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Executive Summary
Consequences of cavitation erosion are best assessed directly, during an overhaul. However, in order
to find out from which operating points cavitation erosion stems, one must apply vibro-acoustic
measurements or monitoring. These measurements deliver an estimate of the total cavitation in a
turbine (useful for operation optimization) and an estimate of the accumulated erosion (useful for
condition-based maintenance). They also track changes in cavitation performance due to aging and
specific incidents, and they may deliver 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
(instructions for improvement measures, check of their results). There are two classes of cavitation
diagnostics and monitoring techniques, simple and multidimensional. They can be compared as follows:

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

Simple

Multidimensional

1
1
simple
yes
yes
no
negligible
no
1
no
low

1 on each wicket gate link
typically 8
complex
yes
yes
yes
yes
yes
80
no
high

Two types of simple monitors are being used at the Third Powerplant. In this report it is shown that one
of them lead to incorrect conclusions and counterproductive recommendations during a two-year
monitoring of G-24, and that the other one has a high bias error and thus cannot be used quantitatively.
The report presents the multidimensional technique as illustrated by a diagnostic test carried out on
G-20. Typical formats of the results are illustrated. Due to unfavorable conditions on the Columbia
River at the time of the test, the results are not fully quantitative. Additional testing at a more suitable
period of the year is necessary to reach fully representative results.
Cavitation erosion in G-20 appears above ca. 500 MW. Differences in runner cavitation intensity of 3:1
were found in different locations within the spiral casing. These correspond to 15:1 differences in
erosion rate. A numerical experiment would show what improvement could be achieved by re-shaping
stay vanes and wicket gates.
The best results in operation optimization can be obtained by optimizing the whole plant. Substantial
differences in cavitation performance of different units can be expected. Thus, all the units should be
tested or monitored.
The recommendations of long-term activities, aimed at ensuring good cavitation monitoring of the Third
Powerplant units and reducing the cavitation erosion in them are formulated.
The incident with the simple monitor on G-24 shows that a simplified approach which fails to clarify
physical and other details is not applicable when dealing with cavitation.
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1. Introduction
At the Grand Coulee Dam (Fig. 1) on the Columbia River (Fig. 2), in Eastern Washington, USA,
operated by the U.S. Bureau of Reclamation (USBR), there are four plants totaling 6809 MW
of installed generating capacity: the Pumping Plant, with 6 pumps and 6 pump-generators
(52 MW each), the Left Powerplant, with 9 generators (125 MW each), the Right Powerplant,
with 9 generators (125 MW each), and the Third Powerplant, with 6 generators (3 x 650 each
and 3 x 805 MW each, Fig. 3 and 4). The Grand Coulee Dam is the largest electric power
producing facility and the largest concrete structure in the United States.

Fig. 1 – Grand Coulee Dam and the Third
Powerplant, Right Powerplant, and Left
Powerplant

Fig. 3 – Cross section of the dam and the
Third Powerplant

Fig. 2 – Major hydropower dams of the
Columbia River Basin

Fig. 4 – Installation of a turbine at the
Third Powerplant

There is cavitation erosion in some of the units at Grand Coulee dam. In order to optimize their
operation and maintenance with respect to cavitation, two types of cavitation monitoring
devices, representing two different technologies, have been used on some units in the Third
Powerplant:
(1) Model 7915 Cavitation Monitoring System of Accusonic Technologies Inc., Falmouth, MA 02541,
based on an accelerometer mounted on one wicket gate link (Fig. 5), and
(2) Model AEM2000 of Hydro Resources Solutions LLC (HRS), Norris, TN 37828 (now: Voith Siemens
Hydro, York, PA 17404; or Tennessee Valley Authority, Knoxville, TN 37902), based on an
Korto Cavitation Services – www.korto.com
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acoustic emission sensor mounted on the draft tube metallic wall1 (Fig. 5).
Fig. 5 – Sensors of the two
cavitation monitoring systems
installed at Grand Coulee:
left – (1) Accusonic Type 7915
right – (2) HRS Type AEM2000

This report presents results of another cavitation test performed at Grand Coulee, on one of the
three 650-MW Third Powerplant units, G-20. The test was organized under USBR Order
06PG810206. Its aim was to demonstrate another approach to cavitation diagnostics and
monitoring:
(3) Multidimensional technique2 of Korto Cavitation Services, Luxembourg, which uses sensors
similar to those in (1) or (2) but which samples the vibro-acoustic field of cavitation in a number
of locations on a turbine and, through a complex multidimensional signal and data processing,
extracts detailed and unbiased information on cavitation. This technique is used for onsite
diagnostic cavitation tests (Figs. 6 and 7) and for permanent cavitation monitoring (Fig. 8).

1

The results of the use of the HRS monitor at Grand Coulee during more than 2 years are presented in: 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. This work
was organized through Cooperative Research and Development Agreement BOR-D9000-CRD-1043-HRS between
Hydro Resource Solutions LLC and USBR, with the Tennessee Valley Authority supporting USBR through
Interagency Services Agreement 01AA810712.

2

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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Fig. 6 SENSORS – In onsite cavitation tests, Korto uses sensors on the wicket gate links, the draft tube (close
to the draft tube door or all around
the draft tube of a bulb unit), on the
lower guide bearing, and on the
turbine cover in a Kaplan unit.
The sensors (right figure) are glued
in place, held in place by magnets
or attached with screws. In special
cases, fast pressure transducers
also are used; all other sensors are
mounted on the dry side of the machine.

Fig. 7 DATA PROCESSING – In Korto’s multidimensional diagnostic cavitation tests, vibroacoustic data on cavitation is acquired in a
quasi-coherent manner. Up to several hundreds
of mega-bytes of data per unit are recorded in a
way which enables virtual repetition of the test
in the laboratory. By means of various iterative
off-line analyses, particularities and peculiarities
of the unit are revealed. Onsite, only the
analyses needed for measurement optimization are made, by means of a system like the one shown.

