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S YINOPSIS

The ogee spilllway has bean ths subjsct of more resesrch
than perhéps gny other hydrsulic structure. Howevar,there are
still certain functions of Spillway; which need deseper probe.
In the past, tendency had been to fix the co-ordinates of the
profile in such a way thet they corresponded, more or less ,
to the under side of a fully yéntilated nappe flowing over a
sherp crasted welr, for the maximum heed of water 1likely to
occur over th2 crest of the spillway. Generally spasaking a
curve of this nature givas positioN-?ressures practically for
ell conditions of operations. But when this design head 1s
exceoded, negative pressurasoccur on the spiliway face. Also
the present day trend is to fix the design head less than the
maximum hesd thet is likely to come over the crast. ™herefore,
at this time of the maximum flow over the spillway, negative
pressuros are developed, end this is done to increase the
hydraulic efficiency of the spillwey i.e. the co-efficient of
discharge is incregsed. All the ssme, if this negative pressure
is allowed to spproach vepour pressure of water, cavitation
takes place and the spillway is demsged. G&Zven though the flow
profile is designed in such 2 way thset negative pressure in
the caviteting renge is not developed, unless proper care is
teken during construction elso, cavitastion may develop due to
surface irregularities. Also obtaining & smooth, well gligned
flow surfeces during initisl constructiog is.only part af the
problem. Retalning ths smooth surfsces over a period of years
1s also necessery which nsturally depends on the typé end * -/

strength of concfete used.



An pttempt hes bean mede in this dissertation to enslyse
the couse of cavitetion snd remediss to obtain a cevitation

froa gpillvey profile.

A comprehensive review is meds on vardous stenderd crost
profiles. Though, s 1little out of place, o brief mention hes

glso been made of some of ths profiles developed eerlisr.

T™he occurrsnce ond the mechanism of cevitation in @

genarsl way hes been desltk in Chepter 3.

This couses of cevitetion on spillveys such es wrong
design; vrong locetion of ths gate seat, wrong type of gate
gslots, bedly finished construction surfscas ote. have bean

outlinod in the dissartetion in Cheptar 4.

In the fifth chepter soms pbssible romadies to avoid
¢gvitation have besn suggesgeds. Llso, & brisf reviev is made
on tha speeifications of construction finishes, typas and

strength of concroate to bs used etc.
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&. I M B O L S

A ' = peight of up-straam watsr surface sbove the river
bed in m. or ft.

Read
B = Pressure le;ﬂ ( depth of eny point on the
spillway glacis) in m. or ft. of weter.

b = Space betwsen successive mesonry blocks along the
line of the spillway profile in metre or ft.

c = Constant for calculeting th2 air demsnd for s
- splllway crest.

Cp = (Co-efficient of dischsrge for flow over a spillwey
in the equstion Q = C,... _/2g §d/2

2
=5
it

Co-efficilent of discharge of flow over a spillway
in the equstion q = Cq.L - 33/2

Cpy mine = Minimum pressurs co-efficient.

D = Depth of gate slot in metre or ft.

d = Toierance sllowed betw=2en successive masonry blocks
of the spillwgy glacis in metre or ft.

B = Maximum distence lower nsppe rises sbove sharp
crest of weir in metre or ft.

ft. = Feét‘

g = pcceleration dus to grevity in m/sec2 or ft./sec2

H = Actual head of water over spillwpy crest in m or ft.

Hay = Aversge pressure head on & spillway c¢rest in m or f%.

Hq = Dasign head or head over spillway crest with negligi-
ble velocity of spprosch in m or ft. .

Hq = Héed'ovaq spillvey crest including velocity of
spproach in m or ft.

Hp = Head of weter et ths centre of opening, when spillway

gate is pertielly open and no flow over the gate .
in m or ft,.



Ho

HS

= Head of water over top of gsete in m or ft.

= Hogd of water asbove the sharp crest of s weir,

including head due to velocity of spprosch 4in
m or ft.

= Head over the centre of opening'beneath crest

gate when water is flowing over the top of the gate
in m or f¢.

= Vapour pressure hesd of water et @ given temperature.
inm or ft.

smbient pressure head of the fluld in m or ft.

"

Pressure on spillwsy crest in m or ft.

L

Atmospheric prossure in m or ft. head of wster.

= Velocity hesd due to velocity of spproach in m or ft.

= Height of opening beneath the gate in m or ft,

= Cavitation persmeter or number (ho - ha)/;lm

23

constant in the exponential equation for 2 spillway
rofile —i= = K, ( -X-)Nc
P Bd c g’

i

Critical or incipient csvitetion number.

n

Height of boundery roughness in m or ft.

Eength of the spillway crest in m or ft.

]

Helght of riser on off-set weirs in m or ft.

]

Metre

ft

Horizontel or verticsl displacement on off-set
and overheng weirs in m or ft. .

]

Value of exponent in the dquation for the down
stream spillway profile,

1]

Depth of spproach floor below sharp crest of )
weir in m or ft.



Pv = Vapourzprassure of water in Kgm /cm or pounds
/ inch

P = pmbient fluid pressure in Kgm./cm2 or pounds/ft.2

pg = Pgrtiel pressure of gass inside a bubble nuclei
in kgm,/cmg or pounds /1nch2.

Ppin = Minimun pressure haad sllowed on & spillusy
crest in m or ft. of water.

P = Reduction of pressure head beneath the nsppe in

r n or ft.
P

v = Vepour pressure of water at a given temperature
in kgm/cm@ or pounds /inch2. ]

Q = Total discharge over s spillway in cumses or

cusecs.
q = Discharge over a spillway par unit length in

cumecs /m or cusecs /ft.

Quantity of eir required per unit langth of spille
way crest in cumecs /m or cusecs /ft.

2
-
LU

=
it

Radius for fixing th: up-strasm quadrant of =
spillway in m or ft.

r = Radius of gas bubble in ¢m or inch.

8 = Curved distance of g spillway crast from a
referance point inm or ft.

Sec = Second.

T = Height of spiiiway erest sbove river bed in
m or ft. .

Use = Shesar velocity in m/sec. or ft./sec.

Vq = Velocity of the flow of water in m/sec. or

ft./sec. )



Vn = Horizontal velocity of the jet of water at the
spillvay crest in m/sec. or ft./sec.

Vy = Vaerticsl velocity of the jet of water at the
spillwey erest in m/sec. or ft./ssec.

W = Width of gete slot in m/ft.

W = Specific weight of water in kgm./m3 or
o pounds /ft.S

Xe = Horizontal distence of ths nsppe crest from
’ the sharp crest of weir in m or ft.

Vo s Verticel distance of the nappe crest from the
- . sharp crest of weir,

a = Qff-set or surfece projection #nto or away

from the flow in m or ft.

S = Thickness of boundsry leyer.

6;? = Displacement thiickness of boundery layer.

a~ = Surface tension of water in kgm /m or pound/ft.
¢ e = Mass density of wetsr in Metric slugs /m3 or

slug s /ft.3



CHAPTCR s 1

INTRODUCTION

1.0 GENIZRAL
1.1 Spillways are provided for storage asnd detention
dems to release surplus of flood water, which-cén not bs
contained in the sllotted storsge spece and at diversion
dems to bye-pass flows exceeding th0535 which sre turned
into the diversion system. ordinarily the excess water
is drawn from theltop of the pool crested by th: dem end
conveyed through en ertificial water way.( discherge carrier)
back into the river or soms natural dreinsge channel,
Nearly all spillweys fell into ohe of the six types or sare
made up of combination of them:

1. Over fall

2. Gates snd Orifice

/ 3. TRrough or Chute

4. 51de Chennel

5. Shaft or glory hole

8. Syphon.

The over fall type is by for th: most common and is sdopted
for concrste and masonry dams that heve sufficient crest
length to provide th3 desired capscity. Over fall spillwgys
provided with crest gates will act as orifices under
psrtial gate openings and as open crest weirs undar.full

gate openings.

1.2 A spillwey for & reservoir serves ons or more of

of the thres principel purposes.



1.2.1.0(a) Security sgsinst over topping of tho demg

1.2.1.1 The spillway serves as ™ safetly vaive" to
discharge flood waters in excess of the normsl storsge
. copacity of the reservoir end discharge cspscitiss or
regulating outlets or|power turbines to prevent over-
topping of ths aon-over flow portions of the dam.
Performence of the function is ths essential rsguisite

of any spillway.

1.2.2.0 (b) Surcherge Control : |

1.2.2.1 & spilluey mey elso be designed in some cases to
1imit the surcharge of a reservoir during floods. This
routing of floods through spillway reduces the flood
peaks}causipg non-dsmaging releases, 1n order to avold
excessive damage down~-sireem of the dam. Becsause of the
dam storage, the eroding @éndencies of the fsst flowing

waters upstream sre slso curbed to s very great extent.

1.2.3.0 (c) Reservoir Storsge Regulations:

1.2.3.1 If suitebly locatad and designsd fer opersationsl
use, the spillway, may be utilised for roelease of stored
vaters, elther as z subtitute for reguiating outlets or to

supplement limited outlet cepacity under normal operating

conditionse.

1.8 Hence ths importance of a’spillway can not be over
emphasised. Many failures of dem have been caused by
improperly designed spillweys of insufficient capéﬁity.
Ample capscity is of psrsmount importence for Qarth and
rockf11l demsy which sre likely to be destroyed, 1f they

ar2 toppled; where ss concrste dams may be gbls to
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vithstocnd modarato ovar touping. " Tho spillve, should bo
of such o copteity® soys Hoerp ® thet th2 only objaction

mey b3 thet 1ts copeeity 15 too mueh®.

2.0 PLRPOSI:

2el Raviaz £ixed tho mexfnum dfschorge thet hes to be
ptssad ovar o s,illuey, tho noxt problem 1s to daoign e
spillwey thet s structurelly sofe snd hydroulicolly officiont
Tn ordar to ochiove ¢tha lotior, the crast of sn ovar flov
spilluny 18 ususlly formad to 1% the shopo thet this
ovarfloving votaor would toks for o selacted moximum decign

~ heed ovir the spillusy ciest. ?hs succoss of eny s8pilluey
lergoly depandsn on 1¢s oporstion in such & wsy thet for wost
of tha tinma, ths dosign haed 15 not oxeosded. But in prectics
this pey not b2 slveyo possible, For axemplo, auring flood
timos, ona or mors getas pey bacome ioeporstive. UOnder somod
flocd conditiocns, oparetionsl errors mey cctuslly increcse
tha discherge st the dem cbovoe tha nsturel pack flov of the

- piver. By étcrinﬁ ssrly on th2 rising side of ths flood
hydrogregh, svnileble storsge spece moy be filled in sdvance
of tha pock flows WYhan the desigo hosd 45 incresszd tho
tondancy of the ovoer flowing nepps is to move ¢vey from tha
concrate surfoccs This tendency con though incrocses tho
co=afficiant of dischargo, crestss sub-etposphsrie prossurss,
on ths spillusy fees. ™his 15 olsc ths cose, vhon the S
naxinun discherpgae 1s possing over cn undsr dogcignsd gpilluny.
Tn this tyae, tho 8pillvey design haed 1s fixad loyar_thsn

tha nexioun hocd oxpected in ordsr to incrossa the
co~afficiont of dischergoe. than this negetive

gppyTorchas tha vopour prossuro , covitstion *



tskss plsce. The purpose of this dissertation i1s to anslyse
tha csuses of cavitation, its romedies end to design a

sultable profile free from cavitation, at the seme time
giving & high co-efficiant of discharge.

3.0 SCOPL:

3.1 Even though & spillwey csn be dsmsged due to many
reasons, one of the most harmful effects is dus to the
action 6f cavitation. As is well known, cavitation on a
spillwey surface occurs, when the pressure at the crest
falls below stmospheric pressure end spproaches the

vapour pressure of water. In order to avoid‘negative
pressure on the crest, the shape of a spillway is usuelly
made to fit the shspe of s under side of a fully ventilated
neppe flowlng from a sherp crested weir. But this flow
pattern In & case 1like this diffars from that of a flow
from & sharp crested weir, the moment a solid boundery 1s
pleced balow the nsppe, as In thls caese, forces other than
gravity elso come into plsy. So the shepe of a spillway
has to suitsbly fixed so that no adverse pressure conditions
are developed on the crest for all possible conditions of
flow end operstions. Design of the proper shaps of the
spillway is only pert of the problem. For exsmple, if

the othar eléments of tha spillway such as, piar nose, ga?e.
slots etc. are also not properly designed, it can lead to
sub-stmospheric pressures snd consequent. Cavitation on °
these elements and the adjascent splllway rface is only
nstural. The location of the gats seat play an important
role on the pressure veristion of a spillway profile st the
time of partizl gate openingz. Thd inception of cavitation

on a spillwvey face also depends on the surface roughness of



the material with which 1t 1s constructed and nsturally
this condition makes it obligstory to specify the stenderds
of construction finishss with & more rationsl aspproach,
rather than with the help of the rule of thumb. Naturally
the best method of avoiding cavitation 1s the elimination
of negative pressure by properly designing a spillyay

crest and other connected elements of a spillway. However,
it may not be always possible to eliminate negative pressure
on 8 spillway for aconomi cal considerstions. GSo the
problem of selecting s proper construction msterial slso
comes in. Even though concrete is the most populsr
construction material, its cavitation erosion resistence
can be considsrsbly improved by increasing 1ts compressive
strength especially near the surfece by special design and
as well as with the halp oi specisl construction,tecﬁniquas.
In the following peges en attempt has baeﬁ mada to revisw
the vsricus causes as well as some of the possible remedies
of cevitation on spillways. However,.few pages have been
devoted for s revisw of the cevitation phenomens in general,
as 1t 1s only imperstive that & bettsr understanding of the
cavitstion phenomena is required in order to evolve suiteble

remedies to meke the structure cavitastion fres.

4.0. FUTURE SCOPZ OF WORK s

4.1 Bven though the purpose of this dissertation: Qég

to cover gll aépects of cavitation on spillways, full Justice
could not be done on certsin espects of the probléé for

want of materisl as little resaarcﬁ sasmsto have bean done

on these gspects. TFor sxempls concrete along " was congidered -

as a construction materisl for spillways, even though some
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ha s
passing mention have basn made sbout this aspscts in
n

Chepters 6§ . It is widely accepted that thiy cavitation
resistance of s materisl incresses in direct proportion

to its compressive strength. So the desirability of
providing ashlar stones masonry, at lesst in those sareas
where stons masonry is populsr, has to be explored. But
this type of construction can bs edopted only after ensuring
proper bond between the facing stone and_inner leysrs of the
masonry to &void dislodgement of stones at high velocity
flow. £lso further work sppesrs to bs neecesssry to spacify
the surface dressing rsquired. Even thongh some studies
have bean masde By the U.S.Burssu of Reclesmstion on the
effect of su:face roughness on the inception of cavitationh;
the studias ars not elaborsta enough to bs sdopted in sll
cases and much scops remsins for further study in this
fisld. Another field where thare 1s scope for study 1s

in *he design of piers noseks both on the up-stream and
down~stream sides. GCven though individual cases are

being studied for each and every dam, & general solution to
this problem ssems to be lacking. Yet another aspect which
roquirss further research is the deslign of the spillway
crest itself sfter allowing & certain degree of sub=pressurss.
The usual prectice in designing an ogea spillwsey is to fix
vérious co~ordinates with the halp of one of the standard'
profiles and then check the sultsbility, expecislly from -
the pressure variations point of view with the he;p of
model studies. As the n2gative preassure increases the
co-efficient of dischasrge also incressés and it seems only
logicsl to allow certsin amount of negstive prassure on

the crast, without reslly resching the cevitating range.



Zven though meny orgenisations sdvocate the use of 75% of

the maximun head as the design heed for fixing the co-ordlnlt;§
none of them seems to specify the exact velus of negative
pressure that can be gllowed and then to £ix the design head

end the ¢o-ordinstes which produca& thie desirad negative .

- . pressure. One or two suthors have done studies on this

aspect. But their studiss wers vary preliminary in nature -
snd much remeins to be donévin this fiald to evolve suitable
d951gn curves yhich could be used forvadopting for. & wide
rénge of spillways. 5o a more rationsl method in the design
of spillways can be mede if the nggative'pregsure or better
still, 1f the cavitation parsmater ,kgis also introduced st
the design;stage to fix the design haéd"fér,which the
co-ordinates ars fixed snd hence much écdbé sti1ll remeins

in this field for studies.



CHAPTER 3 2
NTT « VA SPTL PROFTLTS

1.0 GENTRAL

l.1 From the second half of the 19th centuery many
investigators, in various countries,vhave made studies for

finding suitable profiles for spillways. Because of the

intricacy of the problem, a purely mathematical solution appesared
to have no chance. tf the profile of a spillway is either angular
or too ragpidly curved,_zones-of_locally reduced pressures &and
consequent seperation will prevail. 1In otlier to avoid such
conditions of instability and possible cevitation, the crest

shape of a spillvay is usuelly sheped to conform, st design flow,
to lower surface of a ventilated nappe from a sharp crested weir
of the same relative height, Spillways with these type of sha pes
ere termed as " ogee spillwsys". With the crest so shaped,
maximum discharge efficiency, without sub-atmospheric pressures on
the crest , will be attained for the free flow with: hesads equal
or less than the head for which the crest is designed. At the
designed meximum over flow, there is no sub-atmospheric pressure
along the spillway surface, at the same time the positive pressure
is leo reduced to the minimum possible for the best hydraulic
efficiency. In other.words, the water just glides over the
surface without really touching 1t end at the seme time not

seperating from the surface elther.

1.2 Tven though, the shape of the spillway is exacfly made
to £it the lower nsppe of the ventilated jet issuing from a sharp
crested welr, replacing such a free constant pressure surface by

& solid boundery imposes sdditional shear on the under side of
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. the streems (33 ) Tt may be possible to evaluate this teaking
it 1s & problem of boundary leyer formation. However, this may
be & more pronounced problem in small scale models { for small

values of Reynolds numbers) than in actusl structures.

1.3 Some of the spillway profiles developed by many questers
end organisations are briefly described herein.

2,0, CREST SHAPT OF OVCR FLOW SPILLWAYS:

2+s1. Pergbolic Profile

2.1.1 Tearly crest shgpeS»were usually based on a simple pearabola
designed to fit the trajectory of a free falling neppe ( 18) . The
shepe of the flow of nesppe over sharp crested weir can be inter-
preted by the prineiple of a.prpjectile shownvin figure s 1 »
According to this principle, 1t is assumed that the horiiontal
'velocity component of the flow 1s constant end thet the only force
acting on the nappe is gravity, In the time t, & particle of
water in the lower surface of the nappe will travel a horizontel

distance x from the face of the weir, equsl to
X = v. t cos @ seé s Y (l)

vhere V 18 the velocity at the point, where x = 0 , end © is the
angle of inclinatioh of the velocity V with the horizontal. 1In
the same time t, the particle will travel a vertical distance

of equal to:
gy = -Ve & 81n0*'§‘gt2*]3 Y ese (2)

where T 1s the velueof y st x = 0 , gpperently £ 1s equel
to the verticel distence between the highest point of the nappe
gnd the elevation of the crest. Substituting the value of t-

from equation (1) , in equation (2), we get , ' .
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2
Y= -x ten@+ g X + T
V2 ¢cos ©
e
1.0 . = g X - x ten 0 + _T
He H, v cos® @ He He
= A ( X 2 4 B (_E__ )Q’C beé o0se (3)
He He ’ ’
her = v
w‘e‘e A g Hg 5 9y B= =-ten6 ad C= [
2v2 cos? @ | H

The sbove nappe equation is quadratic end so the nappe surface

is theoreticelly perabolic.Blaldsell ( 5 ) has evaluated the
values of these constents as A = = 0.425 , B = 0.0556 and

C = 0415 in the case of flow over high splllways, where the ‘
veloclty of spproach is negligible. Txperimental data have indicg-

ted thet this equation is not valid where X 48 less then 05,

- | | e

For X/Hg =< 0.5 4 the pressure within the neppe in the vicinity
of the welr crest is actually ebove atmospheric because of the
convergence of stream lines. This snalysis of Blaidsell gives

the shape of the profile in the forms

(Ee %2 21 (A )
He | He

Though the equation on the basis of simple persbola was
used in earlier days, this principle 1s not correct, as forces:

other than gravity also act on the nappe.

2.2 Bazints Profile 3

2.2.1 The first and the most extensive studies of nappe, were
those by Bezin mede between 1886 and 1888 ( ) , in which he,

reduced his observations to unit head and constructed a basic
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curve representing the results of his experiments. Theoretically,
the adoption of the Bazin profile, should cause no negativse
pressure on the crest. However, under sactual conditions, there
exists friction due to roughness onthe surface of the spillway.
Hence, negative pressure on such a spillway can not be ruled out.
Consequently, the Bazin profile has been modified and mahy other

profiles for design proposes have been proposed.

2.3 Mullerts Profile 3

2.3.1 The first attempt in America to develop the shape of an
overfall dam to fit the over flowing sheet was that of the Muller
in 1908 ( 26), He attempted to extend a curve from the upper
section of the lower nappe through Bazin's data. His expression

for the‘path traced by the mean velocity of the nappe is;

x2- 2.3 Hsy = 0

vwhere, Hg 1s thé héad of water over the crest of the sharp wetr.
He fixed this origin of the cofordinates at approximately .

0.35 Hg sbove end 0.09 Hs from the theoretical weir crest.
| He measured downwerd one third the thickness of the nsppe, normal
to the curve of the mesn veloclty to locate the curve of the
lower surface. Parker (52) reproduced Muller's curve end
demonstreted that it does not fit well with Bazin's curve at the
upper section. He attributed this difference to the fact that
Bazin's curve were obtained with sharp edggd notches, under hea&s
of 0.5 m or less end Muller gpplied them to thick notches, under
heads of 1.5 m or 3.0 m.

2.4‘Morrison*s'and Brodi's Profile :

2.4.1 They have dévelqped a parabolic equation of fhe form:.

x2 = 1.8 Hd Yy e see  sees” (4)
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for the lower surface of the nappe,‘where Hglis the head measured
from. the highest point over the neppe ( 48 )+ The origin of
1s also teken at this point. As a foctor of safety they, however,

recommend that the equation (4) be modified ass
2 ‘
XT = 2.6 Hyq ¥y o

2.5 Seimenits Profile 3

2.5.1 OSeimeni (66 ) osteblished an eqﬁation for the portion of

the lower surface beyond X = 0,50 a8

o | |
y = .‘.....’;‘...I:gg?.'i?_). + 0,062 X = 04186 o oo (5)

in which the origin of the co-ordinates is at the.sharp crest of

the weir. Unfortunately, this eguation does not apply to the

most importent portion of the overflow section, nemely, the
portion between the sp:ing point and highest point of the trajectory.

Sefmenits profile can also be epproximately expressed in the

form ( 30 )

2.6 Randolphts Profile

246.1 Randolph of the U.S. Wer Department (s8 ) derived an
empericel equation for the lower surféce of the nsappe in the form:

y = 0.523 mHq ~0+8&° ; 1.822

Here the origin of the co-ordinstes is at the heighést point of

the lower nsappe surfaces
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2.7 H.L.Davist Profile 3

2.7.1" [.&?x similar equation has been developed by H.L.Davis of

U.S.B.Re ( 82 ) with the seme origin for co-ordinstes es:

y = 0.485 1"0+882 ,1.822

2.8 Smetanal!s Profile »

2.8.1 This profile is given by the equstions

y = 0.461 x280

2.9 ¢, V.Davist Profiles

2.9.1 Davis‘has developed his own co-ordinates for the profile
of the neppe for spillways with vertical face as well as witb
inclined fece ( 19) . They ere given in figure 3 , 4 . 5 and
table 1. This table has been derived from an enslysis based
on studies of the U.S.B.R. &nd the results obtained from the

studies of Bazin and Selemeni.

