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Detection and Assessment of Flow Cavitation Intensity

‘ Research methods used in the Department of Fluid Dynamics of the Institute of Fluid-Flow Machi-
sy, Polish Academy of Sciences, in Gdassk and serving for detection and assessment of the degree of
“wtation development in hydraulic machines and systems have been briefly reviewed.

1. Introduction

Diagnostic methods used to detect and assess the intensity of cavitation consist
(uther in directly examining the cavitation phenomenon i.e. observing cavitation de-
“=opment and destabilization of flow or in observing (recording) signs accompanying
“ssitation — especially performance effects, impingement on the flow confining walls,
Bration, noise and cavitation erosion. These methods allow to identify the pheno-
menon experimentally. -

Cavitation development can also be assessed by means of analytic methods."
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Assessment of the degree of cavitation development, or rather prediction of &
tion on the grounds of theoretical premises, is based first of all on calculations
analysis of pressure distribution in the flow. If pressure decreases below the satus
vapour pressure at a given temperature in any place of the flow (inside a hyds
machine), then it is assumed that cavitation may occur in that place (Fig. 1).
Cavitation can take different forms. They depend on the place and conditie
occurrence of the phenomenon. Fig. 2 shows variation of cavitation form on &8
caused by changes of the foil angle of incidence and flow parameters.
In the present paper the results of investigations carried out in the Depa
of Fluid Dynamics of the Institute of Fluid-Flow Machinery in Gdansk, conces
prediction of incipient cavitation and zones of developed cavitation in two-dimens .
blade systems as well as assessment of the intensity of cavitation in fluid-flow machs
and devices have been presented.

2. Theoretical Predictions [3]

A cavitation zone may be formed by a single cavity or by a cloud consisting of
cavitation bubbles. One may assess the extent of a single cavity by solving a
problem by the method of iteration. The extent of bubbly cavitation is usua
termined by solving the Rayleigh equation for a bubble moving along a blade se=
with a velocity equal to that of the ambient liquid.
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Fig. 4. Cavitation extent in TNA 14368 blade cascade (test results [25])

For some time a simplified routine has been used in the Department of Fluid
“vaamics of the IF-FM. It consists in applying a model of a single bubble evolution
W assess the extent of cavitation at a blade surface and in replacing the actual pressure
sstribution over the blade section with a rectangular one. Under these assumptions



208 : K. Steller, E. Partyka, M. Targan

5
6( 61 l/
__6‘ @ A I @ ,/ /
=5 Sl & T 17

1 iy A

; A 7

5 P s
)omﬁozmzseamz " 0 T 20 750 30 30

Fig. 5. Cavitation prediction in a reversible machine guide-ring a) turbine operation, b) pumping operatis
)

the problem is reduced to that of solving a system of nonlinear algebraic equations
The results of testing of the NACA 2418 aerofoil can be an example of such routine
In Fig. 3 a comparison of the results of calculations and experiments is present
A satisfactory conformity of the predicted and actual sensitivity to cavitation of
aerofoil tested is shown. A little worse conformity was obtained for a cascade of
des (Fig. 4). The disregard of the phenomenon of boundary layer separation in
pressure distribution around profiles seems to be the reason of the above. In a
formulation this fact could be taken into consideration together with experlmen
~ data concerning the connection of incipient cavitation with the phenomena occu
in the boundary layer.

Also computer programs for prediction of cavitation in machines that have
worked out at the Institute of Fluid-Flow Machinery, P.A.Sci. are worth of noti
They were used, among others, for prediction of cavitation in guide apparatuses
reversible machines installed in the pumped-storage water power plant at Zydowo [5}
and in the Kaplan runner at the Bergheim Hydro-Electric Power Plant.[6].

Fig. 5 presents results of numerical calculations allowing to infer about the poss=
bility of cavitation development (¢;) in a guide apparatus during turbine operatios
(50 MW) and pump operation (67 MW) at the rated head of 81.0 m and the maximum
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Fig. 6. The Deriaz model turbine during cavitation tests in pumping mode of operation
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‘ezl head of 83.7 m, respectively. It is easy to notice that cavitation should not occur
‘s rurbine mode -of operation (¢ > ¢;) whereas one can expect it on guide vane edges in
mmping mode of operation (¢ < -o;). The curve showing the cavitation development
mezsured by Ao = o, — o suggests that the intensity of erosion increases with increasing

ening of the guide apparatus a,. An inspection of the guide apparatus confirmed
e predictions. Cavitation pitting found on the blade edges reached the depth of
' mm after 10000 hrs of machine operation..

