner blade angles to investigate extreme conditions.
2. Experimental setup
2.1. Model specification and operating conditions
Pressure measurements on the suction and pressure sides of the runner blades of a Kaplan turbine
model were performed during different load variations. The model runner diameter is Dm=0.5 m
and the operational net head during all investigated conditions was Hm=7.5 m. The penstock,
having an elbow to mimic the prototype experimental conditions, supplies the water to the spiral
casing, see Fig.1. There are 20 equally distributed guide vanes and 18 stay vanes forming the
distributor. The stay vanes are unevenly distributed in the spiral casing as illustrated in the figure.
There is a stay vane close to each guide vane except two guide vanes close to the lip of the spiral
casing. The runner is composed of 6 blades and an elbow type draft tube is installed after the
runner for pressure recovery purposes.
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a)

b)

Figure 1.
Sketch of the whole turbine (a) and water supply system; spiral casing, stay vanes
and guide vanes (b)
The runner rotational speed during the measurements was Nm=696.3 rpm. The rotational
speed was selected to ensure similar n11 in the model and the prototype to assure their kinematic
similarity. The BEP along the propeller curve was found by analyzing model performance at
different guide vanes angles while the runner blades angle was constant. During load variations,
the runner blades angle was constant and the load variations were performed along the propeller
curve; i.e., the turbine was run in off-cam mode. The guide vanes angle at each operating points
together with the corresponding flow rate and reduced turbine parameters, n11 and Q11, are
presented in Table 1. The reduced parameters are defined as:

݊ଵଵ =

ܳଵଵ =

ܰ ܦ

(1)

ඥܪ
ܳ

(2)

ଶ ඥܪ
ܦ


Simultaneous results from pressure sensors on the stationary parts together with the
global parameters of the turbine including output power, head, flow rate etc. were recorded.
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Table 1.

Operating condition parameters
Operating point

Part Load

BEP

High Load

Guide vane angle

Įgv (q)

16

26.5

37.5

Volume flow rate

Qm (m3/s)

0.51

0.69

0.77

Reduced flow rate

Q11൫݉ݎξ݉൯

0.745

1.01

1.125

Reduced speed

n11 ൫ ݉ݎξ݉൯

127.1

127.1

127.1

Relative efficiency to BEP

ߟ െ ߟா

-15.2

0.0

-3.7

The measurements have been done for all possible load variations between the operating
points presented in Table 1, i.e., six cases. The investigated cases together with changing
parameters are presented in Table 2.
Table 2.
Variations in parameters during load variations, subscripts 0 and 1 indicate the
conditions before starting of the load variation and after test stabilization, respectively. tgen
stanGVIRUWKHWLPHGXULQJORDGYDULDWLRQDQGȦgv stands for the average angular velocity of the
guide vanes during load variation.
Įgv0 (º)

Įgv1 (º)

Qm1
(m3/s)

Qm1
(m3/s)

Hm0 (m)

Hm1 (m)

P0 (kW)

P1 (kW)

tgen (s)

Ȧgv (deg/s)

Load acceptance
Case 1

26.7

37.5

0.69

0.77

7.5

7.5

46.2

49.8

12.92

0.836

Case 2

16.2

26.7

0.69

0.51

7.6

7.6

28.5

46.2

13.44

0.781

Case 3

16

37.5

0.51

0.77

7.6

7.5

28.5

49.8

26.98

0.797

Case 4

37.5

26.6

0.77

0.69

7.5

7.5

49.8

46.2

16.55

0.659

Case 5

26.5

16

0.69

0.51

7.6

7.5

46.2

28.5

12.2

0.859

Case 6

37.6

16

0.77

0.51

7.5

7.6

49.8

28.5

24.79

0.871

Load rejection

2.2. Test Rig
The model measurements were performed in Vattenfall R&D model test facility at Älvkarleby,
Sweden. The test rig is a closed loop system designed for testing of Kaplan, bulb and Francis
turbines. The uncertainty in the flow rate and hydraulic efficiency measurements are ±0.13%,
and ±0.18%, respectively, and the repeatability is below ±0.1%. The head of the turbine model
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is set by adjusting the pumps rotational speed, the pressure in the upstream high pressure tank and
downstream low pressure tank. The possibility to independently adjust both the upstream and
downstream tanks pressures makes it possible to perform the measurements either with or without
cavitation. The current measurements were performed under cavitation free condition to isolate
the effect of changing operating condition and load variation. The sketch of the test rig with the
mounted model in its test section is illustrated in Fig.2.

Figure 2.

Sketch of the test rig with installed Porjus U9 model, (Mulu et al. 2012)

2.3. Instruments and measurement techniques
Twelve piezo-resistive pressure sensors manufactured by Kulite (LL-080 series) were flush
mounted on the suction and pressure sides of two adjacent blades, six on each. The sensors were
placed on the blades in such a way that the pressure distribution on the blades surfaces making a
blade-to-blade channel can be acquired. The sensors are located on the vertices of a net formed by
the imaginary circles passing through 1/3 and 2/3 of the blade span and 1/4, 1/2 and 3/4 of the
blade chord lines; see Fig.3. PS in the figure stands for the blade pressure side and SS stands for
suction side. The numbering starts from the sensor located close to the leading edge and tip to the
one at the trailing edge root. The transducers diameter is 3 mm and their sensitive part has a
diameter of 1.5 mm; meaning that the pressure results are the average of pressure over a circle
area with 1.5 mm diameter. Higher pressure than these measured are therefore expected locally.
The sensors pressure range was selected to be 0-7 bar. The natural frequency of the sensors is 380
kHz, well above the studied frequencies during the measurements. The transducers wires were
running through grooves on the blades surfaces to the hollow shaft where they were connected to
the transmitter. The grooves were filled with resin to keep the hydraulic shape of the blades.
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Figure 3.
Top view of the runner with the sensors located on the pressure surface (red
circles) and on the suction surface (green hatched circles) of the runner blades
Calibration was performed by putting the blades in a specially designed Nitrogen tight
pressure tank together with the radio transmitters. During calibration the tank was filled up with
water up to the blade level in order to calibrate the pressure sensors at the same temperature as the
test rig water. The Plexiglass cap of the calibration tank permits the radio transmission of the data
from inside the tank. With this setup, the transducers wires are not required to run out from the
pressurized tank, avoiding any leakage around the wires and thus decreasing the calibration
uncertainty. The pressure can be set with 3 Pa accuracy in such setup. DPI 610 pressure sensor
calibrator from Druck was used as the reference pressure for calibration. The sensors were
calibrated in the range of 1 to 2 bar for the measurements. The sensors output voltages were
recorded in ten randomly selected points while increasing the pressure and 10 other points during
pressure decrease. According to the manufacturer’s calibration document, the sensors calibration
curves are linear in the whole operating range, 0 to 7 bar, so the calibration curves are
extrapolated when required. The maximum uncertainty of the calibration for all the sensors was
lower than 50 Pa.
Two identical telemetry systems from Summation Research Inc. (SRI-500e) were used
during the calibration process and measurements, one for each blade. Each system can handle up
to eight sensors. The systems transfer data in 868 MHz band. However it is possible to set the
frequency of the systems independently in the specified range. This allows the user to set the
frequency to an appropriate value in such a way that it does not interfere with any other radio
signal. This specification was used during the current measurements to prevent the probable
interference between the two telemetry systems. The systems can transfer data with a frequency
up to 17 kHz. The telemetry systems have the capability of applying antialiasing filter,
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digitalizing analog signals and recording them. However, the analog signal received by the
receiver was directly feed to a DAQ (data acquisition) system.
The data acquisition system was a PXI chassis with 4 Ni-4472 DAQ card. The resolution
of the cards is 24-bit and each card has 8 channels with a built-in antialiasing filter. The system is
capable of simultaneous sampling with frequency up to 102.4 kHz. The results were acquired
during the measurements with a sampling frequency of 4 kHz starting a couple of seconds before
the load variation procedure to a couple of minutes after test rig stabilization; totally about 330 s
in all cases.
Head, flow rate and guide vanes angle were also recorded at the same time with the
pressure sensors on the same DAQ system. The main shaft torque was also recorded
simultaneously for power calculation, but with another DAQ system. The signal was recorded
with a sampling rate of 8 Hz. The torque is measured using hydrostatic bearing systems enabling
a frictionless torque measurement. The static head is measured as the difference in static pressure
between the measurement sections in the intake and draft tube outlet of the turbine model
according to ("IEC 60193." 1999). Discharge is measured using two Krone electromagnetic flow
meters mounted in series. The error in torque, head and flow rate measurements were 0.082%,
0.102% and 0.132%, respectively. The signals acquired by two DAQ systems were synchronized
before data analysis using the guide vanes angle signal, recorded by both data acquisition
systems. The signal from a magnetic encoder installed on the main shaft was also recorded to
determine the runner angular position at each instant. The encoder signal consists of one step per
revolution with an accuracy of 0.03 deg.
3. Data Analysis
The main analysis tools to investigate flow features during transients and steady state operation,
including data filtering, smoothing etc., were developed in Matlab. Spectral analysis of the steady
state results was performed using standard Fast Fourier Transform method (FFT) due to the
uniformly sampled signals. FFT with Welch’s method and Hanning window was applied on the
fluctuating part of the pressure results, pො ୧ (t), after applying the calibration results on the raw
signals:

 ( = )ݐҧ + Ƹ  ()ݐ

(3)

The method was used to get better approximation of the amplitudes in the spectral
analysis results (Vekve 2004). Original set of the data in steady case had a length of around 250 s
with a sampling frequency of 4 kHz. The data was divided into 6 subsamples with 50% overlap
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for the spectral analysis. The maximum non-aliased frequency in the results was 2 kHz. The
frequency resolution of the subsampled data was 0.024 Hz.
Analysis of the data during load variation processes started with smoothing of the
calibrated signals. Matlab smoothing function with Savitzky-Golay filter was used to determine
the time-averaged values with a moving average filter. Subtraction of the smoothed signal from
the original one gives the fluctuating part of the signal. The fluctuating signals were afterwards
used for further frequency analyses. Polynomial of order 2 and frame size of 5 s were selected as
the input parameters of the smoothing function. With the selected parameters, most of the
fluctuations from the original data were filtered out and could be captured in the fluctuating
vector after subtraction of the smoothed signal from the original data. Figure 4a shows the
variation in the signal of the pressure sensor located at SS4 together with the guide vanes angle
variation during load acceptance from BEP to high load. The same smoothing process was
applied on the main shaft torque with polynomial of order 2 and frame size of 10 s.
Figure 4b shows the fluctuating part of the pressure signal after subtraction of the
smoothed pressure signal from the original one; it will be referred as fluctuating signal in the
following parts of the paper. The black line in the figure is the result of smoothing the fluctuating
signal with a polynomial of order 2 and frame size of 5 s. Smoothing with polynomials of
different orders and frame sizes were applied on the fluctuating signals to ensure all the
investigated frequencies, i.e., frequencies in the range of RVR frequency to guide vanes passing
frequency, were not filtered out from the signal during first step of smoothing. The results showed
that all the frequencies ranging from the RVR frequency to the highest frequencies captured in the
original data still exist in the fluctuating part of the signal.
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(a)

(b)