2,10, Cresger's Profile

2,1041 Creoger's profile is developed from a mathematical extension
of Bazints data ( 14) . 1In t'he. figures 7 & 8 , where the
Cresgert's profile is given, for a value upto x = 0.65, the values
are directly teken from the experiments conducted by Bazin. The
extension of the experimentsl data was mathematicslly done by the
following manner. The aversege velocity in sny normal section of
the shgt of water was found by Bazin to be ;aery élose to one»
third of the distance from the lower nappe as at point 4 in

figure 6. The curve 2 , 3, 4 was drawn through these scaled x;oints
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of aversge resultent velocities. The curve hes the form of a jJet
spouting with an intial horizontel veloecity Vh . The equation

therefore is that of a psrsbola and msy be expressed ass

2 2 Ve y
xt = h y sos sed (xR (6)

which 4s the equstion of the curve 1, 2, 3, 4, with the origin
of the curve at point 1, as shown in figure 6. Referring to point &

the equation (6) becomes,

(x * b)2 = 2 Vh (y+ 8) o900 4es  wee (7 )
é
where X end y ere co-ordinates referred to the origin & end a , b
and Vh

measured values of X and y from each of the known points 2, 3,

unknown constants., Now substituting in equation 7, the

‘and 4 of the experimeptal curve, three equations may be. formed
with 3 unknown terms 8, b end V), end solving them the value of
these constants_can bé‘evaluated. So having now formed the genersl
equation for mean velgg@ty curﬁe, the next step 1s to find the
thickness of the jet st various points on the curve. The verticel

velocity Vy at a point y' below the origin 1is
Vy =:7§'§"§T

The horizontal veloeity, Vh, being known, the resultent velocity

Ve = JVREF VS = /P * 2gy!

Measuring thickness 6 - 7 , of the sheet from the plot of the
experiments, the discharge of per linear meter may be calculated

from the following equation:

qQ=2 Vz}iﬁ A _/ thd- Zgy' ese ees eee (8)
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where A is the thickness of the jet at 6 « 7 « The values of

q for the two types of crests calculated in this menner were
found to sgree 8lmost exactly with the discharge found by

independent experiments for the seame type of welirs.

2.10.2 The thickness of the sheet of water corresponding to any.
values of y!' may now be derived from equation (8), having alreedy
evaluated the vaiue‘of Vh and Vr + In this menner the path~of

the falling sheet was determined end plotted in figure 7 for unit
head. The_paths ere only gpproximate as they sre axtended :rom

exp erimental points ielatiVely close to the»top of the dam end
moreover, they mey be somewhat affected by thé irregularitigs in
the crest, Oo Creager thought 1t was sadvisable to provide & margin
of saféty by extending the masonry line well into the theoretical
sheet &8s indicated in figure 7 & 8 .

2411 Modified Cresger Profiles

2.11.1 At the time of the first publication of the Creager’'s dsta,
there were no experimental verificetion for his mathematical
extension and therefore he recommended the use of masonry line,
slightly beyond the computed lower nappe line as mentioned in
section 2.10 ebove. However, since then the accuracy of the
extensions were substantiated by experiments (69 ) and (64 )
end now it is considered permissible to limit the masonry to the
computed lower ngppe itself (15)« The spproximste shepe of the‘

Cresger's profile can be expressed in the form,

y = 0.5 x185

origin being teken st the crest of the sptllwey. The co-ordinates
of the Cresgepts profile 1s given in Teble 2 end figures 9 & 10.



S311408d 1S3¥D QHVANVIS SY39v3yd
oroi13 6 Ol4

X 40 S3INTIVA X 40 S3NvAa

o€ [eX4 Ol (@) ol- o< - OS5 o-v Ot O-Z O-1 (o] Ol- oe2-

O-8 PN PRI BTR S T N
//n 4—a§. .-.u..n.»qq‘-.. " .- ....cn .». ¢ ._.Q. .«.o”..

T .5 -

) AN LSS KRS B B N

IS S PRI P s « % .
! . o 3 . of o .
+ -

.
v

B e

A

i ———

T Wva 40O
3OV4 WVY3IYHLS- NMOQ

\ \.anVv 3ddVYN "3IMOT
— -

A 40 S3ANTVA

/
o)
(o)
<
‘A 40 S3NTVA
a’/‘
7
WVYQ 40 WVY3IYLS dNn

B e e e e

N 3 LA . 2
1\ ALY '
N NS rvv\ i
// Q.WM/, ..\Nar.x m
N o/,.r.::.;., ~x..“~ .f Ol = tu.

\ ol G \ 3ddVN
// NS s/
N /ﬂ.wﬁ\_\

aA3A

4 PO mg
A+

]
|

Ol.94
OltaH b—

NIDIHO " >~ y

~——

o.—ll 1”—

O-1

VM T3A3T Y3lvm
i 1 1 1

13A3Y ¥
! 1 1

-k




(a) o (b)
Up-stream face verticel Upstreem face inclined 45°

T T X I SR X
[ x ' ¥ | I x IS / I
I : 4 i ' [

0.0 0,126 00 0,043

0.1 0.036 0.l 0,010

0.2 0,000 | 0.2 0.000

044 10,007 0.4 o,ozs_

0.6 0,063 ‘ 0.6 - 0.09

0.8 04153 0.8 0.193

1.0 0.267 - 1.0 . . 0.333

1.4 0,590 1.4 04700

2.0 1,31 ~ 2.0 1.47

3.0 7% b R 3,0 3,89

3.5 4,26 | | 3.6 4.61

4.0 6.61 4.0 6.04

NOTE: The vélués of the x &nd y co-ordinates ere in metres.
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2.12 y,5.Buresu Of Reclemation Profiles s

2.12.1 From 1932 to 1948 extensive experiments on the shepe of
neppe over 8 shart crested welr were conducted by the U,5., Bureau
of Reclemation (gs) « These studies were first initiated in
connection with the design of spillwaeys for the Hoover dam. On
the basis of the experimental data including that of Bazints the
Bureau has developed co-ordinates for the nappe surfaces for
various types of spillways, The studiés included, spiliyays,i‘
with verticel faces, the upstream feces inclined downstr edm end
spillvays with oyeruhangs4on the up-streem side. This information
is indeed invaluable'for accurate analysis and precise design of

spillwvay overflow sections.

2.12.2 Welr With Vertical Up Stream Face

N ‘The principsl purpose of the tests conducted by U.S5.B.R.
was to determine the effect of the velocity of approech on the
p:ofile of the lower nsppe. The results Qb-tained are givenvin ,
Table No. 3?; It may be seen that the X end y co;ordgnates,are

expressed in the form X and _y , this origin being at the
' Hs Hs :

sherp crest of the weir end Hs being the head including veloeity
of gpproach at th;s point. It may be seen that an the approach

velocity increases ¢ or g8 hv  incresses, hv is the velocity
Hs :

head due to velocity of spproach), the ngppe profile for unit
head flattens and crosses the profile for smaller velues of
hgs-» In other words, the profile in the cese of a high dam,
' 5;e?e the velocity of auproach is.negligible, the profile is
not as flat es in the cese of & low dam, for the seme water

depth end discharge over the crest. The greatest deviation

* Thé table given 1s not the complete table prepared by the US.B.R.
Complete reproduction has not been done 8s it is too lengthy
to be included in this dissertstion..
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occurs close to the weir crest and hence more cere has to be
teken in the design of the crest of the weir. I% was also
observed that the rise of the ngppe above the sharp c¢rest was

more in the case of & high dem than in the cese of & low dam.

2.12.,3 w§1rs With Upstream Face Sloping Downstream ¢

S5imilar experiments were’conducted in the cese of weir
with sloping upstream faces snd are shown in figuies 12,13 & 14
end the X end y co-ordinates for the verious velocities of
app:oach»are given in tebles 4 , 5 & 6 «+ From the results
pﬁtained, 1tAis 1nteresting to note.that_thé height of the nappa
abéve’sbart crest of the welr decreases as the engle of the weir
Increeses from the vertical, which mesns that the contraction of
the under side of the Jet decreeses s the slope of the welir is
flatteneds |

2.12.4 Welrs wWith Up-stream Over Hang And Welrs With Upstreem
Off-sets & Risars:

-Spillweys having this shepe have been used in many dams.

This type has been evOIVed as a result,of its saving of meterial,
The theoretical form of stable overflow daﬁ is a trespezold as

shown in figure iﬁg With an OVerflgw having a totel head He;
however, the downstream side of the spezoid does not heve |
sufficient width and_the ngppe would spring free of the dam ss.
shown in figure 15, end fall along a curve extending a maximumv-
distance'or outside the trapezoid. To ensure freedom from
undesirable vacuum effacts, the space between the nsppe and thé
dem should be filled with concrete. Concrete pleced in this
loeetion, however, is not in position to resist most effeciently
over turning of the dam. By moving the point corresponding to

the welir crest‘upstream a distancg N, the nappe cen be brought-
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tengent to the downstream face of the trepezoid. This réSults
in a horizontal off-set in the uppwer portion of the spillway
section equal to the distance N. The up«stream end is ususlly
connected to the up=-streem face of the dem elther by a single
inclined surface or by a short sectlon of the vertical face

below which 1s &an inclined face as shown in figure 16 & 17,

2.12,4 Tests were conducted on both the types of weirs, namely
(1) Up~streesm over heng weir as shown in figure 17 and (2) the
up-streem offsets welrs with riser as shown in figure 16. 1In
both these cases, the off-set angle was kept at 45°, Tven though
1these weirs resemble each other in shape, thelr results vary
widely., The nsppe profiles for over heng weirs obtained after
these experiments sre given in Table 7. If may 8lso be noted
thet the values given in teble 7, differ considerably from those
given for vertical fage velr given in_table 3+ The co=-ordinates
of the nappe for the off-set welrs are given in teble 8, These
values are suitsble for all values of M from 0.5 to 6.0, whefe

: N
M is the depth of the off=set.

2.12.5 It waslobserved during the expé:iments on the vertical

- welr and the welirs with the up-stream faces sloping downstream,

the 1owervnappe surfaces were very smooth and glassy in gppearance,
when head was not excessive nor the depth of epproach wes shallow.
On the other hand heppe surfaces produced by AVer hang end off=-set
welrs, was in some ceses smooth,.but never glassy. Flow conditions
for the over hang and off-set welrs were in another respect the
opposite of these encountered in verticel weir and weirs-sloping
downstream. Flow for the vertical end sloping weirs was steesdier

for deep epproach conditiéns, than for shallow depths. On the
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contrary, the flow for the over hang end off-set weirs, althou gh
never comparing in steasdiness with that from its vertical weir
or welrs sloping downstream was rougher and more unstable for the

deeper spproach conditions than with the floor raised in the

proximity of the welr crest,

2.,12.6 1In short,'it may be concluded that over flow sections
with plene up-stream feces are conducive ts stable flovw conditions
where as those with‘off-séts and: bresks in the up-streem fsce

ere not, although many latter sucéions arevin existence end gppear
to be giving setisfactory service. However, spillway sections

ere not recommended with values of %% less then 0.5 unless the
velue is zero. For values greeter then zero end less then 0.5,

flow conditions sre extremely unstable.

2,12.7 Tven though, for aécurate enslysis and precise design of
spillway overflow sections, the respective tébles.referred to |
earlier should be used. But for practicel purposes, however,
simple equations cen be used without essentiel ipss ofvaccuracy.
For most conditions, the‘daté cen be summeriged eccording to the
form shown in figure 18y where profiles 1s designed es it relates
to axes et the epex of the crest ( 32). That powtion wpstream
from the origin 1s defined &s elther a single curve end a tangent

or as compound circular curves The portion downstreem is defined by

‘ Ne : |
—z- = - ) _JL_____ se0 (Xx sée
X Kq ( =) e )

in which Ko and Ng are constants whose values depend on the .
upstreem inclination end the velocity of approach. TFigures 19‘&20

gives values of these constents for different conditions.
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2,12.8 The gpproximate profile shepes/for & crest with a
vertical upstreem is shown in figure 21. The profile is construc-
ted in the form of a compounded circular curve with radii
expressed in terms of the design head Hy ». This definition 1s
simpler than that shown in figure 18, since it avolds the need
for solving an exponential equation; further, it 1s represented
in 8 form easily used by layman for constructing forms or templates
For ordinery conditlons for the design of small spillways, and
vhere spprosch helght P is equal to or greater than one half the
meximum heed on the crest, this profile is sufficiently accurate
to avold seriously reduced crest pressures snd does not materially
affect the efficiency of the crest, ﬁhen the approach height is
less than one half the meximum head on the crest, the profile
should be determinedvfrom the figures 19 & 20,

2.13. Gate Controlled Ogee Crests

2.13.1 So fer only the shapes of spillway crests without control
gates, or when the gates are fully opened in the case of crests
with gates have been considered in the profiles described earlier.
However, these profiles will not be appliceble, when the spillweys
gre in eperation under partial gate openings. The jet produced

by a partisl gate opening may skip over the above profile depending
on the type of gate and the conditions of’operation. Although the
- head may be the ssme for full gate opening es for & paftiel opening,
the lower surfaces of the jets need not correspond, even though no
contraction exists at the lower surface in each cese. The explena-
tion may be that, the stresm lines ere horizontel and parsllel as
they leave the gate for small gate openingé, where as for full

gate opening the stream lines are neither horizontal nor parsllel

8s they flow over the section, but have components in a downwerd
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direction (%), When full head on the gate and with the gate
opened, & portion of free discharging trajectory will follow
the path of a jet issulng from sn orifice. For vertical orifice,
‘the path of the jet cen be expressed by the parsbolic equation;
x2 |
T Tn |
vwhere Hp 1s the head at the centre of the opeiings For an orifice

-y =

inclined at an angle © from the vertical, the equstion will be :

-y =%ten @ + z2
4 Hpm cos ©

If sub-atmospheric pressures have to be avoided along the crest
contact, the shape of the ogee downstream from the gete sill must
donform to the trajectory profile. So it has been customary in
U.S.Buresu of Reclamation to design the up-stresm portion from
e gate sill to fit the welr neppe at maximum discharge while the
portion of the crest downstresm from the gate sill is shaped to
fif the theoretical trajectory of the centre line of the jJet
issuing from a 0.3048 m, ( 1 foot) gate opening under the meximum
head (81). fThe result 1s a crest flatter then the one designed

for meximum discharge slone.

2.13.2 ’Experiménts have shown that_whan getes are operated with
small openings under high heads, negative pressure will occur |
along the erest in region immediateiy below the géte; 1f the ogge
shepe 1s thinner than the one described sbove. Tests showed that
this sub-atmospheric pressurés would be equal to sbout one tenth |

of the design head ( figure.22) (32) .

2.13.3 The adoption of e trajectory profile rather then a ngppe

profile downstream from the gate sill will result in wider ogee



,:??,__ﬂ
and reduced discherge efficiency for full gete openings. Where

the discharge efficiency is unimportant esnd where a wider ogee

shepe 15 needed for structural stability, the trajectory profile

may be adopted to &vold sub-atmospheric zones slong the crest,

Where the ogee is shaped to the ideal nappe profile for meximum
head, U.S.Bureau of Reclamation recomhends that the gate sill

may be located downstresm from the erest, This willprovide en
orifice, which 13 inclined downstream for small gate openings and
this will result in 8 steeper trajectory more neerly conforming

to the nappe shaped profile,

2.14 Y, S.Ammy Corps Profile

2,14.1 On the besis of the U.S.B.R. Data en Boulder Cenyon
Project (82 ), U +Army Corps of Tngineers have also developed
Ispillways for various shepes end aspproach conditions. Such shepes
designeted as WrS spillwsys shspes ( 18) can also be represented
ih the following form:

xﬂe = KQ Hch -1 y o-; e sve (10)
8s in the case of equation (9)

2.14.2 Standard Crest s
As 1in the previous case, the slopes of the ogee spillway

erest 4s a function of design heed, the height of the dam (which
influences the velocity of approach) end the slope of the up~stream
fece (79 ) « The design heead Hy is ususelly based on the
meximum head resulting from passage of the spillway design flood,
However , a lesser design heed is sometimes used, in some special
ceses. Profiles besed on equations, for curved surfaces are,

in general prefereble to compound circular curves to define the

shepe of the down-streem portion of the crest, since pressure will



B 2i§ﬁ,

be more uniform with curves which do not heve changes in redii.

2.14'3” The recommended equation for the profile curve down-streanm
from the crest 0of & high dam with vertical up-stream face and
negligible velocity of spproach is 3

xl.ss = 2 HdO'BS Yy ;oo soe oo (11)

where x and y ere horizontal and verticael distances from the

ogee crest as shown in figure (23)' and all the dimensions are
expressed in the seme unit. The shape of the welr up-streem f?om
the crest 1s fixed with the help of g.compound curve as shown in
figure 23. But leter on the Corps of Cngineers made the up-stream
profile in the form of an ellipse given by the equation es shown.
in figure 24.

2 2
+ y
(0.15 Hq)2

oz
(0.282 Hg)?

1]
=

on the basis of enslytical end lsboretory results, the Corps of
Tngineers have now recommended to use-tbe following equation

for the upestream profile with the origin at the crest as ,

' 1085
y = o2¢ (X 027 Ha ) "™, 4 105 pa

- 0.4335 H2*T® (x + 0.27 my )OO

The curve extends ( 0.27 Hyq) up=-stream and (0.126 Hq) downstream
from the crest point as shown in figure 26. This design is
edopted to svold discoritinuity near the upstream fece, which may

cause an abrupt stimulation of turbulent boundary layer.

2:.14.4 Various other experimentors have also given cosordinates
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for the profile up=-stream of the crest. Studies conducted &t the

UJLP.y I.R.I. indicate that a circular quadrent of 0.282 Hg radius

upstresm of the crest gives the best results.

2.14.5 In the forgoing, spillway profiles as sppdicable to
verticel upstream faces alone have been mentioneds When the
upstreem faces are inclined, the valueS*of’Ke - end Ng for
~esteblishing the equation for the downstream side also have to

be modified (18 )o The values of Kg and Ny for various conditions

of the up-stream ere as followss

Slope of the Upstreém face Ke Ne_
Vertical 2,0 1.85
331 1,936 1.836

383 1.873 1.776

The shepes of the up=stream profile etc. in these cases sre given
in figures, 25,27 & 27b. TFor Intermediate slopes, epproximate

' values'of Ke 8nd Ng mey be obtained by plotting the above values
sgainst ccrresponding slopes and interpolating from the plot,

the required values for any given slope within the plotted range.

2.14.6 The usttream face of the spillway crest mey sometimes

be defined to set back, &s shown in figure 16. The shape of

the crest will not be affected materially by such details, provided
the modification begins with at least one half the total hesad Hg
vertically below the origin of the co-ordinates. This 15 beceause
the vertical velocities are too small below this depth and the
corresponding effect in nappe profile is negligible.
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2.14.7 The spillway crest shapes shoﬁn in figures 25,é6,27 & 27b,
are not directly sppliceble to low ogee spillweys with an
appreciable velocity of approach or with ogee spillways with
inclined offsets or recessed up-siream face. For splliwvays with
vertical or‘$§° up=-streem face slobes end appreciable velocity
of approach, the crest shepes may be determined from figures

28 , 29 & 30, Model tests have shown that profiles based on
equation (11) ere equally suited for to welr heights equal to or
greater then one half the maximum head on the crest. Thus the
curves on figures 28, 29 & Splneed be used for determining the
erest profile of a spillvay with vertical up~-stream face pnly,
when the welr helght is less than one half the maximum head.
Welirs with sppreciable velocity of approgch with up=-stream face
sloping end vertical, the data availsble after the studies mede
by U8.B.Rs ( B2) have been recommended for use by the U.S.
Army Corps of Tngineers alsog It may 8lso be mentioned here
that curves of the U.S.Army Corps of Engineers shown in figure
28,29 , 30 have been developed from the dsts taken from U.5.B.R.
studies ( 82),

2.14.8 TFor spillweys with verticel or 45° degree up-stream
face slopes, figure 28 shows the relative shapes of the lower
neppe profile uy-stream from the crest centre line for various
ratios of hv / Hyq » A compound circular curve of two radiil
reasonably fits the profiles for spillways with vertical
upstresm faces, while a simple curve satisfactorily fits the
profiles for spillways with 45° up~stream faces. Grephs of
spproptiste radit developed for these conditions are shown
in figure 28 in terms of R / Hg for various ratios of hv/Hs.
A tebulation of curve datse shown in figure 28 has 8lso been

developed by U.S.Army Corps of Tngineers, For a spillway having
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a 45 upstreem face and with the values of y, and x, obtained
from figure 29, the simple circular radius R may be obtained from

figure ( # ). The value of Rp ean also be found from the

following equationg

R =. _,.y..‘ + _Xo X cos ) (12)

2 ya_

For the down streoum profile, the equation is similar to equetion
(10) end the values of the expoments for this portion of thé
profila can be found out from the curve given in figure 30

‘Perheps the method of finding this crest profile can be better
emplified by working out a typical problem.

2+14,9 The problem 1is to find out the crest shepe for an ogee

spillway with_45° up-stream_slopg having & head of 9 m. of waﬁer

over the crest and with an gpproach veloclty of 4 m/sec.

- 2 |
h, = 4 = 0.82 m.
2 x 9081

Assume the helght of the neppe crest from the sharp crest of -

welr Vg = 0.4 m.
<. Hs = Hp+ h, + yo = 9.0+ 0,82+ 0,4 = 10.22 m,

h
l-nln

from the known value of Eﬂf ,the vaelue of y, end Xo
Hs R - HS

can be obteined from figure 29.
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v+ Je& =004, 4.e. Yo = 0.41 ( checks vith the velue
Hg assumed) .

Similarily X

s~ = 0,19 end X, = 1.93

Now making use of the graph given in figure 28, with the value
of hy / Hy = 0,08, R/HS is found as equal to 0.463.

. Now checking the valus of R obtained sbove
*values of . e » R=4,7nm ywith thezhelp of equation(12),meking use o% the
Yo and X4 - R = 0,412+ 1.,93° = 4.85 m. ( which checks the value
g:éc:%g;a S X Opdl got earlier).

To determine the.value of K, end N, applicable to the curve
downstreem from the crest, referring to the curve shown in figure

30 for h, / Hs = 0,08 , 1t will be found that Kq = 0.54 and
Ng = 1.7756¢ Now substituting these values the equatlon of the

profile 15

0»@_‘4 » x10775 = 0,25 xl,775

3.0 CRUST PRESSURES

3.l The theoretical pressure along the face of ah ogee
spillwey crest approaches atmospheric pressure at the head for
which the crest is designed. For heads higher than‘the design
heed, sub-atmospheric pressures are obtained.along the spillwsy
crest. Txperiments heve shown thet heeds upto several times
the design heed may be passed over an ogee Spillway without
seperation of the nappe from the crest end that tolerable
sub=-atmospheric pressure occurs, if the meximum heed is 1imited
4/3 times the design heed (64 ). Txperiments have also shown
that excessive sub-atmospheric pressures do not occur when crest

gates, with sills located 1.5 m to 3 m, downstream from the
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crest, ere operated with small openings under high head. Therefore
tbe'U.S.Army Corps of Tngineers do not recommend the necessity
to modity the stendard crest for spillways wlth crest gates.

The maegnitude of the sub-etmospheric pressure may be determined
from the pressure gradients for unit head given in figures
31,32 & 33 which were based on tests conducted at the Weterways

Txperiment Station.

3.2 Bonnyman apd Heefe are of the_opinion that when the
spillway is to operate under & high head, 1ts profile must be
carefully formed to co-ordinstes given in sny of the standerd forpyg)
Where, however, the head is less than 1.5 ﬁ, they suggest alternate
geometrical profiles given 1n'£1gures 34 & 35. A1l the same,

the wisdom of resorting to this emperical profiles; vhich do not
seen to have the backing of, experimental or analytical studies

is questionsble. Also, a compound curve of this nature does not

make the work of the construction englneer eagier -either.

3.3 . In addition to the spillwey shapes mentioned abOVe,vthe
type shown In figures 36, is very commonly used in Turope (g4 ).

This type 1s also used, when drum gates are used at the crest.

