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KAZIMIERZ STELLER, JULIUSZ KIREJCZYK

Gdańsk

Diagnostics of Cavitation in the Hyrlraulic Machineryd'

cavitation in the hydraulic
łn achinery.

At the beginning a general description of cavitation phenomena occurring in the hydraulic machi-
nery is given. The purpose and methods of cavitation diagnostics are explained. Exemplary results of
authors'- own cavitation studies are pfe§ented together with a discussion of ręlations between different
§YmPtomsof cavitation in water turbines and pumps. Prediction of cavitation and cavitation erosion,ls
discussed in a separate chapter. The problem of selection of hydraulic machinery operating parameters
from the viewpoint of cavitation is also taken into consideration. Finally ruture gJs 

"r.""ia",l." ai"-
gnostics in the hydraulic machinery are shown.

1. Cavitation in the hydraulic machinery

The pressure in a hydraulic machine may locally drop down to the evaporation pressure
of the liquiil at the existing temperatuxe. Cavitation occurs as a re§ułt of such pressure
drop-vapour-gas bubbles form and develop, to collapse afterwards in the higher pressure
regions.

Cavitation may appear at stationary or moving parts of a machine. Most often this
phenomenon occurs at the back face of rotor and guide vanes (fig. l) a1d at thę rotor
casing, surface.

When cavitation takes place at surfaces which are in contact with the flowing liquid
thęn local damage to the material may occur. Obviously the extent of damage aeplna, on
the cavitation intensity and duration as well as on the resistance ofthe particular structural
material to ńe cavitation erosion. Cavitation is accompanied also by such phenomena
aS pre§srrre pulsation in the stream of liquid, vibration of walls limiting the flow field,
cavitation noise, vibration of the machine as a wlole and changes (deformation) of its
performance curves. The level on which these phenomena occur depends on the cavitation
development stage as well as on pressure gradients in the flow and design of the machine.

* This studY was subsidized by the PR-8 Governmental Research and Development Frogramme
"ComPlex development of power engineeńng". The abstract of the paper was presented at the Seminar
of the Council for Mutual Economic Aid Permanent Commission on Power Engineering in Burgas
(Bulgaria), 1982. The presentation of the work waŚ orderęd by the }fuad offico of power Studies and
Proje€t§ ENERGOPROJEKT in Warsaw.
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The susceptibility of hydraulb aachines to cavitation depends on their specifio Exed,,

that is
no=@}f f,rrnłn-"; m3/s; m]-

In low and medium specific speed nłaóiaes, that iś those with radial and mixdiflów,,

through the rotor, the critical p§€§§ure appę3rs, as a rute, on,the suction side, nameĘ at the

inlet to an impeller and atthe outbt ftosl a furb,ine fwxmr_ Tn higlt specific speed rmaŃin_

es, i.e. machines characterized b,y axial or noarty axiai frovr t&rough,the rotor mitical,

pfessure may oc€ur even on the pressure side: at tlre out}et from a pump impelliw or at

the inlet to a turbine runner' 
region, affect oonside-,

Workingconditions,includineconditionsofflovł:intothęrotor
rab| the ińiptnce or cavitation. Ranges of,favorłrabłe conditions are limited - Se§'uL§ an

example the ranges of flow rute, Q|Q*." and heads, H|II[6, defining cavitatiomreso]

boundaries for a Francis turbine with the cavitation specific speed equal to llfupt=7O'

(frg. 2)-

The state of a mańine is characterizęd from the viewpoint of cavitation bY tXieThoma

number 
hr-.hru-'h" N.SHo:-- H -:T'

where łu is the atmospheric pressure measured on the tail water freę surface leveli,&,o is the

"nuporuiion 
head, ł" is the geodeticał suction head i.e. the differencę betweqr the rotor

Fig. 1. cavitation cloud over a hydroloil for the angle of attack ł equal to 9' ąąd thę cavitation aumbęr

a amounting to 2.5
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lFig. 2. The.couf§e df cavitation at the runn€r of a Francis turbine characterized by the specific speedzo
.of 70(theboundaries,of thecavitationregionaredefinedbylines d,e,f,s, łonthesetof iso-efficiency

, curv,es) [27]

,datum and the tail,water free surface datum, 11 is the total head for the particular working
point of the machine,;and NPSH is the net positive suction head.

The effect of caviitation number o is not identical for all cavitation region boundaries
as §hown in figure 2. The boundary designated by ł depends clearly on o while for the

lemaining boundaries dd,e.f,9) cavitation does not depend, or depends only slightly on
śhe value of o.

5ocq)

_o
§--
fu

il+F]]ti
Fig. 3. Typical cavitation characteristics

of impeller pumps

l| l

ll
60

cavitation number 6

The influencę of cavitation on the machine performance - flow rate, total hęad, power
and efficięncy - shows aś a deformation of appropriate characteristics. Figure 3,pręsęnts
tlpical ł:.f(o) curves illustrating the effeqt of cavitation on the efficiency of impeller
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pumps. Differences in the cour§e of ł versus o are the ręsult, among others, of design
difierences and different speciflc speeds of respective machines. However, it would bę
,difficult to determine the critical value of o based on thęse curves, the morę that by o.,
the following may be meant:

- value of o corresponding to the inception oF cavitation (o;n),

- thę lowest value of o*) for which the efect of cavitation on the machine performance
curve or its operation is not discernible (o*,"),

- the value of o corresponding to the appearance of a specific tlpe of cavitation,
for instance in a clearance (o"n""),

- thę value of o associated with a specific criterion, e.g. with the permissible efficiency
drop, or the permissible erosion depth (oo",^).

The diagnostics of cavitation facilitates understanding of cavitation phenomena occu-
rring in a macfoine., lt permits detecting, tracking and classifying different aspects of cavita-
tion.

It should be mentioned in connection with characteristics described that in the initiatr
stage of cavitation, when the zone affected is small and does not disturb the main flow of
liquid through the rotor, worsening of thę machine performance is not observ"ed. Some-
times even a slight increase of the head and efficiency may occur, caused by a favourable
change of the pressure distribution ovęr blades or reduced friction in the rotor..In the se-

cond stage of cavitation, when the zone affected is sufficiently large to obscure the ffow,

hydraulic losses increasę and the flow rate drops. The performance curves of the machine
exhibit distinct deformations. Simultaneously vibrations of the machine and noise incręase.

It was already said that properties of a machine concerning cavitation depend on its
design and specific speed. This dependence is expressed by the following formula

o:rcnŻ

wherę rc is a factor allowing for thę spe.cific design of the machine and its efficiency.
From this formula not only the susceplibility of a machine to cavitation may be deter-

mined; one can also conclude that high specific speed machines should operate at pOssibly
lorv suction heads, which means that they should be founded more deeply than low and
medium specific speed machines.

Thus the occurrence of cavilation in the hydraulic machinery is a resultant of design,
installation and operating factors, and physicochemical properties of the working medium.
Vibrations of machine componęnts accelerate or intensify cavitation in the machinę.
These phenomena ar§ especially intensive in transient conditions of machine operation.

So far unique principles and regulations regarding the evaluation and methods of de-
fining permissible levels of various cavitation §ymptoms have not beęn developed. This
opinion concęrns also principles of evaluation of cavitation damage as presented in publi-
cation No. 809, issued in 1978 by IEC (International Electrotechnical Commission) [10].

