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[NocnencTBuyst KaBATALIMIOHHOM 3p03VM Jly4LLIe BCEro
OLIEHVBAKOTCS HEMOCPEACTBEHHO BO BPEMS PEMOHTA.
OnHako, 4Tobbl YCTaHOBUTb, KaKOW PEXVM SKCII/TyaTalLiyin
BbI3bIBAET KaBUTaLIO, Y BbISICHTE POJIb Pa3INYHbBIX
Zetasner TypOuHbI B 9TOM MPOLECCE, CaeayeT rnpoBecT
BUBPOAKYCTUHECKNE UCTILITAHWS U/ MOHUTOPMIHI

Ha ocHosaHm rpymepa 60/1bLLIOV PaamasibHO-

oceBovi TypbuHbI Ha raoTvHe [parHg-Kym B CLLA,
rpeacTaBieH MHOMOMEPHbIV BUGPO-aKyCTUHECKI METO
AMarHOCTVIKA VI MOHUTOPWHIA KaBUTaLW B CpaBHEH C
rpocTbiMy TexHukamm, OBCYKAaeTCs POSTb MOAESIbHBIX
KaBUTALMOHHBIX UCTIbITAHWI Y UCTIMTaHMA Ha MpoTOTUIe.

1. Beefenue

B ¢Bg31 C TECHOI 3aBNCYMOCTBIO KaBUTALMOHHBIX
SABNEHWA OT MESKUX OeTanen KOHCTPYKLWN TypOuHbl,
HOMUHaITBHO MAEHTUYHbIE TYPOUHBI, paboTaroLme

B MOEHTUYHbBIX YCIOBUSX MOMYT UMETb 3HAYUTENBHO
pa3Hble KaBUTaLMOHHbIE XapaKTepPUCTUKL. TOT daxT,
YTO Ha OCHOBaHUM MOZESBHBIX UCMbITAHWA HEBOSMOXXHO
npenckasarb 3Tv pasnnyuns, TpebyeT NpoBeneHVs

NCTbITaHNIA KaBUTaLWK TypbMHbI B MacLLTabax npoToTvna.

Torga kak TOroBble MOCNEACTBUS KaBUTaLMN B
dhopMe HaKOMMBLLIENCS 3P0O3MN MOTYT ObiTb OLIEHEHDI
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The consequences of cavitation erosion are best assessed
directly, during an overhaul. However, in order to find out
from which operating points they stem and clarify the role
various turbine parts play in cavitation, one must apply
vibro-acoustic measurements or monitoring. Based on the
example of the large Francis turbines at the Grand Coulee
Dam in the USA, the multidimensional vibro-acoustic
technique for cavitation diagnostics and monitoring is
presented and compared to simple techniques

1. Introduction

Due to the strong dependence of cavitation on the fine
details of turbine geometry, turbines declared as identical,
even when operated in identical conditions, may have
substantially different cavitation characteristics. The fact
that model tests cannot predict these differences makes a
prototype-scale inspection of turbine cavitation necessary.
While the final consequence of cavitation in the form of
accumulated erosion can be assessed by direct inspection
in an overhaul, on-line tests on prototype turbines are
necessary in order to discover the origin of the deterioration
effects and to answer questions such as which operation
points contribute most, and which turbine parts cause the
effects? Such tests in the form of permanent monitoring
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HeMocPeaCTBEHHbIM MHCMEKTUPOBAHNEM BO BPEMS
PEMOHTa, UCMbITaHWsi MPOTOTUMOB TYPOWH B peXXUMe
on-line SBNSOTCS HEOOXOAUMBIMI NS ONPEAENeHNs
NCTOYHMKA, BbI3bIBAOLLIErO €P03MI0 1 OTBEYAOT Ha Takme
BOMPOCHI, Kak — Kake pabo4me ToHKM BosblLe BCEro
BUSIOT Ha €PO3UN07? Kakne AeTan TypOuHbI BbI3biBaroT
ee? — Takue vcrnbitaHnst B popmMe 6eCrnpepbIBHOMO
MOHUTOPUHIa HEOOXOAMMbI ANS MPOCNEXMBAHNS
ahhexToB AENCTBMS BPEMEHWN 11 OOHAPY>KEHNS
N3MEHEHWI, CBA3AHHBIX C HEMOMaaKamu.

KaButauuo Ha MpoToTune TYPOUHbI HE MOXKHO BUOETh.
[NosTomy, eAMHCTBEHHBIM MPAKTUYHBIM METOAOM
NPOBEAEHNS UCTIbITAHWIA Ha MPOTOTUMNE U MOHUTOPWHIA
SABASIETCA UCMOb30BaHNE NOAXOOSLLMX BUOPO-
aKYCTUHECKMX AATHMKOB, YCTAHOBEHHbBIX HA TYPOVHE 1
NPOCYLUMBAHNS KaBUTALIMIOHHOIO LLIYMa, U OLEHMBaHNE
NMOCNeaCTBUN KaBUTALMM, TAKUX Kak BLUOpaLuMn aetanemn
TypbuHbl. B 3aBMCMMOCTM OT KOMMYECTBA OATHMKOB U
METOOB, CMOMb3yEMbIX AJ151 aHaM3a NOMyYaeMbIX OT
HUX CUrHasTOB, PasINYakoT ABa Kracca TEXHNK BUOPO-
aKyCTUHECKOW AMArHOCTUKN 1 MOHUTOPUHIA KaBuTaLmu,
MPOVICXOAALLNX B TYPOUHE: MHOFOMEPHAA 1 MPOCTHE.

B HacTosiem foknaae npeacTasneHa MHOroMepHas
TexHVKa' KopTo B CpaBHEHUM C ABYMSI MPOCThIMM
TEXHVKaMM, BbINOTHEHHBIMW B CUCTEMaX MOHUTOPUHIa
KaBUTaUMM Npon3eoacTea aAByx kommaHui CLLUA.
CpaBHeH1e 0CHOBaHO Ha UCTbITaHWSX?, MPOBEAEHHbBIX

Ha B60JIbLUMX padManbHO-0CEBBIX TypbuHax TpeTben
MAPOSNEKTPOCTAHUMN NAOTUHBI [pana-Kynu, Bnagensblem
KOTOpOW ABNsieTCA areHTypa YCBP MuHncTepctea
BHyTpeHHMx gen CLLA (Puc. 1).

2. MuoromepHan TEXHMKa

C uenbto NpefoTBPAaLLEHNS CaMblX XyALLVX MOCNEACTBIN
KaBUTALMOHHBIX SBIEHNIA, CUITBHO Harpy>KeHHble
rpebHble BUHTbI NO3aay KpynHOrabapUTHBIX KOPMYCOB
CY[O0B VMHOrOa KOHCTPYUPYHOTCS C pacHeToM Ha paboTy

B YCNOBUSIX MOSHOMO KaBUTALMOHHOMO Te4eHMst. Hindero
NoO06HOMO He MPaKTUKYEeTCs B iapoTypbuHax. B cnyyae
C MAPOTYPOMHAMI, KaBUTALMOHHbIE ABNEHNA B0 He

CHocKmn

1: Kpatkoe ornmcanme: MexxayHapoaHbI >KypHan no rugposHepreTke u
CcTpouTenscTBy NNoTUH [International Water Power & Dam Construction
Journal], Mai1 2001, ®eBpasb 2003, Hosibpb 2004

lNpensapvitensHas Teopusi: AKypHan no rmapoTexHrKe AMEPUKaHCKOro
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are essential in order to follow aging effects and detect
changes due to incidents.

Cavitation in a prototype turbine can hardly be seen.

Thus, the only practical manner to perform prototype-scale
cavitation tests and monitoring is to use suitable vibro-
acoustic sensors installed on suitable locations on a turbine
and listen to cavitation noise or assess its consequences,
such as the vibrations of turbine parts. Depending on

the number of sensors and the methods used to analyze
the signals they deliver, two classes of vibro-acoustic
techniques for turbine cavitation diagnostics and monitoring
can be distinguished: multidimensional and simple
techniques.

