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A STUDY OF CAVITATION DAMAGE ON THE - ,-.- ...-~ 

DAM SPILLWAY QE TIlE Q!m.I PROJECT 

I. INTRODUCTION 

The Guri Hydroeleotrio Projeot of the Corporation VenezQlana de 

Guayana (CVG) is located on the Caroni River in northeastern Venezuela. 
The projeot inoludes a water impoundment oreated by a oonorete gravity type 
dam. The dam oontains a three-ohute oonorete spillway, eaoh ohute oon
sisting of an overflow gated orest, a steep ohute, and a terminal flip 

bucket. The spillway flow is projeoted f~m the buoket in a high arohing 
jet whioh plunges into the tailwater pool for final dissipation of its 
energy. 

Spillway flows were first released from the new struoture early in 
1969. Inspeotion of the spillway late in 1969 disolosed signifioant soouring 
or erosion of portions' of the lips of the buokets and the' ends of thesi.de 
training walls. The Barza Engineering Company t whioh designed the structure 
and provided engineering assistanoe during the oonstruotion and initial opera
tions, reoommended to CVGthat the damaged areas be restored with epoxy 
oonorete and epoxy proteotive ooatings. These repairs were made early in 
1970 before the new seasonal water release. Subsequent inspeotions late 
in 1970 established that soouring had been renewed and even greater damage 
had been sustained than in the previous year. Field inspeotion suggested 
that the damage was due to the aotion of cavitation and that the damage might 

not be self-arresting and was thus potentially hazardous. 

Early in 1971 staff members of the Barza Engineering Company reviewed 
the available evidence 'with staff members of the st. Anthony Falls HYdraulic 
Laboratory of the University of Minnesota. As a oonsequenoe of these disous

sions the Laboratory was authorized in February 1971 to proceed with an 
experimental study. The objeotive of this study was to establish the mecha

nism of the damage and the modifioations of the existing design or operations 

whioh would prevent and alleviate future damage. 

This report desoribes and summariz,es the £indings' of the study. 
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II. THE PROBLEM AT GURI 

A. The Existing struoture 

In eaoh of -bhe three ohutes of the spillway -[;h0 flow en-bering from the 

headwatGr pool is controlled by three underflow ores-I; tainter gates. The 

flow then prooeeds down the reo'[;angular ooncrete ohute and through the oUl"Ved 

flip buoke-[; for final jettlng :Ln'[;o the '[;ailwa'[;er pool. Figu.x'e 1 shows the 

{J,'CJTJo:r.'111 111':J:'l1ngoITlon'b of '[;ho ppiJJ.wu.y, llJ.1a. JP:Lgs. 2 una 3 Dhow ·tho nntu:r.'o Cllld. 

rdgnifioant dimenslons of -bhe spillway ln plan and profile. The design 

adaptation of the spillway to the natural oontours of the rook of the 

left or west bank results in three substantially different oonfigurations 

in the upper reaohes of the ohutes. However, in the flip buoket terminal 

struoture all ohutes have a oommon form and dimensions as shown in seotions 

BB and CC of Fig. 3. 

Eaoh spillway ohute is fitted with vertioal side training walls whioh 

are essentially non-overtopping in their upper portions. However, in the 

lower region above the flip buoket they flatten to a horizontal orest as 

shown in seotion CC of Fig. 3. It is noteworthy that the horizontal portion 

of these oontrol walls may be lower than the tailwater pool for part of the 

potential range of thetailwater as shown in seotion AA of Fig.,. 

In the future it is proposed to raise the headwater pool in two stages 

of about 24 m eaoh by inoreasing the height of the dam and its overflow 

orests. These dimensional ohanges, whioh will affeot only the upper portion 

of the spillway, are typified by the ultimate profile shown in seotion AA 
of Fig. ,. 

B. The Flow Variables 

1. Disoharge 

The maximum design oapaoi ty of the spillway , whioh probably will 

never be reaohed, is 40,000 oms (1,413,000 ofs) under an initial head drop 

of 88 m (290 ft) between headwater and tailwater pools. The energy oontained 

in this fiow at the point of e:ltit from the flip buoket is appro:ltimate1y 

46,000,000 hp. Conse~uently, the damage potential is enormous. The spillway 

chute flows aotually experienced during the three years in which damage 
oocurred in the chutes ranged from zero to about 11,500 oms. f·, ; c····· •• 'c") 
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2. Lateral Tailwater Flow 

High disoharges of wastewater from the spillway along the west or left 
bank of the tailwater pool generate a large olookwise vortex in the pool as 
shown in Fig. 1. This vortex oauses a substantial lateral pool velooity 
prooeeding from east to west 'across the end of the flip buoket. No field 
measurements have been made for this velooity, but measurements in an earlier 

model stud¥ at st. Anthony Falls indioate that:"a velooity of about 4.mps 
(1; fps) oan be expeoted for a variety of flow'oonditions, This lateral 
flow was oonsidered to be a signifioant factor in the~~spillway damage and 
is referred to in subsequent observation and test data. 

3. Ohute Velooities, 

The velooity of the Chute stream in the vioinity of the buoket lip 
where damage has been observed is another important faotor in the damage 

meoha:nism. Field evaluations of this factor arediffioul t to make and 
were not attempted at Guri. Guidelines for establishing this value have been 
assembled by others and their findings have been applied to the oonditions 
at Guri for the puxpose of estimating the velooity whioh should be employed 
in the ourre~t model stud¥. The ideal spillway velooi ty, whioh is taken as 
a base for es'timates, is given by V2gH where H is the vertioal head 
existing be~ween the noxmal elevation of the headwater'pool, 215 m, and the 
elevation of the lip, 121.2 Di. The resulting ideal velooi ty , VI = 43 mps 
(140 fps), was then adjusted downward to 29.0 mps (95 fps). This aSSigns an 
arbitrar,r loss of about 30 per oent, whioh is a.ssumed reasonable in light of 
the long spillw8lflength and the moderate depths whioh existed during the 
damage period~ The same prooedure was used to estimate the new lip velooity 
whioh would resul,t when the headwater stage' was raised as a oonsequenoe of 
the planned ultimate inorease in the height of the dam.' For model design 
purposes this new prototype lip velooity was estimated to be 37 mps (120 fps). 

4. Vortex Cavity Souroes 

In a.,disoussion of the meoha:nism of oavitation damage, whioh is treated 
in a separate appendix, it was pointed o~t that the most common source of 
cavitation damage is the 'relatively small traveling vapor cavity. It was 
further shown that' these traveling cavities generall;r result from the com
bination of low pressure at the oenter of an intense small vortex and the 

" 
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oonoent~ated on dete~ining the, ~elative influenoe of the overtopping disturb~ 
anoe and the tailwate~ back-up, inol~~ng ,the contributions' of the late~al 

flow. 

5. Tailwater Staa:es 

The potential ~ange of tailwater stages at Guri is unusually la~ge. 
This results f~m natural fluotuations of stage with spillw~ wastes, oon
trolled fluotuations ~elating to powerhouse operations, and both natural 
and artificial controls f~m downst~eam channel conditions. Initial studies 
in the model employed tailwater stages taken from earlier model studies 
at st. Anthony Falls [1]* as shown in 'Figs. 8 and 9. Field data subsequently 
reoeived from Guri have been added to Figs. 8 and 9 as shown. The substan~ 
tiel inorease in £ield versus model stage values is due to the existenoe 
in the field of a bar in the exit channel of the tailwater pool. This bar 
is subject to future removal, but existed dudng the damaging flow oonditions. 
In light of this potential range of stage and because of the unusually low 
setting of the buoket lip and t~aining wall crest, the model study has in
oluded consideration of tailwater stages ranging from 120 to 1~0.5 m. 

Subsequent studies establish that the stage level of the tailwater pool 
has a substantial influence on the pressure values whioh oontribute to oavi
tation, damage. It shouJ.d be appreciated, however, that wave action or 
dynamio surging of the pool level is probably a signifioant part of this 
damage prooess. The extremely oomplex nature of the dynamio surging prooess 
involved (see Figs. 1 and 7) preoludesobtaining olear knowJ:ed.ge of field 
oonditions or any attempt to simulate these oonditions preoisely in the model. 

