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The ogee spillway has been the subjact of more research 

than perhaps any other hydraulic structure. However,there are 

still certain functions of spillway# which need deeper probe. 

In the past, tendency had been to fix the co-ordinates of the 

profile in such a way that they corresponded, more or less , 

to the under side of a fully ventilated nappe flowing over a 

sharp crested weir., for the maximum head of water likely to 

occur over the crest of the spillway. Generally speaking a 

curve of this nature gives positiu pressures practically for 

all conditions of operations. But when this design head is 

exceeded-, negative pressuresoccur on the spillway face. Also 

the present day trend is to fix the design head less than the 

maximum head that is likely to come over the crest. Therefore, 

at this time of the maximum flow over the spillway, negative 

pressures are developed, and this is done to increase the 

hydraulic efficiency of the spillway i.e. the co-efficient of 

discharge is increased. Ill the same, if this negative pressure 

is allowed to approach vapour pressure of water, cavitation 

takes place and the spillway Is damaged. Sven though the flow 

profile is designed in such a way that negative pressure in 

the cavitating range is not developed, unless proper care is .. 

taken during construction also, cavitation may develop due to 

surface Irregularities. Also obtaining a smooth, well Q igned 

flow surfaces during initial constructiot is.only part of the 

problem. Retaining the smooth surfaces over a period of years 

is also necessary which naturally depends on the type and  •'~ 

strength of concrete used. 



An attempt has bean made in this dissertation to analyso 

the cause of cavitation and remedies to obtain a cavitation 

fre3 spill ay ,profile-& 

comprahensivo review Is made on various standard crest 

profiles# Thought  a little out of place, a brief mention has 

also been made of some of the profiles developed earlier. 

The occurrence and the mechanism of cavitation In a 

general way has been do olt In Chapter 3. 

'bt causes of cavitation on spillways such as crrong 

design, wrong location of the gate seat, wrong type of gate 

slots, badly finished construction surfcc3s etc. have bean 

outlined In the dissartatton in Chapt3r 4. 

To the fifth chapter some possible remedies to avoid 
cavitation have bean suggesged. ! lso, a brief revlou is made 

on th3 specifications of construction finishes, types and 
strength of concrete to be used etc. 
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A 	= Height of up..stream water surface above the river 
bed in m. or ft. 

-K ea-c( 
B 	= Pressure load ( depth of any point on the 

spillway glacis) in m. or ft. of water. 

b 	= Space between successive masonry blocks along the 
line of the spillway profile In metre or ft, 

C 	= Constant for calculating the air demand for a 
spillway crest. 

C$ 	Co--efficient of discharge for  flow over a spillway 
in the equation q = Ca  , L.  J2g BB/ 2  

Cd 	= Co-efficient of discharge of flow over a spillway 
in. the equation Q = Cd.L . H3/2  

Cp j  min. = Minimum pressure co-efficient. 

D 	= Depth of gate slot in metre or ft. 

d 	Tolerance allowed between successive masonry blocks 
of the spillway glacis in metre or ft.. 

Maximum distance lower nappe rises above sharp 
crest of weir in metre or ft. 

ft. 	= Feet. 

g 	= Acceleration due to gravity in m/sect  or ft./sect  

B 	= Actual head of water over spillway crest in m or ft. 

Hay 	=- Average pressure head on a spillway crest in m or ft. 

Hd 	= Design head or head over spillway crest with negligi- 
ble velocity of approach in m or ft. 	0. 

e 	= Bead over, spillway crest including velocity of 
approach in m or ft. 

Fpm 	Head of water at the centre of opening., when spillway 
gate is partially open and no flow over the gate 
in m or ft. 



No  = Head of water over top of gate in m or ft. 

HS 	- Head of water above the sharp crest of a weir, 
including head due to velocity of approach In 
m or ft. 

Hu 	= Head over the centre of opening beneath crest 
gate when water is flowing over the top of the gate 
in m or ft. 

ho 	= Vapour pressure head of water at a given temperature. 
In m or ft. 

ho 	= Ambient pressure head of the fluid in m or ft. 

hp 	= Pressure on spillway crest in m or ft. 

Atmospheric pressure in m or ft. head of water. 

y Velocity head due to velocity of approach in m or ft. 

I  = Height of opening beneath the gate in m or ft. 

K 	= Cavitation parameter or number (ho - ha)/ 

Kc 	~- constant in the exponential equation for a spillway 
profile _L = Kc ( - )NC 

Rd 

K j 	- Critical or incipient cavitation number. 

k 	2- Height of boundary roughness In m or ft -. 

L  = Length of the spillway crest In m or ft. 

M  = Height of riser on offset weirs in m or ft. 

m 	= Metre 

N  = Horizontal or vertical displacement on off-set 
and overhang weirs in m or ft. 

No  = Value of exponent in the dquation for the down 
stream spillway profile. 

P 	=- Depth of approach floor below sharp crest of 
weir in m or ft. 



PV 	Vapour ressure of water in Kgm /cm2  or pounds 
/inch. 

p 	»- ,Ambient fluid pressure in Kern /cm2  or pounds/ft.2  

P 	= Partial pressure of gas inside a bubble nuclei 
in kg./cm2  or pounds /incb2. 

pmjn 	Minimum pressure head allowed on a spillway 
crest in m or ft. of water. 

P 	= Reduction of pressure head beneath the nappe in 
morft. 

Pv 	= Vapour pressure of water at a given temperature 
in kgm/cm2  or pounds /inch2. 

Q 	= Total discharge over a spillway in cumecs or 
cosecs. 

q 	= Discharge over a spillway per unit length in 
cumecs /m or cusecs /ft. 

q$ 	= quantity of air required per unit length of spill- 
way crest in cumecs /m or cusecs /ft. 

R 	= Radius for fixing tha ups-straam quadrant of a 
spillway in m or ft. 

r 	= Radius of gas bubble in cm or inch. 

s 	= Curved distance of a spillway crest from a 
reference point in m or ft. 

Sec Second.. 

T 	= Height of spillway crest above river bed in 
m or ft* 

= Shear velocity In m/sec..or ft./sec. 

V 	= Velocity of the flow of water In m/sec. or 
ft./sec. 



V& 	= Horizontal velocity of the ,het of water at the 
Spillway crest in m/sec. or ft./sec. 

Vv 	= Vertical velocity of the jet of water at the 
spillway crest in m/sec. or ft./sec. 

w 	- Width of gate slot in  m/ft. 

w 	= Specific weight of water in kgm./rn3  or 
pounds /ft.3  

xc 	- Horizontal distance of the neppe crest from 
the sharp crest of weir in m or ft. 

yc 	3 Vertical distance of the nappe crest from the 
sharp crest of weir. 

z 	= off-set or surface pro jection into or away 
from the flow in m or ft. 

S 	= Thickness of boundary layer. 

S ¢ 	= Displacement thickness of boundary layer. 

c-, 	= Surface tension of water In kgm /m or pound/ft. 

= Mass density of water in Metric slugs /M3  or 
slug s ,/ft.3 
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1.0  G N~RI.L 

 

1.1  Spillways are provided for storage and detention 

dams to release surplus of flood water, which-can not be 

contained in the allotted storage space and at diversion 

/ dams to bye-pass flows exceeding those, which are turned 

into the diversion system. Ordinarily the excess avatar 

is drawn from the top of the pool created by th3 dam and 

conveyed through an artificial water way ( discharge carrier) 

back into the river or some natural drainage channel. 

Nearly all spillways fall into one of the six types or are 

made up of combination of thews 

1. over fall 
2. Gates and Orifice 

3e mtrough or Chute 
4. Side Channel 

5. Shaft or glory hole 

6. Syphon. 

The over fall type is by for tha most common and is adopted 

for concrete and masonry dams that have sufficient crest 

length to provide the desired capacity., over fall spillways 

provided with crest gates will act as orifices under 

partial gate openings and as open crest weirs under full 

gate openings. 

 

1.2  J spillway for a reservoir serves one or more of 

of the three principal purposes. 



1.2.1.0(a) Security against over topping of th3 dams 

1.2.1.1 The spillway serves as '~- safety valve" to 

discharge flood waters in excess of the normal storage 

capacity of the reservoir and discharge capacities or 
regulating outlets or 1power turbines to prevent over-

topping of the :ion-ova : flow portions of the dam. 
Performance of the function Is the essential requisite 

of any spillway. 

1,2.2,0 (b) Surcharge Control s 
1.2.2.1 A spillway may also be designed in some cases to 

limit the surcharge of a reservoir during floods. This 

routing of floods through spillway reduces the flood 

peaks causing non-damaging releases, in order to avoid 

excessive damage down-stream of the dam. Because of the 

dam storage, the eroding t6ndencies of the fast flowing 

waters upstream are also curbed to 8 very great extent. 

1.2.3.0 (c)' Reservoir Storage Regulations: 

1.2.3.1 Tf suitably located and designed for operational 

use, the spillway, may be utilised for release of stored 

waters, either as a subtitute for regulating outlets or to 

supplement limited outlet capacity under normal operating 
conditions* 

1.3 	Hence the importance of a spillway can not be Over 

emphasised. Many failures of dam have been caused by 

improperly designed spillways of insufficient capacity. 

Ample capacity is of paramount importance for earth and 

rockf ill dams* which are likely to be destroyed, If they 

are toppled; where as concrete dams may be able to 
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,Ithst.cnd modert to over to in. " ¶bø gollltr, Q ouid be 
of such c cipcctt Days flczrc 0 that the only abjection, 
MOO b3 thOt Its c 1~?ccl t r' I too Mucb" • 

2.0 P 1 POC. t 

2.1, 	Having Mad the wtxtnur di sebnrge th.ot boo to be 
pissed over a C;dixliey-t the next Problem, Is to deSIg n o 
s llway the t Is c true 4 uvclly safe end hydraulically offici en t, 
Tn order to nebto a tt iotto, th crest of on ov r flow 
spillways usuelly farm-ad to fit the Shope that thin 
ovarf1oiIng sister vculd tote for ► se1sic*t 4 ncx.laum docign 
bend ov)r he SptlivO crest, Ths success of cny spllluoy 
3crge y dep nds on Its opnrotion in cuch o way that for most 
of the tie tho dosI n hand is not oxce dod. But In 9rctIc 
this on j not be sI oyn poscibie. For szcp1o, durIng flood 
times#, one or more gates aey become inop rcti o. Under soma 
flood conditions, o, 3retionsl errors may cctuelly increase 
the discbsrge discharge at the da oboro the notural 4eo1s flow of the 
river. By storing Osrly on the rising side of thi flood 
hrdrorcpb, s elleble storage space may be filled to odvonco 
or the peo flot . When the design hood is inrrooned the 
tendency of the over flotdng nape Is to aoo otc from the 
concrete nurfcco. 'P s tendency con though ircroocos the 
co"etfietont of dinchorgo, creates subct ospherte 9rossures., 
on the opilltrcy fees. "'bIS is also th3 case , vhen the 
raazItiu t dIccber~3e Is gossIng over on under doclgried cpill^ucy. 
Tn this ty?o, tho apIlivm , dest n head Is f IX36 lour than 
the tnzIau heed expected In order to lac roe 	the 
coo offtcloot of diochergeo ubon this negative 
i* roCCh3G th v000ur pressure 9, ccvttr.tton 	0 
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takes place. The purpose of this dissertation is to analyse 

the causes of cavitation, its remedies and to design a 

suitable profile free from cavitation, at the same time 

giving a high co-efficient of discharge. 

3.0 SCOP t 

3.1 	Even though a spillway can be damaged due to many 

reasons, one of the most harmful effects is due to the 

action of cavitation. As is well known, cavitation on a 

spillway surface occurs, when the pressure at the crest 

falls below atmospheric pressure and approaches the 

vapour pressure of water. In order to avoid negative 

pressure on the crest, the shape of a spillway is usually 

made to fit the shape of a under side of a fully ventilated 

nappe flowing from a sharp crested weir. But this flow. 

pattern in a case like this differs from that of a flow 

from a sharp crested weir, the moment .a solid boundary is 

placed below the nappe, as in this case, forces other than 

gravity also come into play. Co the shape of a spillway 

has to suitably fixed so that no adverse pressure conditions 

are developed on the crest for all possible conditions of 

flow and operations.. Design of the proper shape of the 

spillway is only part of the problem. For example, if 

the other elements of the spillway such ass  pier nose, gate 

slots etc. are also not properly designed, it can lead to 

sub-atmospheric pressures and consequent. Cavitation on 

these elements and the adjascent spillway face is only 

natural. The location of the gate seat play an important 

role on the pressure variation of a spillway profile at the 

time of partial gate openings. The inception of cavitation 

on a spillway face also depends on the surface roughness of 
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th+ material with which it is constructed and naturally 

this condition makes it obligatory to specify the standards 

of construction finish3s with a more rational approach, 

rather than with the help of the rule of thumb. Naturally 

the best method of avoiding cavitation is the elimination 

of negative pressure by properly designing a spillway 

crest and other connected elements of a spillway. However, 

it may not be always possible to eliminate negative pressure 

on a spillway for economical considerations. So the 

problem of selecting a proper construction material also 

comes in. Oven though concrete is the most popular 

construction material, its cavitation erosion resistance 

can be considerably improved by increasing its compressive 

strength especially near the surface by special design and 

- as well as with the help of special construction techniques. 

In the following pages an attempt has been made to revi 3w 

the various causes as well as some of the possible remedies 

of cavitation on spillways. However, few pages have been 

devoted for a review of the cavitation phenomena in general, 

as it is only imperative that a better understanding of the 

cavitation phenomena is required in order to evolve suitable 

remedies to make the structure cavitation free. 

4.0. FU'T'URS SCUPS OF WORK s  

4.1 	Even though the purpose of this dissertatiohh was 

to cover all aspects of cavitation on spillways, full justice 

could not be done on certain aspects of the problem for

want of material as little research saemSto have been done 

on these aspects. For example concrete along was considered 

as a construction material for spillways, even though some 



passing mention h 	bean made about this aspects in 
n 

Chapters 5 . Tt is widely accepted that th cavitation 

resistance of a material increases in direct proportion. 

to its compressive strength. So the desirability of 

providing ashlar stones masonry, at least in those areas 

where stone masonry is popular, has to be explored. But 

this type of construction can be adopted only after ensuring 

proper bond between the facing stone and inner layers of the 

masonry to avoid dislodgement of stones at high velocity 

flow. Jlso further work appears to be necessary to specify 

the surface dressing required. Even though some studies 

have been made by the U.S .Bureau of Reclamation on the 
effect of surface roughness on the inception of cavitation)} ;  

the studies are not elaborate enough to be adop+'ed in all 
cases and much scope remains for further study In-this 

field. Another field where. there is scope for study is 
{ in --he design of pier noses both on the gyp-stream and 

down-stream sides. Even though individual cases are 

being studied for each and every dam, a general solution to 

this problem seems to be lacking. Yet another aspect which 

requires further research is the design of the spillway 

crest itself after allowing a certain degree of sub-pressures. 

The usual practice in designing an ogea spillway Is to fix 

various co-ordinates with the help of one of the standard 

profiles and then check the suitability, expecially from 
the pressure variations point of view with the help of 

model studies. j.s the n3gative prassure increases the 

co-efficient of discharge also increases and it seems only 

logical to allow certain amount of negative pressure on 
the crest, without really reaching the cavitating range. 



Oven though many organisations advocate the use of 75% of 

the maximum head as the design heed for fixing the Co-ordinati 
none of them seems to specify the exact value of negative 

pressure that can be allowed and then to fix the design head 

and the eo-ordinates which produced this desired negative .. 

pressure. One or two authors have done studies on this 

aspect. But their studies were vary preliminary in nature 

and much remains to be done in this field to evolve suitable 

design curves which could be used for adopting for..a wide 

range of spiliwsys. So a more rational method in the design 

of spillways can be made If the negative pressure or better 

st l$  if the cavitation parameterr is also introduced at 

the design stage to fix the design head for which the 

c.o-ordinates are fixed and hence much scope still remains 

In this field for studies. 
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ANTI - VAC 	SPILLWAY PRQFIL ' w~rgwr+r r ~ 

1.0 G1NER,AL 

	

1.1 	From the second half of the 19th centuary many 

investigators$ in various countries, have made studies for 

finding suitable profiles for spillways. Because of the 

intricacy of the problem, a purely mathematical solution appeared 

to have no chance. If the profile of a spillway is either angular 

or too rapidly curved, zones of locally reduced pressures and 

consequent seperation will prevail. In ogler to avoid such 

conditions of instability and possible cavitation, the crest 

shape of a spillway is usually shaped to conform, at 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 pee 

are termed as " ogee spillways". With the crest so shaped, 

maximum discharge efficiency, without sub-atmospheric pressures on 

the crest , will be attained for the free flow with - heads equal 

or less than the head for which the crest is designed. At the 

designed maximum over flow, there is no sub-atmospheric pressure 

along the spillway surface, at the same time the positive pressure 

is also reduced to the .minimum possible for the best hydraulic 

efficiency. In other words, the water just glides over the 

surface without really touching it and at the same time not 

separating from the surface either, 

	

1.2 	Even though, the shape of the spillway is exactly made 

to fit the lower nappe of the ventilated jet Issuing from a sharp 

crested weir, replacing such a free constant pressure surface by 

a solid boundary imposes additional shear on the under side of 



6J 

the stream. (33 ) It may be possible to evaluate this taking 
it is a' problem of boundary layer formation. however, this may 

be a more pronounced problem in small scale models ( for small 

values of Reynolds numbers) than in actual structures, 

1,3 	Some of the spillway profiles developed by many questers 

and organisations are briefly described herein. 

2.0„CP.E T &HJPt OF OVER FLOW SPILLWAYS z; 

21. Parabolic Profile : 

2.1.1 Early crest shapes were usually based on a simple parabola 

designed to fit the trajectory of a free falling nappe (18) . The 
shape of the flow of nappe over sharp crested weir can be inter-► 

preted by the principle of a projectile shown in figure 1 1 

According to this principle, It is assumed that the horizontal 

velocity component of the flow is constant and that the only force 

acting on the nappe is gravity. In the time t, a particle of 
water in the lower surface of the nappe will travel a horizontal 

distance x from the face of the weir, equal to 

x = V. t Cos 9 	 •0. 	• . f 	4b•  (1) 

where V Is the velocity. at the point, where x = 0 	and a is the 

angle. of inclinatioi 	of the velocity V with the horizontal. In 

the same time t, the particle will travel a vertical distance 

of equal to: 

y = - v. t sin Q+ * g ,t2 + F 	... 	... (2). 

where 'C is the value of y at x 0 , apparently E is equal 

to the vertical distance between the highest point of the nappe 

and the elevation of the crest. Substituting the value of t 

from equation (1) , in equation (2) y  we get , 	 1 	 . 



I.e. 

y= -~x tan0+Ig 	 r" 
V cos 8 

.x,,,. = 	j g 	x 2 	- 	X tan 0 * ,C 
Be 	 Be V Co82 0 	He 	ge 

10 

= I( 	R ----) 2 • 	B 	(.L.. ) 4 C ...... 	(3) 
He 	He 

where g He 
;- 2 

B= -rtan8 andC= 
H 

The above nappe equation is quadratic and so the nappe surface 
is theoretically parabolic.Blaidsell ( 5 ) has evaluated the 
values of these constants as J. = - 0.425 , B = 0.055 and 
C = 0.15 in the case of flow over high spillways, where the 
velocity of approach is negligible. experimental data have indiea- 
ted that this equation is not valid where ...,, is less than 0.5. 

He 
 x/Ha 	0.5 f the pressure within the n ppe In the vicinity 

of the weir crest is actually above atmospheric because of the 
convergence of stream lines. This analysis of. Blaidsell gives 
the shape of the profile in the forms 

( 	)1.92= 2..1 ( g ) 
e 

Though the equation on the basis of simple parabola was 
used in earlier days, this principle is not correct, as forces 
other than gravity also act on the nappe. 

2.2 Bazin's_ Profile t 

2.2.1 The first and the most extensive studies of nappe, were 
those by Bazin made between 1886 and 1888 ( ) y 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 negative 

pressure on the crest. However, under actual conditions, there 

exists friction due to roughness onthe surface of the spl lway. 

Hence, negative pressure on such a spillway can not be ruled out. 

Consequently, the Bazin profile has been modified and many other 

profiles for design proposes have been proposed. 

2.3 Muller's Profile ; 

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 Bzin's data. His expression 

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

a 2  - 2.3 Hay = 0 

Where, Hs is the head of water over the crest, of the sharp webr. 
He fixed this origin of the co-ordinates at approximately 

0.35 He above and 0.09 Hs from the theoretical weir crest. 

He measured downward one third the thickness of the nappe$  normal 

to the curve of the mean velocity to locate the curve of the 

lower surface. Parker ( 52) reproduced Muller's curve and 

demonstrated that it does not fit well with Bazin's curve at the 

upper section. Be attributed this difference to the fact that 

Bazin's curve were obtained with sharp edged notches, under heads 

of 0.5 m or less and Muller applied them to thick notches, under 

heads of 1.5 m or 3.0 m. 

2.4 Morrisonts and BrodiPs Profile : 

2.4.1 They have developed a parabolic equation of the form:. 

. 	X2  -» 1.8 	Rd y 	 ••• 	... 	..... 	{4 ) 
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for the lower surface of the nappe, where His the head measured 

from.  the highest, point over the nappe ( 48 ). The origin of 

is also taken at this point. As a factor of safety they, however, 

recommend that the equation (4) be modified as: 

x2  = 2«55 Hd y• 

2.5  $eim ni's, Profile  x 

2.5.1 S eimeni (66 ) established an equation for the portion of 

the lower surface beyond x = 0,50 as 

( z 	0.10)2 
+ .0.062 x a 0.186 .. .. (5) 

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

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

most important portion of the overflow section, namely, the 

portion between the spring point and highest point of the trajectory, 

Seimeni$s profile can also be approximately expressed in the 

form ( 30 ) 

y = 0.47 x..8 

2.6  landolphi sProms  : 

2, 6.1 	Randolph of the U.S. War Department (58) 	derived an 

amperical equation for the lower surface of the nappe in the form: 

y = 0.523 Ed '0.8L , x  1.822 

Here the origin of the co-ordinates Is at the heighest point of 

the lower nappe surface. 
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2.7 j,.E. avis' Profile s 

2.7.1 ,- similar equation has been developed by H.L.Davis of 

U.S.jt. •( 82  ) with the same origin for co-ordinates as: 

y = 0.485 Hd 0.882 X1.822 

2.8 Smetana's Profile : 

2.8.1 This profile is given by the equation: 

y = 0.461 21.85  

2.9 C.V.Davis0 Profiles 

2.961 Davis has developed his own co-ordinates for the profile 

of the neppe for spillways with vertical face as well as with 

inclined face ( 19 ) . They are given in figure 2 1  4 . 5 and 
table 1. This table has been derived from an analysis based 

on studies of the D'.S .B.R . and the results obtained from the 

studies of Bazin and Selemeni. 

