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ABSTRACT
The technical development of hydraulic machinery has gone towards lighter components and
higher power concentration levels. A deregulation of the power market world-wide means
that the machines experience more transient loads and are sometimes operated at off-design
points. Those facts demand a more precise dynamic analysis at the design level of hydraulic
machinery than what was formerly customary. Mechanical engineering needs enhanced tools
for this purpose. Prediction models need to be validated against experimental data. There are
limited possibilities to perform experimental investigations of hydropower prototypes.
Fundamental in an experimental dynamic analysis is to determine the forces acting on the
machine. This paper is concerned with a monitoring system to estimate the angular resolved
pressure field on the suction- and pressure side of a prototype Kaplan runner blade. By
measuring the pressure at different positions on the runner blade, we have a tool to determine
the hydraulic load acting on the runner. This is part of an experimental dynamic analysis of
the behavior of 10 MW prototype of a low-head Kaplan prototype lodged in an old machine
hall inaugurated 1914 situated above the polar circle in Porjus, Sweden.
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INTRODUCTION
Hydropower was introduced as an electrical energy source in Sweden at the beginning of
the 20th century. Along the rivers that meander down the slopes into the Baltic Sea
hydroelectric power stations were constructed throughout the 20th century. Hydroelectric
power supplies 19 % of the total electricity production world-wide and 50 % of the Swedish
production.
The technical development of hydropower machines goes towards lighter components
and higher output power concentration levels which results in less stiff structures and
increasing stress levels [1]. Due to the deregulation of the power market, machines suffer
from transient and off-design conditions. In the past, vibrations were handled by simple over
design of the relevant components. Currently the new conditions demand a precise dynamical
analysis at the design level of machinery. Machine dynamics requires knowledge in several
areas. Apart from the properties of the rotating components and its support bearings, the
hydraulic load acting on the runner together with the electromagnetic load acting on the rotor
of the generator must be known to correctly predict the dynamic behavior of the machine.
The field of applied Mechanics was developed as a tool in technical development in the
19th century. The equations of motions that describe the dynamics of continuous system are
not analytically solvable without doing simplifying assumptions. Still, mechanical engineers
have to rely on simplified models at the design stage. During the last decades analytical
methods have been accompanied by computational methods to make an analysis of more
complex systems. In turbine design, physical models in a reduced scale are used to perform
tests. Similarity laws allow the tested parameters to be scaled to the prototype scale. Common
to those methods are that they allow us to optimize design without doing costly tests on a
prototype scale. However, these methods have limitations. Prediction models have to be
validated against experimental data. Testing on a prototype level is thus still necessary to a
certain extent. There are limited possibilities to perform experimental investigations of
hydropower prototypes. There is a lack of available experimental data of dynamic
measurements on prototypes which are needed in further development of analytical,
computational and physical models of hydraulic machinery.
Monitoring during operation and diagnosis of faulty behavior is common practice in
Hydraulic machinery. Advanced instrumentation detects malfunctions and is a part of the
security system. Diagnosis of faulty behavior demands further instrumentation to make a
correct analysis. Certain companies are specialized in this area. Norconsult, a Norwegian
company has a long experience in analysis of vibrations of hydropower machines and they
have developed measurement techniques to diagnose faulty machine behavior [2]. Another
example is measurements techniques developed in Brazil to perform a full machine diagnosis
on prototype to optimize the operation scheme of the machine [3].
Commonly, on prototypes, there are limitations of the availability of the machine for
experiments and only measurements during the common operational scheme are possible.
There are only a limited number of permanent test facilities of Hydraulic machinery available
world-wide. In the Northern part of Sweden above the polar circle in Porjus, a low-head
Kaplan prototype, the U9-unit, is available for research and development purposes. This
machine is the scope of an experimental dynamic analysis in a joint project started at Luleå
Technical University which comprises the research areas Rotordynamics, Tribology, Fluid
Mechanics and Electromagnetics [4].
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Gathering information about the dynamic behavior requires the set-up of a new
measurement system on the U9-unit. Several considerations were necessary before choosing
the components of the measurement system. The new instrumentation has a different purpose
than a conventional monitoring system of an operating machine or a measurement system for
machine diagnosis. To make a diagnosis of faulty behavior, an analysis of the frequency
content of only a few sensors on different parts may be enough to detect the malfunctions.
The measurement system must also function during several measurement campaigns.
The hydraulic load acting on the runner is fundamental to make a detailed dynamic
analysis of the machine. In this paper, we will present a method to estimate the pressure field