Fig. 8 MONITORING –
For permanent monitoring of
cavitation, robust versions of
the sensors are used, and their
number is reduced. This
reduction is based on the
results of an introductory
diagnostic cavitation test,
which also enables
optimization of the multidimensional algorithm
implemented in the monitor
for a turbine under
consideration.
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This report:



yields G-20 cavitation characteristics, limited in scope and reliability by the unfavorable
water-level conditions met during the test



compares the three technologies (1)-(3)



 illustrates some specific features of the multidimensional method.
The data acquisition part of the multidimensional test was made on G-20 from May 23 to
June 2, 2006 (Fig. 9). Later, the acquired data was analyzed off line in a series of iterative steps.
Basic data on the unit and on the erosion in it is noted in Appendices 1 and 2.

3

4

Fig. 9 – Mike Strombach and John Germann of the USBR participated in the test.
Left: In order to shorten the outage, Mike is helping mount the vibro-acoustic sensors.
Right: John (wearing a red helmet) and the author of this report in front of the huge G-20 shaft.

2. Operation
Under ideal conditions for a cavitation test both the head and suction head are kept constant
while the degree of loading is varied on the unit undergoing the test. At Grand Coulee, at the
time of the multidimensional test, this was not possible. In addition, an unseasonably early
snow melt in Canada resulted in an uncontrollably wide scatter of operating conditions during
the test and even during particular test runs.
The values of the gross head of 300 ft ± 10 ft and the suction head from 16 ft to 28 ft
were covered by the test. In one test run, the entire range of loading was checked, while in
other runs the range from the rough zone to the maximum available power was covered.
The tested operating conditions cover only a part of those conditions which are normally met
during exploitation. Details on this are given in Appendix 3.
3

G. Michael Strombach, P.E., Senior Mechanical Maintenance Engineer (Right & Third Powerhouse), Grand Coulee
Power Office, Grand Coulee, WA 99133-062

4

John P. Germann, Mechanical Engineer, Technical Service Center, USBR, Denver, CO 80225-0007
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3. Method
The multidimensional method for cavitation diagnostics and a simplified multidimensional
method for permanent cavitation monitoring which follows it include analyses of all available
vibro-acoustic, hydraulic and other data on the example of cavitation being studied in a manner
which combines insights from various sources. In order to check, in an unbiased manner,
cavitation in all the relevant locations in a turbine, cavitation-generated structure-born noise is
sampled in a number of locations on the turbine. Characteristic for the method is to study the
dependence of noise signatures on the instantaneous runner’s angular position. Here, a method
of averaging is used which yields stable deterministic data on the random cavitation
phenomenon but preserves a short time-resolution – depending on the purpose, on the scale of
single cavitation events or on the scale of circumferential variations of cavitation caused by the
wake field behind the stay vanes and wicket gates. This differs from methods which rely only on
the mean noise spectra or mean noise intensities, such as are used by the monitoring systems
like those mentioned as (1) and (2) in the Introduction. In such simpler approaches, valuable
information on cavitation is unnecessarily lost.
The idea behind the multidimensional approach is that, normally, the cavitation in a turbine is
not strongly developed and is not one process but a set of processes. In the example of the
G-20, this set comprises 13 times 32 independent processes resulting from the interaction of
individual runner blades with individual wicket gates. Furthermore, such 416 sets of data, which
have a form of functions describing the dependence of cavitation parameters on operation
parameters, should be specified for each of the different cavitation mechanisms, i.e. different
cavitation types or cavitation of the same type appearing in different locations. In G-20, three
such mechanisms were found. Thus, when attempting to describe cavitation in G-20, one has to
deal with roughly 1200 independent processes. The multidimensional method implies analyzing
all these processes independently and then synthesizing such global data as a single function of
the operation parameters describing the turbine as a whole. In such a manner, various formats
of final data can be derived, specifying:



 Cavitation quality of each runner-blade/wicket-gate pair



 Mean quality of each runner blade, averaged over all the wicket gates
 Mean influence of each wicket gate, averaged over all the runner blades



 Total cavitation in the turbine.
Some steps of the multidimensional analysis applied in this case are illustrated by the graphs in
the text that follows and by a review of some details noted in Appendix 4.

4. Erosion Calibration
For some purposes, such as turbine or plant operation optimization with respect to cavitation
erosion or a comparison of cavitation quality of turbine parts, an absolute calibration of the
measurement or monitoring set, such as would yield an estimate of the erosion rate, is not
necessary. These tasks can also be realized by means of a system which delivers the quantity
which is known to be proportional to the erosion rate. However, for some purposes such as
maintenance scheduling based on the accumulated erosion, an absolute calibration of the
cavitation monitor output is necessary.
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Some authors and institutions claim to be able to make such an absolute calibration in advance.
Some of them are even ready to specify the calibration constant without even touching the
turbine, based on its type and global parameters. We at Korto do not rely upon such ideas.
Instead, in cases when an absolute calibration is necessary, we apply the following conservative
procedure:
 Define and estimate a vibro-acoustic quantity which is proportional to cavitation intensity
and is additive for different cavitation mechanisms.
 Identify different cavitation mechanisms in the turbine under consideration.
 Use all available data (those stemming from the vibro-acoustic test and others) to find out
which of the mechanisms present in the turbine should be considered erosive.
 Fix the relationship between the cavitation intensity and the erosion rate.
 Make an a posteriori calibration based on the erosion found between two overhauls, the
operation parameters statistic, and the data on cavitation intensity dependence on
operation, with this dependence being known from the cavitation test or monitoring:
P
relevant operation parameter, e.g. turbine power under typical water levels
Φ(P) probability distribution density function of P such that well describes the operation
strategy between the two overhauls
I(P) cavitation intensity dependence on P found in the test or by monitoring
R(P) erosion rate dependence on P calculated from I(P), R(P) = (I(P)), by means of the
assumed function
(I) which transforms cavitation intensity, I, in the erosion rate
e(P) = Φ(P)R(P) = Φ(P)(I(P)) probability distribution density function of the erosion rate at
the operation point specified by P
E = T ∫e(P)dP erosion accumulated between two overhauls
T
effective time spent in generating mode between the two overhauls
A simple one-parameter model is used for (I),
(I) = k II= In , n = 2.46
The parameter k is constant for a given turbine, a given definition of the cavitation intensity,
and a given method of measuring the cavitation intensity. k can be determined by
comparing E with the result of the test or monitoring:
k = E / [T ∫ Φ(P)(I(P))dP ].
This erosion model was heuristically derived from the numerical results of a laboratory
experiment which was the basis of the two-parameter model used in the report on
monitoring G-24 by means of the HRS AEM2000 monitor (see Appendix 5).
The described conservative erosion calibration method was applied in this test.