3. Empirical Methods
3.1. Direct methods

Direct methods allow to follow the cavitation phenomenon in différent stages of
4 development: They consist first of all in visual observations and in making films
photographs of zones threatened with cavitation. Their use is limited almost
murely to laboratory conditions, especially to testing models of machines and hy-
malic devices. Though information got in this way is incomplete, it is nonetheless
Wy reliable as far as detection of cavitation, location cavitation-covered zones and
eming the cavitating flow pattern are concerned. The photograph in Fig. 6 is an
o _ple E

Formation and existence of cavitation in hydraulic machines are determined also
b serformance parameters, especially the Net Positive Suction Head:

NPSH = o = Bs=Ps L &

P .

‘s equation: ¢ — Thoma cavitation index, H — head, p, and ¢, — pressure and
iate veloceity of liquid at the draft tube outlet, p, — pressure of liquid evaporatlon
specific weight of liquid, g — acceleration of gravity.

| 45 already mentioned in section 2, the value of o index is often considered a measure
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Fig. 7. Distortion of impgiler pumps efficiency characteristics resulting from cavitation
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of cavitation development. It serves as a criterion of danger of cavitation ince
inside a machine (c;), indicates the permissible degree of development of the phe
menon (olpm) and determines its intensity. In the case of developed cavitation inss
a machine a break-down in the performance characteristics occurs. Fig. 7 preses
typical characteristics n(o) illustrating the effect of degree of cavitation develops
on the efficiency of impeller pumps. Different shape of #(c) curves results, 2
others, from different design features and specific speed of the machines tested.

Cavitation tests of a model hydraulic machine give some information about
behaviour within the desired range of variability of H and Q and indicate the
quired suction head defined by the inequality:

hy<h—h,—06,. H;

where h, means the atmospheric pressure head measured at the tail water free sus
and h, is the saturated vapour pressure. _ :
Fig. 8 illustrates operating conditions of the machine in pumping regime. £
can distinguish here the limiting curves corresponding to incipient cavitation o
ring on the back (suction) face of a blade — at smaller flow rates, and on the aci
(pressure) face of a blade — at higher rates. On this ground one may indicate
permissible range of machine operation in consideration of cavitation and recomms
placing of the machine in relation to the tail water level. An example presentas
Fig. 8 shows, that cavitation should be expected at high heads (H,,,,). It will be m
rate but its material-damaging capacity will depend on many additional factors, i
ding the frequency of occurrence of operating conditions under consideration.

perm

3.2. Indirect methods

Indirect methods enable detecting and assessment of cavitation intensity
different accuracy. They are used for watching the cavitation progress in machinss
well as for determining the permissible parameters of machine operation.
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The following indirect methods have been developed* at the Institute of Fluid-Flow

Wachinery, P.A.Sci., in Gdansk:

optical (measurement of light beam attenuation, recording changes of intensity

Wl 2 y-ray beam, application of laser techniques),

electric (measurement of liquid resistance),

acoustic (measurement of cavitation noise),

vibrative (measurement of acceleration and vibration amplitude),

 hydrodynamic (measurement of pressure pulsation and cavitation impingement),

_ destructive (measurement of loss of material). -
Below selected results of investigations carried out at the Institute and some results

W mvestigations conducted by others using above mentioned methods are presented.

3.2.1. Optical methods

The essence of detecting and observing cavitation development through measu-
mment of light beam attenuation consists in dispersion of a light beam crossing a liquid
Wik bubbles. Attenuation of light intensity depends on its wavelength, concentration
ad sizes of bubbles and the index of refraction.

At the Institute of Fluid-Flow Machinery of the Polish Academy of Sciences
-ssurement of attenuation of light intensity is carried out with a probe designed by
8 Mackiewicz [10]. It consists of two pieces of a metal pipe. Inside a longer pipe

wsion there is a movable insert with a light bulb (3 V), inside a shorter section —
| shotoresistor. Both sections of the pipe with lenses mounted on the ends are joined
Wit fixing bars and a small tube with photoresistor leads. Current intensity (i) in the
" wotoresistor circuit is measured by a microammeter of class 0.5.

Fig. Y shows an example of attenuation of light as a function i/i, = f(0), where

10
ilig

L

Fiz 9. Dependence of the relative attenuation of a white light /
beam (i/iy) on the cavitation index () L R
1 - photoresistance, 2 lens, 3  diaphragm,4  light source 05 1 25 5 s 10