Puc. 1: MnotuHa NpaHa-Kynm Ha peke Konymbus B LuTaTte
BawumHrToH (CLLA): 6809 MBT ycTaHOBAEHHOM MOLLIHOCT
reHepupoBaHus, 3x605 MW 1 3x805 MBT Ha TpeTtbeit T3C

Fig. 1: Grand Coulee Dam on the Columbia River in
Washington state, USA: 6809 MW of installed generating
capacity, 3x605 MW and 3x805 MW in the Third Powerplant

In this paper, Korto’s multidimensional technique’ is
presented and is compared to two simple techniques
implemented in cavitation monitoring systems
manufactured by two US companies. The comparison is
based on the tests? performed on the large Francis turbines
at the Third Powerplant of the Grand Coulee Dam owned
by the US Bureau of Reclamation (Fig. 1).

Footnotes

1: Brief description: Intemnational Water Power & Dam Construction
Journal, May 2001, Feb. 2003, Nov. 2004.

Introductory theory: Journal of Fluids Engineering of the American Society
of Mechanical Engineers, Dec. 2002

Physical background: Journal of Hydraulic Research of the International
Association of Hydraulic Engineering and Research, Jan. 2003

See also: www.korto.com/Letter.pdf and
www.korto.com/downloads/white_papers/Korto_Cavitation_diagnostics_
and_monitoring.pdf

2: Grand Coulee G-20, Multidimensional Cavitation Test, Comparison of
Three Cavitation Monitoring Techniques, Korto Cavitation Services, Report
GC082108, Vol. 1 and 2, May 2008
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Puc. 2: [NonspHoe npeacTaBneHne CTaHaapTHON 3aBUCUMOCTY
KPaTKOCPO4HOW CPeaHEN MHTEHCMBHOCT KaBuUTaLyn
(paomnanbHasi KoopayHaTa) OT MTHOBEHHOIO YrI0BOMO
MOJIOXKEHNST paboyero Koseca (yrnoBast KoOopAnHaTa)

Fig. 2: Polar representation of the typical dependence of the
short-time mean cavitation intensity (radial coordinate) on the
runner’s instantaneous angular position (angular coordinate)

[J0MNyCKatoTCA, UM C LeNblo COKPAaLLEHNS PacXO40B Ha
3eMNsHble PaboTbl, OHM OOMYCKAOTCS, HO 3HAYUTENBHO
ocnabnstoTes. MoaTomy, Tnckas TypbuHa 0bbIMHO
paboTaeT NouTK Ha Nopore KaBuTaumn. Kak cneacteme
3TOMy, BapuaLym B MOTOKE NO3aay CTATOPHbIX KOIOHH 1
HaNPaBAAOLLMX TONATOK MOMYT BKIIOHaTb U BbIKIOYaTb
KaBUTaLUMOHHbIE SIBNEHNS Ha pabo4nx nonaTkax, koraa
OHW MPOXOAT HYepes CryTHYHO CTPYH. OTO NPUBOOUT K
cuTyaumm, nokasaHHom Ha Puic. 2.

Y70 KacaeTcs kaBuTaLmm, B TYypOUHE He CYLLIECTBYET ABe
abCoNMOTHO OAVHAKOBbIE HAaNPaBNAOLLIVE NONaTKn 1 ABe
abCoNTHO OAMHAKOBbIE PaboyMe NONATKN. ITO 3HAYNT,

Puc. 4: [pyMep CEHCOPHOW CUCTEMBI, UCMONB3YEMON B
MHOFOMEPHbBIX ANarHOCTUHECKbBIX UCTIbITAHWSIX KaBUTaLMn

Fig. 4: An example of the sensory system in a multidimensional
diagnostic cavitation test
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2. Multidimensional Technique

In order to avoid the worst consequences of cavitation,
heavily loaded screw propellers behind bulky ship hulls

are sometimes designed to operate in a fully developed
cavitation flow. Nothing like this is practiced in hydro
turbines. Here, cavitation is avoided or, in order to make the
excavation works less expensive, it is accepted but is made
rather weak. Thus, a typical turbine is usually operated
close to the cavitation threshold. As a consequence,
variations in the flow behind the stay vanes and guide

Puc. 3: KpuBble, Takme Kak Ha Puc. 2, BCTpevaroLmecs Ha
JIONacTHO-MOBOPOTHOM TyPOMHE B 12 pasnnyHbIX TOYKax,
pacnpefeneHHbIX MO OKPY>KHOCTU. Kak cpeaHee 3HadeHne
WHTEHCUBHOCTI KaBUTaLWK, Tak 1 dOPMbI KPVBBIX MMEKOT
3HaYUTENBHbBIE PaSNHMS.

Fig. 3: Curves such as those in Fig. 2 found in a Kaplan turbine
in 12 different circumferentially distributed locations. Both the
mean cavitation intensity and the forms of the curves differ
substantially.

vanes may be turning cavitation on and off on the runner
blades as these pass through their wake. This results in the
situation illustrated in Fig. 2.

As far as cavitation is concerned, no two truly equal guide
vanes and no two truly equal runner blades can be found in a
turbine. This means that, instead of thinking about cavitation in
the turbine as a whole, VB independent cavitation processes
may be expected to function in it, where V and B are the
number of guide vanes and the number of runner blades,
respectively. Data on these cavitation processes are to be
sought in the curves like those in Fig. 2. There, different peaks
describe the interaction of different guide vanes and different
runner blades.

Checking dependences like these in different locations in
a turbine, one finds strong differences (Fig. 3). They are
consequences of variations in the guide vanes’ shape
and setting and of irregularities in the spiral casing shape;
even if these irregularities do not affect efficiency, they
may have a strong impact on cavitation. Obviously, by
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Puc. 5: Tpy MexaHn3ma KaBuTaumn, YCTaHOBIEHHbIE Ha
TYPOVHE, C OTAMHMSMI MOPOra KaBuTaLm

Fig. 5: Three cavitation mechanisms found in a turbine differ in
cavitation threshold

YTO BMECTO TOrO, YTOObI Pa3MbILLIISATL O KaBUTaLMN B
TypOUHAX B LIENOM, CreayeT NpeanonoxXuTb Hammume

VxB He3aBCMbIX KaBUTALMOHHbIX MPOLECcoB, roe V

— KOMMYECTBO HaMnpaBSIOLLMX NIONaTok, a B — Konmy4ecTso
pabo4mx nonaTtoK. [daHHble 3TVX KaBUTaLWIOHHbIX
MPOLIECCOB MoKaaaHb! KUBbIMU, N306paXKeHHbIMU Ha Pric.
2, roe pasfnyHble OCTPOBEPLLUMHHbBIE KOVBbIE MOKA3bIBAIOT
B3aNMOAEVCTBIME Pas/IMiHbIX HANPAaBSIOLLMX JIOMNATOK 1
PazNYHbIX PABO4MX NOMATOK.

[Npwn NPOBEPKe TaknX 3aBUCUMOCTEN B Pa3INYHbIX TOYKaX
TYPOUHbBI, OBHAPY>XMBAKOTCHA CUMbHbIE pasnnyms (Pric. 3).

www.powertecrussia.com

means of a vibro-acoustical sensor in one location only, an
arbitrary result is obtained, both concerning the estimation
of the mean cavitation intensity and the information on the
cavitation processes. In the multidimensional technique,

a rather high number of sensors is used. A typical
configuration for a diagnostic test is illustrated in Fig. 4; for
permanent monitoring, the number of sensors is reduced.

In most cases, several types of cavitation appear in a
turbine in the same or different operation conditions; an
example is shown in Fig. 5. The same cavitation type
can also appear in different locations within the turbine.