Figure 4.
a) Example of raw and mean pressure signal from the sensor located at SS4
during load variation from BEP to high load (Blue dot: instantaneous pressure, Black line:
smoothed pressure, Green line: GV angle). b) The fluctuating part of the signal
Applying the standard FFT methods on the signals was not appropriate for the load
variation cases due to the transient phenomena. A simple and intuitive method to apply FFT on
signals recorded during a transient phenomenon consist of sub-windowing the signal and apply
the FFT on each sub-window, providing that the signal is stationary in each of them. The result is
called spectrogram or short time Fourier transform (STFT), proposed by (Gabor 1946). Although
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the sub-windowing decreases the STFT frequency resolution, it is still the most appropriate
method in time frequency data analysis (Schlurmann 2002).
The fluctuating signals were used for unsteady spectral analysis of the pressure on the
blades to decrease the mean pressure variation effect on the spectrogram calculation. Spectrogram
function from Matlab was used for transient spectral analysis of the results. The function uses the
Goertzel algorithm to analyze the data. Window size of 2.05 s with 96% overlap was selected
after sensitivity analysis. The resulting spectrogram of the sensor located at SS4 during load
variation from BEP to high load is illustrated in Fig. 5, for example. The colorbar in the
spectrogram shows the power spectral density (PSD) of the frequency analysis in logarithmic
scale. Following equation was used for the PSD, presented in the spectrogram:

ܲܵܦ = 10 × log(10 × ܲܵ)ܦ

(4)

Figure 5.
Spectrogram of the pressure sensor located at SS4 during load variation from
BEP to high load. The guide vanes angle variation is represented by the black line
4. Results and Discussion
Experimental measurements on the blades of a Kaplan turbine were carried out considering
different load acceptance and load rejection cases, i.e., six possible transitions between three
operating points; part load, BEP and high load points located on a propeller curve. The
measurements were performed in off-cam mode. The pressure signals were recorded at different
positions on the suction and pressure sides of the runner blades during transient operations. The
fundamental quantities, flow rate, output power, head and guide vanes angle, were also recorded
during the load variations.
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The results showed the main features of the flow during load acceptance from BEP to
high load is similar to the load rejection case from high load to BEP; where the RVR does not
appear in the turbine draft tube. Thus, the results of the load rejection from high load to BEP are
presented as representative of the two cases. The load acceptance from part load to high load
covers all the features of the load acceptance from part load to BEP; hence, the first one is
presented and discussed in details. Furthermore, the results of load rejection from high load to
part load are also presented as representative of case 5 and case 6 for the same reason.
4.1. Load rejection from high load to BEP
Figure 6 shows the variation of fundamental quantities, including guide vanes angle, power, head
and flow rate, during load rejection from high load to BEP. All the parameters in the plot are
normalized with respect to their initial values which may be found in Table 2. Zero in the
horizontal axis indicates the start of the load variation process, i.e., beginning of guide vanes
movement. The turbine output power is recorded under 120 s during load variations. The results
show that the variation in other parameters starts at the same time as the start of the guide vanes
movement. Closing the guide vanes from 37° to 26.5° results in a smooth flow rate decrease by
about 12%. Following the start of the guide vanes closure, there is a temporary increase in the
upstream high pressure tank and 7% increase in head, consequently. This is due to the effect of
the flow deceleration in the turbine penstock. The results presented by (Trivedi 2013) showed that
the deceleration of fluid in the penstock results in an increase of up to 7% in head in a Francis
turbine model tested in an open loop test rig. The test rig pumps control may result in some delay
in head adjustment as well. As a result, the head increases during guide vanes closure and reaches
to a maximum almost at the same time as completing the guide vanes movement. The pressure is
stabilized at about 150 s. The mechanical output power, ܲ = ߟߩ݃ܪ ܳ , is decreased at the end
of the load rejection process compared to its initial value. However, at the beginning of the load
variation, there is an increase in the output power. The output power reaches to its peak value and
then starts to decrease. During the guide vanes closure, the flow rate is continuously decreasing,
however the head and the turbine efficiency are increasing at the same time. At the beginning of
the transient, the effect of the efficiency and the head increase is larger than the flow rate
decrease. After some seconds, according to the simultaneous decrease in head and flow rate and
almost constant efficiency at the end of guide vanes movement, the power starts to decrease and
follows the change in the flow rate with some delay. Considering the same head at the beginning
and the end of the process, the normalized hydraulic power available to the turbine, ܲ =
ߩ݃ܪ ܳ , lies on the flow rate curve before the start of the transient process and after the flow
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stabilization. The difference between the flow rate and mechanical power curves are due to the
3.7% higher efficiency at BEP compared to the high load operating point efficiency.

Figure 6.
Variation of the fundamental quantities of the turbine during load rejection from
high load to BEP
The pressure variations of the sensors located close to the trailing edge and hub of the
runner blades (PS6 and SS6) are presented in Fig.7. The pressure values are made dimensionless
with their initial values. The results show that the load rejection generally results in a smooth
decrease in pressure on the runner blades pressure surfaces and a smooth pressure increase on the
blades suction surfaces, resulting in lower pressure difference on the blades, lower torque and
lower output power. The results showed about 13% decrease in standard deviation of the pressure
measurement results in both sensors signals. This is due to the higher level of turbulence and
energy content in the fluid at the high load operating condition compared to the BEP. The higher
level of fluctuations at high load compared to BEP can be one of the reasons for having higher
efficiency at BEP.
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a) pressure side sensor, PS6

b) suction side sensor, SS6

Figure 7.
Pressure variation on the runner blade surfaces during load rejection from high
load to BEP. Blue dot: instantaneous pressure, black line: smoothed pressure, green line:
guide vanes angle
As discussed in the data analysis section, the fluctuating part of the pressure signals was
extracted from the signal by subtracting the smoothed curve from the instantaneous pressure in
Fig.7. The resulting signal is used to extract the spectrogram of the pressure fluctuations on the
blade. The spectrogram of four pressure sensors during transition from high load to BEP is
presented in Fig.8 with focus on the low frequency region; 0-4·f*. The presented sensors are
distributed close to the hub and shroud of the blades, both on the suction and pressure surfaces.
The spectrogram indicates that for all sensors, the runner frequency and its harmonics are present
in the pressure signals. The same results are reported by (Amiri et al. submitted 2013) during the
steady state operation of the turbine. Illustrated in the figure, the amplitude of the runner
frequency decreases smoothly while decreasing the guide vanes angle. That is due to the higher
flow rate and the higher momentum of the flow at high load compared to the BEP. Seen in the
spectrograms, the noise level is higher when the turbine is working at the high load operating
point compared to the BEP, pointing out the higher energy content and higher turbulence level. It
can also be attributed to the wakes propagating downstream from the guide vanes which induce
higher turbulence level to the flow at high load as presented by (Amiri et al. submitted 2013). It
should be reminded that the color bar presents the power spectral density in logarithmic scale to
be able to see the level of fluctuations during transients, as discussed in the data analysis section.
The transient results during the load rejection from high load to BEP showed that the transition
occurs in a smooth way and there is not any specific fluctuation level or specific frequency
appearing in the spectrogram during transition. Same results were acquired during load
acceptance from the BEP to the high load operating point.
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a) suction side-hub sensor (SS4)

b) suction side-tip sensor (SS1)

c) pressure side-hub sensor (PS6)

d) pressure side-tip sensor (PS2)

Figure 8.
Spectrograms of the pressure sensors during load rejection from high load to
BEP. The black curve represents the variation of the guide vanes angle. The scale of the
pressure amplitude is logarithmic and slightly different for the figures
4.2. Load rejection from high load to part load
Investigation of the load variation process from high load to part load starts with a steady
operation of the turbine at high load. Presented in Table 2, the turbine guide vanes angle was
initially set to 37.5°. Then the guide vanes start to close from the initial position to 16.5°.
Illustrated in Fig.9, the flow rate starts to decrease at the same time as the start of the guide vanes
movement similar to the load variation case from the high load operating point to the BEP,
presented before. The flow rate stabilizes almost at the same time as the guide vanes movement is
completed. The same process as the previous case happens to the head of the turbine. Closing the
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guide vanes by almost 21° results in a pressure increase in the upstream high pressure tank. The
head reaches to a maximum of about 20% of the initial value and then decreases. The head is
recovered about 150 s after the start of the guide vanes movement. The output power variation,
ܲ = ߟߩ݄݃ܳ, is subject to three parameters; turbine efficiency, head and flow rate. During the
load rejection process, the head is suddenly increased and the flow rate starts to decrease at the
beginning of the guide vanes closure. Changing the operating point from high load to part load
results in a small increase in the turbine efficiency followed by an abrupt efficiency drop. Hence,
the head and efficiency increase at the beginning of the load variation process while the flow rate
decreases, leading to a power increase at the beginning of the process. Further closure of the
guide vanes results in formation of a rotating vortex rope in the draft tube cone and de facto an
efficiency drop of the turbine. At this point, the effect of the flow rate and efficiency decrease is
larger than the increasing head and the power starts to decrease. Comparing Fig.9 with Fig.6, the
efficiency is monotonically increasing from high load to BEP, hence, the peak at the output power
curve happens at the same time as the head peaks which both correspond to the end of the guide
vanes closure in Fig.6. However, in load variation from high load to part load presented in Fig.9,
the peak in the output power does not happen at the same time as the peak in the head. In this
case, there is a peak in the turbine efficiency happening before the end of the guide vanes
movement. The peak in the efficiency results in a movement of the maximum power point to the
left. Although, the maximum in the head happens at the end of the guide vanes closure, similar to
the previous case, the maximum in the power does not happen at the same time as the maximum
in the head. The output power increases by about 4% and then the effect of the efficiency and
flow rate decrease dominates the head increase effect and the output power decreases
consequently. The decrease in the output power is larger than the flow rate decrease during the
load variation. This is attributed to the 11.5% lower efficiency of the turbine at part load
compared to the high load.
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Figure 9.
Variation in fundamental quantities of the turbine during load rejection from high
load to part load
Figure 10 illustrates the variation of the pressure on the pressure and suction sides of the
runner blades together with the variation in the standard deviation of the results. The smooth
decrease in the pressure after the end of the guide vanes movement in both plots is due to the
change in the turbine head before the test rig is stabilized. With the start of the load rejection
process, the pressure on the pressure side of the blades decreases and increases on the suction side
resulting in lower pressure difference on the blades and lower output power. Further closing of
the guide vanes results in formation of the RVR at some point. In the following paragraphs, it is
presented that the RVR has two components; plunging and rotating. These components do not
seem to form/mitigate simultaneously during load variations. The starting point of the formation
of the plunging and rotating components are presented with dashed red and dashed green lines,
respectively. Seen in the figure, during the formation of the rotating component of the RVR, the
pressure on the suction side tends momentarily to decrease. This phenomenon was only captured
on the sensors located close to the hub of the runner blade where the RVR is close to the sensors
while it was not captured on the sensors close to the tip. It can be seen in the figure that the effect
on the suction side is more pronounced compared to the pressure side due to the RVR formation
in the draft tube.
Figure 10c Illustrates the variation in the pressure difference between the two pressure
sensors located on the pressure and suction sides of the runner blade close to the hub and trailing
edge. The plot shows the momentarily change in the pressure difference on two sides of the
blades due to the RVR formation. Theoretically, it should result in an instantaneous change on the
main shaft torque and vertical force on turbine thrust bearings. However, the effect cannot be seen
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in the power output presented in Fig.9. It may be related to the fact that this phenomena happens
just in the inner part of the runner with lower radius and the effect can be damped out by the high
inertia of the rotating parts and the damping effect of the bearings. Similar results were recorded
during load rejection from the BEP to the part load operating point.
a) pressure side, sensor PS6

