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Summary
Consequences of cavitation erosion are best assessed directly, during an overhaul. However, in order to find out
from which operating points they stem and to clarify the role various turbine parts play in cavitation, one must apply
vibro-acoustic measurements or monitoring. Based on the example of large Francis turbines at Grand Coulee HPP
in the USA, the multidimensional vibro-acoustic method for cavitation diagnostics and monitoring is presented and
is compared to simple methods. The role of model and prototype cavitation tests is discussed.
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Resumo
As consequências da erosão da cavitação são melhor avaliadas diretamente, durante uma revisão. Entretanto, a
fim de descobrir quais pontos da operação da turbina causam maior erosão e esclarecer o papel que as várias
partes da turbina têm na cavitação, medições ou monitoramento vibro-acústico devem ser aplicados. Baseado no
exemplo das grandes turbinas do tipo Francis na UHE Grand Coulee nos EUA, o método vibro-acústico
multidimensional de diagnóstico e monitoramento da cavitação é apresentado e comparado com métodos simples.
O papel dos testes da cavitação do modelo e do protótipo é discutido.
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1. Introduction
Due to the strong dependence of cavitation on fine details of turbine geometry, nominally identical turbines
operated in identical conditions may have substantially different cavitation characteristics. The fact that model tests
cannot predict these differences makes a prototype-scale inspection of turbine cavitation necessary. While the
result of cavitation, in the form of accumulated erosion, can be assessed by a direct inspection in an overhaul, the
tests on prototype turbines are necessary in order to discover the origin of the deterioration effects: which operation
points contribute most, which turbine parts cause the effects? Such tests in the form of permanent monitoring are
necessary in order to follow aging effects and detect changes due to incidents.
Cavitation in a prototype turbine can hardly be seen. Thus, the only practical method to perform prototype-scale
cavitation tests and monitoring is to use suitable vibro-acoustic sensors, placed in suitable locations on a turbine, in
order to listen to cavitation noise or assess its consequences, such as vibrations of turbine parts. Depending on the
number of sensors and the methods used to analyze the signals they deliver, two classes of vibro-acoustic
techniques for turbine cavitation diagnostics and monitoring can be distinguished: multidimensional and simple.
After a brief review of those physical issues which are
relevant for cavitation monitoring, Korto’s multidimensional
1
technique is presented here, and is compared to two simple
techniques, represented by the Model 7915 Cavitation
2
Monitoring System of Accusonic , and the Model AEM2000 of
3
4
HRS . This comparison is based on the tests performed on
the large Francis turbines at the Third Powerplant of the
Grand Coulee Dam (Fig. 1) of the US Bureau of Reclamation.
Fig. 1 – Grand Coulee Dam
on the Columbia River in Washington, USA:
6809 MW of installed generating capacity,
3x605 MW and 3x805 MW in the Third Powerplant
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Brief description:
International Water Power & Dam Construction Journal
May 2001 www.waterpowermagazine.com/story.asp?storyCode=2006454 (figures in the hard copy only)
Feb. 2003 www.korto.com/downloads/papers/Korto_Cavitation_diagnostics_and_monitoring_IWPDC_2003.pdf
Nov. 2004 www.korto.com/downloads/papers/Korto_Cavitation_monitoring_update_IWPDC_2004.pdf
Introductory theory:
Journal of Fluids Engineering of the American Society of Mechanical Engineers
Dec. 2002 www.korto.com/downloads/papers/Korto_Multidimensional_diagnostics_J_Fluids_Eng_2002.pdf
Physical background:
Journal of Hydraulic Research of the International Association of Hydraulic Engineering and Research
Jan. 2003
www.korto.com/downloads/papers/Korto_Methods_for_vibroacoustic_diagnostics_J_Hydr_Res_2003.pdf
See also: www.korto.com
especially www.korto.com/Letter.pdf
and
www.korto.com/downloads/white_papers/Korto_Cavitation_diagnostics_and_monitoring.pdf
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Accusonic Technologies Inc., Falmouth, MA 02541, USA
Hydro Resources Solutions LLC (HRS), Norris, TN 37828; or Voith Siemens Hydro, York, PA 17404; or
Tennessee Valley Authority, Knoxville, TN 37902. Report on the results of use at Grand Coulee: Wolff, P.J.,
Jones, R.K., and March, P., “Evaluation of Results from Acoustic Emissions-Based Cavitation Monitor, Grand
Coulee Unit G-24, Cavitation Monitoring System Comparison Tests, Grand Coulee Project, Final Report”,
October 2005, www.wolffwareltd.com/downloads/Grand%20Coulee%20Cavitation%20Report.pdf
Grand Coulee G-20, Multidimensional Cavitation Test, Comparison of Three Cavitation Monitoring Techniques,
Report Korto GC082103, Vol. 1 and 2, May 2008
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2. Physical considerations
2.1 Sensors
Fast accelerometers, acoustic emission sensors, fast pressure transducers, and broad-band hydrophones can be
used to sense turbine cavitation. These sensors may be installed at various places on the turbine (Fig. 2). Isolated
cavitation pulses or their mixture in the form of cavitation noise can be sensed directly in water or through a turbine
casing. Structure-born sound in the turbine casing or vibrations of the casing or bearings can also be usefully
sensed.

