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aurtaoe irreplari ti••. P'i,ure 2 1a a pboqrapb ot an operaUJII 

laboratory apparatu wi'Ua a 90• ottaet e:rlnd111C 3/8 1MII iJlto 1ibe 

now, and with a nbatantial oaTitatiOll al.om tond.111 on tbe allarp 

corner. Pipre 3 aowa t.M oaTi taUoa d._. renl. ti.Ill tffa an 

ott•t eneDdi.111 l/4 1aall into tale tlow. Thi• ott•t wu oaued bT 

a Jd.Nl.1 ..... t be.._ tbe ormrete tora and '\be ateel 1•• trw 

1a the ov.t.let worb at Pali•llde• Dua. The rel&Uftl.7 allpt 

prel 1-t MJ7 4_. my be euil.7 repaired. Bowwr, it allowcl to 

ooaU.., t.be ~ aartaoe ollUNCl by '\be oa'ri taUOD will lie 'Ule 

aoaroe ot eaaUm1• oaTitaU.oe and exteuift 4 sp ay reftl.t M 

1• p-apldoally illutraW 1a fipre 4, om ot ta wt.let 110J'b 

CK'llllmu at Clru4 Coal• Dea. 

a.rtaoe 1rnplariU.ea ~ be nssoYed or ra4ere4 :baral ... "7 

oornotiafr 1ibe now nrtaoe to.,.. kDowD dia•ica . Prior to t.lle 

eoaniwuoa oL u.. ff.A'• rcataa n.., ooaaiclerabl• luoraW17 wark 

... pertO'l'llld to eat.uliall nrtaoe au ..... m toleruoea tor 'Ula 

Pcat.aa Tl\ el.it'. fNlla 'Ulla• •Wi•• a ....,. tutor wa .. ~ 

tor a,plloaU.ca to ONt.neticma 1a ta 1iulaela, ftpre , . ho 

au..~. sd•1 

..... 
i/ 91 t era reter to nterwea at eDll ot 1ilw paper. 
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Model studies haw been conducted in tbe 1JSlll llydraulic Laboratory 

to deterwine tbe veloci ty-Ulbient preanre relationahip at which 

incipient cavitaUon will occur tor varioua abapee ot eurt'ac. 

irreruJ.aritiee. 

f'ilure 6 ehon tm ruul. ta ot tM t.eeta ocncendJlc aqu.re Mpd 

ottNte into the no.. flae• •tu41•• wre llllde in a oc:Dluit with 

a fully deftloped tvbw.ent bouDdary lqer. Colllpatatiou haw 

aho,m. tut it tlleee ott'Nta WN in a S<Jm wit.II & blunt ftloci't7 

p:-cd'il.a/, allot tbe oune• woul4 tail approxillat.el.y 11Mre U.. 

l/4-1.Jriob ottNt ourff appear• on the chart. ~••q11ftt to tM 

nudiea ot the 90• in't.o the tl.ow ottNU 'UM tlow puaape ot 1ibl 

teat apparatu wre ndeaiped to proclQce a Tel7 blat wlociv 

profile at 1ibe teat auUon. Dae renlte ab.artecl iJl '1pree 7 ud 

a are beNd oa -u.. 'bl•t ftl.ociV protU.. rtcve 7 aon pend.Ni'le 

!INd-Yelociv relatiouldpa tor n.riou decrM• ot ..... 1'94 ooraen. 

F1pre S abowa tbe .... relaUombipa tor ro•••d oornere. 

