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,.~¢ptember, 19~5 CAVITATION 1041 

EXPERIENCES OF THE :BUREAU OF 
RECLAMATION 

BY JACOB E. XVARNOCK,:' M.  AM,  SOC. ,C. E. 

SYNOPSIS 

With the tread to: larger' and larger hydraulic structures, cavitation and 
the resultant pitting has bec0me a major problem to the:hydraulic designing 
vngineer. Subatmospheric ~ pressures in smaller structures,were~ofilittle'con- 
sequence, but with the increase of head in morerecent structures, the approach 
of subatmospheric pressures to absolute zero as  their  limit 'has created pre- 
viously unheard of situations. Experience, in the laboratory, and ~ m the:field 
shows that prevention of cavitation is fundamentally a. function of design; 
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INTRODUCTION 

Pitting due~to cavitation is not new to  the Bureau of Reclamation, ~U. S, 
Department of the Interior. Trouble was experienced asfar back as1910-~1920 
i n  outlet works, but recent examples have been more severe in 'extent due :to 
the increased head. In discussing thearrangement and ~design of outlet: works, 
J. M. Gaylord and J~ L. Savage,/Hon. M.  Am. Soc. C.~E, (25)i~ in 1923 stated 
that "Most of the difficulties with outlets built by  the ~ Bureau of~Reclamation 
can be attributed to the effects of vacuum in the conduits below~the regulath~g 
devices." However, i t  was no t  U~ntil recently that i pitting' has  appeare~l: on 
the surfaces ~of /water passages normally considered:to be opencha~nels~ ?°,Two 
examples of Conduit~J~ow are described herewith-~-theneedle .vatve~atiBoulder 
Dam (Arizona-Nevada)which discharge into the atmosphere, and the balanced 
valve out~ets at Shoshone Dam (Wyoming) which disclmrge into short eonduits. 
Two examples of pitting in openchannels are also slmwn,~in the Arizona spill- 

.way tunnel at Boulder Dam and one,the spillway.: pier/faces a t  ~Parker Dam,  
both on the Colorado River. 

The remedial measures in each case were made : possible ~ b y  laboratory 
studies. In fact~ the occurrence of cavitation and pitting in the large hydraulic 
~tructures constructed in recent years ~would be more prevalent~were it: not:for 
the availability of hydraulic laboratory facilities. A careful exploration of~the 
Immures within ~ model can detect those conditions which, when transferredt~} 
a prototype strpcture, • will cause the~ intermittent subatmospheric pressures 

producing: cavi~tion. A t  one stage in the design of  the :spillway for/Grand 
Coulee Dam (26), in Washington;-a dentated lip at  the downstream end of~the 
aproneliminated theimpingement of the lhigh-veloCity flow.directly bnther iver  
bed ~downstream ~fromthe apron, reduced the scouring effect of t h e  turlmient 

~j~,~and~ materially reduced th~roughne~s of the water surface in the  stilling 
ii~i~l.//Minute examination of~the pressures on.the faces of the  denta tes : ina '  
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~I : 40~model anti a l  : 15 model showedtha t  cavitating pr~sureswould  occur ~;~ 
in~ the prototype which would haye  destroyed ~the piers~in ~a ~very,.sho~t ~time. ~:~;! 
This condition w a s  the  principal factor~in cont inuing the i.~boratory studies 
which resulted in th~ ~ adoption of, t he  bucket', type~of~energydis~ipator. ' ~ !i::! 

The destruction 0f / the  conduit roof in t h e  outlets a t  ~Iadden D a m ,  o n ' t h e  ii!~ i~ 
Chagres R i v e r i n t h e  Is thmuslofPanama,  by pitting fromcavit : t t ionwas the in- ~ 
eentive for a complete model s tudy of  the outlets ~(27 f o r  Grand  Coulee Dam :'i 
&side f rom the criterion o f  efficiency, h " . " - • t e emphasm throughout the tes ts  WaSr tO 
prevent pressures from occurring a t  s :W point in the  conduitwhichwould cause " 
cavitation, One:of the eaHy_deslgns of t h e  u p p e r  antl intermediate out lets  
showe d subatmospheric ~pressures of such ~ intensity that, had t h e  design ~been 
constructed, cavitation Wouhi, withbut doubt, have beenso severe as to hamper, '/ 
if 'not completely prevent, successful operation. In~ the ~ original• design ~the~fact 
was overlooked that  the frictional ~ forces in the  slop~ng~conduit . were.insuffiCie~ht 
to overcome:the accelerating force due ' t o  gravity,  a 'condition whichbecame 
readily apparent  in the  experimental studies, 

There' b,-a~ a. period prior to the  Madden Darn'incident when,~t was difficult/- 
to demonstrate tha t  cavitation and pitting could occur in ahydraul ic  s t ructure  
in the same manner as it has' occurrediin hydraulic :machinery such as marine 
propellers,: turbines, and pumps. Withthe experiences at ~Madden Damandin 
certain .Bureau structures, augmented by,laboratory investigations, the i ira- i 
portance of this cavitation, problem is fully~;recognized by Bureau engineers. 