5. Input Data
Three sets of measured data were used in the multidimensional cavitation test on G-20:
(1) Cavitation data
Vibro-acoustic data in the frequency range from the turbine revolution frequency up to
1 MHz, acquired by means of broadband acoustic emission sensors and, additionally, as a
control, by a fast accelerometer. Cavitation-generated structure-born noise was sensed on
the links of all the 32 wicket gates. Usually, in measurements such as these, a set of sensors
is used simultaneously in order to shorten the test. In special cases, when possible, one
Korto Cavitation Services – www.korto.com
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single sensor is moved from a point to a point in order to ensure the high fidelity of the highfrequency data. This was done on G-20. Additionally, three other sensors were kept in
fixed locations during the entire test. In 797 measurement runs a total of 150 GB of rough
and demodulated data, synchronized with the revolutions, were acquired.
(2) Unit operation during the test
Data on the forebay and tailbay levels, flow through the turbine, calculated discharge,
generated power, wicket-gate position – all read from the SCADA records which were taken
simultaneously with the cavitation measurement.
(3) Long-term unit operation statistic
Historical 3-year SCADA records, January 2005 - December 2007.

6. G-20 Cavitation Characteristics
The lack of the possibility to keep the head and suction head constant, even during particular
test runs, the uncontrollably wide scatter of operating conditions during the test, and the fact
that only a part of operating conditions met in exploitation was tested mean that the following
results should be considered more an illustration of the format rather than the quantitative G20 cavitation characteristics.
Three cavitation mechanisms were found in G-20. The estimates of their mean intensities are
shown in Fig. 10 as a function of the discharge and in Fig. 11 as a function of the turbine power
setting. These estimates are quite rough since they incorporate a broad range of water levels.

Fig. 10

A non-calibrated scale of intensities is used in these figures. The values are referenced to the
maximum intensity of the mechanism named Basic.
The turbine-power distribution density curve in Fig. 11 (blue) is Φ(P), introduced above, with P
denoting the power setting. It is a differential version of the “Lower-than” curve in Fig. 3.5 in
Appendix 3. This data describes three-year operation statistics of G-20, from 2005-2007.
Korto Cavitation Services – www.korto.com
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Note:
In the graphs,
a comma is
often used
instead of a
decimal point.

Fig. 11

Assuming this description to be representative for the period between the overhaul in October
2005 and the previous overhaul, this Φ(P) is used for erosion rate calibration. Here, data on the
metal loss and the time in the generating mode noted in Appendix 2 are used. The resulting
calibrated cavitation erosion rate function valid for G-20 is shown in Fig. 12. The violet curve
here is R(P) and the red curve/surface is e(P), introduced above.

Fig. 12

The estimate of the erosion rate was derived from the basic mechanism curve in Fig. 11. The
rationale behind the assumption that the basic mechanism is the only erosive one is as follows.
- According to the insight gained through the study of details (Appendix 4), the high-load
mechanism describes the developed sheet cavitation which might have an impact on the
moment-generating performance of the runner blade profile but which is hardly erosive.
Furthermore, a look at Fig. 3.5 shows at once that, even if erosive, the high-load cavitation
mechanism can only have a minor influence on the erosion estimate. Indeed, as long as the
usual G-20 operation strategy is followed, the loading degrees at which this cavitation
mechanism is strong are only rarely set.

Korto Cavitation Services – www.korto.com
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-

-

If developed near the runner, the low-load mechanism is actually the initial cavitation
without an erosive potential. It can also contain an echo of the free cavitation vortices
bellow the runner which cause no harm to the runner.
Thus, the basic mechanism, which may have strong bubbly and foggy components, should
be considered responsible for the erosion found in G-20.

The calibrated cavitation characteristic in Fig. 12 (violet curve) can thus be used as a rather
reliable estimate of the G-20 cavitation erosion performance. The fact that it can still only be
considered to be a rough estimate stems from the fact that the test was performed under
unfavorable conditions of uncontrollably varying water levels which makes the set of the
resulting data a mixture based on various cavitation situations.
Therefore, the violet curve in Fig. 12 is an estimate of the erosion rate, R(P) above, and the red
curve a kind of effective erosion rate, R(P)Φ(P) = e(P). This effective erosive rate describes both
the cavitation and the operation strategy. The red area presents the integral corresponding to
the accumulated erosion which, on an average, would be generated in a unit time. The red
curve/area can thus be used to judge the share which various power settings have in the
erosion, as long as the present operation strategy is followed. In order to check new strategies,
the product, R(P)Φ(P), of the violet curve and a new blue curve should be calculated. Details on
this are noted in Appendix 6.