') According to the IEC standards a6 denotes the lowest value of a at which the influonce of cavi-
tation on the efficiency of a machine is not discernible, while a" denotes the value of a for which the
efficięnc_r, is xllower than that corresponding to o9 (e.g. oo.s deilotes the value of o at which the effi-
ciencl,is0.5|lowerthantheefficiencyatog),Forparticularcasęsoflocalincreaseof7withdecręasing a
the nearest value of o correspondi n g to the same efficiency as for a6 is denoted by o" (see fig. 3).
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It was recomrnended in that publication that appropriate procedures should be based on
agreeme_nts between the machine supplier and the customer (usór), as it is known that
substantially high values of a are required to prevent damage ,to the machinery or keep it
on a low level, and this means founding the machinę sufficiently deep, which is associated
with high costś of construction works. The following is subject to an agreem€nt: the walTan-
ty period and the number of hours of machine operation to the damage check (8000 hours
or 3000 hours), the mass- or volume loss of the'material, or the area of surface damaged
and the damage depth, the number of working hours needed for repair of the damage
or the mass of electrodes used for regeneration of componónts damaged in the process pf
cavitation. A1l ofthese details to be agreed upon concefn, ofcourse, a specific value ofthe
suction head or the stipulated o number.

Also the permissible influence of cavitation on the performance characteristics of the
r,nachinery, and especially their power and efficiency, as well as the permissible level of
vibroacoustic phenomena are the subject of bilateral agreements.

2. Cavitation diagnostics

The term,,diagnostics", which is equivalent literally to ,,recognition" or ,,discernment"
is assigned yarious shades of meaning. It is understood as the detection of a phenornenon
evaluation of its intensity, evaluation of the effect, of the phenomenon on an object, or
evaluation of the gtate of an object. The diagnostics of cavitation consists, first of all, in
detecting the phenomenon and evaluating its intensity.

The diagnostics of cavitation in the hydraulic machineiy is aimed at identifying the
phenomenon and evaluating the state of the machine under consideration based on measu-
ręments of sęlected quantitieś characterizing its operation. Two areas may be distinguished
in the domain of diagnostics investiga,tions: those belonging to pure research and.invepti-
gations aimed at specific applications. The first group covers investigations consisting in
seeking parameters charactęfizing the operating conditions of,a system corresponding to
the inception of cavitation,,cavitation development or to its maximum influence on a ma-
chine. The second group concerns in situ diagnostics of particular macbines, carried out
by means of diagnostic methods development in investigations of cognitive nature.

The majority of cavitation diagnostics rnethods used,at present has beęn developed as a
result oflaboratory investigations offlow round isolated blades and other stationary obsta-
cles. Thesę methods rnay not be suitable for application in hydraulic machinery, due to the
somewhat different development of cavitation (caused, among others, by nonuniformities
of thę stream fleld along the leading edge of blades and differęnt boundary conditions)
and diffęrences of measurement conditions in a rotating system compared to those in a
stationary one.

Three aspects of the phenomenon are of importance when describing cavitation'and its
effect on the hydraulic machinery. One should mention, first of all, |ocallzation, spatial
dimensions, shape and structure of the cavitation cloud. Secondly, there is the disturbing
influence of cavitation on the characteristics of energy transfer between the liquid and the
blading of a machine. The dynamic effect of the phenomenon ,on the machinery, whose
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result is erosion of flow passage'walls and vibrations of mnchinefy components, represents
the ńird aspect. Relations between characteristics concectring the respective aspects are.
not unique. Also relations between pafameters defining characteristics of each aspect
are individual features of a machine.

Diagnostic methods may be direct or indirect. Direct=diąnostic methods consist irrl

observing the aspects of the phenom:non directly in a way permitting ,onę..to evaluatę the
actual intensity of the process. Usually these methods allow for qualitative as well as
quantitative evaluation.

Indirect diagnostic methods make use of observations of phenomena accompanying
the process under investigation and depending in some way on it. Conclusions as to the
intensity of the process can be drawn, to some accuracy, based on,characteristic properties
of the phenomenon under investigation and the object in which it,occurs; rndirect methods
are usually easy to apply; they give, however, a qual,itative picture only. The quantitative
evaluation ofthe process investigated is possible only when the transrnittance ofthe systerrn

for this process is known. Accurate dętermination of the,actual transmittance is very diffi-
cult, the more so that it constitutes an individual feature of an object,

The methods of cavitation diagnostics used in practiee may be divided, into three groups:
a) methods evaluating spatial properties of the cavitation cloud,
b) those determining the effect of cavitation on poweT characteristics of the hydraulic

machinery, L

c) methods defining the intensity of dynamic effect of cavitation on the machinery.
Methods belonging to group (a) are useful when one expects to find cavitationless

working conditions of the hydraulic machinery. They may be useful f,or evaluation of thE
cavitation intensity, understood as an action on the object, when relations between para-
meters corresponding to the incipience of the phenomenon and those for which the respecti_
ve aspects of cavitation have the maximum intensity are known-

Methods of lroup (b) may be considered as most useful when pararneters defining the
performbnce of a machine: the efficiency, total head and capacity of pumps or output of
water turbines are the main criterion defining the usefulness of a machinę to operation
under given conditions.

Methods of group (c) are most appropriate when the parameters of,maohine operation
should be determined for which erosion and vibrations of the machi,ne are not harmfu
Thus they are usefui whęn durability and noisęless operation of a machino are importan

l 
3. Exemplłry results ofdiagnostic research

As it was already mentioned investigations of simplified fluid-flow arrangement§
subject to cavitation are not sufficient for development of effective methods of cavitation
dirignostics in the hydraulic machinery. Thus it became nęcęssary to conduct extensive
cavitation research in model machines. Usually thę methods of diagnostics developed in
such a way are versatile enough to allow for applying thęm to diagnostics of any machine.
This is not thę case for the results of inves[igations. Frequently extension of results of mode}
investigations onto the working conditions of prototypes fails, especially rvhen the ratio
of sŻes of two geometrically similar machines, the prototype and its model, is very large.
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Presented belorv ąre examples of diagnostic investigations of cavitation in the hydraulic
machinery. First, results of laboratory investigations of centrifugal and diagonal pumps
are discussed. These have been aimed at developing diagnostic methods. Next, results
of cavitation inveśtigations of a model reversible hydraulic rnachine are given. Finally
application of diagnostic methods to investigations of Kaplan and Francis -water tur-
binęs as well as pump/turbines is described. Thę results presented have been obtained
at the laboratory of the Institute of Fluid-Flow Machinery of the Polish Academy of Scien*
ces in Gdańsk and during field investigations ordęred by the powęr industry authorities.

- 3.1. rrrvestigations of 
"u"ittion 

in pumps

Centrifugal pump. Cavitation is likely to develop in centrifugal pumps under wor*
king conditions different from the rated ones (especially for the flow rate Q exceeding Q,"}
and in the presence ofdecreased pressure on the suction side. In such conditions cavitation
results mainly in pump,efficiency_and total head drops and a rise of the,vibration level.
Thę first two symptoms show the way in which cavitation affects the conditions of energy
exchange between the impeller and the liquid, while the latter symptom is an indicator
of the intensity of dynamic influęnce of cavitation on the machine. All those symptoms
appear in a case offully developed cavitation.