MoLuHocTb |
Power

TekyLuee yrnoBoe rnoroxeHve paboyero
Korneca Typ6uHbI

Instantaneous runner angular position

Puc. 6: PaznnyHble y4acTKu — Cnefpl B3aMMOZECTBIS
pasMYHbIX MNap HanNPaBASIOLLIX/Pabo4mX NonaTok

Fig. 6: Different patches are the traces of the interaction of
different guide-vane/runner-blade pairs.

Being generated in different flow segments, such different
cavitation mechanisms are generally independent and
should be dealt with as such. Furthermore, each of

these mechanisms differs in details on each guide-vane/
runner-blade pair. Denoting the number of cavitation
mechanisms found in a turbine under consideration by M,
one thus has MxVxB different processes to assess; for a
typical Francis turbine, this may amount to 1,000. With
the multidimensional technique, identification of different
cavitation mechanisms is done by means of various signal
and data analysis tools; one of them is illustrated in Fig. 6.
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TUN KaBUTaLMM MOXKET
MOSABUTLCH B Pa3NYHbIX
ToYkax TypbuHbl. Tak Kak NogobHble KaBUTaLMOHHbIE
MEXaHM3Mbl, CO3[aHHbIE B Pa3/INYHBIX CErMEHTax
noToKa, 0BbIHHO HE3ABMCKMBI, OHW OOSKHbI
paccMaTpmBaTbCs Kak TakoBble. Bonee Toro, Kaxxabin
N3 3TUX MEXaHN3MOB OTINHAETCH B OeTaNAX Ha KaxOoM
OTAENBbHOW Nape HanpaBAAOLLMX/pabo4vmx 1OMaTokK.
O603Ha4MB KOIMHECTBO KaBUTALMOHHbBIX MEXAHU3MOB,
YyCTaHOBMEHHbIX Ha TypOuHe nuTepolt M, HaMm NpuaeTcs
oueHUTb MxVxB pasnnyHbix KaBUTaumMOHHbIX
NPOLECCOB; 4715 TUMOBOW paauaibHO-0CEBOV TYPOUHDI,
KONM4ecTBO npoLeccoB MoxeT gocturats 1000. Mpun
NCMONBb30BaHUM MHOFOMEPHOW TEXHNKN, OnpeneneHne
Pa3NYHbIX KaBUTALMOHHbBIX MEXAHN3MOB BbIMNOJIHAETCA
NoCcpeaCcTBOM UCMONb30BAHUSA Pa3NYHbIX CPEACTB
aHanmsa CUrHasioB 1 AaHHbIX, OOMH U3 KOTOPbIX NOKa3aH
Ha Puc. 6, rae MHTEHCMBHOCTb KaBUTaUWmM NpeacTaBneHa
LBETOM U FAe TPW YepHbIE NIMHNM YKa3biBaKOT Ha
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Puc. 7: OLeHka CKOpOCTM 3p03uK, MoJlyHeHHast A8 paavaibHO-0ceBon TypbuHbl G-20 Ha
nnoTuHe [paHa-Kym NoCpeacTBOM MHOFOMEPHOM TEXHVKK, BMeCTE C kpusor Kl

Fig. 7: Erosion-rate estimate derived for Grand Coulee Dam Francis turbine G-20 by means of the
multidimensional technique, together with the efficiency curve

Here, cavitation intensity is presented by the color, and the
three black lines point to the three cavitation mechanisms
found in this particular turbine.

In the multidimensional technique for turbine cavitation
diagnostics and monitoring, a huge quantity of high-
frequency data (up to 1 or 2 MHz from each sensor,
acquired over at least 100 runner revolutions) acquired by
means of a sufficiently high number of sensors distributed
over a turbine is subjected to rather complex signal and
data processing, which resolves all MxVxB processes,
and combines this set of data into more compact final
information. In the case of permanent monitoring, the
resulting data are reduced to a scalar and vector format
comparable to that used in vibration monitoring; these
cavitation data are sent to the central unit of a plant

www.powertecrussia.com
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TPU KaBUTaLIMOHHAsA MexaHn3ma,
obHapy»keHHa Ha 3Ton TypbuHe.

B MHOrOMepHOWN TeXHNKe
OVarHOCTUKN 1 MOHUTOPWHra
KaBuTauum, BOMbLLIOE KOMMYECTBO
BbICOKOYaCTOTHbIX AaHHbIX (10

1 1nm 2 MerarepL, OT Kaxaoro
Jartyvka, B MuHumansHo 100
BpaLLEeHWI) MosTyYeHHbIX U3
OOCTaTO4YHO BbICOKOIO KOMYecTBa
0aTHMKOB, pacnpeneneHHbIX no
TYpOVHE, NOABEPrasTCA CAOXKHON
06paboTKe CUrHanNoB 1 AaHHbIX, Y4TO
paspeLlaeT Bce MxVxB npouecchl,
1 OOBbEANHAET STOT HAbOOP AAHHbIX B
Bonee KOMNaKTHYIO KOHYaTENbHYIO
nHpopmaumio. B cnyqae ¢
BecnpepbIBHbIM MOHUTOPWUHIOM,
NoJTyHYeHHbIE faHHble CoKpaLLatoTCs
00 CKansipHOro 1 BEKTOPHOMO
¢hopmartos, CONOCTaBUMbIX C
dhopmaTom, UCMONb3YyEMbIM B
TEKYLLIEM KOHTPOJIE BUBpAaLIMI; STU
KaBUTaLIMOHHbIE AaHHblE HANPaBNAT
Ha LeHTpasbHbIi BNOK CUCTEMbI MOHUTOPWUHIA CTaHLMK
ONs1 permcTpaummy, aHannaa TeHASeHLMM 1 fanbHEenLWmnx
aHanmMaoB. BaxkHon cneundunyHom 3agadven 3aech
ABNSIETCS perncTpaLms HakomnneHHoN NHTEHCUBHOCTU
KaBUTaLIMN, 4TO MOXET ObITb MCMONB30BaHO AJ1s
OLIEHKM TEKYLLIEMO pa3BUTUS KaBUTaLMOHHON 3p031N
N opraHM3aLmn MeponpUATUA MO TEXHUYECKOMY
0BCNY>XMBAHUIO B 3aBUCMMOCTU OT COCTOSAHMS.
Konn4ecTBo 1 MECTOMONOXXEHME OATHMKOB U OeTanu
anropuTMa MOHUTOPUHIa 06bIYHO OMPEeaenAtTCs Mpw
npeaBapuTenbHbIM ANarHOCTUHECKbIM UCTIUTaHUSAM
kaBuTaumn. C y4eToM Toro gakTa, YTo KaBUTaUMOHHbIE
SABMEHMS UMEIOT CBOM OCOBEHHOCTU Ha KaxKa oW
OTAeNbHOW TypbuHe, NCNOb30BaHWe CTaHAaPTHbLIX
CUCTEM MOHUTOPWHIa HE PEKOMEHAYETCS.

"
a8

O6Lwan NHTeHCUBHOCTb KaBuTaumm (%)
Total cavitation intensity (%)
8

3. BuiBoAbl

BTopasa ctagns MHOroMepHOro npouecca 06paboTku
OaHHbIX — MOSTaMHbIN CUHTES — MPUBOAUT K Pa3INYHbIM
OnMcCaHNsIM 3aBUCUMOCTU KaBUTaLMN OT MapameTpoB
paboTbl TYPOVHBI (OBa YPOBHA BOAbI, OTKPbITVE
HanpaBAoLLEro annapara, OTKPbITME paboyero Koneca
N5 MOBOPOTHO-NOMACTHBIX TYPOWH, MOTOK Yepes TyPOUHY
I MOLLIHOCTb):

» MxVxB xapakTepncTikmn nap HanpasnsioLLen/paboder
fonartku, onpeaensatoLie KOMMOHEHTbI MHTEHCUBHOCTU
KaBUTaLMM ONs KaKOoro n3 M MexaH3MOoB KaBuUTaLmn Ha
KaKOoWM 13 B pabo4rx nonaTok, ¢ y4eToM BO30eNCTBUS
Kapkaov 13 V HanpaBsSOLLMX NIONATOK W MOSIOXKEHNS
nosaauy cnvpanu.