6.1 Spiral Casing Quality
The cavitation intensity curves in Fig. 10-12 yield mean values, i.e. the average values of
cavitation intensity on all runner blades, averaged over the revolution, i.e. over all angular
positions of the blades. Due to differences in the flow from different segments of the spiral
casing and differences in the wake field behind different stay vanes and wicket gates, there
might be rather strong circumferential variability hidden in these mean curves. Indeed, as can
be seen in Fig. 13, differences of up to 4:1 in the cavitation intensity of the erosive, basic
mechanism in different circumferential positions were found, and these were accompanied by

Fig. 13

Korto Cavitation Services – www.korto.com

GC082103 Vol. 1 p. 13

Grand Coulee G-20 Multidimensional Cavitation Test
non-negligible variations in the (lower) cavitation threshold of that mechanism. These cavitation
intensity and cavitation threshold variations are presented in Figs. 14-16.
Two factors determine variations of these parameters between neighboring wicket gates:
- True dependence of cavitation on details of the gates’ shape and setting
- Spurious scatter of operating conditions met while testing different wicket gates.

Fig. 14

Fig. 15

The non-homogeneity of the test data does
not allow for this dilemma to be resolved.
However, it does not prevent identification
of another important cause of the
cavitation circumferential variations: The
monotonous changes in the curve in Fig. 16
show that the spiral casing has a
detrimental role in G-20 cavitation
performance. Here, the following should be
taken into account. Even tiny deviations of
the spiral casing from the ideal shape –
deviations which probably do not affect the
efficiency – may have a strong impact on
cavitation.
6.2 Quality of Runner Blades

Fig. 16

The curve in Fig. 16 is obtained by averaging over all the runner blades. When decomposed, as
shown in Fig. 17, this data yields a tool for the assessment of the blades’ cavitation quality.
In a parametric form, the result is shown in Fig. 18.
Conclusion: Within the tested operation range, the vibro-acoustic analysis
did not detect excessive differences in G-20 runner blades.

Korto Cavitation Services – www.korto.com
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Fig. 17

Fig. 18

7. Accuracy and Reliability
7.1 Dependence on Operation
As shown in Appendix 3, only a limited segment of all the operating conditions was covered by this
test. Actually, the most threatening conditions were not reached. Therefore, the obtained results
can be used as quantitative only for operating conditions similar to those set during the test and
can be considered to be an illustration of the format of the full results which would be derived if
an additional test were to be made at a more suitable time of the year.
Furthermore, since two variables which determine the content and accuracy of the cavitation
assessments, the sensor position and the operating conditions, could not be set independently,
there is an uncertainty about the origin of part of the variability in the results. Do the jumps of the
threshold estimates in Figs. 14/15 describe true performance of the neighboring wicket gates or
are the jumps the consequence of poorly controlled water-level differences?
Clearly, the set of data on cavitation derived in this test is not fully quantitative. Indeed, the
spread of curves such as those in Fig. 13 may be due to inconsistencies in keeping the operating
conditions stable and only partly due to a true circumferential variability of cavitation.

7.2 Resolution
In the multidimensional analysis, runner blades are resolved fully. However, there is a smoothing
over neighboring wicket gates inherent to the cavitation process in a Francis turbine and in its
vibro-acoustic assessment. The resolution in wicket gates reached in this test is shown in Fig. 19.
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While this limitation makes the study of
individual wicket gates difficult, it does not
disturb the study of the spiral casing influence.
7.3 Errors in Modeling
As can be guessed when looking at the
analysis details in Appendix 4 (e.g. Fig. 4.14),
several steps in data reduction, meant to
devise compact descriptions, are only
heuristically based and are not fully
quantitative. This may limit the accuracy
and reliability of some final data. One
example of this are the cavitation threshold
values in Figs. 13-15.

Fig. 19

7.4 Erosivness of Mechanisms
What if the assumption that only the basic cavitation mechanism is erosive is not correct?
Three alternative situations are presented in the three graphs in Fig. 20. These have the same
format as Fig. 12 and are designed by using the same calibration constant as was used while
deriving the proposed G-20 description – the violet curve in Fig. 12.
Of course, if there are more sources of erosion, the algorithm based on only one source would
underestimate the running cavitation rate and the accumulated erosion. Provided that the
given G-20 operation strategy is followed, the resulting estimates of the errors in estimates are
as follows:
Really erosive is:
Basic mechanism only
Basic and high-load
Basic and low-load
All three mechanisms

Underestimate (%):
0
10
5
15

7.5 Erosion vs. Cavitation Intensity
The influence of the inaccuracy of the exponent n, in I= In, in the used erosion rate vs.
cavitation intensity law (Appendix 5) is estimated in Fig. 21. The limiting values of the exponent
result in a peak-to-peak error in erosion estimates of up to 5 % of the erosion maximum.
Further errors stem from the fact that the data on the operation statistic do not cover the
period used for erosion calibration, and that the operation is described in the simplest manner,
by means of the turbine power setting, for a broad range of the water levels.
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Fig. 20a

Fig. 20b

Fig. 20c
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Fig. 21

7.6 General Comment
In the multidimensional approach to cavitation diagnostics and monitoring, averaging over
several or many independent estimates of, most frequently, independent processes is involved.
This introduces a partial cancelling of errors and yields more accurate results than would be
obtained by means of a simpler approach.

8. Comparison of Three Cavitation Monitoring Techniques
Experimental data acquired in the multidimensional test enabled an indirect check of the two
monitoring techniques, (1) and (2), mentioned in the Introduction. Here, the documented
conclusions on the applicability of these techniques are presented.

8.1 Simple Monitoring – Sensor on the Draft Tube Wall
8.1.1 Facts on HRS AEM2000 Acoustic Emissions-Based Cavitation Monitor
In the report on the use of the HRS AEM2000 monitor with a sensor on the draft tube wall of the
Grand Coulee G-24 unit, which is cited here in the Introduction (item (2), footnote 1), the graph
in Fig. 11 in the original (reproduced here in Fig. 22) is given and is commented as follows:
“This figure shows that the cavitation erosion is occurring at power levels less than 450 MW
while most of the energy generation, 98%, is produced at power levels greater than 450 MW.”
Also, the following conclusion and recommendation is made in that report:
Korto Cavitation Services – www.korto.com
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“The cavitation data and analyses indicate that if energy generation at power levels less than
450 MW could be eliminated or reduced, cavitation damage would also be reduced.”