C. The Observed Damage 

1. Sill Damaa:e, 

The most important damage was done to the oono~ete of the buoket lip 
and consisted of erosive ~emoval of substantial volumes of cono~ete. The 
erosion prio~ to the time of this report had never beoome oritioal in extent, 
but had been progressive in nature with'no indioation that it might achieve 
a self-arresting oondition. In view of the fact that the buoket lip was 
the prinoipal oontrolle~ of the looation of the final dissipation of the flow 
energy, and in view of theenormoua ene~gy potential involved in this 

* Numbers in brackets refer to list of referenoes on page 40. 
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dissi;pation, there existed the threat that the disintegration of the lip 

could ultimately endanger the entire struoture. 

The material eroded from the buoket li;p during the 1969 or first flood 

season is shown in lboation and extent in Fig. 10. The deepest erosion, 

about 0.5 m, ocourred in a limited strip of the lip neal.' the east end of 

the east ohute, and its oharaoter is shown in th~ ;photo of Fig. 11. A some

what shallower, but similar erosion ooourred neal.' the east end of the sill 

of the oenter ohute. The sharp, ;pitted nature of the damage is oharaoter

istio of that found in other struotures whioh have been damaged by oavitation. 

In addition to slight damage at the lip in the west ohute, the east

erly half of the to;p of the sill and the downstream faoe of the sill 

also evidenoed surfaoe damage after the 1969 flood seasan. The nature 

of this partioular damage was different from the sharp, ;pitted appearanoe 

common to o.avi tation damage and was instead of a smoother oharacter oommon 

to abrasive erosion by solids. This evaluation was partially oonfirmed by 

1970 bottom soundings taken across the pool at the foot of the spillway.· 

At the oenter of the east ohute these soundings indioated that original 

fill rock plaoed to a level of 117 m had been sooured to a depth of 111 m. 

Soundings near the east edge of the oentsr chute indioated that fill rook 

plaoed to elev. 117 m had been scoured down to bedrook at elev. 114 m. At 

the west side of this ohute, rook deposit was found at' elev. 119 m. At 

the west ohute rook deposit was found at elev. 115 m. 

It is speculated that the strong lateral east-to-west flow in the 

tailwater pool moved loose rook in a bed trans;port action from east to west. 

It is further s;peoulated that most of this rook found its way into the baok 

flow and was entrained and suoked into the spillway jet disoharging from the 

west ohute. The high back flow velooi ty oontaining rook served to abrade 

the downstream face and top of the sill. 

The holes eroded in the bucket lip during the 1970 flood season 

are also shown in Fig. 10; this damage was rather moderate with the excep

tion of the loss at the east end of the oenter~hute. The hole in this 

case went to a depth of 2 to 3 m. The seriousness of this partioular loss 

;preoipitated the investigation oovered by this report. 

No repairs of the 1970 damage were made pending the determination 

of a more pe:rmanent oure from the laboratory investigation. It was also 
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felt that the damage might be self-ax:t'esting at some point. Dive:r observa

tions of the damage we:re made in Ma.:roh 1970 and yielded the findings shown 

in Fig. 10. Observations whioh we:re made in July 1971 diso10sed that oondi- , 

tions we:re muoh the same as in Ma.:t'oh 1971, but with a slight additional 

erosion. 

Observations in Deoembe:t' 1971 showed that the erosion at the east end 

of the oente:t' ohute had ino:t'eased ma:rkedly and lowered the sill to a position 

4.1 m below the o:t'igina.l sill oonfigu:ration and that e:rosion in'the west ohute 

was down 2.8 m as shown in Fig. 10. 

The sohedule of disohaxges, tai1water stages, and gate openings whioh 

existed during thl;l observed history' of damages shown in, Fig. 10 has :not 

peen reporled from Gu:ri. 

2. Wall Damage 

Conourrently with the p:reviously desoribed sill damage, damage was 

taking place on the ve:rtioal faces of the training walls adjaoent to' the 

ohute sills. Of' the four training walls abutting the th:ree ohutes, only 

the most easte:rly wall showed negligible erosive damage. The natu:re of this 

damage is shown in Fig. 12. Of' the five training wall su:rfaces whioh showed 

damage, the appearance of four was essentially the Same. The volume removed 

was in gene:t'al shaped roughly like a half ... oone. The tip of the cone 

began at the buoket lip and the a:x:is of' the oone ran up the wall at approxi

mately 450 with the buoket s~ll as seen in Fig. 12. The depth of' erosion 

was vi:rtually zero adjaoent to the buoket lip and was greatest near the top 

of' the t:raining wall. In 1969 some of these oones had already :reaohed a 

depth of' 0.;, m nea:r the top of' the wall. In subsequent years virlually 

the enti:re end of' the wall has disappeared in some instances,' 

In addi tio~ to the oonioal patte:rn of' damage, the east wall of the 

west chute showed damage in the area between the cone and the sill (Fig, 12). 

This shallow su:rfaoe damage was somewhat simila:r to that found on the im

mediately adjacent sill whioh showed dal'!lage on the top and 'downstream side 

of its east end. This erosion was desoribed p:revious1y unde:r "Sill Damage" 

and was attributed to abrasion by rocks entrained from the pool. The shallow 

damage on the lower porlion of this training wall is also believed due to 

this same rook abrasion. 
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Al though the wall damage has been disfigu.'l'ing to the apperuranoe of 
the st~oture, it is not believed to endanger the st'l'Ucture itself. An 
ultimate solution to the more vital sill damage p'l'Oblem will in all p'l'Ob~ 
ability also a'l''l'est the wall damage problem. 

The faot that the high wall on the east side of the east ohute did 
not evidenoe significant erosive damage, as is shown in Fig. 12, led to the 
comparative model tests with high and low training walls adjacent to the 
buoket. 
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III. THE TEST FACILITY AND SPILLWAY MODEL AT ST. ANTHONY FALLS 

A. The Test Facility 

The nature of the spillway flow and the location and character of the 

erosive damage at Guri strongly suggested that the damage mechanism was 

oavitation. Consequently it was decided to conduct the model investigation 
in a variable' pressure test facility which would permit modeled cavitation 

processes. The largest facility available for such a study was the recircu

lating variable pressure water tunnel shown in Fig. 13. This tunnel, which 

has a 108 cm (42 in.) diameter test section, is intended to completely 

house a test model within its pressure shell to permit reduction of the model 

pressure environment and thus artificially promote cavitation in a model 

flow. For the purposes of t~s study" the 150 hp low head pump shown in 
Fig. 13 was bypassed by a higher head 25 hp pump (not shown). The maximum 

discharge and head of this pump, Q = 0.0623 cms (2.2 cfs), H = 10 m (32 ft), 
dictated the maximum flow conditions that could be modeled. 

The model size was dictated by the largest windowed, rectangular test 

section housing that could be adapted to the existing 108 cm diameter tunnel 

plp:mg. The new windowed, rectangular test section accommodated a model 

having a length' up to 153 cm (60 in.), a width up to 61 cm (24 in.), and a 

height up to 76+ cm (30 in.). 

Controls shown at the left of Fig. 14 permit detailed control of 

the flow velooity, environmental pressure (down to 0.13 atmosphere), gas 
content of the water down to 8.5 ppm, and tailwater depth. 

The tunnel was also equipped with a small separate pump for the main· 

tenance of a small lateral tailwater flow across the end of the spillWay. 

B. The Spillway Model 

The spillway model, which was made as large' as the test section would 

permit, was built at a scale of one meter in the prototype to one-half inch 

in the model, or a ratio of 78.7. This permitted modeling the downstream 

end of the spillway to a prototype length of about 90 m including a straight 

reach of approach chute 56 m long having a slope of 300 with the horizontal. 
This chute was followed by the full flip bucket and sill. The upper end of 

the chute was provided with a gated orifice which pexmitted independent 

selection of the water depth and velooity in the chute. Pressure measurements 
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across this orifioe were used to evaluate the model disoharges. The flip 
buoket model installed in the tunnel test seotion is shown in Figs. 14 
a;nd 15. 

The pump disoharge limitations required that less than the full width 

of a spillw~ ohute be modeled, but this limitation was not oonsidered 
s~rious, as the prinoipal erosion problem was thought to ooour adjacent to 

the side training wall and could be studied with a limited spillw~ width. 

A spillw~ width of 12 m (39 ft) prototype, or 15.2 om (6 in.) model, was 
selected. Altho~h the prototype training walls converged toward eaoh 
other in the downstream direotion with an inoluded angle of 50 17', the side 
walls of the model were made parallel for simplicity. 

