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Effects of Cavitation in Hydraulic Machines

The paper has the character of a review. It is based on the results of own and foreign research. Infor-
Wmeton is presented on energy effects of cavitation, which manifest themselves by a collapse of the machine
“eformance characteristics. Information concerning dynamic influences which destabilize the flow, gene-
e vibrations and noise and cause damaging of the machines (erosion, cracks), is also given. -

| ' 1. Introduction

The development of hydraulic turbomachines is characterized by a constant
‘erease of their specific speed and unit power. Cavitation is one of the barriers to
W development. It occurs in places at which pressure in the liquid decreases to
vzlue near the saturated vapour pressure p, at a given temperature. This occurs,
of all, in suction areas and flow channels of runners/impellers and guide rings.
Favourable conditions for creating cavitation are: high suction heads, high liquid
Mocities, sudden changes of flow direction, incorrect conditions of runner/impeller
poly and separation of streamlines from the walls forming the flow boundaries.

“a order to evaluate the danger of occurrence of cavitation and the degree of ca-
ion development inside machines the Thoma number is commonly used

NPSH
H ”
ez NPSH is the net positive suction heaa, # — total head, nso — specific speed
¥ machine (nsg = nQ'?/H**), n — runner/impeller speed, Q — flow intensity.
i elationship between the number ¢, and specific speed ng, for pumps and turbi-
' shown in Figs 1 and 2 [6]. It should be mentioned here that as a rule pumps
#more sensitive to cavitation than water turbines. This is proved by higher ¢ values
W machines of similar specific speed, and higher cavitation intensity in pump opera-
W of reversible machines than in their turbine operation (6,4 & 0.76 ymp)- In order
‘wevent cavitation in a machine, the following condition must be fulfilled

Frx = o ngg

a < 0;

permis. inst

Wese o is the cavitation number of installation (power plant). The number o, can
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Fig. 1. Specific speed influence on cavitation pro- Fig. 2. Specific speed influence on cavitation pres
perties of impeller pumps perties of water turbines (Francis and Kaplas®
be calculated from the formula:
= H b H v H s
U= =
H

in which H, is the atmospheric pressure head measured at the tail water free su
H, — suction head (distance between the element exposed to cavitation and the
water free surface), H, — liquid evaporation pressure head.

To prevent cavitation, first of all limitations are put on the suction head, and
following condition should be fulfilled:

Hs < Hb_Hv—'apermis.H'

In practice this condition is not always met. Generally, in presently designed
built high power hydro plants, operation of hydraulic machines in the so
controlled cavitation range is accepted. This is done for reasons of economy, i€
order to lower the cost of building the plant by situating the machine foundats
‘higher. In most cases, operation in the controlled cavitation range has no nega
influence on energy exchange in the flow and does not cause significant erosion dam

However, cavitation often influences the machine performance properties, genes
rates vibrations of the walls forming flow boundaries and is the reason of noise ané
cavitation erosion. The magnitude of these symptoms depends on the degree of ca
vitation development and on structural features and machine operation parameters
At high intensity of the phenomenon and low resistance of structural materials, da=
mages leading even to the damage of the machine itself should be expected. In Table &
quantitative information concerning damages of water turbines and reversible machines
in 28 U.S. hydro plants are presented [5]. It may be concluded that the main reasos
of the damages were cavitation and vibrations. It also may be supposed that some
part of the cracks of important machine elements occurred due to cavitation.

Nearly all turbines and reversible machines in Polish high power hydro planis
are exposed to cavitation. As an example may serve reversible machines in the hydse

9
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Table 1
Damages in 28 U.S. hydro plants (generating capacity 27400 MVA, data from the years 1928-1982)

" Tupe of turbine Tow: { P | F{F |{pr|pr|k
| Hange of head in meters; from 300 | 128 | 25 150 | d

to 210 | 100 150 |. 30
~ Sumber of turbines 195 4100%1- 6 . <2517 40 boops [y | 77
Saterial
~ Weided runner 24 | 12% | — 3 18 3 el
H“’ffm steel runner- 147E75% F — 22 31 9 8 77
- st stainless steel runner 24 112% | 6 — - 10 8 —
"}‘ “#added runner with stainless padding weld 35 |18% | — | 21 — 6 8 | —
)mw ring vanes — steel 185 195% | — 25 49 18 16 77
w‘Emde ring vanes — stainless steel 441 2% | — — = s =