The Gaylord-Savage report • (25) describes outlet structures an~ recounts the ~ 
difficulties experienced in :the excessive maintenance due ~to damage front 
cavitation. Although the theory Of cavitation at that time differed materially ' ~i I 
'from. the current ~onception, the adverse condition ~vas~even then ~associated ;~ 
with. extreme subatmospheric pressures, iIt was realized~that~the erosion~or ; 
pitting was an action accompanying subatmospheric pressures, but ithe:cause ~ ~i! 
was not completely understood. At first the pitting was :believed ~to be a ~ : 
direct re.sult of the making and breaking of~the vacuum in the ~immediate : 
vicinity ~'~' 

A s i a  now the case, one of the most practical~ remedies applied~to the~dis- : i~,! 
~a.s the introduction Of air;immedi-~ :i;i i'~ Charge conduits installed in ear!y periods ~ 

a te lybelow the regulating device. Air ~vas admitted to the  discharge~conduit. ~ i; 
in a number of instances during the first years Of operation, ~but, in ithe~light of;: 
a~r, requirement~tests~ made.in recent years on both modetand iprototypest~-uc, ~!~ 
tures, ' i t i is  doubtfullif the air  supply in most cases was either adequate or ~i~! 
properly installed. T h e  location of the  air inlets in the conduits iS0ften more ~ 
important t h a n  the size. Thus, improper ~location might have !been~0ne o f  ; 
the n~in~factors . . . .  contributing toward failure of some of~the early systems. ~ 

Streamlining the neetile tips is considered t h e  only p rac t i cab lemeans  of i!~ 
~diminating damage  to ~this ~part ~of the valve; however, damage :.could be  ~!~ '~~ 
.rec~uced to a.minimum byrest r ic t ing the valve 0perationto:noncritical openings i~i'i~i~ 
determined !.by detailed pressure  measurements on the ~ prototype o r b y . m o d e l  " Y;~ 
te~t~ or!both." " i~i 

.. ..... , ~..,~ 
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1044 "CAVITATION 

D A M A G E  :TO I N E E D L E  ':~VALVES 

Initial operation at Boulder D a m  and iAldova Dam,! in W:yol 
severe erosion: o f  the needle valves inlthe outle~structures:whic| 
tomaintain, Since the,valveswere not readily accessible. The~ 

is Shown 'on the needle ~ 
0,2 - - . 

0.4~ ' ~ ~  
o.s:= . . . . . .  . . . . . .  

o / / 
' ' 

WaSe$ t'ressure Press~o L i n e " ~  

32. :~In this case, the damage  ~ 
h o ~  ~time. :pr°bdu~ed i in a relative!y s . 

Detailed records are n0ti~iaVailable, ~but 
/ the~ time was~probablytib0ut one month i: 

at the one'half : open ~position ~ .with a :: 
/ / head of~L45fft. 
~' Piezometers installed :in .the :nozzle 

' o f  one of:: the 72-in. ~Valves :at 'Boulder 
/ " Dam ;showed pressures :near absolute ~: 

zero in- a. Zone : (Fig. : 33) i~immediate!y i:i 
upstream:from the region df~erosion:or::~ 

;he entire:rang e ' Of ( 
iinstallation, of ": 

Relative Positions of Needle---..-... ~ '  o f  /:i~, . . ~ pitting,throughout:! . . . .  ~:' 
~ ~ ~ . V ~  the valve. ~Since :the m .of "~;il 

Fro. 3 3 . - - P m c u v a z  VmTamc~oz~  oz~ 'Ta r- P ressure equipment:'in°ne 0fithe:72~in" ;ii:~!~ 
NOZZLZ or A 72-L~. NZIDLt VALet needles would ,; have been .~ intricate, .:~(:~'~ 
(H~D. 510 FT) S~ows n~,ONS o, homologous needle valve with: an :e.xit :~:i 

L o w  P ~ u s m z z  W m c ~  C O ~ L A T ~  
PffiRFtCTLY WITH . ' ~ E  OCC~[~R- diameter of 5: in. was i installed :for'test- 

a ~ c ~ .  or  Pz~-rmo . ing inone  of the~tunnelrplug<outletsat :~: 
Boulder Dam. The pressure distributi?n:on the needle andlnozzlei;showfh ;! 

in Fig. 34 for ~arious openings of:the ~ahe under a constant'~'head o :150. t. ~: 
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0 30  60  9 0  
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/ Scale of Water Pressure 

l. 'm. 3 4 . - - D r r A I L  ' D A T A  F ~ O ~  E X ' r E ~ m V E  T z w r s  o r  A ' 5 - L ~ .  ~ , . U , Z - . M O D Z L  N E E D L Z  ..Va.l, v m ' F c w l  
C o ~ r t ~  Tu~ l ~ m v ~ . z  . M X A S U R ~ T S  ~ PtTrmo OBamRvzv o~ TSS P a o v o ~ e n  

In generM, the. pressure conditions were most critical ,at a valve.opening 
approximately 40%. The results of a wear test (Fig. 35)are  shownafter: 
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days of operation under a total head on the ~v.Hvc of 460 ft with the valve 
opening of 40%-- the  severest condition. 