3.4 - Bven though spillway profiles developed by meny suthors
hsve been briefly discussed sbove most of them are not being used
now a days for some reason or other. O0f all these, the spillway
curve developed by U.S.B.R. and U.S.Army Corps are being widely’
used in many countries. In India, the U.S.Army Corps! profiles

gppeer to be the most popular,



CHAPTIR - 3
CAVITATION PHTNOMTNON

1.0 INTRODUCTION ,

The possibllity of cevitation damage wes first recognised
by Tuler in 1754 in connection with the theory of hydraulic
machines. But 1t is only in 1894, that Reynolds first initiated
experimental work on this phenomenon of cevitation. R.C.Froude
mentioned this phenomenon in 1895, mainly perteining to ships!
propellers. Leater on, secrious interest on this phenomenon
of cavitetion arose due to the_failure of marine propellers in
a single Atlentic crossing end this necessitated the ships
to be towed from main sea to the port. In US.A. 8t the very
first operation of the spillway tunnel of Hoover Dam , & huge
cevity meesuring sbout 38 m x 14 m decp was formed. Similerly

the spillwsy fece of the Gand Coule dem gét badly eroded at
its first operation and this seroused considerable interest

among the American Scientists and Ungineers. In Indie, severe
dsmage to the 5.47 m. dia . woludi syphons at Hirbhe sagar
Jog Power House eroused considerable interest end controversy
regarding the demage and whether 1t was due to erosion or
cavitafion. Lfter World wer II, there is rapid development in
the design &nd construction of very high head hydraulic .
stunctures like spillvways, gates, values etc., very high speed .
torpedoes, pumps, turbines etc. with their resulting higher

velocities. These have posed serious problems of cavitation.

2,0 CAVITATION THCORIES AND OCCURANCE
The generally accepted word for the destruction ond -

the subsequent ercsion of the materials by cavitation action is
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® pitting". In brief the cavity occurs in the 1liquid and pitting
in the solid boundary.

2.1 péfinition 3
2.1.1 Ca§1tation mey be defined 8s the formation and collepse
of cavities in a stream of flowing liquids which results from

pressure changes within the stresm ceaused by chenges in the
velocity of flow. (85)

2.2 Qccurrence 0f Cevitation 3

2.2.1 Cavitation first occurs in a 11quid when the equilibrium
of small dndissolved gas volumes in the fluid becomes |
unbalenced (36);. This happens when the sbsolute pressure of &
fluid flow fz;lls to ( or close to ) the vapour pressure of the
liquid. From Bernoulli's equation 1% mey be seen that pressure
in s fluid flo& depends on the velocity end position of the
flow. .Therefore, cavitation is more likely to sppear a£ the
top of & conduit than st thevbottom. Similsrly the highsr
setting of en hydrsulic turbine above tail water will increese

the tendency for cavitation.

2.2.2 The production of pressure reduction by increasse of
the velocity is femiller to engineer and usually results from
constriction of & passage as in the cese of a venturl - meter
or nozzle. Therefore the tendency for cavitation to occur

in reglons of high veloeity is gquite obvious.

2.2.,3 Apart from high elevation end high velocity there is
snother factor contributing to pressure reduction and thereby
causing cavitation to occur. (4) This is flow curvature

a5 outlined in figure 1, point A denoting the aress of low
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As 8 cavity forms snd repidly increeses in size vepourisation
of the liquid will occur and the gases dissolved in the liquid
come out of solution into the cavity. However, due to the
turbulence that always accompanies cavitation the speed of the
vapourisatidn and the release of the dissolved gases is quite
unprediétable. .Little is known of the process except that it
occurs with great rapidity.

2.4 Motion Of ‘ avitys

2.4.1 It has been observed that the cevity proceeds from 1ts
point of formstion to its point of collapse’w;th & speed less
then that of the liquid. However, in the case of free bubbles
and smell eddies having cavities at their centres, the speed |
of the cavity is probably sbout equal to that of the liquid.

2.5 collense Of The Cavitys

2.5.1 Destructipn of the cavity begins » When the cavity is
in motion and results from the up-stream face of the cavity
moving more rapidly than the down - stream face. If the
boundary layer prior to the inception of cevitation is
unseperated, 1t 1s usually observed thet at inceptfon,
individual cavities enter the low pressure region, become
unstable, grow repidly end collepse, when they move into regions
of sufficiently high pressure. The important observation is
that each cavity meintains its individusl identity through out
its process. 4 preliminsry approsch to the collapse mechenism
was obtained by Reyleigh, by considering the idealised case
of collapse of a spherical cavity in a mass of fluid aé rest.
It was shown experimentally that enormous pressure may be
developed locally when wéter rushes Into the void space

containing only water vapour; At first this bubble collepse
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theory was gccepted 8s a complete explanation for the production
of intense locel pressures and consequent destruction. Later on
1t was shown by tests that small water Jets at high speed

produced destruction of the materisl on solid surfaces.

2.56.2 50 it now gppears that the intense local pressures
developed at the point of collspse are probably due to the
combination of these two activzzzb/?s the collapse of the
cavity occurs at a boundary,r§taph¢s may be shot st the solid
surface with speeds sufficient to produce defornation and
eventual destruction, or irregularities in the cavity walls
maylproduce intense locel pressures, when the liquid strikes
the solid material at the high_speeds produced at’cpllapse.
Although the collepse of the cavity im the main cause of 1mpact
between liquid masses and sclid boundaries, the exact details
of the impact mechanism may be quite différent in successive

collapses.,

2.5.3 The prineipel factors that influence the growth and

collapse rate of cavitetion bubbles ore enumersted belows

1. Surrounding fluid pressure.

2. Surface tension.

S Initiel mass of gas in the bubble.

4. Diffusion of gas intc and out of the bubble.
S. The liquid vapour pressure.

6. Heat transfer through bubble walls.

2.6.4 The bubble growth actually continues even after the
smbient fluid pressure exceeds the vspour pressure becéuse of
the inertia of the fluid. When the pressure tending to retard
the bubble expansion is gpplied sufficiently long to over come

the fluid inertlia, the expansion cesses, and collapSe begins.
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The rate of collapse of the bubble depends on the six factors
mentioned previously. Higher rates of collapse are assoclated
with (a) high surrounding fluid pressure (b) high surface
tension (c) low gas content either initlsl or due to diffusion
(d) low vapour pressure -(e¢) sufficicntly high hest tronsfer to
condense the bubble vapour st g rate thet does not allow the
vepour to act s 8 permenent ges. It follows that those factors,
which increase the collspse rate'élso 1ncrease the intenéity of
-the high pressuré produéed by the extreme chenge in momentum,
when the fluid moving towerd the centre of the bubble is finslly
brought to zerc velocity. It is this iptenSe_pressure vhich
produces the noise and bpundary'damagé sssoclated with cavitation.
This energy stored in compr9981on of the cavity ges is returned
to a kinetic form by re-expsnsion of the cavity, so that the
bubble mey c¢ycle through a series of growth and collapse phases
before the motlon is fipally damped. Such rebounding'bubbles
were observed by Knspp end Hollander of the Californis Institute
of Technélogy s With the ald of high speed photography (87).
Motion plctures taken at 26,000 fremes /sec. revealed éﬁe!
folloﬁing life cycle ( Fig. 8 )+« The tunnel velocity waséof
the.brder 12.20 m/sec. |

-

1. Formation and growth from first appearance to maximum
dlemeter and time lapse of this is 0.0026 sec.

2. First collspse from maximum dis to first dis-appesrance
is 0.0075 sec.

3. From rebound from first sppearance to Second maximum
diemeter 0.0016 sec.

4. Second collepse from second maximum and Second dise
gppesrence 0.0003 sec.

5« Second rebound to third maxlimum dlameter 00,0004 sec.
6. Third collapse.

7. Finel rebound, collepse and dis-sppearances
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2.5.6 Actually the bubbles do not completely diseppesr at each
stage j they shrink in size, grow again and shrink, and finally
dis-gppear. The life history has been traced upto 5 cycles sand
after that the cavities become so small)they are not photographed
by the high speed camera. Tven though the velocity of the water
in the tunnel was kept constant, the velocity of the bubblé in
the tunnel was not constant, but varied with the bubble slong the
body, The meximum diemeter of the bubble wes 76 mm. The Bife
of the bubble from instant it wes large enough to be detected
until the completion of its first collspse was about 0.0025 SecCe
Formation required about 3/4th of this time and 1/4th time was
Tequired for the collspse.

2.5.7 Expefiments conducted in venturi set up hove revealed
dampge in two to three regions of reducing intensity on the

down - stresm side of the cavitating body, showing that bubbles
grow, dissppear, grow sgain and disappesr a number of times.

For some time the rebound phenomenon was thought to be character-
istic of all cavitation. But later on it wes proved -that rebound
depends on the air content (pgy Cavitles formed in water of low
eir content:do not rebound, while those with large smount of gas

not only rebound, but oscillate also.

An important fact that has prevented theories of sphgrical
bubble collepse from amccurately predicting the history of cavity
collspse neer its terminsl stage is that the cavitles become '
éompletely non-sphericael, as shown in Figure 6. In this figure
the collepse history of the cavity, es obtained by Ellig,'is
shown (3j). His experiments indicated collepse pressures of
7 x 10° kg /sq.cm. Recently Noude and Ellie (39) conducted &
theoreticsl snalysis for the collepse of a cavity that is
initially attached to a boundary es shown in figure 7,
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2.5.8 From the rendom paths that cevities follow before they
collepse, 1t 1s evident thet scattering of the collapse over a
sometimes sizable region may be expecteds Since this region is
three dimensionel, however, it appesrs likely that most cavities
will collapse within the free flow and out of contect with the
confihing boundery surface. The question materially srises
whether cavities must contact the boundary'surface as they
collapse in order to demege this surface. As cevities,
combletely surrounded by liquid, collapse in this flow, compre-
ssion waves will be sent out in ell directions and will strike
the solid boundaries confining the flows Whether collepse of
cavities in the flow cen destroy boundsry surfaces of the action
of the pressure waves is still open to question, but pressure
weves 18 s&ill open to guestieon, but pressure waves may endenger
a structure by setting up forced vibration. The pressure wave
trevelling up~stream into the low pressure region also gppears

to be instrumentsl in detaching the succeeding cavity.

2.6 Seperated Flows « Fixed Covities 3

2.6.1 Unsgperated flows have their regions of lowest pressure

nesr the boundary and the fluld continuously pssses through this
zonej that is, individual fluid particles do not remain in f;xed
position with.respect to the body except for fhe molecular iayer
immediately adjacent to the boundary. It 1s for this reeson

that individusal nuclie are subjected to only short transient
pressure reductions as they psss by the body ; almost 1@mediate1y
they ere returned to high pressure snd thus sre limitedt;heir
growth, These individual bubbles may never be stationary with
respect to the boundery. On the other hand, if the boundsry

layer 1s seperated prior to the onset of cevitation, or if
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Knepp were found to be highly velocity dependent, in fact, a
dependence on the sixth power of the velocity was observed. A
principal explanation for the great dependence of the velocity 1s
that, higher velocitles result in higher stegnetion pressure and
higher smbient pressure ( for & given csvitation number) so that

fhe pressure collspsing the cavities 1s grestly incressed.

2.6,4 1In view of the preceeding investigation, 1t eppeers,
probable that most cavitation damage is assoclated with fixed
cavities rather then bubble or transient cavities. Thus the
hydraulic engineer should be particulerily careful in his designs
to avoid the possibility of fixed cavities in regions in which

cavitation is likely to occur.

2.7.1 Trosion is. the removal of the material due to water ladem
vith suspended materisl impxinging on the sol}d_surface and the
impsact of the suspended,material results‘ib hammering action end
damage. Corrosion may be due to chemical'processes or eletrolytic
processes or may be both, but éavitation‘damage ié the result of
the cevities formed due to hydro dynemic phénomena and their
ultimate coilapse"causing removal of material and damage. In the
‘phenomenon of cavitation it is very difficult to predict or
assess the demage due tq erosion, due to corrosion and‘entirely'

due %o cavitation.

2.8. Lffects Qf Cevitation

2.8.1 In the design eand construction of hydraulic structures,
gates, valves and hydraulic machines, it is all simed at guiding
and constraining liquids, to flow elong water passages, in

fields A
specielised directions and in specialised fiuids. One of the
A N



effects of cavitastion on such water pessages 1s to alter both
the effective size of the passage and the direction ofé;uidance.
The flow pattern gets degraded snd the resistence to the flow

increases. The other effects of cavitation sres

1. Loss of efficliency of the pefformance of the hydrsulie
machines like turbines, pumps, propullers etce.

2. Production of moise which 1s most undesirsble in the
cgse of submerines, torpedoes and under water balfis-
tics,

3+ Increase in the drag force on the’cavitating parts.

4, Undesirsble vibrations due to the coliapse of the
bubbles and due to shock waves set up. The fallure
the Bhakra diversion tunnel gates and the failure of
the Panchet dam near Poona, are mainly due to the
vibration of gates snd out-let sluice.

5, Material damage due to pitting of the surfece.

2.9, Cavitation Dsmage 3

2.9.1 The degree of cavitation damsge depends on the nnmber of
cavities collepsing on or nesr the boundary per unit %ime, the
magnitude of the pressure collepsing the bubble and the chsracter-
fstice of the boundery materisl. The number of cavitles collapsing
on the boundery will depend on the nuclel content of the water

end cavity flow pattern j many more cavities collapse oh the
boundery for fixed cavities than for transient bubble cavitétion.
Moreover, the individual cavities associated with fixed cevitles
onllepse on the boundary 4in the vicinity of the stegnsetion ﬁoint

and thus the damage 15 usually greeter for fixed cavities tﬁan
for trensient cavities.

2:9.2 The damege to the materisl is a cumulative effect of erosior
corrosion and cavitation. Vsarious theories have been put forward

to explein the damsge due tc cavitetion and each one of them has

its own theories.
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3.0 THTORY OF CAVITATION DAMAGE
Various theories hsve been put forward to explain the

cavitation dsmage and they eres

1. Mecﬁanical action theory

24 Tlectro - chemical corrosion theory
3« Instantaneous chemical action theory
4. Thermo « dynamic action theory &

5. Strain energy concept.

3.1 Mechsanical Action Theory 3

3.1.1 This theory was first put forth hy Persons and Cook in 1919
They ere of the opinion thet the water hemmer effect consequent
on the rushing of water inside the bubble st 1its collapse is
responsible for the high str&?ses involved and consequent erosion
of the material. 1In 1935, Bocteher correlated cavitation damsge
with hardness and supports his surface fatigue or cevitation
fatigue theory. He hes also noticed thet materisl with high cor=-
rosive fatigue strength could resist better cavitation demage.
Studies conducted by Prof. Plesset and Fillis heve revealed
changé in the crystalline structure and deformation of the materie
Plastic deformation also tekes place and this lesds to fatigue of
mgterial and consequent fallure. Bxperimeq;s conducted 8t the
Indian Institute of Sciences, Bangalord &"5)5' on concrete of |
different compressive strengths‘have revealed that the cavitat;on
damage 18 reduced with the 1ncréase in compressive strength of
the meterial and this substantiates the fetigue theory. Similer

findings on tests made in hsard granite slso corroborate this

theory .



3.2 Tmpact Theory s
J,ol,f&-(é

3.2.1 Tiis theory assumes that the water’grophts are saccelerated

0

by the collapse cnergy to very high velocities and impinge on

this boundary. Haller has shown thet repeated drop impacts of
moderate magnitude can destroy the material. Ralelgh, Knapp and
Hollander have c¢oncluded that the demage was due to simple impacts
rather then due to repetition of stresseé, Cxamination of the
material hes shown thet there 18 no removsal of material, but

dfhts due to continuous hammering will pesl off ultimately.

3.3 Meterial Damege Due Tb Pitting:
3.3.1 This 1s 2 very serious factor in any hydraulic structure
or machine. TIf left unchecked, 1t may result in serious di;ster.
The overflow spillway st Gred - Coule dem 1s one of the outstend=-
ipg examples showing demage due to pltting. As fer as spillways
sre concerned, this is by far the worst damage cavitation cen
effect. When the cavity collspses adjascent to a solid surface,
or a dropht of liquid strikes the surface at great speed, the
mechenical asction is similar to striﬁing the surface with 2
small hammer. In the earlier days, it was widely belleved that
pltting was primerily & corrosive setion. But 1t wes proved
othervise, when Fottinger obtalned pitting on glsss walls of
8 vnturl « type cavitation aspperatus. In the case of spillways,

mechenical action seems to be more predominant.

3.3+2 The pitting‘of materiais by cavitetion is primerily an
action of fatigue in which the surface skin of the boundhry is
continuously hammered by the millions of tigy blows, until it
cracks and chipps off. Yt has been generally observed that
the surfece finish has en effect on the speed of pitting due to
cavitation and on the rapidity of destruction of material by
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water jets. Rough surfeces are invariably destroyed more fapidly
than surfeces of smooth finish. Thus as smooth surface of any
material is worn away the pitting process accelerates and very
rapid destruction, usually, starts. In some cases pitting has
stopped of itself, spperently due to water cushion covering the
eroded region and preventing direct contact of collapse point

end solid materisl.

3.3+.3 The precise mechanism of asccelerated destruction of rough
surfaces is not known, but higher stress concentrations in irregu-
lar surfaces undoubtedly exist and should contribute decidely to
the process. Other effects may be at work in the case of very

rough or cracked surfaces ss well. For example, it is possible
that high pressure nuci%s of the collapse cavity ( possiblj 8
tiﬁy air bubble) is driven into the fissures ih the materisal

end explodes , when the.pressure drops in the surrounding region.
Another possibllity is that the space at the inner ends of the
cracks in the material act as.cavitles themselves and collapse
with destructive force, when local pressures st the outer ends
are incressed by cavities collspsing in the flow. Still another
possible explenation is thet the high pressure developed at

the inner end of the fissure by reflection of a pressure wave
entering the fissure ( similar to'the action of water hammer at
the'closed end of & pipe line)s In short, it mey be generally
,summariged that pitting of the material is due to fitigue essen =
%18lly under a continuous impsct of blows end the chippihg of

the mate:ial accelerates the damage due to stress concehtration.

3+4 Clectro - Chemical Theory s

3.4.1 Cathodic protection seems to reduce cavitation damsge snd



this indlicates that cavitation demage is not only due to

mechaenicel fatigue, but due to electro-chemical effect also.

3.5 Ingtanteneous Chemical Action Theory s

3.6.1 1In 1954, Irwing Taylor, propounded that certein reactive
unsteble substances are produced at the instence of the final
collapse. This reaction is quick in fast flowing liquids. Wheeler
efter analysing the demege on‘a number of materials, observed

that 8 part of the material is found as particles in solution, |

3.6 Thermo = dxnamge Theory

3¢641 wislicenus explains that the damage is due to rise in

temperature and 1mpact pressure st the collepse of the bubble.

3.7 Strain Qnergx goncgg $

34741 A»Thirunengadam hes arrived at a relationship between the
energy liberdted due to the collapse of the bubble and the strain

energy of the material producing the demsge.

3.7.2 He hes further proposed @ dimensionless number (27) cslled
" Cgvitation Demsge Number" based on the concept of dynamic o
inundstions pioduced by the short range shock waves due to
collepse of cavitstion bubbles. The number gives the ratio of
this energy absorbed by the material in the deformation to the
energy of the collapse of the cavitation bubbles.

3.7.3 In conclusion, it may be said that the various theories
put forth by several investigators go to show that cavitsation
demage is 8 very complicated phenomena attributed to various
couses, None of the reassons attributed to damege cen occur
individuallyf but 1t 1s a cumulative effect of all the
phenomenon. Also , removel of the material due to corrosion ,

or erosion can not be ruled out. Though the fatigue theory
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due to mechsnical sction is broadly eccepted. The other

factors which sre explained above also cen not be ruled out.

3.8, cavitation Theory 1

3:8.1 Seversal investigators have given different theories on
cavitation (7) and factors which govern cavitation ares

1. Tensile strength of liquids.

2+ Nucleil content.

3¢ Turbulence and boundary layer effects.

4, Physical properties‘of the liquid &

5. Shepe of the cavitéting body.

3+8+,2 Tensile Stfengthﬁgf Liguidss~- 1In pure weter, the only way

to create cavitation 1s to produce tension in 1&. ‘Tension‘can
only be obtained, if water-is.freelfrom gas or any solid materiel,
It has been shown that water can with stend tension upto 10,000
atmospheres 6L)) snd the order of pressure necessary to create

cavitation is of the order of 30 to 50 atmospheres.

3¢8.3 Nuclel Theorys~ It has been nov generally accepted that
no cavitetion cen taske place, 1f_the water is completely free o
from any type of nuclei. Thiby mey be sub-microscopic sized soli&
particles or gas or air nuélei, whose slze may renge from 10™3
to 10™° cms. end the cavitetion process is considered to be the
growth of these microscopic cavities to visible.size. Experiments
conducted indicete that there is not one fixed pressure at which
cavitation would take place indicating that veriation of this
pressure is due to the varistion in the size and quantity of ‘\
the nuclel 67.). It has also beén shown that (1) water deaerate&
by boiling and cooling 1s very difficult to cavitate ;
(2) it is difficult to set up cavitation in weter sfter it 1s

allowed to stand for several hours and this is explained as due
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to the dissolution of the bubbles in the water and (3) Application
of high pressures to tsp weter has shown that it 4s difficult to
set up cavitetion. This is explained as due to the high pressure
imposed on the liquid, the gas and the air bubbles in a free
condition would get into solution devolding the free gas ond

air bubbles which will facilitate cavitation. When ges is
present, because of the low pressure, 1t expends snd these
cavities Qill collepse reéulting in cavitation and its consequent

effects.

4.0. TURBULENCT AND BOUNDARY LAYTR EFFECTS ON CAVITATION

4.1 - Tt has been estasblished analytically that in a laminsr
boundary layer, minimum pressure exists on fhe‘boundary. Accordingf
ly 4 these sre the points at which cavitation would stert.
Although satisfactory theoretical anslysis of pressure gradient
geross turbulant boundary layer are not available,_measurements
indicate that even for turbulent boundsry layers cavitation will
occur only at the surface of the body. In the slow moving fluid

in the boundary layer, the nuclei in the low pressure region has
got lsrger time to grow beyond criticel size end cavitation process
sterts. The boundary ihequalities change the flow pattern, as

the boundary erevices are generslly sccepted as a source of |
nuclei. As the bubbles grows from the boundsry, they become,
subject to the forces of 11ft and dreg end ere swept off. The
meximum size that these bubbles cen resch, before the 1ift and

drag overcome the surfece tension force holding the bubble on

to the boundary, must depend on the velocity surface tension,

and the characteristics of the boundery lsyer, Thus, 1t eould

be seen that irregulsrities at the‘boundary incresse the threshold

for cavitation inception.

4,2 As the boundary layer is developed, if the pressure
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" gredient becomes adverse, the boundery seperates from the

surfece and they in turn can ceuse cavitation.

4.3 Physical Properties 0f The Liquid ¢

4.3.1 The physicel properties snd conditions of the liquid like
gas content, the temperature, viscosity, vspour pressure, surface

tension and the pressnce of admixtures will grestly affect

cavitation.

4.3.2 It hes already been mentioned before thet when water is
degasseq, the susceptdbility of cavitetion is considersbly
reduced. The cavitation phenomens being anslogous to bpiling
of the liquid, 1t is but right to expect thst the cavitation
should be earlier, if the liquid 1s at a high temperature.

| Pitting sction is likely to increase with increase in surfece
tension due to the growth to a large radius, before the bubble
bresks off. Similerly, dissolved impurities have a large effect
on cavitation as the impurities will only increase the surface

~tension end hence, the cavitation that could be expected with
admixture 1s grester then in & free liquid. Vepour pressure of
the liquid influences the cavitation process very strongly and

the growth of bubble depend upon the vapour pressure.

