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bYNOPS!S

With the treud to: la.rger and !utger h}druLhc structurea, Luwtat.luu and.

the resultant pitting has become u m uor problem to the:hy: dr.mhc desxgnmg

- cngineer. bubatmosphernc pressures in. smaller structures were.of little con-
sequence, but with the increase of head in more recent struct"ureb, the approach :

of subatmospheric pressures.to absolute: zero'as their limit has: created pre-
viously unheard of situations. -Experience in the'laboratory andin’ the: ﬁeld
shows that prevention of eavitation is fund.unentally n functlon of des;gn

I\ITRODUCTION

Pitting due. to cavitation is not new to the. Bureau of Reclamatxon USS.
Department of the Interior. ‘Trouble was e\penenced asfar back as 1910—-1920.
-in outlet works, but recent examples have been more:severe in-extent.dueto ‘

‘the increased head In dlscussmg the arrangement and destgn of outlet: works,
J. M. Gaylord and J. L.‘Savage, Hon. M. Am. Soc. C. E. {25),1in 1923 stated

" that “Most of the difficulties with outlets built by the Bureau of: Reclamatlon

can be attributed to the effects of vacuum in the conduits beluw the regulatmg
devices.”

both on the Colorado River.
“The remedial’ measures . in each . ‘case were made posslble by labomtory

studms In fact, the.occurrence of ctnltatxon and pitting in the large hydrauhc

structures constructed in recent years. would be more, preulent were it: not for

- the availability of hydrauhc laboratory. facilities. . A careful e\cploratlon of the
;pressures within | A model can detect those conditions which, when transferred to-
a prototype str}xcture, mll cause the intermittent subatmospheric pressureﬂ
- producing. cavitation. “At-one:stage in; the, design of -the spxlhmy for Grand

Coulee Dam (26), in Washington,.a dentated lip at the dow nstream end of:the

aproneliminated the impingement of the high-v eloclt.y flow directly on the river

--bed downstream from the apron, reduced. the scouring effect of the turhuient
ﬁo_w .and; materially. reduced tharoughness of the water surface in-the stilling
pool. “Minute exammatwn of the: pressares on-the faces of the: dentates ma

However, it was not uxnt,ll recently that; plttlng has appearecl on-
the surfaces of ‘water passages normally. considered to be open cha nels “Two
“examples of conduit flow are descrxbed heremth—the needle valved at/Boulder
‘Dam (Arizona-Nevada) which dlscharge into the: atmosphere, and the baianced o
.valve outiets at Shoshone Dam (W yommg) whichdischarge mto short. eondults |
Two exa.mples of pitting in open channels are also shown—in: the Arizona spxll- .
- ~way tunnel at Boulder Dam and- on:the spillway: pzel f.zces at 'Purker Da.m

,,,,
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1 40 model and 2 1: 15 model showed that cathatmg pressures would occur.
" inithe prototype which would have destroyed the ‘piers:in'a very-short time.
This condition - was tho Drmcxpal factor.in continuing ‘the laboratory studxeo'
which resulted in. the adopt:on of .the bucket: type:of-energy dissipator. ;
"The destructlon of the conduit roof in‘the outlets at Madden' Dam, on the o
. Chagres River in the Isthmus: of Panama, by plttmg from ¢ cavitation was the in-
~centive for a complete model- study-of the outlets: (":) for Grand: ‘Coulee Dam, -
' Aside from. the criterion of efticiency, the emphasis: throughout the tests-was'to -
. prevent pressures. from' oceurring at any point in‘the conduit.w ‘hich'would cause ‘
- cavitation. One of the early: deexgns of ‘the upper -and’ mtermedmte outlets
'showed subatmospheric pressures.of ‘such' mtenmty that, ‘had ‘the: desngn ‘been :
constructed, cavitation would, without doubt, have been so severe asto hamper, -

if:not completely prevent, successful operation. ‘In’ the ongmal desxgn the fact
was overlooked that the frictional forces in’ the sloymg condmt were insufficient, .}

to overcome the: -accelerating’ force due to. gravxty, a cnndttnon whxch become‘f"’
readily apparent in:the e*(penmental studies. -~ e .

