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Multidimensional Diagnostics
of Turbine Cavitation1
A novel technique for vibro-acoustical diagnostics of turbine cavitation is introduced and
its use demonstrated on a Francis turbine. The technique enables identification of different cavitation mechanisms functioning in a turbine and delivers detailed turbine cavitation characteristics, for each of the mechanisms or for the total cavitation. The characteristics specify the contribution of every critical turbine part to the cavitation intensity.
Typical diagnostic results: (1) enable optimization of turbine operation with respect to
cavitation erosion; (2) show how a turbine’s cavitation behavior can be improved; and (3)
form the basis for setting up a high-sensitivity, reliable cavitation monitoring
system. 关DOI: 10.1115/1.1511162兴

Introduction
In a long list of recent publications on the methods of vibroacoustical diagnostics of hydro turbine cavitation 共关1–20兴兲, little
can be found regarding the problem of identifying turbine parts
that cause cavitation. This seems to be the consequence of the fact
that most measurements have been performed with one sensor
using mean values of vibro-acoustical signatures. While such
measurements can possibly yield an overall description of cavitation performance of a turbine, they can hardly furnish any details
as to the cause of cavitation. In order to distinguish between different cavitating elements of a turbine, spatial resolution is
needed. Because the space-time configuration of the acoustical
field in a turbine is unsuitable for coherent acoustical measurements that might result in directivity or focusing on a source, one
has to try incoherent processing based on parametric differences
produced by the inhomogeneity of a transfer function or source
structure. In one such approach, introduced in Bajic 关9兴 and elaborated in Bajic 关16兴, one analyzes the dependence of cavitation
noise power on the instantaneous angular position of a turbine
runner. In case of weak or moderate cavitation this yields data that
enable estimation of contributions of various pairs of stator/runner
blades to the total cavitation intensity. Fundamentally, this method
is based on using an additional dimension of data which usually
has been ignored and omitted by circumferential averaging. Another case in which one distinguishes between spatially separated
segments of a cavitating flow and identifies contributions arising
from different runner blades has been reported in Hermann et al.
关18兴. However, the method is not described by the reference.
In this paper an approach to vibro-acoustical diagnostics of turbine cavitation is presented that systematically uses the multidimensionality of vibro-acoustical signatures of cavitation in order
to infer details of cavitation in a turbine. A number of spatially
separated sensors are utilized to pick up differences in the dependence of cavitation on the runner’s angular position, and these
data are studied as a function of noise frequency and turbine
power. By using the resolution in a combination of dimensions—
sensors’ location, noise frequency, runner’s instantaneous angular
position, turbine power—it is possible to distinguish between different cavitation mechanisms and their causes 共i.e., different turbine parts that cause cavitation兲, and to quantify their respective
contributions to cavitation intensity. As concluded in a critique of
the present practice of the vibro-acoustical cavitation diagnostics
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共Bajic 关20兴兲 such an approach has to be truly multidimensional
and not a simple series of analyses in which only one independent
element is varied in each step.

Experiment
The multidimensional measurement and analysis procedure was
verified by means of the data collected on a 17 MW, doublerunner, horizontal-axis Francis turbine in which 19 runner blades
are rotating behind 20 guide vanes. On the shaft of each guide
vane a high-frequency vibro-acoustical sensor was fixed 共Fig. 1兲.
The instantaneous angular position of the runner, described by the
angle  共increasing in the direction of rotation and being zero
when the reference blade is in the reference position兲, was controlled. 100 signal samples, each covering one revolution period,
were recorded at each sensor and in every operating condition of
the turbine. The signal recording was synchronized with runner
rotation, and the 100 samples were used to produce deterministic
descriptors of random cavitation noise signals by averaging over
100 revolutions. The frequency range from the revolution frequency up to 1 MHz was covered. More than 40 gigabytes of
vibro-acoustical data were collected and analyzed. The steps of
the analysis are presented in what follows.