» MxB XapakTepuCTVKL pabo4mx omnaTox,
onpefenstoLLmMe MHTEHCUBHOCTb KaBUTaLWMN Ha

KaXK[OM NonaTke, YCPeaHEHHYHO Mo OKPYXKHOCTU U,
CnefoBaTenbHO, SBSIOLLYIOCS CPEAHNM 3HaYeHNeM s
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B 4 4 a4 a6 48 5O
MowHocTtb (MBT) — Power (MW)

Puc. 8: CpaBHeHVie 6 HOMUHaITBHO VAEHTUYHbIX PaaviasibHO-0CEBbIX TYPOUH Ha
['9C Bypdenn, Vicnanans, mokasbIBaeT pa3nmyns B BbICOTE MOPOra KaButaummn 1 B
WNHTEHCUBHOCTI Pa3BUTON KaBuTaLM

Fig. 8: Comparison of 6 nominally identical Francis turbines in Landsvirkjun’s Burfell
HPP, Iceland, reveals differences in the cavitation-threshold height and in the intensity of
the developed cavitation

monitoring system for logging, trending, and further
analysis. An important specific issue here is logging the
accumulated cavitation intensity. This may be used to
assess the running state of cavitation-erosion development
and to organize condition-based maintenance. The number
and location of the sensors and the details of the monitoring
algorithm are usually determined in an introductory
diagnostic on-site cavitation test. Due to the fact that
cavitation in every turbine has its particularities, the use of
an off-the-shelf monitoring system is not recommended.

3. Resuits

The second phase of multidimensional data processing — a
step-by-step synthesis — results in various descriptions of
the cavitation dependence on turbine operation parameters
(two water levels, distributor, and, for Kaplan turbines,
runner opening, discharge, power):

» MxXVxB characteristics of the guide-vane/runner-blade
pairs specifying, for each of the M cavitation mechanisms,
the components of the cavitation intensity on each of the B
runner blades as influenced by each of the V guide vanes
and by the position behind the spiral casing;

» MxB characteristics of the runner blades specifying
the cavitation intensity on each blade averaged
circumferentially, thus being a mean over all the guide
vanes and all the positions behind the spiral casing;

» MxV cavitation characteristics of the guide vanes; these
generally do not describe any cavitation on the vanes but
specify the mean influence each vane has on the runner
blade cavitation;

» M and, finally, one global cavitation characteristic
specifying the mean cavitation intensity in the turbine.
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BCEX HaMpPaBNSHOLLMX NONATOK W BCeX MO3nLMii No3aam
cnnpanm.

» MxV KaBUTaLMOHHbIE XapaKTepUCTUKM
HanpPaBASOLLMX NIONATOK; 3TN XapakTepUCTUKM, 0BbIYHO
He OMMCLIBAIOT KaBUTaLIMIO Ha HAMPAaBMSIOLLMX NlonaTkax,
HO onpeaensalT CpeaHee 3HaYeHNe BIVSIHUSA KaXKaon
HanpaBnstoLLE TONaTKN Ha KaBUTaLMOHHbIE MNPOLIECChI
Ha pabo4mx nonarkax.

» M 1, HakoHeL, ofHa rnobanbHasi XapakTepucT1ka,
onpenensioLLas cpeaHee 3Ha4eHNe NHTEHCMBHOCTM
KaBUTALWOHHbIX MPOLIECCOB B TypHUHE.

HekoToble npumMepbl rnobanbHbIX XapakTepucTUK
nokasaHbl Ha prcyHKax 7 1 8, a NpUMepsbI
XapaKTepUCTVK HanpaBAsoLLIMX ONaToK — Ha

Puc. 9. 9Tn gaHHble MOMyT BbITb MCMOIb30BaHbI

ONs onTuMmn3aumm paboTbl TypbuHbl (Puc. 7

— NPefoTBpPALLEHME OMana30HOB Harpy3KM C BbICOKOM
WHTEHCUBHOCTBLIO KaBuTaLmm) 1 onTMm3aummn paboTsl
CTaHUMK (pucyHKM 8 1 9 — MeHbLLas Harpyska Ha
6n0oKN ¢ Bonee CUbHOM KaBuTaLMen Npu COXPaHEHNM
Tpebyemon NPonU3BOAUTENBHOCTN).

VIcnonb3ytoTca pasnnyHble cneumannanpoBaHHbIe
OPMbI KaBUTALMOHHBIX XapakKTEPUCTUK TyPOVH,
HanpuMep Takre, KOTopble MPOBEPSAT Apyrie
XapaKTepUCTUKM TypOUH, Takne kak KOMOMHaTOpHas
CB$I3b B MOBOPOTHO-MI0MNACTHbIX TypbuHax (Pric. 10), nnm
SACHO MoKasblBatoT BNngHWe cnnpanu (Puc. 11). Ha Puc.
11 nmokagaHo, 4YTO KaBUTaLMA B UCMbITbIBAEMON TypbuHe
B OCHOBHOM MOSABAETCH Ha OOBOJIBHO Y3KOM Yr/IOBOM
CerMeHTe cnmpanu. Takxke BUAHO, YTO MexXIy OBYMS
CaMbIMU BbICOKUMW 3HAYEHUSAMU MOLLIHOCTW Ha4MHaeTCs
PE3KUN NOOBEM UHTEHCUBHOCTH, YTO YKasbiBaeT

Ha HOBbIV MEXaHN3M KaBuUTaLn. XapakTepUCTUKN
KaBUTaLMOHHbBIX MPOLECCOB, N306paXKeHHble Ha
prcyHkax 10 1 11, nokasblBadT BOSMOXHOCTH
YCOBEPLUEHCTBOBAHNSA TYPOUHDI.

4. CpaBHeHue ¢ npocTbiMM MeToAaMu

[MpOCTblE METOABI MOHUTOPWHIA KaBUTaLMn CRenyoT
MPSIMON NOMVKE, MPUMEHSAEMON B 6ONbLUMHCTBE

OpYyrnx 3aMepoB B MMOpPO3HEPreTuKe: NCNob30BaHne
4aTymka, NOAXOAALLEro 415 OLEHNBAEMOrO KOIMYECTBa,
1 onpefeneHve CpeaHero 3Ha4eHNs unu gpyroro
NOAXOASALLErO 3HAYEHNSA KOIMYECTBA, ONPEAeNSeMoro
0aTYMKOM. [1py MOHUTOPWHIE KaBUTaummn Takoe
peLUEeHNe He SBASETCS ONTMMasbHbIM MO OBYM
CNEeQyoLLMM MPUYNHAM:

» PeaynbTaTbl, MOMyYeHHble TaKM MOHUTOPUHIOM
KaBUTaLWN CUMBHO 3aBUCAT OT MECTOMOOXKEHMS
nartdvka (pasnuuvs B aMninTyaax pasnmyHbiX KpUBbIX Ha
(Pnc. 3). axke ecnun pasnmymns B NONYyHEHHbIX CPEOHNX
3HAYEHUSAX N KOMMEHCUMPOBaIMCh Bbl KanMbpPOBKON,
pasnn4nsa B hopMe OCTPOBEPLLUNHHBIX KPVBbIX,
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i VHTEHCUBHOCTb KaBuUTaLumn
T [ Cavitation Intensity

Hanpaensatowas nonatka
= Guide Vane

MowwHocTb (MBT)
o Power (MW)

Puc. 9: KaB/TaLOHHbIE XapaKTEPUCTUKI HANMPaBAAHOLLIX
JIOMaToK LecT TypbuH B Bypdanne

Fig. 9: Guide-vane cavitation characteristics of the six
Burfell turbines
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The global characteristics are
illustrated in Figs. 7 and 8, and
the guide-vane characteristics in

MepBoHayansHaA KOM6. CBA3b Fig. 9. These data can be used for
Original Cam turbine operation optimization (Fig.