Fig. 2 – Cavitation sensors on the draft-tube wall of a bulb unit, man hole on the draft tube,
guide-vane shaft, and the turbine guide bearing

Sometimes, trials based on one single sensor
are made. In especially detailed diagnostic tests,
many sensors are applied (Fig. 3).
Depending on the sensor principle and location,
different frequency ranges and speed of reaction
may be found necessary. In typical cases,
cavitation noise can safely be separated from
other noise sources in the frequency range
between 1 or 3 kHz and 1 or 2 MHz.

Fig. 3 – Cavitation sensors (red)
and other sensors used in a detailed
dynamic test of a bulb unit

4

2.2 Cavitation dynamics
In order to avoid the worst consequences of cavitation, heavily
loaded screw propellers behind the bulk ship’s hulls are sometimes
designed to operate in a fully developed cavitation flow. Nothing
like this is practiced in hydro-turbines. Here, cavitation is avoided
or is made weak. Thus, a typical turbine is operated close to the
cavitation threshold or not far from it. As a consequence, changes
in the flow behind the stay and guide vanes may turn cavitation on
the runner blades on and off as these are rotating. This results in a
situation illustrated in Fig. 4.
Fig. 4 – Polar representation of the typical dependence
of cavitation intensity (radial coordinate)
on the runner’s instantaneous angular position (angular coordinate)

As far as cavitation is concerned, no two equal guide vanes and no two equal runner blades can be found on a
typical turbine. This means that, instead of thinking about cavitation in the turbine as a whole, V×B independent
cavitation processes should be considered, where V and B are the number of guide vanes and the number of
runner blades, respectively.
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2.3 Cavitation mechanisms
In most cases, several types of cavitation appear in a turbine
under the same or different operating conditions (Fig. 5). Also,
the same cavitation type can be generated in different
locations within the turbine. As consequences of conditions in
different flow segments, such differing cavitation mechanisms
are generally independent and should be dealt with as such.
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Cavitation reacts to tiny differences in the flow in different
segments of a spiral casing, even those which are so small that
they cause no changes in the efficiency (Fig. 6). This often
makes the spatial variations of cavitation intensity around the
turbine very pronounced.
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Fig. 5 – Three cavitation
mechanisms found in a turbine
differ in cavitation threshold

Fig. 6 – Dependences such as in Fig. 4 found in
a Kaplan turbine in 12 different circumferentially
distributed locations. Both the mean cavitation intensity
and the forms of the curves differ substantially.
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2.5 Erosive aggressiveness
No sure vibro-acoustic method to quantify the erosive aggressiveness of turbine cavitation has been found thus far.
The best approach to this task, illustrated in Fig. 7, seems to be the following:
- Apply the diagnostic method
which distinguishes between
cavitation mechanisms
- Use the test results on the
dependence of the mechanisms’
intensities on the operation point,
the data on the statistics of the
operation, and the available
model-test data to conclude
which of the mechanisms is
responsible for the erosion found
in the overhaul
- Use a known relation between
the intensity of the erosive
cavitation and the erosion rate to
transform the data on operation
dependence of the cavitation
intensity of this mechanism to the
dependence of the erosion rate
on the operation data.