443.3 It has been observed by seversl workers that a large
reduction in vepour pressure is esccompenied by & pronouced
incresse in pitting action. Viscosity of the ligquid also plsys
en importent role in cavitation. The bubble cen Wore freely in

8 liquid of lower viscosity, Cevitation tﬁrgéhold will be earlier

then in a liquid of lower viscosity then in & more viscous fluid.



4.4 Lffects On Foreign Substance 3

4.4.1 Tt has been shown by various experimentors that presence
of solid materisls brings about a discontinuity in the flow and
causes cavitation‘_ The interface between the solid particles
end the liquid provides a discontinuity end this facilitates

cavitation.

4.4.2 The actual conditions, are much more complex and cevitation
- inception pressure do not havea fixed velues Depending upon the

conditions of the liquid end solid bounderies, the inception may
occur st aﬁerage pressures higher than vgpour pressure. The
. Inception of cevitation in & liquid medium is dependent on a

~veriety of hydro-dyneamic and other effects,

4.5, Types Of Cavitetion pubbless

(8) Transient Cavitiest~ They are small 1ndividua1_bubbles, which

grow oscillete, collepse and dissppeer. These are also termed

gs " Bubble Cavitation" (Figure 3 )

(b) Free Individual Travelling Cavities:z These bubbles are

fairly spherical and submicroscopic in size, but they grsdually
grow in size and are corried in the stream to the regions of
higher pressure. The bubbles are not generally connected to one

snother , but they come off in quick succession.

(¢) Stoady State Or Fixed Cavitys= These are observed behind

blunt bodies and sherp leading edge of hydrogoils ( Figureld).
This cavity 1s a fixed one in the statisticsl sense. This ‘sort
of cavify is formed by the breaking eway of the flow from‘ﬁhe
gulding surface at a low pressure point, usually assumed to be
the point at which the pressure on the surface has fallen to

vepour pressure of the liquid. From this point the stresm follows
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a2 trejectory determinsd by the pressure fiald and ususelly
guilding surfsce at soms distsnce down strsem from the bresk
awey point. The fixad cavity 1s the space exlisting between
the guiding surfece and the free surfaece of tha flow &s shown

in the figure (4) .

(d) Single Cylindrical Cavities:= They sre usuelly very big in
size snd sre often crasted by megnetostriction oscillstions of
a8 ber. Such single cavities cen slso be formed in the weake

of certein body shepes.

(e) Non-Stationery And Periodic Cevities:- These cavitles very

with.timg.(SS), These cavities form in the flow perlodically
and_are cerried sway by the flgw. It mgy a8lso he & cevity
vhich chenges its form in s ststionsry fluid under the

influence of vearisble pressure.

4.6 Classification O0f Cavitation:

The phenomenon of cavitation has bsen classified in

several weyss

(a) gheet Cevitation:- These cevitles are trains of free

travelling cavitles, which cling as e sheet to the entire aréa
of the section. Treains of individusal fres travelling cavities
or portions of the fixed cavity type come in quick succession

like & sheet studded with perals of various sizes. (Figure 2).

(b) Tip Or Vortex Cevitstions~ If the fall of pressure is

due to low strength of a vortex, cavitation bubbles issue
out of the tip of s propeller blede as helical strings one
following the other. This‘typa is called ' Tip ¢ or tVortex!?
coevitetion. Tts psth i1s helical in shspe ( Figurse §).
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(c) Stesdy Stotionsry Vortex Cevitiess~ When blunt bodies like

disc are exposed to high velocities, cavities are formed behind
thems These are slso celled ' Wake Cavitationt,

(4) Cavitation can slso be produced by creating tension in

unsteady flow, such as megnetostriction oscillator. These are
usually single cylindrical long bubbles, which grow shrink and
cdllayse. |

(e) When a torpedo enters water at high velocities, cavities |
are produced st the'interface of watef and torpedo. These cavities
are unsteady and non-stationarys They cover portions of the body
and in the weke developed by them. |

(&) 5coust1c Cavities s~ Somie vibrations of high frequences
produce cavities in the fluid end such cevities are termed as

‘t9oMic Cavities?!s They sre very small single bubbles.

(g)’Pseﬁdo Cavitation- 1f large gas filled bubbles are present

in the liquid, it is possible for these bubbles to increesse

their ambient size meny times even at pressures exceeding the

vepour pressure. This steble bubble growth is not cavitation

by tha eccepted definition, and has been termed‘pseﬁﬂo cavitation@ﬁ»
Pseﬁao cavitation is not likely to cause cavitation damsge

beceause high collapse velocitles are not essociated with such

stable air cushioned bubbles. However, the existance of pseﬁdo
cavitation in a structure, cen influence the hydro~dynamic

performance of the structure.

Practical observations on the behaviour of hydraulic works
on certaln rivers, in particular on the Nile, have shown the
existence of a perticular phenomenon, which Lelivasky g42) calls
as pseﬁdo, cavitation. Although more smooth, the erosion produced

i in this case somevwhat similar to cavitation erosion, but it
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4s in fact the effect of very sharp sand particles projected
'against metal or stone surfsces by local vortexes. This type of
erosion is normally encountered in India also and thé action of
sand on the turbine blades at Khalima power house in U.P. India

is one such cese gg;).

From the sbove it could be seen that a study on cevitation

should essentislly include the followings

1. Inception of cavitation.
2. Cavitation demage

3. Prevention of cavitation.

5.0 CAVITATION INCEPTION

5.1 Nuclei Theory 3

5.1.1 In order to understsnd the 1nceptidn of cavitation, it
1s very helpful to exeamine the condltions for static stability
for a spherical gas volume surrounded by a 11quid, Although
cavitation is a dynamic phenomena, the basic_principles of

inception will be revealed by such stetic snalysis.

5¢142 As seen from Flgure g%,vthe forces acting on the inside

of the bubble are those due to partial pressure of the gas Pg and
the pertiel pressure of the liquid vepour py + At the inter face
( the surface of the bubble) is the surface tension force |

2 Ar oy in which 15 the bubble radius and < represents the
surface tension per unit length. The surface tension per unit
cposs sectional area of the bubble 1s therefore é‘j;*::! ;or g:r.
This term 29 4s often referred to as the ! surface tension
pressuret. T;is surface tension pressure tends to collepse the
sphericsl bubble. OQutside the bubble is the smbient fluid

pressure p . For static equilibrium the following equation
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must be satisfied:

Py + pg = p ¢ 2:__ s s (1)

Now, if it is essum=-dd that the temperature and weight of the
gas in the bubble remains constant, as the surrounding fluid
pressure 1s reduced, then the pressure pg , for a given weight

of gas will vary inversely with the volume of the gas bubble

1ees pg = .&5 s Where A 1s proportional to the number of
r o ,
molecules or the welght of the ges and r refers to the radius

of the spheres Therefore the equation (1) takes the formk

P= Py = __é,s_. - _%_03— “se sse (2)
T r

In the figure 14, (p = pv) 1s plotted versus r for a constent
value of surface tension corresponding to 20°c water snd verious
velues of the constant A+ The most significant and interesting
point to observe in figure 14, is that the curves heve &
minimum. This minimum cen be found methematicelly by differenw

tiasting equation 2, with respect to r eand equaling to zero.

i.e. d(p-pv) - -34 + 2 o
dy r? r°

LI For(p"pv)min,. 3% = 20~

o
5
bl
[V
]
o3
9

o o r = -/.‘g'-?h:h

This minimum value of r 4s designated as r*, Substituting

the velue of r* in equation 2
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(3 p/2 - )r* r'
= - 4
3r*
- * - - .
f.0. P Py = 4 <  where p corresponds to
3r

the values of p at minimum or critical points., The existence of
the minimum value i1s the relationship between ( p ~ pv) emd r
explsins, at least, the beginning of the cevitation process
becsuse 1t reveals that (p - pv ) reaches 1ts critical or
minimum value, then without further reduction in the ambient
pressure, the bubble will continue to grow, thet is, the bubble

becomes unstables

5+.1.3 It may be noted’from Filgure 14, thst the nuclei instabllity
cen not occur unless the fluid pressure is reduced below vapour
pressure and that the magnitude of this reduefion below vspour
pressure depends on the originel nuclei size. It may slso he
seen from equation 3 thet the criticel radius for & bubble
containing only vepour ( i.e« A = 0) , 18 zero end, consequently
the fluid‘pressure must be infinitely negative in_ordeg to
cévitate such & bubble. Of course, this theory cen not be

epplicable, when the bubble radius approaches moleculsr size.

6.134 Some experimental data in support of the nuclel theory 1is
also available ( 04) , (4L). For exemple semples of pure water
wvere sub3écted to several thousand kg/sq.cm. pressure for several
hours in order to dissolve all gas present in the fluld and thus
purge it of practicsally of 8ll nuclel. After relessing the
pressure, the boiling point of seversl samples, was found to be
140° ¢ - 200°C. 1This result is compsrable to the value of p = Py
in Flgure 14 spproximaetely 210 m. of water, or from equation 3,
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the largest nuclel present in the semple must has been le@ss thsn

approximately 15 x 10"% em. in dismeter.

v5.1.5 The previous investigation has considered only the static
stability of the cavitation nﬁclei. Tt sppears reasonable to
expect that, 1f nuclei are subjected to trensient pressure
reductions that critical pressure for instebility might be
considered less then the value given 1n.equation 3+ However, it
has been shown that the vast'majdrity of ceses, the critical
pressure predicted by the static analysis is not significently
altered by the durstion of the trensient. It was found thet the
pressure for a time slightly greater then the natural period of
oscillation of the bubble. For & bubble of dis. 0.0025 cm , the
pressure need remain at the criticsl value for 10 micro seconds

or less, Thus for nuclel dismeters of the order of 0.0025 cm.
which gre subjected to the low pressures that are hydro-dynsmically
produced in large hydrsulic structures, the results obthined from
the static enalysis of the stebility of the spherical gas bubble
mey be expected to closely approximate the dynamic stabllity of
such a2 bubble. On the other hand, cavitation experiments
conducted at high velocities on small séale models with short

low pressure rejoins can be misleading, if it is assumed thag
dynamic effects do not influence the critical nuclel size and

pressures .

5.1.6 Tqustion 3, end the previous investizations suggest thst
the almost universal gssumption of vapour pressure as the critical
pressure for cavitation may not be justifieds However, it may

be seen from Figure 14, thst the vapoui pressure is s good
approximétion to this critical pressure, if sghericel nuclel of

apprecisble size ( lerger than 0.0025 em) sare present in the



by |
=3

fluid. Free spherical bubble of this large size probably do

exist near the surface of river :znd sea weter, and generally
spesking the assumption of the vepour pressure as the critical
pressure for large scale hydraulic structures is adequaté.v on the
other hend, when cavlitation investigation ere mede in the 'laboratory
with water that 4s treated to remove undissolved gas nuclel, the
essumption that the critical pressure is the vepour pressure cen

be greatly in error, Similarly waterdischarggd ffém the lower
strata of high head dams may be void of large nucleikand the

assumption that cevitation begins st vspour pressure may be incorrec

5.2, Origin of Nuclei 3

5.2.1 The concept of sphericsl ges bubble as the nuclei for
cavitatlon, although convenient as a model for analysis, 1s
difficult to justify in the practical case. Some nuclei sourée
other than free gas bubbles must be postulated in order to explain
the cavitastion thst is observed in fluids in which free ges
bubbles of the required size for instability are not observed.

5.2.2 However, there may be three distinct sources of nuclei,

etch capable of causing the phenomens of cavitation:

: v ‘ a

1. The free undissolved bubble, usually microscopic in
8ize. These on reaching the critical pressure, become
unstable end grow rapidly. ‘

2. The nuclel that exist in the crevices of foreign
particles.

3+ The nuclel thgt exist in the crevices of the boundary
material, apparently smell gas volumes trspped in the
boundary material grow to Imcriscoplc size elther
beceuse of dyhoamic instability within the crevice,
or becsuse of diffusion of gas from the sup-r satureted
liquid into the initially microscopic " Crevice gas"
or both. The size to which such a " boundary bubble"
may grow depends on the relationship between the
hydro-dynamic drag on the bubble and the surface forces
holding the bubble to the wall. Once the bubble is
swept gwey, it may be of stahle size, but if the
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pressure continues to decresse along 4ts path, it may
become unstable end cavitate. The degree to which this
gsource of microscopic nuclei is responsible for cavitation
inception depends on the presence or asbsence of nuclel
sources (1) end (2) and thelr reletive critical pressures.

5.3, Prediction Of Cavitstion Inception s
5.3.1 It has been indicated that 1f the pressure in the fluld is

reduced below vapour pressure end 1f nuclei of sufficient size
ere present, then the nuclei will become unstable and grow
repidly shd this phenomenon is defined ss cavitation. It is now
important to review how such low pressures'may be produced
hydro~dynemically and thus to predict the conditions of cavitation

inception,

5.3.2 Unseperoted Flows= On stream lined bodles, 1f the curvature
is sufficiently mild, it produces nearly 1deal flow withput bound=-
ary layer seperation. For a given body shabe, the magnitude of
the pressure_reduction at the location of the minimum pressure
can be written a5 centrain percentsge of the total dynamic |

pressure ¢ € ve,
fves P = P = ¢C § ev? (@)
» Qo Pmm pl min -oo. see

in which, is known as the minimum pressure co-efficient.

P amin |
The value of Cp, min 18 not asppreciebly influenced by P or v, if

the boundary layer does not seperste from the boundary.

For a glven size nuclel in the fluid, there is a pressure
p* ( From equetion 3) that will csuse nuclei instability end
thus cavitation. By estsblishing Ppin in equation 4, as equal
to p* , the hydro~-dynemic conditions for cavitation inception

gre established g8
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-2..*..—:—52- = C pi’ min “see Mo (5)
eV ’

5:3.3 Thus, 1f the nucleus size is known for the ambient
conditions, p* may be found from equation (3), and because cp, min
1s known or can be found either experimentally or theoretically,
then equation 5 gives the relationship, between the ambient
pressure and stream velocity for which cavitation will commence.

Tquation 6 may be written asg

p* = Py * Py =P = p*= pv 4 Py ~p
¥ e VE T} oev® 3 eve

|

CD)' min Qoo 000(63

As previously indicated, it is & reasonsble assumption that
relatively large nucleil will present in river or sea water and
thus the value of p* is nesrly equal to the vepour pressure.
Also, for lerge hydraulic structures, in which cavitation may be
expected, the value of V is wsually high; Thus the term
2;_,:ul&l caen often be neglected snd the equation (6) is
3ev2
replaced by:

Pv - P

¥ e Ve

- CP’ min ves EY] (7)

The negative of the left side of equation 7, is known as the
ineipient cavitation index K4 « This parameter 1s now universally
used for correlating the charscteristics of cavitation flows. The

velue of the pasrameter p « D

e VF
inception 1s simply denoted without the subscript es K. Thus

at eny condition other then
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K = P = Pv and
¥ e V2
k, * = 2 - Tu ( &t inception)
+ eV
= Cpemin.

!

Thus, 1f the value of K for a given strueture~and operation
condition is such thet K‘>'k1 s “he structu:q should operate
cavitation force. However, i1f K < ki, cavitation should be
expected with the degree of cavitstion, depending on the megnitude
of (BE =% ).

5.3i4 Tt may be noted that equation 9 , may not be adequate for
small scale models tested In water that hes been ¢speclally
treated for the removel of nuclei. For examples severel geometri-
cslly similer exisymmetric bodies have been investigated for
cavitation inception at various speecds and the results are
presented in figure 15 ( 1?). It may be seen from the figure,
thet the meesured 1ncipient cavitation indices were less then
CPip4n end depended on both the model size and test velocity.
However, the data indicates that the incipient cavitation index
does approach Cpipjp for large size end high speeds. It 1s

quite probsble that the scale effects shown in the figure 15 aré
primarily caused by the low concentrgtion of nuclei end the

smell nuclel sizes present in the test water.

5.3.6 Seperated Flowss~ If the flow about a body is decelerated

too repidly, the boundery lsyer seperates and the pressure
distribution slong the boundary is no longér e true indication of
the minimum pressure in the field.  Two examples of seperated flow

ere shown in Ffgure 16 (a) & (b). As is shown in the figure, @
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vortex is formsd ahd cavitation will be incipient when ki is
the negative of the minimum pressure co~efficient in the flow
field E'pimin, the barred symbon being used to distinguish from
the minimum pre co-efficiont &t the boundary cpimin‘ No exact
method of obtalning Ebi,min in terms of the measured boundary
pressure is known. For tha csse of & two dimensional offset

in uniform {flow, the raesults of the expariments conducted

et the U,.,S.Watsrweys Lxperimant Stetlon ére shown in Fig. 16.
In these experiments on off-sets, incipient cavitation elways
occurred in the centre of the stable vortex formed downstresam

from the offset.

6.4 Inception Of csavitastion In Tsolsted Surfsce Irregulsarities:

5.4,1_ TIf the body is sufficiently smooth the on~set of
cavitation can be determined from the theorsticel value of the
minimum pressure. But, generally the surrace is rough. The
roughness may be evenly distributed like s machined surface or 1
msy bs isolsted in msture such 8s an aggregate protruding

from an otherwise svenly finished conerete surfesce. If the
surface irregulsrity prbtrudas g significent distesncse into

the stream the minimum pressure will be lowered below

- that for a smooth éurface. Hence cavitation will result ahd

the body will not perform as designed.

5.4.2 Calehuff, Wislicemus, and welker showed that
cayitation characteristics were related to the relative
roughness height _k_, where k is the height of the roughness
and 6 1s the thlékﬁgss of the boundary layer.

5.4.3 Hsall (89) conducted experiments on 1scleted surface

irregularities in the turbulsnt boundary layer of a flat plats.
The relative height of roughness rsnged from 0.014 to 3.4 and
+he roushness Reynolds number from 370t0300000. He concludeds
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b
1. The inciplent cevitetion number of an isolated surfece
irregulsrity in a turbulent boundary layer is dependent
upon the relative height of the roughness, the boundary
layer shape psremeter, the velocity and other variables
yet unknown,

2. For given values of velocity and boundary layer shepe
perameter, the inciplent cavitstion number increasses
with rela%tve height of roughness, whikch 1is rather the
most significent varisble to describe the 1ncipient
cevitation number.

3¢ For given values of velocity and relative height of rough-
ness the incipient cavitation number increases with
& decresse in the boundary lasyer shape paremeter
(Boundsry leyer shape psremeter is _5* , where *

is the displacement thickness end © th® momentum thickness

4, In most cases, the incipient cavitation increeses with
velocity.

5.5 Cavitation Damske:

5.5:.1 This has been already covered in section ( 3.7.5).

5.6 Provention of Cavitation Damage:

5.6.1 Naturally the most effective means of prevention of
cavitation demage in new structure;%the elimination of csuse of
cavitetion. Therefore the deslgner should heve in mind, the
facts thet sharp éurvatures, abrupt cprner? or any combination of
circumstances which produce flow curvature; vortices, eddies,

seperation or high local velocities are all conduice to cavitation.

5.6.,2 In completed structures, where cavitation end pitting occur
and drastic modificaetions are not possible, various methods heve |
been succeésfully employed to arrest the damage. Replacement

of eroded parts by a tougher, or more resistant materisl has

been proved. This method has been particularly useful in conduits
in dams, where steel liners hes been used, where pitting was

occured in concretes. In some structures pitting process has been



bl

slloved to continue until 1t arrests itself, presumebly, by
the creation of water cushion. However, this method has 1ittle

appesl ss & good solution,

5.6.,3 1In the casse of hydraulic mechines the solution of proper
cavitation resistant meterial may reduce the dasmage. A short
representative summaly of the relative resistance of metals used

in hydrsulic machinery has been compiled by Rheingaus (80) and
is given belows

Alloy A Wt. loss after
) 2 hrs . m:gms.
Rolled stellite® 0.6
Welded Aluminimum Bronze . 3.2
Welded stainless steel ( two layers ‘
17 er , 7% N1 ) 6.0
Hot rolled steinless steel ( 26 Cr ,
15 N1) - 8400
Tempered, rolled stginless steel (12% §§) 9.0
Welded Mild steel . 97.00
Cast Gteel 105400
Alluninium o 124400
| Srass ; - 156;00

Cast Iron | 224,00

GuGe4 Admission of air to the low pressure regions have been
proved effective in both hydrsulic structures and hydreulic
machines. Higher eir content of water has been seen to cushion

the cevity collapse end reduce its destructive effeéts, and air

¢ This material 1s not suitable for ordinary use, in spite
- of 1ts high resistance, because 1ts high cost and
difficulty in mechining. :
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introduced will upstream from the cavitation region 1s to

v breek the vacuum" there, thus reising the pressure end tending
to eliminate the true cavitation. The air introduced in this
m:nner presumably forms lerge bubbles, which are compressed

down stream in the high pressure region but are'prevented from
collapsing by the cushioning effect of large quantity of sair,
which can not be absorbed by the water. Ixeamples of alr
injeetdon by Resmussen (85).

5.66 0f very recent interest are the possibilities for
cathodic protection ggainst cavitaetion damagé. Although the use
of cathodic protection was first(suggested on the besis of
electro-chemical postulates of cavitation damage, 1t is now
quite conclusively established tha®t the protection action is
assocliated with the evelution of hydrogen and %he assoclated
cushioning effect provided by the gas (36), in just the same

way as alr injection systems.
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CHAPTGR s 4

CAUSES OF CAVITATION ON SPILIWAYS

1.0 GENTRALs

1.1 There have been ceses of cavitation erosion on
differsnt elements of spillway structures such ss baggle plers,
epron slsb beyond baffle plers, ovarflow surfaces of
spillwaeys, surfsc2s of spillwey pier down stresm of gate

slots etc. Ths cavitation erosion on various spillway
elements can not bse tolerated, because of the repairs of the
demagad portions sre costly end difficult. Many often the
normsl operation of the structure mey also be disturbed by
cavitation erosion. Only with spillways opersting rather
deldom, one can allow 1ts elements to the action of cavitation
end thet too for s short period. Many fectors contribute

to the creation of cavitetion on splllways. Forzs most smong
them 1s the reduction of pressur2 on the spillway crast

due to wrong design. The crest pressure of a gated spillwey
depends to 2 laerge extent on the position of the gate sill.
pmong other fsctors, which add to the low:ring of spillway
pressuras, are improperly designad gete slots, surfece
1rregu19r1ties; mode of operation of spiliway etc. Some

of these espacts which may creeste csvitetion on spillweys

sre discussed in this chgpter.

2.0 CAVITATION DUC ™0 WRONG DESIGN:
2.1 From the discussion in Chepter 3, 1t is quite
evident thet a reduction in pressure is ths root cause for

the inception of cavitation. Cavitation will occur in a



liguid when dynemic conditions ceuse the pressure to fall
below vapour prassure of the liquid. S0 nsturally a study
of the cause of cavitation leads us to a study of pressurs

variastions dus to wrong design.

2.2 As a genersl rule, the base curve of the spillway
crest is the profile of a fully ventilated neppe of k;tar
flowing from a sharp crested weir. Such & method hes baan
founded on the bellef thet the presence of & solid structure
below the neppe end in immediate contact with it, will not
gppraciebly affect the course of the freely falling particles
of water, thst 1s, neither will the nappe tend to spring
loose from the spillway face, nor will it exert pressure on
1t. But the condition of ths flow chenges with the introduc-
tion of a solid well bensath ths force falling nsppe, even
though it exactly fits th; shape of the nsppes. 4 flow of
this nsture is not only governed by fsé?gvitational forces,
but by the viscosity and surface tension of the liquid also.
These fluid properties exert a tangentisl force on the
épillway face. 1If the fluid were frictionless, it would

not heve been possible to exert any tangential force and

the flow on'an_ideal spillvay fsce shouldAbe exactly es the
flow from & sharp crested weir, If this ware the csase, the
pressure along ths profile would hsve bean exactly 4
etmospharic st all points. The pressure distribution in en

ideel csse like this is shown in figure 1.