G-24

Fig. 22

(The three curves denoted by different b values are describing a model of the powerdependence of cavitation erosion rate, in which b is a parameter; see Appendix 5.)

8.1.2 Contradictory Conclusions
The above presented cavitation erosion characteristics of G-20 which resulted from the
multidimensional test predict the opposite situation: there is no erosion below a certain power
level, approx. 520 MW (Fig. 12) or possibly approx. 480 MW (Fig. 20b/c). Although a shift in
these numbers would be necessary in order to compare the two different (but both Francis)
units, G-24 (805 MW) and G-20 (650 MW), it is clear that the two conclusions are exclusive of
one another:
Report on the HRS AEM2000:
This report:

Erosion appears below a power limit
Erosion appears above a power limit

8.1.3 Relevant New Data
As a part of the multidimensional test, a check of the vibro-acoustic conditions was made at
gross head 296 ft
suction head 20 ft
power in 33 steps from -43 MW to 671 MW
in the frequency range from the revolution frequency to 1 MHz
by means of a sensor on the link of wicket gate 16.
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Fig. 23

The obtained results relevant for the present topic are shown in Figs. 23, and Figs. 4.1-4.3 in
Appendix 4. Additionally, two more graphs from the report on HRS AEM2000 are reproduced
here as Fig. 24, and a related example from Korto files is presented in Fig. 25.
Data format:
Fig. 23 Common simple monitoring based on three typical quantities used in such systems:
- mean noise level
- blade passage modulation amplitude
- shaft passage modulation amplitude
Fig. 4.1 Mean spectra of the picked-up noise
A normalization procedure was applied.
Fig. 4.2 Noise power modulation vs. instantaneous angular position of the runner
The curves display the interaction of the wicket gates and the runner blades.
Fig. 4.3 As in Fig. 4.2, but normalized to the mean power
These curves enable a following of the process in initial phases.
Fig. 24 Figs. 4 and 5 in the report on the HRS AEM2000 – G-24 cavitation intensity estimates
measured at two inspection intervals
From this data the model of the erosion vs. power curves in Fig. 22 were derived by
modeling.
Fig. 25 From Korto’s files: A situation in two smaller Francis turbines, similar to that in G-24.
Note: The intensity of cavitation in the draft tube and that of the runner cavitation are
not correlated.
Result
While strong cavitation signatures were found in G-20 in the power range for which cavitation
erosion is predicted by the multidimensional approach (Figs. 10-13), only negligible vibroacoustic activity was found at power values which correspond to the range declared as erosive
in the report on the HRS AEM2000 (probably below 450x650/805 MW for G-20).
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G-24

Fig. 24a

G-24

Fig. 24b

Fig. 25a
Two 48 MW vertical
Francis units in a
European plant

Fig. 25b
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8.1.4 Diagnosis
The HRS AEM2000 predominantly senses the high-frequency noise from the free cavitating
vortices in the draft tube, and it senses much weaker noise from the rather distant runner
cavitation. Although the runner cavitation is present at high loading degrees (cf. our notation in
Figs. 24 – heavy red oval outlines: dashed-line – runner cavitation in general, solid-line – traces
of what seems to be analog to the high-load mechanism in G-20), the noise related to it was
attributed to background noise and was neglected in the analysis. Indeed, although clearly
visible in Figs. 24, these cavitation components do not appear in Fig. 22. This is how,
erroneously, in Fig. 22, the high intensity of the low-load cavitation in the free vortices, which
causes no harm to the runner, was described as the cause of G-24 runner erosion, and the true
source of erosion in G-24 was neglected.
Note that the sensor mounted on the draft tube cannot be relied on to listen to cavitation on
the runner. The sensor is too far from the noise sources and the sound waves, while being
transmitted from the runner to it, are attenuated and scattered by free bubbles. The two
cavitation types should be sensed separately and carefully; cf. the example from small Francis
units in Figs. 25. The situation with the sensor on the draft tube may be different on Kaplan or
bubble units.
8.1.5 Comment
A sensor on the draft tube wall might be useful for checking the situation in the draft tube in the
rough zone. However, most energy developed there lies far below the operating frequency
range of an acoustic emission sensor. Thus, a lower-frequency type of sensor should be used for
such a purpose.
8.1.6 Conclusion
The use of the HRS AEM2000 acoustic emissions monitor as a cavitation monitor, with the
sensor placed on the draft tube wall, lead to incorrect conclusions and a counterproductive
recommendation. If the sensor were moved to another place, e.g. to a wicket gate link, it could
be used in the same manner as the Accusonic 7915 monitor, however with a simpler cavitation
detecting algorithm built in (mean noise level instead of blade and/or shaft passage modulation
amplitude). However, there it would still have the disadvantages of simple one-sensor monitors
based on full averaging over the revolution, i.e. possible high bias error and an unnecessary loss
of diagnostic data.

8.2 Simple Monitoring – Sensor on One Wicket Gate Link
8.2.1 Facts on Accusonic Type 7915 Cavitation Monitoring System
The algorithm built into this monitor, cited under (1) in the Introduction, is based on the
assumption that an increase in the blade passage modulation level indicates the existence of the
erosive cavitation and that this level can be used to quantify erosion.
This monitor uses a sensor in one location only.
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Fig. 26