* Apart from the mentioned methods measurements of luminescence (first of all of sonoluminescence
7). measurements of stresses in machinery components and changes of intensity of ultrasonic radiation
sum [9] are worth of notice. : -
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io means the current intensity in cavitation free flow. The results indicate that a disti
attenuation of light beam occurred at ¢ >~ 2. This value can be accepted as a crith
value corresponding to incipient cavitation. It was confirmed by visual observations
One should notice that optical probes are very sensitive to any variations in tﬂ
flow and they register different disturbance including the disturbance caused
cavitation. However the detection of cavitation can be done without particuls
difficulties. : : |
Optical methods may be used to assess cavitation cloud structure. Conception
“structure” concerns the form of the cloud, its constitution and oscillation in diffe
stages of cavitation development. Fig. 10 shows lines of equal gas phase contents

a cloud close to an aerofoil NACA 2418.
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Fig. 10. Lines of equal gas phase contents around the NACA 2418 in a cavitating flow (x — hy
setting angle, o = 0.88 ="const)

The measurements were carried out by means of beam of y radiation emitted
*3sAm. Contents of gas phase (vapour and gas mixture) were calculated based
the relative attenuation of a radiation beam of 1 mm diameter crossing the zone
measurement. . :

The percentage of vapour and gas mixture in the cavitation zone was calcul

from the relationship:

= 1ﬂ(lw/a/l w) - 100%
In(7,/L,)
where I,,,, I, and I, are the intensity of beam after crossing the cavitation z
after crossing a chamber filled with water and after crossing an empty cham
respectively. :
~ Measurements carried out in tap water at a temperature of 20°C revealed that
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the value of cavitation index* ¢ = 0.88 maximum contents of vapour and gas mixtuse
are of the value from about 61.5% to about 66% and occur in the initial part of the zone

Flow: of liquid around a body may be investigated by applying laser techniques
Fig. 11 shows a schematic diagram of a set for measuring the frequency of cavitation
cloud pulsation at a single-aerofoil. To investigate the distribution of velocity rous
the aerofoil (Fig. 12) a differential laser anemometer RAL-2 designed and constructas
at the Department of Plasma Dynamics of the Institute has been used. ‘

Knowledge of the velocity distribution leads to that of pressure distribution 2
hence to cavitation sensitivity of the body flown about. Cavitation sensitivity may
expressed by the formula: '

9= cpmin

where ¢, = (p—p.)0.5p0%) = 1 —(v/v,,)? is a pressure coefficient, whereas p, v, &
p., and v, denote the local pressure and velocity and the same parameters in £
not disturbed by the presence of an obstacle. Although the above notions concern |
inviscid and incompressible flow, where cavitation occurs at the moment of reducts
of the local pressure to the saturated vapour pressure, still we don’t commit a
mistake using them for detection of cavitation under realistic conditions.

3.2.2. Electric methods

Electric methods consist in measuring the liquid resistance. These methods
based [11] on the change of the medium permittivity as a result of presence of &
tation bubbles in the flow. It is assumed that if the liquid resistance is low, the §
in the zone under consideration is cavitation free, while the incipience of cavitai
is indicated by growth of the resistance. Changes of liquid resistance may be detes
with the help of one or two electrodes. In the first case the electrode is set i
examined flow and changes of the medium permittivity are observed in different &
tation stages (resistance R) and stages with no cavitation (resistance R,). In the ses
case one electrode is set in the examined flow (resistance R) while the second one
another place of the flow where cavitation doesn’t occur (resistance Ry)-

106; 25 \
na;, .
m i H(6)

40423 r
‘ \
\

102821 |

>

o ~
= e . . . . . .
100l 19 - E-’RLG)_ Rl - Fig. 13. Variation of the relative liquid resista
- : ] - on the pump suction side and head H vs. the cam
)05 010 Q715 020 025 6 0% index o [12]

* o= (P —P)/(0:5p02), where: p,, — pressure in undisturbed flow, p, — pressure of liquid &
tion, p — density of liquid, v,, — velocity of undisturbed flow. :
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Fig. 13 shows the change of liquid resistance and the total head of an impeller
pump as functions of the cavitation index o. Electrodes were set up on an inner cir-
cumference of the pump suction nozzle, just upstream of the impeller inlet. From both
curves conclusions can be drawn that a change of liquid occurs before the break of
curves H(o) revealing cavitation in an early stage of development. This observation
was confirmed by visual observations and control tests performed in the cavitation
tunnel of the IF-FM P.A Sci. designed for testing ship propellers.

3.2.3. Acoustic methods

Acoustic methods, making use of conversion of flow energy disturbing into
acoustic wave energy, consist in measuring the acoustic pressure in the air (outside
the machine) and in the liquid (inside the machine). Microphones and hydrophones
are the basic instruments. '

Most often sound level meters consisting of a microphone and a measuring amplifier,
showing acoustic pressure in decibels, are employed for noise measurements. More
discerning assessment of noise measurement results consists in performing spectro-
znalysis of sound.

Cavitation noise is an often measured parameter. Random acoustic signals of
sltrasonic frequency (above 16 kHz) and continuous spectrum are concerned. Noise
measurements are carried out mainly in the range of frequency from 10° to 10® Hz.