"There was a'period prior.to the Madden’ Dam’ mcldont when it wasg dlfﬁcult,} .
to demonstrate that cavitation and pitting could occurin a: hydrnulm structure

ir. the same manmer as it has'occurred in’ hydraulic machinery-such as 'marine = 3

propellers, turbines, and pumps. “With'the experiences at Madden Dam-and i in

certain .Bureau' structures, nugmented by‘ labomtory xnvestlgatlons, ‘the un- R

portance ‘of-this cavitation, problem is fully-recognized by Bureau ¢ engmeers

The Gaylord-Savage report (25) describes outlet structures and. recounts the -

difficulties e'tpenenced in :the excessive maintenance. due ‘to damage from =
eavitation. -Although the theory of cavitation at that: tune differed: materially
‘from. the current conception, the Jdverbe condition ‘was. even: then assocmted' :
‘with-extreme. subatmospheric pressures. It was reahzecl ;that the erosion-or

- pitting was-an action accompanying subatmosphenc pressures, ‘butithe cause

was not completely understood. At first the pitting -was 'believed ‘to ‘be a
direct result of the -making and breakmg of - the: vo.cnum in: the lmmedmte :
vxcmxty. ,
As'is now. the case, one of thc most practlcal remedles apphed to the dls-__:-
- charge conduits installed in early periods was'the introduction of air immedi- y
ately below the regulating device. ~Air was admitted to the dxschatge conduit
in & number of instances during the first years of. operatton, but,.in the. llght of
m—reqmrement tests made.in recent years on both model- and: ‘prototype: strue-
tures, it 'is doubtful if ‘the air supply in most cases was: either’ adequat-e or
properly installed. The location of the, air inlets in the conduits is'often: more -
important ‘than the size. Thus, ‘improper loeation might- have ‘been - one of
the main’ “factors contnbutmg toward: failure of some of: the early systems. i
Streamhmng the needle -tips is considered ‘the only ‘practicable ‘means of
- climinating damage to :this .part .of the valve; ‘however, . damage . could be
reduced to a-minimum by restricting the valve operation-to:noneritical openings
' determined: by detmled ‘pressure: measurements on the prototype or: by model
teots, or:both. - : .
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o DAMAGE TO NEEDLE VALVES | :

-Initial operation' atBoulder Damand: Alcmra ‘Dam,’in Wyommg ‘produce
severe erosion of the needle’ valvesin the outlet structures which was: expanswe
to maintain, since the. valves were not read:ly aceessible. The'type of damage
g '*-18 shown on:the’ needle in Figs. 31"and :

‘In this ‘case, ‘the damage -
N —~— ‘,.produca.d in & relatively short’ t:me._
o TR S O\, Detailed records; are: not*a.vaxlable, but
/ - ' " the time wag.probably gbout one-month
" .at ‘the one-hnlf open pos:tlon thh a
" head of L4 : :
Plezometers mstalled idn the nozzle
ine— /WK of one of the 72-in. :valves:at. ‘Boulder
0 120 200 N/ 5 b/: © Dam showed | pressures. ‘near absolute’
ket Absolute Zero_ S\ g ‘gero in.a.zone - (Flg '33) *1mmedmtely-
Relative Positions of Needle—. " upstream from ‘the region: of :erosion or”
- pitting: throughouﬁ the ‘entire.range ‘of
*“the .valve.  :Bince the installation of
Fia. 33.—Paeasuse DIsTRISUTION oxirap.  -bressure equipment’in’ one of‘the.72-in
Nozzix oF -4 72-.Ix. ‘NExouz' Yawve  needles would -have ‘been " 1ntr1cate,
(Hrap, 516 . F1) Snows’ Rmxons or oo i dle valve with-an’ exit -
Low . Prresurx WHICE CORRELATE 1omologous - nee 3 ;
'P‘":C;L;WJ:**;:;IN%CCUR-_ © .. diameter of 5'in. was, .installed for'test- -
't ingin one of the: tunnel-plug outlets at
Bouldex Dam. The. pressure dlstnbutlon on the needle:and: nozzle is: showh‘
in Fig. 34 for various opemngs of! the valve under a constant head of 100 ft.- 2

Relauve Posmons
—of Noule :