Figure 4 shows diagrams of efficiency (4), tota| head (}1), and acceleration of pump
casing vibrations (a) versus the pump capacity (Q) for two different values of the suction

p?e3sure
puLsations

87' 0.05 0.7a a.15 0.20 c.25 0.30 0-35* 

-ó+::_c, 4. Acceleration of the punp .casing vibra-
:l..ns a(O) shown together with the head/dis-
--iarge curve H(Q) and the pumping set effi-

ciency/discharge curve q(Q) 1201

9

l0a

96

|*
1cą

i%/

|,o
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Ą t ir,95
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I

Fig. 5. The influence of cavitation number a
on the course of pressure pulsations in the flow
and the total head (a), efficiency (b) and accelera-
tion of viblations (c and d) of a centrifugal pump
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_head (Ą) [20]. The breakdown of the .Fl and ? curves indicates a highly developed cavita-
tion. This is accompanied by a rise of the vibration acceleration value. The larger suction
bead Ę (which means lower pressure on thę suction side) the lower is the value of pump
.capacity corresponding to the curve breakdown point.

Figure 5 illustrates, in turn, the influence of cavitation number (a) changes on the pres-
,sure pulsation in the flow and the total head of a pump (a), its efficiency (b), acceleration
,of vibrations for the eritire frequency spectrum (c) and at a freequency of 10 kHz (d).

Tt can be seen from this figure that the rise of vibration level (especially marked for curve
,(d)) occurs before the breakdown of }erforrnańce curves i.e. in an early stage of cavitation
,development. For cavitation intensive enough to disturb conditions of energy exchange
,in thę impeller the vibration lęvel decreases. Thę same is valid for pressure pulsations"
Such a state is caused by large content of the gaseous phase in the cavitation cloud and
,decręased level of the dynamic intensity of cavitation (fig. 33).

Sometimes it is expected of the cavitation diagnostics to determine the working parame.
ters of a machine that correspond to the appearance of cavitation in the flow and to allow
,evaluation of the cavitation region extent. Iq such a ca§e methods based on measurements
of cavitation effects in the machine become inadequate, in opposition to those utilizing
:measurements of certain physical properties of the liquid inside the cavitation cloud, such
as absorption of ultrasound, light, gamma radiation or changes of the electric ;esistance"

Figure 6 shows the change of thę ręsistance of liquid and the total head of a pump a§

functions of the cavitation number o. Two pairs of electrodes were used lbr the measure-
-ments. Onę of them was placed in the suction, nozzle of the pump, upstream of the inlet
to thę impeller. The second, compensating electrode pair was located in the suction
:reservoir.'It is evident from the inspection of both cufves shown in fig" 6 that the liquid
resistance change occurs earlier than the breakdown of the f(o) curve. Thus the method
,of resistance measuring allows detection of cavitation in an early stage of development,

The final example, concerniirg centrifugal pumps, illustrates one of causes of the men-

tioned earlier limited applicability of cavitation investigation results for onę machine,to

E= R./p' "a

*2

i3'
-2

c.c5 010 0.15 0.20 0.25 0.30 ó 0.35

Fig. 6. Vibration of the relative resistanc"e of
,liquid R/.R6 and the total head (t1) of a pump as a

function of the cavitation number o [22]

a5a a.75 1.00 /.25 1.50 /.75 ?.00 ?,?5 ?.50
Q [n3/nĘ

Fig. 7. Maximum suction hęads for a pump with
two model impellers at differont levels of blade

passage roughness [4]

the punp ni:h \
the impeLLer no.2
reLątive rouqhness
k /r = 0.0086 ; 0, a27 ; 0.260

the pUrnp With
the impetLer no.4
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another one. Figure 7 shows maximum suction heads for a pump with two i{npęllers
and different values ofthe blade passage roughness. It follows from the performance and
cavitation characteristics obtained [4l that thó'change of the blade passage roughness
of the impeller of a pump (in this case. a high pressurę one with the specific speed no:
:20+28) does not influence significantly its suction properties (impeller no. 2) ro iu.
as the inlet section is larger than that providing for high efficiency (most commonly applied),
rn the case of the impellers designed for high efficiency operation (impeller no. 4) an incre_
ase of roughness may influence unfavourably the suction properties of a pump. This is
caused by cavitation which develops in the impeller more easily when the passage wall
roughness is larger. It follows then also that different surface conditions of blade passage
in geometiically similar impellers form one gf the causes responsible for the lack of corres-
pondence between cavitation characteristics of similar machines.

Diagonal pump. Complex investigations of cavitation phenomena in a diagonal
pump have been carried out. Measurements were done in eleven series at different impeller
speeds n and diffęrent capacities Q I11]" The working conditions of the pump were chosen
so as to obtain kinematically similar flow conditions despite of the rotational speed chan-
ges ((n:Qd-3z-l:cónst). Figure 8 shows męasurement series distributed over the set
of iso-efficiency curves.

n1200 rev/nin 0.B0 . 
---l

/ \lsoo 
1/ \ 10.50 

^ ^^, ubu
0-70 0,75

0.B0

1l

x/0
.Ę

8-b
§o

-§

.0L
a 0'2 0,3

capacity a /rr/s/

rig. S. OistriUution of measuremeilt sęries on th€ set of iso-officiency curves for a diagonal
pump [11]

Cavitation conditions were changed for the respective serięs of measurements by chan-
ging press,ure in ,the hydraulic circuit.

Invesćigations ,co..nsisted in visually inspecting and measuring the length of the cavi-
tation cloud -a]t iime .cf impeller blades (to this end the impeller casing had beęn provided



Fig, 9, Diagnostic characteristicś for a diagonal pump, obtaioed by direct

rrręthods: the total head (1/), the intensity of cavitation pulses (1), and the

length of całitątiorr cloud (/) versus the ęąvitątion number o [l1]

[ał,lrĘ|a,
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Fig. 10. An example of comparison of diagnostic cavłation,pharacteristic

for a diagonal pump at z:1000 f,p,m,, O:0,237 m3/s; chąracteristicś ob,

tained using ditect methods arę shown in the lower part of the figure, the

upper part shows characteristics obtained by.tibroacoustic indiroct,mothods

(a tlenotes the _level of impeller casing vibration acceleration, N is the level

of hydroacoustic noisę at a frequency of,120 kHz, iw - Pressure pulsations
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with sightglasses), measuring the total head and the intensity of cavitation pul§es acting
.onto the impeller casing, as well as measuring the following vibroacoustic parameters:

pressure pulsation, pump casing vibration and noise at the frequency of 120kBz.
Results of measurements of cavitation pulses acting onto the impeller casing made it

possible to estimate the energy of cavitation bubble collapse transferred to the wall
.defining the flow boundaries. The intensity of this process was expressed by a two-parameter
,quantity:

l- 1 N 
_I:k,*i ,L",v?,

,where n, denotes the number of cavitation pulses counted within the ith interval of amPli"
tude values, p, is the pressure amplitude in the ith interval, N is the total number of pulses,

ź is the number of pulses per unit time, o is the tiquid density, c is the speed of sound in
the liquid, and k is a correction factor allowing for the fact that the size of the membrane

of a transducer usęd for thę measurements is two (three) orders of magnitude larger than.

the diameter of an avera§e pressure pulse (it follows from measurements that /e 
= 

5,10-5).
It was assumed that the impeller casing surface at which pressufe pulses wefe measured

is representative for detęrmination of dynamic eavitation loading of the impeller blade
passages. The intensity of cavitation effects on thę impeller under partieular working
conditions of the pump was estimated based on the energy of cavitation pulses eaieulated

along the impeller blade passage.

