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A Simplified Approach to Predict Some Cavitation Effects
at the Axial Runner yanes

:gle bubble model is used to predict cavitation erosion zonęs at an axial runner vane under
-lrtions and to derivę a scaling law on cavitation ęrosion rate.

1. Introduction

*:]ierou§ ręports on model tests of hydraulie machinery r1,2,3f indicate at an
l]]]tlllll]]] lj::\,cavitation cloud consisting of a multitude of small cavities as an especially
,lrilllll]]]]:]::tr form of cavitation at thę runner vanes. It is quite obvious that this form
1fi| il ,.]tion is responsible for most of blade erosion and contributes significantly
llIl' :_"_:ine vibration and some fatigue fractures of the vane§. Significant progress
Mu{ ltrl, recently made in our understanding of the phenomenon. This is due both
lłtrl ::l :]"perilnental research on cavitation cloud struciure L f anddynamics [5] and
Illh r :::,theoretical efforts in this respect [6,7,8]. Flowever, there is still lack of
h ,tllll,._i:,.e rnethod that would allow to predict various aspects of bubble cavitation
m : ::aulic machine. A lot of cavitation prediction work as well as many research
illiirn 

*", ,iming to correlate selecied cavitation aspects with operating conditions and
ilh ;:l .::etry of a hydraulic machine (or a ship propeller) are stitrl based on single
irilfi:l"',: evolution rnodels [9,10]. Despite of rather rough approximations, these
frfrr:]]ll*,9l,: -rften prove to be unexpectedly efficierrt.

ł,:,;ently, one of the authors developed a simpli{ied model of single bubble evo-
rłłllillł,, 

,i 
- originally proposed by A. D. Pernik [11] - in order to predict cavitation

M|llllllrll]i] : zones at the blade sections of hydraulic machines |1,2,137. Theoretical results
Mltl li_ satisfactory agreement with experiment and the results of an inspection under
hułll, _ ::ditions. A single bubble model was also used later on to derive a scaling law
nu!]]]lllLl:,:::1n{ł cavitation erosion of Kaplan runner vanes [14]. A critical summarization
fll :rc -::herto obtained results is given in the prcsent rcpott.

llf,t:I!
IF]
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2. Cavitation Extent Prediction by Means of a §imp§fied Model
of §ingle Bubble Evolution

The model used in this paper has been already discussed in detail in Ref. [1
and [13]. The basic idea consists in dividing the bubble evolution process into
stage§, that is the rise in the region of local pre§§ure p,beinglorryer than the satu
vapour pres§ur€ puo the rise in the region of local.pressure being higher than
saturated vapour pre§§ure and the collapse of the bubble. In each of the stages
realistic pr§s§ure distribution is replaced by its mean value (Fig. 1). The position
of .the bubble at the end of the lirst stage is deterrnined by the equality p :
The positions s, and s3, at the end of the secońd and thę third stage, respecti
can be found from the simplified solutions of the Rayleigh equation [11] and
assumption of no slip bętween the bubble and surrounding liquid [12, 13]. Both
bubble radii and respective bubble positions for a fixed flow pattern and a
§avitation number appear to be proportional to the characteristic dimension
the flow sy§tem (e.g. blade section chord ór tip diameter of the runner).

Thę method has been applied sućcessfully for cavitation prediction under
tory conditions and at the guide vanes of a pump-turbine in Żydowo rumped
Power Plant in Pomerania (PolanÓ) [12,13]. Recently, it was also used to
cavitation erosion zones at the runner vanes of a Kaplan turbine at the
Power Plant, arranged in a cascade of four river power plants at the Gęrman
(Fig. 2 [15]). The Bergheim Plant consists of three units of tip diameter D : 5.35

and rated capacity P :8.25 MW, operating under rated head H : 5.97,m.
suction head - taken as the runner exit height abovę the tailwater level -Il":1.15 m. Rotation speed, n:76,9,rpm, is compatible with /:162l3lŁ
quency of the West German railroad traction grid. The varying power
of the traction grid requires sometimes an off-design point of operation with
rising up to 8.5 m and the tail water level falling even 1.5 m below its standard

distąnce lrwt the le<ding &ge
Fig. l. The realistic ano tne slmplified pre§§ure distribution at a foil section
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Fig.2. Cascade of four nver plants at the German Danube (after [t5l)

During a rriod of 48 500 hours of operation the suction fae of 4 runner vanesnd a remarkable pitting area, espe§ially at the cylindrical section .i gsf"-ri

Pr€ssure coeflicient, )", can be found from the distńbution of the relative veló-r. using the formula