2.3 A hydro dynamical approech to the problem of curving
flow, such that over spillway crests, shows that conditions

at sny point in the flow ars dependent upon those directly
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pypstreem. It has been demonstrated by Bezin and meny other
investigeators. that any chenge in the crest of the spillway
will result in & change of th2 nsppe profile (64). Logicel
as this ressoning msy seem, designers are prone to determine
cerafully the down streem curve of the spillway face and then
procead to round off,‘bavél or prclqng_tha short up strsem
curve to suit their fancy despite the fect that the down
stream curve most emphaticelly deﬁands on this curve which

- they modify.

2.4 In order to study e spillway properly designed,
according to the prqfile of the n&ppe over a sharp crested
woir of the same proportions end to illustfate the effect
of .8 change in th3 curvature in the immsdiete vicinity of
the crests, the results of the experiments done by Rouse end
Reid(eé) ere quite rovesling. Even though these experiments
ware dons about 35 yesr ago, the results sre still valid.
T™wo Spillway profiles of precticelly of the ssme shepe were
tested known as profile No,. 1 and profile No. 2 shown

in figure (2). It is seen from the pressure disﬁributipn
shown in the figure, (2) that positive pressures occur at
the top of the spillwsy crest preceded by & negative pressure
for some portion of the up~streem éurve In the case of
profile 1. Now for profile No. 2 the downstream portion was
kept seme &s in profile No. 1, &nd the upstreeam was rubbed

8 1ittle, It mey be notéd thet even though the difference
in curvature was very slight, the pressure veristions wsre
considereble. In addition to this 1deal form of crest,
enother type tested was with s short horizontal section &t

the top, such as frequently encountered in practice, pracéded
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by & short curve of constent redius es shown in figure (3).
Le mey be seen from the figure (3), the deperture of the
pressure curve from the ldeal curve 1s very msarked, since
the change in the form lies more nearly in the regions

heving the grestest influence of the flow.

2.5 Anothar importent point to be kept in mind is the
svoidence of sharp corners on the spilllway crest. For
exsmple In the case of the profile shown in figurs (3), that
even under ths design head the stresem had left the crest
over & short distence, beglnning with the sbrupt cheange in
the curvature, the space below being fllled with & small
roller. The obvious conclusion is that sudden changes in
curvetures ers to be avoided, for although a roller may at
first f£411 the regilon of seperstion, negative pressure at
this point will %raata partisl vacuum end if 1%t goes below

a certein limit, cevitation will be the result. ps & fuirther
exempls of tha'foimation of cavitise at thls point of gbrupt
change in curvature, the camse of the Pucchsbon splilway

in Frencs 1s cited, as this type of deslign 1s commonly used
in Curope §47). ‘Results of the studles conducted by

Cscends ere reproduced in figure (4)» The illustration
shows definitely two places of seperation at places of too
rapidly change in surface profile. Anothsr point to be
noted is that, at no point along the continuous curve of
types shown in profile I or II, will it be possible for such
a cavity to exist. For the seme reason, if air introduced
at any point 1t will be immediately cerried down stream,
because the steedy chsnge in curvature gnd is sufficient to

ensure sggainst seperstion even under relstively hlgh heads
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Obvious, howsver, even for the idesl c¢rest there is a limlting
head under which tha curvsturs bacomes excessive and for
wvhich @& c¢linging sheet is impossible. TFrom the forgoing

1t 45 quite evident thet propsr cere has do be teken in the
shespe of a spillway crest to avoid cavitation, even though
reports of actusl cases of cavitetion demsge occurred due

to wrong design are few,

3.0 CAVITATION DUZ ™0 THS WRONG LOCATION OF GATE SEAT:

Sel The common type of crest gatos used for spillways
ere vertical 11ft gates and radiasl or teinter gstes,
Howsver, the radisl gates sre the most widely used crest
control gates. One of the meain drew becks of verticel 1if%
gote is the cevitstion potentiel it crestes on sccount of
the gste slots in the plers. Also under certaln conditions
of operation vertical 1lift gates may vibrate with possible
demage to the gate itself. similar dsmage occurred to tha
bottom portion of the.vertical 1ift gotas of Bouneville danm
in U.Sehe (25). It wes found out that th2 ceuse of vibration
was cavitation, when there was pa:tigl opening of the gate
with submergence. So providing radial getes, the cavitetion
poteptial of the spillway crast is greetly reduced. But the
1A3tallation of redisl gates 1s only a partisl solution of
the_problem. For, the pressure veriation of a spiliway crest

is affactad by ths location of the gate seat also.

32 A standerd spillwaey crest is ususlly designed to
conform to ths shepe of the lower ngppe down stream from
a2 sharp crested weir. This profile is cellad datum shgps.

When gotes are to be used on a spillwey, the same crest shepe
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418 used from the upstresm face to the gsate shests. Down stream
from the gaée seats, the crast profiles are sometimes made to
correspond %o the theoreticsl trajectory of_a Jot flowing from

8 unit high rectangulser orifice et the design head. However,
seversl fectors othsr than hydresulic phenomena sre usually
considsrad when determining the location of the gate seat.

If the gate, seats on th2 crest, the theoretical curve will be
comparstively flat eand the spillway will contsin considerably
more concrete than 1s usually needed for stsbility. If the gate
sests below the crest, the profile will be chesper, but a

higher gate is necessery to retein the same storage pool.
Structursal considerstion also sometimes dictatas the gate sesnt
locetion, If a bridgespens a spillway, 1t might be necessary
to plece the gste down stresem from the crest to provide spsace
for gate lighting mechanism or to provide clssrance, when the
gote is reised. The gats might hava to be loceted down streem
some times to insure that the f;unnion will be sbove the

weter surfeace.

3.3 Many hydraulic engineers believe that when th3 gate is
locsted on tha c¢rast there 1s a tendency for the Jet to spring
free from the crest at higher reservoir slevations and small
openings, this may result in sub-atmospheric pressures and
possible cavitation demege to the 59111way. The designers
elso believe thst placing the gate downstream from the crest
results in flow being diracted down ward; ths tendency of the
Jet to spring from ths crest is reduced. It 1s also widely
believed that lowsr ths gate seat, higher will be the pressure
slong the spillwey, snd slso that cavitation damage occurs

Immedistely down straem of ths gete sest, 1f 1t is not proparly
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located. Howsver, observstions of some prototype épillways
indicsete thaet cavitation damege to spillway surfsces ocecurs

down stream from the region whera the control getes have any
oeffect on the flow (59). No dsmsge to the splllway crest

in the vicinity of the gates has been found which can be

- attributed to ths crest shepe and gete sesl locetion. Hence, in
order to have a bstter knowladge of crest pressur2s dus to -
various location of ths gate seat, model studies were conducted
by U.S5., Bureau of Reclamsation on five spillway profiles (80).
For the test ons piezometer was placed at each tested gate sesat
and others were in equally spaced downstreasm slong the spillway
profiles The five crests, used in the investigations, provided
8 wide renge of steepness and geate seat locstion. The location

Rg frrvs o bnat S
The results of these rasuiks sre very briefly discussed balow:

3.4 Ross Dam (Figure 5

3¢4.,1 Tho design gsate sest is 10.16 cm. below the cr=st, the
scale ratio being 1:24.14. Th2 detum shepe is slightly steaper
then the design shepe. A comparison of the design shapes snd
datum shapes indicate that the overfall sectlon from the gate
sest downstraem was designad from the thsoreticsel trajasctory

of & jet from an orifice., From th2 rsasonlng previously out
lined, pressure elong ths profils shouldiincreasa, when the gste
seat is down streeam from the design locsation end reduce when

the gate seat is uwp-stroeam.

- 3+44.2 The pressure profiles in figure (5) show that for the
seme gete openings and hesds, tha pressurs for all gate seat
locations downstream from the design gate seat are practically
same. However, when the gate is sestsd upstreem from the crest,

pelzomaters from the crest down to the second pilezom=ter below
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the design gate seat showad pressuras lowar than were obtained

for the other seat locatlons. And their trend, which may be
obsarvad from tha:pressuraprofiles 1s that zone of sub-stmospheric
pressur2s moved uyp-stre2am as tha gate seat moved up-straem.
However, for sll gate positions the down stresm peilzometer (No.9)

4 bany
showed pressures more atmospheric.
AN

345.0 Atlas Dam (Figure: 6) s -

36541 The design gate sast 1s on ths crest. The down stream
shape 1s ths ssme ss the design shepa, indicating that the profile
was obtained from the lowasr nspps shspe of a&§ﬁ§¥‘of water passing
over a sharp crested weir. According to reasoning, the p%sssure
along the profile should have the highest vslues when thaggate
s3at is 30.5 em. below the crest and should become smallai as
the crest moved upestream. The pressure profiles in figure:Ae ’
show this to bs true in thet for both down stream gate sest
locstions, the pelzometers down stream from the gete seat indicate
nearly atmospheric pressures for all gate openings. However,
1t msy be noted that in both casds, the 1owést pressure obtainsd
was practically the same. Also, when tha gate seals up-stream
from the érest, the peizometers from the gete sest to peizometsr:s
indicsete sub-atmospharic pressures. Generally spesking peizometers
No. & %0 9showed nesrly atmospharic pressures for sll gate seat
10cation at all gets openings. Pelzometers No. 2 to 5, were
affected by the gete seat locstion end the pressurz was reduced at

each peizomster as tha gate seat was moved up-strsam.

3.6,0 Americen Fall Dar (Figure ;7)

3e8.1 The design gate ssat 1s on the crest. The datum shepe
1s considerably stzeper than the design shap2, indicating thet
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the profile from the crest down siream wes obteined from the
theoreﬁical trejectory of 8 jet flowing from en orifice. The
pressure should b2 neer atmospharic for small gste openings;
when the gsts 1s at the design loecstion , for down-straém gete
seat locetions, tha pressure should be highar; and up-stream
locations, ths pressure should be lower. The pressure profiies
4n figurey 7, indicate that performence agrees wlth the
reasoning. The only pressures significently sub-atmospheric
were those &t the croast peizometer when tha gate seat wes

up-stream from the crest,

347.0 Bhakra igure: 8) 1

3.7.1 The design gate 1s 0.75 m. below tha crast on the down
stroem side., The datum shepe is steeper then the dasign shspe.
For this crest, the highsst pressur2s should occur with the gate
et the design location and they should become successively

lower as the sesat locstion moved up~stream., Also, the
peizometers should indicste near stmospheric pressures, when

the gate sesats on th2 crest. The pelzometers down-stream

from the gets show slight reduction in prossure am the sest

is moved up-stream and when thz gate seats on thas crest end
upstreem from the crast, the pressures srs 2 1little above end

below atmosphzric,

3.8.0 Canyon Ferry Dem (Figure; 9) 1

3.8¢1 Ths deisgn gste ssat 1s 15 cm. below the crast. The
datum shepe is stseper then design shape. The rolative shapes
of the two profilss indicate that the profile down stresm from
the designAgate seat was derived from the theor:ticel trajoector;

of & jJot flowing from en orifice. Therefora, the pressures
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down stream frqm the gate should be nsar stmospheric, when

the sest is at the design locatlon, higher when it is at the
down stresm location eand lower es the gate seat is move upw
stroam. The pressurs profilses on figure:; 9 indicstés that the
pressure incresse, when the gate seat 1s down stresm from the
design soet and decrease when the gate sast up-stream, even
though the difference was 1little. However, for gate openings
of 8.8 énd 23.5% of the design head, the pressures down-stresm
from the gete sest are practically the seme for eny gate seat

location.

3.9.0 Conclusionss

3.9.1 The pressure tests show that the gate seat location
has a minor effect on the profile pressures, when the gate is
on or down stresm from ths crest. Wwhen the gate seats up=-
stresm from the crest there 4s a sharp reduction in the
pressure at the crest, psrticularly et small gate openings.
T™he theory that a gete seat down stresm from the crest will
give a down ward direction to the flow passing bensath the
gate seems to be confirmed by these tests. Although the
increase in pressure was small it was notliceeble for all
¢rosts. Tt mey elso he noted that the lowest pressure for
partial gste openings occur some disténee downstresm from the
gate seat and not immedistely down stresm. This also confirm

with the observation made on certsin proto type spillways(59)
The lowest pressures occurred on two crests that most nearly
corresponded with dastum shepes. ¥Fig. (5) and (6), and
genersally occurred for & gate opaning of sbout 33% of the
design head. For the othar thres crests flgures (7),(8),&(9

the lowest pregsurses occurred at the smallest gate openings.
The lowest pressure recorded was sbout 20% of the design

hesd helow atmospheric.
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3+10 Studles on the espact voo also done in Coneda (67) in
connaction with the design of the spilluvey for Zdgerd de Sonze da
in Brezil. These tosts plso hevo confirmad thet, 4f the gsfo

is located Just on the e¢rest, the pressure dovnes trecm vill

bs lov &t smoll geta openingo then at all gato opoenings.
Usuelly even o slight shifting of tho gete seat on the down=~
stroem side of thue erest is sufficiont to kesp the pressure

for cll geto openings highar or equsl to the minimum prossure
occurring at full gste openings. Filgure (10) shows very

clearly the reduction of minimum pressure obtained by moving

down atroem thoe gseto soot of Cdgerd 4o Senzs deme

3,11 Tho problsm is oxoctly the seme 1f g vorticsel 1lif¢ geto
is used insteed of & rediel ono., This wes also exporimentally
proved in Cenads 4n eonnection with the design of Hert Jenne

dem spilluay (57)«

4.0 CAVITATION DUS ™0 IMPROPIR GATE SLOTS

44l One of the peny foctors that has to be bornse in mind

in designing & vértical 11ft gote 45 tho dosign of the groovaes
or slots in which the onds of getas are supportad. Flow
turbulonces within the gate siots ond cavitstion demsge just
dowvn strasm from the gete slots occur, whon vertical 1ift

gotes ore opersted ot smell openinge undor hoads in excess.

of obout 10 metres. High vslocity flow pessing ovor gete slots,
crente vorticos in the slot. At porticl gate oponing, the
vortices ¢traval down the slo* ond on to the spillusy feco st
the botton of the slot. Unless pete slots eye propsrly dosignad
turbulonce snd csvitetion will occur ¢o couse the dostruction
of th2 roller cheins, and whools as woll as costly demogs to

flov surfocas. Turbulent surging vithin tho slots can bo
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controllsd by boffle pletos attachad ¢o the bottom of ths gates
cnd to sems dogroe hy vasheping of tho sloto.

4,2 One of ths striking exemplos of demege occurring on
opillvey plers end feco dus to © wrongly designed gote slot

is thet of the demeged spillvay of Bonnoville dem in U.s,h.(xel
It has o concrate ogoe spilluays The crost getes consist of
vortienl lift gstoo with fixed vheols., The nexinum hoed of
wster cvor the spillwvey 45 17.8 ns The epillwsy gate slots

ore 2.14 m, vide ond 0.6) m. dodpe The pier volls down

streen from the slot is in lina with the wall wpwstroem from

tho slot end no sot bock, ¢cpok or bovel oxists.: Tho 10 em.
roundsd corners of the slo* sro armoured wvith cteal. 8Soon

after the spilluey was put into opoerastion; 1t wos noticad thet
the concrota ot thz bess> of tho plors snd just down~stramm

from tha gote slot vas oroded. It cppoers that tha jat of

vater issuing from bonesth tho gate inpinged on the downe

streen side of the gate slot andAwns divartsd round the srmoured
dornor, but feil:d to edhore to the concrete pier well down-
gtroem there from. This probsbly crostod cevitetion in this
eree rosulting in the erosion of the concrote. 'hfte: sach high
vetory,these eroded oress were petched with vorious types cf
concrate end aduixtures but nons wore successful in withe-standin,
the attscks Accordingly in 1241, steel ermour plates of i2 mm.
thick ond 1.5 me vide wéra instolled on tho pier wello ond
valdod to the cornor ermoure A 61 cm. vide pleto vos also
installed on tho horizontal ogeo surfcco cdjsecont to th> voll,
Howavar, these 12 mm. plates ware elso found to be d2fsctivo

and in 1946, it wvas roplscad vith 30 mm. thick ernour plote.
Gonerslly sposking these 30 mm. plotes hsve withstood ths
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covitotion ottoeck during the succonsive yoers.

L3 Another typiccel excmple of this type of demege %o
spilluey io tho cose of porkor dem spillvoy (16), qno
spilluey of Perker dcm hes & nos. of 15.2 m & 15.2 1 stoney
getes o poss flood wveterss The opillvoy wes in usc for s
long perlod during the eerly stages uhsan pouvdsy house ups not
in opsration and durinmg this tiﬁa the hesd over the spilluay
veri{ed fronm 12m to 16 ms A8 o result of this continued
oparation; en eroded condition similer ¢o thot on tho foees
of the Bonoville dem 5egan'to dovelop on the facep of the
opilluey plers end on opillvsy crost immedistoly down strarm
frou the gote slots Yt fLirst gppoered dbslov the gote vhich
hed ths longest record of operctiong dbut there wes ovidonce
of 1¢ dovn otroen §i3§4the other gates go woll. Subsequent
opiration of othor getes hed groduslly dovaloped tho ssmo

psttorn on oll ton of pioer faces.

4,4,0 Covitation orosion of this nature is not poeculicr to
fnoricon dems slone, 8Similer cosss have bssn reported from
Surope oplso (22)

4+6.0 In rocent yeors modol étudies, hove boen conducted by
the z:%;ﬁureau of Roclcuotion on nost of the ¢ypaes of geato
slots commonly omployeds Tho tests concoerned olide geto slots
in porticulsr, but the result sro spplicoblo to vhool gates
sloo sinco ths mais differonce in the two typos is sizo rethor
then shepe (30), pBrsed on thess oxpirimontal rosults, oomo
type of geoto slots, which ora noro likaely to couso cocvitaotion

deapge ore briefly diseussod here.



4.,6:1e1l Ono of ths most conmon typos of gete slots used in

pcny cpilluoys is shoun &m figure (11) ( Tho dimensions of the
goto slot ere those used for tasting)e This type of slot does
not heve eny offset, oither upestrorn or downstracm of the

glot end the ﬁpétreem end downstroen foecas ore in tho seme lins.
Tho teots showad the'praaaﬁra of seporstion 2zone elong thz well
innsdistely downstroem of the slot end the presence of complox
curronts fnside tho slot. A plot of tho prossurs distridbution
on tha wvall downstream from the slot shoved severe subentmosphe
oric pressurss in tha3 saparotion cono os shoun in figure (i2).
The prossurs et the dowa straem foco of the leof decrasasos

a8 ¥/D inersnsos, where Y is th3 width of thoe slot ond D tho
depth of the slot. Howavar, ¢his typo of slots sarves odsquotely
for hoads less then cbout 1l motros.

4.5.2 Slots vith defloctor on up=-stroem corner end psrollel
ioyn_stpeem wypll ( Figureps 13

4e8e2.1 Doflectors at the upstracu odges of ths slots, produce
en ojoctor eetion, vhich louvers ths prassures et the slot for
bolov the reforonce pressuro ot the down streem foeo of thae
gete 128f cnd this will induce cavitetion. Cimilsrly, the
pressures, within the slot st the downeotrocm corner, woro
sovorely sub-stmospheric, es vore the preasures bslow the
dovn streem corner for lerge dofloctors end smell W/D retios.
"hore no, b3 g moll deflector design wvhich vould poerhops
give satiafactofy pressure conditions, but 1to sizo vill bo
eriticol. 2 very lerge doflector, which would ceuss o hesvy
contraction csn ba used successfully ot e slot, whon soration

ic providad.
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4.5.3 Slots with offeset at downstreem corner end parsllel
down~stroem walls ( Figure; J14) s ;

4.5.3.1 Slots with offset corners and perallel downstresam
wells will have severe negstive prassures, within the slot

and on the flow surfsces immoedistely down-streem from the
slots. The pressure within the.slot will be lower for lsrge
offsets than smallones, and the pressure downestream from

the downstream corner will be lower for small off-sets, than
for lergs ones. This design appeers to be adequate for small
off-sets &t moderate hesds. TFor smell W/D ratios the pressure
within the slot at ths down stream corner was seversly
sub-atmospheric. The pressure increased gradually as W/D

increased.

4.5.4 Slots with offsat st down streem corner snd divergent

down - stresm wall ( Figure : 15) :

4.5.4.1 Slots with off-sets at down stream corners and
divergent walls, heve low pressures within the slot en o*
immediately down streamvfrom tha down stream corner, depending
on the smount of off-sst. The design is only satisfactory
with large off-sets at a limited renge of slot widths, and
small opereting heeds. The pressure within the slot increased
S22 OB LD, HETstes o T peagiy Jumagteteny bolow
atmospheric depending on the offset snd W/D ratlos. Generslly

pressure decreased as W/D ratio 1ncreasedQ

4.5.5 Blots with off-set down stresm corners and convergent
down - stresm well ( Figure 3 16) 3 ‘

4,5.5.1 Slots with offsets at down streem corners sand

constent rete of convergence of the down stresm wells, . .. :
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have low pressuras just down streem from the line of inter-
soction of ths converging &and perallel wslls. The pressures
docresase as the rate of convergence increases end intersection

of the walls may become cavitation potentisls.

4.6 Similar expesriments tc find the cavitation potentislities
of gate slots were conducted 'in France also, 1in the laboretories
of Societe Grguobloise d! Ltudes et d' Application Hydrauliques,
Grenoble(z) end certalin results sgres with those obtained by
U.S.Buresu of Reclemation studies. From the results of these
studies 1t wes found thet the clessicel vertical 1ift gstes
with upstream sesting end normsel slots without off-sets snd
without eny submergence at the down stream side, the cavitation
noz K for inception wes sround Q.26 gt difficult openings

( 1.0. for gate opanlings less than 0.2 and greater than 0,7

of design hesd) and K = 0.1 for favoursble openings. With the
down stream of the gate drewned, the velue of K was rarely
below 1. From these findings £t mey be possible to conclude
that 1t would be possible to operate gates having normel

slots without off-sets, without cavitstion risks for higher
heads, 1f the operation of the gate cen be limited to the

safe rangoes 1.9. between 1/3 and 2/3 and full gate openings.

5.0 CAVITATION DUZ TO SURFACE IRREGULARITILS:

5.1 Experience has shown that surface irregulaerities

such as voids, roughness, chsnge in elignment, protrusions,
undulstions and abrupt off-sets can ceuse cavitation

damage in regions of high velocity flows ovar spillwey faces.
Cevitstion demege has also bean known to occur at relatively
small surfece irregulsrities, whsre the velocities have besn

highe It is quite likely that cevitation demage of roughened
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surfaces continues its destruction fer down stream from the
aroa affected by the intiel cevitation pocket. Jet action
glso contributes 41ts shesre to the demsge by waeshing sway
loosansad particles. Ths rslative deétructiwahsss of a Jet
and of cevitation hes bean demonstrated on many occasgions.
Fresh mortar has besn splashed on & concrate surface snd
allowed to remsin and set up; later the surfaca hss bean
subjected to high velocity flow. The mortar being merely
sticking to the surface will remsin even though exposed to
the full force of the Jet, but the cavitation caused by 1£s

presence was seen to arode awsey the concrete down-streem.

5.2 Cavitation and dem&sge to the.concrete surface are
related to the relstive height of the particles forming the
boundery roughness eand the thickness of the boundary layer(m)
For exemple, i1f a spillwasy is operated at small gate'opanings,
the average rate of flow up-stream from the gate 1s at a low |
velocity and the turbulence at the boundery is small. At the
down streem end of the gate, it 15 snother mattar, 2
turbulent boundery leyer begins to form in the vicinity of

the gate. Velocities are greatest neer the spillway face.
Hore cavitation could be easily caused by smell intrusions of

roughness into the flow.

5.3 Cavitation demsge due to surfece roughness on the

face of a spillway has bien regorted from U.5.5.R. (74),

This heppened on over flow dem of the V.I. Lenin Volga
hydro-electric station, which has an ihstalled capacity of
2.3 million kwy is one of the lergest hydro-electric stations
in the World, snd was fully commissioned in 1967. After the
passing of thes highest flood dischsrge, which occﬁrred during
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'1958, cavitation demege to the spillway face was observed

4n tho form of ceverns st places of pronounded roughness in
concrete. The demsged surfaces wors rsstored by guniting &nd -
the surfaces were given a smooth finish. 1Inspasctioy during
the subsequant years showed no sign of cevitatlion demsge,
which 1tself proves that surfacss roughness on the face of the

concrete wes the only cause of the demage observed earliar.

