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Cavitation is probably the most severe design and operational
problem encountered in the field of hydraulic machinery. The
development of larger and faster (high-specific-speed) units has
reduced the margin with respect to cavitation-free operation.
Designers are commonly faced with the problem of correctly
establishing this limit ; however, hydraulic machines (both
pumps and turbines) typically operate to a certain extent in cavi
tating conditions without exhibiting any significant performance
deterioration. This has severe drawbacks from the point of view
of expected life and plant reliability.

With reference to pumps, the designers still rely on the very
basic work of Gongwer [1], with possible improvements descri
bed by Salisbury [2] and Pearsall [3,4,5], which are all referred
to methods for estimating extended cavitation conditions (EC,
traditionally assumed at 3 % head or power loss at fixed capaci
ty). Only in relatively recent times cavitation inception and
extended cavitation curves for pumps have been identified and
studied [6, 7, 8, 9]. Today, the differentiation between cavitation
inception (CI, which is typically detected by visual methods)
and extended cavitation has been introduced in the most recent
codes and standards for pump testing [10]. On the other hand, it
has been demonstrated that a correlation between CI and EC
limits is not generally possible, as there are too many design
variables involved [11]. Pump manufacturers - after having
observed that sorne of their machines experienced cavitation
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damage weil below the EC limit - are thus faced with the pro
blem of providing answers for customers who ask for tests ensu
ring cavitation-free operation under the expected operating
conditions, and are very interested in techniques directly appli
cable on the field. Similar problems are encountered in the field
of hydraulic turbines.

Direct observation of unsteady bubble growth patterns with
the use of stroboscopic illumination allows to detect cavitation
at the early (inception) stage [12]. However, this technique is
typically applied in the laboratory and requires significant modi
fications to the turbomachine for optical access ; furthermore, it
can be applied only to transparent liquids. The visual approach
is very powerful, yet it requires a large extent of human exper
tise, and is thus liable to significant errors if applied on a quan
titative basis. To this end, video recording and digital image pro
cessing [13] can be used as a tool for introducing standard pro
cessing techniques and allowing thus comparisons between dif
ferent cavitation inception modes (e.g., with variable flowrate ;
or by different impeller geometries). Actually, the measure
ments which are presented in this paper rely on this advanced
image-recording and processing system in order to identify 
where possible - cavitation condition at inception on each sin
gular blade of the impeller.

• 1.1 Acoustic detection of cavitation inception

Acoustic techniques have been applied to cavitation detection
since the first work of Varga et al. [14]. Acoustic cavitation
noise contains a wide range of high frequencies : from the
audible range to an expected 200 kHz or more. These techniques
started with the use of microphones or accelerometers, and
audio-frequency RMS noise meters or spectrum analyzers ;
nowadays, they are typically applied with piezoelectric pressure
or noise emission sensors [12, 15]. However, acoustic tech
niques are typically applied in laboratory circuits, where a low
noise level can be ensured by the use of specialized devices
(valves, filters, flow straighteners, etc.), and water can be deae
rated at a very large extent. In fact, cavitation noise can be irra
diated from other sources in the circuit (e.g., valves, elbows,
etc.); and a high gas content inside the liquid produces typically
"flat" noise curves [12] which do not show any peak at the
inception stage, but only a decrement under conditions of exten
ded cavitation, on account of the damping of the pressure fluc
tuations by gas cavities. These are the typical operating condi
tions on the field, and this is the main reason why acoustic tech
niques have not yet become very popular.

The present work tries to extend these operational limits, to
include typical plant conditions where the noise level can be
very high and the gas content in the.liquid is large and possibly
unpredicted. In order to enhance the sensitivity of acoustic ana
lysis, bandwidth analysis techniques, methods for signal time
scale reconstruction, and derivation of the signal in the frequen
cy spectrum or time domain are applied. Many of these tech
niques - with special reference to this last - have provided inter
esting results on the test bench at the University of Florence.

The approach described in the present work tries to take full
advantage of the present availability of high-performance por
table spectrum analyzers. The instrumentation used was basical
ly composed of the following :

1) B&K Hydrophone 8103. This is actually a small (less than
10 mm in diameter) and very sensitive (0,098 pClPa) piezoelec
tric pressure transducer for underwater applications. The sensor
frequency response extends up to 180 kHz.