Experimental Data
The power density spectra of noise recorded by means of the
sensor at the guide vane v ⫽1 are illustrated in Fig. 2. The spectra
measured at the other guide vanes were similar. In a broad frequency range between 0.2 kHz and 1 MHz there is a noticeable
dependence on turbine power. Narrow peaks at frequencies above
10 kHz are due to sensor resonances and vibro-acoustic resonances of the turbine.

Fig. 1 The sensors placed on the 20 guide vanes react to cavitation in various locations around the spiral
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The dependence of noise intensity on the angular position of the
runner found in the measurements is illustrated by the polar diagrams in Fig. 4. These were obtained by means of the sensor at
v ⫽1. Similar, but not identical, patterns were recorded at the
other guide vanes.

Identification of Cavitation Mechanisms

Fig. 2 Typical power density spectra of noise picked up at
different power values. There is no noticeable line at the revolution frequency, but the blade-passage frequency „BPF… lines
are rather strong. The background noise, recorded in the turbine at rest while the other machinery in the plant was operating, is low enough to enable reliable estimation of the continuous spectrum component between 0.3 and 800 kHz.

In another format, as normalized spectra 共Bajic and Keller 关6兴兲
the data from Fig. 2 are shown in Fig. 3. Most resonance peaks,
other traces of transfer functions, and the BPF-harmonics disappear. Free from these cavitation-irrelevant issues, such spectra illuminate the influence of turbine load on cavitation in a more
objective way. They also may reveal cavitation details hardly visible in nonnormalized spectra.

A two-dimensional representation of the v ⫽1 normalized spectra presented in Fig. 5 yields both detailed and overall insight into
the structure of data in the 共f, P兲-domain. Although the information content of the data in Fig. 3 and Fig. 5 is identical, much
more can be inferred from Fig. 5. First of all, two dominant patterns can be recognized in the body presented by the two views in
Fig. 5. These are drawn in Figs. 6共a兲 and 6共b兲 and are interpreted
as the vibro-acoustical signatures of two segments of cavitating
flow, i.e., cavitation mechanisms. With reference to strongly differing spectra, these mechanisms may be assumed hydraulically
independent and thus their respective noise power components
additive. After subtracting the two components from the total
spectrum of Fig. 5, the third mechanism, presented in Fig. 6共c兲, is
identified. In this way a useful decomposition of the total spectrum follows:
M

g v 共 f , P, P o 兲 ⫽

兺

共m兲

m⫽0

g v 共 g, P, P o 兲 ,

M ⫽3, v ⫽1. Here a possibly existing background component,
g v ( f , P, P o ), is included to enable the most general description.
In the present v ⫽1 case such a component was not necessary.
Estimates of cavitation intensity based on noise power measured within a limited frequency band are highly biased due to
strong differences in the forms of the spectra of the three mechanisms. In order to suppress this error, the total noise power, I v ( P),
should be used as an estimate of cavitation intensity and not an
arbitrary part of it 共Bajic 关16兴兲. This also holds true for the estimates of the cavitation intensity of cavitation mechanisms,
(m)
I v ( P). These follow from the normalized spectra,
(m)
g v ( f , P, P o ), identified by the empirical procedure illustrated
above:
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Fig. 3 Overview of the normalized power spectra. The v Ä1
power density spectra recorded at different turbine power values are compared to the one recorded at 13.3 MW. The spectrum related to this reference value is thus represented by the
zero-dB line.

and thus
M

I v共 P 兲 ⫽

兺

m⫽0

共m兲

I v共 P 兲 .

Fig. 4 An example of modulation curves: M 1 „  , f , P … in an octave band centered at f
Ä125 kHz measured at different turbine power values
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Fig. 5 Normalized spectra of Fig. 3 „ P o Ä13.3 MW… presented two dimensionally, seen from two perspectives

This last form of the cavitation description, in which there is no
longer frequency dependence, will be used as a final cavitation
intensity estimate. As to the turbine-power dependence of the relative intensities of the mechanisms, it will be assumed that its form
stays the same for all the frequency components contributing to a
particular mechanism. Consequently, the dependence found within
a narrow frequency range that is typical for the mechanism 共Fig.
7兲 will be used:
m⫽1: octave band centered at f ⫽31.5 kHz, 0⬍ P (MW)⬍7;
m⫽2: octave band centered at f ⫽125 kHz, 7⬍ P (MW)⬍14;
m⫽3: octave band centered at f ⫽125 kHz, 14⬍ P (MW).