Relative Positrons
on Needle

60" 90
i | [
Scale of Water Pressure
Fio. 34.—Dwgrair -Data: mon ‘EXTENBIVE Taors OF A’ ‘5-InN. SCALE-MODEL' \Inbu: ‘¥aLvE: FuRTHER
CoNrFIRM THE PRESSURE MEABUREMENTS AND : PITTING  OBSERYED ox e Peovoryre - e

In general, the pressure conditions were most critical at a valve opemng-' f
.approximately 40_ 70 The results of s wear t.eat (Flg 35) are shuwn after 8iX
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days of operation under a totaligheud on the .valve of 460 ft with. tl;_c Lvulve

opening of 40%,—the severest condition. coe R
A pumber of designs were studied in the laboratory using the swme 5-in.
valve and a design was developed which produced ‘positive pressures at all
valve openings and at all heads.” This design, when subjected to s weur test,
under the same conditions as the original design (except at un opening of 209,
the opening at which the severest conditions occurred), showed no sign of pitting
on the needle after eighty-four days of operatinn (Fig. 36).

.Fi0, 35—PrrriNG oN TRE NEEoLe or A 5-In. F1a. 36.—Assznce oF Prrrine oN THE NEEDLE OF
VALYE, AccoRpING TO tHE OrigvaL Dx- A 5-IN. VALVE. ACCORDING TO THE IMPROVED
816N, ArTER Stix Davs or OpxraTION Desigx, AFTER 84 Davs or OrxzraTION
{409, OpxNING AND. H = 460 Fr) {2095 OPENING ‘AND [ = 480 Fr)

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

From the high-head studies of the 5-in. valve, certain specifications were
developed to/maintain positive pressures on the needle und nozzle of the valve
at all openings. The angle between the 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
outlet diameter of the nozzle. The valve nozgle should have no point of
inflection; it should have a sharp edge to maintain the minimum section -at
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 the- outlet of ithe valve nozzle-and should: permit free akcess of ‘air to ‘the jet
' :nttthe.point'_qfijerﬁgfggnce;"s_"-ft'.- PR R
‘The high-head studies on:the 5-in."valve gave. positivg;p‘_roofff*’.tl;st,ft\he}_’lz«‘-l@
valves-were pitted: by cavitation and ‘that-elimination of{the severe: subatmos-
.pheric pressures causing ‘the: cavitation was -possible :by :the redesign of ‘the

¥

e - hydraulic. passages of the'valve. ‘In eliminating the low pressire ‘by ‘using'a’|
o : sharp-edge;’c;liho&léin‘-the-jimpi‘oved-deéignz‘theidischai'ge-capaéity'waszre'dilce'di
. - Using & 6-in. valve equippéd with piezometricitaps:throughout:the profile:
‘the needle and:the nozzle, ‘the design was sltered ‘further by increasing ‘the | |
- outlet.and equatorial diameter and the needle travel until a:conibination was ' |
found in which the cavitating pressures were ‘absent: over ithe ‘entire range of:
valve opening (Fig. 37) and:the discharge capacity .was ‘comparable‘to that

* the original valve,

+
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(6) PRESSURE CONDITIONS ON NOZZLE () PRESSURE CONDITIONS ON - NEED

. Fia. 37.~CourLeTs AnsEncE oF CavizatNG Pressumea ox THE NEXDLE AND mlNouu:or ANIW
. . DuloN or hmb! v{,zgvﬂ, AR Dnm"“n:_ FROM AGJH-DIODH. AL .

- ‘ 0

Although the new design has not.Lbeen_used_.- ih,a;‘-ﬁeidhs'truc'turé,?t‘hé:ag
fnctory. operation of the 5in. valve with poaiti\:e-;pressuttasthroqghbut,igun |

- head of 460 ft for eighty-four days, indicates similar. satisfactory operation
A larger valve of the new design. Asdemgned for:Friant:Dam Py
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ﬁvalve in Fig. 37 has an: mlet dxameter of 110 in. and an outlet dmmeter of

‘where the subatmospheric pressures were 3

.eonduit had been eroded: severely and most of tho twenty-four ‘2-in. pipes
‘embedded in the conduit during: the 1931 - revision’ :had ‘been torn out-in.the
: 'erodedarea(Flg 40(«:))