2.10. Greaser's Profile s 

2.10.1 Creager's profile is developed from a mathematical extension 

of Basin's data ( 14) . In the figures 7 & 8 9  where the 

Creager's profile is given, for a value upto x = 0.65k  the values 

are directly taken from the experiments conducted by Bazin. The 

extension of the experimental data was mathematically done by the 
following manner. The average velocity in any normal, section of 

the shit of water was found by Basin to be very close to one 
third of the distance from the lower nappe as at point 4 in 
figure 6. The curve 2 , 3s  4 was drawn through these scaled points 
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H 
of average resultant velocities.. The curve has the form of a jet 

spouting with an intial horizontal velocity Vh s The equation 

therefore is that of a parabola and may be expressed as: 

2  Vh2 y~ 
s.s 	..• 	f sf 

g 

which is the equation of the curve 1, 2, 3$ 4, with the origin 

of the curve at point 1, as shown in figure 6. Referring to point 5 

the equation (t becomes, 

h2 (z~ b)2 ~ 	3 ~ 
a 

(y ' a )  ...  0.01  0#*  (7 ) 

where x and y are co-ordinates referred to the origin 5 and a , b 

and Vh unknown constants. Now substituting in equation 7, the 

measured values of x and y from each of the known points 2, 39 

and 4 of the experimental curve$ three equations may be, formed 

with 3 unknown terms a, b and Vh and solving them the value of 

these constants can be evaluated* So having now formed the general 

equation for mean velocity curve, the next step is to find the 

thickness of the jet at various points on the curve. The vertical 

velocity  Vv at a point y' below the origin Is 

Vv = Z7 y r , 

The horizontal velocity, Vh, being known$ the resultant velocity 

Vr j 	 f Vh 2gy I 

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: 

q = A! VS? A j Vh + 2gy t 	... 	... ... (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 manner were 

found to agree almost exactly with the discharge found by 

independent experiments for the same type of weirs. 

2.10.2 The thickness of the sheet of water corresponding to any. 

values of y' may now be derived from equation (8), having already 

evaluated the value of Vh and yr . In this manner the path of 

the falling sheet was determined and plotted in figure 7 for unit 

head. The paths are only approximate as they are extended from 

experimental points relatively close to the top of the dam and 

moreover., they may be somewhat affected by the irregularities in 

the crest. So Creager thought it was advisable to provide a mer'in 

of safety by extending the masonry line well into the theoretical 

sheet as indicated in figure 7 & .8 

2.11 Modified Creaser Profiles 

2.11.1 At the time of the first publication of the Creager's data, 

there were no experimental verification for his mathematical 

extension and therefore he recommended the use of masonry, line, 

slightly beyond the computed lover nappe line as mentioned in 

section 2.10 above. However, since then the accuracy of the 

extensions were substantiated by experiments ( 69 ) and (64 ) 

and now it is considered permissible to limit the masonry to the 

Computed lower nappe itself ('U). The approximate shape of the 

Creager's profile can be expressed in the form, 

y = 0.5 x'1.85 

origin being taken at the crest of the sptllway. The co-ordinates 

of the Creage*'s profile is given in Table 2 and figures 9 & 10. 
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(b) 
up-streem face vertical 	Upstream face inclined 450  

JG  y 	I ix I 

0.0 0.126 0.0 0,043 

0.1 0.036 0.1„ 0.010 
0.2 0.000 0.3 0.000 

0.4 .0,007 0.4 0.023 
0.6 0.063 0.6 0.09 
0.8 0..153 0.8 0,193 

1.0 0*267 1.0 0.333 
1.4 0,690 1.4 0.700 
2.0 1.3 2.0 1.47 
3.0 3.11 3.0 3.39 
3.5 4,26 3.6 4.61 
Co 6.61 4.0 6.04 

NOTE: The vf1ues of the x and y co-ordinates are in metres. 
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2.12 S. reau Of Reclamation Profiles .r■~i+wwan  ■ ~ 	nr r 

2.12.1 From 1932 to 1948 extensive experiments on the shape of 

nappe over a shart crested weir were conducted by the U.B. Bureau 

of Reclamation (82) . These studies were first initiated in 

connection with the design of spillways for the Hoover dam. On 

the basis of the experimental data including that of Bazin's the 

Bureau has developed co-ordinates for the nappe surfaces for 

various types of spillways,* The studies included, spill%ays, 

with vertical faces, the upstream faces inclined downstream and 

spillways with over hangs on the up-stream side. This information 

is indeed invaluable for accurate analysis and precise design of 

spillway overflow sections. 

2.12.2 Weir With Vertical Up Stream Face : 

The principal purpose of the tests conducted by U..S.B.R. 

was to determine the effect of the velocity of approach on the 

profile of the lower nappe. The results ob-tained are given in 

Table No. 3*. It may be seen that the x and y co-ord pates are 

expressed in the form 	and 	, this origin being at the 
HS  $s 

sharp crest of the., weir and Rs being the head including velocity 

of approach at this point. It may be seen that an the approach 

velocity increases ( or as iv Increases, by is the velocity 
Hs 

head due to velocity of approach) 0 the neppe profile for unit 

head flattens and crosses the profile for smaller values of 

In other words, the profile in the case of a high dam! 
Hs 
where the velocity of approach is negligible, the profile is 

not as flat as in the case of a low dam, for the same water 

depth and discharge over the crest. The greatest deviation 
a:. 
The table given is not the complete table prepared by the t .B.R. 
Complete reproduction has not been done as it Is too lengthy 
to be included in this dissertation. 
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occurs close to the weir crest and hence more care has to be 

taken in the design of the crest of the weir. It was also 

observed that the rise of the nappy above the sharp crest was 

more In the case of a high dam than in the case of a low dam. 

2.12.3 Weirs With Upstream Face Sloping Downstream : 

Similar experiments were conducted in the case of "weir 

with sloping upstream faces and are shown in figures 129 13 & 14 

and the x and y co-ordinates for the various velocities of 

approach are given in tables 4 , 5 & 6 . From the results 

obtained #  it is interesting to note that the height of the nappe 

above short crest of the weir decreases as the angle of the weir 

increases from the vertieal, which means that the contraction of 

the under side of the jet decreases as the slope of the weir is. 

flattened. 

2.12.4 Weirs With Up-stream Over Hang And Weirs With Upstream 
Offsets & Risers: 

Spillways having this shape have been used in many dams. 
This type has been evolved as a result of Its saving of material. 

The theoretical form of stable overflow dam is a trapezoid as 

shown in figure 15. With an overflow having a total head Hey, 

however, the downstream side of the apezoid does not have 

sufficient width and the nappe would spring free of the dam as. 

shown in figure 159  and fail along a curve extending a maximum 

distance or outside the trapezoid. To ensure freedom from 

undesirable vacuum effects, the space between the nappe and the 

dam should be filled with concrete. Concrete placed in this 

location$  however, is not in position to resist most effeciently 

over turning of the dam. By moving the point corresponding to 

the weir crest upstream a distance Nq  the nappe can be brought 
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tangent to the downstream face of the trapezoid. This results 

in a horizontal off-set in the uppwer portion of the spillway 
section equal to the distance No The upistream end is usually 

connected to the up-stream face of the dam either by a single 
inclined surface or by a short section of the vertical face  
below which is an inclined face as shown in figure 16 & 17, 

2.12,4 Tests were conducted on both the types of weirs, namely 

(1) Up»stream over hang weir as shown in figure 17 and (2) the 
up-stream offsets weirs with riser as shown in figure 16. In 

both these cases$  the off-set angle was kept at 450. Even though 

these weirs resemble each other in shape, their results vary 
widely.. The nappe profiles for over hang weirs obtained after 
these experiments are given in Table 7. It may also be noted 
that the values given in table 7, differ considerably from those 
given for vertical face weir given in table 3. The co-ordinates 
of the nappe for the off-set weirs are given in table S. These 
values are suitable for all values of M from 0.5 to 5.0, where 

N 
yf is the depth of the off-set. 

2.12.5 It was observed during the experiments on the vertical 
weir and the weirs with the up-stream faces sloping downstream$  
the lower nappe surfaces were very smooth and glassy in appearance, 
when head was not excessive nor the depth of approach was shallow. 

On the other hand Kappa surfaces produced by over hang and off-set 
weirs, was In some cases smooth,-  , but never glassy. Flow conditions 

for the over hang and off-set weirs were in another respect the 
opposite of these encountered in vertical weir and weirs 'sloping 
downstream. Flow for the vertical and sloping weirs was steadier 
for deep approach conditions, than for shallow depths. On the 
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19 
contrary, the flow for the over hang and off-set weirs, althou gh 

never comparing in steadiness with that from its vertical weir 
or weirs sloping downstream was rougher and more unstable for the 
deeper approach conditions than with the floor raised in the 
proximity of the weir crest. 

2.12.6 In short$  it may be concluded that over flow sections 
with plane up-stream faces, are conducive to stable flow conditions 
where as those with off-sets and,  breaks in the up-stream face 

are not, although many letter suctions are in existence and appear 
to be giving satisfactory service, However, spillway sections 
are not recommended with values of A less than 0.5 unless the 
value is zero. For values greater than zero and less than 0.5, 
flow conditions are extremely unstable. 

2.12.7 Even though, for accurate analysis and precise design of 
spillway overflow sections t  the respective tables referred to 
earlier should be used. But for practical purposes, however, 

simple equations can be used without essential loss of accuracy. 
For most conditions, the data can be summarised according to the 
form shown in figure 18,E where profiles is designed as it relates 
to axes at the apex of the crest ( 32) . That pvbtion upstream 
from the origin is defined as either a single curve and a tangent 
or as compound circular curve, The ,portion downstream is defined by 

Q = 	
- 	( 
	.N 	

, • i 	•••• 	.,. 	(9) 

in which K Q  and Ne are constants whose values depend on the 
upstream Inclination and the velocity of approach, Figures 19 &20 
gives values of these constants for different conditions. 
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2.12.8 	The approximate profile shapes) for a crest with a 
vertical upstream 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 Ha., This definition is 

simpler than that shown in figure 18, since it avoids the need 

for solving an exponential equation; further, it is represented 
in a form easily used by layman for constructing forms or templates 

For ordinary conditions for the design of small spillways, and 

where approach height P is equal to or greater than one half the 

maximum head on the crest, this profile is sufficiently accurate 
to avoid seriously reduced crest pressures and does not materially 
affect the efficiency of the crest. When the approach height is 

less than one half the maximum head on the crest, the profile 
should be determined from the figures 19 & 20. 

2.13. Qate Controlled Q4ee Crests ; 

2.13.1 So for 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 applicable, when the spillways 

are in operation under partial gate openings. The jet produced 

by a partial 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 some for full gate opening as for a pai~tia]. opening, 

the lower surfaces of the jets need not correspond, even though no 
contraction exists at the lower surface in each case. The explanas 
tion may be that, the stream lines are horizontal and parallel as 

they leave the gate for small gate openings, where as for full 

gate opening the stream lines are neither horizontal nor parallel 

as they flow over the section ) but have components in a downward 
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direction (82). When full head on the gate and with the gate 

opened, a portion of free discharging trajectory will follow 

the path of a jet issuing from an orifice. For vertical orifice, 

the path of the jet can be expressed by the parabolic equations 

where lm is the head at the centre of the opening. For an orifice 

inclined at an angle a from the vertical, the equation will be : 

2 
=x tan a •4 	'. 	... 

4Hmcos0 

If sub-atmospheric pressures have to be avoided along the crest 

contact, the shape of the ogee downstream from the gate sill must 

conform to the trajectory profile. So it has been customary in 

U,S.Bureau of Reclamation to design the up-stream portion from 

a gate sill to fit the weir nappe at maximum discharge while the 

portion of the crest downstream from the gate sill is shaped to 

fit the theoretical trajectory of the centre line of the jet 

issuing from a 0.3048 in. (1 foot) gate opening under the maximum 

head (81).  The result is a crest flatter than the one designed 

for maximum discharge alone. 

2.13.2 Experiments have shown that when gates are operated with 

small openings under high heads )  negative pressure will occur 

along the crest in region immediately below the gate$ if the ogee 

shape is thinner than the one described above. Tests showed that 

this sub-atmospheric pressurds would be equal to about one tenth 

of the design head C figure.) ( 32 ) 

2.13.3 The adoption of a trajectory profile rather than a nappe 

profile downstream from the gate sill will result in wider ogee 



and reduced discharge efficiency for full gate openings. Where 

the discharge efficiency is unimportant and where a wider ogee 

shape is needed for structural stability,,  the trajectory profile 

may be adopted to avoid sub-atmospheric zones along the crest. 

Where the ogee is shaped to the ideal nappe profile for maximum 

head, U.S.Bureau of Reclamation recommends that the gate sill 

may be located downstream from the crest. This willprovide an 

orifice, which is inclined downstream for small gate openings and 

this will result in a steeper trajectory more nearly conforming 

to the nappe shaped profile, 

2,14  .Q. irmy Corps Profile  t 

2.14.1 On the basis of the U.S.B.R. Data an Boulder Canyon 

Project (82 ) y  U. 3. rmy Corps of Engineers have also developed 

spillways for various shapes and approach conditions. Such shapes 

designated as WE spillways shapes (18) can also be represented 

in the following form 

jQ  EdNc  "`1 y 	... 	... 	... 	(10) 

as in the case of equation (9) 

2.14.2 Standard Crest = 

As In the previous cases  the slopes of the ogee spillway 

crest is a function of design head s  the height of the darn (which 

influences the velocity of approach) and the slope of the up-stream 

face (79 ) . The design head H$  Is usually based on the 

maximum head resulting from passage of the spillway design flood. 

However , a lesser design head is sometimes used, in some special 

cases. Profiles based on equations, for curved surfaces are, 

in general preferable to compound circular curves to define the 

shape of the down-stream portion of the crest, since pressure will. 



be more uniform with curves which do not have changes in radii. 

2.14.3 The recommended equation for the profile curve down-stream 

from the crest of a high dam with vertical up-stream face and 

negligible velocity of approach 1s ; 

2 Edp.85 

where x and y are horizontal and. vertical distances from the 

ogee crest as shown in figure (23) and all the dimensions are 

expressed in the same unit. The shape of the weir up-stream from 

the crest is fixed with the help of a compound curve as shown in 

figure 23. But later on the Corps of Engineers made the up-stream 

profile In the form of an ellipse given by the equation as shown 
In figure 24. 

2 
2  2 	+ 	y  (0.282 Ed) 	(0.15 Ed)2  

on the basis of analytical and laboratory results, the Corps of 

1?ngineers have now recommended to use the following equation 

for the upstream profile with the origin at the crest as ! 

y = 0.724 	(X + 0.27  114 )l.85 
 0.125 lid 

Hd0.85 

0.4335 	(x + 0.27 Ad )0x625 

The curve extends ( 0.27 Ed) up-stream and (0.126 Hd) downstream 
from the crest point as shown in figure 25. This design is 

adopted to avoid discontinuity near the upstream faee which may 

cause an abrupt stimulation of turbulent boundary layer. 

2.14._4 Various other experimentors have also given co=ordinates 
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for the profile up-stream of the crest. Studies conducted at the 
u.P., I.R.I. indicate that a circular quadrant of 0.282 Ed radius 
upstream of the crest gives the best results. 

2.14.5 In the forgoing, spillway profiles as applicable to 
vertical upstream faces alone have been mentioned. When the 
upstream faces are inclined, the values of Ke , and Ne for 
establishing the equation for the downstream side also have to 
be modified '(18 ). The values of Ke and We for various conditions 
of the up-stream are as follows: 

Slope of the Upstream face 

vertical 
321 

3:2 

313 

K~ 	I 

	

2.0 	1.85 

	

1.936 	1.836 

	

1.939 	1.810 

	

1.873 	1.776 

The shapes of the up-stream profile etc. in these cases are given 
in figures, 26,27 & 27b. For intermediate slopes, approximate 
values of Ke and Ne may be obtained by plotting the above _values 
against corresponding slopes and interpolating from the plot, 
the required values for any given slope within the plotted range. 

2.14.6 The up-stream face of the spillway crest may sometimes 
be defined to set back, as 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 head He 
vertically below the origin of the co-ordinates. This is because 
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 shown in figures 25!26,27 & 27b, 

are not directly ,applicable to low ogee spillways with an 

appreciable velocity of approach or with ogee-  spillways with. 

Inclined offsets or recessed up-stream face. For spillways with 

vertical or $5o  up-stream face slopes and appreciable velocity 

of approach, the crest shapes may be determined from figures 

28 , 29 & 30. Model tests have shown that profiles based on. 

equation (11) are equally suited for to weir heights equal to or 

greater than one half the maximum head on the crest. Thus the 

curves on figures 28,E  29 & 30 need be used for determining the 

crest profile of a spillway with vertical up-stream face only, 

when the weir height is less than one half the maximum head. 

Weirs with appreciable velocity of approach with up-stream face 

sloping and vertical s  the data available after the studies made 

by U.S.B.R. ( 82 ) have been recommended for use by the U.S. 

Army Corps of Engineers also. It may also be mentioned here 

that curves of the U.S.Jrmy Corps of Engineers shown In figure 

28,29 1  30 have been developed from the data taken from U.S .B.R. 

studies ( 82) 

2.14.8 For spillways with vertical or 459  degree up-stream 

face slopes, figure '28 shows the relative shapes of the lower 

nappe profile up-stream from the crest centre line for various 

ratios of by / Rs  . A compound circular, curve of two radii 

reasonably fits the profiles for spillways with vertical 

upstream faces, while a simple curve satisfactorily fits the 

profiles for spillways with 45 up-stream faces. Graphs, of 

appropttate radii developed for these conditions are shown 

in figure 28 in terms of R / Hs for various ratios of hv/Hs. 

tabulation of curve data shown in figure 28 has also been 

developed by U.S.jArmy Corps of Engineers. For a spillway having 
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a 450 upstream face and with the values of y and xc obtained 

from figure 29, the simple circular radius R may be obtained from 

figure ( 	) . The value of RD can also be found from the 

following equation: 

2 .•w 	r•r 	••• 	2) R =. 	~e - 	xr  

2y 

For the down stream profile, the equation is similar to equation 

(10) and the values of the expomen is for this portion of the 
profile can be found out from the curve given in figure 30. 

'Perhaps the method of finding this crest profile can be better 

amplified by working out a typical problem. 

2.14,9 The problem is to find out the crest shape for an ogee 

spillway with 450 ups- stream slope having a head of 9 m. of water 

over the crest and with an approach velocity of 4 m/sec. 

-, 2 
t  4  0.82m. 

2 x 9.81 

Assume the height of the nappe crest from the sharp crest of 
weir ye •~ 0.4 m. 

is 	$s = H~ + b + yc = 9.0 + 0.82 + 0.4 = 10.22 m. 

0.08 

from the known value of h- the value of yc and 
HS 	 11s 

can be obtained from figure 29. 
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.. 
Hg 

Similaril.y 

0.04 9  1. e. yc  = 0.41 ( checks with the value 
assumed). 

Hg 	= 0.19 and x e  =, 1.93 

Now making use of the graph given in figure 28, with the value 

of hu / HS  = 0,08, R/Hs is found as equal to 0,463. 
• Now checking the value of R obtained above 

	

$values of,
• 	

. • R = 4.7 m with the help of equation(12),making use of thE 

	

'yc and gc., 	R = 	0.412  + 1.932  = 4.85 m. ( which checks the value calcula- 	 2 2 0.41 	 got earlier). ted above. 

To determine the -value of Ke  'end Nc  applicable to the curve 

downstream from the crest, referring to the curve shown in figure 

30 for hu  / Hs = 0.08 t  it will be found that Ke  = 0.54 and 

Ne = 1.775. Now substituting these values the equation of the 

profile is z 

y 0.54 	X1*775 	- 0*25 x1.775 

( 10.22)0.775  

3.0 CRrS'rPRSSURu 

	

3.1 	The theoretical pressure along the face of an ogee 
spillway crest approaches atmospheric pressure at the head for 
which the crest is designed. For heads higher than the design 

head, sub-atmospheric pressures are obtained .along the spillway 

crest. ' xperiments have shown that heads upto several times 
the design head may be passed over an ogee spillway without 

separation of the nappe from the crest and that tolerable 
sub-atmospheric pressure occurs, if the maximum head is limited 

4/3 times the design head (64 ). 'Experiments 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, are operated with small openings under high head. Therefore 

the U.S.trmy Corps of Engineers do not recommend the necessity 

to modity the standard crest for spillways with crest gates. 

The magnitude of the sub-atmospheric 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 Waterways 

Experiment Station. 

	

3.2 	Bonnyman and Heefe are of the opinion that when the 

spillway is to operate under a .high head, Its profile must be 

carefully formed to co-ordinates given in any of the standard forr($) 
Where*  however, the head is less than , 5 m, they suggest alternate 
geometrical profiles, given in figures 34 & 35. I 11 the same, 
the wisdom of resorting to this emperical profiles, which do not 
seem to have the backing of, experimental or analytical studies 

is questionable. ,Atlso, a compound curve of this nature does not 

make the work of the construction engineer easier ,either. 