SWd.1•• were .... 'to detel"lline 'UM proper llllape ot tbe wpatrea DON 

ot aplitter Ji•r• in Jt.ip fflociV oonduit,.,1/, The elliptioal allapea 

with TU'iou -.Jor to al.Dar axie ratioa wre t.eat..4 with the re.it.a 

u abaft iJl '1cun 9. 
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lben oarlt.aticn 4UIIIC• 1• t'ouad, and the eoura. ot '\be carlt.&Uoa 

uoertaiDecl, the pmral prooed.ure i• to repair the• 1ed area and 

l'911Dft or oorrect the aouroe ot tbe oarlt.atioa it p:,•aible. Ia a 

•itut.icm wlMtre oorrecti•• •uare• are not teuible, or it tmre 

1• a C11Mt•ticn u to tlM MeqU&07 ot tlM correotift •uure• t.aka, 

a repair •terial re•i•t.at to earl t.aticm at'\ack ~ be ,._. At 

tlMt Aff/7 lnciDNra' IAICq Peak~ 1iM aouroe ot 1M uarciJ1C 

.. rttaticm wu not readil.7 apperent. TM d--,. patten iatioated 

tbat YOrU.oea ntticiatly violent to produce carltat.1on pre•wre• 

narW "- 4-,e, tbltll tbe d&E91M nrtaoe 1.Dd11oed tur1iber oarltatioa 

_. oomequent.l.7 coat1mdnc carltaticm dUIIIC•, 'Ulltil tM tloor ot tbl 

CNUet. •truo"ture dom:wtre• tl"CII 1ibe oontrol cate wu •atl'o1M. 
Ia~• iut.aaN tbl 4alpd area wu repd.re4 b7 tol'IIIJII tbl tlow 

...,.vi•• ot •t.Nl plate, Pipre 10. !Id.a repair •'Ulod 1• 

ettHt.ift aiMe riMl 1• Tu\17 mparior to OODU"ete 1a reaiat.anoe 

to the at.t.ack ot oarltat.ioa. Preanre •w41•• ot t.- LQcq Peak 

CNt.let. worb no. pua .... iatioa'W tut. 1M pte• bad beea 

OJlff&W in a rap ot opemac• (6 iAGM• to 1 toot.) llbiah ~ 

to Jl'C)ftDe •wne preanna. A rerlNd operat.iJII or1 teria wa 

unN 11biall prmi)!W extasts• operation ot tbl 1at.ea at opemJII• 

1 Uer tlaall 2 tNt. ~ ooe+iNUcn ot re•i•t.at. repair •t.erial 

all rerlNd operat.us pNaedmN _,.u eJbdNte tbl d.itticul.Uea 

at Lw,q Peak Dia. 

' 



.A.t Orand Coulee Dall, ibe exit end o! the outlet conduit. ocmaiated 

ot ooae• mi.oh reduoed t.bt tumel diueter rroa 102 inabe• to 

93 1.noma, •• filuN 11. TbeN coo.ea were deeilmd to aaiat&ia 

po.1itin PJ."'8NUN• in the tumael• and at the OOlltrol catea 4uri.DC 

operation. The Junction ot tbt •""l liner ot iba co• ad the 

ooecrete troQp dowut.re- tormd a break ot 20 .8: l . ti 'tit tM 

ftlocitie• at QraDd Coulee Dall f.hi• break iJ:t. !low nrtaoe wu 

nttioient to O&\IN cavitation and tbe renltant daalee u ao1111 

ill ficurea 4 ad 12. It i• knowD 1ibat adaitti.ne air to a lOIJ prunre 

area will reduce tbe ctalllllllll ettect or ca'ri.taticm ad ainoe at 

Cow.ee Dall the out.let. wre or nob a ahape that air ooald be 

read.117 adllltted to 1iM downatre .. nd or the OODt (Sectiom .A.-.A. 

... a..B, Fi.pre 11) t.lda •'Uaod wu omaiclerN to N OM pouild.lit.7 

tor oorrecti.Jlc tbe •1tti01llt.7. AD uratioa ll"OOft (Dltt.11 Z, npre 11) 

wa out iJlto Nftr&l ot tM Orud Coulee outlet. Jut dc:JIIMve• t'rca 

1be e'\Nl-llMd oom. Pre'ri.ou work on 1ate alot.2/ wu uecl to 

de'tend.M iba proper 41MMiom ot t.M IJ'OOff, ad 1iibe nrreat warlt 

ca nrtace irreplaritiea OCDNl'BUI c1ui11ters detel'lld.Ded tM llbape 

clollmtrea troll tM Mr&'\'lca INON. 

