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ABSTRACT 

Hydropower still faces complex scientific and technical challenges in order to secure the 
availability and reliability of the power plants despite more than a century of development. 
The main challenge is due to new market constrains such as electrical market deregulation 
and introduction of renewable sources of energy. The major problem is related to the dynamic 
of the rotor involving several fields: hydraulics, power engineering and mechanics. On the 
other side, the large and growing hydropower world market represents an opportunity for 
technically advanced companies offering better efficiency. The difficulty to scale rigorously any 
technical advance makes full-scale experiment a necessity. World unique facilities are available 
at Porjus, Sweden, for this purpose.  

The Porjus Hydropower Centre is composed of a Francis (U8) and a Kaplan (U9) turbine 
of 10 MW, each exclusively dedicated to education, research and development. In order to 
further investigate specific issues related to availability and reliability, a project was initiated in 
2006. The main objective is to make U9 a full-scale hydropower laboratory able firstly to 
furnish the necessary data for the development of rotor-dynamic models but also turbines and 
bearings. To this purposes more than 200 sensors have been installed to measure displacements, 
forces, pressure, film thickness, strains… The work presents an overview of the newly upgrade 
facility as well as some of the problems faced during the instrumentation of the machine. 
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INTRODUCTION 

After more than a century of development, hydropower is highly efficient, more than 95 % 
efficiency for large machines and has undisputable qualities such as low response time and 
stand-alone capacity. The ability to respond rapidly to market demands makes hydropower a 
unique and fundamental component of any energy market since it can regulate the power 
rapidly and de facto acts as a grid regulator. Furthermore, hydropower has the capability to start 
a system after black-out. Despite numerous qualities, hydropower stands in front of new 
challenges: deregulation of electricity markets, refurbishments of old machines, introduction of 
new, renewable and highly variable sources of energy such as wind and waves but also 
opportunities with a large and growing world market and efficiency improvements. 

Most hydropower plants, especially in Europe, were built decades ago. Initially built to 
run continuously, hydropower became a peak regulator with the introduction of other sources 
of energy such as nuclear energy. The late introduction of wind energy in the electricity 
market and its deregulation has introduced in some markets a significant increase of starts and 
stops and operation off design of the hydropower machines as well as transients on the grids. 
These new market conditions subject the machines to operational regimes for which they are 
not designed. The consequences are a more rapid wear of the machines and in some cases 
breakdowns due principally to a lack of knowledge on the dynamics of the rotor. The term 
rotor-dynamics is here used when the dynamics, i.e. time dependent forces and vibrations, of 
rotating machinery is studied or analysed. On the other hand, many refurbishments are going 
on, especially in Europe, due to the increasing age of the machines. Normally, these 
refurbishments involve changes of some elements of the machine, e.g. runner, bearings or 
generator. These changes increase the machine performances but also introduce a new 
dynamic which is not always straightforward to predict with the present tools. The actual 
knowledge in hydropower rotor-dynamics needs more R&D to extend the reliability of 
refurbishments with the present markets constraints and de facto the forthcomings. 
Knowledge in the area of added inertial effect, damping/stiffness of the bearings and 
electromagnetic forces are still unclear. Therefore several approximations are used in the 
mathematical modelling which lead to approximate design. The main reason to this lack of 
knowledge is the deficient interest in the topic up to recently since the machine are sub-
critical, the difficulty to perform detailed experiments on full-scale machines in order to 
further develop and validate models and the interdisciplinary of the field, which necessitates 
qualified knowledge within hydraulics, mechanics and power engineering.  

Hydropower, the largest renewable source of energy in the world stands for about 20 % of 
the electricity in Europe and likewise in the world. Its potential is considerable. One third of the 
technically and economically feasible potential remains unexploited in Europe, while two thirds 
of the same potential remains unexploited in the world. Worst to notice, half of the technically 
feasible potential in Europe, respectively eighty percent in the world, remains unexploited. This 
potential is expected to some extend to be exploitable with the increasing price of the energy. 
The remaining potential is principally composed of low and very-low head machines and makes 
the further development of such machines attractive. The increasing price of the energy makes 
also every technological advance to improve efficiency (especially off design) and decrease in 
the manufacturing costs of the hydropower machines important. It is also a market advantage to 
consider environmental aspects in new design. Efficiency improvements may be through new 
designs and/or concepts. 