To permit visual and photographio observation, the model was oonstructed 
of transparent plexiglas. The model was built with a removable top on the 
baok or west training wall above the buoket and sill. This permitted tests 
wi th a wall orest height of elev. 123 m prototype or an alternate high, ,non ... 

overtopping crest height whioh was arbitrarily fixed at elev. 132.45 m'.' The 
model was also provided with removable sills whioh permitted the use of a soft 
aluminum alternate sill for cavitation erosion studies. This also permitted 
removable sill pieoes of various heights simulating normal and eroded sills 
having~rototype equivalent elevations of 121.23 m, 118.93 m, and 116.93 m. 
These are equivalent to various sill heights observed in the field erosion 
evaluations. The configurations are shown in Fig. 17. 

As is discussed in Appendix B, which deals with the meohanism of oavi
tation, oavitation depends on the presence of regions of pressure well below 
atmospheric~ , The location of oavitation in a flow can be qualitatively 
evaluated from visual or photographio evidenoe of its actual presence, and 
the model was made transparent for such evaluation. However, a more powerful 
tool for locating and quantitatively evaluating a oavitation potential is to 
be found in the use of boundary pressure evaluations. Suoh potentials oan 

be evaluated even without the aotual occurrenoe of oavitation and have been 
relied upon heavily in this investigation. To permit this evaluation, two 
basio lines of boundary pressure taps were provided in the model. One of 
these lines was placed along ~he modeled spillw~ oenterline at a distance 
from the training wall equivalent to 6 m in the prototype. (Note that the 

designated oenterline relates to the narrow model and not to a full-width 
prototype ohute.) A similar line of pressure taps was looated a.t the base 
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of the wes~t "Graining wall. These tapE!, whioh were all of 1. 6 rom (1/16 in.) 
diameter, were dimensionally looated as shown in Fig. 17. 

All the taps shown in Fig. 17 were provided with tubing oonneotions 
to an exter.na1 manometer for readout of mean statio pressure values. 

These oonneotions are shown in Fig. 14 and 15. The manometer tubes oon" 

tained dyed water for readout, and all manometrio evaluations were made 
wi th atmospherio pressure in 'the test section. 

Of the maJ:lY taps shown in FiB'- 17, a selected few, located j.n ori tioal 
areas, were fitted to aoconuno'date a trahsient pressure measuring transduoer. 

Their looations are designated in Fig. 17, whioh inoludes a ty;pica.l detail of 

the pressure transduoer mounting for these selected taps. Previous studies 
have shown that this ty;pe of transduoer arrangement gives a readout response 
time in olose agreement with pressure oonditions at the input tap. The 
transduoers used in these studies were of the strain gage diaphragm type 
with diaphragms of 1. 26 om (1/2 in.) diameter and a range from zero toZ. 5 
psi. The transduoers used were Statham Soient:tfic Instruments model 

PM 131TC ± 2.5 - 350 with a range of ± 2.5 psid and Consolidated Eleotro
dynamios Corporation type 4~312-0127 with a range of ± 2.5 psid. The trans
duoer signal was prooessed in several ways with the set-up shown in Fig. 16. 
Most oommonly it was prooessed to provide a time-pressure paper ohart reoord 
on a Sanborn Company reoorder, model number 296 • . 

The transduoer signal was also analyzed for per cent of time below 

various datum levels using a probability densi~y analyzer designed and,~on
struoted at the st. Anthony Falls Hydraulic Laboratory, a Disa Eleoktronik 
random signal indioator and oorrelator model number 55A06, and a Hewlett 
Paokard eleotronio oounter model number 5210. 

As mentioned earlier, the model was provided with a separate pump whioh 
;" --- -- -- --- -- ---- -urew-water-from-the-tunnel---tai-1water-pool-and--d±soharged-j;t--J:a."iIeral-1:Y'-ao:ross-----~; 
I 

. the end of the ohute in a fairly uniform stream. In the proto'cype this 

stream flows from east to west, but in the model, because of 'the corner tap 
positions, the flow was reversed. 

C. MOdel Test Variables 

A number of test variables were examined in the investigations. The 
ra:nge or value of these variables is as follows: 
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1. ~ischarge -- This varied fxom a minimum of about 2000 oms to 
28,000 oms prototype. The lowest value signifioant to damage 

differed somewhat with tailwater stage and was established by 
the inability of the jet to flip free, resulting in full 
flooding of the buoket. Below these low flow oonditions, 
high velooity, oavity-generating oonditions oannot ooour at 
the buoket lip. The highest disoharge value of 28,000 oms 
pxototype equivalent WaS established by the limits of the 
tunnel pump. Early tests established that higher values were 
not needed, beoause high buoket pressures aooompany large dis
oharges and oavitation disappears. Model disoharges equivalent 
to the foregoing prototype values were established using the 
Fxoude gravity relation, 

Unless otherwise stated, disoharges relate to simultaneous flow 
in all three spillw~ ohutes. 

2. Velooity -- As previously stated, the estimated pxototype 
velooity of flow at the buoket lip was 29.0 rops (95 fps) for 
the first stage dam height and 37 mps (120 fps) for the ulti
mate dam height. Model velooities equivalent to these values 
were established by the Fxoude relation 

The model velooities are thus 3.27 mps (10.7 fps) and 4.15 
mps (1;.5 fps) respectively. In limited studies attempting 
to generate aotual oavitation in the model, the velooity was 
raised to the maximum obtainable with the tunnel pump. This 

produoed a test velooity in the model of 13+ mps (43 f'ps) 

!JlaXimum. 

3. Flow Depth -- Sui table simulation of' the flow disoharge and 
velooity in acoord with the Fraude gravity relation as discussed 

in items 1 and 2 above will result in f'low depths dimensionally 

soaled at the same ratio as the model itself'. 
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4. Pressure ~- The environmental pressure for the model during 
tests had either a low subatmospheric value or a normal 
atmospheric value. The low pressures were used only during 

the limited tests which attempted to produce actual cavita

tion in the model. !n all other tests the model was oper
ated at atmospheric pressure conditions. For the subatmo

spheric tests an external vacuum supercharge was imposed on 
the tunnel. This value was adjusted to produce the desired 

degree of cavitation as described separately under the cavi
tation tests. 

Since the bulk of the boundaxy pressure tap data were proc
essed to yield e~uivalent prototype values, it was not neces

sary to aotually measure the data at absolute pressure levels 

e~ui valent to. prototype, but only in e~u:i, valent model p:t'essure 
'heads. The variations in pressure head are in the same mode1-

to-prototype ratio as other dimensional properties of the model; 

i.e., 1:78.7. 

5. Temperature -- The range of temperature of the water in the 
tunnel during the tests varied from 200 C (68°F) to 26°C 

(79°:F) • 

6. Tailwater stages -- For reasons described earlier, 'model tail .. 
water stages were varied from 120 to 1;0.5 m elevation. 

7. Training Wall Height -- As described earlier, one wall of the 
model was made :t'emovab1e to permit tests corresponding to the 
existing wall height of 12; m elevation. This height permitted 
wall overtopping flows when tests we:t'e oonducted with tai1water 

stages above 12; m. As an alternative, tests were run with a 
wall height of 132.45 m. Since this height exceeds all the 

tai1water stages tested, no overtopping flow was involved 

with its use. The length of wall which was lowered to e1eva
~ion 123 m was made 24.2 m as shown in :Fig. 17. Since the 
significant overflow length va:t'ies fo:t' each of the four low 

training walls, the value of 24.2 m is an arbitrary compromise. 

8. Sill Configurations -- In the initial stages of the tests the 

original design oonfiguration or the sill was employed. 



r1 
I:, Subsequent tests employed an extension of the sill. This was 

designed to generate positive faoe pressures (see Appendix A). 
Following these tests, additional tests were made in whioh the 
sill height was lowered to 2 m below the original sill. These 
tests simulated the· oontinuing potential tor erosion ihat 
existed ,for field oonditions known to exist in the early part 
of 1971. Later testa employed a sill height lowered to 4 m 
below the original sill. These later tests, simulated the oon ... 

. tinuing potential for erosion that existed for field oondi
tions that were ,found to exist late, in 1971. All four of these 
sill ~on£igu~atiQns are dim~nsionally desoribed,in Fig. 17. 