on one of the blades of the runner of the U9-unit. By instrumenting the blade with 40
miniature piezo-resisitive transducers on the suction and pressure side, we have a tool to
estimate the torque and the axial force acting on the runner.
FEATURES OF THE U9 KAPLAN UNIT
In 1914, the first power station along Lule Älv was inaugurated. In 1997 and 1998, two
new 10 MW units were installed in the old machine hall that today functions as a museum.
The installation of the U8- and the U9-unit was the result of a collaboration between a number
of companies in the hydroelectric power field and the local municipality of Jokkmokk.. The
U8-unit was designated for education and training and the U9-unit for research and
development. The unit was equipped with a measurement system that collects data during the
operation of the machine continuously. Several variables such as flow rate, load, frequency,
blade angle, rotational speed, headwater, tail-water and electrical parameters are measured.
Average values over one minute are automatically sampled and saved. The flow rate is
measured with an ultrasonic flow meter installed in the penstock. The U9-unit was a change
to test new designs on a prototype level. ABB Generation (now ALSTOM) supplied the
machine with the first power former generator, a high voltage generator that does not demand
any transformation. The runner hub was the first installed operating oil-free hub and supplied
by Kvaerner Turbin AB (today GE Hydro) [5].
Traditionally runner hubs of Kaplan turbines are oilfilled. The oil in the hub lubricates
the blade bearings and drives the piston rod that regulates the angle of the blades. The
operating mechanism in the hub of the U9-unit is supplied with permanently lubricated
bearings. Both the axial and radial bearing of the blade trunnion and the link mechanism
operate without oil. The hub is filled wit de-aerated water that lubricates the operating
mechanism. The servomotor works however with oil. Another feature of the U9-runner is that
the periphery gap is adjustable since the levers which are a part of the axial bearings are
installed to the blade trunnions with shrink fits. An oil tube goes through the bore shaft of the
machine and this tube is supplied with an extra tube for cable bushing so signals may be
acquired on top of the machine. This tube was previously used for cable bushing of strain
gage measurements in the link mechanism in the runner hub to evaluate the friction of
different bearing materials. The signals were transmitted through a slip ring on top of the
machine.
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AIMS OF THE MEASUREMENTS
The purpose of the experimental method presented in this paper is threefold:
1. Comparison with results from numerical and physical models. The experimental results are
necessary for validation of CFD-analysis. Similar experiments will also be performed on the
model of the U9-unit. Scale-up formulas will be evaluated and eventually further developed.
2. Comparison with simultaneous measurements on the shaft of the torque, bending moment
and the axial force. Those signals are acquired from strain gages mounted on the middle shaft
of the machine.
3. Analysis of the angular resolved pressure field. By studying the frequency content we can
distinguish between different hydraulic phenomena that cause the perturbations. Unsteady
forces may be caused by rotor-stator interactions of the guide and stay vanes, vortex rope and
a whirling motion of the runner.
EMPLACEMENT OF THE SENSORS
To reproduce a continuous pressure field of the blade out from pressure measurements in
single points the positions of the sensors must be chosen with care. The pressure will be
measured in 40 points on the surface of the blade, equally distributed between the pressure
and the suction side. To obtain the force acting on the blade, the pressure field should be
integrated over the blade surface. If the estimation is done by a linear interpolation, positions
of the sensors should be chosen where there is a change of the gradient of the pressure field.
Where are those points suspected to be found? The results of a course CFD simulation
provided by GE Canada were used for this purpose. The simulation was performed with the
software Ansys-CFX. The geometry contained a water volume that surrounds one guide vane,
one runner blade and a part of the hub cone. No tip clearance was included in the analysis.
The pressure field of the surface of the blade was analysed, see diagram 1. This surface had
1363 nodes each on the suction and pressure side of the blade. On the leading and trailing
edges, the grid was finer. The results should not be taken as a correct picture of the pressure
field, but good enough to guide the chose of the positions of the sensors. 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 terrace points. From the
obtained measured values of the pressure field on the blade we can then estimate a continuous
field by a linear interpolation. Besides, at least three positions were chosen on each leading
and trailing edge of the both sides of the blade since hydraulic oscillations are more likely to
occur in those areas.
INSTRUMENTATION
Previously, onboard pressure measurements with flush mounted sensors were conducted
on both prototype and model of a low-head Francis runner in 2001 by ALSTOM Power
Hydro in Grenoble, France, in collaboration with the Swiss Federal Institute of Technology
(LMH-EPFL) in Lausanne, Switzerland [6]. In the model experiments at EPFL piezo-resistive
transducers were directly incorporated into the blade by Unisensor. ALSTOM Power Hydro
has also developed a method to instrument model runner blades during the manufacturing
phase [7].
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Diagram 1 - Pressure field as a function of the geometry of the blade projected in the plane perpendicular
to the rotational axis. The results are obtained from a CFD-analyis of the blade.