7 —avoiding load ranges with high

cavitation intensity) and plant operation

optimization (Figs. 8 and 9 — loading

less the units which cavitate more

ONTUMW3MPOBaHHaA KOMB. CBA3b strongly, while keeping the needed
Optimised Cam total power production).

Various specialized forms of turbine
cavitation characteristics are useful,
MouwHocTb (MBT) — Power (MW) e.g. those which check other turbine
characteristics such as the cam

in a Kaplan unit (Fig. 10) or which

Q 5 10 15 20 25 0

O6Lwana MHTEHCUBHOCTb KaButauum (%)
Total cavitation intensity (%)

Puc. 10: KaBuTaLms Ha nonacTHO-MoBopoTHON TypbuHe 1 Ha FOC Kembe, PpaHLys,

C ABYMS BEPCUSIMU KOMBVHATOPHON CBSA3W: MEPBOHAYaTbHAA KOMBUHATOPHAS CBS3b explicitly describe the spiral-casing

onpeaeneHa B MOAEbHbIX UCMbITAHNAX, 1 ONTUMU3UPOBaHHas CBASb onpeaesieHa Ha influence (Fig. 11). The latter shows

MpoToTtune. B ncnbitaHusa KM/ Ha NpoToTune PeKOMEHOyEeTCS BKIIHOHYaTb KaBUTALMIO. that, in the turbine tested, most
cavitation appears in a rather narrow

Fig. 10: Cavitation in Kaplan unit 1 at Electricité de France’s Kembs HPP, France, angular segment of the spiral. It

with two versions of cam installed: the original cam designed in a model test and the also shows that between the two

optimized cam determined in an index test on the prototype. It is recommended to

highest power values a steep rise of
include cavitation in the index test. 9 P P

intensity starts; this points to a new
cavitation mechanism. Cavitation
characteristics like those in Figs. 10

and 11 reveal the possibilities of turbine improvement.

KOTOpPbIE FOBOPAT O B3aMMOLEVCTBNE Pa3nyHbIX
YacTen TypOuHbl, MOKa3bIBAOT, YTO A5 BbIOPAHHOIO
MECTOMOJIOXKEHNST fAaTHMKA HEKOTOPbIE KOMMOHEHTbI . o .
KaBUTALWMOHHbIX MPOLECCOB MOTYT BbiTb CKPbITHI, & 4. Comparison with simple techniques

HEKOTOPbIE MOTYT BbiTb MPeyBeM-eHbl. Mo3ToMy, Simple techniques for cavitation monitoring follow a
straightforward logic applied in most other hydropower
measurements: using a sensor suitable for the quantity

to be assessed, and estimating the mean value or other
suitable value of the sensed quantity. For cavitation, this is
not optimal for two reasons:

» the results delivered by such cavitation monitors heavily
depend on the sensor location (cf. the differences in the
amplitudes of different curves in Fig. 3). Even if differences in
the obtained mean values were compensated by calibration,
differences in the forms of the peaky curves, which describe the
interactions of different turbine parts, show that, for a selected
sensor location, some cavitation components may be hidden
and some others may be overestimated. Thus, readings of the
one-sensor monitor may tum out not to be representative and
may thus incorporate a high unknown bias error;

» simple signal processing algorithms used in the simple
Puc. 11: MpocTpaHcTBeHHOE pacrpeaesieHe UHTEHCMBHOCTY monitors ignore information such as that contained in the
KaB/TaLyK 32 Crivipanklo Ha TypGuHe 1 MG Kembc; patterns in Fig. 3. Thus, such monitors cannot deliver data
AR SHIEHOES RSN EARYEE] (O SlRERISHIE B (REmjeelsE), on cavitation details. If they were used to do so on the only
OTMEHEHHOM HEPHOM TOUKOM. available pattern, the obtained information may be wrong.

Fig. 11: Spatial distribution of cavitation intensity behind the
spiral casing in Kembs unit 1; the intensity is normalized to the In contrast to this, the multidimensional technique uses
value in the direction denoted by the black dot. signals from sensors in many locations and processes them
in an appropriately complex way. This makes the resulting
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NMoKasaHWst MOHMTOPA C OHMM OaTHMKOM
MOryT OKa3aTbCsi HenpeacTaBNUTENbHbIMU,
BCNEACTBME Yero MOryT COAep»KaTb BbICOKUI
MPOLEHT HEeOMO3HAHHOM CUCTEMATUNHECKOM
OLLVOKN.

» [1poCTble anropuTMbl 06paboTKN cUrHana,
1CMNOSb3yeMble B MPOCTbIX CUCTEMAX
MOHUTOPWHIra KaBuUTaumm, UrHOPUPYIOT
Takyto MHOPMAaLINIO, Kak NMokas3aHo Ha

Puc. 3. NosTomy, Takne CUCTEMbI He

MOryT BblaBaTb AaHHbIe Mo AeTansm
KaBUTaUWOHHOro npoLiecca. Ecnm oHn 1
OyayT NCNoNb30BaTbCA TakM 06pasoMm,
nony4eHHas nHhopmMaLms byaeT HeBepPHOWN.

E R ¥ ¥ B ¥ 8 %

Amnnutyaa moaynaumm (%)
Blade passage modulation amplitude (%)
B

="

B oTanuve ot 3TOro, MHOroMepHbIn MeTos b . £ T = & e
OCHOBaH Ha ncnoJsib30BaHMN CUrHaJ1oB OT
psa0a 4aT4NKOB, PaCMONOXKEHHbBIX BO MHOIMMX
MecTax, C X nocne,u.yrom,em KOMMIEKCHOW
obpaboTkon. ATo obecreqmBaeT Puc. 12: [NokasaHns ypoBHA MOLYNALMN HA 4aCTOTE MPOXOMOEHMS PaboHmnxX
NPEeACTaBUTENbHOCTD STVX AaHHbIX, JIOMATOK, NOMyYeHHbIE C 32 HaNPaBNSOLLMX SIONATOK (PasnmyHble LBeTa

NPUBAKEHIE OLIEHKOB CPEIHIX 3HAYEHI - pasnnyHble nonaTkiu). NMPOCTON MOHMUTOP BbIAAET XKUPHYIO YEPHYHO
VHTEHCVBHOCTU KaBUTaLMM K UCTUHHOMY
CpemHeEMY 3HAYEHNIO O6|_|_|'e|z NHTEHCVBHOCTU Flg. 12: Readings of the blade-passage-modulation-level obtained on 32 guide
KaBUTALMM, A TAKXKE MO3BONSET BbIBECTU vanes (different colors - different vanes). The simple monitor yields as the result
MPaBUMbHBIE 3aKAIOUEHNS O MPOUCXOAALIX ek eh e AN ER VL REELES

KaBUTaUIOHHbIX ABIEHUSX.

MowHocTb (MBT) - Power (MW)

KPVBYIO C TOYKaMK.