Demages

~ \brations, in general 62 {32% | — — 4 8 8 42
! ~\Brations at optimum opening 28 114% | — 5 8 11 — 4
Sense cavitation g p st aen el

Waderate cavitation 24 | 12% | — 1 3 4 8
! Wightly developed cavitation 65 [33% | — 3 21 3 — 38
s " apermissible deformations 31 S% - — 3 — —
j,’!hrhce cracking in more important parts 30 15% ) — — 11 3 16 —
|<E.:cks or breaking of more important parts 17: 1. 8% == 2 — 15 - —
Weslacement of more important parts 91 5% | — 6 | — 3 —

Wpairs by welding

|~ mot required 13- 0% 2 — 1 2 8 —

" 0 recognition 0 108% 4 Pt e el 0 L

every 1 year 18 9% | — 5 6 7 — —
every 2 years 15:] 8% | — 3 — 8 4
every 3—S5 years 98 |50% | — — 29 — — 69
every 5—10 years 21 | 11%: |~ 17 — — — 4

;P — Pelton turbine
F — Francis turbine
PT — reversible machine (pump/turbine)
K — Kaplan turbine

leats at Solina, Zydowo, Porabka-Zar and Zarnowiec and Kaplan turbines in the
o plants at Zur and Koronowo. In thermal power plants, steam boiler supply
“mps are most exposed to cavitation. Cavitation damages occur mainly within the
st stage. B
In general, it should be stated that development of hydraulic machines and also
durability and performance efficiency, are closely connected with cavitation.
Serefore increasing attention is given to this phenomenon, especially to the methods
‘preventing the negative effects of cavitation. For this aim, it is proposed [5] to use
Wl tested design and materials, to carry out periodical inspections and repairs and
W operate the machines basing on the knowledge of the cavitation process.
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This paper presents a review of the negative ettects of cavitation occurrmg
hydraulic machines. The basis of the review have been the results of research ca
out by the Department of Fluid Dynamics of the Institute of Fluid-Flow Machinery
in Gdansk and foreign research. '

7

2. Negative Influence of Cavitation

2.1. Performance effects

The performance effects manifest themselves by a break-down in the characteri
curves. This concerns mainly the decrease in the dlscharge head and efficiency
pumps, and decrease in power and efficiency of water ‘turbines. As an example
. serve break-downs in pump characteristics H(Q) and #(Q) shown in Fig. 3 [6].
are closely connected with the pump suction head (represented in the figure by
dynamic head NPSH).

The influence of cavitation on energy exchange in the machine is visible at deves

8, .
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i
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Fig. 3. Deformations of impeller pump characte- Fig. 4. Relationship between the area of cavi
ristics caused by cavitation and machine efficicncy
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coefficient for a Clark Y 11.7 profile [4]
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wped cavitation. The relationship between the cavitation pattern and the efficiency
if energy conversion is shown in Fig. 4. The figure shows also that the area in which
mvitation occurs increases with the decrease of pressure in the flow. In consequence
i these changes the interblade channels may become blocked by the cavitation cloud.

Therefore, as the pressure becomes lower the area covered by cavitation grows
wrger [2], flow resistance increases and the aerodynamic lift decreases [4]. This is
Bustrated in Figs 5 and 6.

It should be mentioned here that the values of o, corresponding to the beginning
W the changes in performance parameters, are as a rule smaller than the values of o,
wrresponding to the initiation of the phenomenon and of 6.gonini. COTTESPOnding to
e occurrence of erosion, i.e.

g 0 < 0.

erosioninit
Wrict relations between these indices depend not only on machine structure and
waditions of machine operation, but also on the kind and state of liquid and on the
wewssical, chemical and structural properties of the material.

