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PRAcE INsTYT[JT ŁI MA§r:YN PRZEPŁY-wolryYcH
7sszyt X-9l

KAzlMIERz §TEI.LER

]rutytut M§zyn PrrepĘrvowych PAN, Gdańsk (Instilute of Fluid_Flow Młchinery, Polish Academy of Scienceą Gdańsk)

Effects of Cavitation in Hydraulic Machines

.ile paper has the charactrer of a revluw. It is based on the results of own and foreign research. lnfor_
rmru; ln is presented on energy effects of cavitation, which manifest themselves by a collapse of the machine
mr,,:rnance characteristics. Information concerning dynalrric inlluences which dęstabilize the llow, gene-
mc li§ląli6n5 and noise and cause ciarnaging ofthe machines {erosion, cracks), is also given.

1. Introduction

The development of hydraulic turbomachines is eharacterized by a constant
lllfilc::asć of their specific §peed and unit power. Cavitation is onę of the barriers to
i|lr,, jevelopment. It occurs in places at which pressure in the liquid decreases to

; ue near thę saturated vapr"lur pressure pv at a given ternperaturę. This occurs,
_.f all, in suction areas and flow channeis of runners/impellers and guide rings.

llvourable conditions for creating cavitation are: high suction heads, high liquid
:[jties, sudden changes of flow direction, incorrect conditions of runner/impeller

:J and §€paration of streamlines from the walls forrning the flow boundaries.
: order to evaluate the danger of occurrence of cavitation and the degree of ca-
, rn development inside machines the Thorna number is commonly used

NPSH6rn: , Nn!fi

:-: \PSH is the net positive suction heao, łl - total head, łr"n - specific speeo
ri:hine {nsQ: nQLl21Plt+), fr - runner/impeller speed; 0 ] flo* intensity.
-:iationship between the number orrand speciIic speed rrrn for pumps and turbi-
ł shown in Figs l and 2 [6]. It should be mentioned here tlrat as a rule pump§
::,_,:e sensitive to cavitation than water turbines. This is proved by higher o values
i*:hines of sinrilar §pecific speed,,and higher cavitation intensity in pump opera-
;i reversible machines than in their turbine operation (otu,bine ł 0.7oou-p). In order

F:-,311 cavitation in a machine, the following condition must be fulfilled
Opermis < dinst

* is the cavitation number of installation (power plant). The number oin.f can
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Fig. 1. Specific §peed influence on cavitation pro-

perties oi impeller purnps

be calculated from the formula:
IIb_ H,- H"

Oinst

in which .Fl, is the atmosphęnc pre§sure head measured at the tail water fręe §urfa,E"

H"- suction head (distance betwe§n the elemęnt expo§ed to cavitation and the iofr,L

wat§r freę surfacę), H,*- liquid evaporation pre§sure head,
To prevent cavitation, first of ail limitations are put on the suction head, and ',m

following condition should be ftrltilled:

H"< Hb-Hr-op"..ir,łI.

In practice this condition is not always met. Generally, in presently designed a.lt$

built high power hydro plants, operation of hydraulic rna§hines in the so calbd
controlled cavitation range i§ accepted. This is done for rea§on§ of econoiny, i.e. n
order to lowęr the cost of building the plant by situating the machine foundatl,m
higher. In most cases, operation in the controlled cavitation range has no negatiĘ
influence on energy exchange in the llow and does not cause significant erosion damaea

However, cavitation often influences the machine performance propertie§, genf-

rates vibrations of the walls forming flow boundaries and is the reason of noise an:
cavitation erosion.'The magnitude of the§e symptoms depends on the degree of ca-

vitaticin development and on §tructural fęatures and machine operation parameten
At high intensity of the phenomenon and low resistance of structural matęrials, d+
mage§ lea<ling even to the damage of the machine itself should be expected. In Table _

quantitative information concerning damages of water turbines and reversible machiłes
in 28 U.S. hydro plants are presented t5]. It rnay be conciuded that the main reasotr

of the damages were cavitation and vibrations. It also may be supposed that sorx
part of tlre cracks of important machine elemęnts occurred due to cavitation.