A number of desigrts were studied in the laboratory using the s.tme 5-in, 
valve and a design was developed which produced positive pressures a t  all 
valve openings and at all heads. This design, when subjected to a wear test, 
under the same conditions as the original design (except at an opening of 20070, 
the opening at which the severest conditions occurred), showed no sign of pitting 
on the needle after eighty-four d a w  of operation (Fig. 36). 

FIe.  ES.--pn~rmu ON Ts~: NE~nLE Or A 5-1N. 
V~VZ, ACCORDrI~G TO *J'~E ORIGn~AL DE- 

SIGN, AFTER SIX DAYs oF OPERATION 
( 4 0 ~  O t , ~ m a  , s o  H - 460 FT) 

Flu .  3 6 . - - A s s ~ c E  OF Pr~rzNo oN THE NZEDLE OF 
$-IN. VALVE. ACCORDING TO THE IMPROVED 
DE~IG.~, AD'TER 8 4  DAY8 OF OPERATION 

(20~)~ OPENING AND Jl r m 4 ~  FT)  

The original design of nozzle had an expanding water passage which tended 
to lower the velocity and cause a regain of velocity head. This yielded a higher 
discharge but created low-pressure areas in tile valve. When forces in the low- 
pressure areas were of sufficient intensity, they produced cavitation with the 
accompanying pitting. 

From the high-head studies of tile 5-in. valve, certain specifications were 
developed'to/maintain positive pressures on the needle and nozzle of the valve 
at all openings. The angle between tile needle and the nozzle must not be 
divergent in the direction of flow. The needle and nozzle profiles may be 
parallel and still maintain positive pressures, but a convergence of one to three 
degrees is preferable. The seat must be on the tangent portion of the needle; 
that is, the base diameter of the needle cone must be slightly larger than the 
outlat diameter of the nozzle. The valve nozzle shouhl have no point  of 
inflection; it should ~ have a sharp edge to maintain the minimum section a t  
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the outlet of + t h e m ~ v a l v e  + nozzle++and should i permit: free ,~eess +of +air +to ++the l i l t '  
+at+the point of~emergence. " ~" + ...... i 

+ T  + . .  • " - . " . . I . < he, hgh=head:studies on: the 5~in. :valve gave positive!pro0fith~t~the~72,i~i ;'i 
valves ~ were pitted by eawl;ation and, that elimination+ ,rofl the,severe: . s t i b s ~  ;i} 
pheric pressures causing .the ~ cavitation was ~ possible ibm, ;~he redesign t0f ithe :ij 
hydraulic passages of the+valve. In eliminating theilow pressure~by!tmi~+:~i[ 
sharp-edged nozzle in the improved design/the discharge capacity w a s ~ r e d u ~  + i 

Using a 6-in. Valve equipped with piezometric:tapsithroughout:the profile 0f !I 
the;needle and:the nozzle, the  desig n was altered further :by increasing the;! 
outletand equatorial diameter a/zd the needle travel until a lconibinationwas :! 
found in which the cavitating pressures were absent: over,~the entire :range~of/i 
valve opening (Fig. 37) and;the •discharge capacity ~was~ comparable to ;that\of!~i 
the original valve. , ='i 
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(b) PRESSURE CONDITIONS ON NOZZLE (c) PRESSURECONDITIONS ON NEEDLE 

Fro. 37.---Com, LrrE .4.++SLICE Or CAViT.+,T~a PX=MUmmS ON TX= NmmoL= JU~ 'rmls,~ NowmuciolPI~A':NIW 
DJmz~  o r  N i t . L =  %'¢I,v]¢. As DlrraL~L't iO r i O U  A S . I .~ .  ~,ioD]=[, :•~< 

Although the new design has not been used in a (field structure+ ~th : ~  
e + + ~  

factory.operation of the 5~in. valve with positivepressures throughout,~tm, derli~i 
• head of 460 ft for eighty-four days, indicates similar, s a t i s f a o t o r + y o ~ i o n ~  
:,£ larger valve of the new design..Aa++d~,i+,,oa+¢...+~t,=.__, , - , -_ : . :  ,,~:;.. ...... ,:r~+~:.~,..~,.+ + 
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Valve :fin +Fig. 37 + has an :,inlet +,diameter of i+110 :in. and; an outlet, diameter, of ::++i 
1 0 5 i n .  . "~ 

