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ABSTRACT 

This paper is concerned with the set-up of a meas-
urement system for onboard pressure measurements 
on a Kaplan runner blade of a 9.3 MW prototype 
situated at Porjus, Sweden. Piezo-resistive pressure 
transducers will be flush mounted on both the pres-
sure- and suctionside of the blade. The hydraulic 
excitation frequencies will thus be determined and 
coupled with measurements of the natural frequencies 
of the machine and the electromagnetic excitation 
force acting on rotor of the generator.  

Instrumentation of a prototype is a delicate work. 
Therefore, the set-up of the measurement system 
must be carefully prepared in advance. The empha-
sis of the paper lies on the development of a method 
to flush mount the sensors on the blade that allows 
damaged sensors to be replaced without dismantling 
the runner blade. In conclusion, possible drawbacks 
are discussed.  
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INTRODUCTION 
A world-wide trend towards restructuring and 

deregulation of the power industry has brought new 
technological issues and challenges to the operation 
of hydropower [1]. The spot price has come to con-
trol the operation of hydropower units. This has led 
to that the machines are started and stopped more 
often. However, transient conditions and operation 
on partial loads increase the stress levels on the 
machinery. This calls for further investigation of the 
behavior of hydropower machinery. Model experi-
ments and computational methods are important tools 

for research and development in hydropower tech-
nology. Due to the complex nature of the behavior 
of rotating machinery and hydraulics, full-scale 
experiments are though necessary to validate and 
develop the existing methods. In a project started at 
Luleå University of Technology in Sweden, a full-
scale experimental hydropower unit at the Porjus 
hydropower center will be further instrumented [2]. 
On a 10 MW Kaplan prototype more than 250 sen-
sors will be installed on static and rotating parts of 
the machinery, comprising generator, bearings and 
turbine. 

One of the challenges with the instrumentation 
is the installation of pressure sensors on the runner. 
A runner blade will be dismantled and approximately 
40 piezo-resistive pressure transducers (PRT) will be 
flush mounted on both the suction- and the pressure 
side. PRT’s are suitable for dynamic measurements 
due to their high natural frequency. The diameter of 
the active area is not larger than 1 mm that gives a 
precise measurement of the local pressure. The run-
ner operates in a very harsh environment. Installing 
the sensors on the runner is not a trivial problem and 
the work must be carefully prepared in advance. Pre-
viously, 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 col-
laboration with the Swiss Federal Institute of Tech-
nology (LMH-EPFL) in Lausanne, Switzerland [3]. 
In the model experiments at EPFL the sensors were 
directly incorporated into the blade. ALSTOM Power 
Hydro has developed a method to instrument model 
runner blades during the manufacturing phase [4]. In 
Norway, the company Norconsult AS has developed 
a method to instrument prototype runners with pres-
sure sensors that can be accomplished in a few days. 
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Cylindrical pressure probes are flush mounted on the 
blade.  

The measurement system on an experimental 
full-scale unit must be redundant, since several 
measurement campaigns are planned. Experience 
has shown that piezo-resistive transducers are easily 
damaged. The dismantling of the runner blade is a very 
costly operation. Therefore, damaged sensors should 
be replaceable without dismantling the runner.  

The aim of this paper is to present the set-up of 
the measurement system and a mounting method of 
the sensors that allow damaged sensors to be replaced. 
The outline of the paper is as follows. The scope of 
the Porjus project and the aim of the pressure meas-
urements are introduced. Moreover, the principles 
of piezo-resistive transducers are described. In the 
following, the set-up and the choice of each element 
of the measurement system are presented. Thereafter, 
we discuss a mounting method that enables the sen-
sors to be replaced without dismantling the runner 
blade.  