	

3.3 	In addition to the spillway shapes mentioned above, the 

type shown In figures 36, is very commonly used in Europe (64)• 

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

	

3.4 	Even though spillway profiles developed by many authors 

have been briefly discussed above most of them are not being used 

now a days for some reason or other. Of all these, the spillway 

curve developed by U.3.B.R. and U.S.Jrmy Corps are being widely' 

used in many countries. In India, the U.S.Army Corps,  profiles 
appear to be the most popular. 
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CHAPTER - 3 

CIVTATIQN PI -NQMWtNQN 

1.4 INTRODUCTION 

The possibility of cavitation damage was first recognised 

by ''uler in 1754 to connection with the theory of hydraulic 

machines. But it is only in 1894, that Reynolds first Initiated 

experimental work on this phenomenon of cavitation. R.R.Froude 

mentioned this phenomenon in 1895, mainly pertaining to ships 

propellers. Later on, serious interest on this phenomenon 

of cavitation arose due to the failure of marine propellers in 

a single Atlantic crossing and this necessitated the ships 

to be towed from main sea to the port. In U.S.A. at the very 

first operation of the spillway tunnel of Hoover Dam 	a huge 

cavity measuring about 38 m x 14 m deep was formed. Similarly 

the spillway face of the Gand Coule dam got badly eroded at 

its first operation and this aroused considerable interest 

among the American Scientists and Engineers. In India, severe 

damage to the 5.47 m. dia . j.o &. syphons at Hirbha sager 

jog Power House aroused considerable 'interest and controversy 

regarding the damage and whether it was due to erosion or 

cavitation. After World war tT, there is rapid development in 

the design and construction of very high head hydraulic 

stv ctures like spillways, gates, values etc., very high speed 

torpedoes, pumps, turbines etc. with their resulting higher 

velocities. These have posed serious problems of cavitation. 

2.0 CAVTTATT0N THE0RSES AND OCCURANCE 

The generally accepted word for the destruction and 

the subsequent erosion of the materials by cavitation action is 



3d 
" pitting". In brief the cavity occurs in the liquid and pitting 

in the solid boundary. 

2.1 Dófinition  3 

2.1..1 Cavitation may be defined as the formation and collapse 

of cavities in a stream of flowing liquids which results from 

pressure changes within the stream caused by changes in the 

velocity of flow. ( ) 

2.2 Occurrence Of -Cavitation  I 

2.2.1 Cavitation first occurs in a liquid when the equilibrium 

of small undissolved gas volumes in the fluid becomes 

unb alone ed()j. This happens when the absolute pressure of a 

fluid flow' falls to (or close to ) the vapour ,  pressure of the 

liquid. From Bernoulli's equation it may be seen that pressure 

In a fluid flow depends on the velocity and position of the 

flow. Therefore, cavitation is more likely to appear at the 

top of a conduit than at the bottom. Similarly the higher 

setting of an hydraulic turbine above tail water will increase 

the tendency for cavitation. 

2.2.2 The production of pressure reduction by increase of 

the velocity is familiar to engineer and usually results from 

constriction of a passage as in the case of a venturi - meter 

or nozzle. Therefore the tendency for cavitation to occur 

in regions of high velocity is quite obvious. 

2.2.3 Apart from high elevation and high velocity there is 

another factor contributing to pressure reduction and thereby 

causing cavitation to occur. (4) This is flow curvature 

as outlined in figure It  point A denoting the areas of low 
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As a cavity forms and rapidly increases in size vapourisation 
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 
vapourisation and the release of the dissolved gases is quite 
unpredictable. Little is known of the process except that it 
occurs with great rapidity. 

2.4 Motion Of ._Th~.Cav_ity s 

2.4.1 It has been observed that the cavity proceeds from its 
point of formation to its point of collapse with a speed less 
then that of the liquid. However, in the case of free bubbles 
and small eddies having cavities at their centres, the speed 
of the cavity is probably about equal to that of the liquid. 

2.5 Gollse Qf The Cavity 3 

2.5.1 Destruction 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 cavitation is 
unseparated, It is usually observed that at inception, 
Individual cavities enter the low pressure region, become 
unstable, grow rapidly and collapse: when they move into regions 
of sufficiently high pressure. The important observation is 
that each cavity maintains its individual identity through out 

its process. A preliminary approach to the collapse mechanism 
Was obtained by Rayleigh, by considering the idealised case 
of collapse of a spherical cavity in a mass of fluid at rest. 
It was shown experimentally that enormous pressure may be 
developed locally when water rushes into the void space 
containing only water vapour. At first this bubble collapse 
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theory was accepted as a complete explanation for the production 

of intense local pressures and consequent destruction. Later on 

it was shown by tests that small water jets at high speed 

produced destruction of the material on solid surfaces. 

2.5.2 So it now appears that the intense local pressures 

developed at the point of collapse are probably due to the 

combination of these two acts ns. As the collapse of the o„ 
cavity occurs at a boundary, dap-hts may be shot at the solid 

surface with speeds sufficient to produce deformation and 

eventual destruction,, or irregularities in the cavity walls 

may produce intense local pressures $ when the liquid strikes 

the solid material at the high speeds produced at collapse. 

Although the collapse of the cavity is the main cause of impact 

between liquid masses and solid boundaries, the exact details 

of the impact mechanism may be quite different in successive 

collapses. 

2.5.3 The principal factors that influence the growth and 

collapse rate of cavitation bubbles are enumerated below: 

1. Surrounding fluid pressure. 

2. Surface tension. 

3. Initial mass of gas in the bubble. 
4. Diffusion of gas into and Out of the bubble. 

5• The liquid vapour pressure. 

6. Heat transfer through bubble walls. 

2.5.4 The bubble growth actually continues even after the 

ambient fluid pressure exceeds the vapour pressure because of 

the inertia of the fluid. When the pressure tending to retard 

the bubble expansion is applied sufficiently long to over come 

the fluid Inertia$  the expansion ceases, 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 associated 

with (a) h4gh surrounding fluid pressure (b) high surface 

tension (c) low gas content either initial or due to diffusion 

(d) low vapour pressure -(e) sufficiently high host transfer to 

condense the bubble vapour at a rate that does not allow the 

vapour to act as a permanent 'gas. Tt follows that those factors, 

which Increase the collapse rate also increase the Intensity of 

the high pressure produced by the extreme change in momentum, 

when the fluid moving toward the centre of the bubble is finally 

brought to zero velocity. It is this intense pressure which 

produces the noise and boundary damage associated with cavitation. 

This energy stored in compression of the cavity gas is returned 

to a kinetic form by re-►expansion of the cavity, so that the 

bubble may cycle through a series of growth and collapse phases 

before the motion is finally damped. Such rebounding bubbles 

were observed by Knapp and Hollander of the California Institute 

of Technology a  with the aid of high speed photography (fl). 

Motion pictures taken at 20,000 frames /sec. revealed the 

following life cycle ( Fig. 8 ). The tunnel velocity wasjof 

the order 32.20 m/sec. 

1. Formation and growth from first appearance to maximum 
diameter and time lapse of this is 0.0025 sec. 

2. First collapse from maximum die to first disappearance 
is 0.0075 sec, 

3. From rebound from first appearance to second maximum 
diameter 0.0016 sec. 

4. Second collapse from second maximum and second dis-
appearance 0.0003 sec. 

5. Second rebound to third maximum diameter 0.0004 sec. 

6„ Third collapse. 

7. Final rebound, collapse and dis-appearance. 
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2.5.6 Actually the bubbles do not completely disappear at each 

stage ; they shrink in size, grow again and shrink, and finally 

dis-appear. The life history has been traced upto 5 cycles and 

after that the cavities become so small they are not photographed 

by the high speed camera* Even though the velocity of the water 

in the tunnel was kept constant, the velocity of the bubble In 

the tunnel was not constant, but varied with the bubble along the 

body, The maximum diameter of the bubble was 76 mm. The life 

of the bubble from instant it was large enough to be detected 

until the completion of its first collapse was about 0.0025 sec. 

Formation required about 3/4th of this time and 1/4th time was 

required for the collapse. 

2.6.7 Experiments conducted in venturi set up hove revealed 

damage in two to three regions of reducing intensity on the 

down - stream side of the cavitating body, showing that bubbles 

grow, disappear, grow again and disappear a number of times. 

For some time the rebound phenomenon was thought to be character-► 

istic of all cavitation. But later on it was proved that rebound 

depends on the air content 	Cavities formed In water of low 

sir content do not rebound, while those with large amount of gas 

not only rebound, but oscillate also. 

An important fact that has prevented theories of spherical 

bubble collapse from accurately predicting the history of cavity 

collapse near its terminal stage is that the cavities become 

completely non-spherical, as shown in Figure 6. in this figure 

the collapse history of the cavity, as obtained by Ellis, is 

shown ( l̀). His experiments indicated collapse pressures of 

7 x 103  kg /sq.cm. Recently Naude and Ellis (49) conducted a 

theoretical analysis for the collapse of a cavity that Is 
initially ttachrd to a boundary as shown in figure 7. 
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2.5.8 From the random paths that cavities follow before they 

collapse, it is evident that scattering of the collapse over a 

sometimes sizable region may be expected. Since this region is 

three dimensional, however, it appears likely that most cavities 

will collapse within the free flow and out of contact with the 

confining boundary surface. The question materially arises 

whether cavities must contact the boundary surface as they 

collapse in order to damage this surface. As cavities$  

completely surrounded by liquid $ collapse in this flow, compre-

ssion waves will be sent out in all directions and will strike 

the solid boundaries confining the flow. Whether collapse of 

cavities in the flow can destroy boundary surfaces of the action 

of the pressure waves is still open to question, but pressure 

canes ta stUl open to estin, but pressure waves may endanger 

a structure by setting up forced vibration. The pressure wave 

travelling up-stream into the low pressure region also appears 

to be instrumental in detaching the succeeding cavity. 

2.6 S eperat ed flows 	ix ed C av Iti es 

2.6.1 Unsgperated flows have their regions of lowest pressure 

near the boundary and the fluid continuously posses through this 

zone; that Is, individual fluid particles do not remain in fixed 

position with respect to the body except for the molecular layer 

immediately adjacent to the boundary. It Is for this reason 

that individual nuclie are subjected to only short transient 

pressure reductions as they pass by the body ; almost immediately 
IM 

they are returned to high pressure and thus are limited their 

growth. These individual bubbles may never be stationary with 

respect to the boundary. On the other hand, If the boundary 

layer Is separated prior to the onset of cavitation, or If 
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Knapp 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 Is 

that, higher velocities result in higher stagnation pressure end 

higher ambient pressure ( for a given cavitation number) so that 

the pressure collapsing the cavities is greatly increased. 

2.6.4 In view of the preceeding investigation, it' appears, 

probable that most cavitation damage Is associated with fixed 

cavities rather than bubble or transient cavities, Thus the 

hydraulic engineer should be particularily careful In his designs 

to avoid the possibility of fixed cavities In regions in which 

cavitation is likely to occur. 

2.7. qvitat1on erosion d çe 	: (65) 

2.7.1 erosion Is the removal of the material due to water laden 

with suspended material impringing on the solid, surface and the 

impact of the suspended material results i ► hammering action and 

damage. Corrosion may be due to chemical processes.  or eletrolytic 

processes or maybe both, but cavitation damage is the result of 

the cavities formed due to hydro dynamic phenomena and their 

ultimate collapse causing removal of material and damage. In the 

phenomenon of cavitation it is very difficult to predict or 

assess the damage due to erosion, due to corrosion and entirely 

due to cavitation. 

2.8. effects Of Cavjation 

2.8.1 In the design and construction of hydraulic structures, 

gates, valves and hydraulic machines, it is all aimed at guiding 

and constraining liquids, to flow along water passages, in 

specialised directions and in specialised find . One of the 
1 
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effects of cavitation on such water passages is to alter both 

the effective size of the passage and the direction of uidance. 

The flow pattern gets degraded and the resistance to the flow 

Increases. The other effects of cavitation area 

1. Loss of efficiency of the performance of the hydraulic 
machines like turbines, pumps, propullers etc. 

2. Production of noise which is most undesirable in the 
case of submarines, torpedoes and under water baltis-
tics. 

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

4. Undesirable vibrations due to the collapse of the 
bubbles and due to shock. waves set up. The failure 
the Bhakra diversion tunnel gates and the failure of 
the Penchet dam near Poona, are mainly due to the 
vibration of gates and out-let sluice. 

5. Material damage due to pitting of the surface. 

2.9. Cavitation Damage s 

2,9l The degree of cavitation damage depends on the number of 

cavities collapsing on or near the boundary per unit time, the 

magnitude of the pressure collapsing the bubble and the character-

lstics of the boundary material. The number of cavities collapsing 

on the boundary will depend on the nuclei content of the water 

and cavity flow pattern ; many more cavities collapse oh the 

boundary for fixed cavities than for transient -bubble cavitation. 

Moreover, the individual cavities associated with fixed cavities 

collapse on the boundary in the vicinity of the stagnation point 

and thus the damage is usually greater for fixed cavities than 

for transient cavities. 

2.8.2 The damage to the material is a cumulative effect of eroslor 

corrosion and cavitation. Various theories have been put forward 

to explain the damage 'due to cavitation and each one of them has 

its own theories. 



3.0 THEORY OF CAVITATION DAMAGE 

Various theories have been put forward to explain the 

cavitation damage and they are: 

1. Mechanical action theory 

2. 1Zlectro - chemical corrosion theory 

3. Instantaneous chemical action theory 

4. Thermo- dynamic action theory 	& 

5. Strain energy concept. 

3,1  Mechanical ction Theory : ~rsr www w 

3.1»1 This theory was first put forth by persons and Cook in 1919 

They are of the opinion that the water hammer effect consequent 

on the rushing of water inside the bubble at its collapse is 

responsible for the high stresses involved and consequent erosion 

of the material. In 1935, Bocteher correlated cavitation damage 

with hardness and supports his surface fatigue or cavitation 

fatigue theory. He has also noticed that material with high cor-

rosive fatigue strength could resist better cavitation damage. 

Studies conducted by 'Prof. Plesset and Fillls have revealed 

change In the crystalline structure and deformation of the materia; 

Plastic deformation also takes place and this leads to fatigue of 

mfterial and consequent failure. Experiments conducted at the 

Indian Institute of Sciences, Bangslore( f,5)j on concrete of 

different compressive strengths have revealed that the cavitation 

damage is reduced with the increase in compressive strength of 

the material and this substantiates the fatigue theory. Similar 

findings on tests made in hard granite also corroborate this 

theory. 
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3.2 Impact Theory. # 	

cQ..o~ ,P~ls 
3.2.1 This theory assumes that the sterd'ophtS are accelerated 

by the collapse energy to very high velocities and Impinge on 

this boundary. Faller has shown that repeated drop impacts of 

moderate magnitude can destroy the material. Raleigh, Knapp and 

Hollander have concluded that the damage was due to simple impacts 

rather than due to repetition of stresses. examination of the 

material has shown that there 1s no removal of material, but 

dints due to continuous hammering will peal off ultimately. 

3.3 Material Domage Due To Pittingt 

3.3.1 This is a very serious factor in any hydraulic structure 

or machine. TI left unchecked, It may result in serious diaster. 

The overflow spillway at Grad - Coule dam is one of the outstand-

ing examples showing damage due to pitting. Its for as spillways 

are concerned, this is by for the worst damage cavitation can 

effect. When the cavity collapses ad jascent to a solid surface, 

or a dropht of liquid strikes the surface at great speed, the 

mechanical action is similar to striking the surface with a 

small hammer. In the earlier days, it was widely believed that 

pitting was primarily a corrosive action. But It was proved 

otherwise, when Fottinger obtained pitting on glass walls of 

a vnturl - type cavitation. apparatus. In the case of spillways, 

mechanical action seems to be more predominant. 

3.3.2 The pitting of materials by cavitation is primarily an 

action of fatigue In which the surface skin of the boundary is 
n 

continuously hammered by the millions of tiny blows, until it 

cracks and chipps Off. It has been generally  observed that 

the surface finish has an 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 surfaces are invariably destroyed more rapidly 

than surfaces 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, apparently due to water cushion covering the 

eroded region and preventing direct contact of collapse point 

and solid material. 

3.3.3 The precise mechanism of accelerated destruction of rough 

surfaces is not known, but higher stress concentrations in irregu. 
tar 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 as well. For example, it is possible 

that high pressure nuclus of the collapse cavity ( possibly a 

timy air bubble) is driven into the fissures i.h the material 

and explodes , when the pressure drops in the surrounding region,. 

Another possibility is that the space at the inner ends of the 

cracks in the material act as-cavities themselves and collapse 

with destructive force, when local pressures at the outer ends 

are increased by cavities collapsing in the flow. Still another 

possible explanation is that 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 a pipe line). In short, it may be generally 

summarised that pitting of the material is due to fitigue essen -► 

tially under a continuous impact of blows and the chippi tg of 

the material accelerates the damage due to stress concebtration. 

3.4  E1ec tro_ «_.•Chemical Theory  .; 

3.4.1 Cathodic protection seems to reduce cavitation damage and 
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this Indicates that cavitation damage is not only due to 
mechanical fatigue, but due to electro-chemical effect also. 

3.5 1nstanteneousChd .cal , ction Pheory $ 

3.5.1 In 1954, Irwing Taylor s propounded that certain reactive 
unstable substances are produced at the instance of the final 
collapse. This reaction is quick in fast flowing liquids. Wheeler 
after analysing the damage on a number of materials, observed 
that a part of the material is found as particles in solution. 

3.6 Thermo - dynamic  ¶heoryy s 

3.6.1 Wislicenus explains that the damage is due to rise in 
temperature and impact pressure at the collapse of the bubble. 

3.' atrai ~nP.r 	one t 8 

3.1.1 A,ThiruRengadam has arrived at a relationship between the. 
energy liberated due to the collapse of the bubb .e and the strain 

energy of the material producing the damage. 

3.7.2 He has further proposed a dimensionless number (23) called 
r' Cavitation Damage Number" based on the concept of dynamic 	1' 
inundations produced by the short range shock waves due to-
collapse of cavitation 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 mad be said that the various theories 
put forth by several investigators go to show that cavitation 
damage is a very complicated phenomena attributed to various 
causes. None of the reasons attributed to damage can occur 
Individually*. but it is a cumulative effect of all the 
phenomenon. Also , removal of the material due to corrosion , 
or erosion can not be ruled out. Though the fatigue theory 
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due to mechanical action is broadly accepted. The other 

f actors which are explained above also can not be ruled out. 

3.8. ç~vitation 'theory s 

3.8.1 Several investigators have given different theories on 

cavitation (7) and factors which govern cavitation arez 

2. Tensile strength of liquids. 

2. Nuclei content. 

3. Turbulence and boundary layer effects. 

4• Physical properties of the liquid 	& 

5. Shape of the cavitating body. 

3.8.2 Tensile trength Af. T4cu .dss- In pure water, the only way 

to create cavitation is to produce tension in It. Tension can 

only be obtained, if water is free from gas or any solid material. 

It has been shown that water can with stand tension upto 10,000 

atmospheres +01u) and the order of pressure necessary to create 

cavitation is of the order of 30 to 50 atmospheres. 

3.8,3 u1uc ri Th2,r„ t It has been now generally accepted that 

no cavitation can take place., if the water is completely free 

from any type of nuclei. ¶hb may be submicroscopic sized solid 

particles or gas or air nuclei, whose size may range from 

to 10 5 cros. and the cavitation process Is considered to be the 

growth of these microscopic cavities to visible .size. Experiments 

conducted indicate that there is not one fixed pressure at Vb ch 

cavitation would take place Indicating that variation of this 

pressure Is due to the variation in the size and quantity of 

the nuclei 7). It has also been shown that (1) water deaerated 

by boiling and cooling is very difficult to cavitate ; 

(2) it is difficult to set up cavitation in water after it is 

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 tap water has shown that it is difficult to 

set up cavitatson. 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 devoiding the free gas and 

air bubbles which will facilitate cavitation. When gas is 

present$  because of the low pressure, it expands and these 

cavities will collapse resulting in cavitation and its consequent 

effects. 

4.0. TURBULENCE IND BOUNDARY. LAYrR EFFECTS ON CAVITATION 

4.1 - It has been established analytically that In a laminar 

boundary layer, minimum pressure exists on the boundary. According. 
ly , these are the points at which cavitation would start. 

Although satisfactory theoretical analysis of pressure gradient 

across turbulent boundary layer are not cvaili-ble, measurements 

indicate that even for turbulent boundary 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 larger time to grow beyond critical size and cavitation process 

starts. The boundary inequalities change the flow pattern $  as 

the boundary crevices are generally accepted as a source of 

nuclei. As the bubbles grow$ from the boundary, they becomes  

subject to the forces of lift and drag and are swept off. The 

maximum size that these bubbles can reach, before the lift and 

drag overcome the surface tension force holding the bubble on 

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

and the characteristics of the boundary layer. Thus, it arould 

be seen that irregularities at the boundary increase the threshold 

for cavitation inception. 

4.2 	As the boundary layer is developed, if the pressure 



gradient becomes adverse, the boundary seperates from the 

surface and they in turn can cause cavitation. 

4.3 Ph sisal tropertiesofThejjiquid  z 

4.3.1 The physical properties and conditions of the liquid like 

gas content, the temperature, viscosity, vapour pressure, surface 

tension and the press ce of admixtures will greatly affect 

cavitation. 

4.3.2 It has already been mentioned before that when water is 

degassed, the susceptibility of cavitation is considerably 

reduced. The cavitation phenomena being analogous to boiling 
of the liquid, it is but right to expect that the cavitation 

should be earlier, if the liquid is at a high temperature. 

Pitting action is likely to increase with increase in surface 

tension due to the growth to a large radius $  before the bubble 

breaks off. Similarly, dissolved impurities have a large effect 

on cavitation as the impurities will only increase the surface 

tension and hence, the cavitation that could be expected with 

admixture is greater than in a free liquid* Vapour pressure of 

the liquid influences the cavitation process very strongly and 

the growth of bubble depend upon the vapour pressure. 

4.3.3 It has been observed by several workers that a large 

reduction in vapour pressure is accompanied by a 'pronouced 

increase in pitting action. Viscosity of the liquid also plays 

an important role In cavitation* The bubble can more freely in 

a liquid of lower viscosity* Cavitation threshold will be earlier 

than in a liquid of lower viscosity than in a more viscous fluid. 



4.4 Effects On Foreign substance 

4.4.1 Tt has been shown by various experimentors that presence 

of solid materials brings about a discon-tinuity in the flow and 

causes cavitation. The interface between the solid particles 

and the liquid provides a discontinuity and this facilitates 

cavitation. 

4.4.2 The actual conditions, are much more complex and cavitation 
Inception pressure do not havea fixed value. Depending upon the 

conditions of the liquid and solid boundaries, the inception may 

occur at average pressures higher than vapour pressure. The 

inception of cavitation in a liquid medium is dependent on a 

variety of hydro-dynamic and other effects. 