Subsequent ly ,  sharp ,edged  nozz l e s  were ! installed on certa in  ~valves a t  :!: 
BoulderDam and the pressure results show. a marked improvementin:distribu- + 
tion (Fig.:38). Field reports  indica te . ' aminimizingof  pitting, o n ' t h o s e v a l v e s s o  " , :-i: 
equipped. Operation of the ~/alves wi th  ; + +~":i: 

origin 1 n h pe,"at  openings i°i~! -:~ the  a ozzle s a ~ "- -~ . 

where the subatmospheric pressures were 
less-severe, as indic~tedby model tests, 
has also.tended to reduce the amount of 
pitting. 

• SwOSHONE DAM BALANCED -VALVES 

~.oT~-7- - 

The  ' . , semi-~ee!"~(high-test  gray  iron), conduit  l iner. :, 

T h e  58-in. ::balanced valves in the ze,o Pressure u ~ e ~ ' # ~  . / -/(" Ii~" ~:, 
,lower outlet  t u n n e l i n  the south canyon 0 12o 240 " ~ k . / /  ,~i . 
wall a t  Shoshone Dam,  near,Cody,  Wyo. ,  scale of Absolute Zero l i / )J  i 
were  ins ta l ledl in  May,  1915. Al though Water Pressure Pressure Line'- 
this type  o f  valve '  had a l ready required Relative Positions of N e e d l e ~ , ~  ---. ~ :: ;. 

considerable maintenance  in t h e  installa- - ~ ~ . :  , .~ :~':; ,i 

lions a t  Roosevel t  D a m ,  in Arizona, and ~ " , :, ;!:i 
F I G . ' ,  ~ . ~ L ' P R B s I S ~ R E  :DIsTRTBT3TZON ON THIn : ~?J,, :! 

P a ~ d e r .  Dam,  in 'Wyoming, lit was "NozzLz olt.,rHm72,I~. NzCvt~p..VAt, V~ 
adopted ~ because o f  t h e  lack. oL-a ~ bet ter  As Bovv.or~ ~D~, .WITH R~:vmzD """! 
design. ~ Pzora~ o,,,~'Noz~s ! 

The valves  were in operation only. a few seasons when i t  be~came ev ident  t ha t  .-: :;i 
seasonal msintenance similar ~ to ~thst a t  t h e  older :installations :,,wodldi be :ro~.:i' -~/1 
quired. Pi t t ing of t h e  downstream faces of t h e  waive  n e e d l e s a n d  severe i 
damage t o  the discharge conduit,Walls immed ia t e ly  below the.valves,  occurred " 
-dur~ extended periods of~:operation. Patching'~with various mate r i a ! s  or . 
falling the pitted areas by arc-welding .with different metals:was 0fno:avail. 
With few exceptions the patches eroded~ more rapidly than~the parent• metal. ;~ 

In 11.930-1931, an attempt was: made :t0.relieve the Shoshone~ Situation by .: ~ 
instal l ing twenty-four  2, in.  pipes a n d  a n  8-in. a i r .duct  below~each valve ,, (Fig. :~ 
39(a)). A marked increase ~ in/ the intensity of the:noise.accompanying!the :,ii 
dis~g water resulted, and :the experiment was rconsidered unsuccessful. 
Bemuse of the failure of the vent system, resort was made;~0 theoriginal method - ~.i 
of maintenance and the valves were used as :little-as:possible. ~he~pitting~was ;. ! 
seaious a n d . t h e  repairs inadequate,  but  a m o r e p r a c t i c a l  i:method.~of repair. • :~ 

was.n0t apparent .  : ! 
During t h e  season of 1942,~the va lves  a t  Shoshone were opcrated~ a t :a lmos t  " 

~full ~ p a o i t y  o v e r . a n . e x t e n d e d  period in order t o  regulate ~flood flow a n d  : ; i  
prevent~erop damage  downstream. Damage  to  the outlet s t ructure  was severe ~ ~ i 
and maintenance measures• became critical. ,- 

TheJ.eonerete for -severa l - fee t :downst ream f rom the ,metal  :lining in each -: 
:;eonduitlhad been :. eroded ~ severely and~,most o f th ,~ ' twen ty - fou r  2-in.  pipes i:~ 
embedded in t he  condu i t  during the I931  . ,revi~onihad :been t o r n  o u t  in ' the  ~: 
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~e |ow th~ valve was pitted severely and:the face of the  needle ~Fig. 40.(b))~had 
badly~pi~ted areas (by operation in previous years) on which several kinds of 

-!J 
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p . . .. r . _ - - ~ q ~ [ ~ l U l m l l  

s t a t u r e  fr~amithe;East:  Vs lve;~  ~ (b) iEsmt  C o n d u i t  . 