1945 - 'l.;:m'm.mo; |

105'in. -

Subseqﬁently, sharp-edged nozzles were mstalled on : certam valves ‘at
Boulder Dam and the pressure results. show a marked 1mprevement in: dlstnbu- o

tion (Fig: 38). Field reports indicate a mm:mlzmg of plttmg on' those valves 80
equipped. Operatmn of the valves with S i
the original nozszle’ shape atb openmgs’j? y

less severe, as indicated by model tests, 1.0
has also. tended to reduce the amount of -
pxttmg _

: -'Bnosnoxn ‘DaAM BALANCED VALVES -
The §8-in. ‘balanced valves in the - zp Pressure Ling

lower outlet tunnel in the south canyon’ :o :120 :240 N
wall at Shoshone Dam, near.Cody, Wyo., . e Zore N\
were installed.in May, 1915. .Although ':;::v':'z:i‘:t'l‘;ns:";i‘g;:fi
this type of valve had already required :
considerable maintenance in the installa-
tions at'Roosevelt Dam, in Arizona, and i | |
' Fm 38-—-Pnnaaum: Dls-mmm'tow oN 'rnl

Pathfinder- Dam, in ‘Wyoming, :it was = ““Nouie or man 72.In. Neeoue Vanves
adopted" because of the la.ck of 8] better " varBoyLoEn D, (wim REviato.
demgn ’ . Pmm.m or Nozzw .:_ s

The valves were in operatxon only a few seasons when it beoame. evident that n
seasonal maintenance similar-to:that at the ‘older installations: woiild ‘be re’"

~quired. Pitting of the. downstream faces of the valve needles andsevere
-damage to the discharge. conduitxwalls 1mmedmtely belew: the wvalves. oecurred
_during - extended - periods ‘of - operatxon. Patching with- various mu.tenals or

filling the pitted areas by nrc—weldmg ‘with: dxﬁ‘erent metals’ was of no. ava:l
'With few exceptions the patches eroded more. rapxdly than the parent metal." -
In 1930-1931, an attempt was: ma.de to. reheve the Shoshone: situation by gy

'mstallmg twenty-four 2-in. plpes ‘and an_8-in. air. duct below each valve: (Flg n‘
39(a)). A marked increase in ths. mtens:t.y of ‘the noise accompanying ithe- o

discharging water resulted, and the expenment was. consxdered unsuccessful.

~Because of the failure of the vent system, resort was made’to the. ongmal method - |
' of maintenance and the valves were used as little as-possible.  The: prbtlng was -

serious and ‘the repairs madequate, but a_more. practlcal method of repalr

:was. not upparent - i .
During. the season of 1042, the vaives at Shoshone were operated at almost :

full capacity over .an-extended .period .in -order ‘to regulate ‘flood How and

_prevent: crop damage downstream. ‘Damage to the outlet strueture was severe .

‘and maintenance measures became: eritical. :
The concrete for several feet .downstream from the- meta.l lmmg in: each

‘The “semx-stee"’ (hxgh-teet gray iron): condmt lmer '




Throat

(a) GR.GINAL DESIGN
REVlSiONS

: ,/’f
x}f?’ ,;/,,

4/

Lo _=DET.I!_;!'_L<A._' ST
“Valve in Closed: Position” -

l “NEEDLE AND. AlIR: VENT -
//’7/// v, i%”/f

<—-—Ah Supply

/,'

T

'(c) MODiFiED DESIGN WITH THROAT LINER AND
2" PIPES REMOVED AND AIR DUCTS INSTALLED.

Fic. 39.—BaLances Varvzs i ras Lowes OvTicrs AT SEosmONS ‘DaAN
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_f-below the valve was pltted severely and'the

| face of the ueedle (F:g 40(1:)) had
_badly pltted areas (by- opemtwn in previoy

3°years) on whxch seveml kmds of .