Cavitation Intensity Estimates
A weak point in the previous discussion derives from the fact
that everything in it is based on the results obtained on only one
guide vane, v ⫽1. While such results may rather safely be used to
identify the ( f , P) m ranges and to optimize the analysis, no quantitative estimates of cavitation intensity may be derived from
them. Indeed, as stated in Bajic 关20兴, spatial averaging is necessary to derive stable estimates of cavitation intensity which would
be representative of all the segments of a cavitating flow. Thus,
instead of I v ( P) and ( m ) I v ( P), the estimates

Fig. 6 Noise decomposition: contribution of the three cavitation mechanisms to the total noise
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Fig. 7 The way used to determine the range of prevalence of a
mechanism m , „ f , P … m , in the total noise is illustrated here by
the m Ä2 case. At the P -values between the pairs of curves the
m Ä2 intensity is equal resp. 2, 5, or 10 times stronger than the
rest of the intensity. There from the „ f , P … 2 denoted; the ratio 5
is assumed sufficiently high.

I 共 P 兲 ⫽ 具 I v共 P 兲 典 v

and

共m兲

I 共 P 兲 ⫽ 具 共 m 兲I v共 P 兲 典 v

should be used. One more calibration step is needed in order to
produce a stable and representative estimate of the total cavitation
intensity, C( P). The data related to the chosen frequency bands
that are found suitable for the estimation of the mechanisms
should be combined into the estimates of the mechanisms’ intensities. This can be done by making the contribution to the cavitation intensity of the mechanism m, ( m ) C( P), stemming from the
vane v , proportional to the quantity
G v共 f , P 兲 共 m 兲
⫻ I 1共 P 兲 ,
G 1共 f , P 兲

共 f , P 兲 苸 共 f , P 兲 m,

where stable-in-f low-resolution spectra should be used. Such
data, which are based on the total noise power but incorporate the
dependence on turbine power as it is described by the spectra
determined within the 共f, P兲 ranges specific for the mechanism
considered, are then averaged over all the v ’s to yield the final
estimates of the mechanisms’ intensity. Considered within their
respective 共f, P兲 ranges and summed, these estimates then yield
the final estimate of the total cavitation intensity. Additionally, this
final estimate—which is not more than a relative estimate of cavitation intensity—is normalized relative to its maximum.

Role of Guide Vanes and Runner Blades
The 19 equidistant peaks in the modulation curves of Fig. 4,
noticeable at most power values but strongest between 9.9 and
14.3 MW, are due to interaction of one guide vane 共in this case
v ⫽1) and the 19 runner blades. Such modulation curves obtained
at all the guide vanes, in the same frequency band as in Fig. 4 at
a power value lying within ( f , P) 2 , are presented in Fig. 8共b兲.
This strong BPF-modulation is found to be characteristic of
mechanism 2. As to mechanism 1, the modulation in its 共f, P兲
range, illustrated by the 1.9 MW curve in Fig. 8共a兲, is undetectable. The small fluctuations observable there are due to random
errors. The situations like these in Figs. 8共a兲 and 8共b兲 were found
within the whole ( f , P) 1 and ( f , P) 2 ranges. Therefore, as to the
mechanisms 1 and 2, the noise produced by mechanism 1 does not
depend on the angular position of the runner, and there is a series
of 19 peaks for every guide vane in the modulation curves of
noise produced by mechanism 2.
An interesting regularity can be noted in the set of 19⫻20
peaks related to mechanism 2. There is a systematic shift of the
4 Õ Vol. 124, DECEMBER 2002