2) Charge amplifier; here a B&K 2635 unit was used, taking
advantage of the in-built low-pass and high-pass filters (settings
of respectively 2 and 100 kHz were used).

3) An ONO-SOKKI CF-5220spectrum analyzer, having a fre
quency response of 100 kHz, a dynarnic range of about 90 dB.

Part of this measurement chain (charge amplifier and spec
trum analyzer) is typically used in on-site vibrational tests on
the field, with the simple addition of one or more accelerome
ters. This makes the present techniques particularly suited for
field applications.

Samples of 2048 data were taken and spectra averaged over
64 samples, with triggering synchronized with shaft revolution.
A sampling frequency of 256 kHz was used, thus providing a
useful sample duration of 8 ms.

The basic innovation with respect to traditional techniques is
the processing of the power spectrum records. Rather than sim
ply calculating the RMS of the noise signal, data processing
techniques developed for turbulence analysis were used. These
techniques include the calculation of the time turbulence scales
from the autocorrelation function, and the derivation of the
power spectrum.

The data processing was done in real time by remote control
of the spectrum analyzer through the GPIB interface, by means
of a dedicated software. This allowed the calculation of all the
parameters used for the description of cavitation inception by
acoustic measurements immediately after each test point. The
test operator was then free to select other pump operating points,
in order to have a detailed coverage of the cavitation curve.

• 1.2 Experimental facility

All tests described in the present work have been run on the
pump test facility of the D.E.F. (Department of Energy
Engineering, University of Firenze). This facility [16] is an
open-circuit test site with an about 300 m' water inventory, and
a variable-speed DC drive of 250 kW. On this circuit tests have
been run on an instrumented centrifugal pump prototype by
Nuovo Pignone S.p.A.. This pump has a six-bladed impeller of
about 400 mm diameter and a specific speed of 29 (S.I. units) ;
the pump features a transparent inlet section of about 4 inlet dia
meters, which allows optical access for lighting by means of a
high-quality strobe lamp, as weil as for visual inspection. A
miniature camera was used for this last purpose : the image is
stored on 8-mm or VHS format, and can be then off-line treated
by digital image processing in order to enhance cavity proper
ties, picture definition, etc.

As the circuit is of the open type, cavitation is achieved by
means of inlet throttling ; the capacity is kept constant by simul
taneous opening of the valve located at pump discharge. The
pump was tested at capacities ranging from 0,43 to 1,15 Ou.. at
a rotational speed of 1000 rpm, corresponding to 0,66 No" ; at
this speed, the blade passing frequency is 100 Hz, and the asso
ciated period 10 ms. This means that the 8 ms sample, triggered
with rotor revolution, was able to cover nearly one blade-to
blade passage. The high value of the capacity, compared with
the size of the inventory, and the presence of a large free surfa
ce, allows to consider the water saturated with air (free-oxygen
measurements confmned this situation).

• 1.3 Defmition of parameters

Cavitation in hydraulic machines is typically studied by
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[17, 18, 19]. These techniques have often provided satisfactory
results and are hereafter briefly summarized.

The calculation of time scales, which is a common practice in
turbulence studies [20, 21,22,23], can be of great help to iden
tifYcavitation conditions. The time integral scale T is calculated
from the normalized autocorrelation function R :

The fastest way for the calculation of the autocorrelation
function is by the inverse-FFI transform of the power spectrum
[24, 25]. The autocorrelation function is a1so useful for the esti
mate of the time rnicroscale e :

2. Noise power spectrum for different o. s ; Q = 0.94.
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When directly applied to the noise signal (hydrophone output
in our case), significant trends can be identified in most tests for
both T and e : typically, with dirninishing o. (Le., increasing
cavitation), a minimum in T is found (C.!.), followed by a strong
increase when large cavities stan to be formed (E.C.) ; on the
other hand, bubble nucleation and c.!. can be often identified
with minimum conditions for e. This looks prornising but - even
if this trend was confirmed by most tests - there were adrnitted
Iy situations when data interpretation was not completely sure
(e.g., the maximum or minimum conditions could not be c\ear
Iy identified, or where too broad to a1low a precise deterrnina
tion of c.!.). A significant improvement was obtained in the last
tests by extending the application of time scale calculations to
the derivative signal, which has a1lowed further selectivity in the
recognition of different cavitation inception modes. Early
demonstrations of these techniques [17] used simpler instru
mentation and implemented signal analysis by software (MAT
LAB) treatment of spectral data; presently ail calculations are
performed in fast and reHable mode by the spectrum analyzer,
which is controlled and programmed via GPIB.