Cuctema MOHUTOPUHra [NpocTas MHoromepHas
Monitoring System Simple Multidimensional
Kon-BO OaT4MKOB B ANArHOCTUHECKOM UCTbITaHWN 1 1 Ha Ka>KO0OM Basle HanpaBAroLLIEn ONaTKM
Number of sensors in a good diagnostic test 1 1 on each guide-vane shaft
Kos1-BO 0aT41KOB MpY MOCTOAHHOM MOHUTOPWHIE 1 0BbI4HO 6
Number of sensors in permanent monitoring 1 typically 6
Anroput™ 06paboTkm curHana 1 gaHHbIX MpocTas MHoromepHast
Signal and data processing algorithm simple complex
[MNpencTaBnsaeT pacHeT cpenHet CKOpOCTU 3p03um na na

Delivers mean erosion rate estimate yes yes
[MNpencTaBnsaeT pacHeT HAKOMIEHHOM 3PO3KK na na

Delivers accumulated erosion estimate yes yes

YunTbIBAET BCE MECTa Ha TypobuHe HeT na

Represents all locations in a turbine no yes

Ono3sHaeT padnu4yHble TUMbl KaBKUTaL,. MPOLIECCOB He3HauuT. | Oa

Recognizes different cavitation types negligible yes
[MNpenocTaBngeT ANarHOCTUHECKbIE AaHHbIE HeT na

Delivers diagnostic details (runner blade quality, etc.) no yes

OTHOCUT. YyBCTB. B OBHapY»K. 3(DEKTOB NCTUPaHNS ~1 ~80

Relative sensitivity in detecting deterioration effects ~1 ~80

O6Las TOYHOCTb M HAOEXXHOCTb Pe3y/bTaToB HM3Kas BbICOKas

Overall accuracy and reliability of results low high
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Ha pucyHkax 12 1 13 MHOromMepHbIn MeToz
CpaBHMBaETCA C ABYMS MPOCTbIMU CUCTEMaMM
MOHUTOPWHIa, YCTaHOBEHHbIMW Ha NAoTuHe [paHa-
Kynw?: cuctemMa MOHUTOPWHIA C OAHVMM AaTYMKOM Ha
O[HOM BaJie HanpaBngAoLLEN NONAaTKM C aMnUTYLA0N
MOAyNAUMM CUrHana B ka4ecTBe BbiBoda (PuicC.

12), n cuctemMa MOHUTOPWHIa C UCMOSIb30BaHMEM 6-5'0
O[HOro AaT4yMKa Ha CTEeHKe OTcacbIBaroLLeln TpyObl

1 3 HEKTUBHOIO 3HAYEHMS CMrHaNa B Ka4ecTBe
BbiBOAA (Pvc. 13). Ha Puc. 12 nokadaHo, HaCKObKO
HenpeackadyeMbIMy 1 HETOYHbIMU MOMYT BbITb
pesynbTaTbl, NOyYeHHbIE TOMBKO OT OOHOrO
JaTynka. B 3aBUCUMOCTU OT MECTOMOOXKEHNS
JaTynka, HacTpoWKa MOLLHOCTW, MPX KOTOPOW
OLeHKa MHTEHCUBHOCTW KaBUTaLW 4OCTUraeT
CBOEro MakchMasibHOro 3Ha4eHusl, konebneTcs B
npenenax 50 MBT vnn 100 MBT. 3To nnntoctpupyeT
CUTyaLMIO MCMONBb30BaHNS 0BOUX CUCTEM
MOHUTOPWHIa Ha OCHOBaHWN OAHOrO AaTymka.
BTopasa npocTtas cuctema MOHUTOPUHIa UMEET eLLie

MpocTanA TexHUKa MOHUTOPUHra
Simple Monitor

. ——
| | | | | | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500 550 600 650 MW

1 1 1 1 1 1 1 1 1 H
100 150 200 250 300 350 400 450 500 550 600 650 MW

MHoromepHaa TeXHMKa MOHUTOPUHra

Multidimensional Monitor

Puc. 13: [porHo3 kaBuTaLn, BbIMOAHEHHBIM HA OCHOBaHWN
MPOCTOr0 MOHUTOPA C UCMOJIb30BaHEM OOHOMO AaTHNKa,
YCTaHOBMEHHOMO Ha CTEHKE OTCaChIBaOLLIEN TPYObI, B CPABHEHWN C
PEe3yNbTATOM, MOAYHEHHBIM MHOFOMEPHBIM CMOCOBOM (KpacHast — C
3p0o3ueN, 3eneHas — 6e3 3p03nK, XKeTas — MEPEXOHbIN AManasoH)

Fig. 13: Cavitation prediction made by means of the simple monitor
using one sensor installed on the draft tube wall, compared to the
multidimensional result (red — erosive operation, green — erosion-free

OAHY OOMONHUTENbHYIO NPO6IEMY: Nofarasich Ha
OaHHble, MONyYEHHbIE OT AAT4MKa, YCTAHOBNEHHOMO
B MecCTe rae npesanpytoT CBOOOAHbIE BUXPEBLIE
MOTOKN He BbI3bIBAKOLLIME 3PO3UID, CUCTEMA
HenpaBWIbHO MHTEPMPETMPOBANIAa ABYXroANyHble
nokKasaHuss, YTo NPUBENO K NapagokcasibHbIM
pesynetatam (Puc. 13).

CpaBHeHI/Ie OBYX KJ1aCCOB CUCTEM MOHUTOPKMHIa
KaBUTaLMM NoKasaHo B TabnuLe.

BbiCOKOE OTHOLLEHNE YyBCTBUTENbHOCTM ABYX KNacoB
MOHWUTOPWHIra SBNSeTCS pe3ynbTaToM Toro dakTa, YTo
oLeHKa BOPOaKyCTNYECKOro CUrHana naHa4aabHoro
adhdekTa cTapeHnst CPaBHMBAETCS C OLIEHKOW
CYMMaPHOW NHTEHCMBHOCTW KaBUTaLW, eCN NoJlydeHHa
NPOCTbIM MOHUTOPOM, U C OLIEHKOW MHTEHCUMBHOCTW

B KaMmepe NPOCTPaHCTBEHHOIO Pa3peLLeHs, ECN
nosly4eHHa MHOrOMEpPHbIM MOHUTOPOM.

5. MoaenbHble NCNbITAHUA B CPABHEHUU ¢ UCTILITAHNAMM
Ha npoToTuUne

» [pn NpoBeaeHUn CTaHOaPTHOrO MOOEbHOIO
NCMbITAHUSA KaBUTaLMM NOy4atOT AaHHbIE, KOTOPbIE
NPEACTaBASIOT 3HAYUTENBHO MEHbLLYIO LIEHHOCTb A1
NPaKTN4EeCKON PaboTbl MO CPABHEHWNIO C AaHHBIMU,
NOMYYEHHbIMW MOCPEACTBOM MHOFOMEPHOrO MeToaa
BUOPOaKyCTUHECKMX MccnegoBaHuin (Prc. 14).

CHoCKM

3: MK, Bonbd, P.K. xoyHe 1 1. Mau [Wolff, P.J., Jones, R.K.,
n March, P.], OueHka pesynstaTtoB MOHUTOPVHIA KaBUTaUMOHHbIX
MPOLIECCOB Ha OCHOBaHWUM aKyCTU4eCKo ammceun [Evaluation

of Results from Acoustic Emissions-Based Cavitation Monitor],
MpaHa-Kynn, 6nok G-24, CpaBHUTENBHbIE UCMbITAHWS CUCTEMBI
MOHUTOPUHIa kaBuUTaummr, CeoaHbIn oT4HeT, OkTs6pb 2005, www.
wolffwareltd.com/downloads/Grand%20Coulee%20Cavitation%2
OReport.pdf
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operation, yellow — transition range

data representative, the mean values of cavitation intensity
estimates close to the true mean total intensity values, and
the conclusions on the details of the cavitation processes
available and correct.

O6beMHbIin pacxoq, - Discharge (m3/s)

YucTana BbicoTa Hanopa (M) - Net Head (m)

Puc. 14: OBbl4HbIE pe3ybTaTbl MOAENBHOMO UCTbITaHNS
KaBUTALMOHHbIX SBNEHW — YEPHbIE TOYKU, @ UCTIbITaHVS Ha
MPOTOTUME — KPACHbIE TOYKW; Pabo4mi AMana3oH — 3e/1EHOE.
113 17 TOo4eK MOAENBHBIX UCTIbITAHWUM TOMBKO ABE MOKa3bIBAOT
peasibHOe COCTOSIHME MPW SKCyaTaLm, TOraa Kak Ha
OCHOBaHWUV UCMbITaHVS C MPOTOTUMOM MOJTyHaeM MOSHYHO
KapTVHY B OETasIX.