544 »The problem concerning ths severity of surface
roughness, which might be toleratad remains to be solved.
However, the studiss mede by the U.S.Buresu of Recleamstion,

though exploratory in nature, throne some light on the subject(L

Studies were conducted with two typicel specimens used in
Davis dem, which had some erosion 4in spillway buckets due to
cavitation. Two specimens wore usad, &nd the roughenad
surfeces used in the study have been referrad to as specimen
No. 1 and No. 2, The average oxposed gggrogete of specimen
No. 1 extended sbout 18 mm above the lowest point of the
roughened surfece end thet of specimen No. 2 wes & mm. The
studies were conducted in a closed conduit of rectanguler
cross section. Rowever, these results can be extended‘to
open channel flow slso, as the stream velocity neer the
boundary are affected by & gilven surface in the ssme mannar

for eithar closed conduit or open channel flow. -

S5.4.1 On the basis of these studies, curves relsting the
pressure and sheer velocity at the inception of cavitation

ere given in figure: (17). The various values of shesr
' ICavamans
velocities ware obteined by using the Kevmem - Prondth
£lous-
equation for veloeity distribution In & turbulent which
~
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states that:

Y = 5.75 logya ¥ + 85

U 10 F
where y is the distance sbove the bottom, k the sverege value
of the surfeces protrusion and U, the shsar velocity, If the
values of velocitiss at two places'vl and Vz'are known for
two values of y; and yg, the term k cen be eliminated in

the following manner,

vy = I:I* ( 5,76 log;go -él + .8'.5 ) eand

-

Vo =Up (6.75 10810 Y2 + 8.5 )
. k

* o Vl - Vz = U‘ ( 5.75 log k!l « 5,75 108 %@_ )

= 5.7 U, 1log y3
. y2

. e Ua = v1 - v2
y2

-’oo vooo (l)

50, with the velues of V; and V, obtainod from the experiment

for two velues of y; and yg respectively, ﬁ, for various
pressures are evaluated,

5.4.2 It may be noted in this connection that the average
voelocity 4n & flow reguired for the inception of cavitation
the boundary surface is dependent on the sapproach

conditions of the channel also. A study of the velocity
profile rovesls that for the seme sversge veloclty, the
velocity nser the boundsry is appreciebly greater for a
smooth surfsce thsn for s rough one. If ths approach to the
loerg
aareil 1R -<ITY OF ROORKER:



rougnened-area were a reassonsbly smooth surfsce sufficlently long
to establish uniform flow, the average veloclty of the approaching
stream necessary to cause cgvitation on the rough surface would be
less thsn thaet computed from the ahear velocity curve in figure
{17)e This probably explains the reason why cavitgtion erosion is

very often seem in concrete, when preceded by a steel lining.

Sede3e Since the velocity near the boundary is the one which would
attack the roughened concrete surface, it is the one which must be
calculated to ascertain whether cavitation would exist on the damage

or roughened areas

§84+4. The effect of having a smootuner approach chsmnel on the
inception of cavitation on the rough concrete surfsce downstream
can be better emplified with the calculation of average velocities

for a typical cases

Be4eS5e In the first case the channel is assumed to be of uniform
roughness of this type in specimen Noe{y let the depth of fiow is
1252 me Then the shesr velocity for the inception of cavitagtion

is found from the graph ip figure: (17) to be equal to 128 m/sec.

Lej; the criticsgl velocity st 7«5 mm above the bottom be
18 m/secs The average velocity in the channel corresponding to
this volocity of 18 m/sece at 7«5 mim can be obtained by meking
use of the equation (1) and assuning that averege velocity occurs
at O»367 depth sbove the channel depth after Vamoni(gs)-e

» TN

1e28 = Va‘vs - 18

©367 X 1052
G 0075

$5e75 log 10
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v . Vevg = 317 m/sec ( Averege stream velocity at
vhich cevitetion will occur with specimon

Ho. 1, wvith rough spprosch surfsce).

How assuming thet the approsch chennel to the roughensd
surfece 1s smoothor end hes ebout ona guarter the boundery

sheser of the roughened srsa, then

0064 = Vavg - 18

2367 x 1.52 .
5:76 10810 T5,0075 |
. Vavg® = 248 m/sac. ( Averege straem velocity at

which csvitation will occur on specimen
Ro. 1 with 8 relstivoly smooth spprosch

surfaco).

5.4.6 In the case of flov with 8 blunt velocity prof!le,.tha
avergge valocity cen bs considaered to exist nesr enough to

-~ the boundsry to offect ths roughened sreoa. Therefors, if

the avarsge velocity &s critical, then cevitation will occur
on specimen Ho. 1 ot vavg‘ = 18 m/sce¢.

Compering the approach velocities end tha averspge strosm
velocities for 1ncipient cavitation to exist on tha roughoned

surfece in ths fllustrsation.

LppTrosch condition . fverapge strsem velocity
Specimen No. 1 tfxture : 31.7 m/sec.
Reletively smooth epprosch 24.8 n/saec.
Blunt velocity profile | | 18 m/soc.

From tha dsts obteinad in the lsborstory, & chort ves maode

Plotting the pverage velocity n2er tha roughenad surfsee



voersus dapth of flou ( or pressure hsed) for the condition

of incipient cevitation for the tuo tested surfeces end shoun
in figure (18). Yt mey be noted, hovever, that figure (18)
shous the most rigorous conditions ﬁ.s, thet of ¢ stresem
floving with & blunt velocity profile. if 8 stroam has
pertielly or fully daveloped boundery laysr, and tha avsrege
streax velocity 1s used, this chert will show-bresaures

vhich sre woll inteo the safs rango.

6.0 CIVITATION DUIZ ™) SLO™E ON SPILLWAY FiCC 3

GQl Soms times slots sre given on spillvay faces especislly
near the crast to sccommodete & gate seet or for some other
purpose. Slots of this natu?a csn slso csuse cavitstion.
Dateilad studies on tha cevitation aspoects of thess slots were
corried out at the Kuybisheﬁg Civil Ehgtneering Institute,
Moscow (62). Figure (19) shous the pettern of flov in the slot.
Covitation arisss first of sll 1nside tha vortices running

off the down~stroem cornzr of the slot snd then inside of ths
slot runaning off the up~streasm cornsr. 5o e slot of this type
has two cavifation co-officionts, ono for the up-strasam odgs

and the othsr for the dovn stresm edge. The ceritical

cgvitation paremetors for verious types of this kind of slots
heve besn avaluatéd on the besis of thsse studies.

70 CAVTTATION DU 70 TRREGUIARITIZS ON ACCOUNT OF DIFCECTIVE
CONSTRUCTION 3 '

7.1 Irregulsritiss duo to dofect in construcfion f£inishes
croeate csvita;iou(li).~ Typicel ty.os of irregularities
include sbrupt offwsets into the flow, sbrupt offw-sets sway
from the flow, sbrupt curvetures snd slopes swey from the

flov, voilds, roughenad surfacas and protrusions. Soma of the



typieel irreguleritiss enecountsrad during construction of

hydreulic structures are shown in figura‘ZDl

« O0ff-sets occur
froquently end represent one of the most troublesome of many
types of irregulsritias. Off-sets msy be at an angle with tbé
flow, but ara usueilly either persallel or perpendicular to 1t.
The psrpendiculsr or trensverse into the flow off-sats are
usually the most objactionsbls ( Filgure 20 a )« Off-sets sway
from ihe flow, end protruding joilnts ( ¥igure 20 b & 20 £f) sre
8lsoc objecticnsble. Offi-sets ia joints psrallsl to ths dlrection
of flow sre not objectionsble, but irregularities in the jJoints
may be troublesome. Surfeces thet curve too sbruptly eway

from theo flow ( Figure 20 ¢) induce low pressuros thst can

couse cevitation. Aoprocisble chinges in slope or slignment
swey from the flow ( figures 20 d) volds in surfsces (Bug holes),
»surface roughness ete will csusa cavitation under certsain
conditions. Tha formetion of vapour csvitias in low pressure
zones sgnd cavitatios damege ceused by the collgpse of the
cavitizs are shown in figure (21). #&14r cen not enter the under-
side of the jet just downstreem from the irregularity, and

thus = low pressure zone must form to c¢suse the flow to stay

in contact with the surfsce. The higher the flow veloeity,

the more the tendemcy of the jet to lesve the surfece and

lowar the pressur2s become. As & rule, the lergsr irrogularity
the lower ths velocity will be to give inciplent cavitation.

The shope of the irregularity will elso influence the velocity
at which incipient cevitetion iill ocecur. Two gsneral types

of 1rregule§1ties will be discussed here (1) ™hose that

protrude into th» flowing strsam end (22) those that recode
sway from the streem. '



7.2,0 Protruding Irrogularitys

7+2.1 Shsarp cornsred off-sats ere frequantly found 4n
construction at joints in forms or joints in tha surfeces

( figure 20 a). Voids in concrete surfasces, transverse pgrooves

or protruding joint-are in som? respects similsr to direct
off-sats ( figure 20 f). Sherp off-s2ts into ths flov et
joints subjected to high velocity flow heve high covitstion
potentisls. In eddition, thoy may hsve the undesir:cbls fosturs
of subjscting the joints to extramely high lmpect prossuros.

A protruding off-sot of this type shown in figurs (20 £f) cen
oceur on é spillwvey fece 8t joints batusen two successive
horizontel 11fts. A typical case of this 1s tha cevitation
erosion occurred on ths spillway face of Grand Coubs dem (60),
There weroe bulges in the concrete fece of tho spillwsy botulen
succossive 1ifts. The naximum bu{éa was‘ahout 7.5 cm. for

o horizontal 1ift of 1.52 metres. Daspast pitting occurrad
just dowvn streem from the bu%ée end wildar pitting occurrad
further downstreem. The uzres whers the pitiing occurred vwas
sbout 90 matres bolow ths spilluay crest, where thi veloecities
might have besn as high as sbout 35 metrss /sec.

- 7.2,2 J round cornered off-set es shown in figure (22) into
the flovw, 1.0. an off-set cornsr with & rounded edge is
perhaps the most common type encounterad in the fisld becsuse
most cornars srs or become rounded during construction and
‘opareation. Reséarch on thaese types of off-sets hsve shown
thet with & constent redius of rounding, the cavitstion
potentisl of en off«s3t 4ncressss &s the height of the
off-s8t incressas end thet with a constent off-set the

cevitation potsntisl incrosses es the redius of the
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rounding decreasos,

7.3+0 Roceding Irrepulsritios:

7.3.1 Sherp or squered cornerad off-sats saway from the flow
ers encounterad frequently ( figures 20 b & 21 b). Llthough
sorious, these type of offwsats probsdbly do not have quite ths
covitation potentisl as those off-sat 4into ths flow. Round
cornerad off-sats svay from fhe flov er9 not unusuel in
concrats construction. The rounding in this cese msy worsen
conditions rathar than improve them ss 1t does in the cess of
off-set into the flow. The off-set of rounding on the csvito~
tion potentisl is not known. Off-sets that slope svay from
the flow sre encount2red occassionslly on spilluay surfaces

( figures 20 ¢ ;, 204 21 ¢ & 21 d )s Th2 surfacs reclding
from the flow in this msnner msy hsve & high cavitation
potontisl dus to sbrupt changs in tha.alignmant of tha surfece.
Unless the angle is smoll or so large thet ths mein flow
definitely s9perates from the surfece, cesvitation is probsbdle.
The criticsl ongle will depend on the velocity, weter psssage
_shape, mmblent pressure etc. Higher the veloclity smaller

the sngle must be to provsnt cevitation prassures.

8.0 CAVITATION DUZ T0 WRONG OPTZRATION OF SPYLLVAYS:

8.1 1t must bs reslisad thatvfor one heed known as the design
hdpd, for which the spilluey crest has been designed, will the
pressure diétribution ground ths spillwey erast will be nosar
{doal condition. If<tha‘design hoed 4s oexco2ded; the neaturel
tré;actorﬁ of this will be out %dda tﬁe spillvey profile ond
would follow tho establishad profile through & raduction in
prossure slong thoe crast. ©Seo during the opsration of eny
gspillvay, it hes to bos onsurod thst this design heed is not
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excéedsd; But instancaes sre meny, whore the design hsad has
been excesded due to vwrong oporetion., The dofect $n operation
may bs dus to humen error or mechenicsl error on operation

mochsniem of the spilluay gates.

842,0 Yochenical Errorss
8+2+1 Tt 4is quite probsle thet at the time of the peek

discharge over tha spillway, the operation mechenism of one or
mor3 gates mey fsil to function. £ condition like this will
nsturelly raise the ustar level over thi crast sbove the design
laval and tha tendency of tha nappe will b3 to move swvey from
ths spillway fece craating & perti:1 vacuum beneath 1t.

Bacsuse of this raising of thes water level, wataer will flow over
ths crost geatas, wvhich hsoppenad to b2 inoperative, &s shoun

Ain figure (23). & froa fglling nsppe of this typo over a
Spillqay, tmmadistely lovsrs the pressure behind the crest

gatas. 4 reduction in pressure like this moy csuse csovitation.

B803.0 Humen Crrors

8.3.1 Under some flood conditions cperstionel errors may
sctuslly incresgse the discherge st tha dem sbove the design
pesk ond consequanily ths head over the crest goes bsyond

thot of th3 design hesd. By storing tad esrly on the rising
side of the hydro graph, aveilasble storsge spece msy be filled
in edvence of thas psak inflove A situstion 1liks this mey
cause cavitetion. |

‘ - Sludees
8.4+0 Simulteneous Oparstion The Spillvay find ditess

8.4.1 Cevitation dsmogoe hod occurrad to the Folsom Dam in

UeSeley when 1ts spillvuasy end slulcas ware simultonaously
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oparatod (12)

s Folson dem hes o spillway of oges typo with
crast elevation of + 127.5 me Th3 drop from tha crost to the
stilling bosin is 92.0 m. moximum. Normal flow regulation for
irrigation and flood control is eccomplishod by eight 1.562 m.
vide by 2.74 m. high curved sluices through the spilivay
section. These sluices or3 in two tiers four eech at
elevation + 64.00 m end + 85,00 m. respectively as shovn in

gigure (24).

8.4.,2 ™ho pessage of flow through tha sluicas alone caused

no problems. Flov psss3d smoothly through the sluice and doun
the spillusy feco. Housvar, during the flcod of Dscombery,1o55,
the flov was passed 6var tha spllluay at » heed of as much as
11.25 m. ot the sema timo vhen the flow was passing through tha
sluices. Tho condition oxistad for spyroximetaly 7 days. Uhen
the flow over the spillwey cessad, damege to the exist portsls
of ths top tlasr wes immadistely noticed. gggpﬁgw.éxémination
rovealad a definite line of deomage on eech slde well beginning
at the block-out section and extending fo the spillvay feco.
It gpposrs thet the ebrupt chenge in the slignmant st the
block out saction ceaused low pressure sress to extend along

the 1lines of the demage. TIn the case of Folsom dem, the

height of the block out section is 1.22 m« Tt is‘believad
thet had this hsight bean lass, demege would not heve bson

es savare. Demage wes slso experienced on the spillusy faca

{mmedistely down strocm from the slulco axit.

8.4.3 A similsr situstion occurred at Teble Rock in Missouri
during construction. From Mey 24,1957 to July 15,1957, flood
cousad flov to ovar top one of the low monoliths st the same

tima thet ona of the sluicos wes discherging. Obsarvations
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{ndicatad demsgs to the concrete et exit portel, rasulting
fron simultansous flow through the slulce snd over the low
monoliths. Tha erodad sress gro gpproximstely 0.60 m. high
end 1.35 me long. Thay heve maximﬁm width of spproximgtely
10 em. and depth of 4 ems No ercdwed arsas wers noted st the
ox1t portals of condults discharging alonﬁ} thus indicating
that damsge from cavitation setion was ceusad hy the

over topping of the low monolith.
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CHAPTER: S

AN - VAC REMEDIES

1.0 INTRODUCTION;

1.1  The development of sub-atmosphéric pressures or
partisl vecuum between down strsam face end under sids of

¢ ngppe can creste undesirable conditionse.

1.1.13  Ths resultant force on the splllway section may be

incresesed due to this reductioh of the back pressure.

le1e2 iAn 1ncrease_1s the 1lifting forces in the case of

getes,

1.1.3 The sub-atmospheric preséures can develop cavitation.
The result will be the erosion of the spillway face, due

to pitting. This can also creste vibration. While the
amptitude of the vibration msy be smsll, the sccumulstion

of the forces within the dem can cause secondsry forces,
paerticulerily if the natursl frequency of the structure
bears a particuler relstion to thst of the vibration of the
nappe. These vibrations are also destructive to the mortsr
snd therefore can csuse cracks thst necessitate specisl
anchoring bolts to stone 1linings in the cese of masonry

spilliwvays.

1.2 imong the thres possible harmful effects that may
cause demage to the Spiliways, the demsge due to cavitation
is by far the most harmful. Having discussed briefly in
Chapter:4, sbout some of th2 causes tha; may create

K
cavitation, the purpose of this chapter to suggest some
, A
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possible remedies to the prevention of cavitation. The

best iethcd, however, of profecting s spillway from the forces
of cavitetion 1s by the proper design to eliminatexthsse
forces followed by suiteble construction methods so as to
obtain a smooth and uniform surface for the flow of water.

The sloping faces of over flow spillways have noi been
demaged by cevitstion, where proper csre has been teken

to produce surfaces of sound concrete without irregulsrities.

2.0 ANTI-VACUUM DESIGN 3

2.1 A8 4s known, 8 spillﬁay profile is usually designad
for the best hydraulic efficiency i.e. to h&ve the
co-officient of discherge as large as possible without
really cregting sub-atmospheric pressuras. OSome times,
some other faciors‘are slso taken into considersation in
shaping the spillway crest. Th2 condition normally demsnds
that for the maximum possible of over flow, the pressure
in each verticsl be distributed in such s way that no
sub-gatmospharic pressures csn arise &t the surface. At

the semz time, no considersble positive pressures gre slso
desirsble at critical points, =s otﬁer wise the solution
will be too un~economicsl. If the curveture is too slight
ia relation to the height of the overflow, the pressure

at the crest risss a&s shown in ftgure ( l.a). If the
curvatura 1s of the correect type, the pressure at the crest
becomes zero as showh in figure (1.b) and if the

curvature 1s too sharp, negative pressure results as shown
in figure (l.c). TIf we csn sllow some sub-pressures,
which do not csuse csavitation we can get an efficiant

hydrsulic profile, which would be economical and give
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high coefficient of discherge.

2.2.0 Of late, Prof. Antoni Grzywelnski of the University
of vﬁﬁna has made lot of studiss on the aspect of designing
sultable spillway profiles for verious conditions. He has
suggested fow profiles known as " Anti-—~Vacuum profiles"(?o)
He has cléssified the genersl profiles used in practice into
3 groups ) depending on thelheight) as follows snd calls
them as Norm Profiles I1,IT and ITI.

2.2.1 Norm Profile : T = |

2.2.1.1 This profile is obteined, if the air fillad space
nnégr the nappe of a sharp crested ovsr fsll is replaced
by a solid wall, In this, the curve of th2 ovarfsll starts
diséontinously.at an angle. He recommends this for use

for wery low dams.

2.2.2 Norm Pl‘ofile: II

2.2.2.1 This profile is developed by means of tangential
transition from the vertical to the overfall curve. This
fs to be used in those cases in which for some reason &
céntilever érest as provided for 1nlNorm Profile 11X

can hot be wused as for instance in the case of the

ovarfell sheets of moveble weir crests.

2.2.3 Norm Profile: YIII

2,2,3.1 This is developed through an uniform continustion
of the crest curve baeyond th3 vertlical tangent as shown

in figure (2). This 1s also recommanded for raising the
existing capacity of 2 splllway without adversely affecting

the pressure distribution on the crest. The prassure



distribution for this profils designed for & head of

1 metre is showm in figure (2). All the sam2 advantage
in resorting to this type of profiie over the othar
widely used practicel profiles such as U.S.B.R. , W.Z.5.
etc. sre not very convinecing. For, it may bs noted

from the figure (2) that for an actusl head of 1.2 m,

1.e. when Hg > 1, negative pressures of about 0.25 m

1s sesan &t the crest.

3.0 DZSIGN OF THE UP-STRZAM QUAIRANTS

3.1 As has been amply explained in Chapter: 4,

any abrupt change in curvature is to be avolded to have

s cavitation free profile. However, it may be sesn that

almost all the profiles, vhich ere widely being used,

the tendency 1s ‘to provide a compound curve for tha

up-stream quadrant, probasbly with the only exception of

- the design followed by the U.S.Army Corps of Tngineers.

Sven the U.S.Army Corps of Lnginears wore making use of
awd o-s l,

a compound curve, using thzs radii equsl to 0.2 Hd,ﬁwhare

Hyq is the design head over tha crest. Ths revised

aquation now being usad, was developed by the U.S.Waterways

Expériment stetion, making use of the co-ordinates computed

by §%Noun, Hsu and Yih (46), which were found by employing

and relaxstion technigues to determine the psth of the

jet in 2 resgion close to the up-streem fsce of the dam, where

precise axperiﬁental measurements would have been difficult

to obtain. By eliminating the surface of discontinuity

at the verticel spillway face inhsrent in th2 older

crest shape, the new shspe is balievad to provide more

favoursablas pressure conditions, especially for the heads
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in excess of the design head. It was aléo reasonsd thst with
the older criteria, some seperation may occur at the
discontinuity resulting in ralstively rapid development of
the turbulent boundary layer, en incresse in the smount of
gir entrainment and probably e nesd for highsr side wells

in some designs.(47)

3.2 The univérsal practice of designing a spillvay profile
is to fix the verious co-ordiﬁates, for a particular design
head making use of one of the stendsrd profiles given in
Cheptar: @, After having fixed the co~ordinstaes like this,
the next step will be to verify whether thers is any adverse
pressure varistion on crest for eny conditién or openation,
with the hsalf of hydrsulic models. But any altogether
different syproach to the problem has bezn suggested by
R.Lemonie (42}, His method is to sllow certsin amount

of sub-stmospheric pressurs on the crest to incresse the
co-afficiant of discharge snd st the ssme time kieping the
pressure above the csvitating range by introducing the

cavitation parsmeter K slso in the design.

. -

3«21 For evaluating the cevitation paremeter on the crest
he considered the shaspe of the cra2st also, by introducing a
dimensionless term ¥ , which f{s a function of =2/H, where %
is the curvad distance of the crest from a reference point,
end H, the hsad of water over the crest, such thst at

any point on ths crest the aversge pressure Hyy = 5 H + hg.
h&_is the atmosphoric pressure. Tha corresponding value

of veloeity is in the form ofg
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./ 28LH , where o is slso a function

i

v
of the ssme nsture as n. Hence, using Behaowllits eguation
the value of H,, cen be csalculated, if A 1s the elevation

of the point below the up-strsem water level;

o _
i.0. V,/gg = A 4+ h@"'gav’

.. V = /2 (K + B - Hav )

==/ 2 (& -~ 7H)

ee & = _A =~ A and hence the cavitation paremeter
- .

K &t eny point on the splllway.