The most significant improvement was found to be obtainable
by derivation of the noise signal: the operation can be thus iden
tified as the introduction of a large progressive amplification at
high frequencies, which is very beneficial in the case of cavita
tion noise, as a fiat, high-frequency power spectrum is one of the
qualitative indicators of cavitation occurrence. After derivation,
a Derivative Noise Level DNL can be calculated (it is the inte
gral of the power spectrum of derivative signal, by Parseval's
theorem). This was found to be a very satisfactory indicator of
cavitation inception conditions, as its rise was a1ways identified
with the visual observation (where possible) of C.I.

2.5

2.5

2.0

2.01.5

1.0

1.0

• 0.43 QSEP

o 0.56 QSEP

'f:J 0.84 QSEP

lIE 0.94 QSEP

.............~ ....o..

~o
................. ·0····;········0 .......•...............

: • .i... :
: .---~---~

··········~7:·<~········.············· r~~"

et? 6.0
o
T""" 5.0·· __ """ ~ .
>< : )V

....J 4.0 ·················t~~v.+········· ..······
Z ~: li(

3.0·~·· . ·f·······.(··········

2.0

7.0
6.0

('t)
1

5.00
T"""

>< 4.0..
..J 3.0z

2.0
1.0

><..
..J
Z

• 1.03 QSEP

.. 1.12 QSEP 0 1.15 QSEP

1. NL* vs. o. for the tested pump at different capacities.

means of suitable non-dimensional parameters. Here, the blade
cavitation number o. = (P, -P.)/(1/2pw,') is used as a widely
recognized indicator of cavitation development ; the traditional
number used in acoustic measurements of cavitation inception is
the non-dimensional noise level NL* = NL/(1/2p u'). Gulich
[12] a1so introduces a corrected noise level CNL =...J NU - Nlo'
which can be more useful than NL as it subtracts the background
noise level NLo• However, the use of RMS noise levels without
further analysis of the signal (apart from an analogue high-pass
fJJter setting which can often be used for the masking of back
ground noise and the improvement of sensitivity in the high-fre
quency domain, characteristic of cavitation inception noise) ren
ders impossible to apply these techniques to systems having
large background noise levels and/or Iirnited amounts of cavita
tion noise (because of noise attenuation in the gas phase, on
account of the large gas content of the liquid).

Special techniques of spectral signal analysis have been intro
duced in previous works dealing with the herein tested pump
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wrates (e.g., Q/Q.EP = 0,84 and 1.03) it was not even possible to
identify a maximum in NL* vs. cr, curve. These results were
very discouraging.

A qualitative analysis of the noise power spectra allows a
qualitative identification of C.l. inception conditions (Figure 2) :
the condition cr, = 1,46 corresponds visually to cavitation incep
tion ; it also provides the maximum value of noise level in the
high-frequency range.

In terms of DNL, the trend vs. cr, for different values of capa
city is represented in Figure 3. The conditions of maximum crb

were always identified (where possible) with visual detection of
cavitation inception. The decrease in DNL with increasing cavi
tation (lower cr, s) is particularly abrupt.

The application of time scale calculations to the noise signal
and to its derivative is shown in Figures 4 (a and b) and 5 (a and
b), respectively for macroscales T and microscales e. The iden
tification of cavitation inception is difficult working on the nois,e
signal (curves a) ; selectivity is clearly gained working on its
time derivative (curves b) and calculation of time scales seems
to be capable to identify the very conditions of bubble nuclea
tion, when cavitation is still not even discernible by normal
visual observation methods either by the maximum in DNL or
by the qualitative analysis of the power spectrum.