. The areas of greatest, 
! !~!ow?rand above the:valve~gmdes, .Where,o~y 3/4~in. ;of)the ~:orig 

~Dmm. 
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n~lle~ face, m • apparent -in -F~g. ~ 40(b)..The end,s:Of the metal !llnm" •we...out-•~"-~•o~ !!:~/ 

in :~193Iwhen the present/installation Was made: • : :~: 
.Hydraulic laboratory model studies were imade ,to evolve nieans Of :mini- 

r mzmg ~:or eliminating the w e r e  damage,~ ~0 reduce ;the unreasonsbly ~ h  
of -a possible .~failure ,Of :seasonal maintenance, 'and ~to Temove the/danger ~the 

w~ter=release~system. Tliis"problem involved an.cxtensive~studY~0f~thep~m. 
sure,distribution in the Wives,and .thedischarge conduits. : . . . .  : .: . 

Threealternatives were~developed: ~(a~ ~The :range of :valve ~openmg was-::iil 
determined in which dainage~ould be  minimized untilmate~ls~i~obte~nable :~!i 
due to wartime,restrictions, !become available; ~ (b) a red~ign~Fig: :39(b)) wu~iii~ 
developed in which adversepressure conditions were e l i c i t e d  ,over ~tlie ,~mfi~!i!:~i 
range of operation, :but at:some sacrifice ~in :the :discharge: capacity; and  i(c)!~a:~ 
modification of t h e  present installation (Fig. 39(c)) was developed in whiPs! 
pressure conditions •were acceptable ~ over a range of valve opening ~,from 25~oi~i! 
t o  100% ,with no reduction in ithe discharge capacity. . ' 

The model :tests showed that the 'present prototype vent system ~s in-:S' 
adequate to prevent cavitation for  all :except a very s~nall xange;Of v, alve~,i 
openings." Insufficient air  is supplied between 23% and  ~70~ro opemngs,~ :and, ii~ 
someof the,2-in, vent pipes on "the:invert t::~i .~ and ,crown become ineffective ~ 
openings above85~o, due to eddies ~forming immediately downstream ~from,.the 
V-guides.~ These conditionsprecludedsa[eoperatioh of the present installation ~ 
at ranges of~valve opening other than  iT0~ to 185%. Studies Of the.::present~i, ~ 
installation ~ indicated that the ~pitfing ,on the ,valve needles was most::sevvrei~ 
between openings o f 14 % and: 25 °~ I i and i that: damagd t o  :~he conduitsxesul~ ~ 
between 23% and 7 0 %  valve opening./Tl~e damage ire !the iconduit fat these:i:~i 
openings probably rendered the. air-supply system ineffective and aggravated= 
the destructive action for ilarger valve~openinga. :~ 

Damage by cavitation and pitting ~on the valve needies and ~:disch~ 
conduits can be eliminated entirely by :a major revision (Fig. i39(b)),:of 
needle tip, the valveseat, the conduit throat, and the :aeration:system. TI~ i~i 
solution will reduce maintenance ~¢osts to a '_minimum and:,tlle valves ~can !~! 
Operated at an~, opening without fear of damag due t~)subatmospherm 
~:pressures; but it will reduce the discharge capacity by approximately 20.o7~, 
~a factor to b e  considered in future xe~risions. ~: " - ' "  

Minor alterations of the :present structure (Fig. 39(c)) ~ill  iinv01ve: (~,~ 
Streamlining 0f,the sealing edge of the plunger; (b) r~:~ovaliof,a-ipart of thq'~'~i 
bronze sealing ring by chipping and~grinding; (c) removal of, the :ithroat !liner~. 
and ,(d) revamping of 'the air-supply system. Aeration equivalent : t o t h ~ i  
12-in. :ductsw ould be !adequate in 'ttiis:arrangement, ~but slightly,more area:w~ ~ 
recommended as information on•air requirements ~in high-velocity/~flow,~. 
limited. Operation of this modified design at~opemngs smaller ~than~23~ ~ 
haveto beavoided to preventdamage to ~the needle. The discharge eapael~i~ 
is not affected noticeably by the modification. -. ~:~,!i 

Since materials havebeen unobtainable to make either the minor altera~o~ i 
orthemajorrevision, the valves were operated during the~1943irr igst ion,m!l  

in, the valve-~pening range =at which :the ~suhatmospheric pressure~': wer~ii~i I 
:leMt severe. ,After thirty?five days of operation at  75V/o opening, ~.'thei,~l~!l~ ~ 
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i~elf showed ;no evidence of~ additional pitting, .~and a very small ~amomit of 
pitting~had occurredinfthe.e~remet'op Of t!~e, discharge conduit. ':l¢orty's'e~,en 
days of operati0fi :at9% opening :in i942  ~had caused,~the ~damage~shown iin 
Fig. 40. ): ~i  ~: 

i PXaK~.a .D~.MI Si, n, Lwx¢ Pz~as ~" 