SIMULTANEOUS MEASUREMENTS  
ON A 10 MW KAPLAN PROTOTYPE 

In 1916, the Porjus hydropower station was inau-
gurated. This was the first power station that was 
built in Lule Älv, one of the major rivers in northern 
Sweden that produces a third of the total electricity 
production in Sweden. Today, the machine hall of 
the old power station function as museum and centre 
for a research and development facility. Two new 
10 MW units were installed in the old machine hall 
in the late 90’s by the foundation Porjus Hydro Power 
Centre. The foundation consists of the hydropower 
companies Vattenfall AB, ALSTOM Power and GE 
Hydro. The U8-unit is equipped with a Francis turbine 
and is used for educational purposes whereas the 
U9-unit is designated for research and development. 
Equipped with the latest technology and instrumented 
for several measurements, the U9-unit offers unique 
possibilities to conduct full-scale measurements. 
A model of the prototype is available in the laboratory 
of Vattenfall AB. The average head of the prototype 
is 53.5 m and the flow rate 18.9 m3/s. The rated output 
power is 9.3 MW and the nominal speed is 10 Hz. 
Several experiments were previously conducted on 
the unit. On the turbine, pressure measurements were 
performed in the draft tube during two measurement 
campaigns [5,6]. In one of the measurement campaigns, 
flush mounted piezo-electric sensors were used. In 
the other measurement campaign, piezo-resistive 
sensors were mounted in both the spiral casing and 
the draft tube. The observed main frequencies in 
both the measurement campaigns were the runner 
speed, fn, and 0.09 fn. Onboard measurements were 

also performed with strain gauges on the runner cone. 
The cables were drawn through the bore of the axle 
and a slipring on top of the generator transferred the 
signals. 

In a newly started project at Luleå University of 
Technology (LTU), the U9-unit will be further instru-
mented. Approximately 250 sensors will be installed 
on both rotating and static parts on the machinery. 
The project will cover several areas of hydropower 
technology. Scientists are involved from the research 
fields Rotordynamics, Tribology, Hydraulics and 
Generator Technology. The main financiers of the 
project are the foundation Hydropower Centre, the 
European Framework Programme, Vattenfall AB, 
Alstom and LTU. 

 
Figure 1. U9-unit 

One goal with the project is to determine the 
natural frequencies of the machinery and the excita-
tion forces acting on the runner and the rotor of the 
generator. The needed instrumentation is as follows. 
On the static parts of the machinery, sensors will be 
installed on the stator and the bearings. Dynamic 
force and displacement measurements will be con-
ducted to determine the stiffness of the bearings. 
Displacement measurements of the stator and rotor 
of the generator will be performed to determine the 
electromagnetic load acting on the rotor. On the 
rotating parts of the runner, sensors will be installed 
on the shaft and on one of the runner blades. Strain 
gauges measure the torque, bending moments and 
axial force of the shaft. The hydraulic load acting on 
the runner will be estimated by installing piezo-
resistive sensors on both the pressure- and suction 
side of the runner. All measurements will be per-
formed simultaneously. Thus, the coupling of the 
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natural frequencies of the machine and the excita-
tion forces can be examined.  

Apart from studying rotordynamical issues, the 
sensors will also be used for experimentation on 
individual parts of the machinery. The aim of the 
dynamic pressure measurements on the runner is 
twofold. Besides studying problems related to fluid-
rotor interaction, the measurements will be used to 
validate and improve computational methods of flow 
phenomena in the neighbourhood of the runner. 

PRINCIPLES OF PIEZO-RESISTIVE  
PRESSURE TRANSDUCERS 

The active area in a PRT consists of a silicone 
diaphragm. The active area responds to an applied 
pressure by deflection. The defection creates a bend-
ing moment in the silicone diaphragm. The sensing 
elements are strain gauges that consist of diffused 
impurities on the diaphragm. These function as 
resistors that are leaded directly onto the diaphragm. 
The resistance of the sensing elements is proportional 
to the stress of the diaphragm. The sensing elements 
are more sensitive to stress compared to ordinary 
strain gauges. The gauge factor K of a strain gauge 
relates its strain ε to its relative change of resistance 
according to εKRR =∆ . The gauge factor of a 
semi-conductive strain gauge is approximately 100 
times as strong as in ordinary metal strain gauge [7]. 
This will give a better resolution of the measured 
quantity. To produce an output signal the strain gauges 
are connected in a Wheatstone bridge supplied by a 
DC voltage. The output of the PRT is a DC voltage 
proportional to the applied pressure.  