2.2.  Acoustic symptoms

Operation of hydraulic machines undér developed cavitation conditions is unde-
ahle because of the performance and dynamic effects. Some of them, e.g. noise,
wear at various stages of cavitation, i.e. at different o values. However, the highest
wese level occurs in the range of performance effects. For example, in Fig. 7 there

1+ headt loss
0}— : .
- . NPSH.
7 G - -
st
/ -3l
=N
—— moodlel
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o n = 1600 min 4
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15 F

g 7. Model test results for the prototype
of the Superphenix pump [1]
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Fig. 8. Influence of cavitation in a pump on its efficiency and noise [6]

are presented results of model and prototype test of a Superphenix pump designeé
for pumping sodium in fast breeder reactors [1]. Other authors (e.g. G. Sebestyen &
al [8]) present a somewhat different picture of noise level variation versus NPSH.
To the last group belong also W. M. Deeprose et al [6], who point to the fact tha
acoustic signals appear in the earlier stages of cavitation development, attainimg
peak value before the collapse of characteristic curves (Fig. 8). Own investigatie
[11, 12], confirm that cavitation noise appears at weakly developed cavitation, a2
that its level increases while approaching the collapse point of the characteristic cury
It is supposed that disagreements presented here are caused by differing conditios
in which the tests were performed, especially by different conditions of acoustic =
diaton measurement. Certainly, an important role is also played by the gas conts
in the liquid and the machine operation parameters. It is known that dynamic phens
mena (impingement, noise, vibrations), accompanying the growth and dlsappear ;
of cavitation bubbles, are itronger when the gas content is lower and pressure in &

liquid is higher. " ‘

2.3. Impingement and vibrations

Water hammer effects caused by collapsing cavitation bubbles and pressure p
sations resulting, among others, from cavitation cloud movement, collision and ress
tution of bubbles, turbulence and flow separation are the reason for dynamic sym
of cavitation. In Fig. 9 a pressure pulse during a single cavitation bubble collas
is shown. The measurements have been made [3] in the laboratory of the Institute:
Fluid-Flow Machinery in Gdansk, using a PCB Piezotronics piezoelectric transdus
of 0.145 mV/kPa sensitivity, 1.4 kPa resolution, 500 kHz resonance frequency
100 MPa maximum pressure.

Pulses generated by cavitation are of random character. Hlstograms of such
ses at various values of the parameter describing the state of the system are shom
in Fig. 10. Attention is drawn to the marked variability of the number and valus
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pulses depending on the cavitation index o*. They may be. taken as a measure
cavitation intensity, and the direct reason of the vibrations and erosion of wa
forming fluid flow boundaries. As an example one may use vibrations observed in
Kaplan turbine of the hydro electric power plant at Koronowo (Fig. 11) and in
reversible machine of the pumped-storage power plant at Zydowo (Fig. 12).
quickly growing level of vibrations in the Kaplan turbine at P > 13 MW is w
noting. This phenomenon correlates well with the pressure pulses downstream of
turbine runner (curves shown in Fig. 11) and audiovisual observations [11].

Vibrations may result in fractures of the guide vanes and runner/lmpeller b
(Fig. 13).

2.4. Cavitation erosion

-

According to the data given in Table 1 and Hydro-Quebec information publi
by R. Simoneau [9], cavitation erosion is the most often observed symptom of
tation. The data published by Simoneau give the following picture for Canada:
—— 68 cast iron and cast carbon steel Francis turbines of 1 to 10 MW unit po
show small cavitation damage,

— 55 Francis turbines and 6 propeller turbines made from cast iron and cast ca
steel, of 10 to 30 MW unit power, show moderate cavitation damage (repalrs co
in padding with stainless steel),

— 10 propeller turbines, 14' Kaplan turbines and 146 Francis turbines from
martensitic or carbon steel covered with stainless steel, of 30 to 333 MW unit
and total power of 20000 MW show severe cavitation damages.

Medium erosion of carbon steel, specially in the carbon steel/stainless steel
sition areas is between 0.2 and 2 mm/year and occurs on surface areas up to 4
Intensive erosion, at heads H > 30 m, occurs on small areas (from 0.1 to 0.7 m
ranging between 0.5 and 3 mm/year. Erosion 1nten31ty of 10 mm/year is also
times observed. Specially disadvantageous erosion occurs in machines Wthh are
paired too late (e.g. after 10 years). In such cases erosion losses attain 3 to 8 mm?