The instrumentation was done by dismantling the turbine and the blade from the hub so
the sensors could be flush-mounted on the blade to avoid any perturbation of the fluid. At the
same time, there was a demand to keep the machining of the blade to a minimum. The data
acquisition system was decided to be put on top of the shaft. This position would make it easy
to access the DAQ-system and the environment is dry compared to the runner hub cone which
was the other alternative. A prolongation of the shaft was manufactured where the DAQsystem would be installed together with a router for wireless transmission of the signals. By
positioning the units practically in line with the axis of rotation, the centrifugal forces would
be minimized.
Sensor properties

The Swiss company Unisensor was engaged to deliver the same kind miniature piezoresisitive sensors that were previously used by the group at EPFL. Metal casings of the
sensors were manufactured at the workshop in LTU and sent to Unisensor that installed the
sensors in the casings. Their properties make them very suitable for dynamic measurements.
The miniature size gives a precise measurement of the pressure. To make dynamic
measurements, the natural frequency of the sensing element must be at least five times as high
as the measured frequency for as system that is not damped [8]. Due to the high stiffness and
low mass of the silicone diaphragm, the natural frequency of a PRT is very high. Practically
no damping is present which means that no phase shift occurs. PRT’s are also resistive to
mechanical vibrations. However, the frequency of the vibrations should not be higher than 30
% of the natural frequency of the sensor since this might excite the natural frequency of the
sensor. The pressure chips are mounted in metal casings that are manufactured to fit on the
blade flush to the surface. The properties of the pressure chips are specified in table 1. No
temperature compensation is used since the water temperature of the river does not change
over shorter time periods. The sensors will be recalibrated during each measurement
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campaign by adjusting the height of the water pillar in the inlet tube. An accurate reference
pressure sensor will be used in the pre-made holes in the runner chamber.
Table 1 Specifications of the pressure chips.