T ~he spillway" • . . . . .  at Parker :1~ ~. a n , , l_  ~ .  - : - - a m - a s : . , v e 5 ~ - ~ u y  5t~ts toneygates  to pass!the .... 
duriagthefl°°d: wate~..i ~ +  ' Thee  igateS~season,.WereparticularlyalSo used for passing the flow of the :river' ~ 

-ow:-a,er during the .early:years of.operation, ~ 
b~f61~:rthe'p0wer..:::: ~ . plant:~was completed.  As~ra result of this'early scheme., eL !'i: 

! - 
r. 

' x : "  

: . f . !  

' ~, ,~:'amall  gate. •opening:and:. a head .above the spillway crest :iof f~om !;40R 

• • i:~;. ~ o r , ~ i .  ed cond!t!on, mmflar..~that~onthe spillway;faces•at?Bonneville D a m  ;":~ : 
• ? ~ , 1 ~ , m  a prevl0us paper,• bgan~to.develop on the faces:og.~the SNt~yay.i f!:~i i 
:~:r f ~ :  ~ u d ° n  thespfl lway crest I~mediate!y downstrea m .from/the:g~t ~:~0i :! ~?::r~ii 

_L~'. 
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,-Fig. 41). "It. first(appeared below the gate ~wlaich 'had ::the !longest, record of~i 
eperation, but. :there was. evidence ,of it  downstream from :the other:::lgal~:i(., 
Subsequent,oPerati0n of the. o thergates  had graduMly developed the same.. 

.pattern on all:ten .of the pier faces in lessei degree,of .intensity. Photo~aphic:( 
inspection at approximately yearly ::intervals'discloses, some increase, h . t h ¢  i 
extent of  the area and depth of the erosion, but::not sufficient to cause tt~due: 
alarm, particularly since the :ipower plant:Jms been i)laced in operation ~ i ~ !  
nmst of the  low-water flow tresses.the dam through the turbines. .,,. i~ 

Model studies were undertaken to reveal.tim eauseand means of-eliminating!i 
pitting at Parker Dam, and.. to. prevent... . i tat.  fu tu re .  . installations. I n e o m p l e ~ i  ~ 
studies, including all possible c~rcumstances, Jinx e revealed ,several points ;of !~i 
interest. The use of,transparent models ~revealed cax=itation under the end 
of the gate in tim gate slot as a result of a ~-ortex.: Pi~ing, caused by the':il 
collapse of the low,pressure pockets breaking away:from ithe bottom of the' 
vortex, is :tim only logical explmmtion of  ti~e damage to  theoier  face. " ~.i 

A similar installation at Guernsey D'ma, in !Wyolning, Showed no signs of 
erosion on the spillway f'tec even though the g-tte has operated :in the 'same 
range fora  long period of time. This naturally:raised thequestion as to why~:i 
erosion.occurred '~t Parker l)'~m and nota  t ~Guernsev Dana: 

o . - . 

The gate slot at Guernsey I)am i.-:.considerably larger , (Fig. 42)::in !horlzontal • 
,cross section than the gate slot at Parker D:tm. As a:,result, the :vortexin the j 

LEGEND - ......... "~ r " " -  ........... -. . 
~" l ~ ,: l . 

- -  Parker Gate and : 
End Recess I 

. . . . .  Guernsey, Gate i 
and End Recess I 

/..-It 
/ /  

Wedge Deflector t ~  
Be Installed on 

Spillway. Pier Face 

Flow 

l'i('* 'I 

.i 

i 
{ Deflector Cons=sting of 
'90 Degree Segment of 
8-Inch ExtraHeavy Pipe \ :  _ 

F~o. 42.~Co.~tr.,~RtsoN o~" :~ru~ GATE Ri~'CESSF.S OF GL~ERN~Ey D^~,f AND PARKIgit DAM. Sl~OWfNO TH¢ 
L O C A T r O N  .OF T H ~ " , ' D E F L , ~ C T O R s  ~ O P O S E D  "AS R E M E D I A L  .~,IEAsUaES A T  ' P A ~ E I g  D A M  

gate slot at Guernsey D,tm was large-ind slow in rotation "withno appreciable 
reduction in pressure at the core, whereas witl~ the smaller cross section of the  
gate slot at Parker Dam, ttm angular velocity was high with a x:ery small core 
and very low pressures in the core. As in the case of the cavitation zone 
downstream from a ven~uri thro,~L the flow condition was unstable and low- 
pressure pockets broke away from tlw l)ottoul of the ~'ortex. Some of,.the 
pockets e01l'q)sed against the boumlarv ..~mface,. ' ' resulting in the destruction 
of the concrete amt metal. 