b) suction side, sensor SS6

c) PS6-SS6

d) standard deviation

Figure 10.
Pressure development on the runner blade surfaces during load rejection from
high load to part load together with the variation in the standard deviation of the results. Blue
dot: instantaneous pressure, black line: smoothed pressure and green line: guide vanes angle;
dashed red: start of the formation of the RVR plunging mode; dashed green: start of the
formation of the RVR rotating mode
Another interesting phenomena captured by the pressure signals is that load variation
from high load to part load changes the performance of the inner section of the runner blades.
Shown in Fig.10c, during part load operation, in the inner section of the runner blade the pressure
on the pressure side is lower than the pressure side, i.e. inner section of the blades work as a
pump instead of turbine resulting in suction of water from the draft tube to upstream. This is
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compatible with the LDA measurements in the draft tube of the model in part load operation
presented by (Jonsson et al. 2012). Their phase resolved LDA measurements showed that in part
load operation, the axial velocity of the fluid in the helical vortex is negative meaning that water
travels upstream in the vortex which rotates around a stagnant region with nearly zero velocity.
The turbine performance suffers from this phenomenon from two perspectives. First, the turbine
torque will be decreased according to the adverse pressure on the inner section of the blades.
Second, the stagnant region decreases the effective area of the draft tube and results in lower
pressure recovery and higher losses. The effect of all of them is 15.2% decrease in turbine
efficiency compared to the BEP as presented in Table 1.
Fig.10d shows the standard deviation of the pressure signals during load variation. With
the start of the load rejection process from the high load, the standard deviation of the pressure
signals on both sides of the blades decrease until the guide vanes angle reaches about 24°. This is
due to the higher flow energy and turbulence at high load compared to the guide vanes angle
which is close to the BEP case. Afterwards, the standard deviation drastically increases on both
sides of the runner after the RVR formation. The effect is higher on the suction side due to the
formation of the RVR just in the vicinity of the blades suction side.
The spectrograms of the pressure sensors located on the pressure and suction side of the
blades are presented in Fig.11. Similar to the previous case, the runner frequency and its
harmonics are present in the plots. Decreasing the load from the high load to part load results in a
smooth decrease in the amplitude of the runner frequency and its harmonics; similar to the
previous case. However, in spite of the previous case, two sub-asynchronous frequencies appear
in the plots during load rejection that dominate the spectrogram. The frequencies are close to
0.2.f* and 0.8.f*. The simultaneously recorded pressure measurements at draft tube cone together
with the flow visualization proved the presence of a RVR in the diffuser at part load. The results
are compatible with the results presented by (Amiri et al. submitted 2013) and (Jonsson et al.
2012) for steady state measurements. The frequency spectrum of the pressure sensors on the
stationary parts of the turbine shows that the RVR revolves with a frequency of 0.2.f* at this
operating point. Since the RVR revolves with a frequency that differs from the runner rotational
speed, the effect of the RVR should also be observed in the rotating domain. According to the coכ
כ
rotation of the RVR with the runner, a frequency of ݂ோோ,௧
= ݂  כെ݂ோோ,௦௧
= 0.8݂  כis expected

in the rotating domain. The peak at 0.2.f* is related to the axial oscillations of the flow in the
whole turbine conduit induced by the pulsating movement of the recirculation zone below the
runner cone. The source of the frequency is discussed in detail by (Amiri et al. submitted 2013).
This oscillating component is referred as plunging mode in this paper. The harmonics of the RVR
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frequencies are also present in the spectrograms; 0.4.f*, 0.6.f* and 1.6.f*. The RVR plunging mode
is initiated in the draft tube at about 23 s. The RVR frequency at its start of formation is close to
0.16.f* and by closing the guide vanes, the frequency gradually increases to 0.2.f*. The variation
can be seen more clearly in Fig.14 and discussed more in details later on. There is a simultaneous
כ
change in ݂ோோ,௧
from 0.84.f* to 0.8.f* as expected. Figure 12 illustrates the amplitude spectrum

of the pressure sensors located on the pressure and suction side of the runner blades for steady
operation at the part load operating point. Comparison between this figure with the part load
measurement results at a guide vanes angle of 20° presented by (Amiri et al. submitted 2013)
shows that the RVR frequency changes about 17% (from 0.17.f* to 0.2.f*) by changing the guide
vanes angle from 20° to 16.5°. The amplitude of the RVR frequency in the current part load case
is also nearly three times greater than the amplitude at the guide vanes angle of 20°. The increase
of the RVR frequency together with the corresponding amplitude results in an increase of the
energy content at this frequency by a factor of about 4.2.
Another interesting phenomenon seen in the spectrograms is the formation process of the
rotating vortex rope. Illustrated in Fig.11, the amplitude at 0.17.f* appears at about 23 s. However,
the fRVR,rot appears in the spectrum with a delay of about 2 s and there is a fast growth in the
intensity of the fRVR,rot amplitude. According to the delay in appearance of the fRVR,rot compared to
fRVR,ax, it can be concluded that the formation of the RVR in the turbine’s draft tube starts with
oscillations of the flow in the axial direction. The axial oscillation of the flow may start after
formation of the stagnant region in the conical draft tube (Susan-Resiga et al. 2006). The
interaction between the main flow and the recirculation zone below the runner cone may result in
an instability phenomenon of Kelvin-Helmotz type. As the guide vanes angle further decreases,
the flux of angular to axial momentum increases. The flow cannot sustain such large shear
leading to the initiation of the rotating vortex rope. Function of the guide vanes angle, there may
just be an axial oscillation in the turbine while the rotating part of the rotating vortex rope does
not exist in the draft tube. Another explanation can be the presence of a rotating vortex rope
downstream of the runner that has both the axial and rotating frequency components at the same
time. However, at the beginning of its formation, the RVR can induce a subcritical oscillation in
plunging mode while the rotating component is supercritical and its effect is confined in the draft
tube region, downstream of the runner. This may also be an effect of transients and may not be
captured during steady state operation. Investigation of the turbine at different guide vanes
openings with small steps in guide vane angle change can be a good starting point to clarify
whether it’s related to the unsteadiness, sub-criticality or inexistence of the rotating part.
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a) SS-H (SS5)

b) SS-T (SS1)

c) PS-H (PS6)

d) PS-T (PS3)

Figure 11.
Spectrogram of the pressure sensors during load rejection from high load to part
load. The black curve represents the variation of the guide vanes angle. The scale of the
pressure amplitude is logarithmic and slightly different for the figures
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Figure 12.
$PSOLWXGHVSHFWUXPRIWKHVHQVRUVORFDWHGRQWKHEODGHVDWSDUWORDGĮgv=16°. Yaxis shows the position of the sensors on the blades surfaces according to Figure 3

Comparing the spectrograms of the sensors located at different positions on the runner
blades in Fig.11, the rotating vortex rope is captured at the same time in all of them. However, a
phenomenon is specifically captured by the sensors located on the blade suction side close to the
hub. After formation of the RVR in the draft tube, there is a wide band noise on the suction side
of the runner blades captured by the sensor located close to the hub. The wide band noise covers
the frequency range from nearly zero up to about 500 Hz. This is not present in the signals
acquired by the other sensors, neither on the suction side and close to the tip nor on the pressure
side. The reason is attributed to the RVR’s shape. Typical shape of a rotating vortex rope is
presented in Fig.13. From the figure, the sensors located on the suction side, close to the hub are
located just in the vicinity of the RVR core. The wide band noise proves the high level of
fluctuations with high amplitudes at different frequencies close to the RVR region. The
inexistence of the wide band noise in the spectrogram in the beginning of the RVR formation
does not mean that the wide band noise does not exist on the runner. This is due to the change in
the RVR radius with changing the guide vanes angle. Decreasing the guide vanes angle and
consequently flow rate results in a growth in the dead zone region downstream of the runner
blades and larger diameter of the RVR orbit radius. As the guide vanes angle reaches close to 19°,
the RVR reaches the sensors located close to the hub and results in the formation of the wide
band noise in the signal. Further decrease in the guide vanes angle results in covering the sensors
located close to the hub section of the runner by the RVR and the wide band noise appearance in
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the signal. It can be concluded that the RVR frequency may not be the main source of the
problems initiated by the turbines operating at part load, but the problem can be related to the
wide band noise frequency exerted on the turbine runner. The wide band pressure pulsations exert
fluctuations with a high level of energy to the turbine’s rotating parts that can result in resonance
in some parts of the turbine if the natural frequency of the components lies in the frequency band.
Such phenomenon was captured during the startup process of the corresponding prototype of this
model; see (Jansson 2013).

Figure 13.

Visualized RVR in a Francis turbines draft tube (Dörfler et al. 2013)

The variation in power spectral density and frequency of the RVR in plunging and
rotating mode during load variation from high load to part load are presented in Fig.14.
Comparing part a and b of the figure, the amplitude of the rotating mode is higher than the
plunging mode in all sensors since the RVR swings in the vicinity of the runner. It is also
observed that in all cases the amplitude at the RVR frequency on the suction side is higher than
the pressure side indicating that the disturbance propagates from the draft tube upstream to the
runner. Meanwhile, the runner blades attenuate the wave propagation. After passing through the
runner, the decrease in the amplitude of the fRVR,rot is higher than the one at fRVR,st. It is due to the
large mass of water in the whole test rig that oscillate with the fRVR,st in the axial direction as
discussed by (Amiri et al. submitted 2013). Under this situation the runner blades cannot have
such large damping effect on the oscillation of the massive water oscillation in the axial direction.
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a) RVR plunging mode amplitude

b) RVR rotating mode amplitude

c) RVR plunging mode frequency

d) RVR rotating mode frequency

Figure 14.
Power spectral density and frequency of plunging and rotating modes of RVR
during load variation from high load to part load
The variation in the plunging and rotating frequency of the RVR are presented in part c and d of
the figure. The x axis in each plot starts with the start of the formation of the RVR in the
corresponding mode. The RVR formation close to the runner starts with the formation of the
plunging mode. Illustrated in Fig.14c in more detail, the process starts with comparably high level
of fluctuations in the frequency of the plunging mode. After about 5 s, the frequency stabilizes at
about 0.17.f*. The frequency increases with the guide vanes closure afterwards and stabilizes at
the frequency of about 0.2.f*. The higher level of the fluctuations in the frequency of the RVR
captured by the sensor located on the suction side of the blade and close to the hub is due to the
wide band noise induced on the inner part of the blade after the RVR formation, see Fig.11.
Compared to the plunging mode, there is not such swing phenomenon in the formation of the
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rotating mode of the RVR. The rotating mode frequency decreases with the guide vanes closure
in such a way that the summation of the RVR frequencies in plunging and rotating modes after
the RVR stabilization are equal to the runner frequency, which is in agreement with the steady
measurement results presented by (Amiri et al. submitted 2013) and the results presented in
Fig.12.
4.3. Load acceptance from part load to high load
Load acceptance investigation starts with steady state operation of the turbine at part load. Then
the guide vanes opening process starts at a constant rate; see Fig.15. All the parameters are made
dimensionless according to their initial values, see Table 2. The change in the other parameters
starts simultaneous with the guide vanes movement. Opening the guide vanes from 16° to 37°
results in a smooth increase of the flow rate by about 50%. The increase in the guide vanes angle
results in a temporary decrease of the turbine head by about 15%. This change in the head is the
combined effect of flow acceleration in the turbine conduit and also the pressure drop in the
upstream pressure tank due to the control of the test rig pumps as discussed in the previous cases.
The head is recovered afterwards with an increase in the test rig pumps rotational speed. Unlike
the load rejection cases, the power curve follows the head curve for a comparably short interval.
However, the minimum value in this case is lower than the peak in the load rejection cases; 1.2%
in load acceptance compared to about 5% in load rejection cases. The difference is that in the
beginning of the load rejection processes the flow rate decreases while the head and the turbine
efficiency increase at the same time. Hence, the efficiency and head contribute to increase the
maximum power value. On the other hand, in the load acceptance case, although the head
decreases by opening the guide vane, the flow rate and the efficiency increase at the same time.
The outcome is that the variation in the head cannot dominate the increase in the other parameters
for a long time. Thus, the minimum in the power curve is 4 times smaller than the peaks in load
rejection cases.
The turbine output power increases by 75% after stabilization. Considering the
unchanged head before and after the load variation process, the flow rate curve is representative
of the available hydraulic power to the turbine; ܲ = ߩ݃ܪ ܳ . The difference between the
dimensionless power and the flow rate in the figure is due to the higher efficiency at high load
compared to the part load. The efficiency difference is close to 11.5% as presented in Table 1.
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Figure 15.
Variation in fundamental quantities of the turbine during load acceptance from
part load to high load
Figure 16 illustrates the pressure variation in the sensors located on the pressure and
suction side of the runner blades during load variation from part load to high load. The presented
plots are related to the pressure sensors close to the hub and trailing edge of the blade on the
pressure and suction sides, PS6 and SS6, respectively. Seen in the figures, the pressure results are
still not stabilized at 100 s. This is due to the variation of the turbine head until 150 s presented in
Fig.15. The results show that after stabilization, the pressure at PS6 is increased by about 10%
and is decreased by about 18% at SS6; resulting in a higher pressure difference on the blades and
thus higher output power. The scattering or standard deviation of the data starts decreasing by
opening the guide vanes which is according to the disappearance of the RVR in the draft tube and
then increases as discussed in section 4.2. Comparing the results of load rejection (case 6
presented in section 4.2) with the current results for load acceptance, a difference between the
formation and disappearance of the RVR in the draft tube of the turbine can be seen. It was shown
in Fig.10, that the formation of the RVR in the draft tube coincides with a temporary increase in
pressure difference on the runner blades. However, there is not such an effect on the runner when
RVR mitigates during load acceptance from part load to high load. The pressure signals on both
the pressure and suction side of the runner blades vary in a smooth way from part load to RVRfree condition as shown in the figure.
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a) Pressure side, sensor PS6