The dynamical properties of PRT’s make them 
very suitable for dynamical pressure measurements. 
The silicone diaphragm can be modelled as a linear 
single-degree of freedom spring-mass system that is 
excited by a force. The deformation of the string 
represents the deflection of the silicone diaphragm. 
If the system is not damped, free oscillations occur 
that corresponds the natural frequency the system 
that is characterized by the stiffness and mass. 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]. Otherwise, resonance will amplify 
the measured quantity. Due to the high stiffness and 
low mass of the silicone diaphragm, the natural fre-
quency 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.  

Set-up of the measurement system 
To avoid any local perturbation of the fluid mo-

tion, the sensors must be flush mounted on the blade. 
The blade will be machined with recessed areas for 
the sensors and the cables. The cables will be drawn 
through the axle of the blade into the runner cone 
and onto the top of the machine through the bore of 
the shaft where the signals will be digitalized and 
wirelessly transmitted to the central system.  

The characteristics of the sensors could also be 
affected during the installation process. Therefore, 
the calibration of the measurement system must be 
performed on site. The sensors must be calibrated 
for each measurement campaign without dismantling 
the runner. This demands a calibration system to 
calibrate the mounted sensors. 

Specifications of the sensors  
Unisensor will deliver the sensors. The company 

will mount a pressure chip in a casing that will be 
manufactured and designed at LTU.  

A preliminary design of a casing with a sensor 
mounted in a housing for the sensor can be seen in 
Fig 2. A more detail drawing of a casing is shown in 
Fig 3. A filling material in silicone covers the active 
die. The covering material is 0.5 mm thick. The same 
kind of pressure chip was used on the instrumented 
model runner at EPFL. In this case, the chip was 
mounted directly on the model runner blade. The 
same material was used to cover the active area. 
Dynamic calibration was performed on their mounted 
sensors in the range 0-25 kHz. The sensors had a flat 
frequency response without any amplification in this 
region [3]. 

 
Figure 2. Casing with pressure chip 

 
Figure 3. Drawing of the casing with housing  

for pressure chip 
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The specifications of the pressure chip are given 
in Table 1. It is an absolute pressure chip. This means 
that it has a sealed cavity in vacuum that serves as 
reference pressure. The burst pressure is three times 
the maximum pressure range. The excitation voltage 
is chosen to 10 VDC to obtain a FSO in the range 
200 mV.  

Table 1. Specifications of the pressure chip 
Absolute piezo-resistive pressure chip 

Parameter Units Value 
Dimensions (D x L x H) mm 1 x 1 x 0.6
Pressure range Bar 0-7 
Excitation voltage VDC 10 
Input impedance kΩ 5 
Output impedance kΩ 5 
Full scale output (FSO) MV 200±50 
Zero Offset mV ±80 
Temperature coefficient of 
Sensitivity 

%FSO/ºC -0.20 

Signal processing 
The cables will be drawn through the bore of the 

shaft. On a rotating platform on top of the generator, 
an a/d-converter and a real-time controller will be 
positioned. The continuous analogue output signals 
will be discretized by three NI9205 modules with a 
resolution of 16-bit. The modules have a total sam-
pling rate of 250 kS/s and channels for 16 differen-
tial signals. The real-time controller cRio-9004 is 
connected to a server by a wireless card. 

Another four real-time controllers will acquire 
the signals from the other instrumentation on the 
machine.  

For dynamic measurements, the acquisition of 
the signals from the pressure sensors must be syn-
chronized with the other sensors on the machine. 
Each real-time controller acquires a trigger signal of 
the frequency of the runner. The trigger signal is an 
optical pulse gauge that measures the angular position 
of the runner. One of the stationary cRio-units will 
sample another optical pulse gauge that measures the 
angular position of the runner with an accuracy of 3°. 