According to the present conception of the condition, the solution appears 
to be the elimination of the vortex. This can be done in a number of way¢ 
none of which is universally applicable. In the case of Parker Dam, it i~ 
proposed to install a wedge-shaped deflector (Fig. 42) upstream from the gatei 
sufficient .:in e.xt.ent t q deflect the  flow of water trader. :t, he gate a.~;ay .[Fa~ ~ 
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downstream corner of the ga t e  slot, thus negating:the fo rmat ion  of the x,ortex. 
An additionsl curved deflector consisting of :t 90 ° segment of an 8-in. extra 
heavy pipe fastened to the metal a~ the  downstream side of the gate~slot~will 
further deflect the flow away from:the l)ier face and ~provide aeration down to 
the spillway crest. Another solution,, practicable .w,.ierc the spillway crest is 
sufi 'icientlyfar above the taihrater to provide drainage, is the  extension of :the 
end beams of the  gates down intowells  in the spilhv.ty crest, lthus makiog them 
continuations of t he  gate slots. These 

gate-beam extensions will then ser.~,e 
as followers and will fill the gate slot as the gate is raise~l, ~providing:continuity 
of the spillway pier face. 'In the case of a gate 50 ft high, thefollbwer is con- 
sidered structurally feasible in lengths to 6ft. The model studies indicated 
that a follower:length of from 2 ft to3 ft isall that is necessary, since :the 
occasion and duratim~ of Ol~Cratio n a 
short, t the larger openings a re  infrequent al id 

Insertion of steel plates'in the piers in the areas of pitting, as was doneon 
the Spillway piers at Bonne'ville Dam, is  also , • • 
the effect rather than removing the cause., a solutmn, b u t  one,remedying 
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BOULDER DAM SP!LLWAy TUNNEL 

The channel spilhvay on tile Arizona side at Boulder D..~m~was first placed in 
operation on August 6/1941, OnAugust 14, 1941,~the druil~ gates~wereraised 
for a few hours and a hurried inspection was made of the turinel. Little or no ! 
sign of erosion was apparent. Operation of the spillway was continued until 

elevation, it was necessary:to start release of water througi~ the tunnel plu 
outlet needle valves. During the four months iof continuous.operation, the ~. 
avel:age flow was approximately 13,500 c u f t  per see, except if or g~veral hours! iii 
on October 28, when one of the drum gates dropped and the::m.Lximum f low 
was 38,000 cuft per sec. 

During a routine inspection of the spiilwayhmnels on December 12,~4941/ 
an eroded area was discovered in the bottom of the curve connecting ~thei~ 
inclined and horizontal portions oLthe spilhvaytunnel (Fig. 43(a)). Tlie:hole:i, i 
was approximately 115 ft long and:30 ft wide, with a maximum depth~of,45 ft : below invert grade. 

(28' The repair (Fig. 43(b))  of thedamaged  area has been ~ . ~ . 
). Thechief  concern ]iere : - - ' -  -- ~_ . . d~cribed elsewhere : 

i s  ~t[l  a ~ e m  c to an , 
A number 0 f th  o io~ h .... , _ , P al:~ze thecause of the ~ q ; , ~ , ,  . / e_r ... . . .  a~t. [)een :tf~vaneed In ÷ ~  ,,..:L':~ _ , . , .  .er ........ ] 
primary cause was misal" e it " " ~?;~'~ u~'mJon o ~ n e  writer, the 

. mere ~ oz the tunnel a:few7 
upper end Of theeroded .q,,,- • ..... _ eet upstre,~m from the 

• ,. , --~a. w m l . a n e x t r e m e l y h i g h  velocity down the in-: , 
chned porhon of the tunnel (at least  .1D0 ft per se~), t h e s t r e a m  tollowed i 
t h e  invert profile down to the hump;~but as it!flowed over thel, h u m p , ,  t he  water /'-~ 
could not follow thesudden  change in :grade and a e:ivitation xegion formed ~ 
between the sheet of flowing water and the concrete. The ~ pressure in that i! 
region was the vapor  pressure of the water, b u t  since thi.~ 

~unstable, the Iow-nresaure n~,~t,o, . . . . . . .  co.ndition was ~x:erv ~i: ;~',:~ 
~ z-~...,,~v or cavn;y I nl;ermittent.lt, r,,~,~.,.A .J ...... " /" ':: 
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in the2region of higher:isressures,!'c611apsed:and disintegrated or pitted :the.con~. :i 
crete:.asi~hown in the foreground of~Fig, 4 4 . .  The mis~Yinement i s  defined :by * i 
the position of the _~.~!in iFig..44i " | 