In summary, hydropower still faces complex scientific and technical challenges in order 
to secure the availability and reliability of the power plants despite more than a century of 
development. The main problem is related to the dynamic of the rotor involving several fields: 
hydraulics, power engineering and mechanics. The large and growing hydropower world 
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market represents an opportunity for companies able to make technical advances for better 
efficiency, reliability and availability. However, the difficulty to scale rigorously any technical 
advance makes full-scale experiment a necessity. World unique facilities are available at Porjus, 
Sweden, for this purpose. The Porjus Hydropower Centre is composed of a Francis and a 
Kaplan turbine of 10 MW, each exclusively dedicated to education, research and development. 
In order to further investigate specific issues related to hydropower, a project was initiated in 
2006 to instrument the Kaplan turbine, U9 in the following. The main objective is to make U9 a 
full-scale hydropower laboratory able to firstly furnish the necessary data for the development 
of rotor-dynamic models but also bearings and turbines. To this purposes more than 200 sensors 
have been and are being installed to measure displacements, forces, pressure, film thickness, 
strains, vibrations…simultaneously. The present paper present the newly upgrade facility and 
some of the problem faced during the instrumentation of the machine. 

 
 

PORJUS HYDROPOWER CENTRE 

The Porjus Hydropower Centre is a foundation established in 
1994 with the goal to run education, research and development in 
the field of hydropower. A 100 MSEK investment from different 
companies (Vattenfall AB, Kvarner AB, ABB), the working 
department and the county administrative board from Norrbotten 
allowed the construction of 2 unique full-scale turbines of 10 
MW each exclusively dedicated to education, research and 
development. Today, the foundation is owned by Vattenfall AB, 
Alstom Power AB and GE Hydro AB. The first machine, U8, 
was inaugurated in 1997 followed the year after by U9.  

U8 is equipped conventionally and has been for the moment 
essentially used in educational purpose, while U9 includes the 
latest development within turbine, generator and bearings 
technologies and is mostly dedicated to research and 
development. Both turbines are coupled to the grid. They can be started and stopped at any 
time as well as run manually, allowing the design of specific experiments such as e.g. start 
and stop. Both turbines are located beside each other and share the same surge tank and 
downstream tunnel. The head of both turbines is about 55 m and the maximum flow rate is 
about 20 m3/s. Two turbines are located in their neighbourhood, units G11 and G12, each of 
240 MW. A pipeline of about 700 m makes the junction between the large reservoir of G11 
and G12 to the surge tank of U8 and U9, which has an area of about 100 m2.  

U8 is equipped with a Francis turbine composed of 15 runner blades, 20 guide vanes and 
19 stay vanes. The runner has a nominal diameter of 1420 mm and a maximum diameter of 
1750 mm. The generator is of conventional type. Two measuring systems allow different type 
of measurements such as pressure losses, vibration, bearing, cooling water and head with 
more. Laboratory works for working people, undergraduate and graduate students have been 
developed during the last years. The machine represents a unique opportunity to apply 
theoretical knowledge and develop skills by testing different scenarios, which occur ones in 
the life time of a machine. 

U9 is equipped with a Kaplan turbine composed of 6 runner blades, 20 guide vanes and 
18 stay vanes. The runner has a diameter of 1550 mm, positioned 7 m below the tail water and 
rotates with a frequency of 10 Hz. The suction height can be varied. The generator is of type 
PowerformerTM, the high voltage generator. This type of generator generates and exports 
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electricity directly to the grid without the need of medium voltage switchgear and step-up 
transformer. Several parameters such as flow rate, load, frequency, blade angle, rotational 
speed, headwater, tail-water and electrical parameters are constantly measured. Average 
values over one minute are automatically sampled and saved. The flow rate is measured with 
an ultrasonic flow meter installed on the penstock. The instrument measures the flow rate 
within 0.5 % according to the manufacturer. Pressure taps are also installed on the penstock to 
further develop the Gibson method outside the IEC-41 standard and of course in the spiral for 
the Winter Kennedy method.  