F'lo. m-*nm‘m oF 2-!:; - Adm Pnn“wSaoluonm Das: a) Vent ofa
» _ - stream, !mm Eaat anve, ®

ha‘- been tned-—nonev satisfacto _ly The areas of "reat%t plttmg were
v-and- above the- valv '_ 3, "where,only 3/4 in. .of -the coriginal 2 in. .of
i e extens welding of pr 'eup 'yeaz-s‘- on he <




,needle faee, ig: apparent in. Fag 40(6) The
’ in 1931 when the present: installation was: mé i
. ‘Hydrauhc laboratory model studles were rnade to evolve means of mini-
| jmmmg or- ehmmatmg the eevere damage, o reduce the unreasombly hlgh

:modnﬁcatton of: the present mstallatlon (Flg 39(c)) ‘Was developed in ‘wl ch: b
pressure conditions were acceptable over a range of valve opemng from 2 7
to 1009, with no reduction in the dlscharge capaclty A

The model testa ghowed that ‘the present prototype vent syetem is in
adequate to prevent cavitation for :ull except a. very sinall Tange of valy
openings. Insufficient air ‘is supphed between 23% and 70% openings, m."a
some of the 2-in. vent pipes on the invert and -crown-become ineffective at
- openings above 85%, due to: eddles formmg 1mmedmtely downstream from the:
. ‘V—guldes These conditions: precluded safe. Operatmn of the. present lnstellatmn,
at ranges of ‘valve opening ‘other than' 70% $0'85%. Studies of the pl:mnt
installation indicated that the: plttmg on ‘the; ‘valve needles W ‘;most g1
between openings of 14% and’ 25% and ‘that damage to the Fesu
»between 23% and 709 valve. opemng "The damageito 4the condmt at th

- openings probably rendered the: mr—supply system meﬂectnve and‘aggmva _
the destructive action for: larger vilveopenings. ' -

Damage by cavitation and pitting .on ‘the valve needles and dxsch g
conduits can be eliminated entirely by -a mgjor revision (Fig.’ 39(6)) Jof 1
needle tip, the valve seat, the. conduit throat, and the: aemtaon system.: y
,aolutlon will reduce maintenance: .costs to a mmlmum angd’ the valves .can ‘be

__operated at’ any -opening without fear of damsge due ‘to- subatmosphene
-.pressures; ‘but it will reduce the. discharge - capac ty by approxlmately 20°/
- :a factor to be considered in future revisions. = -

- Minor. alteratlons of the - present structure (Flg 39(::)) wzll mvolve (G
Streamhmng of the seahng edge of ‘the plunger; (b) r. “novalof &' pa.rt";o h
‘bronze sealing ring by chipping and. .grinding; (c)- removai of ‘the: throat lin
.and :(d) revamping of the mr-supply eystem. Aeration equur' lent to-t
12-in.-ducts-would be’ adequate in‘this. arrangement but slightly more. area was
Tecommended as information .on -air- requirements ;in high-velocity flow
limited. Operation of this modified- design at. .openinge smaller ‘than'23%,
have to be avoided :to prevent damage to the needle. The dlseharge oapaeity
is not- aﬂected noticeably by the modification.

Bince materials have been unobtainable to make either the minor. eltemtxonl 3
or-the major revision, the valves were operated. dufing the'1943 irrigation season
.in-the valve—opemng range at which the subatmospheric pressures'wéra
:Zleaat severe.‘ After thxrty-ﬁve days of operatmn nt 75% opemng, the valve




e

itself showed no- evidence of: additional pitting, :snd a very small amount of
‘Pitting had occurred in the extreme top of the discharge conduit. Torty-seven -
days of operation at 997 ‘opening .in 1942 'had caused ‘the .damage shown 'in -
- Fig.40. " - B e T
S R - PARERER Dau Spriiway Prems =~ . e
~ The spillway at Parker Dam has five 50-ft by 50-ft stoney gates to passithe
flood waters. These ‘gates were also used for pussing the flow of the Tiver

- during the _Tlowﬁﬁater ‘seagon, particularly during the early years of -operation, -
‘before the power plant-was ccompleted. .Asa result of this ‘early scheme of.