),: (wlw1)2 - 1*Ko
Ę ko denotes a coeffrcient accounting for the height of the actual point abovetlnner outlet 1, and the respechve runner losses Jtł1, lnstallation sĘma

hedicted and realistic erosion zone at the
runner vane in Bergheim Power Plant

- 
tiP diameter. This is attributed to,12800 hours ofswell operation, in particular

! : 8.5 m head, Q: 106.2 m3/s llow rate and an angle oi 9 : 16o, the chordD cylindrical blade section makes with the circumference. velocity distń-
round this blade section has been calculated by means of the schlichting's

pilarity method [1ó] at the Technical university of Munich. operatioń point aidĘde geometry data have been delivered by the power plant oiner (Rhein-Main-
reu AG) and the turbine producer (J. M. Voith cmbń;, respectively.
cavitation inception number, o,, has been calculated lrom the tormura [l7]

o,: ^^*#*r"# (1)

w, and cn arę the relative and the absolute meridional velocity at the runner
respectively, 9 is the acceleration ofgravity and 7" * the draftiube effrciency.

(2)

r:
I

:H
*

I

l

e photograph by Rhein-Main-Donau AG)
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o: NPSHtl {3l

proved to be smaller than cavitation inception number oi, which indicatęd that
cavitątion should have been expected. In fact erosion zone calculation by mean§
of the simplified model of single bubble evolution coincidęd well with the results
of field inspection (Fig. 3).

3. Erosion Rate -- a Scaling Law Following from the Analogy
Between Cavitation and Liquid Impact Damage

We shall as§ume firrther orr that cavitation damage is d.ue to the collapse of
individual bubbles travelling with the velocity of surrounding liquid and not inter-
acting one łvith another. The,number of cavities or cavitation nuclęi in a unit masr
of fluid will be considered constant. All thę supercritical nuclei will be assumod
equivalent, that is having equal gas content and following Rayleigh equation withor.u
viscosity, surface tension and gas diffusion terms. For simplicity, we shall assum
the isothermal gas convertion inside a bubble with Ro being the bubble radiun
corresponding to the partial gas pre§§ure /po under steady-state conditions.

Under these assumptions, the Rayleigh modęl yields the following forn"rula f,m

the bubble collapse rate [18]

The local pres§urę p, is assumed to be kept constant during the collapse. It fol
easily frorn Eq. (4) that the maximum collapse rate, corresponding to the bu
radius

R; : Ro ł Apł ln : Ro lQlpo1 1,w irY g<T - ;,1

can be calculated from the formula

Rł :?!!( Ęnł 
^_ r _m lpR"1)

' 3p \/poRn' --- lpoRo' 1
where param€ter K, in Eq.(5) denotes cavitation index,

Kt : (pt * p,,)l{0.5pw 12)

delined by pressure pr, and reiative velocity w,, at the runner outlet. Disregi
the last two terms in the parantheses in Eq. (6) yields

R,:+(*).-,1-,+(3).'"*
where Ap: p-p, and the subscript a corresponds to the start of the col

Ri:lpk?ffi:0.5wr
The corresponding kinetic energy of the

becornes, according to Rayleigh

Eu,n. : 2rcp Rr3 Rrz : (2nl3) pw 12 Ro3 1K, - Ar1.
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In fact, the Rayleigh model r§ed above assui]ne§ spherical symnnetry, On the
':.:r hancl side, cavitation pitting is generaliy acknowledged nowadays to be mainly

i -. to thę cumulative jets forming during bubble ccllapses close to a solid wall,*:i 
energy delivered to the wall by a cavitation nricrojet is a fraction of the total

,.:=tic enorgy of tlrę liquid surrounding the collapsing bubble. No serious error
rffi]:s to be dorre by assuming tlris energy to be proportionat to the energy calculated
:''; r E{ł. (9). In thę same way we shall assrrrne the average realistił "effective" micro_
r" ', elocity to be proportiorral to the maxirnurn ccliapse rate as calculatee! from
:- 3).