4.5.  Taps Of Cavitation Bubbles* 

(a) Transient Cavities =-• They are smo1l individual bubbles y  which 

grow oscillate s  collapse and disappear. These are also termed 

as " Bubble Cavitation" (Figure 3 ) 

(b) Free Individual Travelling Cavities: These bubbles are 

fairly spherical and submicroscopic in size, but they gradually 

grow in size and are carried in the stream to'th.e regions of 

higher pressure. The bubbles are not generally connected to one

another I  but they come off in quick succession. 

(c) Steady State or Fixed Cavity:- These are observed behind 

blunt bodies and sharp leading edge of hydrogoils ( Figure 4.). 

This cavity is a fixed one in the statistical sense. This sort 

of cavity is formed by the breaking away of the flow from the 

guiding surface at a low pressure point, usually assumed to be 

the point at which the pressure on the surface has fallen to 

vapour pressure of the liquid. From this point the stream follows 
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trajectory determined by the pressure field and usually 

guiding surface at some distance down stream from the break 

away point. The fixed cavity is the space existing between 

the guiding surface and the free surface of the flow as shown 

in the figure (4) 

(d) Sing~is Cylindrical Cavities:- They are usually very big in 

size and are often created by magnetostriction oscillations of 

a bar.. Such single cavities can also be formed in the wake 

of certain body shapes. 

(e) Non.Stationary Jnd Periodic Cavities:- These cavities very 

with time (65). These cavities form in the flow periodically 

and are carried away by the flow. it may also be a cavity 

which changes its form in a stationary fluid under the 

influence of variable pressure. 

4.6 Classification of Cavitations 

The phenomenon of cavitation has been classified in 

several ways: 

(a) Sheet Cavitation :- These cavities are trains of free 

travelling cavities, which cling as a sheet to the entire area 

of the section... Trains of individual free travelling cavities 

or portions of the fixed cavity type come In quick succession 

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

(b) Tip Or Vortex Cavitation:- if the fall of pressure is 

due to low strength of a vortex, cavitation bubbles issue 

out of the tip of a propeller blade as helical strings one 

following the other. This type is called ' Tip I or 'Vortex' 

cavitation. Its path is helical in shape ( Figure 5). 
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(c) Steady Stationery Vortex Cavities:- When blunt bodies like 

disc are exposed to high velocities, cavities are formed behind 

them* These are also called + Wake Cavitation', 

(d) Cavitation can also be produced by creating tension in 

unsteady flow, such as magnetostriction oscillator. These are 

usually single cylindrical long bubbles, which grow shrink and 

collapse. 

(e) when a torpedo enters water at high velocities, cavities 
are produced at the interface of water and torpedo. These cavities 

are unsteady and non-stationary. They cover portions of the body 

and in the wake developed by them. 

(t) acoustic cavities:- Somic vibrations of high frequences 

produce cavities in the fluid and such cavities are termed as 

'Sonic Cavities'. They are very small single bubbles. 

(g) PseRdo Cavitationx-► If large gas filled bubbles are present 

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

their ambient size many times even at pressures exceeding the 

vapour pressure. This stable bubble growth is not cavitation 

by the accepted definition, and has been termed pseudo cavitation] 

Pseudo cavitation is not likely to cause cavitation damage 

because high collapse velocities are not associated with such 

stable air cushioned bubbles. However, the existence of psmdo 

cavitation in a structure, can influence the hydro-dynamic 

performance of the structure. 

Practical observations on the behaviour of hydraulic works 

on certain rivers, in particular on the Nile, have shown the 

existence of a particular phenomenon, which Lelivasky 4.; :) calls 

as psei do-y cavitation. Although more smooth, the erosion produced 

in in this case somewhat similar to cavitation erosion $  but it 
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is in fact the effect of very sharp sand particles projected 
against metal or stone surfaces by local vortexes. This type of 
erosion is normally encountered In India also and the action of 

sand on the turbine blades at Khalima power house in U.P. India 
Is one such case 	). 

From the above it could be seen that a study on cavitation 
should essentially include the following: 

1. Inception of cavitation. 

2. Cavitation damage 
3. Prevention of cavitation. 

5.0 CAVrrATION . INcTPTIoN 

5.1 Nuclei Theory3 

5.1.1 In order to understand the inception of cavitation, it 
is very helpful to examine the conditions for static stability 
for a spherical gas volume surrounded by a liquid. Although 
cavitation is a dynamic phenomena, the basic principles of 
inception will be revealed by such static analysis. 

'3 
5.1.2 As seen from Figure 12, the forces acting on the Inside 
of the bubble are those due to partial pressure of the gas pg and 
the partial pressure of the liquid vapour pv . At the inter face 
( the surface of the bubble) is the surface tension force 
2 -r. ~r ~--, in which 	is the bubble radius acid 	represents the 
surface tension per unit length. The surface tension per unit 
cross sectional area of the bubble is therefore 	or 

ir 
 

ri 
This term 2 - is often referred to as the I surface tension 
pressure'. This surface tension pressure tends to collapse the 
spherical bubble. Outside the bubble is the ambient fluid 
pressure p . For static equilibrium the following equation 
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must be satisfiedz 

pv + pg 	p + 2 	 ... ... 	( ) 

Now, if it is assum-Od that the temperature and weight of the 
gas in the bubble remains constant, as the surrounding fluid 

pressure is reduced, then the pressure pg , for a given weight 

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

i.e. pg 	, where A is proportional to the number of 
r 

molecules or the weight of the gas and r refers to the radius 

of the sphere. Therefore the equation (1) takes the forms 

r 

In the figure 14# ( p pv) is plotted versus r for a constant 

value of surface tension corresponding to 20PC water and various 

values of the constant A. The most significant and interesting 

point to observe in figure 14, is that the curves have a 

minimum. This minimum can be found mathematically by differ en.' 

tiating equation 2 with respect to r and equaling to zero. 

For (p •. pv )m j , 

i.e. 	d(p - pv ) 
dr r4 r~ 

r4 
r2 

or 

r2 

This minimum value of r is designated as r*. Substituting 

the value of r* In equation 2 , 
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(P - Pv)min 	= 	A 	4 	.~,.. (3 £12 G )r*  

-4 

ISO  * P 	pv 	, 4 ~--„ 	where p corresponds to 
3r 

the values of p at minimum or critical points. The existence of 

the minimum value is the relationship between ( p - pv) and r 
explains, at least, the beginning of the cavitation process 
because it reveals that ( p - pv ) reaches Its critical or 
minimum value,) then without furth+r reduction in the ambient 
pressure, the bubble will continue to grow, that is„ the bubble 
becomes unstable. 

5.1.3 It may be noted from Figure 14, that the nuclei instability 
can not occur unless the fluid pressure is reduced below vapour 
pressure and that the magnitude of this reduction below vapour 
pressure depends on the original nuclei size. Tt may also be 
seen from equation 3 that the critical radius for a bubble 
containing only vapour ( I.e.  A = 0) , is zero and, consequently 
the fluid pressure must be infinitely negative in order to 

cavitate such a bubble. Of course, this theory can not be 

applicable, when the bubble radius approaches molecular size. 

5.114 Some experimental data in support of the nuclei theory Is 

also available (04) , (4 ). For example samples of pure water 

were subjected to several thousand kg/sq.cm. pressure for several 

hours in order to dissolve all gas present in the fluid and thus 

purge it of practically of all nuclei. After releasing the 

pressure, the boiling point of several samples, was found to be 

140 C 	2000C. This result is comparable to the value of p - Pv 

in Figure 14 approximately 210 m. of water $ or from equation 3# 
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the largest nuclei present In the sample must has been 1sess than 

approximately i5 x 1o6  cm. in diameter. 

5.1.5 The previous investigation has considered only the static 

stability of the cavitation nuclei. Zt appears reasonable to 

expect that, if nuclei are subjected to transient pressure 

reductions that critical pressure for instability might be 

considered less than the value given in equation 3. However, it 

has been shown that the vast majority of cases, the critical 

pressure predicted by the static analysis is not significantly 

altered by the duration of the transient. It was found that the 

pressure for a time slightly greater than the natural period of 

oscillation of the bubble. For a bubble of dis. 0.0025 cm f  the 

pressure need remain at the critical value for 10 micro seconds 

or less. Thus for nuclei diameters of the order of 0.0025 cm. 

which are subjected to the low pressures that are hydro-dynamically 

produced in large hydraulic structures.)  the results obtained from 

the static analysis of the stability of the spherical gas bubble 

may be expected to closely approximate the dynamic stability of 

such a bubble, On . the other hand, cavitation experiments 

conducted at high velocities on small scale models with short 

low pressure rejoins can be misleading o  if it is assumed that 

dynamic effects do not influence the critical nuclei size and 

pressure.. 

5.1.5 'equation 3, and the previous investigations suggest that 

the almost universal assumption of vapour pressure as the critical 

pressure for cavitation may not be justified. However, it may 

be seen from Figure 14 9  that the vppour pressure is a good 

approximation to this critical pressure, if spherical nuclei of 

appreciable size ( larger than 0.0025 cm) are present in the 
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fluid. Free spherical bubble of this large size probably do 

exist near the surface of river end sea 'Water, and generally 

speaking the assumption of the vapour pressure as the critical 

pressure for large scale hydraulic structures is adequate. on the 

other hand s  when cavitation investigation are made in the laboratory 

with water that Is treated to remove undissolved gas nuclei, the 

assumption that the critical pressure Is the vapour pressure can 

be greatly in error. Similarly water discharged from the lower 

strata of high heed dams may be void of large nuclei and the 

assumption that cavitation begins at vapour pressure may be incorrec 

5.2, OrigIn of uclei : 

5.2.1 The concept of spherical gas bubble as the nuclei for 

cavitation, although convenient as a model for analysis, is 

difficult to Justify in ttie practical case. Some nuclei source 

other than free gas bubbles • must be postulated in order to explain 

the cavitation that Is observed In fluids In which free gas 

bubbles of the required size for instability are not observed. 

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

each capable of causing the phenomena of cavitations 
a- 

1. The free undissolved bubble, usually microscopic in 
size. These on reaching the critical pressure, become 
unstable and grow rapidly. 

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

3. The nuclei that exist In the crevices of the boundary 
material, apparently small gis volumes trapped in the 
boundary material grow to tmcriscopic size either 
because of dyhamic Instability within the crevice,, 
or because of diffusion of gas from the sup -r saturated 
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 away, it may be of stable size, but if the 



55-  

pressure continues to decrease along its paths  it may 
become unstable and cavitate. The degree to which this 
source of microscopic nuclei is responsible for cavitation 
inception depends on the presence or absence of nuclei 
sources (1)'  and (2) and their relative critical pressures. 

5.3. prediction 2f Cavitation Inception 

5.3.1 It has been indicated that If the pressure in the fluid is 
reduced below vapour pressure and if nuclei of sufficient size 
are present s  then the nuclei will become unstable and grow 

rapidly ,  acid this phenomenon Is defined as cavitation, It is now 

important to review how such low pressures may be produced 

hydro-  dynamically and thus to predict the conditions of cavitation 

Inception 

5.3.2 Unseparated Flow:.. On stream lined bodies, If the curvature 

is sufficiently mild, it produces nearly ideal flow without bound-
ary layer seperation. For a given body shape, the magnitude of 

the pressure reduction at the location of the minimum pressure 

can be written as centrain percentage of the total dynamic 

pressure * e V. 

I.e. Amin " P  = Cp;, min * P- V 2 	... 	... (4) 

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

The value of Cp, min is not appreciably Influenced by P or V, if 
the boundary layer does not soperate from the boundary. 

For a given size nuclei in the fluid, there is a pressure 

p* ( From equation 3) that will cause nuclei instability and 
thus cavitation. By establishing Amin  in equation 4, as equal 
to p* ! the hydro-dynamic conditions for cavitation inception 

are established as: 
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R ` d   
t'  
	= 	c p1, min 	•1 	. 	(  ) 

e V2 
 

5.3.3 Thus, if the nucleus size is known for the ambient 

conditions, p* may be found from equation (3) and because cp i  min 

is 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. 

Equation 5 may be written as s 

* Py '* P 
	= p*_  pv 	Pv - P 

	

e y2 	 j, e- V2 

CAS min 	q.. ...(61 

As previously indicated, it is a reasonable assumption that 

relatively large nuclei will present in river or sea water and 
thus the value of p* is nearly equal to the vapour pressure. 
Also, for large hydraulic structures, in which cavitation may be 

expected, the value of V is usually high. Thus the term 

P:....r . Y can often be neglected and the equation (6)• is 

replaced by: 

Pv  - p 	
'" 	Cp! min 	«.. .., 	(7) 

The negative of the left side of equation 7, Is known as the 

incipient cavitation index Ki . This parameter Is now universally 

used for correlating the characteristics of cavitation flows. The 
value of the parameter g 	PU at any condition other than 

e v 
inception is simply denoted without the subscript as K. Thus 
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K 	 and 
IteV2  

k 44 
	

P 	pV 	( at inception) 
e V2  

cp4[min. 

Thus, if the value of K for a given structure and operation 

condition is such that K ki 	the structure should operate 

cavitation force. However, If K . ki, cavitation should be 

expected with the degree of cavitation, depending on the magnitude 

of ( hi t) • 

5.3.4 It may be noted that equation 9 , may not be adequate for 

small scale models tested in water that has been (specially 

treated for the removal of nuclei. For examples several geometri-
cally similar exisymmetric bodies have been investigated for 

cavitation Inception at various speeds and the results are 

presented in figure 15 (39) . It may be seen from the figures  

that the measured Incipient cavitation indices were less than 

CP o in  and depended on both the model size and test velocity. 

However, the data indicates that the incipient cavitation Index 

does approach Cp,min  for large size and high speeds. It is 
quite probable that the scale effects shown In the figure 15 are 
primarily caused by the low concentration of nuclei and the 

smell nuclei sizes present in the test water. 

5.3.6  eperated Flaws=- If the flow about a body Is decelerated 

too rapidly, the boundary layer s ep erat es and the pressure 

distribution along the boundary is no longer a true indication of 

the minimum pressure in the field. Two examples of seperated flow 

are shown in F$eure 16 (a) & (b) . As is shown in the figures  a 
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vortex is formed and cavitation will be incipient when lsi is 
the negative of the minimum pressure co-efficient in the flow 

field C p{min, the barred symbon being used to distinguish from 

the minimum pre co-efficient at the boundary cpjmin. No exact 
method of obtaining Epi,min in terms of the measured boundary 

pressure is known. For the case of a two dimensional offset 

in uniform flow, the results of the experiments conducted 

at the U..S.Watarways experiment Station are shown in Fig. l6. 

Tn these experiments on off-sets, incipient cavitation always 

occurred in the centre of the stable vortex formed downstream 

from the offset. 

5.4 n e tion 0f' Cavitation 1n1 so is ted Surface  rr ulaarriitties: 

5.4.1 If the body is sufficiently smooth the on-set of 

cavitation can be determined from the theoretical value of the 

minimum pressure. But, generally the surface is rough. The 

roughness may be evenly distributed like a machined surface or i 

may be isolated In mature such as an aggregate protruding 

from an otherwise evenly finished concrete surface. If the 

surface irregularity protrudes a significant distance into 

the stream the minimum pressure will be lowered below 
that for a smooth surface. Hence cavitation will result and 

the body will not perform as designed. 

5.4.2 C alehuff, Wislicemus, and Walker showed that 

cavitation characteristics were related to the relative 

roughness height _k f  where k is the height of the roughness 
6 

and is the thickness of the boundary layer. 

5.4.3 Hall (89) conducted experiments on isolated surface 
irregularities in the turbulent boundary layer of a flat plate, 
The relative height of roughness ranged from 0.014 to 3.4 and 

he roughness Reynolds number from 370to300000. He concludeds 
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1. The incipient cavitation' number of an isolated surface 
irregularity in a turbulent boundary layer is dependent 
upon the relative height of the roughness, the boundary 
layer shape parameter, the velocity and other variables 
yet unknown. 

2. For given values of velocity and boundary layer shape 
parameter the incipient cavitation number increases 
with relative height of roughness, which is rather the 
most significant variable to describe the incipient 
cavitation number. 

3. For given values of velocity and relative height of rough-
ness the incipient, cavitation number increases with 
a decrease in the boundary layer shape parameter 
(Boundary layer shape parameter is j, , where ' 
is the displacement thickness and 0 tht'momentwa thickness 

4. In most cases, the Incipient cavitation increases with 
velocity. 

5.6 Cavitation_ Damahe: 

5.5.1 This has been already covered in section ( 3.7.5) . 

5.6 Prevention_ of _.Cavitat o_n Damages 

5.6.1 Naturally the most effective means of prevention of 
/s 

cavitation damage in new structures the elimination of cause of 
cavitation. Therefore the designer should have in mind, the 

facts that sharp curvatures, abrupt corners or any combination of 

circumstances which produce flow curvature, vortices, eddies, 

separation or high local velocities are all conduice to cavitation. 

5.6.2 In completed structures, where cavitation and pitting occur 

and drastic modifications are not possible, various methods have 

been successfully employed to arrest the damage. Replacement 

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

been proved. This method has been particularly useful in conduits 

in dams, where steel liners has been used where pitting was 

occured in concrete, In some structures pitting process has been 



allowed to continue until It arrests Itself, presumablyg  by 

the creation of water cushion. However, this method has little 

appeal as a good solution. 

5.6.3 In the case of hydraulic machines the solution of proper 

cavitation resistant material may reduce the damage. J short 
representative summaty of the relative resistance of metals used 

in hydraulic machinery has been compiled by Rheingous (60) and 

is given below: 

'in 

Alloy 

Rolled stellite* 

Welded M luminimum Bronze 

Welded stainless steel ( two layers 
17 er y 7% Ni ) 
Hot rolled stainless steel ( 26 Cr 
13% Ni) 

c1 

Tempered, rolled stainless steel (12% N4) 

Welded Mild steel. 

Cast 6teel 

J. aluminium 

Brass 

Cast Iron  

Wt. loss after 
2 bra . m:gms. 

0.6 

3.2 

6.0 

8.00 

9.0 

97.00 

105.00 

1240 

156.00 

224.00 

5:6.4 admission of air to the low pressure regions have been 

proved effective in both hydraulic structures and hydraulic 

machines: Higher air content of water has been seen to cushion 

the cavity collapse and reduce its destructive effects, and air 

This material is not suitable for ordinary use, fn - spite 
of Its high resistance, because its high cost and 
difficulty in machining. 
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introduced will upstream from the cavitation region is to 

" break the vacuum" there, thus raising the pressure and tending 

to eliminate the true cavitation. The air introduced in this 

mcnner presumably forms large bubbles, which are compressed 

down stream in the high pressure region but are prevented from 

collapsing by the cushioning effect of large quantity of air, 

which can not be absorbed by the water. Exsmp.Ies o air 
t cM en by R.aamussá (25). 

5.6.5 Of very recent interest are the possibilities for 

cathodic protection against cavitation damage, Although the use 

of cathodic protection was first suggested on the basis of 

electro-»chemical postulates of cavitation damage, it is now 

quite conclusively established that the protection action is 

associated with the evolution of. hydrogen and the associated 

cushioning effect provided by the gas (W), in just the same 

way as air injection systems. 



CHAP T3R s 4 

CADS S OF CAVI`VJ TION ON SPTLLW, YS 

1.0 G ~. ILL: 

	

1.1 	There have been cases of cavitation erosion on. 

different elements of spillway structures such as bagjle piers, 

apron slab beyond baffle piers, overflow surfaces of 

spillways, surfaces of spillway pier down stream of gate 

slots etc. The cavitation erosion on various spillway 

elements can not be tolerated, because of the repairs of the 

damaged portions are costly and difficult. Many often the 

normal operation of the structure may also be disturbed by 

cavitation erosion. Only with spillways operating rather 

deldom, one can allow its elements to the action of cavitation 

and that too for a short period. Many factors contribute 

to the creation of cavitation on spillways. Fore most among 

them is the reduction of pressure on the spillway crest 

due to wrong design. The crest pressure of a gated spillway 

depends to a large extent on the position of the gate sill. 

! 'ong other factors, which add to the lowiring of spillway 

pressures, are improperly designed gate slots, surface 

irregularities, mode of operation of spillway etc. Some 

of these aspects which may create cavitation on spillways 

are discussed in this chapter, 

2.0 CtVT.T! TION Dt3 TO WRONG DZSIGN: 

	

2.1 	From the discussion in Chapter 3, it is quite 

evident that a reduction in pressure is the root cause for 

the inception of cavitation. Cavitation will occur in a 
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liquid when dynamic conditions cause the pressure to fall 

below vapour pressure of the liquid. So naturally a study 

of the cause of cavitation leads us to a study of pressure 

variations due to wrong design. 

9,2 

 

As a general rule, the base curve of the spillway 

crest is the profile of a fully ventilated nappe of water 

flowing from a sharp crested weir. Such a method has been 

founded on the belief that the presence of a solid structure 

below the nappe and in Immediate contact with it, will not 

appreciably affect the course of the freely falling particles 

of water, that is, neither will the nappe tend to spring 

loose from the spillway face, nor will it exert pressure on 

it. But the condition of the flow changes with the introduc-

tion of a solid wall beneath the force falling nappe, even 

though It exactly fits the shape of the nappe. A flow of 
r 

this nature is not only governed by t,cvItatIonal forces, 

but by the viscosity and surface tension of the liquid also. 

These fluid properties exert a tangential force on the 

spillway face. If the fluid were frictionless, it would 

not have been possible to exert any tangential force and 

the flow ow an ideal spillway face should be exactly as the 

flow from a sharp crested weir. If this were the cases  the 

pressure along the profile would have been exactly  

atmospheric at all points. The pressure distribution in an 

Ideal case like this is shown in figure 1. 

2.3 	A hydro dynamical approach to the problem of curving 

flow, such that over spillway crests, shows that conditions 

at any point In the flow are dependent upon those directly 
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upstream. It has been demonstrated by Bazin and many other 

investigators that any change in the crest of the spillway 

will result in a change of the nappe profile (64 '. Logical 

as this reasoning may seam, designers are prone to determine 

carefully the down stream curve of the spillway face and then 
proceed to round off, bevel or prolong th3 short up stream 

curve to suit their fancy despite the fact that the down 

stream curve most emphatically depends on this curve which 

they modify* 

2.4 	In order to study a spillway properly designed, 

according to the profile of the nappe over a sharp crested 

weir of the some proportions and to illustrate the affect 

of ,a change in the curvature in the immediate vicinity of 

the crests, the results of the experiments done by Rouse and 

Reid () are quite revealing. Sven though these experiments 

were done about 35 year ago, the results are still valid. 