b) Suction side, sensor SS6

c) PS6-SS6

Figure 16.
Pressure development on the runner blade surfaces during load acceptance from
part load to high load. Blue dot: instantaneous pressure; black line: smoothed pressure and
green line; guide vane angle; dashed red: disappearance of the RVR plunging mode; dashed
green: disappearance of the RVR rotating mode
The corresponding spectrograms of the signals of some pressure sensors distributed over
the pressure and suction sides of the runner blades are presented in Fig.17. The main features of
the plots are similar to the load rejection from high load to part load case presented in section 4.2.
The runner frequency together with its harmonics is present in all spectrograms. During part load
operation the existence of the RVR in the draft tube is captured by all the sensors scattered on
both sides of the blades. The RVR’s amplitude is higher on the suction side than the pressure side
as expected. The wide band noise with a cutting edge captured in the load rejection case from
high load to part load is present in the signal of the sensors located close to the hub in this case as
well. With increasing the guide vanes angle, the wide band noise suddenly disappears. The
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disappearance is attributed to the shrinkage in the RVR radius as discussed in section 4.2. The
frvr,st decreases as the load increases during load variation process and frvr,rot increases
consequently. The mitigation of the rotating and axial parts of the RVR does not happen
simultaneously during the load acceptance. Their formation during the load rejection did not start
either at the same time as described in section 4.2. In this case, the axial component of the RVR
last about 3-4 s longer than the rotating component. The physical phenomenon is discussed in
detail in the load rejection case.
a) SS-H (SS5)

b) SS-T (SS1)

c) PS-H (PS6)

d) PS-T (PS3)

Figure 17.
high load

Spectrogram of the pressure sensors during load acceptance from part load to

Figure 18 illustrates the variation of the RVR frequency in plunging and rotating modes
during the load acceptance process. The variations in the amplitudes are the same as the load
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rejection case, but in reverse order. Hence, the amplitude results are not presented here. The end
point of the horizontal axis shows the mitigation time of the RVR in the corresponding mode
showing that the rotating part of the RVR disappears sooner than the plunging mode. The main
features of the plots are similar to the load rejection case in 4.2. The main difference in the
plunging mode is due to the oscillation phenomenon in the RVR frequency during the load
rejection case which is not captured during the load acceptance. In this case, the RVR mitigation
happens in a smooth way and there is no swing in the RVR frequency. Another difference is that
the range of the frequency variation in this case is higher than the load rejection case. During the
RVR mitigation, the plunging mode frequency decreases down to 0.13.f* compared to the
minimum frequency during the RVR formation; 0.17.f*. This may be attributed to fluid resistance
to the formation of the RVR during load rejection or faster guide vanes movement in load
rejection compared to the load acceptance case as presented in Table 2. Figure 18a shows that
during the load variation from part load to high load, the RVR frequency in the plunging mode is
close to 0.172.f* when the guide vanes angle is equal to 20°. A frequency of 0.171.f* is reported
by (Amiri et al. submitted 2013) for the steady state operation at the same guide vane angle. So,
the flow situation may be considered as quasi-steady during the load variation.
a) RVR plunging mode frequency

b) RVR rotating mode frequency

Figure 18.
Frequency of plunging and rotating modes of RVR during load variation from
part load to high load
5. Conclusion
Unsteady pressure measurements on the suction and pressure sides of the runner blades of a
Kaplan turbine model were performed during load variations between three operating points; part
load, BEP and high load. The study was performed to investigate the effect of transition on the
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loads exerted on the runner and the RVR formation/mitigation processes. The results showed that
load variation from high load to BEP happens in a smooth way, i.e., smooth increase in the
pressure on the pressure side of the runner and the pressure decrease on the suction side. During
the load rejection from high load to part load, closing the guide vanes results in an increase in the
swirl at the draft tube and formation of a RVR. The RVR formation results in the induction of
fluctuations with two frequencies on the runner; plunging and rotating mode. Plunging mode of
the RVR was first captured by the sensors on the runner blades and the rotating mode was
captured with about 2 sec delay. However, the amplitude of the rotating mode is larger than the
plunging mode in the spectrograms of all the sensors. Formation of the RVR results in the
induction of a wide band frequency on the runner ranging from 0-~500 Hz. Decreasing the load
increases the RVR frequency, amplitude and the RVR radius resulting in larger fluctuations with
the wide band frequency on the runner. Onset of the RVR results in a momentarily decrease in the
pressure on the suction side of the blades resulting in a sudden pressure change on the runner
blades and probable fluctuation in torque and blades lift. Similar phenomena were captured
during load acceptance from part load to high load, but without any sudden change in the blade
pressure during the RVR mitigation.
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Notation
Dm = Runner diameter of turbine model (m)
F = Rotational frequency of the runner (Hz)
fRVR,st = Frequency of rotating vortex rope in stationary frame (plunging mode) (Hz)
fRVR,rot = Frequency of rotating vortex rope in rotating frame (Hz)
fs = Sampling frequency (Hz)
݂= כ


ி

= Dimensionless frequency with respect to runner rotational frequency (-)

Hm = Head during model test (m)
Nm = Runner rotational speed of the model (rpm)
݊ଵଵ = Turbine reduced speed (݉ݎξ݉)
P = Turbine Power (kW) or Static Pressure (Pa)
p = Static Pressure (Pa)
Ƹ = Fluctuating part of static pressure (Pa)
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ҧ = Time averaged static pressure (Pa)
ܳଵଵ = Turbine reduced flow rate (݉ݎξ݉)
Qm = Model flow rate (m3s-1)
t = Time (s)
Įgv = Guide vane angle (0)
Ș= Turbine efficiency (-)
ȡ Fluid density (kgm-3)
ı = Standard deviation
Ȧgv = Guide vane angular velocity (deg/s)
tgen = Transient time (s)

Abbreviations
BEP = Best Efficiency Point
DAQ = Data Acquisition System
FFT = Fast Fourier Transform
STFT = Short Time Fourier Transform
RVR = Rotating Vortex Rope
PSD = Power Spectral Density
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ABSTRACT
Experimental investigation of the velocity in rotating parts of water turbines is a challenge
due to the flow complexity and accessibility. Hence, flows in rotating parts of such machines
are mainly investigated numerically using experimental results acquired in stationary parts to
indirectly validate the simulation results. Detailed experimental results acquired in the
rotating parts of turbine models are valuable for data validation purposes as well as better
understanding of flow condition in rotating machines.
This study deals with laser Doppler anemometry measurements in the blade channels and at
the runner outlet of a recently designed Kaplan turbine model, Porjus U9. Measurement
results at best efficiency points corresponding to two propeller curves are presented. The
results show fully attached flow to the runner blades inside the blade channels indicating
well-functioning blades at these operating points. Tip clearance at this section was found to be
source of some losses. At the runner outlet section, hub clearance jet has a strong influence on
flow control over the rotating hub. The jet strength decreases with opening the runner blades
and the swirl entering the draft tube.
Keywords: Kaplan turbine, LDA, Runner, Best Efficiency Point
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1 Introduction
Hydropower is the world’s second most important source of electricity, ahead of nuclear
(Observ'ER 2012) and the most mature, reliable and cost-effective renewable power
generation technology available (Amin 2012). According to the International Renewable
Energy Agency’s report (Amin 2012) hydropower produces about 80% of the world’s
renewable electricity which accounts for about 17% of the world-wide electricity production.
One key advantage of hydropower systems is their unrivalled load variation capability giving
them the flexibility to compensate for the grid load fluctuations. Hence, water turbines are
ideal complement to intermittent electricity generation systems (Observ'ER 2012). Although
hydropower systems were initially built to run as base load, deregulation of electricity market
together with the fast growth of renewable, intermittent power generation systems has forced
the hydropower plant owners to use the water turbines for grid stability purposes.
The new market situation has increased the number of start/stop, load variation and off-design
performance of the turbines. Due to the complex flow phenomena happening during offdesign operation water turbines may experience unexpected forces with high level of
fluctuations. Vortex break down in the draft tube and formation of rotating vortex rope can be
mentioned as some phenomena inducing oscillatory forces on the turbine and especially its
rotating part during off-design operations. This may accelerate crack propagation on the
runner blades, shorten the bearings life time and the other parts of the turbines. These working
conditions should be taken into account in the design process of newly designed and
refurbished turbines. The new machines should have the capability to operate in a wider range
of output power while maintaining an appropriate efficiency. Model testing and
Computational Fluid Dynamics (CFD) are the main available tools for design and analysis of
the turbines. After nearly three decades of application of CFD to the development of
hydraulic turbines, its application is still restricted due to the complexity of the flow in
hydropower turbines. Model testing is an effective method to control the performance of
prototype for efficiency measurements with a precision below 0.2% (Mulu et al. 2012). The
results can be used for prototype performance estimation as well as development of CFD
methods in the field of hydropower.
Francis turbines have been widely investigated. Flow behavior in draft tube of a Francis
turbine has been investigated in detail within the FLINDT project (Flow Investigation in a
Francis Draft Tube) at the Laboratory of Hydraulic Machinery at EPFL. Flow condition in the
turbine draft tube has been investigated with wall pressure measurements (Arpe and Avellan
2002), LDV (Laser Doppler Velocimetry) and PIV (Particle Image Velocimetry) at the draft
tube inlet (Ciocan et al. 2000) and outlet (Iliescu et al. 2002). The cavitation in the turbine has
also been studied by PIV (Iliescu et al. 2008; Müller et al. 2012). The LDA measurements
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were used to propose a mathematical model for the complex fluid exiting the runner (SusanResiga et al. 2006). The Waterpower Laboratory at the Norwegian University of Science and
technology (NTNU) has been working on model and prototype measurements with focus on
the scale-up effects and rotor stator interaction (Kobro et al. 2008; Kobro 2010; Trivedi et al.
2013 (accepted); Vekve and Skåre 2002; Vekve 2004). The Hydraulic Machines Laboratory
at Laval University (LAMH) has performed similar measurements on a propeller turbine
model within the AxialT project (Deschenes et al. 2010; Gagnon et al. 2008; Gagnon et al.
2012; Gouin et al. 2009).
Kaplan turbines which are doubly-regulated, has received less attention compared to the other
turbine types. The main experimental contributions to this topic are the results of the
experiments performed on the model of a recently designed Kaplan turbine known as Porjus
U9. The main features of the flow in the conical draft tube of the turbine were studied by
LDA and pressure measurements at the Best Efficiency Point (BEP) (Mulu 2012; Mulu et al.
2012) and off-design operating points (Jonsson 2011; Jonsson et al. 2012). The results
showed the flow is nearly axisymmetric and axial as it exits the runner at BEP. The pressure
recovery along the draft tube was shown to be close to ideal, indicating a well-functioning
draft tube without separation (Mulu et al. 2012). A pressure recovery of about 70% in the
conical section of the draft tube shows its high contribution to the turbine efficiency.
Changing the operating point from BEP to high load slightly changed the flow characteristics
at the draft tube inlet. The main difference was division of the draft tube inlet plane into two
regions; a co-rotating swirl in the outer region of the draft tube inlet and a counter-rotating
swirl in the inner part (Jonsson et al. 2012). However, that did not affect the draft tube
performance and the pressure recovery was comparable to the BEP case. The strong swirl,
generated by the runner at part load resulted in formation of a helical vortex in the conical
draft tube called rotating vortex rope (RVR). It resulted in formation of a dead zone at the
central part of the draft tube cone with close to zero axial velocity. The performance of the
draft tube was drastically affected by the RVR and dead zone formation (Jonsson et al. 2012).
The formation of the dead zone region downstream of the runner cone decreases the effective
area of the draft tube and accelerates the flow between the draft tube cone and the dead zone
area resulting in poor performance of the draft tube. The blades wakes were captured at all
operating points and were found to be dissipated in stream-wise direction.
Recent advances in experimental methods like the telemetry systems, miniature sensors and
laser-based non-intrusive flow measurement systems together with the fact that the main
source of the complexities in the turbines is its runner has attracted the researchers attention to
the rotating parts. Farhat et al. (2002) performed pressure measurements on the blades of a
pump turbine model with special focus on the rotor stator interaction. Kobro (2010)
performed pressure measurements on the runner blades of a Francis model and the