Nearly all turbines and reversible machines in Polish high power hydro plan:..

are exposed to cavitation. As an example may serve reversible rnachines in the hydrc

H



Effelts of Cavitation in Flydraulic Machines

of heaó in meters; from
to

F
l28
2l0
25

steel runner.
stainless steel runner

runner with stainless padding weld
nng vane§ - steel
ring vanes - stainless steel

rissible deformations
cracking in more importanł part§
or breaking of rnore important part§

t of more important part§

32%
t4%
5%

12%
33%
1.5%

l5o/o

8%
5Yo

62
28

9
24
65

3
30
l7
9

;
2

1j
2

6

8
t1
7
+

3

3

3
l5
3

4

8

3

2l

tl

42
4

8

38

j
8

:

rct required
rc recognition
crry l year
crcry 2 year§
crtry 3-5 years
crcry 5-10 years

2
4

p 
- pelton turbine

F - Francis turbine
PT - reversible machine (pump/turbine)
K - Kaplan turbine

l9l

lbnages in 28 U.S, hvdro olants {oenerlfino nąno^ir 
Table l

- -, ---' plants (generatin8 capacity 27400 MVA, data from the years 1928_1982)

at Solina, Żydowo, Porąbka-żar and żarnowiec and Kaplan turbines in theplants at Żur and koronowo. In thermal power plant§, .t"u,n boiler supply
are most exposed to cavitation. cavitation damages occur mainly within itre

stage.
ln general, it should be stated that development of hydraulic machines and alsor durabilitY and Pęrformance efficiency, are closely connected with cavitation.

increasing attention is given to this phenomenon, ;.Ń;lly ,.-it. methods
ing the negative effects of cavitation. For this aim, iiis pó;; [5] to usel tested design ańd materials, to carry out periodicat inspectións ana repairs andoperate the machines basing on the knowledge of the cavitation proce§s.
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This paper presęnts a ręvlew of the nogative etlects of cevrtatlon occurring fu

hydraulic machine§. Thę basis of the revięw have been the ręsults of research earrigd
out by the Department of Fluid Dynamics of ttłe Institute of Fluid-Flow Machiner1
in Gdańsk and foreign research.

2. Nesative Influence of Cavitation

2.1. Peńormance effects

The performance effects manifęst thenrselves by a hreak-down in the characterisuc
curves. This concęrns mainly the decrease in the clischarge, head and elliciency oi
pump§, and decrease in power and efficiency of water turbines. As an example ma3

serve break-downs in pump characteristics ir(Q) and ą(Q) shown in Fig. 3 [6]. Th€T

are closely connected with the pump suction head (represented in the ligure by tbc

dynamic head NPSłi).
The influence of cavitation on energy exchange in the machine is visible at de\+
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Fig. 3. Deformatiorrs of impeller purnp characte-
ristics caused by cavitation

Fig. 4. Relationship between the area o[ cavitancn
and machirre elliciency

cąutłdćtbn i.aęr< C
Fig. ó. Influence r;f the degree ol cavitation d,*,
lopment on the change of the lilt c" and drag ;

coefficient for a Clark Y 11,7 profile [4]
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Fig. 5. Propagation ofa cavitation cloud on
versible machine blade (suction side)
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:f€d cavitation. The relationship between the cavitation pattern and the efliciency
l|:nergy conversion is shown in Fig. 4. The figure show§ also that the area in which

;u,,,itation occurs increases with the decrease of pressure in the flow, In con§equence
,' :hese changes the interblade channels may become blocked by the cavitation cloud.

Therefore, as the pres§ure becomes lower the area covered by cavitation grows

- :er [2], flow resistance increases and the aerodynamic lift decreases [4]. This is
:,, _.;trated in Figs 5 and ó.

It should be rnentioned here that thę values af o",.., corresponding to the beginning
, :te changes in performance parameters, are as a rule smaller than the values of o',

l ::esponding to the initiation of the phenornenon arrd of oerosioninit. corresponding to
.:.; occurrence of erosion, i.e.