Fig. 7 – An example of the results of a multidimensional test (Grand Coulee unit
G-20) showing three cavitation mechanisms, denoted as basic, low-load and highload. The basic mechanism is found to be responsible for erosion.

3. Multidimensional method
As shown in Fig. 6, non-biased estimates of cavitation intensity can only be obtained if a sufficiently high number of
sensors, suitably distributed over the turbine, are applied. Furthermore, details of the curves such as shown in Figs.
4 and 6 should be clarified in order to assess various cavitation processes related to the guide-vane/runner-blade
pairs. While doing so, different cavitation mechanisms should be dealt with separately.
The proprietary multidimensional method developed and used by Korto follows the above lines. In the version
meant for the diagnostic prototype-scale tests, it consists of acquiring signals from all sensors in a dense series of
operation conditions, and analyzing them by means of special software. In the version meant for permanent
monitoring, a somewhat reduced number of sensors are applied and a multidimensional algorithm based on the
results of the introductory multidimensional diagnostic test is used. The method incorporates two steps:
 Analysis which reveals details related to all turbine parts and cavitation mechanisms being resolved
(One step of the analysis is illustrated in Fig. 8.)
 Synthesis which combines this data in easily interpretable descriptions such as
- Cavitation characteristics of each guide-vane/runner-blade pair
- Cavitation characteristics of each runner blade
- Cavitation characteristics of each guide vane
- Global cavitation characteristics of the turbine
Power
setting
Each of these characteristics can be assessed
separately for every cavitation mechanism.
In a general case, considering the guide vanes,
their influence on runner cavitation is meant,
and not cavitation on the vanes themselves.

Color:
Cavitation
intensity

Fig. 8 – Worms representing traces of
guide-vane/runner-blade interaction

The multidimensional method results in:

Instantaneous runner position
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(1) An un-biased estimate of the total cavitation intensity in a turbine
(useful for operation optimization, see the example in Fig. 9)
(2) An estimate of the accumulated erosion
(useful for condition-based maintenance)
(3) Highly sensitive detection of changes in cavitation performance due to aging and incidents
(4) Diagnostic details such as data on different cavitation mechanisms present in a turbine as well as details on the
cavitation-related quality of turbine parts, the influence of the spiral casing (Fig. 10), etc.
(useful for turbine improvement measures and checking their results)
Fig. 9 – Erosion-rate estimate
derived from the data in Fig. 7 for
Grand Coulee unit G-20. A possibly
wrong assumption on the erosion
aggressiveness of the three
mechanisms would cause an error
of up to 15 %.

Fig. 10 – Spatial dependence of cavitation
intensity behind the spiral casing –
Grand Coulee unit G-20

The operation optimization with
respect to cavitation is most
effective in the case of multiunit plants which do not
operate at full capacity all the
time. The example presented
in Fig. 11 shows that clearly.