Two spillway profiles of practically of the some shape were 

tested known as profile No. I and profile No. 2 shown 

in figure (2). It is seen from the pressure distribution 

shown In the figure, (2) that positive pressures occur at,  

the top of the spillway crest preceded by a negative pressure 
for some portion of the up-stream curve in the case of 

profile 1. Now for profile No. 2 the downstream portion was 

kept some as in profile No. 1, and the upstream was rubbed 

a little. It may be noted that even though the difference 

in curvature was very slight, the pressure variations were 
considerable. In addition to this ideal form of crest, 

another type tested was with a short horizontal section at 

the top, such as frequently encountered in practice, preceded 
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by a short curve of constant radius as shown in figure (3). 

As may be seen from the figure (3) , the departure of the 

pressure curve from the ideal curve is very marked, since 

the change in the form lies more nearly in the regions 

having the greatest Influence of the flow. 

2.5 	Another important point to be kept in mind is the 

avoidance of sharp corners on the spillway crest. For 

example in the case of the profile shown in figure (3), that 

even under the design head the stream had left the crest 

over a short distance s beginning with the abrupt change in 
the curvature, the space below being filled with a small 
roller. The obvious conclusion Is that sudden changes in 

curvatures are to be avoided, for although a roller may at 
first,f ll the region of seperation~, negative pressure at 
this point will mete partial vacuum and if It goes below 
a certain limit, cavitation will be the result. Js a futther 
example of the formation of cavities at this point of abrupt 
change in curvature, the case of the Pucchabon spillway 
In France Is cited$ as this type of design is commonly used 

in Europe (47). Results of the studies conducted by 
Escande are reproduced In figure (4). The illustration 
shows definitely two places of separation at places of too 
rapidly change in surface profile. Jnothsr 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 same reason, if air introduced 

at any point it will be immediately carried down streams 

because the steady change in curvature and is sufficient to 

ensure against separation even under relatively high heads 
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Obvious, however, even for the ideal crest there is a limiting 

heed under which the curvature becomes excessive and for 

which a clinging sheet is impossible. From the forgoing 

it Is quite evident that proper care has bo be taken in the 

shape of a spillway crest to avoid cavitation, even though 

reports of actual cases of cavitation damage occurred due 
to wrong design are few. 

3.0 CAVI PION DU3 "O Tl3 WRONG LOCM'TON OF GA' SCt t 

	

3.1 	The common type of crest gates used for spillways 
are vertical lift gates and radial or tainter gates. 

However, the radial gates are the most widely used crest 
control gates. One of the main draw backs of vertical lift 
gate is the cavitation potential it creates on account of 
the gate slots in the piers. Also under certain conditions 
of operation vertical lift gates may vibrate with possible 
damage to the gate itself. Similar damage occurred to the 
bottom portion of the vertical lift gates of Bouneville dam 
In U..S4bo (25)  • 'fit was found out that the cause of vibration 
was cavitation, when there was partial opening of the gate 
with submergence. So providing radial gates, the cavitation 
potential of the spillway crest is greatly reduced. But the 
it *tallation of radial gates is only a partial solution of 
the problem. For, the pressure variation of a spillway crest 
is affected by the location of the gate seat also. 

	

3.2 	J standard spillway crest is usually designed to 

conform to the shape of the lower nappe down stream from 
a sharp crested weir. This profile is called datum shape. 
When gates are to be used on a spillways  the same crest shape 
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is used from the upstream face to the gate sheets. Down stream 

from the gate seats, the crest profiles are sometimes made to 

correspond to the theoretical trajectory of a jet flowing from 

a unit high rectangular orifice at the design head* However, 

several factors other than hydraulic phenomena are usually 

considered when determining the location of the gate seat. 

If the gate, seats on the crest s  the theoretical curve will be 

comparatively flat and the spillway will contain considerably 

more concrete than is usually needed for stability. if the gate 

seats below the crest s  the profile will be cheaper, but a 

higher gate is necessary to retain the same storage pool. 

Structural consideration also sometimes dictates the gate seat 

location. If a bridgesp ens a spillway, it might be necessary 

to place the gate down stream from the crest to provide space 

for gate lighting mechanism or to provide clearance, when the 

gate is raised. The gate might have to be located down stream 

some times to insure that the firunnion will be above the 

water surface. 

3.3 	Many hydraulic engineers believe that when the gate is 

located on the crest there is a tendency for the jet to spring 

free from the crest at higher reservoir elevations and small 

openings, this may result in sub-atmospheric pressures and 

possible cavitation damage to the spillway. The designers 

also believe that placing the gate downstream from the crest 

results in flow being directed down ward; the tendency of the 

jet to spring from the crest is reduced. It is also widely 

believed that lower the gate seats  higher will be the pressure 

along the spillway, and also that cavitation damage occurs 

immediately down stream of the gate seat, if it is not properly 



located. However $  observations of some prototype spillways 

indicate that cavitation damage to spillway surfaces occurs 

down stream from the region where the control gates have any 

effect on the flow (59), No damage to the spillway crest 

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

attributed to the crest shape and gate seat location. Hence, in 

order to have a better knowledge of crest pressures due to - 

various location of the gate seat, model studies were conducted 

by U.S. Bureau of Reclamation on five spillway profiles 

For the test one piozometer was placed at each tested gate seat 

and others were in equally spaced downstream along the spillway 

profile. The five crests )  used In the investigations, provided 

a wide range of steepness and gate seat location. The location 

The results of these re ults are very briefly discussed below; 
A 

3.4 Ross Dam (Figure 5).  s 

3.4.1 The design gate seat is 10.16 cm* below the crest, the 

scale ratio being 1:24.14. The datum shape is slightly steeper 

than the design shape. A comparison of the design shapes and 

datum shapes indicate that the overfall section from the gate 

seat downstream was designed from the theoretical trajectory 

of a jet from an orifice. From the reasoning previously out 

lined, pressure along the profile should increase„ when the gate 

seat is down stream from the design location and reduce when 

the gate seat is up—stream. 

3.4.2 The pressure profiles in figure (5) show that for the 

same gate openings and heads, the pressure for all gate seat 

locations downstream from the design gate seat are practically 

some. However, when the gate is seated upstream from the crest, 

peizometers from the crest down to the second piezometer below 
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the design gate seat show3d pressures lower than were obtained 

for the other seat locations. And their trend, which may be 

observed from the pressure profiles is that zone of sub-atmospheric 

pressur3s moved up-stream as the gate seat moved up-streem. 

However, for all gate positions the down stream peizometer (No.9) 
-/L9, 

showed pressures more atmospheric. 
N 

3.5.0Atlas Dam Fi ura 6 

	

3.5.1 	The design gate seat is on the crest. The down stream 

shape is the same as the design shape s  indicating that the profile 
.&.A 

was obtained from the lower nappe shape of a '$ ,r t' of meter passing 

over a sharp crested weir. According to reasoning, the pi°essure 

along the profile should have the highest values when that' gate 

seat is 30.5 cm. below the crest and should become smaller as 

the crest moved upstream. The pressure profiles in figures 6 , 

show this to be true in that for both down stream gate seat 

locations, the peizometers down stream from the gate seat indicate 
nearly atmospheric pressures for all gate openings. However, 

it may be noted that In both cases, the lowest pressure obtained 

was practically the same. Also, when the gate seals up-stream 

from the crest, the peizometers from the gate seat to peizometer:6 

indicate subs»atmospheric pressures. Generally speaking peizometers 

No. 6 Ito 9showed nearly atmospheric pressures for all gate seat 

location at all gate openings. Peizometors No. 2 to 5, were 

affected by the gate seat location and the pressure was reduced at 

each peizometar as the gate seat was moved u.s-stream. 

3.6.0  , merican_.,Fall Dam (Figure Z) s 

	

3.6.1 	The design gate seat is on the crest. The datum shape 
is considerably steeper than the design shape, indicating that 	k 
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the profile from the crest down stream was obtained from the 

theoretical trajectory of a jet flowing from an orifice. The 

pressure should be near atmospheric for small gate openings; 

when the gate Is at the design location , for down-stream gate 

seat locations, the pressure should be higher; and up-stream 

locations, the pressure should be lower. The pressure profiles 

in figure; 7, indicate that performance agrees with h the 

reasoning. The only pressures significantly sub-atmospheric 

were those at the crest p eizometer when the gate seat was

up-stream from the crest. 

3.7.0 Bbara Dam (Figure re, 8) a 
r.~~- ~Y Iln ~Illlry.~rr~ir~. ■ 	r 

3.7.1 The design gate is 0.75 m. below the crest on the down 

stream side. The datum shape is steeper than the design shape. 

For this crest, the highest pressures should occur with the gate 

at the design location and they should become successively 

lower as the seat location moved up-stream. also, the 

peizometers should indicate near atmospheric pressures, when 

the gate seats on the crest. The peizometers down-stream 

from the gate show slight reduction in pressure an the seat 

is moved up-stream and when the gate seats on the crest and 

upstream from the crest, the pressures are a little above and 

below atmospheric. 

3.8.0 Canyon Ferry Dam LEigurej 9) 

3.8.1 The deisgn gate seat is 15 cm. below the crest. The 

datum shape is steeper than design shape. The relative shapes 

of the two profiles indicate that the profile down stream from 

the design gate seat was derived from the theoretical tra;jectors 

of a let flowing from an orifice* Therefore, the pressures 
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down stream from the gate should be near atmospheric, when 

the seat is at the design location, higher when it is at the 

down stream location and lower as the gate seat is move up-• 

stream. The pressure profiles on figure: 9 indicatds that the 

pressure increase s  when the gate seat is down stream from the 

design seat and decrease when the gate seat up-stream, even 

though the difference was little. However, for gate openings 

of 8..8 and 23.55 of the design bead, the pressures down-stream 

from the gate seat are practically the some for any gate seat 

location. 

3.9.0 Conclusions: 

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 stream from the crest. When the gate seats up 

streamfrom the crest there is a sharp reduction in the 

pressure at the crest, particularly at small gate openings. 

The theory that a gate seat down stream from the crest will 

give a down ward direction to the flow passing beneath the 

gate seems to be confirmed by these tests. Although the 

increase in pressure was small It was noticeable for all 

crests. Tt may also be noted that the lowest pressure for 

partial gate openings occur some distance downstream from the 

gate seat and not Immediately down stream. This also confirm 

with the observation made on certain proto type spillways(59) 
The lowest pressures occurred on two crests that most nearly 
corresponded with datum shapes. Fig. (5) and (6), and 
generally occurred for a. gate opening of about 33$ of the 
design bead. For the other three crests figures (?),(8),&(9 
the lowest pressures occurred at the smallest gate openings. 

The lowest pressure recorded was about 20% of the design 

head below atmospheric. 
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3.10 Studies on the aspect von also done in Ccne~9a i i7) to 
connection uitI the design of the spI sy for Zdgsrd de 3ooza d 
in Bramil. 'here tents also have confirmed that, it the gate 

is located just on the crests the pressure dour-stroom ri l 
be lour at small. gate, openings than at full gate openings. 
Usually area a Slight ohifttng of the gate seat on the do . 
stream side of the crest Is sufficient to leap the pressure 

for ell Sate openings high3r or equal to the min wa pressure 
occurring at full (ate openings. Figure (10) shows very 
c .early the reduction of m1ni um pressure obtained by moving 
dry stream the gate soot of tdgcrd do Bata dices. 

3.11 ' he problem is ozcetly the acme if n vertical lift Seta 
is used .nsteed of a radial one. This as also experimentally 

proved In Ci ncdc In connection -with the design of Hart Janno 

dam spumy 

4.0 CI V! 1 TON DU 0 TMPH0PR G 	SE'S i 

401 	One of the many factors that has to be borne in mind 

in designing a vertical lift auto to the design of the grooves 

or s .ots In ihicb the ends of g,stoo are cup art•ad. Flow 

turbulences t,Ithin the gate slots and cavitation damage ,dust 

dorms stream from the ;gets slots occur v iihen vertical lift 

(etas are operated at smell openings under bonds in excess .. 

of about 10 metres. High velocity flair passing over gate slats, 

create vortices In the slat. it parties: Soto opentng the 

vortices travel. down the slo' and on to the spillway face at 

the bottom of the slot. t nless gate slots are prop3rly designed 

turbulence and cavitation uili occur to cause the destruction 

of the roller chains $ and wheels as troll as costly damage to 
floti surfaces. Turbulent surging vithin the slots can be 
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controlled by baffle plates ottoch3d to the bottom of the gotoo 

end to some degree by cash ing of the slots* 

4*2 	one of the string ezmpla s of dtmoge occurring on 

spillusy plors cad foco clue to a rrong3.y dosignod sae slot 

to that of the damaged spifluay of Bonneville del In  

It hoe a concrete ogle spi11toy, The erect Gatos coasiat of 

vertical lift gotoo. Frith fixed wheals. The maximum head of 

titter c,or. the spillway to 17.8 n. The spillway onto slots 

are 2.14 so pride and Q.61 n. doep. ""h3 pier malls down 

stre t from the slot is to lina with the troll ujstrocm from 
tho slot and no set back#  tepon or bevel oxists l'ho 10 ,rte.. 

rounded corners of the clot-  are arCoured t4th otoi 1. Soon 

after the spilluny use put into operation It as noticed thtt 

the concrete of the bete of tho pioro and just dovn.►stre sa 
from the gate slot use eroded. It oppoare that tits jot of 
rater Issuing from beneath the Soto i inged on the +crux- 

stream side of th3 gste slot and ucs diverted round the poured 

rnor, but failed to edhoro to the concrete pier ucli do n-

otroem there fron. This probably created covitation in this 

area resulting in the erosion of the concrete. tfter each high 

uctorstheso eroded oreca rare patched tiith various types of 

concrete and ad4xtures but none vero successful In rith-standinj 

the attack*  Lccordingly in 11, stool armour plates of 12 tom. 

thick cud 1,6 m* tide tare installed on the pier walk and 

welded to the corner crmour, A 61 cm. aide Plato Ups also 

installed on the horizontal osee surf COO cd ccont to thi wail. 

Bot aver, these 12 mm. plates vitro also found to be defective 
and in 1945, it vas replaced uttb 30 mme thick araour plate. 
Generally spooking those 30 mm. plates have trithotood the 
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cavitation attack during the succoasfvo yooro. 

4.3 	Another typical ezcmple of this typo of dtago to 

spillway is the case of per}sor dm spillway (16). 

BptU .rrcy of ?ezicer dcn has 6 nos* of 15.2 in z 16.2 c stone; 

gates to pose flood voters*, ¶bo apUlvoy t7as In use for a 

Jong period during the o iy stages vhen pogo house u+ c not 

in operation and during this time the bead over the apilltroy 

varied from 12rn to 16 i.. As a result of this continued 
operationo  an eroded condition similar to that on the faces 

f the Bono illo dcin began to develop on the faces of the 
opill* ay piers and on opillway crest inodi stoly down otroe 
fro: the gate allot. It first o peered below the Cato which 
had tba longest record of operation, but there t es evidence 

of At dOt n otro& 	the other gates aD veil. Subsequent 

op3rotion of other gates had gradually dovalopod the same 

pettorn on all ton of pier feces* 

4.O Cavitation orosion of this nature Is not peculiar to 

American dens alone, Similar cases have been reported from 

Europe o l.so< ),, 

4.6.0 Tn recent yacro model studies, have boon conducted by 
U.S. 

the 4.5 Bureau of k oclriation on most of the types of gate 

slots co my employed. The tests concerned elide gate slots 
In particular, but the result are applicable to vbool gates 
also mince► tb3 main difference In the tooo typos is size rather 
than shapo (10), Based on these oxp3rtaontol rosultoo  coo 

typo of gate slots, uhich era noro 1fkoly to cnuao cavitation 

t cgo are briefly discussed hero. 
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4,,0«1 	t In liras tai th t 	 a 

4.6.1.1 Ono of the most common typos of Bete slots used in 
QCny opiUvoys Is sho in in figure (U) ( The dimensions of the 
gate clot are those used for tasting). This type of slot does 
not have any offset,, either upostrom or donstrem of the 
slot and the upstream and dotmetraa feces are In the some line. 
The tests shoved the pressure of soporsti.on zone along the uefl 

zedistely dounstroam of the .slat and the presence of complox  
currants Inside the slot. A plot of the pressure distribution 
on the wall do nstre frog the slot shoved severe aub-otmosph-
oric pressures in th3 separation zone as shown In figure (12). 
The pressure at the dove stream face of the leaf decreases 
as 'W/D increases, where t- is the vidth of the clot and D the 
depth of the slot. flowavar, this typo of slots serves ado ustol 
for bonds less than about 11 zaotros. 

4.5.2 Blots eith deflector on ustrocm corner and parallel 

4.5.2.1 Doflectora at the upstrecrn odges of the slots, produce 

an oJector action, uhtch lovers the pressures at the slot for 
bold, the reference pressure at the dove stress taco of the 
Seto lief rnd this will induce cavitation. Ctmilsrly, the 
pressures, within the slot at the dounwatroce corner,, trero 
severely sub«atmospheric, as rere the pressures below the 
dove straw corner for large dof3.ectore and snail 44/D ratios. 

'bore ma, be a snail deflector design which would perhaps 
give satisfactory pressure conditions, but-  its size ulil be 
critical. h very largo deflector, thtcb would cause a heavy 
contraction can be used successfully at a slotp whoa aeration 
to provided. 
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4.5.3 Slots with off-set at downstream corner and parallel 
downstream 	walls (.Fie: 4 s 

4.5.3.1 Slots with offset corners and parallel downstream 

walls will have severe negative pressures, within, the slot 

and on the flow surfaces immediately down-stream from the 

slots. The pressure within the:. slot will be lower for large 

offsets than smallones, and the pressure down-stream from 

the downstream corner will be lower for small off-sets, than 

for large ones. This design appears to be adequate for small 

off-sets at moderate heads. For small W/D ratios the pressure 

within the slot at the down stream corner was severely 

sub-atmospheric. The pressure increased gradually as W/D 

increased.. 

4.5.4 Slots with bffsat at down straam corner and divergent 
4o .. stream wall Fi ure 	5) s 

4.5.4.1 Slots with off-sets at down stream corners and 

divergent walls, have low pressures within the slot en- o*" 

immediately down stream from the down stream corner, depending 

on the amount of off-set. The design is only satisfactory 

with large off-sets at a limited range of slot widths, and 

small operating heads. The pressure within the slot Increased 

slightly as W/D ratio increased. Pressure immediately below 
*downstream corner may be above or greatly below 
atmospheric depending on the offset and W/D ratios.% Generally. 

pressure. decreased as W/D ratio Increased. 

4.5.5 Slots with off-set down stream corners and convergent 
flown  s ream wall_j igure  j ) 

4.5.5.1 Slots with offsets at down stream corners and 

constant rate of convergence of the down stream Walls, ..  
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have low pressures just down stream from the line of Inter-

section of the converging and parallel wells. The pressures 

decrease as the rate of convergence increases and intersection 

of the walls may become cavitation potentials. 

4.6 	Similar experiments to find the cavitation potentialities 

of gate slots were conducted in France also, in the laboratories 

of Societe G enobl©tse d+ Studer et dt ;application Hydrauliques, 

Grenoble 2~ and certain results agree with those obtained by 

[.$,Bureau of Reclamation studies. From the results of these 

studies It was found that the classical vertical lift gates 

with upstream seating and normal slots without off»sets and 

without any submergence at the down stream side, the cavitation 

no: < for inception was around 0.25 at difficult openings 

( i.e. for gate openings less than 0,2 and greater than 0.7 

of design head) and K = 0.1 for favourable openings: With the 

down stream of the gate drewned, the value of K was rarely 

below 1. From these findings It may be possible to conclude 

that it would be possible to operate gates having normal 

slots without off«-sets, without cavitation risks for higher 

heads y if the operation of the gate can be limited to the 

safe ranges i.e. between W3 and 2/3 and full gate openings. 

8.0 CLVI1 ?ION Di3 TO 3U'RF CTS 1RREGUURITTl8 s 

5.1  Experience has shown that surface irregularities 

such as voidsl roughness change in alignment, protrusions, 

undulations and abrupt off-sets can cause cavitation 

damage in regions of high velocity flows over spillway faces. 

Cavitation damage has also been known to occur at relatively 

small surface irregularities,, where the velocities have been 

high. It is quite likely that cavitation damage of roughened 
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surfaces continues its destruction far down stream from the 

area affected by the intial cavitation pocket. Jet action 

also contributes its share to the damage by washing sway 

loosened particles. The relative destructs tobess of a let 

and of cavitation has bean demonstrated on many occasions. 

Fresh mortar has been splashed on a concrete surface and 

allowed to remain and set up; later the surface has bean 

subjected to high velocity flow. The mortar being merely 

sticking to the surface will remain even though exposed to 

the full force of the jet, but the cavitation caused by its 

presence as seen to erode away the concrete down-stream. 

	

5.2 	Cavitation and damage to the. concrete surface are 

related to the relative height of the particles forming the 

boundary roughness and the thickness of the boundary leyer (  ) 
For example, if a spillway is operated at small gate openings, 

the average rate of flow up-stream from the gate is at a low 

velocity and the turbulence at the boundary Is small. It the 

down stream end of the gate, it Is another matter. A 

turbulent boundary layer begins to form in the vicinity of 

the gate. Velocities are greatest near the spillway face. 

Here cavitation could be easily caused by small intrusions of 

roughness into the flow. 

	

5.3 	Cavitation damage due to surface roughness on the 

face of a spillway has been resorted from u..S ,$.R. (74), 

This happened on over flow dam of the V.Z. Lenin Volga 
hydro-electric station, which has an itlstalled capacity of 

2.3 million kw, is one of the largest hydro-electric stations 
in the Worlds  and was fully commissioned in 1967. After the 
passing of thft highest flood discharge, which occurred during 
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19583  cavitation damage to the spillway face was observed 

in the form of caverns at places of pronounded roughness in 

concrete. The damaged surfaces were restored by guniting and 

the surfaces were given a smooth finish. Inspactioi3 during 

the subsequent years showed no sign of cavitation damage, 

which itself proves that surfaces roughness on the face of the 

concrete was the only cause of the damage observed earlier. 

5.4 	The problem concerning the severity of surface 

roughness,, which might be tolerated remains to be solved. 