Figure 9 shows diagnostic performance curves of a pump obtained by direct rnóthods
for (n:ęgnst, o:yar, and n:vat. The curves concern the characteristics of the energy

transfer between the rotor and the liquid as represented by the total hęad (f1), the cavita-
tion cloud length (/) and, calculated in the manner described above, the energy (1) which
was transferred to the flow restricting wąlls.

Vibroacoustic męthods of cavitation diagnostics, which belong to the cathegory of
indirect methods, do not provide accurate information on the intensity of the phenomen9n.

They may only describe" with a good or poorer accuracy, the varibiion of this parameter.

An exemplary comparison of different diagnostic characteristics of cavitation has
been shown in figure 1O. Curvęs based on direct diagnostic męthods have been pretented
in thę lower part of the figurą while in the upper part those based on indirect methods
have been plotted.

3.2. Cbvitatibn investigations of a m'odel reversible machine

Cavitation investigations of model machines which are geometrically similat to proto-
types designed for operation under actually existing field conditions are aimed at predicting
cavitation properties of prototype machinery.'The possibility of prediction is, however,
limited because of the lack of sufficient knowledgre about scale effects on cavitating flows,

Actually investigations of model machines reduce to specifying the operating parame-

ters corresponding to appearance of cavitation at the rotor blades and those respoirsible
for the beginning of cavitation influence on the efficiencyldischarge cułve. Additionally
they may be supplemented vrith a cavitation cloud description,

13
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Fig. 11. Variótion of the cavitation number values corresponding to the inception of cavitation, d;nl
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Figures !1,12,13 and 14I25t show examples of investigation results obtained for a

model Deriaz reversible machine..These concern changes of cavitation numbers indicating

the incipience of the phenomenon (o,") and first symptoms of its effect on the efrciencYl

discharge curve (o..) as dependent on the flow rate Q andthe runner blade angle B in the tur-

bine and pumping modes of operation. Shown is also the cavitation spread over runner bla-

des in the pumping regime at the maximum and minimum values of the cavitation number o'

for the power plant.

.3. Cavitation investigations of prototypes

Field invęstigations of cavitation in water turbines and pump-turbines are much more

,difficult than those carried out at laboratories. The difference results, among others,
,from the fact that the working conditions of prototypes can not be set arbitrańly at any

point, which limits the possibility of obtaining complete cavitation characteristics.

Measurements of parameters associated with energy convęrsion and vibroacoustic Para-

trneters are cavitation diagnostics methods most often usęd in connection with prototYPes.

Kaplan turbines. Localization of cavitation in a Kaplan turbine depends on its

intensity. This is illustrated in figure 15 showing the change of cavitation number o,

as a function of twice reduced flow rate Q, 161,Figure 16 is ir schematic of the measuring

s€t_up used for Kaplan turbine investigations at thę Koronowo Wąter Power Plant. The

principal energy_dependent parameters, namely the ffołv rute Q, total head Ą suction head

Ę, generator óutput power Ę as well as parameters characterizing cavitation - the noisę

bve| turbine casing vibrations and pressure pulsations in the turbine suction region were
1

measured.

-t :

]

l

Fig. 15. The change of cavitation num,
ber a..in the course ol cavitation within
the Kaplan turbine draft tube versus

the flow ratę Qt, |67
/.t 2a 2"2 2.4

- 

ą,r,,i'r',3' -

Figure 17 shows the turbinę-casirlg vibration arnplitude a§ a function of the outPul

r.l,hilein figure 18 turbine vibration spectra are shown for different loads of the hydroelec,
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Fig. 16. Measuring equipment used for investigations of a Kaplan turbine [l8]

tric generating Set. F,igure 19, in turn, shows pressure pulsations downstream of the turbinę
runner as dePendent on the generating set loading. A1l ofthem indicate high degree ofca-
vitation development for turbine outputs exceeding l3 MW. This was confirmed by a visual
inspection ofthe turbine runner done through a sight-glass in the suction tube.

CorresPondence bećween the intensity of phenomena characterizing cavitation and its
actual develoPment in the liquid flow confirms once again usefulness of the cavitation
diagnostics methods under consideration for relative evaluation of the cavitation intensity"

Localization of regions affected by cavitation is not so easy. Most effective, however
setdom feasible under field conditions, is visual inspection of flow around the runnęr. For

Jl
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Fig. l7. Arnpli'tude of Kaplan turbinę
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Kaplan turbines knowledge of cavitation specifics may facilitatę the task. It is known that
cavitation occurs first in clearances between the runner casing and outer blade edges, For a
highly developed cavitation damage to the runner casin! may be observęd (fig. 20).

Fig. P0. A part of a Kaplan turbine runner casing damaged by clearance cavitation [21]

Frangis turbines. Francis turbines are less susceptible to cavitation than Kaplan
urbines. Loęalization of cavitation regions within the runner is different, too (fig. 2).

Inspection of erosion effects shows that the phenomenon is most intense near the outlet
edges at the suction sides of the runner blades (fig. 2l). There are Francis turbines in which
cavitation damage has occurred to both the suction and pressure sides of the runner blades.

An,example is shown in figure 22. The damage proved to be harmful as cavitation pits,

at which stress concentration took place, facilitated the occurrence and propagation of
crracks (fig. 23).

Figure 24 gives an example df vibroacoustic investigations of Francis turbine. Shown
is the relation between the accelęration of suction tube manhole coyef vibrations (the cover
acting as a diaphragm sensitive to dynamic pressure on the runner suction side) and the

hydroelectric generating set output. The coursę of accelęration with output is characteris-
tic of Francis turbines and shows that in thesę machines cavitation occurs below 30 Mw
and above 40 MW. Reiatively large blading material losses are the pioof of cavitation oc-

curler,ce in the macfune.

Revergible machines (pump-turbines). In these rnachines cavitation is most

inten: e in the pumping mode of operation. It occurs mainly on ihe suction side of the'runner

neir blide edges. Figures 25 and 26 show the distribution of cavitation damage over the

:on., 
cf a Francis pump-turbir.e.
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In reversible machines guide vames are affected by cavitation, too.. Figure 27 shows
cavitation pits that developed on the upstream part of a yane during the pumpirrg.
operation.

Usually turbine operation gives rise to less intensę cavitation.
Figures 28,291,and 30 pre§ęnt ręsults of vibroacoustic investigations of cavitation in re*

versibie machines installed at the Żydowo Pumped.Stbrage Water Power Plant.

Fig. ż1, Damaged surfaces of Francis runner bladies [21]

Fig,22, Parts of a Ftancis runner with damaged leading (a) and trailing (b) edges [21]
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Fig.23. Crac&ed blade of :a Franois runner [21] Fig. 24. Vibration acceleration of a manhole
in a Francis turbine draft tube as a functiorr of the

water turbine set loading [1]

Shown in figure 28 arc instantaneous values of pressure pulsations in a guid
,vane passage for the pumping and turbine modes of operation. The waveform differences
aręnotdistinctenough to provide information about cavitation in the machine. It follows
then that measuf€m€nt s of vibroacoustic parameters on the pressure side of the runner arę
not fully useful for cavit ation diagnostics.