Table 2. Specifications of the cRio-unit  
cRio-9004 Real-time controller 

DRAM 64 MB 
Processor 195MHz 
Wireless Ethernet 10/100BaseT Ethernet port 
Internal storage 512 MB Compact Flash 

Flush mounting of the pressure sensors 
In this section a method to flush mount the sen-

sors on the blade is presented. The method allows 
damaged sensors to be replaced without dismantling 
the blade. 

The blade will be machined with recessed areas to 
fit the casings and the cables for signal transmission. 
The casings should easily be demounted. However, 
if the wires are covered by resin in the channels, a 
casing cannot be removed without tearing apart the 
wires. If the wires are torn apart, a broken sensor 
cannot be replaced unless the whole procedure is 
repeated. The two following alternative methods 
were considered that enable the casings to be removed 
without tearing apart the wires: 
• Alternative (1): The casing is equipped with a 

connector  
• Alternative (2): A plastic line is used to protect 

the wires from the resin  
If the casing had a connector, the sensors could 

very easily be demounted from the blade. In alterna-
tive (2), the connector would be put in the runner 
cone. Even though, the sensor could be relatively 
easy removed from the blade, it may be tricky to put 
the cable in the plastic line. The installation work 
will also involve more work. However, a connector 
demands more space. The housing of the casing must 
be large enough to contain both a sensor and a con-
nector. This will require a certain height of the casing 
which involves more machining of the blade com-
pared to a thin casing. Besides, the thickness of the 
blade limits the height of the casing. Therefore, the 
alternative (2) was chosen.  

The flush mounting of the sensors was tested on 
a metal plate in the material SS 2230. Two kinds of 
machining of the blade were tested. In the solution 
(1) the open channel and the housing for the casing 
are cut together whereas the housing of the casing in 
the solution (2) is separated with the open channel 
(see Fig 3 and 4). The solution (2) was developed to 
facilitate the sealing of the casing. An enclosed 
drilled hole connects the housing with the open 
channel. In this way a metal-metal seal could be 
used.  

The casing must be sealed in order to calibrate the 
sensors. The developed pressure system (see next 
section) demands a perfectly sealed environment to 
uphold a static pressure over the sensor that is being 
calibrated. Furthermore, leakage trough the casing 
during operation could affect the fluid motion during 
operation. Since a plastic line is used to protect the 
cables, the filling material will not seal the casing 
from the end of the cable connection. In the tests 
performed with a machining according to (1), the 
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casing could not be sealed. Various kinds of sealants 
were tested but none of them worked. The casing 
mounted according to the second solution could be 

sealed without any problem. The thread sealant 
LOCTITE 577 was used to seal the screw threads 
and the casing. 

 

 
 

Figure 4. Two kinds of machining of the blade 
 

 
 

Figure 5. Calibration system 
 
Calibration system to be used on site  

The sensitivity of the sensors is temperature 
dependent. The pressure sensors are not tempera-
ture compensated. The measurements will be per-
formed during stable temperature conditions. How-
ever, the temperature of the river varies during  
a year between 0-20 degrees. The sensors must 
therefore be calibrated before each measurement 
campaign.  

The calibration system consists of a pressure 
calibrator and a suction cup (see Fig 4). A portable 
pressure calibrator will be used that consists of a 
reference pressure sensor and a device that can 
produce pressure levels between 0-10 bar. A suction 
cup was developed that fits onto a flat surface. The 
suction cup will transfer the reference pressure to 
the sensor that is being calibrated. The suction cup 
has two regions that are separated by o-rings. The 
central region is positioned over the sensor and is 

connected to the calibrator. Vacuum is maintained in 
the outer region to fix the suction cup to the surface. 
The surface of the blade must be relatively smooth 
in order for the o-rings to function properly. The 
suction cup may have to be modified to fit on the 
blade. 

CONCLUSIONS  
In this paper, the choice of measurement sys-

tem to measure the pressure on a Kaplan runner 
blade was presented. A method to flush mount the 
sensors was developed that enables damaged sen-
sors to be replaced.  

The mechanical properties of the blades should 
not be altered. The mounting method is chosen so 
the machining of the blade is kept to a minimum. 
However, this mounting method may impose some 
difficulties during the installation. The functionality 
must be verified on site.  
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