0

AH -+ h& - ha

H

= z+ hg:} - ha
2 "2 H

Cxperimental studies were made to find the

relation betwsen the co-efficient of discherge:

Ca = Q. s X y end head of water of the
L- /%€ 5¥/2

crest H,
on the spillways of Castithon and Cosaque dams in France,
whera the co-efficient of discharge was 0.53? for a head
of 4.5 m 1in the case of Castifhon and 0.53 for o head of
3.54 m &nd 0.54 for & head of 3.75 m in ths case of cosuque

dam spillwsy. The results of these experiments dona for

* The co-efficient discharge in these studles correspond
- to . 0
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different watzr hesds over thz crest is shown in figure (2s.a)
It shows the value of K for diffarent heads along the surface
of the profile. Making use of the curve available in figure
(25.8), curves relating Kﬁin and head of water ovar crest

are traced for the two fiwen discherges of 0.55 abd 5.4

as shown in the figure (25 b). 1If studiss of this nature

are carri:d out on different types of profiles, a family of
curves of differ:nt values of co~eff1ciént of discharges

can be plotted on this figure (25.b)¢ From these curves

the most suitable profile which pives the best co-efflcient

. 0f discharge for » particulsr meximum head end K3, cen be

easily found out.

3.2.2 Studies on & typical Cresger profile were slso
done snd similer curves, but different in nature were
obtained relsting cavitation psrsmeter K, co-efficlent of
discherge and th2 head of water over the crast, as shown
in figure (26). According tooLemonie, a spillway profile
with Kpap = 0.5 will be hydraulically efflcisnt and &t
~the.seme-time frse from cevitation risks. Tven though
no elsbeorate éesign curves have bean developed by Lemonie
for genereXising the design, the idea does give a new
spproach to the design of spillway crest ‘incorporating

some cavitation risks.

4.0 DISIGN OF THI PIZR NOSE3

4.1 The shepe of the pisr nose is equally important
in eliminating sub-atmospharic pressures along the pier
snd adjacent spillweyfaces. It &s gll the more importent

due to the f sct that the lowest pressure on & spillway
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occurs at th2 cornzr of the pler and ogee face as sean
from figures 31,32 & 33 in Chepter: 2. Howsver, s
thbrough general study on the shape of tha pier noses seems
to bz locsting, st least from the cavitation point of
view, even <though the practice seems to be to analyse 1ts
influence on pressure variations for individual cases.
Perhaps this eppears to be reason -that various shap2s are
seen adopted for diffarzent gfojects, avan though tﬁey wers
constructed by the semes orgenisstion. Obviously ths
roason belng thet, though practicelly all of them ars
streamlined in shape, they show different characteristics
for differant spillways. To .i133ustrate this point better,
some typicsl cases.from the dems constructad by the U.S.

,Lrmy Corps of Gnginesrs sre cited hers.

4,2 By end large, U.S.Army Corps of Enginsers usad to
adopt semi«circuler pler noses for the projeets under
their cont:ol(gg). Howsver in the cese of MeNsry Deam, an
eerafoll shsped pier nose as shown in figure(3)was asdop ted
es this was found to c¢ause the minimum weve formstion

and vortex action. The proto-type test on this splllway
showed the minimum pressure on the spllliwey as O.42 m

of wster whan the spillway was operated for & hesd of

13.6 m 1i.8. 68% of the maximum heed. In the case of

Chief Joseph dam tests in ths model wilth several

varistion of pler noses and gate slots were tried in en
efforts to eliminate the nead of armour plsting down-stream
from the gate slots to protect the piers from cavitationsl
demage. However, efforts to eliminate cavitational

pressuras, When the meximum dischsrge was 36,000 m3/sec.
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woere found futile and an elliptical shaped pief nose &s shown
in figure (4) was provided w}thout armour plste doﬁn-stream
from the gate slot, as it was considered that it would be more
economical to repair the plars In the casse of dsmsge from such
high flows of infrequent occurrence., -In ths case of Dalles

dem spillway the pier nose is in the shspe of 1.7:1 ellipse

as shown in figure (5). However, in the case of Detroit and
Couger spillways, semi-circular pier nosas were provided, which

showvad no adverse prassure variations.

4.3 Sven though the esrlier practice of tha U.S.Corps

of Engineers hss bbeh to pro%ide semi-circuler pier noses,

the latest trend seems to be in favour of elliptical shepe

or soma adoption of the elliptical shspe for pier nose end
abutment curves (88). Ratios of semi major to semi minor

axes héve b2en &s high as 3.0 or more. GLvan though most of
the spillwey pler noses are stream lined, situations hsad
actually arisen, where blunt faces had to be provided for piers.
For exemple in the cese of Dworshsrk dam, which is baing
constructed now, the width of the spillwa; pier 1is fixed as
6.71 m, a8s it hsd to accommodéte the emergency gete slot for
the sluice. Becsuse of its unususl width it was not possible
to heve an elongated piasr nose. S0 circulsr pisr and abutment
were proposed snd tested. For the msximum flow the

minimum abutmant pressure was§7.62 m. S0 an ellipticsl
sbutment curve, hsving a semi-major exis of 7.62 m. send
seml-minor gxis of 2,54 m. wes provided and the pier face

l2ft gs blunt fsced with ellipticsal curves similsr to the
abutmant provided on eithar side. This asrrangement produced

a minimum pressure of - 3.35 m. of water for the sbutment
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and -1.22 m of water for ths piers which were considered ssfe.

4.4 Perheps one of the most extensive studies for the design
of pier nose has bean done in India in connsction with
experiments in Rihend dam spillwsy. In these studizs ss

pony as 12 different shspes wers tested in hydreulic models.

It 4s interesting to note that & pler nose in the form of a
reverse perabols, ss shown in figure (27) gave the best raesults
from th2 hydraulic point of view. But it could not be

adopted as 1t wss found structurally not fessiblz. The final

| design adopted is Bhown in figure (28). In the case of
abutmgnt curves &an elliptical shepe conforming to th2 equstion
x2/502 + ygg 102 = 1 was adopted for the left sbutment.
However, on the right side it wss not possibl: to give this
type of transition, becausse of the stru¢ture for supporting
-the $ransformer end hence a circular quadrent of redius of

3.84 m was adopted.

5.0 GATE SEAT LOCATION

5.1  As has been discussed in Chepter s 4, the position of
the gate seat dcoes play an important role in ths pressure
variations of the spillwsy crest. It was also saeen thset
different locations of the gsate down stresm of the crest did
not meke much differsnds between them, as far as the pressure
on crest were concerned. So it 1s absolutely essential that
the gate sasat is locatéd downstresm of the crest. The Indien
standard sp2cifications slso stipulate thst the gate seat
hes to be locstad in such @ wéy that ths verticsl tengant,
touching the skin plate of the tainter gate, should not go
beyond ths spillway crest towards the up-stresm side(go).
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GBven though & gate seat location down.stream of ths crest
will suffice for ell practical purposes, s more rationsl
method has bean suggested by Psrisut end Michel(57) in fixing
the location of the gate seat. They recommend'the use of
csvitation peremeter K, hsving already evaluated the pressure
variations and velocities for different gste sest locastion from

experiments conducted for the particulsr profile. Hence

the cavitation co-efficient k = _P/¥+ By = by
vZ/sg

vhere,

p/w = minimum pressure head on spillway due to any
position of tha gate seat location.

hy = atmosphsric pressure
hy = Vapour pressﬁra of weter
Vz/gg = Velocity haad at the point of minimum pressure.

Tha csavitation fsctor has én advantsge of stating not
only ths sub-atmospharic pfessuras thaet could induce
cavitation, but slso the velocity head that could be transferred
lqcally into additionsl negative pressure behind an irregularity
of the surface. For spillway, they recommend the seme criteria

put forward by Lemonie (42), which is &s follows:

K = 0 =~ cavitstion i§ certain

K = 0.5 cavitation dsmsge exists, but can be
tolereted if spillway face is constructed very
smoothly so that no irregulsrity will be present
end 1f the spillway will operate conditions
giving thsse low velue of K only for a small
percentsge of time.

K = 1,0 - No dsnger of c¢svitation.
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6.0 DISICH OF GA™C SLOTS:

Bel Heving élready discussad sbout the types of gote slots
on spilluey plors thet mey csuse caovitetlion end possibla
danger to the piers ond spillvey surfsces, a reviev is made
hers on the typ2s of slots’uhich willl not give rise to
cavitation.' Based on the studies of U.S.Buresu of Reclemation
tha following tyses of shapes can be used without the risks

of cevitation (10),

6.2 Slots with off-sats st the downstream cornors and
constent rato of converging walls with & rounded in tersection
will b3 frae of cevitstion at rsthir high heads. Howavsar,

the exsct hoeds upto vhich this tyves is suitshle hsva not bsen
found out for which furthoer studioss sppesr to be necessary.

It is bast to use fsirly rapid rata of convargence in so for
es th? pressure within and just down strosem from the slots sre
concarn:d, but the rats of convergencs shounld not b2 rgpid
anough to csuse difficulty in sdaqustely rounding the line

of interssction. £ 24 3 1 rstz of eonvargence with 8 30 em.
~rounding 1is conéiderad edaquate for moderute haads, but s

lsrger redius would be more desirsble.

63 4 slot design using off-sat corners and s verisble

rate of convergence is the most desirsble from the hydrsulic
stand point. & typicsl gate slot of this typ2 i8 shown in
figure (29). Arcs used in this design should have radii in

th2 renge of sbout 250 timss the off-set of downstresm

cornar. 31lipsas can slso b2 used with excellent results. The
up=stresm corners of th3 gate slot should-not bs rounded or
noteh23d, both are datptmental to the pressure distribution.

The widening of th2 slot*s parmi+s more exponsion of thiy jet
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gnto ths slot, tending to incressse the concentration at the
down-strzam corner. However, pressure conditions are acceptable
+e for a wide range of W/D raetios in design using off-set corners
and with convarging walls. This is particulerly trus for the
24:1 convergence and long rsdius of curved convergence. Sharp
down=stream corners of th3a gste slots should alweys be off-set
away from the flow. The off-set of the down~siream corners of
a gate slot should be small and ralatad to ths slot width
within reasonable limits, this off-set is not critical.

6.4 sAnother method of svoiding cavitetion dus to gate slots
is to provide slot £11lers®?), "By this method the end beams of
the gate are extended do@n into recesses within the spillway
crast, when thz gate is clossd and rises with the lesaf to fill
the slot section to form s smooth, continuous flow boundariss

‘on which no sub~atmospheric pressures or cavitation will occur.
Zvidently this kind of extension of ths end beam is possible

only where the spillway crest is far sbove th2 tall watsr to
allow for drainsge of water. The idesl design of this type would
be the one which filled the slots at all openings. But in meny
cases tris may not be possibles from structural point of view.
However, for a gate height of 16 m 4 2 m long slot filler has
been structurally found fessible. LEven though these. type of
fillers have bean successfully used to eliminate flow
disturbances creatad by slots, fillers are expensive sand complicate
the design of the gates. Moreover, wells to receive the
followers may become plugged with debris end may presant serious
drsinagse problems. 1In ceses, where these limitations can be
ovarcome, and where slot fillers produce trusly flush smooth

flow surfaces, they can entirely eliminate the danger of
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cevitation st slots.

6.5 rhough suiteble gate slots on the lines described

sbove may be adopted for eny futurs projects, situations may
actually srise, when it will b2 required to modify an existing
slot, which was already badly designed. So the problem will be
to meke some modification, which,will not bse difficulf to
construct with the structure aslready in existence. 1In a
situetion like this, the U.S.Buresu of Raclemation suggests

& modification similsr to that shown in figure (6). Pressure
from the slot is zlso shown in figure (6). For the piers which
ara sirsady undsr construction the Buresu rscommands the type
shown in figurs (7). For future projects, the recommendation

of the Buresu is to have a slot of the type shown in figure (8).

6.6 In the csse of dams constructed by the U.S.Army Corps

of Gnginears, it has bean the more or less gcceptsd prsctice

to provide s convergent wall with a slope of 12:1 sand an src
connecting ths offusét to the down-stresm corner of the slot

and the sloping converging wall. They have slso provided gradusl
convergence of the down stream wall with off-set by a single

sre joining the off-set and the down stream perallel well,
7.0 AVOIDING CAVITATION DUE T3 ROUGHENZD CONCRET:Z SURFACES:

7.1 Design of a suitable oges profile, fwee from negstive
pressures, 1s on¢§ part of the problem and thes sultsble design
must be followed by smooth construction finishes. It is a
well known fact that 1f a concrete surfece is subjected to

too much of surface roughness in 2 high ﬁélocity flow, 1t will
not be free from cavitation potentisl. Howsver, the problem

concerning ths sevarity of surfsce roughness, which might be
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tolerated still remains unsolved. If more curves are developed
betwzen pressure head, and velocity for incipient cavitation
for various kinds of surface roughuesses similar to the

figure (18) shown in Chapter:4, specificetions for construction
finishes can be made more exact than now beinéi%i:éd on the

rule of thumb.

742 In this coqnectiop it may be worth mantioning the

studies made by whiruvengadémlat the Indian Institute of Science/
Bengsalore on the effect of surfacg roughnegs on cavitation demege
(76). Figure(®) shows that the intensity of damsge ( rate of
weight loss per hour of test) is meximum at the baginning of

the test onAa natural concr:te surface ( compressive strength

of concrets is shown in figure 1tself). Th> rate of damage falls
down &nd reachas a cdnstant_valu; after a pa:ticular_time‘
depending on the compraessive strength.A A grenite block, héving

& compressive strength of 1150'kgm/cm2,iwas polished till the
surface wasfpolished till 1t bacomes glassy in gppesrance was
testeds Figure(10) shows that how the damage develops and falls
down afisr piolonged t4sting. Then different surface roﬁghnesses
ware produced verying from O to 6 mm on the same granlte and
each specimen was tested for 3 hours snd figure (11) shous

the variation of th2 rate of damsge with the surface roughness.
From these experiments two points are clesr. One that the
:ntensity of cavitation demage on polished surfsces incresses
with tims and then decreases. Th3 inltial increase in the damsge
is due to the progressive cracking on seccount of repeated
collepse pressures of the bubbles. The dscreasing trend may be
dus to the cushioning out of the shocks by water filling the pits

already formed. Therefore 4t is clesr that polishing the surfasce
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is only a temporary remedy. Second point is thast roughness
ss such has no effect on cavitation damsge bayond = certain

limit.

73 But the fact remsins that for the same pressura and
velocity, the inception of cavitstion potential is more in

the case of roughened surface than.in the casa of polished one
end once cavitation starts, resistance to cavitation erosion
depends more on compressive strength thsn on therroughnesé.

So the surface roughness is still a mettsr of concern for
the.hydraulic enginzer in so far as the inception of cavitation
is concerned. Hence 1tAappears that the'conclusion‘arrivad by
Thruvenga dem is gpplicsble only after cavitation has actually

startsd and not for the inception of cavitetion.

«C CAVITATION FRAT SURFACE FINISHIS:

8
L.l Good alignment of surfece 1s essentisl , 1f cavitation

!

l
srosion is to be avolded, whare there is fast flowing water.
Gven the best concrete can not be made that will resist the

estruction of cevitationsl forces in the long run. 'But, st

d
%he.same tim2, i1t 1s comparatively easy during construction to
%asign tha surfaées, over which the fast flowing water will
move so that there is no bd%ge or off-sets. The ides of
insisting strict dim=nsional finishes for flow surfsces of
high velocity flow 1s to prevant irregularities that will
triggsr cavitation, which in turn will inflict extonsien <
demage on the structure and require costly repsir and mainten-
ance. The naturs of irregularity end iis location on the

structure vill detérmine what: finish limits must be adhered to
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end if the offset is too graat, what corrective treatment

nust be applied.l hctually cavitation damege msy rssch & stable
condition or 1t may progress to reach extensive proportions s&s
shown in figure (12). The ceses in which surfasce curvsture

sre awsy from the flow ( figure : 12 a),.cavitation demsge
will, where the curvature is just right, resch a point where
racirculatioﬁ takes place. T™his réises the prassure sbove the
vepour prsssura end csvitation cesses. Tha cases in which the
surfaces encroach on the flowing stream ( figure 12 b), the

cavitation will be progreésive éausing~extensive deamsge.

8.2.0 mggatmeht 0f Trregularities:

8.2.1 U.S.Buresu of Reclazmstion has made extansive laboratory
studies to establish the velocity pressura relationship for
incipient cevitstion for different sizes of squars end round

off-sets intc the flOw 11y

as shown in figurs (13). With

8 known velocity and s known absolute pressure, 1t 1s possibls
to datermine tha size of the off=sat that can be tolersted.

L batter form of the grsph shown in figure (13) has been
evolved by "hiruvengedam in the form of & dimensionless

graph (77). Here the off~set 1s considered gs & single
isolated roughn2ss protruding into the flow, then the
roughness Reyonolds number will be VZ€ , where V is the
valocity and Z the height of the off-s2t. The ralative
roughness would become Z/H , where H 1s the depth of flow

beyond the off-set. Such a graph is shown in figure (14)

8.2.2 Rounding'the corners of abruyt surface irregulsrities
will dacreasa their cavitation potential. An indication
of the effectiveness of tha rounding of sharp corners into

the flow can be determined from the chart in figure (15).
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In general, lergar +he radius of rounding, lesser will be the

cavitation potential. Smaliar off-sats into or away from the
flow may be ground or flat slopes to decresse or eliminate

ths cavitafion potentisl, 1In the case of slops of the

grinding or the chenge in the slignment of ths surface
resulting from the grinding is important. The chert in figure
(18) will assist in delineating the critical slope change

for various velocitiss end prgésures. 'Tha_U.S.Bureau of
Reclamation ususlly require theat objactionable irregulsrities
be removed on slopes of 1:20 , 1:50 or 1:100, whers ambient
pressures sre low and yelocity renge 1s 12 m/sac to 27 m/sec,
27 m/sec to 36 m/sec, snd graster than 46 m/sec. respectively (11)
On spillwa& facas, abrupt off-sets that sre not parasllel to

the direction of flow and wbich are offset in to the flow
should not exceed 3 mm (84). Limits of off-sats shown in
figure (16) also agrze with this‘specificaﬁion. In the case

of pler fsaces slso, the spacificetions require that off-sets
into or sway from the flowii&mited to 3 mm. ™he 1rregularities
or off-sets sre slwsys trasted by grinding in accordance with
the slope velocity ralationship shown in figure (16).

Boundary laysr has en importeant besring on tha finish limits
sllowed. Complete irregulsrities offi specified slopes is
required, where th2 boundsry layér of ths flow has been
destroyed or disturbed snd th2 valocity near the flow surfece
is high as down strasm of gates of outlst works. When the
boundery layer is completely developed &s in a spillwey channel,
the spécifiad finish ers permitted and only the excess

offset is removad from the specified slopes.

8+2.3 OStudies on these aspects hsve been done in U.S.S;R(62)
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glso and the criticsal csvitation numbsr for various $§ypes

of surface irregulsrities, obtained after these studles are

given in figure (17).

9,0 SFFIC™ OF V- NOTCH CONSTRUCT™ION JOINTS ON TH3 SPTLLWAY FACEs

9.0 A brief mention will be made here on the effect of
having V-notch constructionljoints, as on the spilliway face,
as is being done in tha‘casé of up=-stream faces. The usual
construction practice is to provide flush horizontel 1ift
joints on spillway feces. Howsver, in one of the Corps of
Enginears Projects, Chamfiered V-joints similar to those often
A formed_i§ the non-ovar flow saction of concrete deams were
proposed for the'overflow section(ss). The rasulting
discontinultiss at ths V~joints were conslderzd as possible
sources of cavitation. 8o model studies were conducted in
the 1aboratoxy. Thase results wera supplemanted by proto=~
type tests made of cutting several V-Notches in en existing
Spillwayvat Clark Hill dems The location of the V-Notches
etc, are shown in figure (18). Trom the tests 1t was
concluded thet it msy be possible thét.littla cavitationsal
damage would occur down siream from the V-joints of spillways

heving moderate helghts.

10.0 SELZCTION OF CAVITATION RESISTANT CONCRITE s

10.1 The best method of providing a cavitation fres
structure is to avoid the formaztion of the csvities by
sultable hydraulic design. The selection of a proper type of
copcreta to resist cavitation 1s not s solution in itself.

It 1s oniy a cure vrather than prevention, for even the

best form of concrete will not be a2ble to resist the sttack



109
of cavitation over¢é long period. Zven then, selection of
a;propar typa‘of concrets will reduce the harmful effects from
csvitation to a great extent. Studles on the resistance
of cavitstion erosion on concrete has been done by mapzs

orgsnisations &ll over the world.

10.2 In ths case of concrete, properties such as strength,
duraebility and unifofmity depend on the water cement ratio,
cement aggregate ratio, grading, mixing of the sdmigtures
etc. At the Indien Institute of Sclenca, two differsnt
mixes were tasken, one was hend mixsd and th2 other was
vibrated. Th2 results showed that 1rrespect1v§ of the
cement content in the mix, cavitation damsge was constant
as long as thevcompressive strangth remsined constant(72).

T™ha findings can be summerised as follows,

10.2.1 The cavitatlon deamege in concrete is inversely

proportionsl to the compressive strength.

10.2.2 With the incresse in cur¥ing of concrete, the

cavitstion damage decraases.

10.2.3 So long as the compressive strangth remains tha same,
immaterisl of ths cem3nt sggregate ratio, the cavitation

demage remains the ssme.

10.2.4 Addition of edmixtures like surkhi, 2ir entrsining
agents do not materiglly chenge so long &8s the compressive

strength remains the same.

10.2.5 Surface fineness and surface hsrdening improves the

initiel resistence of cavitation dsmege considerably.
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10.2.6 Tests conducted on heard rocks snd bricks indicate
that the csvitation demsge decrsases with the incresese of

compressivé strength.

10.2.7 Polishing of the surface decressas the initial dsmage
copsiderably, but with the increase in time the surface

roughness increases and the cavitation damage increases.

10.3 Rasults of the studies done at the S.You.zhuk Hydro
Planning Research Station of the U.S5.5.R. have produced the
following rasults (3 ),

10.3.1 ‘Reducticn of watsr- cement ratio from 0.6 to 0.5-0.4
incresse of the gemeﬂt mortar‘strength_from M 490?- Meoof

( with the sam2 water cement ratio), Vacuum treatment of the
specimen surfaces end increase the age of concrets from 28
to 90 and 180 dsys increase the csviistion resistance of

the concrete by a fasctor of 2 to 4 or more.

10.3.2 The use of grevel instead of grit, dense and strong
granite instesd of lime stone and curing under normsl
conditions then using heatlmoisture trestment increass the
cavitation resistance by a2 factor of 1.5 -« l.6. The
resistance of the concrete is favourably affected by using

srtificial ssends.

10.3.3 No affect on the erosion of concrete exerted by
verietfons in the cement content, other conditions being

equal or by chenge in the maximum filler grain size betwszen
10 snd 20 mm.

W 400 - corresponds to & compressive strength of mortser
.specimen of composition 1:3 to 400 kgm /cme {evdrage) and
that of M600 to 600 Kgm./cm2 ( average)e.
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10.4 Hence, it may be seen that the grz2ater the effect of
the perameters on the strength and density of concrete, the
more obvious 1s their value for increasing the resistance

‘of the conerzte to cavitation. Figure (19) plots the

relative erosion of the cgncrete varsus the compressive and
tensile strengths. In figure (9) the relstion between erosion
and tensile strength is seen to be less clesely marksd.

Thus the compressive strength 1s a better index of the
cavitation resistance. It may be_notedvfrom figure (19)
thgt.whanAthe strength of concrsete varies from 440 - 520 kg./cm2
thene 1s practically no change in the relgtive erosion.