Figure 29 shows instantaneous values of displacement amplitude measured on vibrat-
ing draft tube manhole. The intensity variation of the process is distinct, both for load
changes in the turbine operation and after switching to the pumping opgration.

Figure 30 illustrates, in turn, curvęs of vibration accęleration of thę draft tube man_
hole cover and hydroacoustic noise measured under the runner at 100 kHz frequency. These
characteristics arę not closely related, however certain analogies between them are visible.
Both exhibit a drop of vaiues measured at 50 - 80 | guide vane opening arrd rapid
rise for opening exceeding 80l. Characteristic of both of them is also a high intensity of
librations and noise in the pumping mode of operation compared to those in the turbine
mode of operation.

Figures 29 and 30 present seemingly contradicting results as to the signal levels in the
cumping and turbinę modes 

'bf 
operation at 50 - 80 fo guide vane opening. It should be

remembered, however, that in the spectrum of a wide:band accelęration signal the maximum
is located somewhere between several and dozęn or so kilocycles, while in the displacement
:pectrum thę maximum appęars at low frequency [3]. Thus the vibration acceleration lęve|
:s a better measure of dynamic phenomena occurring as a result of high frequency inputs.

The following interpretation of figures under consideration can therefore be given:
:he maximum in flgure 29 corresponds to development of a vortex under the rctor in the
:urbine mode of operation, while the level of vibrations shown in figure 30 depends on the
-,avitation intensity.

010
output
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Fig. 2'5, Damaged."rru".. oiŃ.unn.. in a reveisiUte hydraulic machine ol Francis type [2l]

ź'ffi

Fig. 26, Cavitation pitting of a revęrsible machine runner hub [21]
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Cavitation pitting of a reversible maehine guideFig. 27. lane [2l]

The above example shows that it is not easy to make conclusions about the intensitY of
cavitation in a hydraulic machine based only on measurements of vibroacoustic parame-

ters. This must be done very carefully and concern ai most a qualitative evaluation of vi-
brations of the dynamic process intensiiy.

,

4. Relation betrveen various cavitation s.vmptoms in rvater turbines and impeller PumP§

Determination of permissible working parameters of hydraulic ńachinery, done frorrr

the viewpoint of some established cavitation criteria, is one of the most important pur-
poses of cavitation diagnostics. This requires that relations bętween differept cavitation
aspects as discussed previously be defined.
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0123
distance from the separation point

Fig. 32, Relation between erosion and the cavi-
tation zone [12]

1.1, Relations between aspects ofcavitation phenomena

Any aspect of cavitation, such as the form and extent of the phenomenon, its influence
!)n the energy transfer between the liquid and the blading, as well a§ the erosive and dyna-
nlic ęffocts on the flow arrangemęnt may be described by some specific characteristics. The
lespective characteristics of a given fluid-flow arrangelnent are related to each other but
experimental investigations are necessary to define these ręlations,

Relation between cavitation and the machine efficiency. The influence
..l cavitation on the energy exchange is evident, as was already pointed out, when the pheno-
nenon is strongly developed. This occurs due to a fise of drag and drop of lift (mainly in
lachines charactęrized by high specific speeds). The dependence is illustrated in figure 31

showing the lift coefficient cz altd drag coęfficient cx for a profile as functions of the cavi-
:ation number o.
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S.t at an angle of incidence equal to 3", as de-

pendent on the cavitation number [14]
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Decrease of the effective cross section of rotor blade passages by cavitation clouds is

:another reason of the influence of,cavitation on the efficiency of a machine, especially cen-

trifugal pumps. The drop of efrciency or total head of a pump is then a function gf the vo-

llume flux of the rotor spacę occupied by vapour/gas. According to A. J. Stepanoff [26]

ćhe following formula is satisfied
lH ._a?
11 

:o H'
where .t/ is the total head and AH is thę head drop caused by the cavitation cloud "volunre

flux" Q..

Relation betweęn the cavitation region appearance and cavitatiort
|erosion, Material damage occurs mainly downstream of the spot of flow separation, in
;the "collapse region" of majority of cavitation bubbles. There exist, however, Son1e excęP-

tions, e.g. smooth and transparent cavitation clouds resembling supercavitation cavities

(sheet cavitation). In such a oase damage to walls restricting the flow may occur upstream.

,of the cloud separation spot.
Figure 32 shows a typical relation betweęn erosion and cavitation regions. It is evident

ithat the most sęvere damage takes place at the ęnd of the cavitation region.

Relation between cavitation intensity and cavitation erosion. Interest-

ling is also the relation between the material damage rate and the cavitation development

stage as expressed by the a number. The ręlation, in the form of lm|t:f(o) curve, is shown

in figure 33.

PA2

1a

9

0.4

cavitatjan number 6 ,

Fig. 33, Erosion charącteristic for a model primp Fig. 34. Relation between the volume loss of

'[7] (The subscripts in, er, sup correspond to zil:lc (Zn) and aluminium alloy (PA2) in the in, '

.cavitation incipience, incipient erosion and super- cubation period andlhe power spectral denSitY

,cavitation, respectively, while a". implies the G * L241

critical valtre of cavitation number)

Another,example of relation between the cavitation intensity and cavitation erosion
is given in fiigure 40 (for details see Section 5). Similar relation is shown in figure'34 illus-
trating the dependence of the material damage on the spectral poryer density in the so called
initiation period.
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4.2. Relations between characteristic *"lfi;r""Jx":H;,; hvdraul'c machine,słrorryn for a diagonał

Diagnostic characteristics shown in figure 9, which have been obtained b!, direct me-

thods, allow one to draw conclusions about relations between respective aspects ofcavita-
tion in a diagonal pump. Relations between values of o corresponding to the cavitation

inception, the point of the head-discharge curvę, breakdown and appearance of pressure

pulses are not frxed. They change depending on flow conłlitions. The ratios of respective

cavitation number values are [1 1]

' 'o'i' :2.75+5.50, Gi":1.1+1.8, c}:::2.5:3.a

'Oo.s 6dy" Oo.s

{oio is the cavitation nunrbęr value corresponding to the cavitation incePiioll, 6o.s colTe§-

ponds to the beginning of influence on the head-discharge curve, and ourn corresPonds

to the beginning of dynamic effects on the pump).
i}]

1.0

t
I,l 0,8

ó
l

',l ou
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o.4
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0.24 0.28 0.28 0.30 0.32 0.34 0.36
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Fig. 35. Values of the cavitation number corresponding to the cavitation inception and the beginning
of its dynamic influence as well as the;*Ti:".?J:[:J,":1nf'irt§, v.f§us the caPacitY of PumP

Figure 35 shows variation of the relations ver§us flow rate for kinernatically constant

flow conditions in:g6art, n+const.
Equally large are differences in the course ofiritensity changes for respective cavitation

aspects. Dynamic influence on pump walls appears for weak cavitation and rises ń Ya,
ńable ratę as o,decreases. Highly developed cavitation and rapid risę of pressure pulse in-
tensity correspond to parameters critical with respect to the total head characteiistic.

It should be noted that cavitation characteristics of kinematięally similar flows are si-

milar.