O"ńt ( O"rorioninit { 0i,

_:t relations between these indices depend not only on machine structure and
,ll,,: litions of machinę operation, but also on thę kind and state of liquid and on the
,ltl," , sical, chemical and structural properties of the material.

,)

2.2", Acoustic 
:ymptom§

)peration of hydraulic machines undćr developed cavitation conditions is unde-
lir,.:]e because of the performance and dynarnic effects, Some of them, e.g. noise,
iiilif-:ćar at various stages of cavitationo i,e. at different o values. However, the highest
ilrrlL.: ,"; level occur§ in the range of performance effects. For example, in Fig. 7 there

t
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Fig. 8. Influence ofcavitation in a pump on its elliciency and noise [ó]

are presented results of model and prototype test of a Superphenix pump designoc
for pumping sodium in fast breeder reactors [1]. Other authors (e.g. G. Sebestyen e
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 thun

acoustic signals appear in the earlier stages of cavitation development, attainitT
peak value before the collapse of characteristic curves (Fig, 8). Own investigationr
U|,12f, confirm that cavitation noise appears at weakly developed cavitation, aM
that its level increases while approaching the collapse point of the characteristic cuną.
It is supposed that disagreements presented here are caused by differing conditicrm;
in which the tests were performed, especially by different conditions of acoustic i,ł"
diaton measurement. Certainly,.an important role is also played by the gas cont§Ń
in the liquid and the machine operation parameters, It is known that dynamic pheor
mena (impingement, noise, vibrations), accompanying the growth and disappeart
of cavitation bubbles, are §tronger 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
sations resulting, among others, from cavitation cloud movement, collision and
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 collal
is shown. The measurements have been made [3] in the laboratory of the Institul:
Fluid-Flow Machinery in Gdańsk, using a PCB Piezotronics piezoelectric tra
of 0.145 mV/kPa sensitivity, 1.4 kPa resolution, 500 kHz resonance frequenc1
100 MPa maximum pressure.

Pulses generated by cavitation are of random character. Histograms of such ;
ses at various values of the parameter describing the state of the system. are shc

in Fig. 10. Attention is drawn to the marked variability of the number and valuc
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pul§es depending on the cavitation index o*. They may be, taken a§ a me&surE
cavitation intensity, and the direct reason of the vibrations and erosion of
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 Żydowo (Fig. 12).
quickly growing level of vibrations in the kaplan turbine at p > 13 Mw is
noting, This phenomenon correlates well with the pre§§ure 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/impeller
(Fig. 13).

2.4. Cavitation erośion

According to the data given in Table 1 and Hydro-Quebec information pu
by R. simoneau [9], cavitation erosion is the most often observed symptom of r

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
show small cavitation damage,

- 55 Francis turbines and 6 propeller turbines made from cast iron and cast ca
steel, of l0 to 30 MW unit power, show moderate cavitation damage (repairs
in padding with stainless steel),

- 10 propeller turbines, l4'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 cbvitation damages.

Medium erosion of carbon steel, specially in the carbon steel/stainless steel
sition areas,is between'0.ż and 2 mmlyear and occurs on surface areas up to 4
Intensive erosion, at heads Il > 30 m, ,occurs on small areas (from 0.1 io 0,7
ranging between 0.5 and 3 mmfyear. Erosion intensity of 10 mm/year is also sq
times observed. Specially disadvantageous ęrosion occurs in machines which are
paired too late (e,g. after 10 years). In such casęs erosion losses attain 3 to 8 mm3

In Figs 14, 15 and 16 arę presented photographs showing cavitation da
a Francis turbine (hydro plant at Gródek), kaplan turbine (hydro plant at koro
and reversible hydraulic machine (hydro plant at Żydowo). These examples and
given in Table ż give evidence of the magnitude of damages óccurring in the F
hydro electric power plants.

The course of cavitation erosion is determined by the cavitatidn load level
ability of material to resist this load (cavitation resistance of material) and b;-
duration of material exposure to the phenomenon. Cavitation destruction is s
influenced by corrosion which significantly hastens decohesive processes.