In Figs 14, 15 and 16 are presented photographs showing cavitation damages
a Francis turbine (hydro plant at Grodek), Kaplan turbine (hydro plant at Koro
and reversible hydraulic machine (hydro plant at Zydowo). These examples and
given in Table 2 give evidence of the magnitude of damages occurring in the P
hydro electric power plants.

The course of cavitation erosion is determined by the cav1tatldn load level
~ ability of material to re51st this load (cavitation resistance of material) and by
duration of material exposure to the phenomenon. Cavitation destruction is str
influenced by corrosion which significantly hastens decohesive processes.

* ¢ = 2(p,,—p,)/evs, where p,, and v, are the pressure and velocity at updiﬁurbed flow, p, =
evaporation pressure of liquid of density p. :



Fig. 14. Francis runner at Grodek Water Power Plant after seven
years of operation; blades made of carbon steel

Fig. 15. Kaplan turbine runner casing from hydro plant at
Koronowo; material: cast carbon steel
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Table 2
Cavitation Damages in Reversible Machines at Zydowo
: Time of operation of gene- Cavitation pitting depth in mm
Location of damage rating set in hours S
local maximum local average
~enner blades 8624 10..32 02..25
guide vanes 9935 1.0..60 0.6 .. 40
munner hub ? 8624 40 .. 11.5 30..50
munner hub 11467 40 ..225 3520
*. v
)
> 3 . A / X/ performance effects)
R ] 3 g‘ 1 \
i
§ 8 D, EO = i
=~ Bt 3 g B \| T
v V) o - S n initiation)
5 e supera- Sin
g J Sian o vitation ) cavitation
3 g g . ‘Peeption)
3
B ] N
tme t cavitation number €
"z 17. Typical course of cavitation damage Fig. 18. Cavitation erosion in a model pump in

dependence on the ¢ number

A typical erosion course versus time is shown in Fig. 17. Possible modifications
W this course result from varying properties of material and from differences in the
wpe and degree of development of cavitation. The influence of the degree of cavitation
Jevelopment in a centrifugal pump on the damage rate of pump elements is shown in
“z 18 [2]. It may be concluded that the largest load exerted on the material appears
Juring developed cavitation, and that the beginning of erosion is connected with
weakly developed or moderate cavitation.

At present, correct forecasting of structural material behaviour in a machine
wwposed to cavitation is impossible. At the most, basing on model tests, we can indi-
s places endangered by cavitation erosion. Therefore, it is attempted to evaluate
\wvitation damages using various simplifying assumptions and comparative studies.
% method of forecasting damage in a machine was developed at the Institute of
i"sF?n;jd-Flow Machinery in Gdansk. The method is based on results of material sample
\wsts performed under known cavitation conditions and on the knowledge of cavi-
‘won loads [13]. Using this method and the additional assumptions that the re-
\weance and the energy absorption efficiency of the material are similar under natural
'™ and laboratory (L) conditions, the average durability of material may be evaluated

“om the formula:

I VA
1 H.\*/D.\f
e )
3 HP/ DP
‘where H is the head and D is the runner/impeller diameter. Preliminary investigations
\micate that exponents o and f§ attain values between 2 and 3.
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3. Counteracting the Negative Effects of Cavitation

In order to prevent cavitation or decrease its negative effects, design, process
engineering, installation and operational methods may be used. \

The design methods consist mainly in forming such flow channels that kinemats
cally optimum streamline pattern is obtained and in using profiles of low susceptibi-
lity to cavitation. Special devices used for changing the flow field in the area exposed
to cavitation also belong to this type of methods. An example are the “anticavitation
strips” (Fig. 19) used in the Kaplan turbines and ejectors or inducers used in centrs=
fugal pumps.

Fig. 19. Kaplan runnér blade with an anticavitation strip

Process engineering methods concern the material and the working medium.
objective is to ensure high cavitation resistance of the structural elements and
weaken erosive effects of cavitation by aerating the flow, blowing through (ventillatis
the cavitation zones, using cathodic protection and processing the liquid contai
in the closed circuit. . \

The installation methods aim at ensuring that the machines have a sufficie
\arge excess of pressure head at the suction side. This is connected with approps

situating of the machine, which requires taking into account two contradictory
dencies. Because of cavitation, the machine should be located in a low position.
because of the cost a higher position is required. As it was already mentions&]
practice a compromise is reached, allowing weakly or partially developed cavi
in the machine. :

Operational methods consist in limiting the dynamic depression and in eliminat
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sct, flow separations and swirls hoth at the inlet and outlet of flow channels. The

Wiem consists in rational machine operation control with regard to cavitation.

lem=fore the machines should be equipped with appropriate diagnostic apparatuses
wvitation detectors.