ż7
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Worth noting is also the dependence of vibroacoustic pump characteristics on the ca-
vitation intensity. An analysis based on 11 series of measurements has led to the conclusion
that the following may give relatively good information on the cavitation inception in a
pump: acceleration of thę machinę rotor casing vibrations, high frequency hydroacoustic
noise, and pressure pulses in the suction region, while pressure pulses within the pump
impeller indicate the beginning of the efficiency-discharge curve breakdown.

rn order to evaluate the accuracy of the respective diagnostic methods mean values of
orfa*tatioshave been calculated (here o, denotes the value ofcavitation number correspond-
ing to discernibie changes in the course of the diagnostic characteristic under considera-
tion, and o, is the value corresponding to the appearance of the cavitation aspect having
been taken into account) together with the variance s]. rne following formulae were used:

The results were as follows:

,;:+^i,(]:)--[*)'

(3J:o *,, sp2":0,0049,

(5:+ź(*)-,

(*):r rr, so2:0.013,

/o"\)^-{r l:1.07, sf :o,ozs . (?r):o.ss so2,:0.02t.
\oi.,/ \oo.s,/

(here o" denotes thę value of o atwhich the vibration acceleration level changes, ao" and
or* denote values at which pressure pulsations on the suction side and within the pump
impeller rise, o,11, is the value corresponding to the beginning of hydroacoustic noise level
rise, or" is, as before, the value corresponding to the cavitation inception, and oo., is the
value of o corresponding to 0.5 percent drop of the machine efficiency).

5. preiliction of cayitation and cavitation erosion

The capability of predicting cavitation and its influence on hydraulic machinery is
invaluable from tlre viewpoint of design practice and machinery operation. So far reliable
prediction is not possible, Nevertheless, numerous suggestions and recommendations as to
the approach to this problem havę been formulated. This concerns cavitation predic-
tion for a machine of normal size based on results of model investigations, as well as the
possibility of predicting cavitation erosion judging on the behaviour of rnaterial specimens,
in laboratory conditions. One can refer to F. G. Hammitt's opinion expressed in his re,
port "The State of the Art and Predicting Capability" [8]: ,,Prediction of the onset and
,extent of cavitation or liquid impact erosion can be attempted using theoretical and experi-
mental techniques. However one of the greatest problems today in the liquid erosion fi.eld"

is our present inability to predict erosion rątes in fięld machinęs from laboratory tests or-
theoretical models". The said predicting capability results from doubtful value of cavita*
tion intensity evaluation under field conditions, insufficient knowledge of scale effęct in-
fluence on the ręsults of cavitation investigations and difficulties in correct modeling of"
cavitation phenomena.
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In what fbllows our remarks about prediction of cavitation and cavitation erosion will
be confined to a brief review of IEC Standard recommendations [9], and presentation of
investigation results obtained by other investigators as well as our own results. These latter
concern mainly cavitation erosion, which has been the subject of research at the Institute
of Fluid-Flow Machinery, Polish Academy of Sciences, in Gdańsk, for dozen or so years.

5.1. Predicting cavitation in field conditions

The Thoma number is the qriantity characterizing cavitation properties of a hydraulic
machine and the risk of cavitation occurrence inside. The value of o,depends on the machine
speciflc speed (see Section 1), but design and manufacturing differences between machines
of identical specifi.c speeds (e.g. workmanship quality, roughness of passage walls) give
rise to doubts as to the value of o as a criterial quantity. This means thąt conclusions about
the cavitationhazard based on the relation o(nn) are not reliable enough. The diagrams in
figure 36 confirm this opinion. They show permissible values of cavitation number o:opętm
aS recommended by various authors for Francis and Kaplan turbines of differeni ,p.Óifi"
sPeeds. Obvióusly, relativelylarge differences in evaluation ófop".- d0 not provide a relia_
ble basis for cavitation prediction based on the relations a(zr).
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Fig, 3e. Permissible values of the cavitation number o for Francis (a) and Kaplan (b) turbines,according
to variolrs sources [l8]
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One can aiso try to predict cavitation in a machine on.the basis of model investigations.
Such aPProach has been presented in the IEC publication, reference [9], lt should, be ex_
plained that thę method has been based on the eiluality

(ou)m:(cu)p

meaning that the cavitation number o is equal for both the modęl (IlĄ.,ald,prototy"pe (p)
provided that the Froude similarity criterion.
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is satisfied during model investigations. Here fl is the total head, and D is the norninal ro-
tor diameter. Where the Froude condition is not satisfied (for HlD <3) it is recommended

that appropriate calculatiońs following rules given in [9] be carried out. When the Froude,

condition is satisfied or when HlD>3 one can assume that cr:o*. lt follows then

It should be emphasized once again that opinions are divided as to thę manner of ap-

plying results of model investigations to iratural conditions. This is so because of the exis-

tence of the scale effect, discovered in thorough investigations. Illustration of this effect-

may be found in figure 37, showing o';a &s & function of the Reyno}ds number obtained from

investigations of four geometrically similar rotors [17]. On the other hand one can rPfer

(NPSH )P : (NPSH)M (*)' (*),
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-R"_*Fis. 37. Dependence of o-in on Re as obtaiqed frorn investigations of four geometrically similar rotors [17}

Table I

R^esults of cavitation investigations of watęr turbine models and prototypes installęd at some Water

power station§ in USSR

o
+

D

8

Tismlanskaya

Kaunasskaya

Volzhskaya

wateT powęr plant Turbine data

PL_495
E:22.2m
IIs=1.45+4.15 rt
P=44+53 MW

PL-661
Ił:17.9+2o.7 ń

lis:0+0.12 m
P=24+27 MW

PL- 587
H=215+24m

Hs= ,2.6+0.95 rn
P=116+122Mył

PL- 646
E=59.1+61.2m

}ls- -4.0+3.8 m
P=70MW

(o.J.

0.27+0.39

0.47+0.55

0.46+0,58

0,23+0.24

(o"J".
(a.)u

0.9 +0.95

0.98 + 1.06

0.82+0.91

0.96+ 1.0

0.30+0.4l

0.48 +0.52

0.57+0.64

o.z3+0.2s
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to cases confirming the. adequacy of cavitation prediction for normal size machinery basedt

on flow observations for model machines. Data given by A. S. Lashkov [13] may be rą-
garded as an ęxample. We quote in table I after his work a compafison of model and proto-

type investigations carried out for machines installed at some water Power plants in the,

soviet union.

,, '.r. 
Cavitation erosion prediction

, Damage to hydraulic machinery components caused by cavitation (figures 21+23,25,

+27) depends, first of all, on the intensity of the phenomenon, the kind of material, and

physico-chemical properties of the liquid. The cavitation intensity is defined as an avęrage

ofthe energy flux generated by cavitation bubbte implosion and acting onto a given area.