However, the studies made by the U,D.Bureau of Reclamation, 

though exploratory In nature, throe some light on the subject 

Studies were conducted with two typical specimens used in 

Davis dam$  which had some erosion In spillway buckets due to 

cavitation. Two specimens were used, and the roughened 

surfaces used in the study have been referred to as specimen 

No. 1 and No. 2. The average exposed aggregate of specimen 

No. 1 extended about 18 mm above the lowest point of the 

roughened surface and that of specimen No. 2 was 6 mm. The 

studies were conducted in a closed conduit of rectangular 

cross section. However, these results can be extended to 

open channel flow also, as the stream velocity near the 

boundary are affected by a given surface in the some manner 

for either closed conduit or open channel flow. 

5.4.1 On the basis of these studies, curves relating the 

pressure and shear velocity at the inception of cavitation 

are given in figure: (17). The various values of shear 

velocities were obtained by,.;using the aimw - Prondth 
fio - 

equation for velocity distribution In a turbulent which 
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U, = V 1 	V2 

5.75 log10 b 
Y2 

.. •  .. ♦  (1) 

NM 1 

states that$ 

._.,, = 5.75 log10 
	

+ 8.5 
U* 	k 

where y Is the distance above the bottom, k the average value 

of the surfaces protrusion and U. the shear velocity* If the 
values of velocities at two places V1 and V2 are known for 

two values of yl and y2,, the term k can be eliminated in 

the following manner. 

V1 = U* C 5.75 log10 	+ 8.5 ) and 

V2 =-U* (5.75 log10Y2 * 8.5 ) 
k 

V1 -V2 =U, (5.75 log  	- 5.75 log 	) 
c 	 k 

5.75 U* log y 
Y2 

So, with the values of V1 and V2 obtained from the experiment 

for two values of yl and y2 respectively, Uv for various 
pressures are evaluated. 

5.9.2 	It may be noted in this connection that the average 

velocity in a flow required for the inception of cavitation 

the boundary surface is dependent on the approach , 

conditions of the channel also. £ study of the velocity 

profile reveals that for the same average velocity, the 
velocity near the boundary is appreciably greater for a 
smooth surface than for a rough one. If the approach to the 

I©6 4 
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rough ened area were a reasonably smooth surface sufficiently long 

to to establish uniform flow, the average velocity of the approaching 

stream necessary to cause cavitation on the rough surface would be 

less than that computed from the shear velocity curve in figure 

(17)• This probably explains the reason why cavitation erosion is 
very often seem in concretes  when preceded by a steel lining. 

5.4.. Since the velocity near the boundary is the one which would 
attack the rougheed concrete surface, it is the one which must be 

calculated to ascertain whether cavitation would exist on the damagf 
or roughened area, 

.4.4. The effect of having a smoother approach channel on the 

Inception of cavitation on the rough concrete surface downstream 

can be: better amplified with the calculation of average velocities 

for a typical Case. 

5.4.5« In the first case the channel is assumed to be of uniform 

roughness of this type in specimen No.1., let the depth of flow is 
1.52 m. Then the shear velocity for the inception of cavitation 

is found from the graph in figures (17) to be equal to 1.28 m1soc• 

Let the critical velocity at 7.5 mm above the bottom be 

18 n/sec. The average velocity in the channel corresponding to 

this velocity of 18 sec. at 7.5 mast can be obtained by making 
use of the equation (1) and assuming that average velocity occurs 

at Q.67 depth above the channel depth after Vemoni185)• 

i.e. 

1.28 	8 . g 	8 

•367 z 1.82 5.75 log10  
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,► 	Vcvg  = 31.7 m/sec ( Average stream velocity at 
which cavitation x111 occur vith specimen 

No. 10  with Tough approach surface). 

NOV assuming that the a. proach channel to the roughened 

surface is smoother and has about one ,uartar the boundary 

shear of the roughened area$  then 

0.64 	t yg 	3+8 

54,'75 log10 .307  x 1.52 
0.0075 

vavg. _ 24..8 m/sac. C /vercgo stream velocity at 

which cavitation will occur on. specimen 

No. 1. with a relatively smooth approach 

37th"fece). 

S«4.6 'fin the case of f1ov with a blunt velocity profile, the 

average velocity can be considered to exist near enough. to 

the boundary to affect the roughened area. Therefore, if 

the aysrage velocity is critical, then cavitation till occur 

on .Specimen No I at Vavg+ '- 18 3 /sOc. 

Comparing the approach velocities and the average strew 

velocities for incipient cavitation to exist on the roughened 

surface in the Illustration. 

ppr4.sch _ Coidition 	 Beverage atraam. velcc4t 

specimen NFo. 1 t txturo 	 31.? m/sec. 

Roleti.voly smooth approach 
	24.8 m/soc. 

Blunt velocity profile 	 18 II/Soc. 

From the data obtained In the laboratory, a chart us made 

plotting the average velocity n3ar the roughened surface 
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versus dvth of floe { or pressure b3sd) for the condition 

of incipient cavitation for the tt o tested surfaces and shown 

in figure (18). 'fit may be noted, boueVGr*  that figure (18) 

shows the most rigorous conditions i.e. that of a stream 

flowing with a blunt velocity profile. If a stratai has 

partially or fully developed boundary layer,, and the average 

strew velocity is used, this chart bill sho-r pressures 

which are v elI. into the sofa range. 

6.0 CWTATION D1T 	OI't &PILWJ Y F! C 3 

6.1 	Some times slots are given on spillway faces especially 

near the crest to accommodate a gate: seat or for some other 

purpose. 3lots of this nature can also cause cavitation,. 

Detailed studios on the cavitation aspects of those slots vero 

carried out at the guybishe" Civil SngineerIng institutor  

Moscow 	. Figure {19)  alias the pattern of flow In the slot. 

Cavitation arises first of all inside th3* vortices running 

off the dove stream corn3r of the slot and then Inside of the 

slot running off the up.atraaw corner. So a slot of this type 

has tue cavitation co-officionts, one for the upatream edge 

and the other for the dovu stream edge.. The critical 

cavitation parameters for various types of this rind of slots 

have been evaluated on the basis of these studies,. 

7.0 CtVT PArToN`3 DU U TO TBfl GUURT''1ZS ON LCCO `i' OF DtnCnV , 
CONS UC`'TON z 

7.1 	2rregularitfos duo to defoct in construction finishes 

create cavitation(1  ').- Typical tyvss of irregularities 

include abrupt off-sets into the flow*  abrupt off--sets away 

from the flows  abrupt curvatures and slopes away from the 

flow, voids, roughened surfaces and protrusions. Some of the 
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typical Irregularities on,countered during construction of 

hydraulic structures are shown In figure 20;., off-sets occur 
frequently and represent one of the most troublesome of many 
types of izreguiariti3s. Off-sets may be at an angle aitb the 

flow, but era usually eith3r parallel or perpendicular to it. 

The perpendicular or transverse Into the flow off-sets are 
usually the most ob33ctionable ( Figure 20 is ). Off-sets away 

from the flow, and protruding joints ( Figure 20 b & 20 f) are 

also objectionable. Off-sets In joints parallel to the direction 

of flow are not objectionable, but irregularities In the joints 

may be troublesome. Surfaces that curve too abruptly away 

from the flow ( Figure 20 c) induce low pressures that can 

cause cavitation: J preciebie changes in slope or alignment 
away from the flow ( figures 20 d) voids In surfaces (Bug holes), 

surface roughness etc viii cause cavitation under certain 

conditions The formation of vapour cavities In low pressure 

zones and cave.tati©rs damage coed by the collapse of the 
CaViti 3s are shown In figure (21) . 41r can not enter the under-

side of the jet just downstream from the irregularity, and . 

thus a law pressure zone must form to cause the flow to stay 
in contact with the surface* the higher the flow velocity, 

the more the tendency of the jet to leave the surface and 

lower the pressures became, pa a rule, the larger Irregularity 

the lower th3 velocity viii be to give incipient cavitation. 

The shape of the irregularity will also Influence the velocity 

at which incipient cavitation will occur. Two gsnorel types 

of irregularities will be discussed here (i) *"hose that 

protrude Into th3 flowing stream and (22) those that recede 

sway from the streem« 
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7.2.0 Protru.d1;nj Trror ulsrL t s ~Ol~I~IMA~i/~IIA 	NI~N ~~r ~iliil■ ~N 

7.2.1 Sharp cornered off..sets are frequently found In 

construction at joints in forms or joints In th3 surfaces 

figure 20 o). Voids in concrete surfaces# trens'erse grooves 

or protruding joint -are in sours respects similar to direct 

offsets ( figure 20 f). Sharp Off*s3ts into th3 flotr at 

joints subjected to high velocity floe have high cavitation 

potentials* Tn oddition, they may have the undesirr-ble feature 

of subjecting the joints to extremely high impact pressuures, 

protruding offset of this type shoun in figure (20 f) can 

occur on a spillway face at joints bete  en two successive 

horizontal lifts. h typical case of this Is the .cavitation 
erosion occurred on the spillway face of Grand Coube den (50). 

"Where were bulges in the concrete face of the spillway botw3en 

successive lifts. The maximum bulge vas about 7.5 cm. for 
n 

a horizontal lift of 1.52 metres. Deepest Pitting occurred 

just down stream froii from the bulge and vildir pitting occurred 

further downstream. The area uhera the pitting occurred was 

about 90 metros below the spillway crest, where th3 velocities 

might have bean as high as about Z5 metres ,sec. 

7.2.2 A round cornered off-set as shown In figure (22) into 

the floe, I.e. an Doff, -sot corn3r with a rounded edge is 

perhaps the most common type encountered In the field because 

most corners are or become rounded during construction and 

op3ration. Research on these types of off-sets have shown 

that with a constant radius o.f rounding$, the cavitation 

potential of an off-sat increases as the height of the 

off-.sat Incressas and that wlth a constant offer-set the 

cavitation potential Increases as the radius of the 
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rounding decreases,.. 

?.3.0 Rocedinr 3rrgAul6ri :ies t 

7.3.1 Sharp or squared cornered off-sits away from the flow 
are encountered frequently ( figures 20 b a 21 b). jithvugh 

serious, these type of off ►eats probably do not have quite the 
cavitation potential as those off-set into the flog. Round 
cornered off-sets away from the flow are not unusual in 
concrete construction,, The rounding In this case may worsen 
conditions rather than Improve them as it does In the case of 
off-set Into the flow. The off-set of rounding on the cavita-
tion. potential Is not known. Off-sets that slope away from 
the flow are encountered oecassions'ily on spillway surfaces 
( figures 20 c p 20 d 21 c ,& 21 d ). The surface ree*Aing 
from the flow In this manner may have a high cavitation 
potential due to abrupt change in the alignment of the surface. 
Unless the angle is small or so large that the main flats 

definitely seperates from the surface, cavitation Is probable. 

The critical angle will depend on the velocity, water passage 

shape, ambient pressure etc. Higher the velocity smaller 

the angle must be to prevent cavitation pressures. 

8.0 Ct~ T"I ION DV TO 14PONG oP `MTON OF SPTLLWL" x 

8.3. 	It must be realised that for one head known as the design 

heed., for which the spillway crest has been designed, will the 

pressure distribution around the spillway crest will be near 

Ideal condition.. Tf the design head is exceeded,, the natural 
tra3actory of this will be out ide the spillway profile and 
would follow the established profile through a reduction in 

pressure along the crest. So during the operation of any 
spillway, It has to be ensured that this design hand Is not 



exceeded* But instances are many#  where the design head has 

been exceeded due to wrong operation. The defect In operation 

may be due to human error or mechanical error on operation 

mechanism of the spil1iisy gates. 

8.2.0 t echanice3 Errors s 

8.2.1 It Is quite probate that at the time of the pest 

discharge over the spil.wey, the operation mechanism of one or 

more gates may fail to function. I condition like this will 

naturally rase the water level over th3 crest above the design 

levl and the tendency of the nappe will be to move away from 

the spilluey fate cr3stiag a parts c 1 vacuum beneath it. 

Because of this raising of the water level s  ester will floe over 

the crest gates, which happened to be inoperative, as shown 

in figure (23). A free fglling neppe of this type over a 

spillway, Immediately lowers the pressure behind the crest 

gates* J reduction in pressure like this may cause cavitation. 

8.3.0 1jumcn mart 

8.3.1 Under some flood conditions operational errors may 

actually increase the disch.trge at the dam above the design 

peak and consequently the head over the crest goes beyond 

that of the .design head,. By storing too early on the rising 

side of the hydro graph, available storage space may be filled 

In advance of the peak inflow* A situation like this may 

cause cavitation:. 

8.4.0 jalI aus a sti o n 	The fiiUwy tend 

8.4.1 Cavitation damage bad occurred to the Folsom Dan in 

U.S J.., when Its spiliva, and sluices were simultaneously 



oporatod (12  4 Folsom dam has a spillway of ogee typo with 
crest elevation of 327.5 m. The drop from the crest to the 

stilling basin is 92.0 in. isximum. Normal flow regulation for 

Irrigation and flood control Is accomplished by eight 1.62 m. 
wide by 2*74 i. high curved sluices through the spillway 

section., 'these sluices era in two tiers four each at 

elevation + 64*00 in and + 88.00 in. respectively as shown in 

figure (24)-. 

8.4.2 'he passage of flow through the sluices alone caused 
no problems. Flow psss3d smoothly through the sluice end, down 

the spillusy face. However, during the flood of Decomaber,l955, 

the flow was possed over the spillway at a head of as much as 

11.25 m. at the ssme time then the flow was passing through th3 

sluices. The condition existed for aproximately 7 days. tlben 

the flow over the spillway caasad1  damage to the exist portals 

of the top tier was immediately noticed. 	nfnation 

revealed a definite line of damage on each side wall beginning 
at the block-out section and extending to the spillway face# 

It appears that the abrupt change In the alignment at the 

block out section caused low pressure areas to extend along 

the line of the damage* In the case of Folsom dam*  the 

height of the block out section is 1,22 m,. It is believed 

that had this height bean less, damage mould not have been 

as ssvare. Damage was also experienced on the spillway face 

immediately down stream from the sluice exit. 

8.4.3 A similar situation occurred at Table Rock it Missouri 

during construction. From Itoy 24,1957 to .2uly 15,1957, flood 

caused flow to ov3r top one of the lour monoliths at the some 
time that one of the sluices was discharging* Observations 
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Indicated dsmage to the concrete at exit portal, rasulting 

from simultaneous flow through the sluice and over the low 

monoliths. Th3 eroded areas are approximately 0.60 s, high 

and 1.35 it. long. They have maximum width of approximately 

10 cm. and. depth of 4 cm. No erodhed areas sere noted at the 

exit portals of conduits discharging olont; thus indicating 

that damage from cavitation action eras caused  by the 

over topping of the luau monolith. 
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CH ER : 5 

ANTI -VflCU 	RE 	ES 

1.4 INTRODUCTION: 

	

1.1 	The development of sub-atmospheric pressures or 

partial vacuum between down stream face and under side of 

a nappe can create undesirable conditions. 

1.1.1 The resultant force on the spillway section may be 

increased due to this reduction of the back pressure. 

1.1.2 in increase is the lifting forces in the case of 

gates. 

1.1.3 The sub-atmospheric pressures can develop cavitation. 

The result will be the erosion of the spillway face, due 

to pitting. This can also create vibration. While the 

amptitude of the vibration may be small, the accumulation 

of the forces within the dam can cause secondary forces, 

particularity if the natural frequency of the structure 

beers a particular relation to that of the vibration of the 

nappe. These vibrations are also destructive to the mortar 

and therefore can cause cracks that necessitate special 

anchoring bolts to stone linings in the case of masonry 

spillways. 

	

1.2 	Among the three possible harmful effects that may 

cause damage to the spillways, the damage due to cavitation 

is by far the most harmful. Having discussed briefly in 

Chapter;4#  about some of the causes that may create 

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

best method#  however, of protecting a spillway from the forces 

of cavitation is by the proper design to eliminate these 

forces followed by suitable construction methods so as to 

obtain a smooth and uniform surface for the flow of water. 

The sloping faces of over flow spillways have not been 

damaged by cavitation, where proper care has been taken 

to produce surfaces of sound concrete without irregularities. 

2.0 JNTI-VACNUI! DESIGN t 

2.1 	t s is known, a spillway profile is usually designed 
for the best hydraulic efficiency i.e. to have the 

co-efficient of discharge as large as possible without 

really creating sub-atmospheric pressures. Some times, 

some other factors are also taken into consideration In 

shaping the spillway crest. The condition normally demands 

that for the maximum possible of over flow, the pressure 

in each vertical be distributed in such a way that no 

su.b-atmospharic pressures can arise at the surface. J.t 
the some time, no considerable positive pressures are also 

desirable at critical points,, as other wise the solution 

will be too .un-economical. If the curvature Is too slight 

In relation to the height of the overflow, the pressure 

at the crest rises as shown In figure ( l.a) . If the 

curvature is of the correct type*  the pressure at the crest 

becomes zero as showh In figure (1.b) and if the 
curvature is too sharp, negative pressure results as shown 

in figure (l.c). If we can allow some sub pressures, 

which do not cause cavitation we can get an efficient 

hydraulic profiles  which would be economical and give 
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high coefficient of discharge. 

2.2.0 	Of late, Prof. , .ntoni Grzyweinski of the University 

of Vinna has made lot of studies on the aspect- of designing 

suitable spillway profiles for various conditions. He has 

suggested few profiles -known as 11  Anti — Vacuum profiles" (30)  

He has classified the general profiles used in practice into 

3 groups I depending on the height) as follows and calls 

them as Norm Profiles 1,11 and III. 

2.2.1 Norm Profile : I 

2.2.1.1 This profile is obtained, if the air filled space 

under the nappe of a sharp crested over fall Is replaced 

by a solid wall. In this, the curve of the overfall starts 

discontinously at an angle. He recommends this for use 

for eery low dams. 

2.2.2 Norm Profile: II 

2.2.2.1 This profile is developed by means of tangential 

transition from the vertical to the overfall curve. This 

Is to be used in those cases in which for some reason a 

cantilever crest as provided for in Norm Profile III 

can not be used as for Instance in the case of the 

overfall sheets of movable' weir crests. 

2.2.3 Norm Profile: ITT 

2.2.3.1 This is developed through an uniform continuation 

of the crest curve beyond the vertical tangent as shown 

in figure (2). This is also recommended for raising the 

existing capacity of a spillway without adversely affecting 

the pressure distribution on the crest. The pressure 
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distribution for this profile designed for a head of 

1 metre is shown in figure (2). All the sam3, advantage 

in resorting to this type of profile over the other 

widely used practical profiles such as U.S.B.R. i  W.Q.S. 

etc. are not very convincing. For, It may be noted 

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

i.e. when 	> 1 i  negative pressures of about 0.25 m 
Bd 

is seen at the crest. 

5.0 D ;IGN OF 9H13 	STRtM QU .LRANT s 

3.1 	As has been amply explained in. Chapters 4, 
any abrupt change in curvature is to be avoided to have 

a cavitation free profile. However, it may be seen that 

almost all the profiles, which are widely being used, 

the tendency is to provide a compound curve for the 

up-stream quadrant, probably with the only exception of 

the design followed by the U.;.Irmy Corps of Engineers. 

ven the U.S.Irmy Corps of i3nginears were making use of 
e,M,14 o•s 1ie{ 

a compound curve, using the radii equal to 0.2 Hd, where 

Hd  is the design head over the crest. The revised 

equation now being used, was developed by the U.S.Weterways 

sxp4riment station, making use of the co-ordinates computed 
M 	 (46) by N'cNoun, Hsu and Yih 	, which were found by employing 

and relaxation techniques to determine the path of the 

jet in a region close to the up-stream face of the dam, where 

precise experimental measurements would have been difficult 

to obtain. By eliminating the surface of discontinuity 

at the vertical spillway face Inherent in the older 

crest shape, the new shape is believed to provide more 

favourable pressure conditions $  especially for the heads 
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in excess of the design head. it was also reasoned that with 

the older criteria, some separation may occur at the 

discontinuity resulting In relatively rapid development of 

the turbulent boundary layer, an increase in the amount of 

air entrainment and probably a need for higher side wells 

in some designs. 7) 

3.2 	The universal practice of designing a spillway profile 

is to fix the various co-ordinates, for a particular design 

head making use of one of the standard profiles given in 

Chapt3r: , After having fixed the co-ordinates lily this, 

the next stop will be to verify whether there is any adverse 

pressure variation on crest for any condition or operation, 

with the half of hydraulic models. But ,any altogether 

different approach to the problem has bean suggested by 

R.Lemonie (42)•  His method is to allow certain amount 

of sub-atmospheric pressure on the crest to Increase the 

co-efficient of discharge and at the slime time k3eping the 

pressure above the cavitating range by introducing the 

cavitation parameter K also In the design. 

3.2.1 1or evaluating the cavitation parameter on the crest 

he considered the shape of the crest also, by Introducing a 

dimensionless term a , which is a function of -s/H, where -

is the curved distance of the crest from a reference point, 

and H, the head of water over the crest, such that at 

any point on the crest the average pressure Hav  ' --H + ht. 
ht- is the atmospheric pressure. The corresponding value 

of %elocity is in the form of: 



V = ,J 2~ g v H , where j is also a function 
of the same nature as A. Hence, using Bena~ovPili's equation 
the value of Hav can be calculated, if A is the elevation 
of the point below the up-stream water levels 

I.e. 	V2f g = A + h4, - Hay. 

• V = J 2g J+bt-Hav ) 

==f -g ( . *H) 

	

= 	7C and hence the cavitation parameter 
H 

K at any point on the spillway. 

H + b- ha 

H 

v  ~ H 

Experimental studies were made to find the 

relation between the co-efficient of discharge: 

	

Ga. = 	0 	9 K. , and head of water of the 
L• /H312 	crest Hi 

On the spillways of Castit on and Cosaque dams in France, 
where the co-efficient of discharge was 0.53* for a head 

of 4.5 m in the case of Castiton and 0.53 for a head of 
3.54.m and 0.54 for a head of 3.75 m in the case of cosuque 

dam spillway. The results of these experiments done for 

* The co-efficient discharge in these studies correspond 
to 	0 

95 
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different wat3r heads over the crest is shown in figure (2O. a) 
It shows the value of K for different heads along the surface 
of the profile. Making use of the curve available in figure 
(25.a), curves relating Kmin and head of water over crest 

are. .traced for the two g1 en discharges of 0.53 abd 5.4 
as shown in the figure (25 b). If studies of this nature 

are carri id out on different types of profiles, a family of 
curves of different values of co-efficient of discharges 

can be plotted on this figure (25.b). From these curves 
the most suitable profile which bives the best co-efficient 

of discharge for a particular maximum head and ISmin can be 

easily found out. 