* appears that machines exposed to cavitation require special treating. This

svation concerns not only control of operation but also checking the technical

uitions of the machines (inspections, tests), removal of defects (finding and remo-

i rroubles), maintenance (everyday inspection and running repairs) and periodical

neration.

. The periodical inspections and repairs are very important for durability and

wiability of machines. Repairs which cause stresses and deformations and increase

ghness of surfaces coming into contact with the liquid are the reason of additional

wation damages. In this respect, special attention is drawn to the effects of padding

"& 20). As a result of repairs the course of damaging may be changed as shown in

21 [10]. This means that special attention should be glven to the problem of
weation damage repair.
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Fig. 22. Influence of blade profile deformation
on the pressure distribution (acc. to [14])

During repairs deformations may appear, e.g. deformation of blades lea
changes in the pressure distribution, and therefore changing cavitation condi
An example of such changes and their results is shown in Fig. 22 [14].

Basing on multiyear experience, E. Randegger of Escher Wyss [ 7] recomme '
observance of the following principles:

a) In order to avoid or at least limit hydraulic losses, smoothness of all s
contacting with the liquid should be ensured.

b) Periodical inspecting of all parts under hydraulic and mechanical loz
necessary. Special attention should be paid to cracks and scratches. If rep:
necessary they should be agreed upon with the manufacturer of the machine.

¢) The machine should be operated in an economically justified way, bass
running inspection of its technical condition. )

d) The knowledge of the behaviour of hydraulic machines under cavitation ;
tions is mainly based on experience. Therefore it is necessary to collect and 2
systematically various information coming from machine users and measuring t&
Conclusions drawn from such research should be used in design and operation prag
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Skutki dzialania kawitacji w maszynach hydraulicznych

, Streszczenie

Praca ma charakter przegladowy; jest oparta na wynikach badan wlasnych i obcych. :
Na wstepie zamieszczono informacje ogolne na temat warunkow pracy maszyn hydraulicznych, wska-
\use na kawitacje i wibracje jako na gtowne przyczyny powodujace uszkodzenia pomp i turbin wodnych
lbela 1). Szczegoding uwagg poswigcono skutkom energetycznym, objawom akustycznym, mikrouderzeniom
ez drganiom i erozji kawitacyjne;j. :

Wplyw kawitacji na wymiang energii w maszynie jest na og6t dobrze znany. Niektore osobliwosci
| \wm zwiazane przedstawiono na rysunkach 3-+6.

Zwiazek miedzy skutkami energetycznymi i objawami akustycznymi w pompach ilustruja krzywe
wmisszczone na rysunkach 7--8. Rysunek 7 ukazuje ponadto przebieg sygnalow akustycznych zare-
wowanych w podobnych warunkach w pompie modelowej i w prototypie. :

Zwracajac uwagg na fakt, iz glowna przyczyna dynamicznych oznak kawitacji sa implozje pecherzykow
\tacyjnych, przedstawiono typowy przebieg pojedynczego impulsu ci$nienia (rys. 9) oraz rozklad takich
\meulsow w zaleznosci od stopnia rozwoju kawitacji (rys. 10).

Wiecej uwagi po$wiecono drganiom i erozji kawit_aéyjnej. Na rysunkach 11 i 12 przedstawiono krzywe

\razujace drgania elementow maszyn w elektrowniach wodnych Koronowo i Zydowo, a na rysunku 13
\wimiccie fopatki w EW Solina. Inne uszkodzenia spowodowane kawitacja ukazuja fotografie zamieszczone
I rysunkach 14, 151 16.
Zwiazek miedzy czasem dzialania oraz stopniem rozwoju i erozja materiatu przedstawiaja rysunki 17 i 18.
Na zakoniczenie wskazano na sposoby postepowania, ktore stuza przeciwdziataniu szkodliwym skutkom
\witacji. Zwrocono uwage na sposoby konstrukcyjne (rys. 19), technologiczne i instalacyjno-ruchowe.
ik reslono znaczenie biezacej diagnostyki maszyn oraz okresowych przegladow i napraw pokawita-
mych (rys. 10, 21 i 22).
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Chaencrus felicTBHA KaBHTANHM B THAPABIHYCCKHX MaHIMHAX