78
Amiri K, Mulu B G, Cervantes M J
corresponding prototype. Trivedi used the same model as Kobro for on-design and off-design
investigation of the model (Trivedi et al. 2013) and under transients (Trivedi et al. 2013
(accepted)). Amiri et al. (submitted 2013a) investigated the pressures exerted on the runner
blades of a Kaplan turbine runner under on-design and off-design operation together with the
load acceptance and load rejection (Amiri et al. submitted 2013b).
The present work deals with experimental investigation of the Porjus U9 Kaplan turbine
model which was the case study of Mulu et al. (2012) and Jonsson et al, (2012). The
aforementioned works were concentrated on the flow investigation in the conical draft tube of
the turbine while the current work focuses on the LDA measurements in the rotating part of
the turbine; i.e. at the runner blade channels and at the runner outlet section. Velocity
measurements have been performed at part load, high load, and BEP of two propeller curves
to investigate the effect of the change in runner blades angle on velocity distribution at the
entrance of the draft tube as well as the effect of the guide vanes angle when the turbine
works under off-cam mode. Off-cam operation of Kaplan turbine may result in RVR
formation in the draft tube of the turbine at part load which is not a designed case for Kaplan
turbines. However, this may happen during turbines start/stop. This is the case for operation
of propeller turbines and can be valuable for investigation of the flow in propeller turbines as
well. Moreover, operation of the Kaplan turbines in off-cam mode due to malfunctioning of
the runner blades control system and internal faults may happen in hydropower plants. The
results are divided into two papers. This paper includes the materials, methods and acquired
results related to the BEP on the investigated propeller curves. The second paper presents the
results of the part load and high load operating points on each propeller curve.

2 Experimental apparatus and procedures
2.1 Porjus U9
A 1:3.1 scaled model of the Porjus U9 Kaplan turbine was used for the study. The
corresponding prototype has an operational head of 55 m. Its maximum electricity production
capacity is 10 MW with corresponding discharge of 20 m3/s. The water supply system is
composed of a spiral casing with 20 guide vanes and 18 stay vanes. The runner diameter is
1.55 m and is composed of 6 blades. An elbow draft tube is installed downstream of the
runner for pressure recovery purposes.
The corresponding model has a runner diameter of D = 0.5 m. It was investigated with an
operational net head of H = 7.5 m during all operating conditions. The runner rotational speed
was selected to be N = 696.3 rpm to assure kinematics similarity between the model and
corresponding prototype. The model was investigated along two propeller curves
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corresponding to runner blades aQJOHRSHQLQJVRIQDPHO\ȕb = 0.8º and 4º. The turbine highest
HIILFLHQF\ SRLQW OLHV RQ WKH SURSHOOHU FXUYH RI ȕb = 0.8º. Higher blades installation angle
indicates more opening of the runner blades. Results of the BEP on each of the curves are
presented in the following sections. The corresponding guide vane angles for the two points
are 26.5º and 30o, respectively. In each case, the BEP was determined by changing the guide
vanes angle, moving along the corresponding propeller curve to the runner blade angle, and
analyzing the results to find the appropriate guide vanes angle to have the maximum
efficiency. The corresponding volume flow rates were Q = 0.71 and 0.80 m3/s, respectively.
The operating characteristics are presented in Table 1. Presented in the table, changing the
operating point of the Kaplan turbine in on-cam mode resulted in just 0.2% decrease in the
turbine efficiency.
Table 1

Operating condition parameters

Operating point

BEP0.8

BEP4

Runner blade angle

ȕb (º)

0.8

4

Guide vanes angle

Įgv (º)

26.5

30

Volume flow rate

Q (m3/s)

0.71

0.8

1.037

1.168

127.3

127.3

0.0

-0.2

Reduced flow rate

Reduced speed

Relative efficiency

ܳଵଵ =

݊ଵଵ =

ܳ
 ܦଶ ξܪ

ξ݉
(
)
ݏ

݊ ܦξ݉
(
)
ξݏ ܪ

Ș-Ș0.8 (%)

2.2 Test rig
The investigation was performed at the Vattenfall Research and Development model test
facility in Älvkarleby, Sweden. The closed loop test rig is designed for testing bulb, Kaplan
and Francis turbines with ±0.13% uncertainty in flow rate and ±0.18% in hydraulic efficiency
(Marcinkiewicz and Svensson 1994). The measurements repeatability is below 0.1%.
Illustrated in Fig. 1, the model was mounted between high-pressure and low-pressure tanks.
The pressure difference between the two tanks can be adjusted to set the desired head for the
test case. The absolute pressure of the two tanks can be adjusted to either trigger or avoid
cavitation. The current measurements were performed under cavitation-free condition.

80
Amiri K, Mulu B G, Cervantes M J

Fig. 1

The test rig with Porjus U9 Kaplan turbine model

2.3 Velocity and pressure measurements
A two-component LDA system with an 85-mm optical fiber probe from Dantec was used to
measure the velocity distribution in the blade channels and at the runner outlet. The probe
uses backscattering configuration enabling velocity measurements inside the blade channels
while the runner blocks the light beam traveling in the forward direction. Front lens of 600mm focal length was used. The measuring volume size, based on the e2 Gaussian intensity
cut-off point, was estimated to be 2.229  0.140 mm, and 2.426  0.147 mm for the
horizontal and vertical components, respectively. Velocity measurements were performed in
burst and coincidence mode; one velocity was recorded in the vertical and horizontal direction
for each passing particle. Sampling time at each measurement point was set to 600 s. This
corresponded to 30,000 - 500,000 bursts at each measurement point function of the location.
The seeding particles used during the investigation were Expancel 461 WU 20 powder with
an average diameter of about 6 μm. Measurements were performed at three windows made of
high quality glass to assure optical access. Radial profile RB-I was located between the runner
blades, 8 mm blow the runner center. Profiles RC-I and RC-II were located below the runner
blades in the daft tube cone 137 mm below the runner center. Profile RC-I was angularly
tilted 45o from profile RB-I and profile RC-II was located at the same angular position as RBI, see Fig. 2.
Signal of a magnetic encoder installed on the main shaft of the turbine was used to determine
the runner angular position at each instant. The encoder signal consists of one step per
revolution with an accuracy of 0.5 deg.
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(a)

(b)

Fig. 2

LDA measurement locations, RB-I: between the runner blades; RC-I and RC-I: below the

runner blades

Pressure measurements were performed in the draft tube cone along the inner and outer radius
of the draft tube; five taps equally spaced in the vertical direction. The measurement sections
are along the a and c sections in Fig. 3a which are also compatible with the measurements
performed by Mulu et al, (2012) and Jonsson et al, (2012). Membrane-type pressure
transducers from Druck (PDCR810) with an accuracy of 0.1% were used for the pressure
measurements. The pressure sensors signals were recorded with a sampling frequency of 4
kHz.
(b)

(a)

Fig. 3

Pressure measurements locations in the draft tube cone

3 Data reduction
Time-weighted averaging method based on the residence time of the bursts was used to
calculate the mean and the Reynolds stress components of the velocity acquired with the LDA
system, which reduces the bias (Mulu et al. 2012). The results showed the presence of a
mainly periodic turbulent flow in both measurement sections; in the blade channels and at the
runner outlet. Hence, each acquired signal, ߶(ݔ, )ݐ, is decomposed into three components

82
Amiri K, Mulu B G, Cervantes M J
according to the Reynolds triple decomposition; time averaged velocity, ߶ത()ݔ, oscillatory
part, ߶෨(ݔ, )ݐ, and random fluctuations, ߶´(ݔ, )ݐ:
߶(ݔ, ݔ(߶ۃ = )ݐ,  ۄ)ݐ+ ߶ ᇱ (ݔ, ߶ = )ݐത( )ݔ+ ߶෨(ݔ,  )ݐ+ ߶ ᇱ (ݔ, )ݐ

(1)

where ݔ(߶ۃ,  ۄ)ݐis the phase averaged quantity over the defined period. Acquired signals
showed that the runner revolution frequency and its harmonics dominate the amplitude
spectrum of the velocity and pressure measurement signals at the BEP. Hence, the results are
phase resolved according to the runner revolution frequency. LDA measurement results
acquired at a point downstream of the runner, phase resolved according to the runner
revolution, are presented in Fig. 4 as an example. The black dots in the figure represent the
phase resolved instantaneous velocity during the measurements. The measurement results at
each point are function of the runner angular position determined by the magnetic encoder,
see Fig. 4. One period, runner rotation in this case, was divided into phase intervals of size ǻș
to calculate the phase averaged curve in the figure. The phase resolved data within each
interval positioned at ș0, [ߠ െ ȟߠΤ2 , ߠ + ȟߠΤ2], are averaged to extract the phase averaged
velocities and the RMS values.
The window size should be carefully selected to estimate the phase averaged and the RMS
values accurately. However, there is not any distinct criterion for this parameter. The window
size is a trade-off between phase resolution and statistics. The number of samples contained in
each interval and the bin size affect the phase averaged plot and consequently RMS values
calculated in each bin. The size of the bins should be considered as small as possible to take
into account most systematic fluctuations for phase average calculations and determine the
random fluctuation part and consequently RMS values as accurate as possible, especially
when there is a high level of local gradients in the data (Zhang et al. 1997). However, small
window size requires enough data in each interval to have a negligible effect from the random
fluctuations on the periodic ones; otherwise the random fluctuations may contribute to the
phase average plot resulting in some fluctuations in the phase average curve and
underestimation of the RMS values. On the other hand, if the window size is too large, the
variation in the phase average results in the intervals will be significant especially where the
curve slop is high. It results in underestimation of the peak values in the phase averaged curve
and overestimation in RMS values.
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Fig. 4