3.2.2 Studies on a typical Creager profile were also 

done and similar curves, but different In nature were 

obtained relating cavitation parameter K, co-efficient of 
discharge and the head of water over the crest, as shown 

in figure (26) . ,According to.~Lemonie, a spillway profile 
with KMIn = 0.5 will be hydraulically efficient and $t 
th8_=same time ; fr3e from cavitation risks. Even though 
no elaborate design curves have been developed by Lemonle 
for generalising the design, the idea does give a new 

approach to the design of spillway crest incorporating 
some cavitation risks: 

4.0 D%SIGN OF TH PIIR NOS : 

4.1 	The shape of the pier nose is equally important 

in eliminating sub-atmospheric pressures along the pier 

and adjacent spiliwa,yface,. It Is all the more important 

due to the f act that the lowest pressure on a spillway 
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occurs at the corner of the pier and ogee face as seen 

from figures 31,32 & 33 in Chapter: 2. However, a 

thorough general study on the shape of the pier noses seems 

to be locating, at least from the cavitation point of 

view, even though the practice seems to be to analyse its 

influence on pressure variations for individual cases. 

Perhaps this appears to be reason that various shapes are 

seen adopted for different projects, even though they were 

constructed by the same organisation. Obviously the 

reason being that, though practically all of them are 

streamlined in shape *  they show different characteristics 

for different spillways. To •illustrate this point batter, 

some typical cases from the dams constructed by the U.S. 

£}rmy Corps of engineers are cited here. 

4.2 	By and large, U. .army Corps of Engineers used to 

adopt semi-circular pier noses for the projects under 

their contra.{38). However in the case of MeNary Dam, an 

aerafoil shaped pier nose as shown in figure(3)was adopted 

as this was found to cause the minimum wave formation 

and vortex action. The proto-type test on this spillway 

showed the minimum pressure on the spillway as 0.42 m 

of water when the spillway was operated for a head of 

13.6 m 1.e. 68% of the maximum head. In the case of 

Chief Joseph dam tests in the model with several 

variation of pier noses and gate slots were tried in an 

efforts to eliminate the need of armour plating down-stream 

from the gate slots to protect the piers from cavitational 

damage. However, efforts to eliminate cavitational 

pressures)  When the maximum discharge was 36,000 m3/sec. 



were found futile and an elliptical shaped pier nose as shown 

in figure (4) was provided without armour plate down-stream 

from the gate slot, as it was considered that it would be more 

economical to repair the piers in the case of damage from such 

high flows of infrequent occurrence. -In the case of Dallas 

dam spillway,the pier nose is in the shape of 1.7:1. ellipse 

as shown In figure (5). However, in the case of Detroit and 

Cougar spillways, semi-circular pier noses were provided, which 

showed no adverse pressure variations. 

4.3 	Sven though the earlier practice of th U.S.Corps 

of Engineers has bbeb to provide semi-circular pier noses, 

the latest trend seems to be in favour of elliptical shape 

or some adoption of the elliptical shape for pier nose and 

abutment curves (88). Ratios of semi major to semi minor 

axes have been as high as 3.0 or more. Even though most of 

the spillway pier noses are stream lined, situations had 

actually arisen $  where blunt faces had to be provided for piers. 

For example in the case of Dworshark dams  which is being 

constructed now, the width of the spillway pier is fixed as 

6.71 m, as it had to accommodate the emergency gate slot for 

the sluice. Because of its unusual width It was not possible 

to have an elongated pier nose. So circular pier and abutment 

were proposed and tested. For the maximum flow the 

minimum abutment pressure was-7.62 m. So an elliptical 

abutment curve s  having a semi--major axis of 7.62 m. and 

semi-minor axis of 2.54 m. was provided and the pier face 

left as blunt faced with elliptical curves similar to the 

abutment provided on eithar side. This arrangement produced 

s minimum pressure of - 3.35 m. of water for the abutment 



and -1.22 an of water for the piers which were considered safe. 

4.4 	Perhaps one of the most extensive studies for the design 

of pier nose has been done in India in connection with 

experiments in Rihand dam spillway. In these studies as 

many as 12 different shapes were tested in hydraulic models. 

It Is interesting to note that a pier nose in the form of a 

reverse parabola, as shown In figure (2?) gave the best results 

from the hydraulic point of view. But It could not be 

adopted as it was found structurally not feasible. The final 

design adopted Is Shown infigure (28) . In the case of 

abutment curves an elliptical shape conforming to the equation 

x2/502  •# 2  y 1- 14 = 1 was adopted for the left abutment. 

However, on the right side it was not possibl: to gi,.e this 

type of transition, because of the structures for supporting 

the transformer and hence a circular quadrant of radius of 

3.84 in was adopted. 

5.0 G iTE. SjIi 	L©CATION ! 	- 

5.1 	As has been discussed In Chapter 1 49  the position of 

the gate seat does play an important role In the pressure 

variations of the spillway crest. It was also seen that 

different locations of the gate down stream of the crest did 

not make much differentia between them, as for as the pressure 

on crest were concerned. So it is absolutely essential that 

the gate seat is located downstream of the crest. The Indian 

standard sp cifications also stipulate that the gate seat 

has to be located In such a way that the vertical tangent, 

touching the skin plate of the tainter gate, should not go 

beyond the spillway crest towards the up-stream side. 
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Even though a gate seat location down stream of the crest 

will suffice for all practical purposes, a more rational 

method has been suggested by Parisut and Michel (57)  in fixing 

the location of the gate seat. They recommend the use of 

cavitation parameter K, having already evaluated the pressure 

variations and velocities for different gate seat location from 

experiments conducted for the particular profile. 'Hence 

the cavitation co-efficient K = P/ 	ht  - ha 
V2/fig 

where, 
p/w = minimum pressure bead on spillgay due to any 

position of the gate seat location. 

ht 	= atmospheric pressure 

ha 	= Vapour pressure of water 
2 V 	= Velocity head at the point of minimum pressure. 

The cavitation factor has an advantage of stating not 

only the sub-atmospheric pressures that could induce 

cavitation, but also the velocity head that could be transferred 

locally into additional negative pressure behind an irregularity 

of the surface. For spillway, they recommend the same criteria 

put forward by Lemonie (42) , which is as follows; 

K 	= 0 - cavitation iN certain 

K 	= 0.5 cavitation damage exists, but can be 
tolerated if spillway face is constructed very 
smoothly so that no irregularity will be present 
and if the spillway will operate conditions 
gibing these low value of K only for a small 
percentage of time. 

K 	= 1.0 - No danger of cavitation. 
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6.0 DZ 1G I OF 0b SLOT s 

	

6.1 	' sving already discussed about the types of gate slots 
on spillway piers that m©y cause cavitation and possib13 
danger to the piers and spillway surfaces, a review is made 

here on the typ3s of slots which will not give rise to 

cavitation. Based on the studies of U•S.Bureau of Reeltmotion 
the following types of shapes can be used without the risks 

of cavitation (10) 4  

	

6.2 	Slots with off -sets at the do rnstre m corners and 

constant rate of converging wells with a rounded in tersection 

will be fr3e of cavitation at roth3r high heads. Ro-wever, 

the exact heads upto which this type is suitable have not been 

found out for which further studies appear to be necessary. 

'*. is best to use fairly rapid rats of conv.rgance in so fur 

as th3 pressure within and just down striam from the slots are 

concarn kd,, but the rate of convergence should not be rapid 

enough to cause difficulty in adequately rounding the line 
of inters3cti.on. A 24 : I. rata of convergence with a 30 cm. 

rounding is considered adequate for modercte hoods, but a 

larger radius would be more desirable. 

	

6.3 	A slot design using off-sat corners and a variable 
rate of convergence Is the most desirable from the hydraulic 
stand point. 1 typical gate slot of this type Is shown in 
figure (29). Arcs used in this design should have radii in 
the range of about 250 times the off-set of downstream 

corner. 3lliVs3s can also be used with excellent results. The 

up-stream corners of the gate slot should not be rounded or 

notched, both are dstDtmental to the pressure distribution. 
'she widening of the slots permits more expansion of th 3 jet 
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into the slot, tending to increase the concentration at the 

down-stream corner. However, pressure conditions are acceptable 

to for a wide range of W/D ratios in design using off-set corners 

and with converging walls. This is particularly true for the 

24:1 convergence and long radius of curved convergence. Sharp 

down-stream corners of the gate slots should always be off-set 

away from the flow. The off-set of the down-stream corners of 

a gate slot should be small and related to the slot width 

within reasonable limits, this off-set is not critical. 

6.4 	Another method of avoiding cavitation due to gate slots 

is to provide slot fillers (87) . By this method the end beams of 

the gate are extended down into recesses within the spillway 

crest *  when the gate is closed and rises with the leaf to fill 

the slot section to form a smooth, continuous flow boundaries 

on which no sub-atmospheric pressures or cavitation will occur. 

.vidently this kind of extension of the end beam is possible 

only where the spillway crest is for above the tail wat3r to 

allow for drainage of water. The ideal design of this type would 

be the one which filled the slots at all openings. But in many 

cases tr1s may not be possible from structural point of view. 

However, for a gate height of 16 m 2 m long slot filler has 

been structurally found feasible. Sven though these-type of 

fillers have bean successfully used to eliminate flow 

disturbances created by slots, fillers are expensive and Complicate 

the design of the gates. Moreover, wells to receive the 

followers may become plugged with debris and may present serious 

drainage problems. In cases, where these limitations can be 

overcome, and where slot fillers produce trualy flush smooth 

flow surfaces, they can entirely eliminate the danger of 
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cavitation at slots. 

	

6.5 	Though suitable gate slots on the lines described 

above may be adopted for any future projects, situations may 

actually arise, when it will bs required to modify an existing 

slog, which was already badly designed. So the problem will be 

to make some modification, which will not be difficult to 

construct with the structure already in existence. In a 

situation like this, the U.,.Bureau of Reclamation suggests 

a modification similar to that shown in figure (6). Pressure 

from the slot is also shown in figure (6). For the piers which 

are already under construction the Bureau recommends the type 

shown in figure (7). For future projects, the recommendation 

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

	

6.6 	In the case of dams constructed by the U.SJ rmy Corps 

of Cngine,ars, It has been the more or less accepted practice 

to provide a convergent wall with a slope of 12:1 and an arc 

connecting the off-set to the down-stream corner of the slot 

and the sloping converging wall. They have also provided gradual 

convergence of the down stream wall with off-set by a single 

are joining the off-set and the down stream parallel wall. 

7.0 AVOIDING CAVITATION DU TZ TO ROUG ° N D CONCRE1' ;URF .CES s 

	

7.1 	Design of a suitable ogee profile, fvee from negative 

pressures, is on'y part of the problem and thdM suitable design 

must be followed by smooth construction finishes. It is a 

well known fact that If a concrete surface Is subjected to 

too much of surface roughness in a high velocity flow, It will 

not be free from cavitation potential. However, the problem 

concerning the severity of surface roughness,, which might be 
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tolerated still remains unsolved. If more curves are developed 

between pressure head, and velocity for incipient cavitation 

for various kinds of surface roughuesses similar to the 

figure (18) shown in Chapter:4, specifications for construction 
maJ-Q- 

finishes can be made more exact than now being based on the 

rule of thumb. 

7.2 	In this connection it may be worth mentioning the 

studies made by rhiruvengadam at the Indian Institute of Science 

Bangalore on the effect of surface roughness on cavitation damage 

(76). Figure(9) shows that the Intensity of damage ( rate of 

weight loss par hour of test) is maximum at the beginning of 

the test on s natural concrete surface ( compressive strength 

of concrete, is shown in figure itself). Phi rata of damage falls 

down and reaches a constant valu3 after a particular time 

depending on the compressive strength. . granite block$  having 

a compressive strength of 1150 kgm/cm2, was polished till the 

surface was polished till it becomes glassy in appearance was 

tested. Figure(10) shows that how the damage develops and falls 

down after prolonged testing. Then different surface roughnesses 

were produced varying from 0 to 6 mm on the same granite and 

each specimen was tested for 3 hours and figure (11) shows 

the variation of the rate of damage with the surface roughness. 

From these experiments two points are clear. one that the 

4ntensity of cavitation damage on polished surfaces increases 

with time and then decreases. The initial increase in the damage 

is due to the progressive cracking on account of repeated 

collapse pressures of the bubbles. The decreasing trend may be 

due to the cushioning out of the shocks by water filling the pits 

already formed. Therefore it is clear that polishing the surface 
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is only a temporary remedy. Second point is that roughness 

as such has no affect on cavitation damage beyond a certain 

limit. 

7.3  But the fact remains that for the some pressure and 

velocity, the inception of cavitation potential is more In 

the case of roughened surface than in the case of polished one 

and once cavitation starts, resistance to cavitation erosion 

depends more on compressive strength than on the roughness. 

So the surface roughness is still a matter of concern for 

the hydraulic engineer In so far as the Inception of cavitation 

is concerned. Hence it appears that the conclusion arrived by 

Thruvenga dam is applicable only after cavitation has actually 

started and not for the inception of cavitation. 

8.0 C `:VT rJTION I'R 	SURFJ`.CS FINISHES: 

.l  Good alignment of surface is essential if cavitation g 	 ~ 

erosion is to be avoided, where there is fast flowing water. 

ven the best concrete can not be made that will resist the 

destruction of cavitationel forces in the long run. But, at 

the same time, it is comparatively easy during construction to 

Issign  the surfaces, over which the fast flowing water will 

move so that there is no budge or off-sets.. The idea of 

insisting strict dimensional finishes for flow surfaces of 

high velocity flow is to prevent irregularities that will 

trigger cavitation, which In turn will Inflict extensIe-

damage on the structure and require costly repair and mainten-

ance. The nature of irregularity and its location on the 

structure will dotbrmine that finish. limits .must be adhered to 
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and if the offset is too great, what corrective treatment 

must be applied. Actually cavitation damage may reach a stable 

condition or it may progress to reach extensive proportions as 

shown in figure (12). The cases in which surface curvature 

are away from the flow ( figure : 12 a),.cavitation damage 

will, where the curvature is just right $  reach a point where 

recirculation takes place. This raises the pressure above the 

vapour pressure and cavitation ceases. Phe cases In which the 

surfaces encroach on the flowing stream ( figure 12 b), the 

cavitation will be progressive causing -extensive damage. 

8.2.0 Treatment Qf Zrre ulari ties: 

8.2.1 U.S.Bureau of Reclamation has made extensive laboratory 

studies to establish the velocity pressure relationship for 

Incipient cavitation for different sizes of square and round 

off-sets into the flow (11)  as shown in figure (13). With 

a known velocity and a known absolute pressure, It is possible 

to determine the size of the off-set that can be tolerated. 

A better form of the graph shown In figure (13) has been 

evolved by 'hiruvengadam in the form of a dimensionless 

graph (77),. Here the off-set Is considered as a single 

isolated roughness protruding into the flow, than the 

roughness Reyonolds number will be vze. , where V is the 

velocity and z the height of the off -s3t̀. The r3lative 

roughness would become Z/H , where H is the depth of flow 

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

8.2.2 Rounding the corners of abruuit surface irregularities 

will decrease th3ir cavitation potential. An indication 

of the effectiveness of the rounding of sharp corners into 

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

cavitation potential. Smaller off-sits Into or away from the 

flow may be ground or flat slopes to decrease or eliminate 

the cavitation potential. In the case of slope of the 

grinding or the change in the alignment of the surface 

resulting from the grinding is important. The chart in figure 

(16) will assist In delineating the critical slope change 

for various velocities and pressures. The U,S.Bureau of 

Reclamation usually require that objectionable irregularities 

be removed on slopes of 1:20 , 1:50 or 1:100, where ambient 

pressures are low and velocity range Is 12 m/sac to 27 m/sec, 

2? m/sec to 36 m/sect and greater than 46 m/sec. respectively(ii) 

On spillway faces, abrupt off-sets that are not parallel to 

the direction of flow and which are offset in to the flow 

should not exceed 3 mm (84) Limits of off-sets shown in 

figure (16) also agree with this specification. In the case 

of pier faces also, the specifications require that off-sets 
6~ 

into or away from the flow limited to 3 mm. The irregularities 

or off-sets are always treated by grinding In accordance with 

the slope- velocity relationship shown in figure (16). 

Boundary layer has an important bearing on the finish limits 

allowed. Complete irregularities of specified slopes Is 

required, where the boundary layer of the flow has been 

destroyed or disturbed and th3 velocity near the flow surface 

is high as down stream of gates of outlet works. When the 

boundary layer is completely developed as in a spillway channel, 

the specified finish are permitted and only the excess 

offset is removed from the specified slopes. 

8.2.3 Studies on these aspects have been done in U.S.S.R (62} 
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also and the critical cavitation number for various types 

of surface irregularities, obtained after these studies are 

given in figure (17). 

9.0 FFECm OF V- NOTCH CONSITtUC'"TCN JOTN`'S ON H SPTLLWI Y FACT: 

9.1.0 A brief mention will, be made here on the effect of 

having V -notch construction joints, as on the spillway face, 

as is being done In th3 case of up-stream faces. The usual 

construction practice is to provide flush horizontal. lift 

joints on spillway faces. However, In one of the Corps of 

engineers Projects, Chambered V-joints similar to those often 

formed it" the non-over flow section of concrete dams were 

proposed for the overflow section (SC). The resulting 

discontinuities at the V-joints were consider:d as possible 

sources of cavitation. Co model studies were conducted in 

the laboratory. These results were supplemented by proto-

type tests made of cutting several V-Notches in an existing 

spillway at Clerk Hill dam. The location of the V-Notches 

etc. are shown In figure (18). From the tests it was 

concluded that it may be possible that little cevitational 

damage would occur down stream from the V-joints of spillways 

having moderate heights. 

10.0 SSLwCPTON OF CI VTTATTON RESIST) NT CONCRGT-3: 

10.1 	The best method of providing a cavitation free 

structure is to avoid the formation of the cavities by 

suitable hydraulic design. The selection of a proper type of 

concrete to resist cavitation is not a solution In itself. 

It Is only a cure rather than prevention, for even the 

best form of concrete will not be able to resist the attack 
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of cavitation over a long period. Sven then, selection of 

a proper type of concrete will reduce the harmful effects from 

cavitation to a great extent. Studies on the resistance , 

of cavitation erosion on concrete has been done by maaas 

organisations all over the world. 

10.2 	In the case of concrete, properties such as strength, 

durability and uniformity depend on the water cement ratio, 

cement aggregate ratio, grading, mixing of the adml%cures 

etc. At the Indian Institute of Science, two different 

mixes were taken, one was hand mixed and the other was 

vibrated. The results showed that irrespective of the 

cement content in the mix, cavitation damage was constant 

as long as the compressive strength remained constant(72). 

The findings can be summarised as follows. 

10.2.1 The cavitation damage in concrete is inversely 

proportional to the compressive strength. 

10.2.2 With the increase in curing of concrete, the 

cavitation damage decreases. 

10.2.3 So long as the compressive strength remains the same, 

immaterial of the cem)nt; aggregate ratio, the cavitation 

damage remains the some. 

10.2.4 addition of ad fixtures like surkhi, air entraining 

agents do not materially change so long as the compressive 

strength remains the same. 

10.2.5 Surface fineness and surface hardening improves the 

initial resistance of cavitation damage considerably. 



10.2.6 Tests. conducted on hard rocks end bricks indicate 

that the cavitation damage, decreases with the increase of 

compressive strength. 

10.2.? Polishing of the surface decreas3s the initial damage 

co*siderably, but with the increase in time the surface 

roughness increases and the cavitation damage increases. 

10.3 	Results of the studies done at the S.You.Zhuk Hydro 

Planning Research Station of the U.S.S.R. have produced the 

following results ( 3  ) .. 

10.3.1 Reduction of water- cement ratio from 0.6 to 0.5-0.4 

increase of the cement, mortar strength from M 400*- M600*  

( with the same water cement ratio). Vacuum treatment of the 

specimen surfaces and increase the age of concrete from 28 

to 90 and 180 days increase the cavitation resistance of 

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

10.3.2 The use of gravel instead of grit, dense and strong 

granite instead of lime stone and curing under normal 

conditions than using heat moisture treatment increase the 

cavitation resistance by a factor of 1.5 - 1.6. The 

resistance of the concrete is favourably affected by using 

artificial sands. 

10.3.3 No affect on the erosion of concrete exerted by 

varietlons in the cement content, other conditions being 

equal or by change in the maximum filler grain size between 
10 and 20 mm. 

*NS 40U -corresponds to a compressive strength of mortar 
. speclinen of composition 1:3 to 400 kgm /cm 2  4svdrage) and 
that of M600 to 600 Kgm./cm2 ( average) . 
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10.4 	Hence, it may be seen that the greater the effect of 

the parameters on the strength and density of concrete, the 

more obvious is their value for increasing the resistance 

of the concrete to cavitation. Figure (19) plots the 

relative erosionof the concrete versus the compressive and 

tensile strengths. In figure (±9) the relation between erosion 

and tensile strength is seen to be less clearly marked. 

Thus the compressive strength is a. better index of the 

cavitation resistance. It may be noted from figure (19) 

that when the strength of concrete varies from 440 - 520 kg./cm2 

there Is practically no change in the relative erosion, 

From this It can be concluded that further increase in the 

strength does not lead to any appreciable reduction in the 

relative erosion of the concrete. Figure (20) plots tests 

results on good and poor concretes in comparision with the 

test results on other materials, which are most resistant 

to cavitation. It may be seen that the relative erosion 

of even the best concrete is one or two orders higher 

than the relative erosion of granite and several times 

higher than the relative erosion of polystar plastic 

concrete. 

	

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

it is now believed that resistance to cavitation erosion of 

concrete surface depends also on the strength of the binder 

between the aggregates also. The erosion begins with 

the disintigration of the mortar enveloping the coarse filler 

grains. After the exposure of the grains, disintegration 

develops at the contacts between the mortar and the filler 

grains. As the cement Is washed away, the adhesion between 
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the fill3r grains and the mortar is so weak that due to 

the velocity of the flow breakes off filler grains and 

carries them away exposing deep r layers of concrete. The 

relative erosion of these materials decreases in direct 

proportions of the strength of these structural links. In 

concrete these links are between the cement bond and the 

filler; in finely crystalline granite, they are due to the 

inter-crystalline forces of interaction ; and in the polymer 

materials, they are intermolecular forces of physlo chemical 

nature, which are many orders of magnitude stronger than 

the links .h the concrete between the cement bond and the 

filler, so that the polymer has a much higher resistance to 

cavitation erosion. For example the cavitation resistance 

of plastic concrete on a base of PVC resin was found to be 

1.15 times higher than mild steel.. 