Pesome

PaGota umeeT 0630pHBIi xapakTtep. OHa OCHOBaHA Ha pe3ynbTaTax COOCTBEHHLIX M HYXKHX
JOBaHHH. :

B nHauane nausi obue nHpopMaliyu HA TEMY YCIOBHI pabOTHI FHAPABIMYECKHX MAIlIKH, C YK
Ha K4BUTALMIO M BUGPALIMH KaK HA OCHOBHBIC NPHYMHEI BLI3BIBAIOLLNE TIOBPEX/ICHHS HACOCOB H
Typbun (tabnuua 1). Ocoboe BHUMaHHE YAENSETCH FHEPTETHYECKMM CIIE/ICTBUSIM, AKYCTUYECKAM Co
MaM, MHKpPOYJapaM, a TaKke kKoJie6aHNsIM 1 KaBUTAUMOHHON IPO3NM.

BiiusiHue xaButauuu Ha obMen sHeprueil B Mammue B o6LieM Xopouio u3ydeHo. Hekoropsse
GEeHHOCTH € 3THM CBA3AHHbIE NPE/ICTABJICHBI HA PUCYHKAX 3+ 6.

Cps3b MEX Iy SHEPreTHYECKHMH CIICACTBUAMM U 4KYCTHYECKUMHU CHMITTOMAMHE B HACOCAX LTSN
pYIOT rpaduky npeaCTaBEHHbIE HA PUCYHKaX 7+ 8. PucyHok 7 ykasbiBaeT KpOME TOTO XOJ aKy
CHTHAJIOB 3aPETHCTPHPOBAHHBIX B MOXOXKHX YCIOBHAX B MOJIEIBHOM HACOCE H B MIPOTOTHIIE.

Ob6pailias BHUMaHHE HA (AKT, YTO OCHOBHOH NMPUYMHON AMHAMHYCCKHUX MPU3HAKOB KABE
ABJIAIOTCA UMILJIO3MH KaBUTAIMOHHBIX TY3bIPbKOB, IPEACTABJICHb! THINYHBIK XO OJMHOYHOTO H
JasjieHus (puc. 9), a Takxke pacnpeseiicHHe TAKHX UMIYJILCOB B 3aBUCHMOCTH OT CTETIEHH PA3BH
Butanuu (puc. 10).

Bosblile BHUMaHUS yaenseTcs KoJaeOaHUsIM ¥ KaBUTaUMOHHOMK 3po3un. Ha pucynkax 11 u 12 m
CTaBJICHb! KPUBbIE H300pajatoiiue KoieOaHus IEMEHTOB MALMH B THApOdIeKTpocTaniusx Kope
1 Ke110B0, a Ha pucynke 13 Tpeuwmna nonatku B I'mapoanexrpocranumu Cosvna. JIpyrue nospe
BEI3BAHHBIC KABUTAUMEH NOKa3bIBAIOT (POTOCHUMKH NPEACTABICHHBIE HA pHCYHKax 14, 15 u 16.

Caa3b MEXAY BpEMeEHEM JCHCTBHSA, 4 TAKKE CTENEHbIO PA3BUTHA U 3DO3Meil MaTepuaa yka
pucysku 17 u 18, . -

B 3akmrouenun ykaspiBatoTcs énocobbl noBeieHUs, clyXaliue NPOTUBOAEHCTBUIO BPEAHBIM &
cTBUAM KaBuTaluu. OBpALIAeTCA BHUMAHNE HA KOHCTDYKIMOHHBIE (puC. 19), TexHONOTMUYECKHE W Wil
TAXKHO-IKCIIyaTalMOHHbIE criocobnt. [MomuépkuBaeTcs 3HAYEHHWE TOCTOSHHON IMATHOCTHKHU A
4 TAKX€E NEPHOJIMYECKUX NPOCMOTPOB M NOCIEKaBUTALMOHHBIX peMoHTOB (puc. 10, 21 u 22).