9. Lateral Flow' .... In in! tia.l"'lt;ests lit was found that lateral 
flows alw~s tended to provide'aomewhat'lower transient pres-' 
sure values than tests without lateral tlow. Sinoe it is 
diffioult to oonoeive of field oonditions without lateral 
flow, roost of the transient pressure test data offered have,' 

1 
~een shown with lateral flow. '!'his appeared to be a oonserve.-
ti Va approaoh. 
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IV, THE MODEL TESTS 

A. Spillway Static Pressure Tests 

1. The Original Sill Configuration 

The theo~ relating to the pressures existing on the chute and flip 

buoket of the spillway are disoussed separately in Appendix A. Model tests re

lating to the chute and entire buoket are shown in Figs. 18 and 19. These 

tests were oonducted for the simple oase of no lateral flow and no side wall 

overtopping, but with the relatively high tailwater conditions and velooity 

that prevailed at Guri during the damage period. The plottings are ex-

pressed in equivalent prototype values and are noteworthy for the following 

features: 

a. 

b. 

O. 

, 

Pressures on the upstream ohute are essentially those to be 

expected from the hydrostatics of the ohute depth,d. 

Pressures at the oenter of the buoket (tap 9) are approxi

mately in aocord with centrifugal or vortex theo~ as dis

cussed in Appendix A. 

The transition from ohute pressure to bucket vortex pressure 

is quite gradual and centers roughly about the tangent point 

of the buoket curvature (tap 6), 

d. With the exception of the discharge of 2000 cms, the bucket flow 

e. 

depths are in orderly agreement with their respeotive discharges. ' 

The abnormal position of the curve for a discharge of 2000 cms 
is due to drowning of the jet in the buoket. 

The pressures at the tap nearest to the bucket lip (tap 18a) 

appear to be heading toward zero or atmospherio at the bucket 

lip, but are positive for all depths. The lowest values 

relate to the shallowest depths of flow. 

f. Pressures on the buoket sill are roughly in aooord with the 
hydrostatics of the tailwater over the sill. 

g. There are no evidences of negative statio pressures to contribute 

to cavitation, but the lowest pressure potentials appear to 

center on the bucket lip where damage has. occurred. Subsequent 

plotUngs ,will, therefore, focus only on this area.. 
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h. Pressure data taken at the line of pressure taps at the base of
the wall as shown in Fig. 19 are essentially the same as shown 
in the "centerline" data of Fig. 18. 

Figures 20 and 21 extend the data of Figs. 18 and 19 to include the condi
tions of lateral flow, wall overtopping flow, andlatera.l flow combined with 

overtopping. The following differenoes are notable and apply to data from 

either the "centerline" or the sidewall taps: 

a. Lateral i'low alone produoes no signifioant change in static 
pressures. 

b. Overtopping oauses flows of 2000 to 6000 oms to flood back and 
drown the jet in the buoket. 

o. Overtopping oauses flows from 8000 to 28,000 ems to flow with 
a signifioantly greater buoket pressure. 

d. There are no evidenoes of negative statio pressures anywhere 
on the buoket exit. 

e. Items b and 0 might have been somewhat different for a full width 
model ohute. 

Figures 22 and 23 are sim:i1ar to Figs. 20 and 21, but employ lower tailwater 
stages. The stage of 120 m is not a probable operating stage, but demon
strates the effect of disoharge with the lip located above the tailwater. 
The low tailwater conditions are more oomparable to those whioh were 
tested in the early model studies of Ref. [1]. These conditions m~ exist 
with possible future ohanges in the bed levels of the tailrace. The follow
ing differenoes are notable in oomparison with the oonditions of Figs. 18 t 

19, 20, and 21: 

a. The smaller discharge, whioh is actually non-overtopping, 
is essentially the same as for the non-overtopping oases in 
Figs. 18 ,and 19 for the first 14 taps. Above tap 14 the pres* 
sure now falls earlier, indioating that there is less flow 
back-up with the lower tailwater stage. 

b. The two larger disoharges t whioh do overtop but to a lesser 
extent than in the earlier figures, show a signifioant reduo
tion in pressures. 
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o. The freely disoharging smaller disoharge aotually shows a 

negative statio pressure of about 2 m. Surprisingly, this 
indioates potential oavitation damage even if the buoket lip 
is raised olear of all tailwa.ter. A rationale for this is 

given in Appendix A. Expressed as a peroentage of the 
dynamio head of the flow, the .. 2 m pressUZ'9 is a.bout 1. 4 
per oent. 

2. The Sill Extension 

The sill extension disoussed in Appendix A and shown in Fig. 17 was 
subjeoted to pressure investigations quite similar to those shown in Figs. 

'18 through 21 for the original sill. The test data are shown in Figs. 24 
through 27. 

Comparison of Figs. 24 and 25 with Figs. 18 and 19 shows the fol
lowing: 

a. Pressure taps up to and inoluding tap 15 show essentially the 
same pressure oonditions, indioating no influenoe from the 
,ramp extension. 

b. Pressure taps downstream of tap 15, oovering a distanoe of a 
few meters, show a signifioant inorease in pressure head vary
ing from about 2 to 4 m depending on disobarge. 

O. 

d. 

The additional, resistanoe at the lip oaused the disoharge of 
4000'oms to flood back and drown the jet in the buoket. 

Pressures at the beginning of the ramp were substantially 
inoreased, thus removing the neoessity for providing a 
sophistioated transition between the buoket ourve 'and the 
extension ramp. 

e. Conditions at the wall pressure taps are muoh the same as those 
for ~he "oenterline" taps exoept for a slight reduotion in 
pressures at tap l8b and. some slight shift in the drowning of 
the jet for disoharges of 4000 and 8000 oms. 

Figures 26 and 27, whioh extend the data of Figs. 24 and 25 to inolude the 
I 

oontributions of lateral flow and overtopping, produoe muoh the same kind 
of additional influenoes noted for Figs. 20 and 21. 
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3. The Sill Eroded Two Mete~s 

Tests of the sill eroded to a depth of two mete~s below the o~iginal' 
oonfigu~ation ~ep~esented a condition whioh p~evai1ed du~ing muoh of 1971. 
The tests We~e ~ to deter.mine whethe~ the potential fo~ oavitation damage 
was diminishing to beoome'se1f .. a~~esting. 

Figures 28 and 29 oan be oompared with the analogous data of Figs. 18 
and 19 with the following noteworthy features: 

a. Pressure taps up tQ and inoluding tap 11 show essentially the 
same pressure oonditions with no influenoe from the erosion. 

b ~ Pressure taps downstream of tap 11 show an ino~easingly ~apid 
falloff in ~~essure until the low pressure oonditions at tap 
l~a beoome comparable to those whioh previously existed at 
tap l8a on the o~iginal lip. This suggests that as far as 
statio pressures are oonoerned there, is no tendenoy for the 
oavitation potential to beoome self .. a~resting. 

o. Conditions at the wall taps are qui,te similar to those at the 
"centerline" taps exoept that the pressure falloff begins some ... 
what earlie~. 

Figures ;0 and ;1, which extend the data of Figs. 28 and 29 to inolude the 
oontrJ.butions of lateral flow and overtopping, produce muoh the same kind 
of additional influenoes noted for Figs .20 and 21. These data also suggest 
that there is no tendency for the cavitation damage to become self~arrestihg 
as the erosion prooeeds. 

4. The Sill Eroded Four Meters 

Tests of the sill eroded to a aepth of four meters below the original 
oonfiguration represented the alar.ming oondition whioh was found on inspeo
tions at Guri late in 1971. The tests were run to deter.mine whether the 
potential for further oavitation damage was diminishing. The tests were 
run with the same typical 1971 tailwater stages employed in testing the 
original sill oonfiguration and the sill eroded two meters. Two notable 
ohanges are apparent in this geometric arrangement when it is oompared to 
the othe~, higher sill oonfigurations seen in Fig. 17: 



a. Lowering the sill 4 m allows freer aooess by the tail water: 

b. The original sill at the lip position had an angle of 450 

between the buoket tangent and a hori~onta.l line. With 
the sill lowered 4 m this angle is more nearly 30°. 