10.6 	Some preliminary studies to find the effect of surface 

hardnening chemicals against cavitation damage were done at 

the Indian Institute of Science, Bangalore(73  . Several 

chemicals and water rupellent agents like Impermo Nubindex-. 

t.C.C. water repelling agent and Ironite were added as 

admixtures to a concrete of 1:2:4 proportion by volume and 

a water cement ratio of 0.55 ( Ironite is pure iron filings 

crushed fine) and subjected to cavitation damage. The chemicals 

were added to cement mortar and plastered to the concrete 

surface tested. The results were erratic, but the trend 

is that any chemical which increases the compressive 

strength of concrete will stand cavitation batter. 

Application as mortar is buj- ter than adding to .concrete 

as admixtures. 
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11.0. MIX PROPORTIONS AND MIT :RTLi x s 

STRNG 

11.x. 	It has been conclusively arrived at from the 

discussions abotie that the resistance of concrete to the 

forces of cavitation increases with the increased compressive 

strength of concrete. So the American Concrete Institute 

recommends that when a structure is subjected to forces of 

cavitation, the mix is to be proportioned for a minimum 

strength of 420 Kgm /cm2 (91 ) • 

11.,1.E 	gregates  = 

11.1.2.1 It has been demobstr ated that the larger particles of 

aggregates are plucked out or passed out of concrete by the 

forces of cavitation more easily than smaller particles. So 

the.jmeri.can Concrete Institute recommends .a m6ximum size,  

of 20 mm (91) . ,. 11 the same recommendations on the aggregate 

dimensions are contradictory. Grij of Germany suggests the 

maximum size as 5 mm. and Ts.G.Ginzburg and I! .M. "ehistye Kov 

of U.S.S.R recomm3nd the maximum size as 60 mm, f S). Granite 

crushed stone is considered the most suitable aggregate for 

the prepvation of anti-cavitational concrete. The bond of 

the aggregate is more important than hardness in the case 

of cavitation. 

12..0 REPtIRS TO ISRQDDD `:REJ S: 

12.1 	Where concrete has been damaged by erosion, it is 

almost certain that the repaired section will be damaged also, 

unless the cause of the erosion is removed. Sometimes it 

may be economical to replace the concrete periodically 

than to shape the structure to produce streamlined flow. 
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In repairing the concrete it is essential that necessary 

attention b3 paid to many details, because expentence has 

shown that repairs that were carelessly made, had become 

defective later on and had to be replaced. American concrete 

Institute lays down the following procedure (91). All damaged 

concrete and loose and broken particles should be removed. 

The holes to be repaired should be enlarged to a minimum 

depth of 15 cm. with a minimum area of about 930 sq.ccm. It 

is extremely important that the concrete to be repaired be 

thoroughly cleaned by wet sand blasting followed by working 

with an air-water jet. The holes should be kept continuously 

wet for not less than 12 hours prior to the placing of new 

concrete. Cavities should be free of any water at the time 

of placing and preferably should be surface dry. It is also 

necessary to grind the surface properly after it has been 

hardened. 

12.2.0 Because of its high resistance to erosion, plastic 

concretes of pcllye er materials are now being widely used 

in many countries as protective castings. Plastic concrete 

were used for the flow structures of Preist Rapids and Rocky 

Beach dams, in U.; .A. and their successful operation over 

a period of 4 years permitted the metallic lining covering on 

the submerged spillway of Milford dam to be replaced by 

expoyry plastic concrete (23) & (24). Similar protective 

coatings were also given to an area of about 200 m2  during 

construction of Charvak Hydro-electric station in U.S.S.R (?1) 

13.0 THTE, UST OF $PONS, MASONRY FOR SPILLWAYS 

13.1 	Some studies have been done at the Central Water. 

& Power Research Station,, Poona on use of stone masonry 
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for spillways ospocioli ion the point or vi.eu ox r sisGencO 

to cs citation dczage 	.. tt is stated tbet for s normally 

dt3signd spill*qsy crest for heads upto 10 m to 12 m, a 

fairly rough dressinr, of th-3 surface x..11 be snt Cable znd 

free from negstl%a pressure conditions for both the crest 

and ownatream glsc .s for 1ev 4 s of the order of 25 m or 

so. 00 sier, If the crest Is under designed, pressures sr3 

wall effected by the surf aco  roughness i based on the mode . 

studies r°ecomm9nda ions have Wan made for th3 sliovable 

tolerances for the masonry teeing for th.i negative pressures 

which are considered safe: 

0 •• MMO Pro 	m. b 	em. t llovab a tolerance 
d 	- cms. 

9 'iSC 45 Goo 

24 6*.0 45 2.3 
i0 3.0 48 0070 

46 3.0 4 0*46 
were 

Depth of any point on glscts below the up-scree 
water level* 

b  w s
ovtb 	a tie res s to mar 	ti#t ;er* tance e een su cess ve masonry 1oc1c.s Slong 

the line of the profile} 
i llowab a tol. rsnce bbetveen successive blocks. 

k 

This criteria also agrees more or less with the 

Observed conditions. flot 3v 3r, in tha cs.se of tronsittons 

from the sp i lw y taco to the horizontal apron, where the 

velocity is high, difficulty has bean observed In a 

numbr of canoe cnd s ana cssoory has a, t bnn found 

satisfactory and It has been the opinion of C.WW.& P.R. 

to recommend the use of concrete In all such transitions 

'P2 * coin draw back of the stone mason y spi.liwsy 3s that 
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of the possible dislodgement of the face stones from the 

spillway face, when subjected to high velocity flow. In 

general the recommendation of C.W.& P.B.S. can be summarised 

as follows: 

13.2 For over flow crest high degree of dressing is not 

required.- Coursed rubble masonry with stone size ( say 

about 60 cm. x 30 cm x 60 cm embedding) would have no 

detrimental effect and in some cases randon rubble masonry 

is preferable to cut stone masonry due to the difficulties 

in "biendling , placing etc. and in vie 6 of the possibility 

of better strength and bond than the former. 

13.3 1or the down-stream glacis, concrete lining and 

cut stone masonry are equally satisfactory for heads 

upto 25 m. or so. However more studies are required to 

specify the exact type of surface dressing required. 

14.0 INCRS SING CbV'TTATI0N RZ SIS ` 1NC BY SP CIJ L SURFACE 

14.1 In general, erosion resistance of concrete Increases 

as the strength of the concrete is increased. Material 

and methods which tend to increase the strength of the 

concrete at the surface or through out the mass also 

increases the erosion resistance. For improving the 

strength of the surface of the concrete vacuum process 

and absorption form lining are usually adopted. Both 

these methods allow the escape of water and air voids 

from concrete. Surfaces treated by these processes are 

dense, hard, free from voids, and are more resistant 

to the action of cavitation, 
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14.2 V acuum Processi 

10.2.1 This process essentially consists of applying a 

vacuum to the surface of concrete through a mat which 

permits the escape of air and water to the vacuum pipes. 

The vacuum process can remove as much as 20% of the water 

to a 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 

portions of the mixing water required in providing 

satisfactory workability for placing. concrete. It 

apparantaly does not remove any of the entrained air 

from the interior of concrete, but does remove the 

objectionable surface voids caused by air collecting 

ggainst the form. By this process the strength of 

concrete Is increased as much as 50%. Because of the slight 

imperfection in alignment which usually occurs where 

the vacuum process is employed and because of the irregu.-

larities of the met employed in the process, grinding of 

the concrete surface is recommended to smooth out 

imp3rfectionss  where high velocity flows are expected. 

The vacuum process was used for improving 32,550 sq. m. 

of Shasta dam spillway face (7)  . Vacuum process was also 

adopted for finishing the top portion of sp i vay crest 

of Rihand dmn(?0) 

14.3.0 ApsorPtive  

14.3.1 Absorptive form liner can also be used in finishing 

the concrete sur face. This kind of liner serves two 

purposes. Firstly It produces a case hardening of the 

surface by withdrawing the excess water from the 



concrete. Secondly It eliminates the surface ixgularity 

produced by I bug holes ' . in the case of Brazea River 

project in Canada concrete having a strength of 380 ,r 400 

kgm•/cm2  could be raised to 500 - 730 kgm./cm2  by resorting 

to this process ('53) . Spillway surfaces of Norfolk and 

FFriant dams were also finished with the help of absorptive 

form liners. 

15.0 J:RMMY0N OF SPTLLW, YS: 

15.1 One of the most widely adopted methods In eliminating 

vacuum In a flow is introducing air into those areas. 

All natural waters contain air and impurities In sufficient 

amount to allow cavitation to occur above vapour pressure 
It is therefore Important to distinguish between air 

normally contained in water, which aids forming of 

catities and air added to the water for the purpose of 

reducing cavitation pitting. The exact part that entrained 

air play In reducing pitting Is not known, but it is 
widely believed that the air introduced produces cushion-

ing effect and this helps to reduce the pitting action. 

The method of introducing air into the water would probably 

have some effects on the characteristics of the mixture. 

Air Introduced into the flow system ii small bubbles 

well distributed across the flow section would be more 

beneficial than air Introduced in larger bubbles and 
concentrated at one local area. The air introduced 

follows a flow stream line and its effects eztende4 over 
a relatively narrow bond. Studies to know the effect of 

entrained air on cavitation pitting were done at the 

U.S.Bureau of 'Reclamation (50) ad itha rus - 
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The resulting curve showed that the entrained air reduced 

the amount of cavitation pitting. Small amounts of air 

( as low as 2%) have definitely beneficial effect, while 

7.4% of air is necessary to remove thaharmful effect 

entirely from this 2 hour test. It is also clear from the 

results that entrained air also Increased the cavitation 

number by Increasing the pressure in the cavity producing 

region. 

15.2 When the lower nappe of the falling sheaf, of water 

does not adhere to the spillway face$. an air space will 

form unless an outlet to the outside atmosphere is 
provided. Flow over a properly shaped ogee will adhere to 

the spillway face for heads upto several times the design 

head and hence no provision for aeration is usually made 

for spillway crest. But a situation may arise, when the 

operation mechanism of one or more gates may fail during 

the time of maximum discharge over the spillway, resulting 

In a free fall of the nappe over the gate crest to the 

spillway face downstream below-. 	situation like this 

requires aeration of the nappe to keep the sub-atmospheric 

above a certain minimum. Because4this purpose air vents 

have been provided on the spillway of Rihand dam . 

15.3 #tir Demand s 

15.3.1 A relation between the air demand and the reduction 

of pressure beneath the nappe has been developed by Hickos21  

The relationship was developed by laboratory tests on 

many spillways and on a prototype ( 12.2 in x 6.1 in ) 

vertical lift gate. he air capacity required to 

maintain the pressure reduction beneath the nappe to 
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any desired value may be computed by this formula; 

3.64 0.5 q~ ~ t c x©~ 	g 	 (1) 
pIr 

where, 

qg = air demand in metre length of the weir In 
m3/sec. 

Uo = Head of water over the tope of gate in metres. 

Pr = Reduction of nappe beneath the nappe In 
metres of water. 

C = Constant depending an the ratio of the discharge 
over the tap ,p the gate. 

If there is no discharge beneath the gate, C Is equal to 

0.777. If there is flow beneath the gate also C iIay be 

determined from the table given below, which gives 

approximate values of C for various values of U, where U 

1s' dimensionless ratio computed by the following equation= 

— 

where, 
I = Height of opening beneath the gate in metres. 

Hu = the head on the centre of opening beneath 
the gate. 

Relation of air demand and co-efficient for vertical 
lift crest gate to discharge beneath the gate. 

TBL~' 

U 0 	0.5 1.0 1.5 2.0 2.5 4.0 

C 0.077 	0.135 	0.175 	0.202 0.219 0.225 0.225 
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15.4 air aYent Sizes rr~~wMrlrr~r! 

15.4.1 Having determined the air capacity required to 
maintain a specific pressure reduction beneath the nappe 

the vent size may be computed by the use of hydraulic 
equations. Since the vent draws air from the outside 

atmosphere, effective head causing the flow Is equal to 
the allowable pressure reduction beneath the nappe. The 

procedure of finding the air vent size may be better 
explained with the help of a typical ease. The problem 
is to. findthe size of air vent required for a 12 m wide 

gate, with a head over the gate as 6 m and the maximum 
' allowable negative pressure is l..5 m.  

Fiom the table C = 0.077 as there Is no discharge beneath 

the gate and substituting the values in equation (1) 

3.64 	0.5 qa = . (0.077 x +6), 	x 9.81 	= 0.121 m3/sec • 
1.51 14 

	

. ~. Total air demand 0.121 X 12 = 	1.5 .m3/sed.. 

For the design of the air vent, the following assumptions 
are made; 
Rougosity coefficient of air duct 
(assuming rough surface.) 	= 0.003 

Friction factor 	- 0.023 

Loss at entrance 	= 0.2 v2/2g 

Loss at bond 	 - 0.15 V2/2g. 
Ratio of sp. weight of water and 
Sp: weight of air 	 = 830 
Length of air duct 	= 50 m. 

Only one air duet will be provided 
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Assuming a head loss of a metre of water 

.023 x S4 V2/2g x 830 _V 4 0.2 , . + 0 
2g 	2g 	2g 

.e. 830 2 x 9.81 = ( 1.35 + 1.18 

(1.35 d + 1.15) 3, 66 
d5 

L 	d ) 
L4 
L ~ 

.•. 	d5 = 4.95 d + 42 
830x 19.62 

solving this equation the value. of d i.e. the diameter of 

the air vent is evaluated as 0.25 m. 

tnothar point to be borne in mind is that the velocity in 

the duct should not be allowed to go beyond 45 m/sec. to 

minimise noice. 

16.0 "UND R Dd6SGN'AD CRCST.• 	I 

16.1 	 iscussed so iar about the harmful effects ~g s 

of having sub-atmospheric pressures on the spillwcy crest 

the next logical question is how far the pressure can 

be allowed to develop below atmospheric pressure 

without any appreciable damage and is It absolutely 

essential to have spillway which will give positive 

pressures all the time. All the same$ negative pressure 

has its advantages also: For, it is a well known fRct. 

that nagativo pressure in the region of the crest fs 

accompanied by an Increase in the co-efficient of discharge 

and when as a positive pressure signifies that the 

co--efficient of discharge .is_ reduceth-3rh4Ls genaralisation 
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holds good not only for changes in the profile under a 

given head, but for variations in the head as well. Many 

experiments have been conducted, notably by Souse, Raid 

and Uillmann (6') to show that the maximum head may be 

many times as large as the design head without separation 

of the neppe. The variations of co-efficient of discharge 

for heads other than design heads for a standard U.S.. 

Army Corps profile (Wis Profile) is shown In figure (21) 

So economy in the design of spillways may some times be 

effected by using a design head for the crest, vhich Is 

less than the expected maximum head on the crest. 

Experiments at the U.S.t aterways Zxperi,ment station have 

shown that pressures only slightly below atmospheric 

pressure which do not produce cavitation, occur at 

maximum head, when the design head is not less than 75% 

of the maximum head. This practice is almost uniformly 

adopted no' by U.S.Jrmy Corps of 1nginaars for the design 
b 

of their spillways. Even prototypes tests 1e the U.S. 

Army Corps of Engineers on spillway of Chief Joseph dam 

which was tested for 1.1 times the design head did not 

show any adverse pressure variation on the crest (9)• 

1E~.2  even though most of the organisations follow the 

practice of under designing a spillway to make their 

designs more economical, none of them does seem to take 

into account directly the pressure, which will occur 

on the spillway at the time of the design. Hence u more 

rational approach to the problem can be given., if the 

minimum pressure to be allowed Is decided first and 

the design head fixed according to that. An approach 
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to this method bean suggested by Cassidy(l3). Based on 

experimental results he has bean able to draw curves relating 

L_ ( .P min ~2. and 	min; ; and jm, in and Q 
R 	w ' 	 0 WH  

Ja(U3 
for various of a" where, Bd is the head for which spillway 

crest is designed and T the height of the spillway crest above 

the river bad. These tests were made for the standard WES 
profiles. Jas the procedure suggested seems to simple the 

design outlines are vary briefly mentioned here. The curves 

used in the design are show in figures (22) & (23). 

1. The minimum pressure to be allowed is decided first. 

2 • For this pressure the parameter L 
calculated. 

3. Using this calcula4 ed value of 

the corresponding value of 

(- min )W2 is 
w 

(- 	min )3/2 
V 

is read from figure (22) 

4. From the value of 	n 3 g is calculated. 
W WE 

5. The spillway height is now computed as knowing already the 
level of Maximum reservoir level from hydrological studies. 

6. Using the computed value of 1i, the co-efficient of 
discharge is calculated. 

7. Using the figures ( 22), the proper value of Hd/T can 
be selected to yield the requir©d value of C and p min/WH 

8. From this value of }!d/T, Hd can be found, as T is 
already known. 

17.0 BOUNDARY L!Y3R CON1 OL ON SP2LLWAS t 

17.1 	Separation of boundary layer takes place in prectica- 

Ily all hydraulic structures, which deal with flowing water. 

The consequent turbulence gives rise to excessive loss of 

energy and negative pressures created may cause cavitation. 
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In order to determine the effect of providing devices for 

boundary layer control on pressure distribution along the 

spillway crest. Certain experiments were done by ;lsthana W  . 
From these experiments it was seen than an obstruction in 

the form of 4.5 mm. diameter rod, when placed at a 

particular location downstream from the crest in the Creager 

profile for a design head of 4.75 cm. was capable of 

eliminating negative pressures for heads upto 8.75 cm. It 

is argued that the induced turbulence due to the introduction 

of the rod eliminate the separation of the boundary layer 

and consequent negative pressure. 

17.2 	1iowever, Rouse ' argues about this occurrence in 

a different manner.. lie points out that as the thickness of 

the rod was many times larger than the boundary layer 

thickness, it would not have been possibly to have any effect 

on the boundary layer and at the crest the rod might have 

had an effect In changing the configuration of the profile, 

thus giving rise to different pressure distribution. Soy 

further studies on this aspect was done at the T.T.T. 1 adras 

studies were conducted on 3 profiles, designed for various 

design heads and the effect of having rods at different 

places were explored for values of fl/Ed ranging from 1.5 to 

2.0. The results obtained from these studies may be summed 

up as. follows. 

It was not possible to eliminate negative pressure 

completely. Negative pressure diminished in,this 

area upstream of the rod and in some cases positive 
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pressures were observed. In the area just down stream 

of the rod negative pressure increased. In the areas 

further down stream From the rod, negative pressure 

minimised. It was also noticed that the maximum 

positive and maximum negative occurred immediately 

up-stream and down stream of the rod respectively, 

17.3 	These experiments described above were not very 

elaborate in nature and as such no general conclusions 

can be arrived. However, this approach gives a completely 

new perpective to the problem. 
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1.0 	The design of a spillway of any darn is the most 

Important in th4A overall planning and design of works. 

Spillways are like safety valves, which if not properly 

designed, or in-adequate, can cause unfold miseries and 

halpoc . ii comprehensive study conducted by Water Resources 

Development Training Centre,, University of Roorkee, indicates 

that a big percentage of dam failures were dua to improper 

and in-  sufficient spillway capacity. The design and type 

of spillway is governed to a great extent on the foundation 

rock continuum and types of dam. Though a number of 

spillways types are available, the most prevalent is the 

'ogee' spillway. This type of spillway is invariably used 

for all projects in the country. 

	

2.0 	Extensive work has been done by many questers on 

profiling the spillway with as little sub-pressures ar-9 ag 

possible. The hypothesis of all these designs has been to 

evolve a profile conforming to the under nappe of a free 

falling aerated water jet over a sharp crested weir. This 

profile, when designed for certain design head, Hdi  gives 

some negative pressure, when operating under a head higher 

than the design head or at partial gate openings. A 

profile accommodating these limitations would lead to a thick 
and un-economical profile, which would also be hydraulically 

less efficient. On the other hand a profile allowing some 

negative pressure, apart from lowering the reservoir level 
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would also economise in the length and concrete of spillway. 

Different types of profiles conforming to both the criteria$  

viz. no negative pressure for design head and profile 

allowing some negative pressure for design head have been 

detailed and discussed in Chapter 1 2,. The compilation )  

though not complete, however, is exhaustive and covers all 

that was available in the literature collected. Studies 

show that Creagar profile is by far the most common,, but 

his results of the U.S „Irmy Corps of engineers profile are 

more encouraging and is recommended for adoption for 

future projects. 

	

3.0 	Weirs with up-stream overhang and off-sets can 

be used with advantage and economy, if it is structurally 

possible. However, spiliway sections are not recommended 

with values of M/N ( where M is the height of riser on 

off-set weirs and N is the horizontal off-set on off-set 

weirs) more than zero and less than 0.5. For these range 

of values of !4/N, flow conditions are unstable. 

	

4.0 	The lip of the tainter gate should be located down 

stream of the crest point. In the case of vertical sift 
gates or stop log gates, proper design of the gate slot 

is necessary to avoid cavitation inception. The design 

principles of gate slots are discussed in Chapters 5. 

	

5.0 	Different types of anti-vacuum remedial measures 
like proper spillway profile, aeration arrangements 'etc. 

should be planned and provided without fail for all 

overfall spil7.ways. All these methods have been discussed 

and exemplified in Chapter: 5. , 
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6.0 	Various causes of possible cavitation damage like, 

wrong design of spillway, rough spillway surface)  improper 

ventilations, wrong location of gate seat and under design 

of spillway profile should be checked on the model before 

adopting on any spillway In the field. 

	

7.0 	Ibsorptiee form lining and vacuum concreting have 

bean suggested and used at certain places for obtaining 

hard and smooth spillway surface. These methods*  however, 

are costly and require careful planning and control in 

construction. Better profiles and smooth surfaces can be 

achieved by proper use of forms and rich mix concrete on 

the spillway profile. This has been done practically for 

all the spillways in the country. 

	

8.0 	The air demand and air vent size can be evaluated 

with the help of H j,cj oa's formula, which has been 

discussed in Chapters 5. 
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