* o : 2(p*- p,)lpu2-, where p* and u- are the pressure and velocity at undiŚiurbed flow, p. r
evaporation pressure of liquid of density p.



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

i.. ,,- -ąffiŁ,sW,wę

ryffi_ffi,.',i :.ffi
15. Kaplan turbine runner ca§ing from hydro plant at

Fig.
Koronowo; material; cast carbon steel
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Cavitation Damages in Reversible Machines at Zydowo

Locarion of damage
Time of operation of gene-

rating rel in hours

Cavitation pitting depth in mm

local maximunt local average

lnner bladm

iride vane§
-:nner hub
-:nner hub

8624
9 935

8624
l l46,1

1.o ...3.2

1.0... 6.0

4,0 ... l 1.5

4.9...72.5

0.2 .,. 2.5

0.ó ... 4,o

3.0 ... 5.0

3.5... l2.0

łine t
9 l7. Typical coursę of cavitation damage

Table 2
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A typical erosion course versus time is shown in Fig. 17. Possible modif,rcations
1 :his course result from varying properties of material and from differences in the
,,i:€ and degree of development of cavitatión. Thę influence of the degree of cavitation
,ći elopment in a centrifugal purnp on the damage rate of pump elements is shown in
; ;. 18 [2]. It may be concluded that the largest load exerted on the material appears
:;"ing developed cavitation, and that the beginning of erosion is connected with
l,]ł,:ikly developed or moderate cavitation.

.Ąt present, correct forecasting of structural material behaviour in a machine
lll:os€d to cavitation is impossiblę. At the most, basing on rnodel te§ts, we call indi-
u,: places endangered by cavitation erosion. Therefore, it is attempted to evaluatę
ll,:tation damages u§ing various simplifying a§§umptions and comparative studies,
q rethod of forecasting damage in a machine wa§ developed at the Institute of
i _ld_Flow Machinery in Gdańsk. The method is based on results of material sample
rr".,-,s performed under known cavitation conditions and on the knowledge of cavi-
,u,,.n loads [13]. Using this method and the additional assumptions that the re-
;ili:nce and the energy absorption efficiency of the lnaterial are similar under natural
,' .ncl laboratory (Ł) conditions, the'average durability of meterial may be evaluated
ll, ,l the formula:

il:;;]e H is the hęad and D is tlre runner/impetler diameter. Preliminary investigations
lm Jate that exponents ą and B attain values between 2 and 3.

,,:u,l#X#I
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3. Counteracting the Negative Effects of Cavitation

;

ln order to prevent cavitation or elecreasę its negative effects, design, orocesr 
{

engineering, installation and operational methods rnay be used. 
]

The design methods consist mainly in forming such flow channels that kinemati-
cally optimum streamline pattern is obtained and in using profiles of low su§ceptiti-
lity to cavitation, Special devices used for changing the flow field in the area exposd
to cavitation also belong to this type of methods. An example are the "anticavitatin
strips" {Fig. 19) used in the Kaplan turbines and ejectors or inducers used in centri
fugal pumps.

Fig. 19. Kaplan runnbr blade with an anti.cavitation strip

Process engineering methods concern the material and the working medium.
objective is to ensure high cavitation resistarrce of the structural elements and
weaken eiosive effects of cavitation by aerating the flow, blówing through (

the cavitation zone§, using cathodic protection and processing the liquid
in the closed circuit.

The installation methods aim at ensuring that thę machines have a suffici

\atge excess ot ptessute head at thę suction sióę. This is connected with appt
situating of the machine, which requires taking into account two contradictoty
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 menti
practice a comprońise is reached, allowing weakly or partially developed ca

in the machine.
Operational methods consist in limiting the dynamic depression and in
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t

Fig. 20. An example of careless repair of a t'urbine chamber damaged by slot cavitation

i, Comparison of cavitation erosion
and after repairs of the turbine at

Water Power Plant (acc. to [1]) opłaĆ{orlh'rnć trtolh
r. flow separations and swirls Ęoth at the inlet and outlet of flow channels. The

con§ist§ in rational machine operation control with regard to cavitation.
m:trore the machines should be equipped with appropriate diagnostic apparatuses
;riitation detectors.
.: appears Jhat machine§ exposed to cavitation require special treating. This