Fig. 8 Typical cases of noise modulation

peaks related to the same runner blade as detected by the subsequent guide vanes. This is illustrated in Fig. 8共c兲 by the model
which was derived by manipulating the amplitudes of the peaks of
Fig. 8共b兲 while leaving their positions unchanged. As an example,
two series of peaks are denoted here, the ones due to the interaction of runner blades 1 and 5 with the 20 guide vanes. Obviously,
the regularity found in the modulation waveforms can be used to
identify the contribution of each runner blade to the noise measured at every guide vane. Here the assumption has to be introduced that a distinct maximum related to a particular b/ v -pair
stems from cavitation in the vicinity of the guide vane v and thus
can be used as a measure of its cavitation activity. Such a heuristic
assumption is supported by the form of the peaks and the fact that
they do not overlap 共cf. Figs. 4 and 8共b兲兲.
A filtering procedure based on the regularity of the described
M v (  , f , P) structure has been devised and applied to the modulation data. Allowing for a small random spread of angular positions of the peaks, the peaks’ maxima were estimated. These were
attributed to the related v ’s and b’s and denoted by M bv ( f , P).
Such data were then classified with respect to the f and P values,
so that the estimates, ( m ) M bv ( P), of the component generated by
the mechanisms were derived. These were defined by
共m兲

M bv 共 P 兲 ⫽M bv 共 f , P 兲 兩 共 f , P 兲 苸 共 f , P 兲 m

because there were no significant variations of M vb ( f , P) within
( f , P) m . An alternative for the opposite case reads
共m兲

M vb 共 P 兲 ⫽ 具 M bv 共 f , P 兲 兩 共 f , P 兲 苸 共 f , P 兲 m 典 f .

Note that there are only four variables in these estimates: m, v , b,
and P; noise frequency has disappeared.
Transactions of the ASME

Fig. 9 The fine-structure cavitation characteristics of the turbine: the most detailed description of cavitation
that can be obtained by the multidimensional method. For each tested turbine-power value, P , there are 380
„number-of-runner-bladesÃnumber-of-guide-vanes… dimensionless values, C vb , that stand for the intensity of
cavitation caused by the interaction of a pair consisting of the runner blade b , and the guide vane v . The
C vb -values specify the relative intensity of cavitation. Their use in cavitation erosion estimation is discussed
elsewhere „Bajic †14,17‡…. The data presented in the figure describe total cavitation. The method also enables
identification of different segments of a cavitating flow—cavitation mechanisms—and yields data like this for
each of them.
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In order to transform these results of modulation analysis into
the estimates of true intensities like those presented in Fig. 9, the
quantities

冋
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共m兲 b
I v 共 P 兲 ⫽ 共 m 兲 I v 共 P 兲 共 m 兲 M bv 共 P 兲

共m兲

b ⬘ ⫽1

M bv ⬘ 共 P 兲

册

were computed and used in the following formulas:
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Fig. 11 Global turbine characteristics without and with resolution with respect to cavitation mechanisms

⫺1

.

C( P) was scaled to a maximum value of 1.

Turbine Cavitation Characteristics
The C-functions of turbine power, P, introduced above, are turbine cavitation characteristics. Four of them deal with all the cavitation mechanisms at once and differ only in the degree and type
of resolution with respect to turbine parts—guide vanes, v , and
runner blades, b:
C bv ( P) fine-structure characteristic,
C b ( P) runner characteristic,
C v ( P) wicket gate characteristic, and
C( P) global turbine characteristic.

Fig. 12 Check of „in…stationarity: variation of cavitation intensity at the „ f , P …-values characteristic of the mechanisms

The other four 共sets of兲 characteristics, ( m ) C bv ( P), ( m ) C b ( P),
(m)
C v ( P), and ( m ) C( P), yield the same description of cavitation
as above but separately for every one of M mechanisms, m
⫽1, . . . M . Some of the characteristics derived for the turbine
considered are illustrated in Figs. 9–11.