Absolute piezo-resistive pressure chip
Units

Value

mm
Bar
VDC
kΩ
kΩ
mV
mV
%FSO/ºC

1 x 1 x 0.6
0-7
12
5
5
240±60
±96
-0.20

Parameter
Dimensions of the sensing element (D x L x H)
Pressure range
Excitation voltage
Input impedance
Output impedance
Full scale output (FSO)
Zero Offset
Temperature coefficient of Sensitivity

Mounting of the sensors on the blade

The blade was machined with housings and channels to fit the sensors and the cables
flush to the surface, see figures 1 and 2. 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. The machining of the blade should be kept to a minimum so the mechanical
properties remain unaltered. Broken sensors should also be replaceable without dismantling
the turbine since this is not an easy task. The design was developed to compromise between
two requirements: minimizing the machining of the blade and enabling broken sensors to be
replaced. An epoxy resin was used to fill out the recessed areas and to seal the metal casings.
The casings are attached to the blade by two screws. Instead of filling the channels with resin
directly onto the cables, PTFE-lines are enclosed in the channels with the resin. The cables
can then be led freely trough the tubes.

Figure 1 - Machining of the blade.
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Figure 2 - Sensors in metal casings and epoxy covered channels.

New channels through the machine

The data acquisition units and the voltage supply are positioned at the top of the shaft and
the sensors on the blade. To lead the cables down to the runner hub cone the oil tube was
used. The tube has a length of 12 m and diameter of the tube for the cable is only 18 mm.
Separate cables were used for each signal. The cables from the tube and the sensors were
joined in a connection box positioned in line with the axis of rotation to minimize the
centrifugal forces on the wires. The box was fixed onto the oil tube by a screw cap. The box
was equipped with membranes to avoid condensation inside the box. The cable bushing
through the hub demanded some modifications of the hub body. See figure 3 and 4. A hole
was drilled in the hub body to lead out the plastic lines with the cables from the end of the
trunnion. The play between the trunnion and the piston is only a few mm and a part of bronze
was placed between the trunnion and the hub body to keep the cables in place and protect
them from the moving piston. A tube of brass holds the plastic lines and directs them to the
sealing on the hub bottom.
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Figure 3 - Mounting of the blade in the hub and cable drawing.

Figure 4 - Illustration of the cable drawing.

Data acquisition system

The Data acquisition units consist of three NI9205 modules with 16 analogue differential
channels each. Those modules are used for amplification and digital conversion of the signals.
The digital conversion has a resolution of 16 bits and the total sampling rate of each module is
250 kS/s. A cRio9005 real time controller processes the sampled data. The acquisition units,
the cRio-unit and the voltage supply are mounted in a chassis. The total measurement system
consists of 5 cRio-units “the slaves” that are controlled by the main computer called “the
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master”. The sampling of the signals is synchronized by an optical pulse gauge that measures
the angular position of the runner. The cRio-units on the rotating parts communicate with the
stationary main computer via a router with a wireless network.
To minimize the risk of damaging the units on the rotating parts due to the acceleration
of the centrifugal force, a prolongation of the shaft was manufactured called “the
moonlander”. The moonlander rotates with the shaft and has a cylindrical shell which holds
the chassis and the router. A slip ring delivers the electrical supply.

FINAL CONSIDERATIONS
In this paper, we presented a monitoring system to estimate the pressure field of a
prototype Kaplan runner for research and development purposes. Coupled with further
instrumentation of the machine this enables an analysis of the dynamic behaviour of the
machine rotor. The angular resolved pressure field will allow an estimation of the timedependent axial force and torque, which will be compared to the torque, bending moment and
axial force measured in the middle of the shaft obtained by strain gage measurements. The
experimental data is valuable in the development of analytical and numerical methods for
hydropower applications. An accurate rotordynamical model of a hydropower machine
requires data of the added dynamical coefficients of the runner. The time-dependent part of
the hydrodynamic force matrix acting on the runner can be decomposed into parts of an added
mass, damping and stiffness matrix depending on if it is in phase with the position, velocity or
acceleration vector of the runner. Since we lack a complete picture of the motion of the
turbine with the present instrumentation those added hydrodynamic effects cannot be fully
analysed. A further development of the instrumentation of the runner could be placing
accelerometers in the hub to obtain the acceleration in the radial direction. Another possibility
is to emplace inductive displacement sensors in pre-made holes in the runner chamber to
measure the periphery gap of the blades.
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