'"ation concgrns not only control'of operation but also checking the technical
:ions of the machines (inspections, tests), removal of defects (finding and remo-
::oubles), maintenance (everyday inspection and running repairs) and periodical
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The periodical inspections and repairs are very important f9r durability and
iability of machines, Repairs which cau§e stresse§ and deformations and increase

of surfaces coming into contact with the liquid are the reason of additional
tion damages. In this respect, special attention is drawn to the effects of padding

lon.

l0). As a result of repairs the course of damaging may be changed as shown in
:1 [10]. This means that spócial attention should be given to the problem of
tion damage repair.
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Fis. 22. Influence pl blade,profile delormation
on the pressure distribution (acc. to [l4])

During r€pair§ deformations may appear, e.g. deformation of blades
change§ ń ttri pre§§ure distribution, and therefore changing cavitation
An example of such changes and their ręsult§ is shown in Fig. ż2 U4}

Basing on m.ultiyear experience, E. Randegger of Escher Wyss [7]
observance of the followins principles:

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

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

c) The machine should be operated in an economically justi{ied way,

running inspection of its technical condition.
d) The knowledge of the behaviour of hydraulic machines under cavitation

tions is mainly based on experience. Thereforg it is necessary to collect and

systematically various information coming from machinę user§ and measuring

Coirclusions drawn from such research shouid be used in design and operation
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§kutki działania kawit*cji w ma§zynach hyrlraulicznych

st reszcze n ie

łaca ma charaktęr przeglądowy;je§t oparta na wynikach badań własnych i obcych.

\a wstępie zamieszszono informacje ogólne na temat warunków pracy ma§zyn hydraulicznych, wska-

jitłlutlllc na kawitację i wibracje jako na główne ptzyczyny powodujące uszkodzenia pomp i turbin wodnYch

lliIlnnĘs 1). Szczególną uwagę poświęcono skutkom energetycznym, objaw_om akustycznym, mikrouderzpniom

nurrrłr drganiom i erozji kawitacyjnej.

l n,pły* kawitacji na wymianę energii w maszynie jest na ogół dobrze znany. Niektóre osobtiwOŚCi

\,l: , :. związane przedstawiono na rysunkach 3+6.

1 Związ,ek mi{dzy skutkami energetycznymi i objawami akustycznymi w pompach ilustrują krzYwe

iiu*,,..rcrnne na rysunkach ?+,8. Rysunek ? ukazuje ponadto przebieg sygnałów akustYcznYch,zare-

i1oo*, -o,anych w podobnych warunkach w pompie modelowej i w prototypie

i z*ruĆąią"uwagę na fakt, iż główną pzyczynądynamicznych oznak kawitacji ą implozje pęcherzYków

ltu,.n* acyjnyitr, przedstawiono typowy przebrę pojedynczego impulsu ciŚnienia (rys. 9) oraz rozkład takich

i mrr,n,_.sów w zależności od stopnia rozwoju kawitacji (rys. 10),

i rł,ięcej uwagi poświęcono drganiom i erozji kawitaĆyjnej. Na rysunkach 11 i 12 przedstawiono krzywe

| *.ruji"e o.gńia elementów ma§zyn w elektrowniach wodnych Koronowo i Żydowo, a na rysunku 13

i ,no:.ecie łopatki w EW Solina. Inne uszkodzenia spowodowane kawitacją ukazują fotografle zamieszczone

!,nru -,sunkach 14, 15 i 16.