The energy needed for cavitation erosiorr of AV volurne of the wall material, i,.en by equation

AE : !8,ouiźV (10)

W* ,::1 ż fr cga denotes the so calied cavitaticln resistance" In general, 9ł,o, depends both
n: ::e structure of eavitation puises and on the physical and chemical features of

,,, :;:;rial which cłrange significantly in course'of cavitaticln atteck U9]. It follclws
]]ll],,r :te considerations of F. G. Hammitt et al [20] that ihe initial value of cavi-
iull:l : : lesistance is usually close to the ultimate resilience

U-R:0.5łłu2lą (1 1)

frlililłl':: ił denotes the tensile strength and ś is the Young modulus of the materiai.
'*lilrr]i ,ii:]lt coincides with the result of theoretical considerations presented in Ref. [14]

1 lmlłl,:l:, .,sumption of a rathei: special erosion rnechanism.,. 3,verage volume loosęned by a srngle collapse can be thus expressed as

V : q Eyinf &,,, (1ż}

:eing the proporttonatity coefticient between energy delivered to the solid
3nergy following frcm Eq. (9). Under assumptions made before there are

AN: (1r?)

_ :.lapses to be expected in a tirne interval ńt avęr a trlade strin of Ab width.
::,:ll -{ in Eq. (13) denotes the volume concentration of the supercritical-:,:gration is carried out at arry point of thę blade surface upstrearn of the
, :: zone in the direction normal to this surface. Yotrume concęnlration .,Ąr
r: ,,3ry rapidly witlr growing distance from the solid wall and Eq. (13) can

l-,]1llll|1 
-"_ tl] by an approximate relationship

llN : rcł|^nwrlbDlt {l4,|

ls the concentration of the supercritical nuclei at the streamline coinciding
: :.:de section contour and D is a characteristic dirnension of the machine
:,-neter). The proportionality coefficient rc is assumed to depend exclu-

,: .:: velocity field pattern.

6

i

,ĄbAt | -ł-w,dn
l

o



l44 J. Raabe, J. Steller

1

Taking into account relationships (9}, (10), (12) a.nd (14) we can write down tbc
volume loss per tirne unit as

A Vl At a. (2n l 3) (Ab l D} {K, * }.) rc ą łf o p w 13 D2 R.o' l fr 
"o, 

* rf ow 13 D2 R o3 l fr "o, 
(l

In fact, erosion intensity depends often on a much higher power of rel
velocity than that appearing in formula (15). A reasonable result can be
by making use of the analogy betwęen the liquid impact and cavitation
mechanisms

According to F. J. Heymann [21] the mean volume loss during a tiquid
test/can be expressed as

AĄt: k',uóNUa^26

where /1V is the number of impacts, u - liquid jet velocity and k'li - a
depending on material and jet parameter§. Eq. {16) can be rewńtten as

AY l At : k!|ra1 -26 E*infr l,

where ki, is a coellicient assumed constant tbr a definite facility and liquid
E.in : 0.5xr2 pu3 is the kinetic ęnergy of a single liquid impact of duration t : Ati
r - radius of the liquid jet and 8r, - matęrial ręsistance against liquid i
erosion defined by a formula bnalogous to Eq. (10). Liquid compressibility and
cosity as well as the liquid impact device size seem to be the basic parameters
ting the /c!'; coeflicient. A simple consideration based on the dimensional
*eihods yields

dWAt : ktt?Dlv}(uf c}!,26 Enof &r,

where c and v denote the sound ceierity and viscosity of the liquid,
D is the characteristic size of the facility and le,,, . a dimensionless parametfi
pending on the facility design,liquid impact kinematics and the "Reynolds n
Re": cDlv. Although the precise form of the k1, coeflicier_rt dependence on thc
paiameter is closely linked to the test device design, the physical intuition
rate fall with increasing liquid compressibility and viscosity) suggests that ł,,
rise with growing Re, at least as steeply as Re-o,26.

It can be easily seen from Hq. (18) that the efficiency of energy transfer
mateńril appear§ proportional to ut,26. Making use of previous assumptions
the analogy between the jet impact in a liquid impact test device and the
microjet impact onto a solid wall, we can as§ume the coefficient 4 in Eq. {

be proportional to }ł.1,26. Taking

ł : ł"., 
[o.slr,

Eq. (18) into account we obtain

_rm]"'(T)"',
where k"o,is a dimenstonless coefftcient depending on the 2crlv panmeter wiń
noting the microiet radius.'Disregarding, in the fkst approximation, the r
dence on the cavity and ambient liquid parameter§ we obtain k,no : const.
relationship (15) takes the form
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(#),., ą k"o,,ł o(K t- 1)z.zo (##)"'" .(a)'' " or,, p, *o3 /a"ou :

. 
: Ę*ffp(Kl - A)2,2o Pot.aswr5.52D2la",, (20)

Ęo, : a.77 5 k,o, pt,63 l1c2 lpoRo3)0,63.

R,elationshiP (20) is valid only for kinematically similar flows which mean§

wr cc c, a, QlDz n ,/|n,

therefore 
1{i-ź a Zc: Cr-C

UVlAt)r,, t k:;o, /or.16 Jr o Ro4.8g D'Hr.ru /Q"oo

LlŃcav - gr.ru k!"or.