Conclusion

Fig. 10 Runner and wicket gate cavitation characteristics
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Vibro-acoustical diagnostics of turbine cavitation based on a
number of suitably located sensors and multidimensional data processing, proposed and verified here, utilizes an exhaustive set of
measurement data to reconstruct a virtual vibro-acoustic picture of
cavitation, which enables iterative adaptive analyses and thus reveals details that otherwise may remain undetected. Such multidimensional diagnostics enables identification of different cavitation
mechanisms functioning in a turbine, proves to be a highly sensitive tool for reliable estimation of turbine cavitation characteristics, and yields detailed quantitative descriptions of the role critical turbine parts play in the cavitation process. It removes several
disadvantages encountered in practice with simpler approaches.
Typical diagnostic results enable optimizing a turbine’s operation with respect to cavitation erosion and improving a turbine’s
Transactions of the ASME

cavitation behavior if necessary. The results may also be used to
set up a high-sensitivity, reliable, application-specific cavitation
monitoring system.
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Nomenclature
b
B
BPF
C( P)
C v ( P)

⫽
⫽
⫽
⫽
⫽

C b ( P) ⫽
C bv ( P) ⫽
(m)

C( P) ⫽
C v ( P) ⫽

(m)

C b ( P) ⫽

(m)

C bv ( P) ⫽

(m)

D v ( f , P) ⫽
⫽
f ⫽
fo ⫽
( f , P) m ⫽
Go ⫽
g v ( f , P, P o ) ⫽
⫽
G v ( f , P) ⫽
(m)

g v ( f , P, P o ) ⫽
(m)

G v ( f , P) ⫽
Io
I( P)
I v ( P)
(m)
I( P)
(m)

⫽
⫽
⫽
⫽

I v ( P) ⫽

(m) b
I v ( P)

⫽

k ⫽
m ⫽

runner blade
number of runner blades, B⫽19
blade-passage frequency, B f o
total cavitation intensity
intensity of the cavitation component due to
action of guide vane v
intensity of the cavitation component due to
action of runner blade b
intensity of the cavitation component due to
action of the ( v ,b)-pair
intensity of cavitation mechanism m
intensity of the component of cavitation
mechanism m due to action of guide vane v
intensity of the component of cavitation
mechanism m due to action of runner blade b
intensity of the component of cavitation
mechanism m due to action of the ( v ,b)-pair
具 关 M v (  , f , P)⫺1 兴 2 典  1/2
modulation depth
noise frequency
revolution frequency, f o ⫽500 min⫺1
part of the 共f, P兲-domain within which
mechanism m is domineering
reference power-spectrum value
G v ( f , P)/G v ( f , P o )
normalized power spectrum
power spectrum density of noise sensed at
guide vane v 共various resolutions兲
component of g v ( f , P, P o ) generated by
mechanism m
component of G v ( f , P) generated by mechanism m
reference noise-power value
total noise power
total noise power as sensed on v
power of noise component generated by
mechanism m
power of noise component generated by
mechanism m as sensed on v
power of noise component generated by
mechanism m due to action of the ( v ,b)-pair
calibration constant
cavitation mechanism (1,2, . . . M ); m⫽0
background
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M ⫽ number of cavitation mechanisms detected in
the turbine
M v (  , f , P) ⫽ amplitude modulation of noise power sensed
at v at power P within a chosen frequency
band centered at f, expressed as a function of
; 具 M v (  , f , P) 典 0 ⫽1
M vb ( f , P) ⫽ peak value 共in 兲 of the component of
M v (  , f , P) related to the ( v ,b)-pair
(m) b
M v ( P) ⫽ component of M bv ( f , P) related to mechanism
m
P ⫽ turbine power
P o ⫽ reference turbine-power value
PND ⫽ power net disturbance
v ⫽ guide vane 共1, 2, 3, . . . in Fig. 1兲
V ⫽ number of guide vanes, V⬇20
 ⫽ instantaneous angular position of the runner
具典 f ⫽ averaging over f within a denoted band
具典 v ⫽ averaging over v ⫽1,2, . . . V
具典  ⫽ averaging over 苸 关0,2兴
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