/ 

, .  • , • . . . . . .  • 

p 

I~to.~4~.--C~v~-.s~m m ~'r~z Ss'~.,t.wAv~.Tcxxlu.. Ozr 'r~z Anrz, o.,qx Smzc, Boct,DjtcR DAM; (a)Eroded i .~i! 
.Area .~/~ter. Un~ iLter ing ;  (6)~.After C o m p l e t i o n  o f  P, e p ~ r s  " " 

h e  by: :. ' i o - . - W i t h t  ! u d a c e  of the concrete broken', thep i t t iug  over aTelatLve!y small:i : 
t .l~aV~theih!gh~veloeity. water,!had, a . grip~ .,.on .the .concrete ':and destruction b3,i'i~ 
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impingement started, iImperfections in the concrete, such as~rock ~poekete, 
cold "joints, .:porous:ar~s, :lack of boml, .etc,, all made the"conc~te more 
vuinerable to this attaekby:impingement. Furthermore, the impingementuf 
the lfigh..vel~ty.water on any exposed joints...would cause .the , energy, in t h e  
water to be converted:'from velocity liead to pressure" head. Tliispressure was 
probably transmitted throughithe~planes, of weakness in the construction ijoints 
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caused by lack, of proper horizuhta! j oint, cleanup prior~to placement ~of :new 
concrete. The :concrete, being weo, k in tension, w ~  dislodged ~in a manner ~i 
similar to free~gofconcrete  and the resulting expansion. The concrete was / 

probablydislodged:in quite large pieces. /After the concrete!liningwas ripped ~ 
away, the shattered rook in an underlying4ault was dislodged anti,transported i 
away by the water. The shattered rock in the fault contributed !to !the~extent :~ii 
of the erosion ~ and not to the cause. After:the surface was brokenbythe  ~/~ill 
pitting and the joints were exposed to direct impingement, the~sheet~of I~igh .~i~i!ii!i~ 

~veloeity~:,~ne pittingWater dOWnof thetheconcretetUnnelsurfaceiaVert acted as a mammoth hydra~.iic giant. • ~ ~,~!i 
to downstream:from the hump~is analo ous ~ ~~~ .~i~ah w o u n d ,  l ' . f , ~ t ; , - . . ,  ¢ , , n  . . . .  ~ . . t . : _ . _  . . . . .  _ _ . . . . .  g : ~i::'i:~ ~, 
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in the concrete and the-shattered condition of~the underlying rock. Under'the 
conditions of misa|inement whicll existed a t a  critical position in the~ineliaed : 
~tunnel, it is doubtful that any material could have withstood the effects.of 
cavitation imlefinitely. Of course, perfectlysound homogeneous~concrete'and A 
underlying rock would have greatly reduced the ex ten t  of theerosion. I 

If the rock pockets, cold joints, and other porous areas~m the invert are: 
assumed to be tile primary cause of failure, i t  is difficult :to explain 'whythe rock 
pockets immediately above and below the hump h a v e  not been the source of 
erosion, since the velocity of the water at all three points is for all Practical~ 
purposes the same. Actually, the coat of black waterproofing and mineral 
deposit was intact in many place~, Showing no effect of direct scouring by t h e  
high-velocity water immedi-Ltely above and below the eroded area. 'J 

In making the repairs to the tunnel, aside from providing concrete having' 
the most suitable qualities practicable, extra effort was~made to  provide a 1 
smooth continuous surface with no humps or  depressions. T w o  major humps 
and several minor humps in the invert above ~he eroded area were :entirely 
eliminated by bushing and grinding, using a template cut t o  the  true:radius of 
curvature. Rock pockets were cleaned, patched, and then, ground to  , conform 
to the surrounding concrete. Accumulations of grout and mineral~depositS: 
were removed. The surface of new concrete:in the eroded area wasflnished 
careffilly to Produce a sound, continuous, uninterrupted surface. Thesurface 
was given a final grinding with a snmll terrazzomachine to remove boardmarks 
and objectionable offsets, leaving an extremel) smooth surface. Minor bulges 
in the surface were removed by bushing followed by grinding, us inga template 
cut to the correct radius of curvature. Considerat~le care was used in grinding! 
the surfaces adjacent to the old concrete lining to remove alloffsets and other i 
irregularities. 

CONCLUSION ~! 
These illustrations are typical situations which should be avoided b y  de-i 

signing engineers. (Jther such examples must exist. If these could be~brought 
to light and explained in the discussions of this Symposium, they  would be a 
definite contribution. S" 

race experience seems to be:the principal source of 
knowledge, those of the profession who are intimate with the,effects, even 
though they have attained that knowledge the hard way and  in some cases 
the embarrassing way, should impart their experiences so that  a wide variety i 
of instances can be available to avoid repetition in:the future. :i. 
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