As a rule the cavitation resistance of rnaterials is evaluated based on specimen testing

in laboratory conditioni. Prediction of material behaviour in field conditions, different than

those during testing, is often inaccurate, if not erroneous, because of differences in flow

leatures and cavitation conditions.
Numerous experiments have shown [5l that the method of testing affects the material.

evaluation. Seę for instance ręsults of investigations carried out at the Institute of Fluid-
Flow Machinery, P. A. Sci., in Gdańsk, which are shown in figure 38 and tables II and III_
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Fig, 38. Change of the relative damage rate for
specimets of pure iron (technical grade) vs

the conventional time
W - vibralory facility, T - rotating-diskfacility, U - jet

impingement facility [23l

, pressure pulses in mV

Fig. 39. Histogram of pressure pulses acting
upon a piezoelectric transducer or a specimen
in diffęręnt parts of ą cavitation cloud [24}
/ - no erosion,2 - moderate erosion, 3 - §trong erosior
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Cąvitation resistancę of various mętal§ a§ related to commorcially

investigation methods [5]

Table II

pure iron, detęrmined by Variotls

Relativefesi§tance ofthe material (as comparęd to that ofcommefcial grade iron)
evaluated using difer€nt methods of inv€stigation

magnetostricaionfacility I rotating_disk rig jet impact facility

Iron E04
Steel st3
Stel 45
BmMe BM 12733

Circumferentia1 velocity
7 [m/s]

R"elative circumferential 
I

velocity 
I

1,0
1.4
2.3
4.1

Table III

The effect olthe peripheral speed oFtest pieces in the rotating disk facility on the cavitation resistance ofa

material [5]

Relative matęria1 resistance ó"u"

no loss observed after 40h

The curves of relative erosion rate presented in figure 38 show how different is behaviour
of the same material (commercially pure iron) when tested on a vibratory facility (W), ro-
tating-disk rig (O and jet-impact facility (U). Quantitative results are shown in tables II
and IIL

lt is evidęnt from table II that results of matęrial evaluation yary in different way;

maximum clifferences ręsulted from testing with the vibratory facility (ł/) while jet-impact

tests lesultęd in minimum differences. Table III shows in turn that material durability chan-

ges caused by variation of the velocity u depend on the kind of material. Supposedly this is

the reason of unequivocal opinions as to the value of the exponent n(n*) appearing in
the formula

Iclc,uo or I *a,(u - uo)n-,

where 1is the erosion intensity, and u and 1)o are flow velocities, uo denoting the threshold
velocity for which damage to the material is still not observed.

The relation between matefial loading and erosion is illustratęd by pulse pressure am-

plitude distributions shown in figure 39. They show that the pulse spectrum is wide and that

the ratio of "non-damaging" to "darnaging" bubble collapses is very high, which means

that many pulses do not have enough energy to cause plastic strain development in a ma-

terial. For the material under considęration (lead) the resistance threshold has been ęvalua-

ted as equal to 600 mV (as read by record€r of pressure pulses acting onto a piezoelectric

transducer).
As it was already said differences in ęvaluation of the same material are caused by imper-

fectness of cavitation modeling and omission of thę scalę effęct influence on the material
damaging. One is thus concerned with the load spectrum łvhich should be known in order

to evaluate and predict the resistance of a material to cavitation erosion. For instance, the

1,0
0.78
0.56

42.!
3ż.8
23.4
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following cavitation intensity measures may be adopted: a spectral power density function
estimator

BJdt,

or an energy measure

l-
IvIE: 7L n,p?.

where 7 denotes the averaging time, x(t , f , Bo\is the input signal part filtered out by a band-
pass filter having thę bandwidth -Bo and the centre frequency/, and n, is the number of pul_
ses of p; pressure. Results of investigations presented i! figure 40'illustrate the close de-
pendence of material damige on'the,values of ME and G*. Figure4Oa is a photograph of
an eroded specimen on which locations,of .a pressurć transducer receiving pressure pulses
from cavitation bubble implosions are sh.own. Figure 40b is a diagram showing the distri-
bution of ME for o:const. Figure 40ć presents G*:f(") cufves for the spots indicated.

Assume that during the first stage of,material damaging, i.e. in thę initiation period the
impingement energy absorbęd by the material is constant (no energy dissipation caused by
cavitation pits occurs). It is then possible, based on thę value ofan appropriate energy meas_
ure (G* or ME) in the field and laboratory conditions as well as results of test§ (volume
loss - lY,) to evaluatę the development of erosion in natural conditions using the follow-
ing formula:

lv, fiM !:-:Ł L'Ył\,
,F1:}1i "' R.on, r fuME),

]

where R"u, is the cavitation resistance, 4 is the efficiency of energy absorption by the mate_
rial, subscript P denotes field (prototype) conditions, and subscript Mdenotęs laboratory
(model) conditions.

Undęr assumption that the cavitation intensity measurę ME is ptoportional to the square
of total head (which is justified by the formula describing ME as presented above) and that
the cavitation field under laboratory conditions (rM) differs from that in natural conditions
dFł) onę has for l:const

It should be remembered, of course, that the method of.erosion prediction as presented
above is approximate and concerns the initial damaging period only.

Worth noting arę ręsults of testing of 45 materials, aimed at detęrmining their cayita_
tion ręsistance, which are shown in table IY arranged according to the ręsistance quałity.
The tests were conducted on the rotating-disk rig at the.Institute of Fluid_Flow Machinery,
P. A. Sci., in Gdańsk.

3 Prace IMP, z. 86

JJ

G-(,f\:#l or,,r,
0

/Y,:7y,(#),(*i*
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L=2r rrlll 6 : 0.E0 

-
40 a.55 -------
75 0,19 -.-._-

L= 27 mm 6_ 0.80 
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0.4s,,?,-,-,

Fig. 40. Relation betwęen the extent of damage to the specimen material and values of ME and, G* [15h
a) the surface oferoded specimen and the pre§§ure transducerlocations, b) the cavitation intensity dis-
tribution for different cavitation conditions defined by ME, c) the cavitation intensity distribution for

different cavitation conditions defined by ?*

, The devęlopment of cavitation erosion in a machine may also be estimated based onl
changes of the cavitation number o. This is illustrated in figure 4l showing the dependence,

between the material damage rate and the development stage of cavitation. Such a relation
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Resistance

Table IV

Mątęriąl (fęature)

cavitation resistance'classification of 45 structur al materials

Very good
Good

Fairly good

Moderate

Poor
very poof

G 20, stellit. s 30 i

23H12MNF, EStel C6W, ESl3Cr, 2 HB (ąfter heat treatment HB 4o0), 45 (aftęr heat treatment
HB 3o0) ,

ES-18_8_2, LH|7M2, ES-l8_8, ESt8-8-6, BM 12733, Superston, 2Hl 3 (after heat treatment HB 23O),

ZlCr28, ES 24.18, S10, Nikalium, 1Hl8N9T, 45, OH18N9
BAM2,2Ht3, st5,'BK331, L35II, L60I, 1Hl3, LlHl3N, E04, st3, t5G2Nb.Ą, L50I, NM55, L25II,
L47lI
15GA, M70 (amealed), zBo, źl25, zl20
Ml. PA2N

,aJ -ć
, ]}

b'i| §c
,c,§

b)
§(-
aJ

Fig. 4l. The coursę of cavitation damage versus
ael at con§tant power of the machine U0]

6eL

a particular machine.
of cavitation damage

bmin

cannot, however, be utilized for volume loss prediction concerning
In spite of that it makes possible ptediction of changes in the extent
causęd by changes of the cavitation number o".

6. Selectionofoperatingparameter§for hydraulic machinery with the cayitation hazard taken
into account

The cavitation hazard increases with increasing unit powers of hydraulic machinery.
This is caused mainly by increasing liquid flow velocities.

Often one can avoid cavitation by ensuring appropriate value of pręs§ure on the suc_
tion side of the hydraulic machine rotor. This means having the cavitation number o ap-
propriately large. Many a time this is not ą useful solution due to high costs of deep founda-
tion of thę machine, sometimes §everal tens metres below the tail water level. For thiq rea_
son cavitation is usually allowed and therefore periodical machine overhauls become
necessafy, while investment co§ts are thus kept on the lower Jevel.