[

- —é!?msm*qu,ﬁnﬁl‘gci:-.qr.;:smx.wm;mn_{luninurmi?denurriz_m FROM THE GaTE L
Lk " RECESS a7 1Hx Riomr, --o;-‘jCAbnouu_-Enn.:or-G‘gu No. & ar PARKER Day . - .o -

Y

e mlaue.the gates were ;di)efatéd continuously -over long periods, with .a-rela:

y-amall gate qpeningjand}n';hea;d_ ;zi_b’bive‘;t}_xe spillway erest of froin i}jO ft

yded condition, similar to that on the spillway faces at‘Bonnevilie Dam

= -9 HA1sL ARy PRy P tanden:!
.tsotibed .in & previous. paper, began-to.develop on the faces of the spillway.
and on the spillway erest immediately “downstream from the gate
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(Fig. 41), 1t ﬁrst appeared below the gate whzch hnd "the longest record of
"-npemtlon, but there was_ evidence of it downstream from ‘the other “gates
‘Subsequent aperation of ‘the. other gntes had gradu'tlly develope t"he‘sa,me‘
pattern-on all'ten of the pier faces i in‘lesser degree ‘of 1nten51ty Photogr phic
mspectxon at, approumatelv yenrly: :ntervms dlscloses some: mcrease in the
extent of the area and depth of the erosion, but not ‘:lifﬁ(}lent to cause ,undue';
alarm, ‘partizularly since the power plant’ has ‘been ‘placed in operatmn ar

most of the low-water flow pas:es the dam throue;h the turbines, = T

~ Model studies were undertaken to reveal the cause: and meansof elimina ing.
pitting at Parker Dam and to prevent it nt fut,ure m%t.nliutxons. Incomple 1
studies, mcludm all ]mmb!e c1rcum~tances have reveuled several points of
interest. The use-of tmnspurent modeli Jreveuled cav:tutlon under the end
of the gate in the gate slot . as-a’ resu!t of s \orte\ thtmg, caused by the
collapse of the low-pressure pockets hreukmcr ‘away from the bottom of the’
vortex, is. ‘the only logical e\planntmn of the damage to the pier face.

A similar installation at (ruernsey Dam, in: Wvommg, sho“ ed no sxgm uf
erosion on the spillway face even, though the gate has operated in the’ same .
‘range for a long permd of time. Th:c naturally raised the. queqtion 88 to v.hy
erosion-occurred at Parker Dani ‘md not at (ruernsev Dn.m ‘ :

The gate slot ut’ (_ruern-ov Dam is (.onsxdemh]v Iurger (Fxg 42) An horlzontal
CTOSS &ectlon than the i 1te slot at Parker D,un h\~ a result the vortex in t.he

\ LEGEND ‘ - '-—-3‘.‘—..“_.

«— Parker Gate ang:
:End Recess

- *Guernsey, Gate |
~-and End Recess|.

Wedge Deflector to ‘ : S =8 ‘ ‘
Be Installed on.— &\ . . EERE A Deflector Ccnsustmg of . ‘
Spull.vay Pier Face. . .. | - .- YL ¢ 90:Degree Segment.of o L
‘ 1 ‘ | -8-lnch Extra-Heavy’ Pape‘%'::“'-l»

Flow

Fra. 42.—CoMPaRISON orTne L’,nr.': chsasza oF Gcrn\am D.m AND PABKER Daw; - BHOW!\G ‘rm-.
'LoCATION OF THE' Dunecrons Paoposzn ‘A8 Rurzm.u. '\[maunts AT PA:u:m D.m o

gate slot at Guormc\ Dum was large u m] -.lnu in mta,tmn w xth no. apprnc:able
reduction in pressure at the core, whereas with the smaller Cross. section of the
gate slot at Parker Dam, the nngular veloeity was: hlgh with-a very small eore}
and very low pressures in the core. - As in the case of the cawtatlon zone f
rlm\ nstream from a venturi thront, the flow condition w as unstable and low-
pressure pockets broke aw ay from the bottow of the \-orte\ Some of the
pockets collapsed against the boundary surface,. remitmg in the destructlon
of the concrete and metal. ‘ }

According to the present conceptmn of the cuncht,xon the solution appears
~to be the climination of the vortex. This can be done in & number of ways,
~none of which is universally applicible. In the case of Parker Dam, it is