Illustration of a triple decomposition of the velocity for one runner revolution

In the data analysis, the gradient compensation method (parabolic regression) presented by
Glas et al. (2000) was used for the LDA data analysis which was reported to be the most
appropriate method by Mulu et al, (2012). For the phase-resolved velocity data, a
circumferential resolution of 0.5º was used for the data acquired after the runner in all cases,
which gives a good compromise between statistics and phase resolution. The bin size was
selected to be 1º for the analysis of the LDA measurements in the blade channels.
Since the LDA system was run in burst mode and particles are arbitrarily distributed in space,
the arrival time of each particle was random. Spectral analysis of the LDA results with
standard Fast Fourier Transform methods (FFT) was not possible due to the unevenly
distributed samples of the LDA results. The analysis was carried out after re-sampling them
through a linear interpolation with a sampling rate corresponding to the minimum time
interval recorded in the original set of the data. Welchಬs method with a Hanning window was
then used for spectral analysis. The method gives the same frequencies as Lomb-normalized
periodogram method (Press et al. 2007), where evenness of the data is not compulsory (Mulu
and Cervantes 2011). The resulting phase averaged curve together with the RMS values at
different positions along the LDA measurement radius were used to present the contour of
velocity distribution in the blade channels and at the runner outlet.
The pressure data obtained on the model are uniformly sampled which allows treating the
results with standard FFT methods. For spectral analysis of the pressure signal, Welch’s
method with Hanning window was applied on the fluctuating part of the signal. Six subwindows with 50% overlap were selected for this purpose.
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4 Results and discussion
The time and phase averaged velocities and turbulent quantities are presented in this section.
The velocities are made dimensionless by the bulk velocity obtained from the flow rate
through the turbine and the draft tube inlet diameter, i.e., diameter at section RC-I in Fig. 2.
The positive directions for the velocities are defined to be downward for the axial component
and clockwise from top view for the tangential one, which is in the runner rotational direction.
The sketch of the velocity components and the angles are presented in Fig. 5.

Fig. 5

6NHWFKRIWKHYHORFLW\WULDQJOHVDWWKHUXQQHURXWOHWUȦVROLGERG\URWDWLRQDOYHORFLW\RIWKH

blade; Urel: relative velocity of flow with respect to the blade; Uabs: fluid velocity in global frame of
UHIHUHQFHȕDQJOHEHWZHHQWKHUHODWLYHYHORFLW\DQGWXUELQHD[LVĮDQJOHEHWZHHQWKHDEVROXWH
velocity and turbine axis. The same definition for velocity triangle is used at the blade mid-section

4.1 Time- averaged quantities
4.1.1

Velocity profiles

Figure 6 presents the time-averaged velocity profiles investigated in the runner blade-to-blade
channel and at the runner outlet. The tangential velocity in the blade channels is increasing
with the radius in the inner part of the blade which is the combined effect of the twisted
blades with lower installation angle close to the tip compared to the hub and the upstream
condition. The twisted blade induces higher tangential velocity to the flow close to the tip
compared to the hub. The decrease in axial velocity along the radius in this region can also be
explained by the twisted blades. Close to the runner tip there is a turning point in both
velocity profiles. The reason is attributed to the jet coming from the upper half part of the
runner blades tip clearance which results in an increase in the axial velocity and decrease in
the tangential one close to the tip. The tip clearance jet is shown in the phase averaged
contour plots presented in section 4.2.2. Figure 6c presents the flow angle obtained from the
axial and tangential velocity components. The increase in the tangential velocity component
together with the decrease in the axial velocity along the radius in the inner section of the
runner results in an increase of the flow angle in the radial direction. The velocity variation
along the radius in the outer region of the runner is rather in opposite manner due to the tip
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clearance jet resulting in a curve with negative slope. The variation in flow angle is confined
to about 7º from hub to tip in the channel.
For both blade angles, the velocity profiles at the runner outlet show that the axial velocity is
almost constant throughout the radius except close to the blades endings. Close to the hub, the
axial velocity increases due to the hub clearance jet. The tangential component also increases
as a combined effect of the jet created by the clearance and the rotating hub. However, the jet
effect seems to be the dominant factor because decreasing the hub clearance by opening the
runner blades angle decreases the tangential velocity component significantly; see Fig. 6b.
The hub clearance jet can be helpful for flow control purposes and preventing flow separation
on the rotating runner cone. The jet energizes the boundary layer, decreasing the effect of the
centrifugal force, which may result in separation on the runner cone. Comparing the results
acquired with the two runner blades angles, 0.8º and 4º, opening the runner blades diminishes
the hub jet effect in both axial and tangential directions. The side effect of the jet
disappearance is a small increase in the axial velocity in the middle section of the runner
according to conservation of mass as shown in Fig. 6b. Increasing the runner blade angle
results in a decrease in the tangential velocity and flow angle at the runner outlet,
consequently. The change in the runner blade angle decreases the swirl at the runner outlet.
The tangential velocity increases linearly with the radius in the mid part of the blades like a
solid body rotation. Higher swirl close to the tip results in a centrifugal force helping to
prevent separation on the conical draft tube wall. This effect is not dissipated downstream in
the cone as presented by Mulu et al. (2012). Both velocity components decrease in the
vicinity of the chamber due to the combined effect of the boundary layer developed on the
wall and the cavity formed in the vicinity of the optical access window which was not
completely flush mounted to the wall according to its conical shape. Increasing the blade
angles by 3.2º results in a decrease in the flow angle after the runner as shown in Fig. 6d,
however both curves show the same trend except close to the hub region due to the reduced
hub clearance.
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(a)

(b)

(c)

(d)

Fig. 6

Time-averaged axial and tangential velocity profile (a) at section RB-I and (b) at sections RC-

I and RC-II with two different blade angle together with the flow angle (c) at section RB-I and (d)
at sections RC-I and RC-II. The bold line about r* = 0.5 and 0.4 represent the runner cone wall

The time-averaged velocity profiles and flow angles acquired in the blade channel and at the
runner outlet in the rotating frame of reference are presented in Fig. 7. Since the axis of
rotation is along the turbine axis, the axial component in the rotating frame of reference is the
same as the stationary one presented in Fig. 6. Figure 7a shows the relative tangential velocity
with respect to the blade in the blade channel. The negative sign of the velocity indicates that
water has a lower rotational speed than the runner blades. The relative tangential velocity
profile shows a linear pattern due to the runner’s rigid body rotation. The same trend is
captured at the runner outlet; see Fig .7b. The curves deviate from the linear relation in the
regions close to the hub and tip due to the hub jet and wall effect of the chamber.
The flow angle in the relative frame of reference is presented in Fig. 7c and d. In the blade
channel, the flow angle with respect to the turbine axis is increasing with the radius due to the
blades twist. Close to tip, the increase in axial velocity, shown in Fig. 6a, results in a local
GHFUHDVHLQȕ Illustrated in Fig. 7d, the relative flow angle decreases with increasing the blade
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installation angle. However, close to the hub, the hub clearance jet mitigation resulted in
KLJKHUIORZDQJOHDWȕb = 4º.
(a)

(b)

(c)

(d)

Fig. 7

Relative tangential velocity profile (a) at section RB-I and (b) at sections RC-I and RC-II,

together with the relative flow angle (c) at section RB-I and (d) at sections RC-I and RC-II. The
bold line about r* = 0.5 and 0.4 represent the runner cone wall

4.1.2 Reynolds stresses
Figure 8 presents the Reynolds stresses in the runner blade channels and at the runner outlet.
The phase-averaged part of the signals was removed from the original one to calculate the
parameters; i.e., ߶Ԣ(ݔ,  )ݐin Eq. (1) is presented. Inside the blade channels, shown in Fig. 8a,
the largest stresses appear close to the tip because of the large velocity gradients produced by
the tip clearance jet and the wall effect as shown in Fig. 6a. Outside this region, the stresses
decrease toward the shroud. This is because of the shear created by the runner cone angular
rotation.
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(a)

(b)

Fig. 8

Reynolds stresses u*2, v*2 and uv* (a) at section RB-I and (b) at sections RC-I and RC-II with

WZRGLIIHUHQWEODGHVDQJOHLHEODFNOLQHIRUȕb = 0.8o DQGEOXHOLQHIRUȕb = 4o. The bold line
about r* = 0.4 represent the runner cone wall

Reynolds stresses are almost constant far from the runner hub and tip after the runner.
Opening the runner blades decreases the swirl after the runner which results in a small
decrease in Reynolds normal stresses; see Fig. 8b. The stresses increase close to the shroud,
r*>0.9, due to the combination effect of the runner tip clearance and the chamber wall. The
increase was expected according to the high velocity gradients in this region presented in Fig.
6b. The results presented by Mulu et al, (2012) shows that this region will expand in the draft
tube cone and almost dissipate at the end of the cone. A small increase in the shear stress can
be seen in this region as well. There is a sharp increase in the normal stresses close to the hub
due to the combination effect of the hub clearance jet shown in Fig. 6b and the rotating hub.
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The Reynolds shear stress is nearly zero in the middle part of the blade, far from the runner
hub and tip after the runner, indicating a nearly inviscid flow.

4.1.3 Swirl
Swirl intensity, Sw, is defined as the ratio of the flux of angular momentum to the axial
momentum flux times the equivalent radius:
ೃ

ܵ= ݓ

ೃ మ  మ ௗ
భ

ೃ

(ோమ ିோభ) ೃ మ  మ ௗ

(2)

భ

This parameter plays an important role in draft tubes performance by preventing flow
separation at the draft tube cone walls and consequently higher level of transformation of
kinetic energy to pressure (Mulu et al. 2012; Senoo et al. 1978). The swirl calculated at the
runner outlet for the runner blades angle of 0.8º is 0.385. The swirl decreases to 0.312 by
increasing the blade angles to 4º. The swirl at the runner outlet was found to be higher than
the swirl at the draft tube cone presented by Mulu et al. (2012). This is due to the difference in
the geometry of the section where the measurements were done. The swirl induced to the flow
entering the conical draft tube is generated by the runner blades and the runner cone. The
effect of the blades wakes in increasing the tangential velocity and decreasing the axial one
increases the swirl at the runner outlet. The wake effect will be dissipated quickly which is a
source of lower swirl further downstream. Moreover, (ܴଶ െ ܴଵ ) is used for the swirl
calculation at the runner outlet while ܴଶ is used in the cone. This results in smaller
denominator at the runner outlet compared to downstream and increased calculated swirl.
Hence, the swirl will be decreased along the draft tube. On the other hand, the diffusing effect
of the cone decreases the axial velocity in streamwise direction while the tangential
component is preserved (Mulu et al. 2012). This increases the swirl in axial direction;
however, it cannot compensate for the swirl decreasing phenomena.

4.2 Periodic quantities
The fluid exiting the runner, affected by the runner rotation, is periodic with different
frequencies. The dominant frequencies at the BEPs are the runner and blades passing
frequencies. The pressure and velocity spectrums estimated by the Welch’s method as
discussed in the data reduction part are presented together with the phase-averaged velocities
with respect to the runner frequency.