I zniąoumiędzy czasem dńŃaniaoraz stopniem rozwoju i erozją materiału przedstawiają rysunki 17 i l8.

l r. zakończenie wskazano na sposoby postępowania, które służą przeciwdziałaniu szkodliwym skutkom

[,i,"r.*.:acii. Zwrócono uwagę na sposoby konstrukcyjn3 (rys. t9), technologiczne i instalacyjno-ruchowe.

| 
,r**r.ślono znaczenie bieżącej diagnostyki maszyn oraz okresowych przeglądów i napraw pokawita-

|r, -;;h (rys. l0, 2l i 22)'.
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K. stellel

CłeAcrrnn Aef,crłnn KaBrrTaqnn B rltApaBJlllqocrf,x Maulnuax

FesrcNae

Pa6ora rłueer o6sopuufi xapaxrep. OHa ocHosaxa Ha pe3yjrbTaTax co6crseHHslx rł qyxrłJt

aosaxnfi,
B xaqałe Aauu o6utue uHQopualpu Ha TęMy ycłoanfi pa6orrr rn.(paBJluyecrnx Marung, c

Ha kaBtłTaulrlo u ax6paqua KaK Ha ocHoBHLIe nprłqfiHbl Bbl3brBatoulne noBpex4eHtł, Hacocon H

ryp6tłH (ra6łnua l). Oco6oe BHIrMaHue y.&eJlreTc, luepreTrłqecxrłM cJreAcTBllrM, aKycTrłqecrltM
MaM, Mrłt(poyAapaM, a rarxe rone6aHllcM ł xaBfiTaIłIłoHHoft lposrrn.

BIugHae xaBuTaqilH ga o6ueg słreprltefi B MalrrrłHe s o6uev xopoulo u3yqeno. Heroroprł
6egriocrn c 3TrłM cBr3aHHbIe npeAcTaBJIeHbI Ha pncyHrax 3-:-6.

Crrrr uexay 3uepreTuqecrnMl{ cJreAcTBtłrMlł }r a(ycTIłqecKLrM!ł crłMnToMaMil B Hacocax
pyror rpa$lłrn np€AcTaBJreHHHe Ha pucyHrax 7-ł8. Pucylłox 7 yxaluuaer (poMe Toro xo,[
cHrHaJIoB 3aperncTpt{poBaHHblx B noxoxHx ycJloBlłrx.B MoAeJIbHoM Hacoce q B npoToTnne.

O6paurar BHuMaHile rła Sarr, qro ocgoptłoń npuvnHofi AnHaMnqectcfix nprł3naKoB I(a

,BJIrIoTc, lłMflJro3nn KaBETaĘHoHHblx ny3HpbroB, npeAcTaBneHH TfinfiqHbll! xoA oAHHoqHoro
AaBleHnff (puc. 9), a Tarxe pacnpeAeneHne Tarlx [MnyJlbcoB B 3aBHcllMocTtł oT cTeneHr.l

BHTaqItn (pnc. l0).
6o.nrure BHnMaHurl yAeJIreTc, xolre6aHlcN,t Ił KaBlITa{HoHHoń rporlłu. Ha pucyxrax l l u 12

cTaBJIeHH KpHBble u'ro6paxaroułe ro.ne6ałlur ?IcMęHToB Ma[IfiH B rnppo9JlterTpocTaHuurx
r XslAono. a Ha prłcyure l3 rpeuxrła JIonaTKfi a FuApornerrpocTan{rłfi Co-nnga. Ąpyrrłe
BbI3BaHHbIe rasrłraureń noI(a3bIBaIoT $oroculłvxu npeAcTaBJreHĘble Ha pl{cyHxax 14, l5 u lÓ.

Crrrt nłex.qy BpeMeHeM AeicTBlłr, a Taxxe cTeneHblo pa3BnTn, tr 3po3}refi MaTeplłtua
plłcynl(ll 17 n 18.

B larnroqegun yra3brBarcTc, ćnoco6u noBeAenrlfl, cJlyxaĘrłe nporuuo4eficrBuro BpeAHHM
cTBHflM KaBuTalI[tł. O6pauaercn BHHMaHHe Ha KoHcTpyl(u}loHHbre (puc. i9). TexHoJlor[qecxne l
Taxno-3rcnryaTaqnoHHHe cnoco6u. floa.łćpxuraercll 3HaqeHIłe nocrorunoń AHarHocT}lKlł
a Ta(xe nepxoAuqecrrłx npocMoTpoB il nocfleraBrłTaqI{onHbrx peMoHToB (ptłc. l0,2l u22),