A frequency-band decomposition of the noise [19] has clear
ly confmned that cavitation inception corresponds to a maxi
mum noise in the high-frequency range (40<f<100 kHz).
However, in the present application, this signal (of the order of
+10 dB with reference to the base noise level in tbis frequency
range) is bidden by the noise level in lower frequency bands,
which is up to 30 dB larger. This feature is resumed by the data
represented in Figure 6 ; here, the value of cr, corresponding to
maximum noise emissÏlm for different frequency bands is
shown vs. frequency, in the range from 5 to 100 kHz, for diffe
rent flowrates. Ail the curves - with the notable exception of
very low capacities - show a sigmoidal profile, with maximiza
tion of cr,mu in the bigh frequency range, corresponding to condi
tions of visual cavitation inception ; noise emission clearly
shifts to lower frequencies when cavitation is more extended. As
an example, with reference to the curve for Q = 0,94 QUEP' cavi
tation inception can be clearly identified at cr,mu = 1,4; maxi
mum noise emission shifts to frequencies lower than 25 kHz
with extended cavitation (cr,mu < 1,25). The analysis in terms of
crb

mu yields interesting results a1so for sorne special cases: for
the minimum flowrate investigated, Q = 0,42 Q.EP, operation of
the pump was possible with or without extensive prerotation at
inlet (depending on the operating point being reached from
lower or 1arger flowrates).

The extensive test set over tbis particu1ar pump and circuit
has allowed sorne advances in the field of acoustic detection of
cavitation inception :

a) The use of original signal processing techniques (calculation
of time scales from autocorrelation of the acoustic emission ;
differentiation of the signal from the power spectrum ; frequen
cy-band decomposition of the signal) has allowed the applica
tion of acoustic techniques to a situation which was usually
considered unapproachable by tbis method (mainly because of
the large gas content inside the liquid and of the large low-fre
quency noise level in the circuit).

b) A basic premise to the success of the applied technique is the
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In the last test a neural network reconstruction of cavitation
inception, based on the use of the new parameters introduced,
was attempted in order to possibly investigate the possibility of
building expert systems capable of tracking cavitation inception
under CUITent operation of hydraulic macbinery.

The results hereafter presented are aimed to a comprehensive
presentation of the cavitation behaviour of the tested pump, and
should provide a clear idea of the signal enhancement wbich can
be gained by application of the advanced signal analysis tech
niques wbich have been presented.

The tested pump showed rather fiat NL* curves (Figure 1),
which are typical of circuits with large background noise and
uncontrolled gas content in the liquid. Moreover, for sorne flo-
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lopment by means of elementary neural networking techniques
was done with reference to the DNL parameter alone (26). The
results (Figure 7) indicate a good capability of reproducing the

experimental curves, which could
be further improved by including
other parameters for the recogni
tion of cavitation inception. A
three-layer back-propagating net
work of 21 nodes was used in the
present case.
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use of a sensItIve transducer (a
small hydrophone was used in the
present case) and of a modem spec
trum analyser with high dynamic
range (of the order of 90 dB) and
advanced processing capabilities
c) The digital signal processing
could be substituted for industrial
applications by a relatively simple
analog measurement chain coupied
to a high-frequency pulse counter
d) Among the several global indi
cators of cavitation inception which
were experimented, the DNL
(Time-Derived Noise Level) seems
to be the most selective.

However, also micro- and macro
scales of the time-derived signal are
very selective; the same holds for
Ob mu, especially if flowrate is also
considered as a parameter for
adjustment of the frequency range
to be considered. On the whole,
considering the multiplicity of indi
cators of cavitation inception which
have been introduced, the most pro
ductive results could be obtained by
the development of sorne kind of
expert system capable of conside
ring a complex set of variables.
Such a system could also provide basic information about par
ticular cavitation modes Ce.g., suction side or pressure side cavi
tation; onset of recirculation in pumps;...). A preliminary deve-

(a) Acoustic signal (b) Derivative of acoustic signal

S. Time microscales q versus Ob for different flowrates.
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BEP Best Efficiency Point
max Maximum noise condition
opt Project value
t Total conditions
v Refers to vapor

Refers to impeller inlet

* Normalized

• data for network learning

D data for network verification

--------Iimits of gate level (± 5 %)

6. 0'. corresponding to maximum noise emission vs. frequen
cy, for different flowrates.

7. Reconstruction of the NPSH curve by means of neural
networking applied to the DNL parameter (gate level for
DNL variation 5 %).