Several experiments have been performed on U9 since its inauguration by the companies 
owning the foundation and some Swedish universities such as Luleå University of 
Technology see Cervantes et al. [1] for a detailed list. The installation of new sensors, started 
in 2006, will now allow experiments specific to the problematic encountered in the presence 
of transient such as start and stop but also further develop the experimental capabilities of U9. 
 

 

INSTRUMENTATION 

The newly added instrumentation on U9 is composed of nearly 200 sensors and 6 computers 
to perform simultaneously the measurements of the desired parameters. Sensors and 
computers are both present on the stationary and rotating parts of the machine.  

 
Measuring system 

The measuring system is composed of 5 slaves, NI cRIO-9014 from National Instrument, and 
a master computer. 2 slaves are mounted on the rotating shaft. One of the slaves is installed on 
the axel to digitalize the signal from the torsion and bending measurements on the axel. The 
second one is installed on the top of the generator and digitalized the signal from the pressure 
sensors installed on the runner, i.e. a multitude of cables are going through the shaft. A 
standard wireless local area network (WLAN) is used between the rotating slaves and the 
master. A reference signal, angular position of the rotor, is used to synchronize all the 
computers. The transmission of the reference signal as well voltage supply to the two rotating 
slaves is made with the help of slip rings.  

The slaves content 4 to 8 modules allowing the digitalization of the different signal. 
Some modules are specific to temperature (NI 9211), strain (NI 9237), acceleration (NI 9233) 
or more general (NI 9205). The system allows simultaneous measurements of the channels at 
a sampling frequency of 2.5 kHz. The data are then filtered at 1 kHz.  Higher sampling 
frequency may be achieved by decreasing the number of channels sampled. 

 
Runner 

Development of rotor dynamic models requires experimental data for validation. The 
excitation forces acting on the runner must be included in a rotor dynamic model of a 
hydropower machine. To experimentally determine this force, 40 miniature pressure sensors 
are mounted on one of the six runner blades: 20 sensors on the pressure side and 20 on the 
suction side. Integration of the time dependent pressure over the blade gives the time 
dependent force acting on the runner. 

To reproduce the hydraulic pressure field on the blade surface, effort was put on choosing 
the positions of the sensors. CFD simulations provided by GE Canada were used for this 
purpose. The simulations were performed with the software Ansys-CFX. A simplified 
geometry containing one guide vane, one runner blade and a part of the hub cone was used. 
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By assuming that the shape of the pressure field on the blade from the simulation is correct, 
the positions of the sensors were chosen as local maxima and minima points and points where 
a change in the gradient occurs. From the obtained measured values of the pressure field on 
the blade we can then estimate a continuous field by interpolation. Besides, at least three 
positions were chosen on each leading and trailing edge of both sides of the blade since these 
areas are most susceptible to prevail interesting hydraulic features.  

The instrumentation of the blade was done by dismantling the turbine and the blade from 
the hub. The blade was machined with housings and channels to fit the sensors and the cables 
flush to the surface. Unlike a common Kaplan runner, the blade and the trunnion consist of 
one solid part. A cylindrical hole was machined in the trunnion to lead out the cables. An 
epoxy resin was used to fill out the recessed areas. The design was developed to compromise 
between two requirements: keep the machining of the blade to a minimum and enable broken 
sensors to be replaced. The machining of the blade should be kept to a minimum so the 
mechanical properties remain unaltered. Broken sensors should be replaceable without 
dismantling the turbine since this is not an easy task. To fulfill the second requirement, the 
sensors were mounted in metal casings manufactured to fit on the blade. The casings are 
attached to the blade by two screws. Instead of filling the channels with resin directly onto the 
cables, PTFE-lines were enclosed in the channels with the resin. The cables can then be led 
freely trough the tubes. The pressure sensors are piezo-resistive transducers and have been 
extensively used in model testing by the group at the Laboratory of Hydraulic Machines, 
École Polytechnique Fédérale de Lausanne, Farhat [2]. 
 