Sella or tlM oa:Uet.a abcJwcl relaU Y11l7 111141 oa'ri. tation 4 

wu ~tut an epoxy IIDl"tar patch aipt be nttioi•t to rem.st 

tM •-cue etrect ot tM cavitation. Fi.pre 12 uon tM applioaticn 

ot epoxy mrt.ar to a Id.Dor 4-,ed area. TM nrtaoe 1a tira1 
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sandblasted, then covered with a priae coat of epoxy and. filled to 

,rade wi t.b an epoxy m:>rtar. Feathered ectcea 1181' be tolerated with 

this •terial. 

Two adjacent outlets, aoe repaired. with an epo;q mortar patch, and 

the other corrected with an aeration groove,were operated under 

•bc:,Qt 23, feet or bead tor 1,800 hours. The one corrected with 

the grooff* ebowd no dUlllie while the one repaired with a pat.ch 

ntrered d.-.e caaparable to that abown ill fi~ 4, In this 

i.natance the adld.uion of air throuih a properly abaped IJ'OC)ft 

adequatel7 pro-tected the inat&l.lation froa cavi tat.1.on attack. A 

reaiatmt repair •terial wu not acceptable u a eoluUon to 1.ibe 

problea. 

In the outlet woru at Glendo Dua in 'f7aldlli a Iii.nor area ot 

earl tation dUll&e wu rOlllld at tbe bec1:nn1 DC ot a cl.i vercinc NCtiOD 

4omatreaa troll tbe oontrol 1atea, and another at 1ibe atoploe •lot.a. 

)laJor earl tation d...,e had ooCUl'l'N on the chute 'blocufv'. ilr 

*8aall. area ot oftrbreak, and areu where the carltatioa d ..... 

ertellllM below 'tbe nrtace or tbe aeration fl"OOTe IIDd buh-haael'ed 

nrtaoe dowutre .. , were patohe4 with ep:,;q mortar. T.beN patohaa 

wre UD&trected lr,f t.M 1,800 hova or operation. 

7 



wu adaitted iDto 1he low-preawre area at tbe break in 'the d.iwl'IUC 

wlla to correct the dittioulty here. The a'ioploc alota wre in 

nch a poaiUca that 1ibeJ oov.1.4 be euil.7 e111dnetecl traa tbeir 

initial porition ad nn cmea imtalled nay t'rall the ld.p-ftl.ooity 

atreua. 'Die cma1e bloc:U, bowwr, wre or nab a ... 1p all 1a 8'llll 

a pod.UCJll that aiJlple repair wu not a aol11tiOD. !bl 'bloo:U wre 

OClll)l.etel.J' redeaiped and tbeir nn ll1drnllc oharaoteri.Uca 

DHeaait.a-4 a NMsip or tbl battle piers. In 'Ud• 1mtuaoe tM 

-.Jor clittin.l.ty wu corrected 'b7 a calpl.ete chap in h1dnulle 

deaip. 

n.. e:n,•>l•• tad to point oa.t the DHd tor doowntati.OA or 1ibl 

t1w41ns• ocaoen:lJJC oan.t&Uoa., and tbl oorrect.ive •anre• talllnl 

to el11dNte 4-cial emtat.ioa. SpeeiticaUou baft °Deft CUDl8d 

to beOOIII mn renricti.JII u UIIICUI oan.t.atiOD appeara :la 

o,eraUJc lllllt.al.laUou. ID 19l4 1ibe apecitioat.iom tor JlooTer Dia 

...UGMd tM oaavactor: •Special care aball • tue11 in tM tOJ.'11 

'IIOl'k 1111111 t:f Jd *•• 1a all tmlnel• wbioh will 'be nl,Ject to )aip 

ftl.ooiUea., _. all proJec,Uom or ottaeta OJI 'tbs nrtaoe lllall 

• nm"fM \!tr Nbld.Dc or 1riD4iJ11 w1 th carboNllla or ll1' otba 

•tlloda aat.illt'actory' to the oont.noU111 ottioe." Ia 19'9 tlle 

apeoitioaU01111 tar Trim.ty Dall OODMl"IWII oanorete tiniues m 
toleraoea ooat.aia 9 papa ot intOl'IIIIUon 1.nclllllizlc a olMIN to 