Figs 14-17 present some results of investigations carried out at the IF-FM as
well as at other laboratories. The possibility of detection and observation of cavita- -
2on on the basis of acoustic pressure change is evident. Figs 14 and 15 (the authors’
own investigations) and Fig. 16 (investigations carried out by others) indicate close
=lationship between acoustic pressure and cavitation development: while the value
of ¢ index is decreasing the acoustic signal increases independently of the measuring
ransducer art and situation. This increase occurs up to a certain threshold corres-
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_ponding to strongly developed cavitation. The level of the recorded srgnal d
under supercavitation conditions.

A similar pattern of acoustic pressure changes is observed when testmg hy
machines in the cavitation regime. The highest sound (noise)_ leve] occurs
simultaneously with the bending of the performance charactemstlcs (Fig. 17).
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‘hat the sound level decreases in general, which is connected with a state in which
wavitation fills a significant part of space between the blades.

Acoustic methods are used in cavitation diagnosis of large hydraulic machines
working in water power plants. The results of the authors’ own investigations shown
‘n Fig. 18 are an example. This drawing shows hydroacoustic noise variation under
“5e runner of a reversible machine versus opening of the guide-ring during pumping
‘power of 67 MW) and turbine operation (power of 50 MW). Also accelerations of
« vibrating cover of the draft tube scuttle are presented in this figure. The cover acts
= a2 membrane of a kind, sensitive to dynamic effects occurring under the runner. From
e form of the curves it is easy to infer that the most beneficial cavitation conditions

ccur during the turbine operation, at the guide-ring opening from 50 to 80%
und that durmg pumping the influence of cavitation ‘'on the surroundings is most
imtense.
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"z 18. Hydroacoustic noise emission and accele- Fig. 19 Cavitation noise emission vs. pump dis-
weon of vibrating draft tube of a reversible ma- charge [17]

chine vs. the guide-ring opening [19]

Fig. 19 is another example indicating usefulness of the acoustic method for
sessment of cavitation hazard to a machine. This figure presents the change of
lwitation noise level as a function of the liquid flow rate through a pump. The curve
worms not only about different intensities of the phenomenon but also about the
Wowable range of pump operation.

Worth mentioning here are the observations made by various investigators, inclu-
lng the authors, that it is advisable to use higher frequency transducers (> 100 kHz)
Il measure the acoustic pressure in flow with cavitation. One may recommend Briiel
Liaer hydrophones and Piezotronics pressure transducers of high sensitivity (on
lle order of several pV/Pa) and small diameter (several mm).
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3.2.4. Vibrational methods

As vibrational method one understands diagnostic methods based on measure
and analysis of vibrations (displacement, velocity or acceleration) of a machine
equipment parts exposed to cavitation. The point in question concerns vibra
which are caused by implosion and colhsmn of cavitation bubbles and by cavitag
clouds pulsation. \

Usually the spectrum of vibration frequency is contained in the band from s¢
to a dozen or so (several tens) kHz. When accelerations of vibrating machine ¢
nents are measured, the most significant part of process energy is concentrated wi
the range of the highest measured frequencies, in the case of vibration velocity
process energy is distributed evenly in the spectrum, in the case of displacement
is concentrated at the lowest frequencies.

The progress of vibration depends, of course, on the degree of cavitation de
lopment. The vibration level increases owing to decrease of cavitation index rea
maximum for developed cavitation. For strongly developed cav1tat10n the inte
of vibration decreases. \

Increase of the vibration level caused by cavitation occurrence in the flow i
always distinct. On this account and also because of the random character of vibra .
process, by observing a characteristics of machine vibration one can only roughly
cate these operating parameters for which cavitation appears and reaches the hi
dynamic intensity. Fig. 20 may be an example. It presents the dependence of vib
displacements in a body of a Kaplan turbine on the generating set power. As res
from audiovisual observations cavitation in a bubbly form appears at the pow
about 9 MW. At the power of about 12 MW it is strongly developed (intense
cavitation) generating noise of moderate intensity, and from 13 MW on it is a &
of louder clicks and of unrhytmic din.