4.2.1 Amplitude spectra
Amplitude Spectral waterfalls of the pressure sensors located along the inner and outer part of
the draft tube with a runner blade angle of 0.8º are presented in Fig. 9. Similar results were
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DFTXLUHGIRUWKHUXQQHUEODGHVDQJOHȕb = 4º. The runner and the blades passing frequencies
dominate the spectrum in both cases.
(a)

(b)

Fig. 9

Spectral waterfall of the pressure sensors located along the inner part (a) and outer part (b) of

WKHFRQLFDOGUDIWWXEHIRUUXQQHUEODGHVDQJOHȕb = 0.8º

Variation of the amplitude of the pressure fluctuations with the blades passing frequency
along the draft tube cone is presented in Fig. 10. The blade passing frequency amplitude
generally decreases in the stream-wise direction in both cases due to the blades wakes
dissipation in the streamwise direction. The plots also show that for both blades angles, the
amplitudes in the outer region of the draft tube are lower than the inner region. This is due to
the asymmetrical flow supplied to the runner by the spiral casing reported by Amiri et al,
(submitted 2013a). Comparing Fig. 10a and b shows that increasing the blades installation
angle decreases the amplitude of the blade passing frequency. It is an indication of weaker
blades wakes propagating downstream of the runner which is in agreement with the lower
swirl generated by the runner in this case.
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(a)

(b)

Fig. 10 Amplitude of the blades passing frequency along the conical diffuser at (a) ȕb DQG E ȕb
= 4º

Figure 11 illustrates the amplitude spectrum results of the dynamic pressure at the runner
outlet estimated from the LDA measurement results in the axial and tangential directions
when ȕb is equal to 0.8º. For both components, the blades passing frequency dominates the
spectrum in all the measurement points. The harmonics of the frequency are also present in
both cases. The other frequencies in the spectrums are the runner frequency and its multiples
due to the difference in the wake of the different blades which can be related to the runner
asymmetry, i.e., the difference in the blades geometry resulting from manufacturing tolerance,
blades installation angle etc. The low frequency noise level close to the hub are higher than
the other sections due to the interaction of the flow exiting the runner with the rotating hub
which increases the turbulence level in this region. The noise level decreases in the midsection of the blades and increases again close to the shroud due to the mixing effects of the
tip leakage and interaction between the runner blades and the shroud.
The amplitude spectrum of the dynamic pressure calculated from the tangential velocity
component, Fig. 11a, shows a linear dependency of the amplitude of the blades passing
frequency to the radius. The no slip condition on the runner blades results in a shear flow with
increasing tangential velocity and formation of the wakes propagating downstream from the
runner blades. The shear flow strength is a function of the blade velocity which increases
linearly with the radius due to the runner’s solid body rotation and results in a linear increase
in the blades passing amplitude in the radial direction. Close to the hub, the amplitude of the
blades passing frequency increases significantly. The increase is a combination effect of the
hub clearance jet and the flow at the blade-hub junction region. It will be shown in the
following paragraphs that the contribution of the jet in the amplitude is higher than the other
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phenomenon. The amplitude shows a sudden increase close to the tip region as well due to the
tip vortex formed in this region propagating downstream.
The amplitude spectrum of the dynamic pressure calculated from the axial velocity
component along the runner radius is presented in Fig. 11b. The effect of the hub clearance jet
and the rotating hub are pronounced in this case as well. Seen in the figure, the hub jet is
attached to the rotating hub and its thickness is about 15% of the runner span. Outside this
region, there is not any special peak at any position. The tip vortex seen in the tangential
results does not have any distinguishable effect in the axial direction.
(a)

(b)

Fig. 11 Waterfall of the dynamic pressure after the runner with ȕb = 0.8º for (a) tangential component
and (b) axial component

Amplitude spectral waterfall of the dynamic pressure along the radius at the runner exit
estimated with the LDA measurement results with ȕb = 4º are presented in Fig. 12. In the
tangential direction, see Fig. 12a, the amplitude spectrum in the mid-blade section is
qualitatively similar to the ȕb = 0.8º results, but the amplitude of the blades passing frequency
is decreased due to the wake strength decrease because of the lower level of swirl exiting the
runner. Close to the hub, the decrease in the amplitude of the blades passing frequency with
increasing the runner blades angle is distinguished due to a weaker hub clearance jet. The
amplitude of the blades passing frequency close to the tip is increased by 30% which is an
indication of an increase in the strength of the tip leakage vortex. Hub and tip clearance
measurements proved that the tip clearance increases with blades angle while the hub
clearance decreases.
In the axial velocity waterfall, presented in Fig. 12b, the runner blades opening has some
visible effects at the blades ending regions. Close to the hub, the hub clearance jet width is
decreased which can be an indication of a weakened hub jet which is in agreement with the
tangential results. However, the amplitude of the blades passing frequency was found to be
higher in this case. This can be either due to the formation of a narrow high-velocity jet at this
operating point compared to the previous one or changing of the jet position. By changing the
blades angle, the position of the jet may be pushed closer to the LDA measurement location,
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resulting in higher amplitude in the spectrum. The hub clearance jet is detached from the
runner cone in this case. This can affect the performance of the jet in preventing separation on
the runner cone. Close to the shroud there is a pronounced peak in the amplitude spectrogram
while there was not any special peak with the runner blade angle of 0.8º. This is compatible
with the discussion about the tangential velocity component where increasing the runner
blade angles increases the tip clearance and stronger tip leakage, consequently.
(a)

(b)

Fig. 12 Waterfall of the dynamic pressure after the runner with ȕb = 4º for a) tangential component
and b) axial component

All the spectral results showed that the runner frequency is the lowest frequency appearing in
the spectrums and the other frequencies are its harmonics. Hence, the BEPs results have been
phase averaged and presented with respect to the runner frequency in the following sections.

4.2.2 Synchronous analysis
The contour plots of the phase-averaged velocities and the flow angle acquired by the LDA
system in the runner blades channels together with the velocity RMS values are presented in
Fig. 13. The six blank spaces in each contour indicate passing of a runner blade which cuts
the LDA laser beams preventing formation of the LDA measurement control volume. The
contour plots are a top view of the flow and the runner rotates in clockwise direction. The
axial velocity component contour shows lower axial velocity close to the pressure side of the
blade. The lower axial velocity may be attributed to the lower section of the blade blocking
the flow in the axial direction. The velocity increases in the angular direction in each blade
channel from the pressure side to the suction side and reaches a maximum value in the
vicinity of the suction side of the next blade where the rotating blade forces the flow into the
axial direction and leave the channel. There is a low velocity region close to the runner tip in
each blade channel. This may be the effect of the tip clearance jet, formed in the upper section
of the blades due to the larger tip clearance in this region. Hitting the jet to the next blade
results in formation of a secondary flow which decreases the axial velocity in the vicinity of
the jet.
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Fig. 13 Normalized phase-averaged axial, tangential and total velocity together with flow angle and
corresponding RMS values at section RB-,ZKHQWKHUXQQHUEODGHDQJOHȕb is 0.8o

The tangential velocity, presented in Fig.13, decreases from the blade pressure side to suction
side in each blade channel. Close to the blade pressure side, water flows mainly in the
tangential direction and change direction near the next blade suction side to become mainly
axial and leave the blade channel. The flow angle, shown in Fig. 13, confirms this statement.
In the radial direction, the axial velocity decreases with the radius while the tangential
velocity increases. This behavior is expected in axial turbines due to the twisted runner
blades. This phenomenon can also be seen in the flow angle contour, see Fig. 13. The total
velocity contour in the blade channels shows a close to homogeneous distribution in each
blade channel. The high velocity lines in the vicinity of the blades pressure side is due to the
high tangential velocity in this region attributed to the runner rotation since the same behavior
can be seen in the tangential velocity and the flow angle contour plots.
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The phase-averaged contour plots of the RMS velocities in axial and tangential directions are
also presented in Fig. 13. The maximum value of the axial velocity fluctuations happens close
to the shroud where a high velocity gradient in the axial direction due to the tip clearance jet
is present. There are some regions close to the runner hub with high RMS values because of
the high level of velocity gradients in the axial direction. The bow-shape regions with high
RMS values in the vicinity of the blades pressure sides in both contours are attributed to the
runner blades leading edge vortex propagating downstream in the runner blade channels.
Figure 14 presents the deviation of the axial and tangential velocity contours in different
blade channels from the averaged blade channels velocity contour. Velocity contours inside
the six blade channels presented in Fig. 13 are averaged and each of the contours are
subtracted from the resulting average to extract the deviation contours. It should be noted that
the contours are extracted from the LDA measurements performed along a radius. Hence, it
just represents the contribution of the runner asymmetry in the deviation from the mean
contour and the effect of the asymmetry generated by the stationary components, e.g., water
supply system including the spiral casing, distributor and the guide vanes, is not presented
here. Shown in the figure, the maximum velocity deviation from the mean contour is close to
7% of the reference velocity in the axial direction and 15% in the tangential one. However,
neglecting some spots, the deviation is confined to 2% of the bulk velocity in both cases
which can contribute in the asymmetrical forces exerted on the runner.

Fig. 14 Deviation of the axial and tangential velocity contours in different blade channels from the
mean contour at section RB-,ȕb = 0.8º

The velocity distributions inside the blade channels in the rotating frame of reference are
presented in Fig. 15. The axial velocity contour is the same as the one presented in the global
frame of reference since this component is parallel to the runner axis of rotation. The
tangential velocity contour plot presents the velocities with negative values indicating that the
flow velocity is lower than the runner rotational speed, see Fig. 15. The increase in the
magnitude of the tangential velocity with distance from the axis of rotation is due to the
combined effects of the runner rigid body rotation, the blade twist and the swirl distribution at
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the runner inlet. Magnitude of the tangential velocity in the blade channels increases from the
pressure side of the blade to the suction side. Hence, the total velocity contour shows lower
velocity on the pressure side of the blade compared to the suction side. This is compatible
with higher pressure on the pressure side compared to the suction side which results in a
torque on the turbine shaft and consequently runner rotation. These results are in agreement
with the pressure measurement results recorded on the runner blades. The last contour plot in
Fig. 15 presents the relative velocity angle in the blade channel. The relative flow angle
increases in the radial direction due to the blades twist as mentioned before. The relative flow
angle contour shows similar flow angles on the suction and pressure sides of the runner blades
indicating no separation on the runner blades in the measurement section. The regions with
high flow angle close to the shroud correspond to the low axial velocity regions presented in
the axial velocity contours.