Figures 32 and 33 show the operation of this sill with lateral flow and 
with lateral flow and overtopping, For the oase of lateral flow alone the 
following oan be noted: 

a. Flows of 2000 and 4000 oms appear to have their jets drowned 
out in the buoket with a resulting inorease in buoket pressures. 

b. Flows of 6000 and 8000 cms appear to have most of the bucket 
swept out, but with a small rollback in the vioinity of taps 
11 'and 12. 

c. Flows of 17,000 and 28,000 oms appear to have clean sweepout, 
but a fairly high dynamio pressure remains in the lip region. 

d. Pressures on the sill are generally high and roughly in 00'" 

oord with the hydrostatic oontribution of the tailwater head. 

e. On the basis of statio pressures the condi tiona do not appear 
conduoive to oavitation. 

Jar the condition of lateral flow with overtopping ~he following can be 
noted: 

a. 'Flows of 2000 and 4000 cms appear to h~ve their jets drowned 
out in the bucket with much the same pressure effects in the 
buoket as were found for the oase with no overtopping. 

, ' 

b. Flow equal to or greater than 6000 oms appears to approximate 
a condition of jet sweepout in the buoket. 

o. At the "oenterline" (see Fig. 32), flows equal to or greater 
, than 8000 oms are evidently defleoted doWnward over the sill 

by the powerful overtopping stream from above. This oauses 
,the spillway jet to pass close to the sill with a very power
ful aspirating action generated at the lip. The 1'esul ting very 
low lip pressures oreate vapor oavitites or possibly a stea~ 
superoavi ty which collapses only slightly farther downstream 
beoause of the rapidly rising sill pressure gradient. 
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d. Near the side wall (see Jj1ig. 33), where the falling over

topping stream does not jet downward as stl'Ong1y, the aspi

rated pressures near the lip are not nearly as low as they 

are farther out from the wall. They are, however, rela

tively very low and will strongly support oavitation damage. 

Farther out from the wall beyond the influenoe of the falling 

je'l; the pressures should rise to the higher values of lateral 

flow alone. 

e. The cavitation erosion pattern of December 1971 as shown 

in Fig. 10 appears to be in good agreement with the concepts 

of items c and d above. 

f. Under certain combinations of discharge and tailwater the low 

pressures under the jet actually pulled the entire jet down 

toward the sill, and the jet was drowned in the tai1water pool. 

This condition was unstable, and the jet would then slowly rise 

and spring free of the pool. This action of slowly falling 

g. 

and then rising took place in a cyclic manner. The conditions 

were created by the overtopping stream, and since the overtopping 

stream affected most of the channel width in the model, the 

entire jet rose and fell. It is doubtful that the, same thing 

would have occurred in a full width model or in the prototype. 

Wi th the exoeption of the very low pressures generated by the 

overtopping aotion near the walls, static pressures near this 

bucket lip were greater than for the other lip configurations. 

There is some reason to believe that exoept for overtopping 

effects, oavitation damage might have occurred at a much re

duoed rate as the sill was lowered. 

5. The Inf1uenoe of Inoreased Dam Height 

Static pressure tests with the original sill configuration (Type A) 

were carried out for the full chute and bucket exposed to a velocity of 

v,= 37 +mps (120 fps). These studies represent the veloai tY which would 

occur under 'the ultimate stage development and are quite comparable in 

coverage to those of Figs. 22 and 23 which relate to the velocity V '= 29 rops 

(95 fps) representing the first stage or existing dam oondition. As in 

Figs. 22 and 23, the high head tests were in this case conducted with the 
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lower tailwater stages whioh are likely to oocur in the future. The dis
charges and related tailwaters were 8000 oms and 120 m elev., 8000 oms and 
12, m elev., 8000 oms and 124.6 m elev., 17,000 oms and 124.6 m elev., and 
28,000 oms and 127 m elev. 

The statio pressure tests, whioh are not shown, exhibited the follow~ 
ing trends: 

a. The general shape of the pressure in the chute and flip buoket is 
muoh the same as for the lower velooity, but the pressure is 
appreoiably greater in the buoket beoause of the greater oen~ 
trifugal effeot. 

b. The fall in pressure from the high value at the bottom of the buoket 
toward the atmospheric low value near the buoket exit yielded gradi
ents whioh beoame steeper near the buoket exit as the ohute velooity 
inoreased. 

o. With lateral flow and. no overtopping the taps near the buoket'lip 
at both the "oenterline" and the wall e:x:hibi ted about the same 
general pressure pattern. For taps up to 18, pressures remained 
above atmosphel'io. At tap l8a the flows of 8000 oms without sub .. 
merging tailwaters gave negative pressures up to -4 m. All larger 
flows gave positive pressures. It is assumed that flows of less 
than 8000 oms wou~d also have shown negative values. 

d. Lowering the sidewall to pe~it overtopping produoed relatively 
little ohange in the statio pressure from the oondition without 
overtopping. 

e. It is notewol'thy that low flows with the oompletely free tailwater 
oondition (120 m elev.) produoed ~egative statio pressures of about 
-4 m. This oompares with about -2 m of pressure at the same tap 
for V = 29 mps. When treated as peroentages of their respective 
dynamio pressure heads, V2/2g, these two nega.tive pressures are 
similar; i.e., 4.7 per oent and 5.8 per oent. 

f. It appears that statio pressures on the lip are slightly lower 
(about 1 to 2 m) with the higher velooity, and only the last 
25 om of lip shows any tendenoy to produoe negative pressures. 

g. Pressures at sill taps 19 and 20 registered essentially hydrostatio 

pressures. 
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]. Bucket Lip Transient Pressure Fluctuation Tests 

1. The Original Sill Configuration 

Transient pressure fluotuation data were reoorded for seleoted taps 

near the bucket lip where static pressure tests and field damage obser

vations had indicated that negative pressures might be e;xpeoted. One 

tap, C 18a, was used at the "oenterline" at a point upstream from the 

lip a prototYPEJ distanoe of 12.'5 cm. Taps C 180 and C 19 were also lo

cated on the sill centerline at 12.5 om and 50 om prototype distances 

downstream of the lip. Near the wall additional taps were used. These 

were L 17 ~d L 18, looated upstream from the lip at prototype distanoes of 

50 om and 25 em, and L 19, looated downstream from the lip at a prototype 

distance of 50 om. The tap positions are shown in Fig. 17. The bulk 
of the data relate to the velooity of flow assooiated with the first 

stage dam conditions. Figure 58 relates to the velocity of flow for the 

ul timate· dam height. The latter data will be disoussed as a separate item. 

Typioal paper chart records taken at these taps for the flow oondi

tions of interest are shown in Figs. 34 through 43. These charts are 
shown in terms of equivalent prototype values and include an indication 

of the looation of the oalibrated zero datum. 

Along with the ohart reoording of fluotuations, the reoorder pro-

vided electronic readout of the average value of pressure. This average ,value 
and a manual readout of the minimum dips and ma:x:imum fluctuations of the paper 

ohart reoord are tabulated for the various test conditions in the tables 

of Figs. 52 through 58. From the standpoint of cavitation damage the sig

nificant values from these tables are the negative pressure peak values. 

Notable features from the 1abulated values are 

f.\.o Tho dY:l1.nm;!.o pressure d,Ol?J~0ssions oroated by the passage of large 

'burbulen'u eddies ovor 'bhe boundary are 110'b fully roprooc;m'bod by 

the minimum pressure values listed in the tables. These dynamio 

values are more properly the true or absolute difference between 
the listed minimum pressure values and the listed average pres

sure values. This difference is labeled AP in a separate 

column in the tables. For each column the maximum AP is 

seleoted and noted. This value is also calculated as a dimen

sionless pressure coefficient relative to the dynamic head of 
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the chute velooity and is so shown in the tables. The value of 

this ooeffioient, e:x:pressed as a percentage, is referred to in 

the disoussions whioh follow. 

b. At the buoket exit the transient fluotuations give rapidly 

inoreasing negative values as the flow in the buoket approaohes 

the lip- At tap L 17, whioh would be 50 om from the lip in the 

prototyPe, there are no negative pressures with only lateral 

flow (see Fig. 56): The addition of overtopping flow diminishes 

the pressures slightly, but with only weak negative values 

(see Fig. 56). 

o. At tap L 18, whioh would be 25 om from the lip in the prototyPe, 
(, negative pressures exist under almost all flow conditions with 

only lateral flow (see Fig. 53). The negative values are as 

low as ..... '.8 m. The addition of overtopping flow further de
oreases' the pressure (see Fig. 54) to values as low as -6 m. 