8 



pi.lld all irNplariU•• to .. Nftl DOt IIPJ'e °""'~a raUo ot 

1: 100 blqla'\ 1o 1-,tll. A pwater uaMnW1141 • ot oaTi '\&Uca bu 

1 .. 1o deeip •tbc>U ad pr.ooetana aore •arl.7 la llm wi tll 

M'tal DNcla • .la eoveea ot troul• appear Uld are oornotecl iD 

- operat.iJII ianal.l&Uca, aillllar eoaree• ot po'MllUal ditttnlv 

_. cll'01llllllNIIW tar ianallaUcu atill aa * fnllriJII bod. 

,-._. ..UN arlloal.4 11M to tale iat'Ol'lllltica Ii•• la t.-N CIMl'U 

_. •xllll'l••, ml U.reb7 lie ot tv1iMr aid to deaip -,1wn *> 

are 1awnicatillc oaTi kUcD 4..... 1a operat.iJII 1.M-1.laUCIIII, _. 

ia 'tM deaip. ot ... iM'\allatioM . 
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FLOW 
--> / Vapor cavities 
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A. OFFSET INTO FLOW 

--> ,Vapor cavities 
~ 

C. ABRUPT CURVATURE 
AWAY FROM FLOW 

--> ,, Vapor cavities 
I 

~--TI r,:::.-.::.'.,. ·. · .. · :.·. ·l · ... .-< 
_: ::·: ·.·:.·. ·.·.-:::·:·,:: ·: .. : . · .. : :·;, .'·.':' .: . 
· ·.· ·· · ·. ·: Damage ..... 

E. VOID OR TRANSVERSE 
GROOVE 

-> 

-->- ,,. Vapor cavities 
/ 

~ ..... ,,. - --• • • : • • • . • c___ c:::_ .> -:s -. .· ., ..... . ·z ....... . 
·. ·. ·-:· -:-.:.: :·:,:::-: ·.:,f·:::·:=.·-:_.:::·<: .:;: 

Damage-_.., 

B. OFFSET AWAY FROM FLOW 

D. ABRUPT SLOPE 
AWAY FROM FLOW 

--> ,..Vapor cavities 

I 

I 
I 

..... ·~ . . . . 

: ·oa~a·g·~·-~-~ ./\.-\·: ::> :· ~··.<<·_·: 

F. ROUGHENED SURFACE 

,., Vapor cavities 

• ··: :·~_<....)) ) -

~-.. ; :·--\-.-\· :: (\ /: ).: _: \:/ ·:, ·:· ...... -::_-: ·: ·: ~ -~: ': 
· · · · · · - - · · . ..: Damage ·. 

G. PROTRUDING JOINT 

I 
FIGURE !'. POSSIBLE OCCURRENCE OF 

CAVITATION AT FLOW SURFACE 
IRREGULARITIES 



FIGURE 2 -- 90 ° 0.f.f set Into The Flow 

111 FIGURE 3 -- 4 Offset Into The Flow, Corner llaturally Rounded 



FIGURE 4 -- Extensive Cavitation Damage in an Outlet at 

Grand Coulee Dam 
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FIGURE 10 -- steel Clad Flow Boundaries, 

Lucky Peak Dam 
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FIGURE 12 - ·- Epoxy Mo:fl'tar Patch in an Outlet Tunnel 

at Grand Coulee Dam 
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