Fig. 14: Typical cavitation-related results of a model test — black
dots, and a prototype test — red dots; operating range — green.
Out of 17 model data points, only two describe the real situation
in the exploitation, while the prototype test yields its detailed
description.
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» B HEKOTOpbIX Cly4asix He BCe MexaHV3Mbl
KaBWTaLMN MOTYT BbITb MPOCHEXEHb! MPK
MOZEBHOM VCTIbITaHUW, OAHAKO BCE MEXaHU3MbI
MOTYT GbITb MPOCHYLLIAHbI U OLIEHEHbI MY
MHOFOMEPHOM BMBPOAKYCTUHECKOM UCTbITaHUM Ha
npoToTuUMe.

» CyLLECTBYET CUbHbIN MacLUTabHbI 3ddekT
MOLENMPOBaHNS HAaYaIbHOM CTaaun KaBUTaLM,
MOSTOMY KaBUTaLMIO ClieflyeT NMpOBEPSTb Ha
npoToTUMe.

» B cBA3M C HENOSIHBIM COXpaHeHeM Nponns
paboyen nonaTky rnoce PEMOHTa SPO3NOHHOMO
N3HOCa 1 B CBSA3M C pasiinyHbIMK adhdekTamm
NCTUPaHVSA BO BPEMS SKCMTyaTaumn, KaBUTaLMOHHbIE
XaPaKTEPUCTUKM TYPOUHbI MEHAIOTCH CO BPEMEHEM;
9TO TpebyeT NPOBEOEHVA MOCTOAHHOMO MOHUTOPUHIA
npoToTUna.

6. 3axmoyenua

MHoromepHast TEXHUKa OMarHOCTUYECKNX
NCMbITAHUA U MOHUTOPWHIA KaBUTaLmM OCHOBaHHa
Ha MCNOb30BaHMM AATYNKOB, pacnpeaeneHHbIX
no TypbuHe, 1 KOMNNEKCHOW 06paboTKe AaHHbIX

N CUrHAMOB, HAa OCHOBAHWUM Yero Mony4atoT
HaOEXKHYIO OLIEHKY MHTEHCUBHOCTU KaBUTaLMN 1
noapOBHOCTU AMArHOCTUKM KaBuTaumu. Pe3ynbTarhl
MOTYT ObITb NCMOMb30BaHbI A9 ONTUMU3aLN
aKkennyataumm TypOuHbI U CTaHLUMN C LIENBIO
COKpAaLLEHVS 3p03nn, OPraHn3aLmy MeponpUaTU
Mo ONTUMM3ALIN TEXHNHYECKOIO 0OCIY>KMBaHWS

B 3aBMCUMOCTW OT COCTOSIHUSI, CBSI3AHHOIO C
BOMpOCaMK KaBuUTaLmn, 1 ONPEeAENeHns YacTen
TYPOUHBI, TPEBYIOLLIMX YCOBEPLLEHCTBOBAHUS.

[MpOCTblE TEXHVKN MOHUTOPUHIA KaBuTaumm,
OCHOBAaHHbIe Ha MCMOJIb30BaHNN OOHOIro gaTvmka
1 MPOCTOM 06paboTKM CUrHana, MOryT BbloaBaTb
OLIEHKN NHTEHCUBHOCTU C BbICOKVM YPOBHEM
CUCTEMATUYECKON OLLNDOKN. ST MeToapl
NFHOPUPYIOT BOMBLUMHCTBO MH(OPMALIA O
KaBUTaLUMn, Coaep KaLLlencs B BUOPOaKyCTUHECKMX
curHanax, U He BblgaroT AeTanu KaBUTaLMOHHbIX
MPOLIECCOB.

MOﬂeﬂbele MCrblTaHNA HE MOryT 3aMeHUTb
KaBUTaUOHHbIE NCTMbITaHNA Ha MPOTOTUMNE.

In Figs. 12 and 13, the multidimensional technigue is
compared with the two simple monitors installed at Grand
Coulee Dam?, the monitor with one sensor on one guide-vane
lever and the modulation amplitude as the output (Fig. 12), and
the monitor using one sensor on the draft tube wall and the
RMS signal value as the output (Fig. 13). Fig. 12 shows how
poor and unpredictable the results can be when based on
one sensor only. Depending on the sensor location, the power
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setting at which the assessment of cavitation intensity reaches
its maximum varies by 50 MW or 100 MW. This illustrates

the situation with both one-sensor monitors. The second
simple monitor has one more problem: relying on a sensor in
a location in which non-erosive free-vortex cavitation prevails
and interpreting the two-year readings? in the wrong way
yielded a paradoxical result (Fig. 13).

A comparison of the two classes of cavitation monitors is
recapitulated in the table.

The high ratio of the monitoring sensitivities is a
consequence of the fact that a vibro-acoustical signature
of the initial deteriorating effect is compared to the total
cavitation signature in the simple monitor and to the
signature stemming from a spatial resolution cell in the
multidimensional monitor.

5. Model tests vs. prototype tests

» In a typical model cavitation test, many fewer data useful
for the practical operation of the prototype are obtained
than by means of an in-plant multidimensional vibro-
acoustic monitor or in such a test (Fig. 14).

» In some cases, not all cavitation mechanisms can be
seen in a model test, but all of them can be heard and
assessed in a multidimensional in-plant vibro-acoustic test.

» There are strong scale effects in incipient cavitation
modelling. Thus, cavitation should be checked on the
prototype.

» Due to the fact that the runner blade profile is not fully
preserved in erosion repairs, and since various deterioration
effects appear in exploitation, turbine cavitation
performance varies in time. This makes continuous
monitoring of the prototype necessary.

6. Review and Conclusion

The multidimensional technique for cavitation diagnostic
tests and monitoring uses sensors distributed over a turbine
and conducts complex signal and data processing. It
yields reliable estimates of cavitation intensity and delivers
diagnostic details on cavitation. This can be used to
optimize turbine or plant operation for minimum erosion,
organize predictive maintenance related to cavitation, and
identify turbine parts which could be improved. Simple
cavitation monitoring techniques, based on one sensor and
simple signal processing, may deliver intensity estimates
with a high bias error. They ignore most of the information
on cavitation contained in vibro-acoustic signals and do not
yield details of cavitation.

Model tests cannot substitute prototype cavitation tests.

Footnotes

3: Wolff, P.J., Jones, R.K., and March, P., “Evaluation of Results from
Acoustic Emissions-Based Cavitation Monitor, Grand Coulee Unit G-24,
Cavitation Monitoring System Comparison Tests, Grand Coulee Project,
Final Report”, October 2005, www.wolffwareltd.com/downloads/Grand%
20Coulee%20Cavitation%20Report.pdf
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Mpunoxenxue 1 - CTanaapTHaA MHCTANNALUMA CUCTEMbl MHOrOMEPHOro MOHUTOPMHIA
[Jatuvkn kaBuTaLmm YCTaHaBIMBAKOTCA Ha BaJlax WM rieHax HanpasnstoLLmX JONacTen B HAAEXKHO 3aLLMLLEHHbIX KOPyCax.

Appendix 1 - Typical installation of the multidimensional monitoring system
The cavitation sensors are installed on the guide-vane shafts or levers, in robust protection boxes.