The maximum negative values are 5.0 m and 11., m, whioh are 

respeotively 11.7 per oent and 26.4 per oent of the dynamio 

head. 

d. At tap a 18a, whioh would be 12 om from the lip in the prototype, 

lateral flow oreates no signifioant negative values, but'with 

the addition of overtopping soattered values as low as -5.1 mare 

reaohed (see Figs. 53 and 54). The maximum negative ~ values 
are 2.6 m and 10.0 m, whioh are 6.1 and 23.4 per oent respeo

tively of the dynamic head. 

e. In items a, b, and 0 above it should be noted that the taps 

disous,sed involve both "oenterline" and wall oonditions, but not 

with the individual taps in the same proximity to the lip. It 

appears in general that negative pressures are worse near the 

wall than at the "oenterline." This implies that if tap a l8a 

'had been near the wall, negative values lower than -5.1 m 
might have been found. 

f. If pressure conditions are examined in a similar wa;y for flow 

prooeeding downstream from the lip, we observe first at tap C l8c, 

whioh would be 12.5 em from the lip in the prototype. With only 

lateral flow this tap shows only positive pressures. With the 
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addition of ove~topping flow, negative p~essures are Quite 

gene~al and ~eaoh values as low as -3.3 m (see Fig. 55). The 

maximum negative ~ value was 8.5 m, whioh is 19.8 pe~ oent 

of the dynamio head. 

g. At tap L 19, whioh would be at the wall and 50 om downst~eam 

. of the lip in the p~ototype, and with only late~al flow, ve~ 

se~ious negative values a~e enoountered (see Fig. 56). The 

pressu~es indicate p~totype values as low as -14.1 m. Such 

values could not actually be reaohed in the p~ototype, sinoe 

vapo~ization or major oavitation would limit the pressu~e to -9 

0~-10 m, the inherent vapo~ p~essu~e limit of the water. With 

the addition of ove~topping flows an even wide~ ~ange of low 

negative p~essu~es is reaohed (see Fig. 56). The a~ea of tap 

L 19 is the most damage-prone disclosed in the model study. 

Fo~ the above lows the maximum negative ~ values are 15.4m 

and 13.6 m, whioh a~e 35.9 per oent and 31.8 per cent, ~espec

tively, of the dynamio head. 

h. At tap C 19, whioh would be at the IIcente~1inell and 50 om down

st~eam of the lip in the p~ototype, oooasional negative p~es

su~es are again enoounte~ed with late~al flow. With the addi~ 

tion of overtopping flows a wider range of mo~e negative p~es

sures ooours with values to -8 m. The conditions at the "oenter" 

are not as seve~e as at the wall, but they a~e ve~ serious (see 

Fig. 55). The maximum negative ~ values for these oonditions 

we~e 5.1 m and 13.9 m; or 11.9 and 32.5 per oent, respeotively, 
of the dynamio head. 

i. The average p~essure values shown in the tables of Figs. 52 

through 57 a~e in Quite good ag~eement with the manometrio 

values given in Figs. 18 through 23. 

j. The la~ge tu~bulenoe that oauses dynamio pressu~e depreSSion is 

'due p~inoipally to the disturbanoe of the overtopping flow or 

to the rol1e~s that tend to form at the end of the bucket under 

suitable tailwater oonditions. A oompa~ison of Figs. 52 and 53 

indioates that lateral flow has considerable influenoe on the 

tail water and oonseQuently on the buoket roller contributions 
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to pressure fluctuations. )fron!. the foregoing' pressure coef

fioient values it appears that the buoket rollers will in 
general oontribute negative values of about 11. 7 per cent of 

the dynamio head (one unique oondition at tap L 19 does, 

however, show ~5.9 per oent). The greater disturbanoe of the 

overtopping flowoontributes up to 32.5 per oent. 

k. 'In general, for a;ny given disoharge, inoreasing overtopping ;flows 

tend to slightly il'l;orease the average pressure and to substan

tially lower the minimum pressure near the lip. 

The oomplex manner in whioh the potentially damaging negative pressure 

values relate to the flow oonditions is diffioult to asoertain from the 

tabular pressure data'of Figs. 52 through 58. Aooordingly, the data for 

the original sill configuration have been summarized graphically in Figs. 

59 and 60. It should be noted that the discharge for these figUres has 

been related to the ;flow in only one ohute as an aid to operational use of 

the data. 

It is quite obvious from Fig. 59 that the turbulenoe generated in 

low discharge flows by rollers generated with low tailwaters oontributes 

moderately low negative pressures and in one instanoe oauses a very 
severe negative pressure. The potential damage, as represented by low 

negative pressures, is markedly inoreased with overtopping of the side 
walls as shown in Fig. 60. 

2. The Sill Extension 

The dimensional ohanges represented by the added sill and taps are 
shown in Fig. 17 and the pertinent transient pressure fluotuation data for 
the velocity of 29 mps prototype in Figs. 44, 46, and 61. The data for the high 

stage velooi ty of 37 mps prototype are shown in Figs. 45, 47, and 62. These 
studies were oonfined to two pressure taps, C 18b and L lSb. Tap C 18b, 

which ,would be 12.5 em upstream of the extension lip in the prototype, was 

looated at the "oenterline." Tap L 18b was similarly positioned, but 

at the wall. The significant points ,from the low speed data are dis-

cussed below. The high speed data are disoussed separately later. 

a. Lower pressures are again obtained at the wall taps than at 

the oenterline. With lateral flow only, negative pressures 

occurred only at the wall and existed for a variety of flow 



I' 

-26-

conditions. The low negative value was -3.0 m. The addition 

of overtopping flow diminishes the pressure values, and nega

tive values were quite general, with the lowest peak being 

-6.8 m. For the above lows the maximum negative liP values 

are -4.4 m and -9.5 m, which are 10.3 per oent and 22.2 

pel' cent, respectively, of' the dynamic head. There was one 

unique condition at the "oente:t'line" tap that with the overtop

ping flow produced a liP of 10.2 m, or a .coefficient of 33.3 

per cent. 

b. In general, for a given discharge, increasing tailwater stages 

with increased overtopping tends to raise the pressures. How

ever, this was not always true. 

c. When compared to analogous pressure taps on the original sill, 

the values appear to be much the same. However, the static 

pressure diagrams suggest that the pressure gradient is steeper 

on the sill extension, and probably a smaller area of the lip 
is exposed to negative pressures. 

d. The pressures on the downstream side of the triangular sill 
were not measured, but the shape is considered highly favor

able for increasing the pressures in this area to positive 
values. It should be noted that the area on the original sill 
which would be 50 cm downstream of the lip showed extremely 

low negative values for a w~de range of flow conditions. 

,. The Sill Eroded Two Meters 

Pressure fluctuation tests were run on the eroded sill to determine 

whether the potential for cavitation damage was diminishing to the point of 
beooming self-arresting. Data were taken for a range of disoharges and 

tailwater stages and for lateral flow and overtopping flow. Fluctuation 

measurements were made at taps C 13a upstream of the lip on the "centerline, II 

L 13a upstream of the lip at the side wall, and C l3b downstream of the 

lip on the "centerline." All taps are located a distance which would be 

12.5 cm from t~e lip in the prototype. Pressure data for these taps are 

contained in Figs. 48 through 51 and 63 through 65. The following can be 
noted from these data: 



a, Wi th only lateral flow, te-p C 1313, l'lhowed a l'loe-ttering of 
moderate negative prel'lsures. ·The g:ceatest of these was 
-3.6 m. Wall tap L 1313, showed. no negative values. Tap 
C 13b downstream of the lip also showed. a scattering of 
moderate negative pressures, the ~eatest of whioh wal'l 

... 4.5 nh 

b. With the addition of overtopping flow, .tap a 1,13, shows 
further worl'lening of the negative presl'lurel'l. The g:ceatest 
of these wal'l -7.0 m. Wall tap L 1313, showed only a single 
moderate negative presSU;l:'e value. Tap 0 13b downstream of 
the lip generally showed negative values of oonsiderab1e 
strength. The g:ceatest of these was -6.1 m. 

In order to p~vid.e for somewhat easier assimilation of these data, 
they have been summarized g:caphioa1~y in Figs. 66 and 67. It il'l quite 
obvious from these plottings that a oonsiderable potential for oavitation 
d.amage oontinues to exist for the oase of overtopping flows and a marginal 
potential exists with l.atel.'al flow without overtopping. 