From this it csn be concluded that further increase in the
strength'does not lead to sny spprecisble reduction in the
rélative.erosion_of the concrete. Figure (20) plots tests
results on good and poor concretas in compsrision with the

test results on other materisls, which are most resistant

to cavitation. It may be seen that the relstive erosion

of even the best concrete is on2 or two ordérs higher

then the relative erosion of granite and seversl times

_higher then the relstive erosion of poli?ter plestic

conereate.,

10.5 From the various experiments conducted in U.S.5.R,

it 1s now believed thet resistance to csvitation erosion of
concrete surface depends slso on the strength of the binder
between the sggregetes 5190(34). The erosion begins with
the disintigreation of the morter enveloping the cosrse filler
greins. After the exposure of the grains, disintegration
develops at‘the contacts betwean the mortsr snd the filler

grains. As the cement is washed swey, the adheslon bstween
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the fillsr gralns esnd the mortsr iB so week that due to

the velocity of ths flow bréakes off filler greins eand
cerries them sway exposing deepsr laysrs of concrete. The
relative erosion of these materisls decreeses in direct
proportions of ths strength of these structural links. In
concrete these links are between the cement bond snd the -
vfiller; in finely crystalline grenits, they are due to the
inter-crystelline forces of 1nte:actioﬁ 3 and in the polymer
meterisls, they are intermcleculer forces of physio chemical
nsture, which ere many orders of mognituds stronger then

the links ih the concrete between the cement bond end the
fiiler, so thset the polymar hses & much highsr resistance to
cevitation erosion. For exesmple the cevitation resistance
of plastié concrete on & base of PVC resin was found to be

1.15 Rimes highar thsn mild steel,

10.6 Soms preliminary studiss to find the effect of surfsce
vhardnening chemicals against cavltation damage were done st
the Indian Institute of Science, Bangalore(73). Several
chemicals and water rupellent agehts like Impermo Nubindex-
L.C.C. water repelling sgent and Ironite wer2 added ss
admiztures to s concrete of 132:4 proportion by volume and

a8 watar cement ratio of 0.55 ( Ironite 1s pure iron filings
crushad fine) sand subjectad to cevitetion demage. The chemicals
were addsd to cem2nt mortar and plastered to the concrete
surface tested. The results were erratic, but the trand -

is that any chemical which increasas the compressive

strength of concrete will stend cavitation batter.

Application as mortaer is butter than addiﬁg to concrete

gs admixtures.



11.0. MIX PROPORTIONS AND MATLRTALS

STRENGTH

11l.1 It hss bean conclusively srrived at from the
discussions abois thst ths resistance of concrete to the.
forces of cavitation increases with the incresased compressive
strength of concrete, $So the American Concrete Institute
recomiiends that when & structure is subjected to forces of
cevitation, the mix is to be proportionsd for s minimum

strength of 420 kgm /cm2 (91).,'

11.1.2 fggregatess o | | ‘

11.1,2.1»It}has been demohstratgd thst the larger particles of
aggregates sare pluckad out or passad out of concrete by the
forces of cavitation more easily then smellsr particles. So
the Americen Concrete Institute recommends 8 m&ximum size
of 20 mm(gl). A1l the same recommendations on the sggregate
dimensions ars contradictory. Grlia’of Germeny suggests the
meximum size ss S mm. snd Is.G.Ginzburg sand 2.M.Tehistys Kov
of U.S.5.R recomm:nd the meximum size as 60 mm.(s). Granite
crushad stone i1s considera2d the most sultabls sggregate for
the prepvation of anti-cavitational concrete. The bond of

the zggregate 1s more importesnt thsn hardness in the case

of cavitstion.

12.0 REPATRS TO GRODED AREAS:

12.1 Where concrete hes bzen damaged by erosion, it is
slmost certain thet the repeaired section will be damsged also,
unless the csuse of the erosion is removed. Sometimes it

may be sconomical to replace the concrets periodically

than to shepe the structure to produce streamlined flow.
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In repairing the concrete it is essentisl that necessary
attention b2 peid to msny detalls, bacsus2 expem$ence has
shown tha£ repairs thet were cerelessly made, had become
defective lster on and had to b@ replaced. Amsrican concrete
Institute lsys down the following procedura(gl). All damaged
concrete snd loose snd broken particles should be removed.
The holes to be repsired should be enlarged to & minimum
depth of 15 cm, with & minimum erea of &bout 930 sq.cm. It
is extremely important that the concrete to be repaired be
thoropghly cleéned‘by wet sand blasting followed by working
with en sir-water jet. The holes should be kept continuously
wet -for not less then 12 hours prior to the plscing of new
concrete, Cavities should be frse of any weter at the time
of placing &nd prefersbly shogl& be surfece dry. It is also
-necessery to grind the surfsce properly sfter it has bsen

hardened.

12.2.0 .Becaﬁse of 1its high :esigtancg to erosion, plsstic
concretes ofvpalyéaar‘materials are now beling wldely used

1n msny countries s protective cestings. Plastic concrete
were used for the flow structures of Preist Rgpids =nd Rocky
Beach dems in U.S.A. 2nd their successful operetion over

a period of 4 years permitted the metallic lining covering on
the submerged spillwey of Milford dem to be replsced by
expoyy plestic concrete (23) & (24). Similsr protective
dostings were also given to en eree of ebout 200 mz during

construction of Chervek Hydro-electric station in U.S.S;B(7l)

13.0 THE USC OF STONZ MASONRY FOR SPILLWAYS:

13.1 Some studies hsve bean dona at the Central Water.

& Powar Besesrch Stetion, Poona on use of stone masonry
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for spillveys espocislly fron the point Of Viey OI rusisculiCo
to covitetion demege (35 L). It 45 stoted thot for & normolly
designad»spilléay crest for haeds'upto 10w t0 12 o, &

feirly rough dressing of th3 surfece will b2 sultebls snd

frea from negetive prassure conditions for both tho crast

aﬂd downstroen glacis for low dems of the ordsr of 25 m or

so. Howevar, if the crost is undsr desigaad, prassurss ors

- well arrectsﬂvhy the surfsco roughness. bssed on thd model
studies recommsndetions hsve b2en meds for ths slloveble
tolareness for tho mosonry foeclng for tha nogstive pressurss

which &re considarad sufor

B ~ D . Pps Da b - em. Alloupble tolerenco
. 4 =ComsSe
R 245 45 6.0
24 6.0 45 2.3
3o 3.0 © 45 0.70
45 3.0 45 | 0.45
vhera,

B = Dapth of sny goint on glecis belovw the w=stroenm
wvatar lsvale

?3 wE ttiva 38suro X7 4] @
Iﬁu bmb&x? etn Sud crass ve g?somnrtyﬁ oc Ha gffg

. the line of the profile.
a= :xllcwabla tolorance batwaan succossive blocks.

This criterio slso sgroes more or 1ess with the
obs »rved conditions. Houavar, 4o tha cess of trensitions
from the spillwey foeo to tho horizontsl scpron, whireo the
veloeity is &ign, difficulty hes baan obgarvad ia 8
nombar 0f cesos cnd Stons pmesoary hes not basn found
setisfactory end 1t has baan tho opinion of C.W.& P.R.S
to rocommend the uss of conersat2 iIn 311 such trensitions

"hs moin drev besek of the stons mesonry spillusy is thst



of the possible dlslodgemant of the face stones from the
spillway face, when subj2ctad to high velocity flow. 1In
general the recommsndation of C.W.& P.R.S. can be summarised

as follows:

13.2 For over flow crest high degres of dressing is not
required.- Coursed rubble masonry with stone size ( say
abdut éo cem. X 30 em X 60 cm embedding) would have'no
detrimental effect and 1in soma cases randon rubblé masonry
is p;eferable to cut stone masonry dua to the difficulties
in handling,_placing etc. and in vieno of the possibility
of better strength snd bond than the former.

;3.3 For the dowpnét;egﬁ glecls, concrete lining and
éué stone masonry are equelly satisfactory for heads
uptq'25 me OT S0. Howeve:}mora studiss ars required to
spocify ths exact type of surfasce dressing required.
14.0 INCREASING CAVITATION RISISTANCE BY SPZCIAL SURFACE
TREATMENTS 3
14.1 1In general, erosion reslstance of concrete incresses
as the strength of the concrete is increased. Materisl
end methods which tend to incresse the strength of the
concrete st the surface or through out the mass also
increases th2 erosion resistance. ¥For improving the
strength of the surface of the conecretse vacuum process
end sabsorption form lining are usually adopted. Both
these methods allow the escgpe of watsr and sir voids
from concraete. Surfaces trestsd by these processes sre
denss, hard, free from voids, 2nd sre more resistant

to the sction of cevitation.
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14.2 Vacuum Processs

1¢.2.1 This process-ussentialiy consists of epplying é
vacuum to the surface of concrete through a met which
permits the escape of sir and water to the vacuum plpes.
The vacuum péocess cen remove as much as 20% of the water
to & depth of 15 cm., but the penetration of vacuum is not
effective beyond 30 cm. of depth. The vacuum process
improves the concrete surface through the removal of
portiops of the mixing water required in providing
satiéfactory worksbility forppleging.ccncrata. 1t
spparantely does not remove any of the entrained air

from the interior of concrste, but does remove the
objectionable surface volds caused by air collecting
ggainst‘the form, By this process the strength of
concrets 1s incressed &s much as 50%. Becsuse of the slight
1mper£ection in aligament whichvusually occurs where

the vecuum process is employed and becsuse of the irregue
1ar1ties of the met employed 1in the process, grinding of»
the €oncrete surfsece is recommended to smooth out
imparfections, where high velocity flows sare expected.
The vacuﬁm proceés was used for improving 32,550 sg. m.
of Shasta dam spillway face(7). Vacuum process was also
adopted for finishing the top portion of spiliway crest
of Rihend dem(70),

14.3.0 ppsorptive Borm Linings
14.3.1 AbSorptive form liner cen glso be used in finishing

the concrete surface. This kind of liner serves two
purposes. Firstly 1t produces s cese hardening of the

surfaca by withdrswing the excess water from the
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concrete, Secondly it eliminatas the surfsce imegularity
produced by ' bug holes * . 1In the case of Brazea River
project in Canada concrete haeving & strength of 380 » 400
kgm./cn® could be raised to 500 = 730 kgm./cm® by resorting
to this process(sa). Spillwey surfaces of Norfolk and
Frisnt dams were also finished with the help of absorptive

form liners.

15.0 AZRATION OF SPILLWAYS:

15.1 One of the most widely adopted methods in elimineating
vacuum in 3 f;ow is int:oduging_air_into those sarseas.

A1l natursl weters contain air end impurities in sufficient
amount to allow cavitstion to cccur sbove vspour pressure
It is therefore important to distinguish batween air
normslly contafined in water, which alds forming of
ca’@ities g_nd( air added to the wg’gexj for the purpose of_
:educipg cavitation pitting. The exact psrt that entreined
ai: pley in reducing pitting is not known, but it 1is
widely believed that the &ir introduced produces cushion-
ing effect and this helps to reduce the pitting action.

The method of introducing air into the watsr would probsbly
have some effects on the cherscteristics of the mixture,
pr introduced into the flow system 1% smsll bubbles

wsll distributed across the flow section would be more
beneficial than air introduced in larger bubbles and
concentrated at one lécal srea. The sir introduced
follows & flow stream line snd its effects extended over

8 relatively narrow bond. 8Studies %o know the effect of
entrainad sir on csvitation pitting were done at the

U.5.Buresn of’Reclamation<50) ad ths rosubss
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The resulting curve showad thét the entreina2d sir reduced
the smount of cavitstion pitting. Smsell smounts of sir
'( as low &8s 2%) heve definltely bsneficlal effect, while
7.4% of sir 1s necesssry to remove tbeharmful—effect
entirely from this 2 hour test. It 1s elso clear from the
results thst entrsined air slso increasaed the cavitation
number by increasing the pressure in the csvity producing

region.

15.2 When the lower neppe of the falling shesi of water
does notAadhere‘to the spillwasy face, an slr space will
.form unless an_outlef>to the outside atmosphere is
prqvided.AﬂFlow_qver 2l p:operly»sheped_ogee will adhere to
the spillway face for heads upto seversl timés the design
hesd end hence no provision for seration is usuelly mede
for spillway crest. But s situationAmey srise, when the
operation.mechanism of ons or more gates msay fail during
the time of maximum discharge over the épillway, resulting
in a frea fall of the nappe over th2 gste crest to the
spillwgy face dewnstream below. & situstion 1like this
requires ssration of the nappe to keep the sub=-atmospheric
o

above & certain minimum. Becsuse,this purpose eir vents

have been provided on the spilliway of Rihand dam .

15.3 Air.Demandz '

15.3.1 £ relstion between the ailr demsnd snd the reduction
of pressure benesth the neppe hes been developed by Hickox“t
The relstionship was developed by lsboratory tests on

meny spillways and on g prototype ( 12.2 m X S.1m )
vertical 1ift geate. $Fhe air cspecity raquired to

meintein the pressure reduction beneath the nepps to
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any desired value may be computed by this formulss

H

dqg = ( C Ho y3.64 780_.5
Py

(1)

qg = 2ir demand in metre length of the weir in
ma/sec. ‘
Ho = Head of weter over the tope»of gate in metres.

Py = Reduction of nappe beneeth the nappe in
- metres of wsater,

Constant depending on the ratioc of the dischsrge
ovar the top o€ tha gate,

awd bemeafic

9]
1

If there is no dischserge beneath ths gate, C is equsal to
0.777. 1If thers 1s flow beneath the gate also C Aay be
determined from the table given balow, which gives
spproximate valuses of C for verious valuas of U, where U
4s dimensionless ratio computed by the following equationg
I /T

' 5

U =
- (o) 1.

whers,
I = Height of opening beneath the gate in metres.

Hu = the head on the centre of opening benesth
the gate,

Reletion of sir demend and co-efficient for vertical
1ift crest gate to discharge benesth the gate.

L ABLE

U 0 0.5 1.0 1.5 2.0 2.5 4.0
C 0.077 0,135 0.¥75 0.202 0.219 0.225 0.225



15.4 Air Vent Size:

15.4.1 Heving determined the 8ir capacity required to
mgintain & specific pressure reduction beneath the nsgppe
the vent size may be computed by the use of hydraulic
equations. Since the vent draws &ir from the ocutside
atmosphere, effective head causihg'the flow is equsl to
the allowebl2 pressure reduction beneath the nappe. The
procedure of finding the alr vent size may be better |
explained with the help of a typical cese. The p;oblem5
is to find the size of eir vent required for a 12 m wide
gete with a head over the gate es 6 m end the meximum
allowsable negativa prassure is 1,5 m. _ o
From the tabla C = 0.077 as thepe is no dis;harge benesth
.tha gete and substituting the valuss in aéuation (1)

- 3.64 0.5 3
qa = (Q.077 x 6) X 9.81 = 0.121 m" /sac.
1‘511 14

« » Total air demsnd = 0.121 x 12 = 1.5 m?/seé.

For the design of the air vént, the following assumptions

are mede;
Rougosity co-efficisnt of alr duct
(ossuming rough surface) = 0.003
Friction fector = 0.023
Loss at entrance = 0.2 v2/2g
Loss.at bend = 0,156 Vzégg
Retio of sp. weight of water sgnd
Sp: weight of air = 830
Length of sir duct = 50 m.

Only one air duct will b provided
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Assuming & head loss of & metrs of weter

2 . .
s x 830 = V2 + 0.2 V. + 0,15 Vo 0.023 x 50 Vo/2g
8 28 2g a
f.0. 830 x 2 x 9.81 = ( 1.835+ L.15) ( __;;g_,)z
~ - L exa® 3
<1 >
c 5

d5

.. a°= ¢.954 + 42
830 x 19.62

solving this equation ths velus of d f.e. th2 diemater of
ths air vent 1s evaluated as 0.25 m.

tnother point to be borne in mind 1s that ths velocity in
tha dﬁct should not be sllcws3d to go bayond 45 m/sec. to

minimise noice.

16,0 UNDEZR DISIGNZD CREST: |

16.1 Hevigg discussed so %ar about the harmful, effacts
of having sub-stmospheric praésures on the spillwzy crest
theﬂnext logicel quastion is how far the pressure can

be sllow2d to develop below etmospheric pressure

without sny spprecisble damage snd 1is it absolutely
essahtiel to have spillway which will give ppsitive'
pressures zll the time., All the seme, negat;ve pressure
has its sdventsges slso. TFor, it is @& well known isct
thst nagative pressure im the region of the crest %s
accompsenied by an increass in the co~efficient of discharge
end when asAa positive pressure signifies that the

co~efficiant of dischsrge is.regducedssThis genaralisation
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holds good not only for changes in the profile under @
given hesd, but for veristions in the head &s well. Many
experfiments have bezn conducted, notgbly by Rouse, Reid
and Dillmsenn (64) to show that the maximum hesd may be
meny times &s lerge as the design hesd without seperation
- of the ngppe. The veristions of co-efficisnt of discherge
for heads other thsn design hesds for a standerd U.S.
Arany Corps profile ( WES'Profila)vis shown in figure (21)
So economy in the design of spillways may some times be
effected by using & design head for the crest, whicﬁ is
less then the expected meximum hesd on the crest. _
Txperiments et the U.S.Waterways Experimept statlon have
shown that pressures only slightly below atmospharic
pressur? which do not produce cavitstion, occur at
meximum head, when the design head is not less then 75%
of the maximum heed., This practice is slmost uniformly
adopted now by U.S.Army Corps of Engin3ars for the design
of their spillways. Even proﬁotypes tests ég; the U.S.
Army Corps of Engineers on spillwey of Chief Joseph dam
which wes tested for 1l.l1 times the design head did not
(9)

show eny adverse pressure varistion on the crest .

1642 Cven though most of the orgenisations follow the
practice of under designing & spillwsey to mske thelr
designs more economicel, none of them doces seem to take
into sccount directly ths pressure, whlch will occur

on the spillwey st th2 tim2 of the design. Hence u more
rational spprosch to the problem cen he given, if the
minimum pressure to be allowed is decided first end

the design head fixed according to that. An spproach
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to this mathod besn suggested by Cassidy(ls). Based on

experimental results he has besn asble to draw curves relating

3/2
L ( P min )/ cand _p min ; snd p min send _ Q
q W w¥H WH §e/2

Ja (lo\.Q.J
for verious of Hd where, Bq is the head for which spillway

crest 1s designgg and T the height of the.spillway crest sbove
the river bed. These tests wereo mede for the stendard WCS
profilas. As the procedure suggested seems to simple the
design outlines are vary briefly mentionad here. The curves

used in the design sre shown in figures (22) & (23).

1. The minimum pressure to be allowed is decided first?
2. For this pressure the peremeter L ( - p min )3/2 is
. Saial . ) -
calculated,
' 3/2
3+ Using this calcule*ed value of &. ( - g min )

Q
the corresponding vealue of Q min 1is read from figure (22)

4. From the valua of pm s H 1s cslcula ted.
wﬁE

5. The spillway helght i1s now computed as knowing slready the
lovel of Msximum reservoilr level from hydrologicel studies.

6. Using the computed vslue of H, the co-efficient of
discharge 1s csiculsted.

7?7+ Using the figurzs ( 22), the proper value of HA/T can
be selected to yield tha required value of C end p min{gﬂ

8« From this value of H4/T, Hd cen be found, as T is

alraady known.
17.0 BOUNDARY LAYZR CONTROL ON SPYLLWAYS:
17.1 Seperation of boundsry lsyer tskas place in practica-
1lly ell hydrsulic structurss, which deal with flowing water.
The cconsequent turbulence gives riss to excessive loss of

enargy and nagstive pressures crastad may cause cavitation.
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In order to determine the effect of providing devices for
boundery layer control on presssure distrbbution along the
spillway crest. Certain expariments were done by Asthané(l).
From these experiments it wes seen thsn an cobstruction in

the form of 4.5 mm. dismeter rod, when plsced 2zt a
perticuler 1ocaﬁion downstrean from the crest in the (Cresger
profile for a design heed of 4.75 cm. was cspeble of
aliminating negsative pressures for heads upto 8.75 cm. Tt

is srgued that the induced turbulence due to the introduction
of the rod eliminate the saperstion of the boundery layer

snd consequant negative pressure.

17.2 ﬁowevsr,_nougecea? srgues sbout this occurrence in
8 differgnt“mgnnar. He points out that es the thickness of
the rod waes meny times larger than the boundary layer
thickness, 1t would not have been possible to heve eny effect
on tha boundary layer end at the crest the rod ﬂight have
hed sn effect in chenging the configuration of the profils,
thus giving rise tec different pressure distribution. 3So,
further studies on this aspect‘%ﬁgbdone et the T.I.7. Medreas
_studies were conducted on 3 profiles, designed for various
design hesds and the sffect of having rods st different
pleces were explored for values of H/HA ranging from 1.5 to
2.0. The resulés obtained from these studies may be summed
up as follows. -

It wss not possible'to eliminete nagative pressurse

completely. Negstive pressure diminished in this

- araa upstresm of +the rod snd in some cases posltive
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pressurss were obssrved. In the srea just down stream
of the rod negative pressure increased. 1In the aress
further down streeu from the rod, negative prassure
minimised. It was also noticed that the maximum
positive and maximum negatlve occurred iﬁmediately

up-stream end down stieam of the rod respectively.

17.3  These experiments describad above were not very
elgborate in nature snd as such no ganeral conclusions
ean be srrived. However, thls approach gives a complstely

new pserpective to the problsm.
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CHAPTIR: 6

C ONCLUS I 0N S

1.0 The design of s spillwey of eny dam is the most
important in thés oversgll plenning aend design of works.
8pillways ars like safety valves, which if not properly
designed, or in-adequate, csen ceuse unfold miseriss end
ha%qc. £ comprehensive study conducted by Water Resources
Development Treining Centre, University of Rqorkee, indicsates
that a blg percentage of dam fallures wers dus to improper
and in=sufficlent spillway capacity. The design and type
of spillway 1s governed to & great extent on the foundation
rock continuum end types of dam. Though a pumber of
spillways types are avallasble, the most pravelent is the
togea' spillway. This type of spillway 1s inverisbly used

for all projects in the country.

2.0 Exgensive work has been done by meny qussters on
profiling the spillwasy with as little sub-pressures srs as
possible. The hypothesis of sll these designs has bean to
evolve a profile conforming to the under nsppe of & free
felling serated water jet over s sharp crested weir. This
profile, when designad for certasin design heed, Hgq, gives
some negative prassure, when opersting under & heed higher
than the design head or at psrtisal gate openings. A
profile accommodating these limltations would lead to a thick
and un-~economical profile, which would also be hydréhlically
less efficient. On the othar hend a profile allowing some

negative pressure, gpert from lowering the reservoir level
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would also economise in the length and concrate of spillwaye.
Different types of profiles conforming to both the eriteria,
viz. no negative pressure for design head end profile
allowing some nsgative pressure for deslgn head have been
detailed and discussed in Chapter 3 2,. The compilation)
though not complete, however, 1s:exhaustivé end covers all
that was available in the literature collected. Studles
show thst Céaagar profile is by fer the most common, but

his results of the U.S.Army Corps of ingineers profile are
more encoursging and is recommended for sdoption for

future pro jects,

3.0 Welrs with up-streem overhang end off-sets cen
be used with esdvantage snd economy, if it is structurally
possible. However, spiliwsy sections sre not recommended
with values of M/N ( where M 1is the helght of risér on
off-set weirs end N is the horizontal off-set on off-set
weirs) more then zero and less than 0.5. For thsse range

of values of M/N, flow conditlons are unstable.

4.0 The 1ip of the tainter gate should be located down
streem of the crest point. In tha case of vertical gify
gates or stop log gates, proper design of ths gate slot

is necessary to avoid cavitatioh 1n&eption.l The design

principles of gste slots are discussed in Chepter: 5.

5.0 Different types of anti-vacuum remediel measures
1like proper spillway profile, seration arrangements etc.
should be planned and provided without fail for all
overfall spillways. All thase methods have besn disaussed
and examblified in Chepter: S.,
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6.0 Verious causes of possible cavitation damage like,
wrong design of spillwayQ rough spillway surface, improper
vontilations, wrong location of gste seat and under design
of sbillway profile should be checkad on the model before
gdopting on sny spillway in the field. |

7.0 . Absorptime form lining snd vacuum concreting heve
b2en suggested and used at certa;n places for obtaining
hard end smooth spiilvwey surfsce. These mathods, however,
are cbstly end require caraeful planning and control 1n
construction. Better profiles and smooth surfaces can be
achleved by proper use of forms and rich mix concrets on
the spillvey profile. This has been done practically for
all the spillweys 1in the country.

8.0 The air demsnd and eir vent size can be evaluated
vith the help of HicK ox's formuls, which hes b2en
discussed in Chapter: 5.
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