The influence of cavitation intensity and the angular velocity o of a diagonal

| % w
‘Aﬁ‘f’ﬂze : L
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20

16

b e g g i g ik s
——tepn]

Fig. 20. Dependence of Kaplan turbine body vibration amplitude on turbine set power
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Fig. 21. Dependence of the pump body vibration
acceleration a on the impeller angular velocity 7 - ; -
o and cavitation index o for the discharge coeffi- 100 120 140 _,160
cient @* = 9/, = 1.22 [18] 4 ofrad/s|

mpeller on the level of the pump body vibration is presented in Fig. 21. From empirical
\Sata it appears that vibrative acceleration may be expressed by the equation

ad—co

where ¢ is a function of the discharge coefficient ¢ and cavitation index ¢ while the
salue of the exponent n is contained within the bounds from 2.4 to 3.1. One should
mention that this quantitative relationship concerns a definite case, so it is characte-
stic for this particular case only and can’t be a basis for generalization.
One should point out the fact that except cavitation there exist also other forces
;m;lsing vibration of flow limiting walls. Separation of “cavitation free” runs comes
> against serious difficulties. The same takes place also during noise measurements.
eceived results may be disturbed also by reverberations, interferences, resonanse,
rrations and so on. '

! 32.5. Hydrodynamic methods

Hydrodynamic methods consist in observing pressure pulsations produced by
vitation and in measuring the flux of energy delivered by cavitation impulses to
 wransducer set up in the cavitation zone. =

An example of a spectrum of cavitation pressure pulsation in a diagonal pump is
‘wesented in Fig. 22. The lowest frequencies, on the order of a few Hz, are caused by
“wessure micropulsations in the whole pumping system. They are the effect of a feedback

erween the cavitation zone sizes and the pumping discharge under conditions of
\wrongly developed cavitation. Frequencies from tens to several hundred kHz are an

=ct of cavitation cloud pulsation. These are usually pulsations of high amplitude.

P-essure pulsations caused by motion and development of cavitation bubbles are

_ontained in the band of frequencies from several to a dozen or so kHz. The highest

“=quencies in the range of tens, hundreds or even thousands kHz are the result of
sulsations caused by cavitation bubble implosion. 7

The flux of impact energy per unit of surface may be described as foflows:

E = nlél +n2é2+ oee +nkék,

where n,, n, .. are numbers of pressure impulses at a mean energy level é,, é,, ...
Histograms of pressure impulses received for different cavitation intensities in a flow
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Fig. 22. Spectrum of cavitation pressure pulsation in a diagonal pump

are presented in Fig. 23. The transducer for pressure impulses' measurements (
Piezotronics transducer with a sensivity of 0.145 mV/kPa, resolution of 1.4 kPa,
sonant frequency 500 kHz, membrane diameter — 5 mm, fitted for max. pressm
of 100 MPa) was installed in the region of direct cavitation action. One should pa
attention to variability of the number of impulses depending on the value of ¢ indes
and to the fact, that impulses reach their maximum values for a certain defined cavite
tion number (this result is known from experimental and theoretical investigations

Assuming that the energy of a single impulse is defined by power emitted
a collapsing bubble and that the density of this power figures:

, e = p’/pc
(where p is the impact pressure, and ¢ is the speed of sound in a medium of density #

a function of cavitation index o of a diagonal pusg
for the angular velocity @ =157 rad/s and ds

—

charge coefficient ¢o* = o/p_ = 1.22
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the expression:

E o ME = Z np:
1 =1
can be a measure of cavitation intensity. Fig. 24 presents the change of the energy flux
density I = 2.5-107°> ME/pc in relation to cavitation index o, = NPSH (u?/2g)~ ! for
a diagonal pump. Worth noting are large changes of the cav1tanon intensity indicating
high erosion hazard for small values of ¢,

As it follows from the experience of the Department of Fluid Dynamics of the
[F-FM, Pol. Acad. Sci., measurements of energy of pressure impulses are the best
way of assessing the influence of cavitation on a flow confining wall, and thus asses-
sing the cavitation intensity, forming a basis for prediction of erosion damage.

3.2.6. Destructive methods

Destructive methods consist in recording changes which occur under the influence
of cavitation acting on structural materials of machines and models and test samples
of material inlayed in a flow confining wall. The recording may concern observation
of surface changes, a measurement of mass or volume loss or medium depth of cavi-
tation pitting. Observations allow first of all to detect places exposed to cavitation
attack. To this end one may use coatings sensitive to cavitation activity. On coatings
of low durability marks of destructive action of cavitation occur already at small
intensities of the phenomenon. Marks of damage occurring on a model runner of
a turbine may be an example (Fig. 25). In the case of cavitation intensity assessment
one may use erosion tests of appropriate specimens of materials or inspection of
machines after some time of operation. For instance one may use for tests: two

Fig. 25. Effects of cavitation on a modelimpeller
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specimens made of the same material: a standard one (M) put to cavitation of knows
intensity (ME,) and a test sample (P) set in flow with cavitation of unknown intes-
sity (MEp). Comparing medium durability 6 [min/mm®] of both pieces (3, and d
after the same time of cavitation activity one may infer about erosion and cavitatios
intensity in a given place of flow. As proved in earlier works (for instance [23]) we
may write roughly that:

Op _ Rer (1ME)y

6M Rcav,M (”ME)P :

or assuming the same cavitation resistance of the standard and test sample (R, » =

= R, p) and similar efficiency of energy absorption by the material (1, = 7p),
‘ Sp _ MEy '

Se ME,

On the ground of the above we may estimate the actual cavitation intensity |
for which the factor ME will be

5M

ME, = ME,,—

Also incubation (initiation) period and maximum damage penetration rate MD.
may be applied as measures allowing to assess the cavitation intensity. One sho
explain here that some authors [26] stress the relationship between the value
MDPR and the acoustic power of a pomt (monopolar) source W(R). This relation
as follows:

MDPR = C[W(R)]'"

in which C means a constant while power W(R) may be reckoned from the equati

= [ Ids,
(S)

where I means the unit acoustic energy flux emltted by a source set at a distance R, §
the area of a surface which that flux “covers”.

: Generally one may say that destructive methods serve mostly for revealing

spots exposed to cavitation and assessing the cavitation erosion intensity.

4. Final remarks

It appears from the review of diagnostic methods suitable for detection and obse
tion of cavitation development in hydraulic machines that most of them are not good
for use under field conditions. Specifically, power-related and optical methods ase
suitable first of all for model investigations, while vibroacoustic methods can be ussf
for investigations under natural conditions. :
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Table 1

Wasnalobservations = .. -0 00l S D e 1
Powermethods® - .o ... .. . 0. 0.3-04
Acousticmethods®® = . = 0 b a0 1.05
Wibrationmethods: = ... .. 0 - Lo 09
Hydrodynamic methods: - .

a) accordimstoenersy flust o . Lo e o 0.6-0.9

b) according to pressure pulsation  ...................... 0.25-0.95
Pestructivenmethods- o . s depending on material

* This means distortion of cavitation characteristics by breaking the curves of head, flow mtensnty power and efficiency *
wdecrease of values of H, Q. N and n within 1 to 3%) -
** concerns spectral analysis of cavitation noise.

One can estimate the efficiency of diagnostic methods by comparing the results of
wsual observation with the results of measurement of different cavitation signs. Such an
wunalysis was carried out for a radial-flow impeller pump by V. Kercan and F. Schweiger
"21]. Similar diagnosis for a diagonal pump was carried out in the Department of
#luid Dynamics of the [F-FM [22]. Listed in Table 1 are some of results of this
walysis. Number 1 means occurrence of cavitation in the flow at a stipulated incipient
mvitation number o, = NPSH/H = 1. Numbers different from one indicate an earlier
w later — in relation to cavitation inception discovered visually — occurrence of
sarticular marks of the phenomenon. And so numbers smaller than one give evidence
i given marks appearing at cavitation index smaller than the value of cavitation
meeption index ie. 0 < 0, whereas a number larger than one gives evidence of cavi-
wtion having been detected earlier than noticed by the observer. Differences between
sarticular values indicate the known fact that particular signs of cavitation do not
weur simultaneously.

When assessing the diagnostic methods one should take into account that their
saluation is based on the results of empirical investigations performed under different
waditions of machine operation, thus at different speeds of impeller rotation and at
Sferent heads. Among others that’s why estimations are expressed by an interval of
wo numbers. Besides, recorded signs of cavitation are disturbed by other phenomena

Mg

" witherosion

with erosion

. . without eroston
without erosion

D S 15 20t [min25 n 200 400 tfn] 600
"¢ 26. Varnation of the relative density of energy ‘Fig. 27. Relative cavitation noise intensity varia-
| Ml ME/MEO delivered to the cavitation chamber tion I/I, vs. time t of material damaging [24]

wal during time  of material damaging [23]
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accompanying operation of the machine tested. This state of the art as well as flue-
tuations of the measured parameters have an effect on the results obtained. Nonet-

heless, numerical data indicate that measurements of pressure pulsation in a flow are

the most controversial ones (large dispersion of. the impulse levels indicating cavita-

tion), while vibroacoustic methods do not arouse distinct reservations (level of

impulses generated by cavitation differ only slightly).

Apart from the power-related methods which are standard ones and most often
applied during laboratory tests, one should acknowledge the superiority of hydro-
dynamic methods based on measurement of the flux of “cavitation energy” delivered
to the flow confining walls. Hydrodynamic methods may be also acknowledged as
especially suitable for inferring about the hazard of cavitation erosion for machines
and devices. Fig. 26 may be an example. It presents recorded signals of cavitation
impingement in flow without and with material damaging cavitation [23]. Similar
curve (Fig. 27) was obtained by P. Courbiere [24] who applied cavitation observa-
tion with an acoustic method.

Also vibroacoustic methods give good results. Distinguished here may be an
acoustic method consisting in analysing the cavitation noise and suitable first of all
for detection of cavitation under natural conditions of machine operation.