Fig. 11 – The results of the
multidimensional test of cavitation
in six 48-MW Francis units at
Burfell HPP, Iceland, show that the
units differ much, in both cavitation
threshold and cavitation intensity.
This is an example of the guidevane cavitation characteristics. It
shows the mean cavitation intensity
on the runner behind each of the
guide vanes as a function of the
power setting.
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4. Comparison with simple methods
Most simple methods for cavitation monitoring follow a straight-forward logic applied in most other engineering
measurements: Use a sensor suitable for the quantity to be assessed, and estimate the mean value or other
suitable value of the sensed quantity. These methods are based on one sensor and neglect details such as those
presented by different patterns in Fig. 6. The consequences:
- The results delivered by such cavitation monitors heavily depend on the sensor location (cf. differences in
amplitudes of different curves in Fig. 6). Even if differences in the obtained mean values were to be compensated
by calibration, differences in the forms of the peaky curves, which describe interactions of different turbine parts,
show that, for a selected sensor location, some cavitation components may be hidden and some others may be
overestimated. Thus, readings of the one-sensor monitor may not be representative and may thus incorporate a
high bias error.
- Simple signal processing algorithms used in the simple monitors ignore information such as is incorporated in the
patterns in Fig. 6. Thus, such monitors cannot deliver data on cavitation details. Furthermore, if they were to be
used to do this (on one single pattern in Fig. 6), the results may be wrong.
Contrary to this, the multidimensional method uses readings from sensors in many locations and processes the
signals and data in a suitable way. This makes the resulting data representative, the mean values of cavitation
intensity accurate, and the conclusions on details available and correct.
In the following two figures, the situation with the multidimensional method is compared with the situations with the
two simple monitors mentioned in the introduction:
- One sensor on a selected guide-vane link, modulation amplitude as the output …. Accusonic (Fig. 12)
- One sensor on the draft tube wall, RMS signal value as the output …. HRS (Fig. 13)
Fig. 12 – Cavitation assessment by
means of the sensors on the 32 guidevane links in Grand Coulee unit G-20. In
the multidimensional monitor all 32
curves are incorporated in the results,
while only one curve (white bold-line) is
used in the simple monitor.

Fig. 13 – Erosion prediction (red) made by
the HRS monitor on Grand Coulee unit
G-24, scaled to G-20, and the Korto
prediction for unit G-20 made by the
multidimensional test oppose each other.

Fig. 12 shows how poor and unpredictable the results based on only one sensor can be. Depending on sensor
location, the power setting at which the assessment of cavitation intensity reaches its maximum varies by 50 MW or
100 MW. This illustrates the situation with both simple monitors. The simple monitor of HRS has one more problem:
it yielded a paradoxical result. In the report on the two years of use (see footnote 3 here), the cavitation intensity
readings are interpreted as if they were representing the erosive runner cavitation. However, actually they describe
the cavitation in the free vortices in the draft tube, which is not erosive in this case. The conclusion on cavitation
reached in this manner, that erosion develops at power settings below a certain limit was wrong (Fig. 13).
A comparison of the simple and multidimensional monitors is recapitulated in the following table.

Number of sensors in a good diagnostic test
Number of sensors in permanent monitoring
Signal and data processing algorithm

Simple

Multidimensional

1
1
simple
Simple

1 on each wicket gate link
typically 8
complex
Multidimensional
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Delivers mean erosion rate estimate
Delivers accumulated erosion estimate
Represents all locations in a turbine
Recognizes different cavitation types
Delivers diagnostic details (runner blade quality, etc.)
Relative sensitivity in detecting deterioration effects
A priori absolute erosion calibration
Overall accuracy and reliability of results

yes
yes
no
negligible
no
~1
no
low

yes
yes
yes
yes
yes
~80
no
high

5. Model tests vs. prototype tests
In a typical model cavitation test, much less useful data
for practical operation of the prototype is obtained than
can be obtained by means of an in-plant multidimensional
vibro-acoustic monitor or test (Fig. 14).

Discharge
(m3/s)

In some cases, not all types of cavitation can be seen in a
model test. All can be heard and assessed in a good,
multidimensional, in-plant, vibro-acoustic test.
There are strong scale effects in cavitation modelling.
Thus, cavitation should be checked on the prototype.
Turbine cavitation performance varies with time, making
continuous control on the prototype necessary.
Net head (m)

6. Conclusions

Fig. 14 – Results of: model test – black dots,
prototype test – red dots. Operating range –
green. Out of 17 model points, only two describe
the real situation in the exploitation, while the
prototype test yields a detailed description.

The multidimensional method for cavitation diagnostic tests and monitoring uses sensors distributed over a turbine
plus complex signal and data processing. It yields reliable estimates of cavitation intensity and delivers diagnostic
details on cavitation. This can be used to optimize turbine or plant operation for minimum erosion, organize the
maintenance based on accumulated erosion, and point to the turbine parts which could be improved.
Simple cavitation monitoring methods, based on one sensor and simple signal processing, may deliver intensity
estimates with a high bias error. They ignore most of the information contained in vibro-acoustic signals and do not
deliver diagnostic details.
Model tests cannot serve as substitutes for prototype cavitation tests.