Choice of appropriate working parameters of machinery is another method of cavita-
tion suppression. It is known that the cavitation intensity and its effects on the machipe
depend on flow conditions. The best range of working parameters may be defined based on
tbe set of iso-efficiency curves for the particular machine, taking into account, among ot-
hers, also cavitation and dynamic paramęter§. Figure 42 shows such a "complex" charac-
teristics .made for a diagonal pump.Thę data were taken at constant suction head and dif-
ferent rotational speeds. Thę following curyes are prę§ented: head/discharge curve H(Q),
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cavitation cloud length, cavitatión number, efficiency and pump casing vibration accelera_
tion. It is evident from the figure that for the pump under consideration the less favourable
conditions correspond to the region of inflexion of curves E(Q) that is to the zone of cavi-
tation caused by recirculation. On the other hand, the most favourable operating conditions
exist for discharges slightly above the optimum value (that is for Q; Qr=^).

Complex chatocteristics of a pump

0,50 0i60 0:70 
o.rą

Ę - 0.78

_1

-2
_-3
...--.....-..4
_.- 5ZOcm

/ ll-łr

1
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Ę=0.7B-......---X_/5cm

0.74

. 0.70

\

{=-^ '64rd/5 2cn
74id/, u''
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" 0_05 0.10 0.15 0.2a 0.25 0.30 0.35

fLow rate [nVs]

Fig. 42. A "complex" set of curves for a diagonal pump, including the curves of hęad/discharge fl(Q)
J-throttling,2-efficiency(?),3-.cavitationcloudlength,4-vibrationsofthecasing(acceleration§),5-cavitation(o)

Usefulness of the above described method for determining machinery working para_
meters is limited to in situ investigations, Its application to model investigations does not
provide reliable information on the prototype machine behaviour as there is no closę cor-
relation between symptoms of cavitation in a model and in field conditions. This makes
correct prediction of working parameters of a machinę that are mdst favourable from the
viervpoint of cavitation difficult, leading to difficulties in selection of parameters optimum
with respect to diffęrent cavitation aspects.

The manner of running the machine during transient stages of operation should also be
taken into consideration when selecting the proper operating conditions of a hydraulic
machine, Often a hysteresis of dynamic machine properties is observed, associated partially
with cavitation hysteresis. This is illustrated in figure 43 showing vibrations and pulsations
of pressure in a Kaplan turbine as functions of the turbine set output changes. In conclu_
sion it should be noted that an appropriate procedure of turbinę set start-rrp, established
basing on the experience, tnay lead to significant decrease of dynanric loading of the macfune.
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Fig. 43. Variation ofvibrations and pressure pulsations in a Kaplan turbine as dependent on the manner
of turbine §et power changing [l9]

1 - vibrations of the casing (A), 2 - pressure pulsations (/p-",)

7. Trends in cavitation diagnostics of hydraulic machinery

Present trends of development of hydraulic machinery cavitation diagnostics indicatę
that the future work in this domain will proceed in two directions. Supposedly these will be
seeking for reliable quantitative methods of evaluating the state of a machine with respect
to cavitation and investigation ofthe importance ofthe scale effect for cavitation diagnostics.

Our opinion presented in this *oik i, that cavitation, being a rnultiaspect phenomenon,
cannot be described by one parameter on|y, Such an assumption leads in consequence to
developing diagnostic methods'covering all principal features of cavitation influence on
hydraulic machinery instead of trying to find one versatile method.

Most needed, however most difficult to develop, is a męthod for evaluating the dynamic
intensity of cavitation. The method would be aimed at the quantitative evaluation of the
erosion hazard. Thus it would be possible to compare erosive cavitation intensities in
different fluid-flow arrangements, that is to relate results of laboratory tests of structural
materials cavitation resistance to conditions actually existing inqhe industrial hydraulic
machinery.

Future works concerning cavitation detection should also include loca]ization of the
phenomenon and determination of its form.

The future tasks of the diagnostics regarding the scale effect will be concerned with
relating the intensity of cavitation observed in models to that occurring in prototypes.
Thus prediction of cavitation and dynamic charactóristics of machines is the goal. Up to
now such prediction is based mainly on approximate evaluations.

Received ty the Editor, December 1981,
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Diagnostyka kawitacji w maszynach hydraulicznych

s tres zc zć nie

praca należy do kategorii opracowań przeglądowych i zawięra informacje o obecnym stanie wiedzY

w dziedzinie diagnostyki kawitacji w maszynach hydraulicznych
We wstępie przedstawiono uwagi ogólne na t€mat kawitacji w maszynach hydraulicznYch oraz wY-

jaśniono cele i metody diagnostyki kawitacji, Z kolęi przedstawiono kilka przykładów własnyoh wYni-

ków badań kawitaoyjnych oraz omówiono związki między różnymi oznakami kawitacji w turbinąCh

wodnych i pompach. Osobny rozdziń poświęcono sprawie przewidywania kawitacji i erozji kawitacYj-

nej. Wypowiedziano się również na temat wyboru parametrów pracy maszyn hydraulicznYch ze względu

na kawitację. Na zakończenie wskazano na przyszłościowe cele diagnostyki kawitacji w maszYnach hY-

draulicznych.

ĄuarHocrnrca KaBuTaqllu B rnApaBil[qecmfix Ma[IuHax

' Pe3 roMe,

Crarux'npunaAJlerł§łT K KaTeropr4r4 EpocMoTpoBblx oTqeToB I{ coAepxl{T nrł(loplła4łrr o cocTo.rHEI4

3HaI{E{ B odnacru AtrarHocTIłKI{ xaBrlTaIIIlrł B r[ApaBflIłrłecKrx Maluurłax,

., Bo ncryrrrreHl{Ił ilpeAcTaBłerrlr o6rĘte npI{MeqaHIł, Ha TeMy KaB[TaqIł[ B ltrApaBIltqecKux MalfiultĆx

& o6rscn.rlorcrł IIeJIII Ił MeToAbI AtrarnocTartr KaBIłTaIIru. 3arervr npegcraBfiego'Iłec(oJlLKo IrPtrMePoB

co6crnerrrłrrx pe3y.]IbTaToB KaBIł,TaIIuoItIIbIx rłccrreAoBarrrń fi O6cyxęĄaloTcu cBfr3ll MexAY Pa3JIIłIIHIIMtr

IIptr3HaKaMI{ KaB{TaIłII{ n rrłgporyp§rłHax Ił Hacocax. OrAenmrrfi pa3Aen IIocB,rĄeI{ AeJIy [peABI4,qr,I-

BaHI{, KaBI{TaqIłE tr (aBIłTaII{oErrofi sposla. Brrcralarrrr Tarxe MHeHIł' Ha TeMY rsr6oPa Pa6owłx uaPa-

r\4eTpoB IIłApaBn[qecKI,u MaIIII411 c yIIeTa Ha KaBIłTaqIł}o. B sarrrłoqeltrtn }aKa3blBaeTcs Iia EePc[eKTIłBHbIe

IłęJIlt A[arHocTI{KI{ KaBItTaqtrIł B rIłApaB]IIłqecKłlX MaltrItl{ax,
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