4. The Influenoe of Increased ,Dam Height 

Only limited pressure fluctuation tests were mad.e for the 37 mps velooi ty 
which should. result with the ultimate dam height~ These data are shown in Figs. 
35, 37, and. 58 for the original sill and Figs. 45, 47, and 62 for the sill extens~on. 

Measurements made 12 em upstream of the lip on the "centerline" with 
only lateral flow showed a maximum negative pressure of .. 1. 7 m. ·The turbu
lence oontribution to the 6P value gave an effect of 4.5 m, whioh was 6.5 
per oent of the ~io head. For the case of lateral flow with overtopping 
this tap gave a maximum negative pressure of .. 1.9 m, or a turbulenoe 6P 

oontribution of 7.9 m 0;1:' 11.5 per cent of the dynamio head. 

Measurements made 25 om upstream of the lip near the wall with only 
lateral flow Showed a maximum negative pressure of -5.4 m, 0;1:' a turbulenoe 
liP oontr:lbution of ·5.5,m or 8.0 per oent of t~e dynamio head. For the 
case of lateral flow with overtopping this tap gave a maximum negative pres
sure of -7.4 m or a turbulenoe bP contribution of 10.0 m or 14.5 per oent 
of the dynamic head. 
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Sinoe a negative statio head of -4 m was ~epo~ted e~lie~ fo~ oondi
tions at tap 18a wi.th a flow of' 8000 cms, the oombination of this value 

with the -2.5 m :f'~m tu~bulence effeots at a f'low of 8000 ems (see Fig. 58) 

and no late~al flow gives a total of -6.5 m. This is fo~ the flow without 

ove~topping. It is evident that p~teotive meaau~eS will be neoessary to 

prevent damage. 

Co' T~aining Wall P~essu~e Tests 

The p~essure oonditions existing in the obse~ed damage a~eas at the 
end of' the t~aining wall we~e measu~ed with t~ansduoe~s mounted at two points 
on the model. Tap L 21 was looated on the side wall a distanoe above tap L 18 
equivalent to 50 om in the p~totype. Tap L 23 waS mounted in the vioini ty of'. 
maximum damage nea~ the top of' the wall. The app~ximate positions of' these 
taps are shown in Fig. 17. 

No statio measu~ements were made at these taps, but transient transduce~ 

measurements. were made under a' range of test oonditions with results as shown in 
Figs. 40, 41, and 57. The following points oan be gathered f~m these data: 

1. Statio pressure oonditions at tap L 21, whiohare app~ximated 
by the average transduoer pressure, are roughly in accord with 
the hyd~statio p~essu~e whioh would be gene~ated'by' the tail
water stage. Slightly greate~ values ooour when overtopping 
takes plaoe • 

. 2. Statio pressures at tap L 23 nea~ the top of the wall at elev. 
123 a~e roughly 2 m less than those at L 21, which is again an 
approximation of hyd~statio tailwater stages. 

;.With only lateral flow at L 21 the lowest negative p~essu~e 

was -2.7 m and 4.4 m below the statio p~essure. The latte~ 
value is 10.3 per oent of the d;ynamic p~essu~e head. With ove~

topping and late~al flow the max~ negative value was -4., m, 
9.2 m. below the statio p~essu~e. The .latte~ value is 21. 5 pe~ cent 
of the d;ynamic p~essure head. 

4~ . The values at. tap L 23 w~ th only late~al flow gave So maximum 

negative pressure. of -6.7 m, whic~ is 5.3 m below the static 
value or 12.4 per cent of the dynamic head. 
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5. With lateral £low and overtopping at L 2, the maximum nega

tive pressure was -7.0 m, 9., m below statio pressure or 

21.7 per cent of the dynamic head. 

6. It is again apparent that overtopping flows contribute sub

stantially to the negative pressures and that they should be 

eliminated by raising the walls. 

7. The maximum negative pressures are substantially lower at 

L 2, than at L 21 and are of a level generally considered 

to be damaging. This is in essential agreement with the ob

served damage evidence in Fig. 12. 

8. Tests were not made at the high dam velocity of 37 mps, but 

if it is assumed that the same percentage of the dynamic head 

would occur with the higher velocities, very serious damage 

pressures oan be expeoted to result for most flow conditions. 

9. No tests were made with the Type Cramp modifioation applied 

to the side wall, but its use should lead to much the same 

type of looalization of negative pressures as occurs with its 

applioation to the sill. With armoring of this localized 

area, stabilization of erosion should result. The wall should 

probably be eliminated downstream of the wall ramp and the 

ramp should be an extension of the sill ramp. 

D. Buoket Lip Cavitation Erosion Tests 

The occurrence of vapor cavitation in a flow on a hydraulic structure 

is the result of high velocity and curvilinear flow paths. On most struo

tures----the or~ tical~egions of three-dimensional ~17Vilinear ~ow are too 

complex to be analytically predicted. They can, however, be located visu

ally on a sui table model whioh aotually cavi tates, and the model can be 

experimentally altered to imp~ve or eliminate the cavity as a source of 

trouble. There is an extensive history of use of such models to study many 

hydraUlic flow problema. 

In order to achieve reasonable simulation of the prototype cavities, 

such a model must be operated under a similar cavitation environment condi

tion as measured by the oavitation parameter a (see Appendix B). Since 

a model must be operated with velooities whioh are only a fraction of those 
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in the prototype, the environment pressure must also be suitably reduoed to 
penni t the attainment of a sui table C! value. Variable pressure test 

-- - ------ ------------------------------ ------------------ ------ --------------

faoilities pexmit this kind of oontrol. !n addition to this oontrol the 
model oonditions must reasonably simulate theexistenoe of small gas bub~ 
bles whioh serve as the oavity nuolei, and surfaoe tension effeots and 

------ ---~--aa:equate time rati"<1>s mus'C-be provided in the model. !f all these oonditions 

o&n be reasonably sXmulated, the model beoomes a useful tool in diagnosing 
and soiving the oavitation problem. 

/'; 

Problems involving surface damage due to oavitation impose an addi ... 
tional requirement relative to model diagnosis. This is beoause not all 
oavities in a flow oreate boundaxy damage, only those whose trailing ends 
oollapse in the immediate vicinity of a bounda~. Isolation of this type of 
oavitation is acoomplished most direotly in a model whose surfaces are treated 
to indicate the presence of physioal damage due to the oavity oollapse aotion. 

In view of the above, the Guri model was built to operate ina test 
facility whioh could provide reasonably high velocity and reduced pressures, 
&nd the region of the model known to sustain damage was built so as to show 
evidenoe of cavity oollapse foroes. For this puxpose the model was built 
to fit in the largest variable pressure facility at St. Anthony Falls. This 
facility, whioh was desoribed earlier &nd is shown in Fig. 1" permitted the 
use of a model of 1:78.7 size. The sill of the struoture, whioh sus,tained 
the cri tioal damage at Guri, was' made of an a:nnealed soft aluminum. These 
procedures, which had resulted in an effective model test in &n earlier 
stud:y at st. Anthony Falls [4], were employed in the first exploratory 
tests of the Guri struoture. 

Subsequent operation of this model established that oavi tation could 
not be satisfaotorily modeled. Later non-cavitating studies of the model 
using pressure taps pointed up two reasons why the oavitation model did not 
act as effeotively here as in the earlier stud:y [ 4]: 

1. The reduced pressure regions whioh were actually low enough 
to support oavitation.at Guri existed in a flow distanoe on 
the lip which was probably :no longer than about 20 cm in the 

prototype. At a scale of 1;78.7 this distance would be only 
about ~ mm in the model. 
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Cavitation is a prooess whioh re~uires a suitable gas nuoleus 

to pass through the lower pressure region. A cavity grows by 

vaporization as the nuoleus enters the low pressure field and 

oollapses as it condenses on leaving the low pressure field. 

This thermodynamic prooess of vaporization and oondensation 

re~uires a oertain minimum time span if it is to ooour at all. 

In the brief time re~uired to pass through the negative pres

sure region of the Guri model these thermodynamio prooesses 

apparently were not developed ade~uately, and vap~r oavita

tion failed to ooour. 