Fig. 27

Fig. 28a
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Fig. 28b

8.2.2 Comment
There are published reports of negative results of tests of the above assumption. Leaving this
aside, a crucial question remains:
Can turbine cavitation be reliably assessed by means of a sensor in one location only?
The answer to this question will apply to the Accusonic 7915 monitor but also to the HRS
AEM2000 monitor if its sensor were to be moved to a wicket gate link.
8.2.3 Data
Relevant measurements from the multidimensional test, i.e. with sensors on all the wicket
gates, are summarized in Figs. 26-28. Here, the heavy white line curves represent wicket gate
16, on which the Accusonic sensor is mounted, and the thin curves represent other wicket gates.
In addition to the quantities used in the Accusonic algorithm (blade and shaft passage
modulation amplitudes), the simple noise level calibrated as the noise power is also included;
the squared output from the HRS AEM2000 used on a wicket gate would correspond to this.
All these cavitation intensity estimates are referenced to that which we know to be the
maximum of the basic mechanism. In Fig. 28b, an additional normalization is made which well
displays differences in the curves’ shapes at higher loading degrees.
Figs. 23, 4.2, and 4.3 (in Appendix 4) are also relevant for the present topic.
Note that the listed data from the multidimensional test was obtained by means of an acoustic
emission sensor, while an accelerometer was used in the Accusonic monitor. This makes a
difference in the covered frequency band, which, however, does not change the conclusions.
8.2.4 Discussion
Fig. 23 … The yellow blade-passage curve simulates the Accusonic monitor. It resembles the
multidimensional result – the violet curve in Fig. 12. On the red curve in Fig. 23, the strong highload component is preserved. This may be the result of the HRS AEM2000 on the wicket gate link.
Note the following:
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The Accusonic monitor automatically discarded the high-load mechanism while the
multidimensional analysis preserved it. This mechanism was then recognized as non-erosive
and discarded. The multidimensional analysis delivered the quantity which was considered a
reason to eliminate the high-load mechanism in the Accusonic monitor.
The dilemma:
What if the assumption built into the Accusonic monitor is not correct?
Isn’t it better to get the information on the mechanism together with the data which made
Accusonic discard the component and then discard it if necessary?
The two final erosion estimates, the violet curve in Fig. 12 (multidimensional) and the yellow
curve in Fig. 23 (simulation of the Accusonic), are similar but, as shown in Fig. 29, where they
are copied (the same colors), they differ significantly. Which one is accurate?
Fig. 26 yields the answer. The 32 curves in it simulate the results which the Accusonic
monitor would deliver if its only sensor were mounted on the links of the 32 different
wicket gates. Obviously, these results would strongly vary in amplitude, shape and position
on the power scale. Even if the amplitude can be compensated for by calibration, the shape
and the position cannot.
The same holds true for another quantity used in the Accusonic monitor – the shaft passage
modulation amplitude, Fig. 27 – and also for the HRS AEM2000 assumed mounted on one of
the wicket gate links, Figs. 28. (Note that the AEM2000 would not discard the high-load
mechanism and that it does not deliver the quantity which the Accusonic considers relevant for
this.)

Figs. 4.2 and 4.3 … Due to direct averaging over the revolution, in both simple monitors, HRS
AEM2000 and Accusonic 7915, details such as the peaks in these figures would be poorly
presented, if at all. In the 7915 they would leave a trace in the averaged spectra, and in the
AEM2000 they would be fully eliminated. Since the peaks carry information on the interaction
of the wicket gates and the runner blades, valuable information would be lost by such
averaging.

Fig. 29
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8.2.5 Conclusion
Overly simplified signal and data processing, used in simple monitors such as AEM2000 and
7915, discards diagnostic information about the role which the spiral casing, wicket gates, and
runner blades play in cavitation.
Using the sensor in one location only can result in a high bias error such as illustrated in Fig. 29.
Even if better signal and data processing were to be used in a single-sensor monitor, no reliable
data on turbine parts could be obtained. Sensors in a number of locations are necessary.

8.3 On Multidimensional Monitoring
8.3.1 Why Permanent Monitoring?
Detailed multidimensional cavitation tests, such as those which cover all important operating
points of a turbine, are the best first step in determining turbine’s cavitation behavior. They
deliver details about the cavitation mechanisms and about the cavitation quality of the runner
blades, as well as about the influence the stay vanes, wicket gates and the spiral casing have on
cavitation. They also yield reliable input data for the plant SCADA which assist in setting the
operating point.
However, due to incidents such as the passage of a hard body through a turbine, which can
leave an initial weak point on a critical part of the runner, or due to the deviations from the ideal
shape of blade profiles, which become accumulated through a series of repairs, the cavitation
characteristics of a turbine may not be considered constant. To control such aging effects,
periodic tests are necessary, or, alternatively, permanent monitoring could be performed.
8.3.2 How to Use a Cavitation Monitor?
There are three types of output from a multidimensional cavitation monitor:
- Total cavitation intensity in a turbine
… Can be used to optimize the operation
- Estimated accumulated erosion
… Can be used for condition-based maintenance
- Diagnostic details about the influence of the
spiral casing, the stay vanes and the wicket gates,
and details about cavitation on each runner blade … Enables highly sensitive detection of
deterioration effects
… Can help if an improvement of the
turbine cavitation characteristics is
being considered
Comparison with the simple monitors:

 The simple monitors do not offer the third output type – the diagnostic tool.
 Due to a bias error caused by the lack of spatial averaging, their first two outputs may be not
sufficiently reliable.
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 In a simple monitor, a change in the output is compared with a quantity assessing the total
cavitation in a turbine. A multidimensional monitor can also resolve an individual part of the
process, e.g. the result of the interaction of a single wicket gate and a single runner blade.
This would make the sensitivity of the detection of the deterioration effects by means of the
multidimensional monitor higher by a factor equal to the number of the wicket gates times
the number of the runner blades. The lack of
a full resolution in the wicket gates, described
in Fig. 19, makes this factor up to 5 times lower.
Still, for a case of 13 runner blades behind 32
wicket gates, an up to 80 times greater
sensitivity in the detection of the changes
be
can be expected. Thus, the initial phases of
Fig. 30
deterioration effects will be detected and
A 40 MW bulb
unit in a
can be followed. This improves the security
European plant
of the machinery and makes the comfortable
Fig. 30
planning of repairs possible.
In Fig. 30 the result of a simulation of such a deterioration effect is presented (from Korto’s
files). In the 40-MW bulb unit one of 24 wicket gates was shifted slightly from its normal
position. Both cavitation mechanisms found in the unit were intensified and the threshold of
one of them was lowered. While these changes could not be detected in the total noise output
of the monitor, they were clearly assessed by one of the 24 monitoring channels with
resolution.
It is interesting that the high sensitivity of the multidimensional cavitation monitor can also
help to detect some non-cavitational causes of deterioration, such as a crack at a critical
location, where it provokes the onset of cavitation. The ability of the method to resolve
wicket gates and runner blades and to infer the spatial distribution of cavitation can also help
in strange cases such as the strong fluctuations found in the above-mentioned bulb unit.
This case (from Korto’s files) is illustrated in Fig. 31. The polar graph shows cavitation
intensity on each of the 4 runner blades as functions of their circumferential positions.
Two states of the unit are shown, with and without strong
power fluctuations; both appeared under apparently
identical operating conditions. The explosive rise of
cavitation intensity on one blade in a rather narrow range
of its circumferential positions leads to the diagnosis....
Static pressure variations on the tip of a 5.4-meter diameter
horizontal-shaft runner change cavitation conditions
substantially. When an external factor, such as trash caught
on a blade, appears, the weakest blade starts cavitating.
The cavitation is initiated at the upper position. It develops
to a large sheet which temporarily changes the lift of the
weakest
blade
blade profile. A drop in the torque and in the generated
power results. Interestingly, cavitation is loudest somewhat
A 40 MW bulb
later, when the sheet gets broken into bubbles and the
unit in a
Fig.
31
bubbles disappear.
European plant
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8.3.3 Number of Sensors
As seen above, it is crucial to have sensors in a sufficiently high number of spatially distributed
locations on a turbine in order to be able to detect changes in cavitation emanations from all the
segments of the volume around the runner. The ideal case – one sensor on each wicket gate
link – can be realized in a good multidimensional test, but that would be rather impractical and
expensive in a system meant for permanent monitoring.
The fact, presented in Fig. 19, that the resolution of wicket gates is finite, offers a solution:
one sensor covers, with somewhat lower sensitivity, one or two more gates on each side. Thus,
a good compromise for the number of sensors for a 32-gate unit such as G-20 would be 8
sensors. As is seen in Fig. 32, which is a combination of 8 curves from Fig. 19, this ensures 100 %
sensitivity for the gate with the sensor, about 80 % for the two first neighbors, and about 2x40 %
for the next neighbors, which are then the last ones included in the scheme.

Fig. 32

8.3.4 Monitor Configuration
The hardware configuration of a multidimensional cavitation monitor suitable for G-20 and,
most probably, also for other Third Powerplant units is shown in Fig. 33. The 8 sensors would
look like some of those in Fig. 8 and would be mounted somewhat like the present sensor of the
Accusonic 7915. The multidimensional cavitation processor would be a small National
Instruments CompactRIO system in an industrial enclosure. It would be mounted on the wall
above the head cover. All hardware elements, including the sensors, would comply with NEMA4.
The cavitation set would function without supervising. Implementing the simplified multidimensional algorithm in quasi real-time, the multidimensional cavitation processor would
reduce the rough input data and periodically send the results to an existing server in the plant
control center. There, the cavitation data would accompany the operation data, and would thus
be assessable by users via the plant intranet.

Fig. 33
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8.3.5 Possible Initial Use
In its normal operation, the monitor reduces data drastically. While in the multidimensional
test original signals from the sensor were recorded, which enabled iterative off-line analyses
and virtual repetition of the test, in a permanent monitoring a huge amount of high-frequency
cavitation data is reduced to a small number of scalar quantities (such as mean intensities of
cavitation on the blades) and an even smaller number of short vectors (such as circumferential
dependence of the intensity). Only in this manner can the data be saved for long periods of time.
The system is software-based and can be easily re-programmed. Thus, once installed, the
multidimensional monitoring hardware can be used for a non-standard initial purpose. In
order to compensate for an unsatisfactory coverage of operating conditions during the test
(Appendix 3), and to preserve the high information quality of the data, like that ensured in the
test, the monitor can first be programmed to collect less reduced data and enable off-line
detailed analysis similar to the one made with the data acquired in the test. After, for instance,
one-year of such use, the system can be re-programmed and the monitor could resume its
normal function.
The data collected in such a way would yield a detailed representative description of cavitation
in the unit and would be the best background for the optimization of the multidimensional
monitoring algorithm. The resulting monitor would thus be perfectly matched to the unit.