            
Figure 2 – Pressure and suction of the blade instrumented with pressure sensors. 

 

One of the most delicate issues of the instrumentation is the signal transmission. The data 
acquisition system should be easily accessible and away from any humidity. At the same time, 
the signals should be digitalized as close to the source as possible. But since the sensors have 
very high impedance compared to common strain gages, the voltage loss in the cables can be 
neglected and noise on the cables should not cause any problems. The data acquisition system 
was then chosen to be put on the top of the generator as a prolongation of the rotating shaft. 
This choice simplify the access to the electronic, offers a dry environment and also minimizes 
the centrifugal force acting on the electronic units. Due to the length of the shaft the cables are 
jointed in the hub cone in a junction box. This also enables the sensors to be replaced since 
the hub cone is fairly accessible. Some modifications of the hub were necessary to lead out 
the cables from the trunnion of the blade. A hole was drilled in the hub body to lead the 
PFTE-lines out from the clearance between the piston rod and the back of the trunnion. A tube 
of brass was manufactured to lead the PTFE-lines down to the hub bottom lid. 
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Bearings 

Bearing dynamics is one of the most important aspects of rotor dynamics. Correct modelling 
of the bearing behaviour plays an essential role in the reliability of the rotating machine. 
Porjus U9 machine has 3 tilting pad bearings and a trust bearing. The lowest journal bearing 
near the turbine consists of 8 tilting pads while the middle journal bearing and the top 
combined journal-trust bearing have 6 segments. The bearings are instrumented with sensors 
in order to investigate the bearings stiffness and damping for the development of rotor 
dynamical models, analyse the bearing characteristics in terms of film temperature and 
eccentricity, study the power loss and establish a data bank to validate TEHD computer codes. 

Each bearing has 4 proximity sensors, one every 90 degrees, installed on the housing of 
the bearings, see figure 5. The measured displacements, displacements velocities and forces 
will allow the determination of stiffness and damping relative to the bearing houses. 3 
proximity sensors are also installed to measure the axial tilt of the shaft. 

The dowel peg of each segment is changed with a load cell in order to measure the radial 
load on the journal bearing, see figure 3. The load cell has a compression column with strain 
gages and can measure load up to 100 kN and is temperature compensated. Replacing a dowel 
peg with the load cell was a challenging procedure. The main concern was the stiffness of the 
load cell, which should be similar to this of the dowel peg as well as the maximum load 
before collapse. Specific tests were performed to test different solutions and control that the 
requirements were fulfilled. 

Each segment is equipped with two thermocouples of type K to measure the oil 
temperature, see figure 3. The thermocouples are mounted in the segments in a specific way: 
The tip of the thermocouple is in conjunction with a hole which is drilled through the segment 
so that the oil can flow freely past the sensing tip of the thermocouple. The inlet of the hole 
has a diameter of 0.8 mm and the outlet has a diameter of 3 mm. 

Two inductive proximity sensors are installed in each segment to measure the film 
thickness, see figure 3. The other usage of these sensors is to find the circumferential tilt of 
the segment. They are positioned slightly below the surface of the segment to avoid any 
contact with the shaft. 

Power loss of the bearing in the steady state performance of the machine can be estimated 
by calorimetric technique. 

 

 
Figure 3 – Back and front side of a segment instrumented with a load cell, two proximity sensors and 

two thermocouples. 
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Generator 

Electromagnetic interaction with the rotor is important to consider in rotor dynamical 
modelling. Asymmetry of the magnetic circuit in electrical machines can lead to vibrations. 
An off-centred rotor in a generator results in asymmetry in the air gap. The rotor will be 
affected by forces due to the asymmetrical magnetic field around the air gap. To determine 
the forces due to the asymmetrical magnetic field, the magnetic flux density must be 
determined in the whole air gap region around the rotor. The determination of magnetic forces 
has been carried out for more than a century. Most papers published regarding of unbalanced 
magnetic pull concern asynchronous motors. However, in the area of synchronous generators, 
only a few works have been published. Normally, only radial magnetic forces are considered 
in dynamical models of synchronous machines.  