Considering different aspects and criteria of assessment of hydraulic machinery
qualities it is desirable to know the so-called “complex” characteristics. A characte-

ristics giving information about performance cavitation and vibroacoustic qualities
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»f 2 machine (Fig. 28) is meant here. Such a characteristics is suitable not only to
sssess the product quality but also to determine the rated operating parameters and
10 predict machine performance under various operation conditions.
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Wykrywanie i ocena natezenia kawitacji przeplywowej
Streszczenie

Praca zawiera krotki przeglad metod badawczych stosowanych w Zakladzie Dynamiki Cieczy Instytese
Maszyn Przeptywowych PAN w Gdarnsku, stuzacych do wykrywania oraz oceny stopnia rozwoju ks
witacji w maszynach i urzadzeniach hydraulicznych. Przeglad zilustrowano wynikami badan wiasny
i obcych. Wskazano na efektywnos$¢ opisanych metod oraz na te metody, ktore najlepiej nadaja sic @
diagnostyki kawitacji przeptywowe;.

W szczegolnosci omoéwiono metody teoretyczne i doswiadczalne.

W zakresie metod teoretycznych przedstawiono uproszczona procedure polegajacq na zastosow:
do oceny zasiggu kawitacji w palisadach lopatkowych modelu ewolucji pojedynczego pecherzyka kams
tacyjnego oraz niektére wyniki obliczen numerycznych, wskazujace na mozliwo$¢ poprawnego p -
dywania kawitacji w kierownicach maszyn odwracalnych (rys. 5). .

W zakresie metod do$wiadczalnych oméwiono metody bezposrednie i posrednie.

Do metod bezposrednich zaliczono obserwacje wizualne i fotografowanie stref zagrozonych kawitacs
(tys. 6) oraz znieksztalcenie charakterystyk energetycznych w przypadku kawitacji rozwiniqtej we wnelra
maszyny. Typowe charakterystyki 7(o) ilustrujace wplyw stopnia rozwoju kawitacji na sprawnosé
wirowych przedstawiono na rysunku 7, natomiast na rysunku 8 przedstawiono wykres ilustrujacy prase
inodelowej maszyny odwracalnej w roznych warunkach kawitacyjnych. '

Sposrod metod posrednich scharakteryzowano metody nastepujace:

— optyczne (pomiar ostabienia wiazki $wiatta bialego — rys. 9, rejestracja zmiany natezenia wiazki pro-
mieniowania y — rys. 10, zastosowanie anemometrii laserowej — rys. 11 i 12),

— elektryczne (pomiar rezystancji cieczy — rys. 13),

— akustyczne (pomiar szumu wzglednie halasu kawitacyjnego — rys. 14+ 19),

— wibracyjne (pomiar przyspieszen i amplitudy drgan — rys. 18, 20 i 21),

— hydrodynamiczne (pomiar pulsacji ci$nienia i obcigzen kawitacyjnych — rys. 22 +24),

— niszczace (pomiar ubytkow materialu — rys. 25).

Za szczeg6lnie przydatne do wnioskowania o zagrozeniu elementéw maszyn erozja kawitacyjme
uznano metody hydrodynamiczne, oparte na pomiarze strumienia ,energii kawitacyjnej” dostarczone
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do $cianek ograniczajacych przeplyw. Podkreslono takze dobre wlasnosci diagnostyczne metod wibro-
skustycznych, a zwlaszcza metody polegajacej na analizie szumu kawitacyjnego.
Na zakoficzenie wskazano na celowos¢ znajomosci ,.kompleksowych” charakterystyk maszyn, informu-

sacych o ich wlasnosciach energetycznych, kawitacyjnych i wibroakustycznych.

OOnapyxuBaHue H OeHKa HHTEHCHBHOCTH NpPOTOYHOH KaBUTALMH
Pe3rome

B pa6oTe HaH KOPOTKHH IPOCMOTpP METONOB JccenoBanuil NpuMensemMbix B OTiesic AUHAMMKH
swuakocTn UHCTHTYTA npoTounbix Maimu [TAH B I'aHbcKe U Clykalliux 0o6HAPYKUBAHUIO U OLICHKE
CTETICHY PA3BATHS KaBUTALMM B TMAPABJIMHYCCKUX MAIIMHAX U yerpoiicteax. [IpocMoTp WiLIHOCTpUpYETCA
Se3y/bTATAMH COOCTBEHHBIX M 4YXMX HCCIENOBaHMA. VKazaHa 5()(pEKTUBHOCTb OTHCAHHBIX METOOB,
2 TAKXKE Te METO/bl, KOTOPbIE 0OCOOCHHO NPUTOHbBI I AMArHOCTHKH HPOTOYHOH KaBUTALWH.