Fig. 15 Normalized phase- averaged axial, tangential and total velocity in relative frame of reference
together with the relative flow angle at section RB-I, when the runner blade angle is 0.8º

Figure 16 presents contour plots of phase-averaged velocities and flow angle in the global
frame of reference together with the corresponding RMS values for the BEP located on the
propeller curve of the runner blade angle ȕb = 0.8º below the runner at section RC-I. The
results show that the blade passing results in induction of additional tangential velocity to the
flow because of the blades dragging affect resulting from the no slip velocity on the blades.
Hence, the regions with high tangential velocity correspond to the blades passing. The blades
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passing results in formation of wakes with lower axial velocity propagating downstream for
similar reason. The sudden increase in the RMS values by the blade passing is attributed to
the shear friction against the blades resulting in a momentum loss in the axial direction and
momentum gain in the tangential direction (Mulu et al. 2012).
The highest axial velocity regions are located close to the runner hub. The six high axial
velocity regions close to the hub section presented in Fig. 16 correspond to the hub clearance
jet. The presence of the high velocity jet around the runner cone is beneficial for flow control
purposes. It compensates for the centrifugal force induced to the flow by the runner and helps
to prevent separation on the runner cone. The jets will expand and join together in the draft
tube and form an asterisk shape in the draft tube as presented by Mulu et al. (2012).
Afterwards, the high velocity region will propagate and dissipate in the stream-wise direction.
The presence of the high velocity region and the dissipation phenomenon is a source of losses
in the draft tube. The same process happens to the tangential component. The low velocity
spots between the jets in the axial velocity contour are related to the runner blades trailing
edge passing.
The runner blades wakes do not have straight line patterns due to variation in the swirl and
consequently the flow angle at the runner exit section. The runner blades are designed in such
a way that the flow leaves the runner with an angle close to 20° at the shroud,. The velocity
angle decreases towards the hub and then increases again, see previous Fig. 6. This results in
a curved shape wake at the measurement plane since the part of the flow leaving the hub and
shroud of the runner reaches to the measurement plane sooner. There is a high velocity spot
between each runner wake and the runner chamber in axial velocity contour plot. The high
velocity spots indicate the tip leakage in the blades tip clearance.
The tangential velocity contour has two sets of high velocity regions; close to the hub and
close to the tip. The high velocity spots close to the hub, happens at the same angle as the low
velocity spots in the axial velocity contour. They correspond to the wakes of the blades
trailing edge close to the hub. There is a small increase in the tangential velocity component
at the same spots as the hub clearance jet found in the axial velocity contour indicating that
the jet is close to axial. It can be seen in the flow angle contour plot in Fig. 16 that the jet has
an angle close to 10º. The high velocity spots close to the tips correspond to the blades trailing
edge and their dragging effect.
Although the axial and tangential velocity contours have regions with high gradients, the total
velocity contour still shows a homogeneous flow pattern. The spots with high and low
velocities are related to the blade trailing edge passing close to the hub and tip and the tip
clearance jet.
Close to the shroud in the wake free region, the flow angle is mainly about 20º, see Fig. 16.
The angle allows preventing flow separation on the conical diffuser’s wall; see Mulu et al.
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(2012). Close to the hub in the wake free region, the angle is nearly zero due to the hub
clearance jet. The jet energizes the boundary layer compensating for the centrifugal force and
preventing flow separation on the runner cone. Flow in the blade channels has a small angle
while it increases in the trailing edge wake due to the increased swirl in this region, i.e., high
tangential velocity and low axial velocity.

Fig. 16 Normalized phase-averaged axial, tangential and total velocity together with flow angle and
corresponding RMS values at section RC-I, when the runner blade angle is 0.8º

The corresponding RMS values of the axial and tangential velocity components indicate that
the velocity fluctuation level at the blade channels outlets is minimum and homogeneous for
both components. The RMS values increase in the blade wake both in the axial and tangential
directions. The wake shapes are similar in the axial and tangential directions but the RMS
values in the tangential case are higher, especially close to the shroud region. The spots with
high level of RMS close to the tip in the tangential RMS contour indicate the presence of the
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tip vortex shedding from the blades tip. The maximum RMS values in both directions
occurred close to the hub where the trailing edge passing of the runner together with the
rotating hub creates a high level of turbulence.
Similar procedure as the one used in Fig. 14 is applied to the velocity contours acquired at the
runner outlet to investigate the effect of the runner asymmetry on the flow entering the
conical draft tube. The corresponding results are presented in Fig. 17. The results show that
both velocity components deviate substantially from the mean contours in specific regions.
Regions with higher deviation level are located in the blades trailing edge wakes indicating
the importance of blades geometrical similarity in flow symmetry at the runner outlet.

Fig. 17 Phase- averaged deviation of the axial and tangential velocity contours in different blade
channels from the mean contour at section RC-,ȕb = 0.8º

Velocities and the flow angle contours in the rotating frame of reference are presented in Fig.
18. The relative axial velocity contour is the same as the axial velocity in the global frame
presented in Fig. 16. The magnitude of the tangential velocity component increases in the
radial direction which is the combined effect of the blades twist and the rigid body rotation of
the runner. The blade wakes are still visible in the rotating frame. It can be seen that in the
rotating frame, blade passing locally decreases the magnitude of the tangential velocity due to
the no slip condition. The total velocity contour is the resultant of the axial and tangential
velocities. The contour plot is dominated by the tangential component since the tangential
velocity in the rotating frame is about three times higher than the axial component.
Consequently, the main features of the total velocity contour are similar to the tangential one.
The relative flow angle contour, presented in the bottom right of Fig. 18, shows
monotonically increasing flow angle with the radius. It was expected from the twisted blades
and the time averaged results presented in Fig. 17. The high flow angle regions close to the
shroud is the effect of the blades passing. Passing the trailing edge of the blades, as discussed
before, results in a decrease in the axial velocity and increased flow angle in the rotating
frame of reference consequently. The lower angle of flow close to the shroud and in the
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vicinity of the blade wakes are due to the tip clearance leakage which increases the local axial
velocity.

Fig. 18 Phase- averaged velocities in relative frame of reference together with the relative flow angle
at section RC-I, when the runner blade angle ȕb is 0.8º

Phase-averaged contour plots of the velocity components and the flow angle together with the
corresponding RMS plots for the BEP corresponding to the propeller curve of ȕb = 4º are
presented in Fig. 19. The main features of the contours are the same as the previous case with
some differences. The main difference in the axial velocity contours is the effect of the runner
blade angle on the hub clearance. Opening the runner blades has decreased the hub clearance
jet intensity due to the decrease in the hub clearance with increasing the runner blades angle
of installation. Opening the runner blades decreases the swirl leaving the runner and the
centrifugal force in the draft tube, consequently. Hence, a hub clearance jet with high
intensity is not required any more. On the other hand, the tip leakage velocity is increased due
to the tip clearance increase with increasing the runner blades installation angle.
One of the differences in the tangential contour plot is the lower tangential velocity at the
runner outlet due to the larger installation angle of the blades. Increasing the runner blades
angle from 0.8º to 4º has decreased the maximum dimensionless velocity of the wake
tangential velocity in the hub region from 0.9 to 0.6. The peak values in the tip region are also
decreased due to the lower swirl at this blade angle.
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Fig. 19 Normalized phase- averaged axial, tangential and absolute velocities together with the flow
angle and corresponding RMS values at section RC-II, when the runner blade angle ȕb is 4º

The total velocity contour is similar to the ȕb = 0.8º case; the only difference between the two
cases is confined to the hub region. According to the reduced intensity of the hub clearance jet
and also the lower intensity of the runner wakes in this region, the level of the velocity
variations is decreased. The tip leakage velocity is increased with increasing the blades angle
as discussed before. The same pattern as the previous case can be seen in the flow angle
presented in Fig. 19. The flow angle is generally decreased in all parts of the contour;
however, the flow still co-rotates with the runner. The swirl variation along the radius is the
same as the previous case also; i.e., nearly axial flow close to the hub with increasing flow
angle toward the cone. The flow angle in the spots with higher values, located close to the hub
in Fig. 16, is decreased by increasing the blades angle due to the decrease in the tangential
velocity component in those regions.
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The phase averaged RMS plots show the same trend as the previous ones. The main
difference between these two cases is the higher RMS values in the axial component between
the blades and the chamber due to the high tip leakage observed in the axial velocity curve.
The velocity measurement results, transformed into the rotating frame of reference, are
presented in Fig. 20. The magnitude of the tangential velocity is decreased compared to the
previous case because of the higher installation angle of the blades. The blades trailing edge
wakes are also weaker in the hub region. The magnitude of the tangential velocity increases
with the radius and the total velocity contour plot has similar pattern to the previous case. The
total velocity is generally lower compared to the blades angle of 0.8º since the tangential
component is lower. The wakes are more pronounced in this case due to the sharp, undissipated wakes in the axial velocity component. Decreasing the blades installation angle has
UHVXOWHG LQ DQ RYHUDOO GHFUHDVH LQ WKH IORZ DQJOH DV LOOXVWUDWHG LQ WKH ȕ-contour plot. The
relative flow angle increases in the radial direction similar to the previous case. The trailing
edge wakes can be seen in the flow angle plot in this case as well. The tip clearance leakage
KDVUHVXOWHGLQDERXWORZHUȕDQJOHLQWKLVFDVHFRPSDUHGWRWKHEODGHDQJOHRI

Fig. 20 Normalized phase-averaged axial, tangential and total velocity in relative frame of reference
together with the relative flow angle at section RC-II, when the runner blade angle is 4º

5 Conclusion
Flow in the runner and draft tube of a Kaplan turbine was investigated at the best efficiency
points corresponding to two runner blade angles using LDA and flush-mounted pressure
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sensors. Time and phase averaged velocity profiles in stationary and rotating frame of
reference are presented together with the amplitude spectrum of the pressure results and the
velocity measurements. The time-averaged results showed that the rotating hub and the tip
clearance leakage are the main sources of fluctuations in the blade channels resulting in
higher Reynolds stresses close to the hub and tip. Maximum Reynolds stresses at the runner
outlet section are also present at the blades hub and tip. However, the fluctuation level is
drastically increased in this section due to the hub clearance jet leaving the runner. The
Reynolds shear stress is nearly zero outside the hub region indicating a nearly isotropic flow.
Flow at the runner outlet co-rotates with the runner from hub to tip. Swirl is increasing from
hub to tip at the runner outlet to prevent separation on the rotating hub as well as the draft
tube cone. The spectral analysis results showed that the runner and the blades passing
frequency in the pressure and velocity measurements dominate the spectrums. Comparing the
amplitude spectrums along the inner and outer part of the draft tube showed an asymmetrical
flow entering the draft tube due to an asymmetrical flow provided by the spiral casing.
According to the phase-averaged velocity contours manufacturing tolerances results in some
deviations in flow behavior in the blades channels and at the runner outlet. Velocity close to
the blades pressure side is lower than suction side, increasing pressure difference on the
blades surfaces and higher torque on the runner. Opening of the runner blades decreases the
hub clearance and the strength of the jet, formed in this region. Presence of the hub clearance
jet to decrease the tangential component in the vicinity of the runner cone is not mandatory
due to the lower swirl leaving the runner at this operating point.
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Notation
D = Turbine diameter (m)
f = frequency (Hz)
H = Turbine head (m)
L = distance from draft tube entrance (m)
N = Turbine rotational speed (rpm)
n11 = Turbine reduced speed (݉ݎξ݉)
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Q = Turbine flow rate (m3/s)
Q11 = Turbine reduced flow rate (݉ݎξ݉)
R1 = Hub radius (m)
R2 = Shroud radius (m)
r = Radius (m)
Sw= Swirl (-)
U = Axial velocity (m/s)
Uabs = Velocity in global frame of reference (m/s)
Urel = Axial velocity in rotating frame of reference (m/s)
u = Fluctuating axial velocity (m/s)
V = Tangential velocity (m/s)
Vrel = Tangential velocity in rotating frame of reference (m/s)
Vtot = Total velocity (m/s)
v = Fluctuating tangential velocity (m/s)
Į Flow angle with respect to turbine axis (º)
Įgv = Guide vanes angle (º)
ȕ Flow angle with respect to turbine axis in rotating frame (º)
ȕb = Runner blades installation angle (º)
Ș 7XUELQHHIILFLHQF\ -)
ș Runner angular position (º)
Ȧ Runner angular velocity (rad/s)

Superscripts
 = މFluctuating part of signal
˜ = Oscillatory part of signal
ࡄ = Time averaged
* = Made dimensionless with respect to runner diameter, reference velocity or turbine frequency
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