VICTOUHMKI faHHbIX:

» (OBbl4HO) 6 4ATHNKOB KaBMTaLMN

» TPUITEPHbIN AaTYMK

» ICTOYHWKM faHHbIX O pabo4mx
YCNOBUAX (BEPXHUM W HYXXHUIA YPOBHMU
BOAbl, OTBEPCTUE pacrnpenenuTens,
oTBepCTVEe paboyero koneca as
MOBOPOTHO-JTONACTHbIX TYPOUH, MOTOK
yepea TypbuHy, MOLLHOCTb)

Bbibopku cnydanHmnx curHanos
KaBUTaLMN, PENPE3EHTATUBHBIE B
NPOCTPaHCTBE 1 BPEMEHM, NOLAIOTCSH Ha
KaBUTaLVOHHbIA MPOLECCOpP, KOTOPLIN
peanuayeT anroput™ MHOrOMEPHOTO MOHUTOPWHIE C LIEMbIO CHYKEHVSA 3HAYUTESIBHOMO
oHbema BbICOKOHACTOTHbBIX AaHHBIX A0 OrPaHUYEHHbIX MO Pa3Mepy AETEPMUHNCTUHECKIX
JaHHbIX, XapakTepuayroLmx NpusHaky kasmtaumm. O6bl4HO, 06LLaa MHTEHCMBHOCTb KaBuTaLmm
noJaeTcs B BUAE aHaNoroBoro CUrHana, v 3T AaHHble, a Takke NogpobHble CBEAEHNS O
KaBuTaumn, nyénmkytotcs B cetu LAN.

OTa cucTemMa MOXKET MCMOb30BaThCS HE3ABMCUMMO UM B KA4ECTBE KaBUTALMOHHOIO KaHana B
0bLLeN CUCTEME MOHUTOPUHIA 3NEKTPOCTaHLMM.

KoMnnekcHble CUCTEMBI MOHUTOPUHIA KaBuTauumn KopTo peannsmpytotea B TexHonormum OrrA/
PT. Hwxe npuBegeH 0630p BHYTPEHHEN YaCT! MHOFOMEPHOIo KaBUTaUMOHHOMO npoueccopa
KopTo Tvna 7391P.

Data sources:

» (Typically) 6 cavitation sensors

»  Key phasor

» Sources of operation data (head and tail water level, distributor opening, runner opening for
Kaplan units, flow through a turbine, turbine power setting).

The samples of random cavitation signals, representative in space and time, are fed to the cavitation
processor which implements the multidimensional monitoring algorithm in order to reduce a high
volume of high-frequency data to limited-size data on deterministic cavitation signatures. Usually,
total cavitation intensity is delivered as an analog signal, and these data and the data on the details of
cavitation are published on the LAN.

The system can be used independently or as a
cavitation channel of a general plant monitoring
system.

Korto’s multidimensional cavitation monitoring
systems are implemented in the FPGA/RT
technology. On the left is the view of the
interiourof the Multidimensional Cavitation
Processor Korto Type 7391P.
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B TMOPOSNIEKTPOSHEPTNA

Mpunoxexue 2 — MHoromepHoe KaBUTaLMOHHOE UCTbITAHME Ha NpoToTUNE
OnrcaHmne MeToaKN

MeToauka ncnbiTaHun SBNsSeTCa HepaspyLuaroLen. Ml
NpVKNerBaeM U NPUKPENnSeM MarHMTaMmmn 6a3oBble AaTHMKN
KaBuTaLMM A Ha OCU U pbldare KaXkaom 13 HaNPaBASOLLWX
nonaTtok. 3T AaTHYVKN NEPEKPBIBAKOT AManasoH 4acToT

OT YacTOoTbl BpalleHus TypbuHbl 4o 0,3 My, Mbl Takke
1ICMOMB3YEM HECKOSBKO APYrvX TUMOB AATHMKOB KaBuUTaumn

B, yCTaHOBNEHHbIX B OPYrX MECTaxX 1 MOKPbIBAIOLLMX 6onee
BbICOKME 4YacToThl. [locpeacTBoM TpurrepHoro garynka C
BbIMOJSHAETCS CUHXPOHU3ALMSA MOSyHeHMs 11 0BpaboTkn curHana
C BpaLLeHneM TypburHbl. Paboure napameTpbl CHAMAKOTCS
nocpeacTeomM D (BEPXHUIA 1 HUXKHUIA YPOBHM BOAbI, OTBEPCTUE
pacnpenenuTens, oTBepcTve pabodero Koneca A/ MoBOPOTHO-
NonacTHbIX TYPOUH, MOTOK Yepe3 TYPOUHY U MOLLIHOCTb
TypbuHbl). Yepes E/F/G/H curHansi nogakoTes Ha NpoLeccop
kaBuTaumm 1. ObpaboTaHHble, a NMpu HE06XOOMMOCTH, TaKKe
VICXOAHbIE AaHHbIE COXPaHAKOTCS Ha AMCKax 6OMbLLON EMKOCTU
J. MpoBeaeHme NCMbITaHN KOHTPONMPYETCS YNPaBAStOLLM
komnbtoTepoM K, a komnbtoTeps! L ciy»xat ons ceasm ¢
oneparopamu SeKTPOCTaHLMN.

MoaroToBKa NCMbITaHWIA Ha SAEKTPOCTAHLM 3aHUMaET 1-3 Hs.
B 3aBrcumocTI OT Trna 060pynoBaHs HEOOXOAUM MPOCTON

B TeYeHMe nosyyaca v HOYHOM cMeHbl. OcTallbHas YacTb
MOArOTOBKM MPOXOOUT B PEXMME HOPMarbHOM paboThbl.

Wcnbitanna TypbuHbl nposoaaTca B 20-30 pexxvmax MOLLHOCTY;
NPV 3TOM PEKOMEHAYETCA NOKasbHbBIA KOHTPOSb. 19 kapkaomn
KOMBVHALWIN YPOBHEW BOLb! M3MEPEHNS MPOAOIKAIOTCH B
TeYeHne 2-3 4acoB.

AHanun3 gaHHbIX, OCHOBaHHb I Ha MPOrPaMMHON peanim3aLin
MHOFOMEPHOMO anroputMa KopTo, YacTo SIBMSIETCS PEKYPCUBHBIM
1 BbINMOSHSETCA 2-6 Hefenb. B pesynstarte nonyyaeTcs MoapobHbI
OTHET O KaBUTALMOHHbIX XapaKTEPUCTUKaX TyPOUHBbI.

NPUMEHEHUE

e OnTyMm3auma paboTbl 47151 yMEHbBLLIEHVS 3003UM

° VyylleHne KaBUTaLMOHHbIX XapaKTepUCTUK TypOUHbI

e [MpOrHOCTNYECKOE TEXHNYECKOE 06CYy>XXMBaHUE (Mpu
CTabWbHbIX YPOBHSIX BOAb! AOCTATOYHO MPOBEAEHVIE VCTIbITaHWIA; B
MPOTVBHOM CJly4ae HEOOXOAMM MOCTOAHHBIA MOHATOPWH)
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Appendix 2 - Multidimensional Cavitation Test on a Prototype
How is it made?

www.powertecrussia.com

The technique is non-destructive. We glue or fix by magnets
the basic cavitation sensors A on the shaft or the lever of each
guide vane. These sensors cover the frequency range from the
turbine revolution frequency up to 0,3 MHz. We also use several
other types of cavitation sensors B installed in other locations
and covering higher frequencies. By means of the key phasor
C, we synchronize the signal acquisition and processing with
turbine rotation. We acquire operation parameters by means of
D (head and tail water level, distributor opening, runner opening
for Kaplan turbines, flow through the turbine, and turbine power
setting). Through E/F/G/H, we feed the signals to the cavitation
processor |. The processed and, when necessary, also the raw
data is saved in the high-capacity disks J. The test is controlled
through the supervising computer K and the computers L used to
communicate with the plant operators.

The preparation of the test at the plant lasts for 1-3 days. A half-
an-hour or a one-night long still stand is needed, depending on
machinery details. The rest of the preparation is made in normal
operation.

The turbine is tested on 20-30 power settings; local control is
recommended. For one water-levels situation, the measurement
lasts for 2-3 hours.

The data analysis, based on the software implementing Korto’s
multidimensional algorithm, is often recursive and lasts for

2-6 weeks. The result is a report on detailed turbine cavitation
characteristics.

APPLICATION

e Operation optimisation for minimal erosion

e Improvement of turbine cavitation performance

¢ Predictive maintenance (in case of stable water levels, the test is
sufficient; otherwise, permanent monitoring is necessary)
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