B 0cOGEeHHOCTH 06CYXIAOTCS TEOPETHUECKUE U IKCIEPHMEHTAJIBLHBIC METO/IbL.

Cpe/in TEOPETHYECKUX METOIO0B TIPEACTAB/IEHb! YNPOLIEHHAs MpPOLe/lypa OCHOBAHHAS HA MIPUMCHEHUU
275 OLGHKH Tpeiea KaBUTaluM B JIOMATOYHBIX peméncak MOJIE/TH OJAMHOYHOTO KaBUTALMOHHOTO My-
35IpbKa, 4 TAKXKE HEKOTOPbIE PE3YJIbTAThI YHCIEHHBIX pacuéTOoB, MOKA3bIBAIOUIME HA BO3SMOXHOCTb npa-
S@ILHOrO MPeAyCMATPUBAHMS KaBUTAUWH B HATDAB/IAIOUIMX anmaparax o6paTumbix MalluH (puc. 5).

Cpeau IKCHEPUMEHTAIILHBIX METO0B OOCYKAAIOTCS HEMOCPEACTBCHHEIE M NOCPEACTBEHHbIE METO/IBL.

K HENoCpe/ICTBEHHBIM METO/IAM 3a4HCIIAIOTCS HALJISAHBIC nabronenus u dororpadupoBaHue 30H
\TPOXKEHHBIX KaBUTALMEH (pHC. 6), a TaKxke AeQOPMALUS SHEPrETUHECKUX XapaKkTePUCTHK B CJly4ac KaBH-
TzuuM Pa3BEPHYTON BHYTDH MAlHWHBL TunuaHble XapAKTEPUCTUKH #(0), WIUIHOCTPUPYIOLIHME BIUAHUE CTE-
S5y PA3BUTHSA KABUTALMH HA K.1LJI. POTOPHbIX HACOCOB, NPE/ICTABJICHbI HA PHCYHKE 7, a Ha pucyHke 8 npe/-
crasieH rpaduk WLTIOCTpUpYFOLMit pa6oTy MOIC/IBHON 06paTHMOl MAUIHHBL B pas/HtHbIX IKCILTyaTa-
UEOHHBIX YCIIOBHSX.

Cpey MOCPEACTBEHHBIX METOMIOB CXAaPAKTEPH30BaHbBI CIICAYIOUIUC METOMLI:

_ onTuueckde (M3MepeHue ocnabnenus ny4ka Genoro ceera . puc. 9, PeruCTpalysi H3IMEHEHUsS WHTEH-
SwsHOCTH My4YKa u3Jayuenus y — puc. 10, npuMeHenue na3epHo¥ anemomeTpun — puc. 11 1 12),
37ieKTpUUeCcKUe (M3MEPEHHe PESUCTAHIMM KUAKOCTH — PHC. 13),
— akycTU4ecKue (M3MEpEHUE KaBUTAHOHHOTO 1yMa — DHC. 14-+19),
- Bu6pAIMOHHBIE (M3MEPEHHUE YCKOPECHHI H aMILTHTYA xoseGanuii — puc. 18, 20 u 21),
— FHAPOJMHAMHUYECKHE (M3MEPEHHE MyTbCALMIA JaBJICHUS U KaBUTAUMOHHBIX HATPY3OK — puc. 22 +24),
— paspymarolue (H3MepeHue yoblIel MaTepuaia — pHuc. 23]

Oco6eHHO NPUTONHBIME TS JIENAHAS BLIBOJOB 00 Yyrpo3e KaBUTALMOHHOH 3PO3UM OTHOCHTEJILHO
1eMEHTOB MAILINH CYATAIOTCSA FHAPOAMHAMUYECKUE METOIbI, OCHOBAHHBIC HA M3MEPEHUH TOTOKY .. KaBH-
“2UHOHHOM JHepruM’’ JOCTABIAEMOH K CTEHKaM OrpaHMYMBAIOIIMM TEHCHHUC. IMonuépkuBaroTCs TaKXKe
\SpOIIINE AUATHOCTHYECKHE CBOMCTBA BMOPOAKYCTHUECKUX METOLOB. 4 0COOEHHO METOAa OCHOBAHHOTO
%2 aHAIM3€ KABUTAILMOHHOIO HIyMa.

B 3aK/TIOMEHHN YKA3bIBAETCA HA LEIeCO0OPA3HOCTb 3HAYCHUS ,, KOMILIEKCHBIX'" XaPAKTEPUCTHK MAILIMH,
#=HOPMUPYIOLIHX 00 MX SHEPreTHYECKUX, KABUTALMOHHBIX H BUOPOAKYCTHYECKUX CBOHCTBAX.