The scaling laws.(20) and (21) requrre certain commehts.
hoportionality between Ro and ihe runnei diameter leaas - in general - tolrediction of the size cffect. In fact, such a proportionality ma/ be assumedin case of verY small Jru and'negligible interaction b.t*".;iu;itation bubbles.
Croslon tests are carried out under such conditioirs. Furthermore, simple stereo-
rical consideration indicatcs [t2] that the maximu,m bubble radius should not be

{2l)

Tbc above consideration suggest§ that the size effect depends in general on super-

*::r::,:i":,:':i cpńtent. Erosion rate seems d6;;;y steeply §rowingbn of size E and concentration Jro for small nuclei contents ;ń ;; gro§proportionally to D2.łnd decrease sligttty with growirrg io ro, high n-uclei
Numerous experimental data ,ugg"ri the power exponent of the runnerD to range betwebn 3 and 5 |22] which is a sort of compromil;;;.;

rsndencies. on the other hand side, thi scaling laws of N. l, rfraev, Y. U. Edel'
Td A.S. Lashkov f24f as well as recent.".ult, of K, Stelle. ttq] irai"","ii"

to overstep the value

between 2 and 3 as most reatistic.

critical nuclei radius

R.u*:032ldĘ.

c erosion rate dependence.on the 5,5 power of velocity w, in relationship (20)

1o,1"" 
reasonable result in view of the data of R. T. rnapp |ts] and otherHowever, it should be stressed that severe aeuiutions ii'th;ąl";;;;

power exponent are reported [19]. At least some of these deviations can
ned by the effect ofthe supercritical nuclei content łlro.\nfait rrodepends

lMP z. 9O .9t

R", - 2sf(pr-p-i.) (22)
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where p,-p^in:0.5pwt2(Kt_l): z:opgH, p_i, is the minimum pre§§ure at

blade section contour and s denote§ the §urface tęnsion coeflicient. It is quite evi

that the function ff o: tr o(R*\ can be replaced by a function of relative velocity

or total head FI. The course of these functions is defined by the cavitation
§pectra which usually differ between different test facilities.

4. Conclusions

Despite of far reaphing simplificationso the model of single bubble evolution

describid in Ref. [13] proved a reliable tool for prediction of cavitation erosi

zones under field conditions.
Single bubble model and some data from the liquid impact erosion tests

used in Ref. [14] and the present report to derive a sdaling law on cavitation er,

The result is close to that of other authors although size effect seems to

essentially on the cavitation nuclei spectra. Experimental verification of this

tement is needed,
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uproszczone metody prz€widywania niektórych efektów kawitacyinych
na łopatkaeh wirników osiowych

streszczenie

Łaca stanowi przegląd dwóch uproszczonych metod rozwiniętych ostatnio przez obu autorów,

gl'g: oceny różnych aspektów kawitacji w wirnikach ma§zyn hydraulicznych. Podano Podstawowe
llr;::nia uproszczonego modelu ewolucji pojedynczego pęcherzyka, opisanego szczegółowo w po-

1l1.=;.rich pracach. Stosowalność tego modelu do przewidywania strat erozji na prolrlach łoPatkowYch

,u ..o*uio na przykładzie turbiny Kaplana w Elektrowni Wodnej Bergheim na niemieckim odcinku

l,::t,Ju. NasJępnie, posługując się podobnymi założ,eniami a także pewnymi wynikami badań erozji

rulrr=jącą strugą, wyprowadzono prawo skalowania erozji kawitacyjnej. Wynik jest podobny do

i|]l: :,fanego poprzednio innymi metodami przez innych autorów, chociaż wpływ rozmiaru ma§zyny

,m,,,:ele sń mocno zależeć od widma jąder kawitacyjnych. Konieczna jest doŚwiadczalna werYfikacja

llllg.: ;twierdzenia.

}'npouónnue MeToAbr trpeAlrr,nFlBaHf,fl ileKoTopf,Ix KaBnTaĘroHllb[x rsQextor
na JroIIaTKax oceBblx poTopoB

' Pe3IoMe

?{epagBJrreTcn flpocMoTpoM 4ryx ynpoućnHhlx MeTo.uoB, pa3B}lTbrx 3a nocneAHee rPeur o6oua

flq:.iaMlł, B ueJIbIo oqeHKu acneKToB I(aBIlTaqIłu B poTopax rlrApaBmłq@Kllx MailInH. flPegcraaleuu
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