- proposed to install o w edge-shaped deflector (Fig. 42) upstream from the gate
sufficient in extent to deflect the flow of water under thg gafe 33,,3} f;@m ;‘l;g
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downstream corner of the gute slot, thus’-ncgatingsthc..‘formation;o’f_fthe'i!otl;ex. 5
An additional eurved deﬂectbr‘consis_ti_ng“of a 90° segment of an 8-in. .extra
“heavy pipe fastened to the metul at ‘the downstream :;_s_iiic]pf}the.ga‘te«;slot will
further deflect the floy away from:the pier face.and ‘provide ueration “down to
the spillway crest. -Another solution, practicable -wiere the spillwey crest, is
sufiiciently far above the tai[xmter'to-provide drainage, is the extension’ of the.
end beams of the gates dmvn'ihto-wells in‘the spi_llw:i}".cres.'t,fthtisnmking:th_cm i
continuations of ‘the gate slots. . These gate-beam extensions will then serye.
a8 followers and will fil] the gate slot as-the gate is _mise&l,-;pfb];‘idijig:,c@ti_miity’
of the spillway pier face.” “In the, case of a,lg:i‘tef'ﬁf)'ft:high', "thbl"fdllh\_"er-is ‘con- "4
sidered structurally feasible in lengths to 6 ft, The model studies indicated
that a follower length of from 2 ft to 3t is all that is -necessary, since ‘the
oceasion and dumtinnnyg;]ergtion at:the”larger.ppcriings are infrequent and

e e

ghort, - S o R .

Insertion of steel plates’in the piers,in;thc-:iréns‘-nf;pittir‘lg, 4% was-done-on g
the spillway piers at Bonneville Dam, is also asolution, byt one.remedying - S8
the effect ruther‘tllun‘-renmﬁng-th‘e_ cause.. . RS S ARG

D by P

BotLber Dy SriLLway Ty

The chunnel spillway on the Arizona sicle at Boulder Dam:was ﬁfst.placed-in_
operation on August 6,941, ‘On.August 14, ?‘194’1,:th_c; drum gates.were raised

for a few hours and a hurried inspeetion was made of the turinel. Little orno . - §

-8ign of erosion wag apparent. ‘Operation of the spillway was continued unti]
‘December 1, 1941 g which time, because af the lowering of the reservoir

-elevation, it was necessary to.start relense of water through the tunnel plug
outlet needle vajves, During the four months.of continuous -operation, the

average flow was, approximately 13,500 cu ft per see, except éfnr_ééveraifhbufﬁ
on - October 28, when one of 'the‘drum_‘ gates dropped and athe}«max'im_u_m‘ flow : -
was 38,000 cu ft per sec. . . - ' R I LSS
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-of the ‘lcurve ,conhectihg ithe.

‘portions of t_hefsﬁs;ﬁllwayﬁttiijnel: (Fig. 43(a)). T he hale .
Was approximately 115 ft long und:Sp ft wide, with -‘.a'}rimximu m depth . of 45 ft'
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below invert grae. -

The repair (Fig. 43(h)) of the damagei area_has been described elsewhere
(28). The chief concern here is an attempt to analyze the cause of ;the;eros.ion. ‘
A number of theories have hegy wdvanced. In.the opinion of the writer, the -
primary caise was misalinement of the tunnel a few feet upstresm from the _
S upper-end of the eroded area.  With ap extremely high velocity down the in-

L between the sheet of flowing water and the concrete. The
U ‘ - ‘region was the vapor pressure.of the_:w_ater',*'but:s‘_ince this.co
L - -\_lln‘z!_t.able,=15hiz‘lmv-pressuréT pocket or cavity i_ntermitpq_li.!;!y;pa

'Pressure in that
ndition was xery
ssed downsteeam’
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in theiregmn of hxgher pressures, collapsed and dlsmtegmted or pltted the o
‘erete-ag:ghown in the, foreground: of_?an 44 The niiss’ 'nement m deﬁned by
the positxon‘of the rope m*an. ,44'

BRSNS C I 5 DRATS.