Capacitive sensors for air gap measurements were planned to be installed at the bottom 
and the top of the generator: 4 at each position. However, the accessibility on the top was 
limited. The presence of cooling fans made nearly impossible to install any capacitive sensors 
on the top to a realistic cost. Therefore the sensors are installed on the bottom, see figure 4. 
All other sensors were installed as planned. The equipment used for air gap measurements is 
VibroSystM capacitive sensors VM 5.0 together with linearization modules LIN-250. 

 
Figure 4 – Position of the capacitive sensors in at the bottom of the stator. 

 

Axel 

Torque, axial force and bending moments are measured with the help of strain gauges on the 
axel. Such types of measurements have been previously tested and are found to give valuable 
information for the load as well as boundary conditions for dynamical models. 

Strain gauges of HBM 350 Ω type are used. They are installed on the shaft to measure 
torque (two full bridges), axial force (two half bridges) and bending moments (four half 
bridges). The gauges are mounted in a Wheatstone bridge and the output signal is amplified to 
a range of -10/10 volts. A resolution of 0.002 volt is desired in the output signal.  

The position of the axle is measured according to figure 5 with inductive gauges, 
Contrinex DW-AD-509-M12-398, in four directions close to each journal bearing position. 
The sensors are installed on fundaments attached to the foundation. The same gauges are used 
to measure the displacements of the generator stator.  
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Figure 5 - Sketch of the displacement measurements. 

 
 

MEASURING PROGRAM 

A measuring program has been elaborated for the coming years. Since no similar 
measurements have for the moment been performed, the machine will firstly be investigated 
under steady conditions at different loads. The amount of information gained will hopefully 
already help in the development of rotor-dynamics models as well as bearings. The second 
step will concentrate on the investigation of transients, where load variations will firstly be 
investigated followed by start and stop. Transients are the main objective of the present 
project. Later on, new components and material, machine limits and finally the reproduction 
of specific events will be investigated. 

From a rotor dynamical view the first objective of the measurements will be to evaluate 
the eigenfrequencies of the system under different operating conditions. Due to uncertainties 
in fluid, electro end bearing interactions the aim is to find how well we can predict the 
eigenfrequencies by the models used today. The second objective is to evaluate the forces 
from the turbine and generator. These forces will be evaluated against fluid and 
electromechanical simulations. Load models will be evaluated and developed to better 
simulate steady state and transient operations. 

Concerning the bearing, the steady state performance of the machine will allow the 
investigation of the journal bearing in terms of minimum oil film thickness, maximum 
operating temperature, oil film pressure and power loss. In the transient condition, thermal 
transients will be analysed in terms of minimum oil film thickness and maximum operating 
temperature. Moreover, behaviour of the journal bearing as a result of sudden variations in 
rotational speed and/or load will be studied.  

Bearing 3 

Generator 

Turbine 

Bearing 2 

Bearing 1 

Generator top  

Generator bottom  
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The flow of the prototype will also be investigated to study scale-up with the help of Pitot 
tubes, laser Doppler anemometry (LDA) and pressure sensors. Of special interest are the inlet 
flow to the spiral casing and specific velocity profile at some sections. Numerous windows 
are already installed to this purpose. Preliminary to this investigation, the corresponding 
model will be investigated during autumn 2008 at the Hydraulic Machinery Laboratory of 
Vattenfall Research and Development, Älvkarleby, Sweden. Detailed phase resolved velocity 
measurements with a LDA and pressure measurements will be performed. 
 
 

CONCLUSION 

The instrumentation of a full-scale Kaplan machine to further develop rotor-dynamical, 
bearing and hydraulic models has been presented. The system comports about 200 sensors, 
which will allow the simultaneous measurements of displacements, forces, moment, torsion, 
film thickness, temperature pressure and velocity. The first measurements will start in 
September 2008. 
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