9. Comments and Conclusions
Insight into Cavitation in G-20
Due to unfavorable conditions on the Columbia River at the time of the multidimensional test,
there was an uncontrollably wide scatter of operating conditions. The circumstances were such
that only a part of the operating conditions met during exploitation could be set. Also, the head
and the suction head could not be kept sufficiently stable even during some test runs. These facts
make the resulting estimates of G-20 cavitation characteristics quantitatively rough. An additional
test, preferably in October (see Fig. 3.3 in Appendix 3), would turn this description into good
quantitative data.
In spite of these difficulties, the test delivered a good qualitative insight into details of cavitation in
G-20. The test also resolved the dilemma provoked by the use of the HRS AEM2000 on G-24, and
showed that, in such activities, a good understanding of details is crucial.
G-20 Cavitation Characteristics
At the design head, erosive cavitation appears above ca. 500 MW. The dependence of the
cavitation intensity and the erosion rate on the turbine loading is specified in Fig. 12 and
Appendix 6. The erosion reaches its maximum above the efficiency optimum.
The conclusion derived by misinterpreting the readings of the HRS AEM2000 monitor on G-24
that erosion appears below 450 MW on that unit, which might correspond to ca. 360 MW on
G-20, was erroneous.
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There are 3:1 variations in the cavitation intensity depending on the position in the spiral casing.
These correspond to the 32.46:1 ≈ 15:1 variations in the erosion rate. A numerical experiment
might show what improvement can be achieved by modifying stay and guide vanes.
Within the tested part of the loading range used in the present G-20 operation strategy, no
excessive differences in cavitation performance of the runner blades were found.
Operation Optimization
While the total accumulated erosion is best checked in overhauls, the share which different
operating conditions have in the total erosion can only be determined vibro-acoustically. The
rationale for the use of the vibro-acoustic results for operation optimization is noted in Appendix 6.
The best framework for the operation optimization with respect to cavitation erosion is the
optimization of the plant operation. Substantial differences in cavitation performances among
3+3 Third Powerplant units may be expected (see an example in Appendix 7). For the
optimization, their cavitation characteristics should be determined.
Three Monitoring Techniques
There is a strong circumferential variability of cavitation in G-20. Thus, the monitor with a
sensor on one wicket gate link, Accusonic 7915, has a high bias error when predicting the total
cavitation intensity in the turbine. It cannot be used for quantitative operation optimization.
The monitor with a sensor on the draft tube wall, HRS AEM2000, cannot be used to check the
runner erosion. If its sensor were moved to one of the wicket gate links it would yield
meaningful data, however, also loaded with a high bias error.
These two simple monitors rely upon a direct averaging of data over a revolution. Thus, they
only yield estimates of mean cavitation intensity and do not deliver diagnostic data on the
differences in cavitation on different runner blades, differences in the influence of different
wicket gates on cavitation on the runner nor such an influence of the spiral casing.
The multidimensional technique delivers all this information and it does so without a high bias
error. In order to achieve this, it uses a number of spatially distributed sensors and
sophisticated signal and data processing. When implemented for permanent monitoring, it can
detect deterioration effects at a much higher level of sensitivity than the simple monitors can.
In the case of G-20, the sensitivity can be up to 80 times higher.
None of the three monitoring techniques makes an a priori calibration of cavitation intensity
estimates, such as would yield estimates of metal loss. A control period between two overhauls
is needed for calibration to be made in the Korto case and at least two such periods are needed
for the HRS AEM2000.
Use of Multidimensional Monitor
Operation optimization.
Condition based maintenance.
Highly sensitive detection of deterioration effects.
Turbine improvements based on the diagnosis of weak and good turbine parts.
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10. Recommendations
(1) Check the possibility of G-20 cavitation performance improvement by correcting the stay
vanes and wicket gates
Make a numerical experiment to accomplish this.
The goal: Broaden the minima in Figs. 16-18 to all circumferential positions and for all
runner blades, i.e. lower the peak cavitation intensity by a factor of up to 3, and the peak
erosion rate by a factor of up to 15.
(2) Make short multidimensional cavitation tests on all the Third Powerplant units
In order to cover the most critical operating points, it is important to do this during the
proper period of the year (see the red perpendiculars in Figs. 3.3a,b).
Compared to the introductory multidimensional test presented in this report, the duration
of these tests would be shorter by a factor of 10-20. Also, the analyses would rely upon the
insight gained on G-20, and could be completed much faster.
The tests should reveal differences between the units (see Appendix 7). This would show
the possibilities of the plant operation optimization with respect to cavitation erosion.
The tests would also deliver a sound insight into details of cavitation in the six units. This
would make all further steps related to cavitation at the Third Powerplant well-based.
(3) Produce a multidimensional operation statistic
Cavitation-related operating conditions are naturally defined in a 3-D format involving
head, suction head and the loading parameter, or head, cavitation coefficient and the
loading parameter, this parameter being discharge or power. Available historic data on the
operation of the Third Powerplant units should be analyzed and organized in such a 3-D
manner. (In Appendix 3 examples of the 2-D analyses are given.) This would be a base for
programming the tests as well as a base for data reduction in (2), and would be used for the
analyses of operation optimization possibilities.
(4) Install multidimensional monitors on G-20 and G-24
On G-20 …. As in 8.3.4.
On G-24 …. Optimize the configuration and the algorithm in accordance with the results of (2).
On both units:
- Install the hardware
- Organize the one-year initial use as described in 8.3.5.
- Re-program the systems for normal monitoring. Optimize the algorithm based on the
data collected. This would make the systems match particularities and peculiarities of the
respective units.
(5) Clarify the possibility of using the existing simple cavitation monitors
(5a) Re-interpret the two-year set of data collected on G-24 by means of the HRS
AEM2000 monitor
Neglect the strong low-load data which stems from the non-erosive cavitation in the
draft tube. Recover and use the neglected high-load data which stems from the
runner. Use the square of the monitor’s output. Use the one-parameter calibration
function (Appendix 5), which does not require more periods between the overhauls.
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(5b) Critically analyze all data collected thus far by means of the existing simple
cavitation monitors at the Third Powerplant
Compare the results to those obtained in (2) and (4). Decide whether the simple
monitors can be used – as a kind of qualitative indicators or in another function.
(6) Ensure the full control over cavitation at the Third Powerplant
Select the type of the cavitation monitor for future use.
Install it on all units.
(7) Use all acquired cavitation data and data sources in the 3+3 Third Powerplant units
(7a) Include all the cavitation monitoring outputs in the WaterView® system
(7b) Organize the optimization of plant operation with respect to cavitation
(7c) Analyze the possibility of condition-based maintenance with respect to cavitation
(7b) Prepare the improvement of cavitation performances of the units
Consider the results of (1) with respect to all units.
Use the insight gained in the tests and monitoring to discover and analyze other
possibilities.
Note on Organization
Korto is interested in participating in these tasks, either as the leading party or as a collaborator.
The specific quality which Korto would add to the work is illustrated by this report. It would
supply clarification of crucial physical and other details which need not always be directly
relevant for practice but are substantial for the final success. The incident with the two-year
monitoring by means of the sensor on the draft tube which, due to the lack of care about
physical details, yielded a counterproductive practical recommendation, shows that a simplified
technical approach is not applicable when dealing with cavitation.
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