5ha @-—C;mnmx o T Sm.nu Tvmuu. ON THE Anmoxa Smi. Boruogr Dax: (a) Eroded'
_ JAres .Um- Uamtering. ) Aftet Completion of Rupsurﬂ

-With the anrfaee of the concrete brokcn
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impingement started: - Imperfeetions in the eoncrete, sucl - as rock : pockets,
-cold "joints,gspohu_s,-ane'ns,' lack of ‘bond, .ete., all made the” conereté more
vulnerp,bl_efto_:this‘att.ao'k%:by}impingement. TFurthermore, the impingement of -
the high-velocity water on. any exposed joints:would cause ‘the energy in ‘the

“veloeity head to pressure head. 'Tlxxs;press_ure:was' k-

~ 'Fio. #4.—Prrreo Sumrack DownstazAM: FROM THE MrsaLpiemxnr. v T TUNNEL AT THE
: ‘ Urstaram ExD O THE Epobzp Ampa T
caused by lack. of proper horizontal joint ‘¢tleanup “prior*@'to"pl_a;c_ement ‘of ‘new .
concrete. The concrete, Leing weak in ‘tension, was dislodged in a Toanner
similar to freezing of concrete and the ‘resulting expansion.. “The concrete was
“ probably-dislodged in quite large piec ;
away, the shattered rock in an undes

‘ : _ , the sheet. of high
~veloeity water down the tunnelinvert acted as & mammioth hydraulic giant. _
- ‘The pitting of the concrete surface downstren'm:fromthe“humpﬁisgganaiqgo
‘to.a:flesh wound, ':Infection-followeii_)-w’hich'was é}ggraVated:byfthc weakn
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in the concrete and the shattered condition ,df“'«'t‘he-l'mderlyin‘g rock.’ "iUndér the-

conditions of misalinement which existed at a criti(:a_‘l‘fpdsitionin‘thg}iit;eljﬁedi
‘tunnel, it is doubtful thut any material eould have withstood the effects of

underlying rock would have greatly reduced the extent of the erosion.

cavitation indefinitely. Of course,jperfecl_;ly--souhd[h‘omogenebus«conctetefgnd'

If the rock pockets, cold joints, and other \'poxj_ou's-ai‘eas_g_ip’{the"invert are j! |
assumed to be the primary cause of failure, it is difficult to ‘exﬁlﬁ‘ix_l_*.,wh}{?the‘roék{
pockets immediately dbove and:below the hump have 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 miners]

deposit was intact in many- places, showing no effect of:direct scouring by the’ I
. - . : _‘ t 5- o ,"

high-velocity water immediately :iboife_.&n'd‘belgx_v.tht};t&tddédi area.

In making the repairs:to the ‘t‘u"nnel,.aside,_ff'om; providing concrete having {;
the most suitable qualities practicable, extra_effort ‘was ‘made to provide & §
smooth continuous surface with nohumps or!d¢preSsibns._ "‘Twomajo_r,.humps ]
and several minor humps in the invert above the -'.erodédtaren‘j_\{ere:entirely'%f,;_';ﬁ
eliminated by bushing and grinding, using a template cut:to the true radius of ||
curvature. Rock pockets were cleaned, patched, and ‘then, ground to-conform’ o
to the surrounding concrete. Accumulations of grout and mineral .deposits|:

were removed. The surface of new concrete-in the eroded .area was finished} !
carefdlly to produce a'souud,_conti.nu‘ous,;uninter_ru_pted surface. The. surfacef; '

B

-t

was given a final grinding with a smdll_ terrazzo machine to remove boardmarkq oy ‘
and objectionable offsets, leaving an extremely smooth surface, Minor bulges|.

in the surface were removed'_by.buéhing_‘fo!lowed by grinding,--uSing_.:altemplaté{ -
cut to the correct radius of curvature. - Considerable care was used in grinding;
the surfaces adjacent tothc.Qld»c(m(_::rete-Iining'to;remo’yefallfoffset's and other

irregularities.
‘CoxcLusion

These illustrations are typical situations which should ‘be avoided by de- 1
signing engineers. -OUther 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. Since experience’'seems to be ‘the principal source of
knowledge, those of the profession who ‘are intimate with the;aeffects,';_even L
though they have attained that knowledge the hard way and in some cages

the embarrassing_ way, should impart-their_experie'nces.so that 2" wide variety;

of instances can be available to avoid repetition in.the future.
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