In contrast, the relative suooess of oavitation modeling in the earlier 

study [4J oan be attributed to a model with relatively large regions of 

negative pressure and a basio model ratio of about 1 to 8 as oompared to 

the ratio of 1 to 78.7 employed in the Guri model. 

In view of the failure to simulate oavitation in the Guri model, 

the remainder of the tests resorted to boundary pressure measurements on 

a non-oavi tating model. This is a more time-oonsuming method of looating 

the oavitation, but had to be employed when true cavitation could not be 

properly generated. 



V. OONCLUSIONS AND REOOMMENDATIONS 

It is quite apparent from the earlier desoriptions that the flow con
ditions which oaused damage to the bucket lip at Guri were of a vex,y oomplex 

for.m and sequenoe as a result of operating oonditions. Sinoe dooumented 
reoords of operating oonditions were not available, it must be reoognized 
that a labora.tor.1 investigation of oause and effeot is neoessarily somewhat 
speoulative in nature. There are, 'however, oertain logioal reaSons why 

damage by oavitation maw ooour, and those reasons were found to exist at 
Guri. Moreover, the limited and specifio areas of the model whioh were found 
in laborator.1tests to be oapable of supporting cavitation damage were in 
general quite olosely oorrelated with those regions whioh were actually dam
aged at Guri. While this agreement or oorrelation between model and proto
type has been quite good, the model is not an exact simulation of the proto~ 
type, and the laboratory findings should be used oonse;rvati vely. The follow
ing oonolusions are believed to be a reasonable assessment of the model find~ 
ings in' oombination with the ~own meohanios of oavitation. 

1. It is the experienoe of various investigators that oonorete 
struotures exposed to high velocity flow will exhibit 
erosion in those areas in whioh the transient bound~ 
pressure frequently falls below approximately one-half 

atmosphere ( -4 to -5 meters of relative water head) 
and subsequently rises to a higher value. The ero-
sion is generally oaused by the for.mation and sub-
sequent oollapse of vapor oavities traveling olose 
to a boundary. In the region of rising pressure, 
where the oavity ultimately collapses, a very small 
but intense pressure blow is delivered to the boundary. 
Most materials oan be exposed to mallY thousands of 
oyoles of blows before material erosion begins. ]rief 
exposures to cavitation axe usually not serious, but 
'sustained exposure oan prove very erosive. 

2. In the flip buoket spillwEl\Y' at Guxi, the only areas 

that exhibited signifioant erosive damage were those 
in whioh the laborator,y pressure tests disclosed a 
oapabili ty to produce pulsing negati va pressure values 
greater than approximately one~ha.lf atmosphero. 
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,. Vapo~ oavities whioh fonm in a low pressure ~egion and oollapse 
i:t), a higher p~essure region are the result of a combination of 
three souroes of low pressure. The negative pressure dip of 

this oombination of pressure souroes is inherently transient in 
nature. This oombination of three low pressures must ooour in 
olose proximity ~o a boundary if damage is to take plaoe on 
the boundar,y. 

4.' The small-soale vortioity is inherent in any turbulent 
flow, but the powerful large-soale eddies that pulse on 
the boundary are the result of major upstream disturbanoes 
in the flow. These disturbanoes are generally impinging 
streams, hydraulio jumps or rollers, or separation vortioity 
shed by some upstream boundary ir~egu1arity. 

In the Guri flip bucket two flow oonditions appear to oon-
t~ibute powerful large u.pstream eddies near the bucket lip. 
T~ese are (a) the ~pinging stream resulting from flow 
overtopping the wall and (b) the fonmation of a partial 
jump or roller when a high tail water begins to back a low 
flow down into the bucket. 

6. The tu~bulence due to flow overtopping the bucket side 
wall appears to be the strongest factor oontributing to 
the negative pressure pulsations. An inorease in the 
height of the walls to eliminate overtopping flow is a 
simple and practical solution to the reduotion or 
elimination of this low pressu~e source, and it is 
reoommended. 

7. The presence of the very tu~bulent partial jump or 
roller in the downstream end of the buoket oan be 

largely eliminated by (a) operating with a deeper flow 
in the buoket, thus sweeping the budding jump out of 
the buoket despite the high tailwat~r, or (b) depress
ing the tailwater stage so that back-up is reduoed or 
eliminated. In addition to sweeping out the jump, a 

deeper flow in the bucket also tends to suppress the 
oavitation potential by inoreasing the static boundary 
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pressure contributed by the centrifugal aotion on the 

curved bucket. Oavi tation damage can be minimized for 

a given discharge and tail water stage by routing the 

flow via a reduced number of ohutes to inorease the 

flow depth. With ade~uate flow depth, sweepout of 

the jet can be achieved. A guide to these prefer;ced 

ope;cating conditions is shown in Fig. 59, whioh defines. 

the areas in whioh the negative pressures ooour. In gen

eral p;cactice a negative pressure not lowe;c than -3 m 

(-10 ft) is aooeptable. 

8. Lowering of the tailwater to reduoe baok-up in the 

buoket will substantially reduoe the potential for 

oavi tation damage. It is probable that natural degra

dation will, in the course of time, tend to lowe;c the 

bed and the tailwater. Howeve;c, this cannot be e~ected 

to provide early benefits. To the extent that it is 

praotioal, reduotion of tailwate;c stages by downstream 

dredging is ;ceoommended. 

Tailwater back-up effects can also be reduced by ;ce

building the bucket to raise the lip above all normal 

tailwater stages. This is an e~ensive alternative 

that should be approached with caution. It should be 

noted (Fig. 22) that even with the tailwater pool oom

pletely removed, a velooity of 29 mps, oorresponding to 

the existing dam head, produoed a statio lip p;cessure of 

-2 m, and a velocity of 37 mps, corresponding to the ulti~ 

mate dam height, produced -4 m (not Shown). Both of these 

were at a discharge of 8000 oms. If for a corresponding 

discharge a dynamic negative pressure of -2.0 m is taken 

from Fig. 52 for V = 29 mps and -2.5 m is taken from Fig. 

58 for V = 37 mps, the total negative Values are about 

-4 m and -6.5 m, respectively. Both of these are potenti

ally damaging pressure values. If disoharges less than 

8000 ems had been included in the data, it is probable 

that even lower negative totals would have resulted. 
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It should be noted that raising the bucket lip above the e~isting 

elevation of 121.23 m would involve substantial changes in the 

dimensions and shape of the bucket e~it. Such changes would 

require additional e~erimental model studies for olarifioation 

of their performanoe oharaoteristics. 

10. Early damage evidenoes as shown in Fig. 10 indicate that some dam

age did ooour initially near the center of the lip. Such damage 

is well away from the side walls and probably beyond the region of 

turbulence pulse generation by wall overtopping flows. This damage 

could be due to turbulenoe generated by rollers in the bucket, but 

since it ooourred only in oertain areaS along the sill, it m~ be 

assooiated with oertain patterns of upstream flow. This suggests 

that wave actions and separation vortioes from the crest gates and 

piers (see Figs. 1, 4, 5, and 6) may in some instanoes oreate suf

ficient localized turbulence in the bucket to support damage. 

Hence it is reoommended that in field operations, the number of 

gates and the gate openings be selected to minimize the generation 

of discrete waves and turbulence centers. The damage alleviation 

measures suggested in items 1, 8, and 9 are also applicable to 

center sill damage. 

11. In addition to the foregoing transient sources of negative pres

sures, consideration must be given to minimizing those boundary 

areas which inherently possess low mean static pressures as a 

'consequence of high velocity flow. Damage evidenoe, together with 

analytical studies of boundary pressures, indicates that the only 

boundary region having a potential for low static pressure is 'l;he 

lip of the bucket. In this region, the protective high centri

fugal pressures of the curved bucket end quite ab~~ptly, and 

transition must be made to the pressure of the atmosphere. The 

test data indicate that, with one e~ception, the pressures in 

this region never beoome subatmospherio. The one exception is 

the e;x:tremeend of th(3 lip when l()w flows are discharged with 

the lip above tailwater. In this instance, a subatmospheric 

pressure of about -2 m occurred for a chute velocity of 29 mps, 

and approximately -4 m of negative pressure occurred for the 

chute velocity of 31 mps consistent with the ultimate dam height. 
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12. Tests indioate that provision of a lip pieoe whioh 

presses slightly into the flow as shown in Fig. 17, 
Type C, will generate suffioient positive dynamio 

pressure to suppress the no~~al negative transients 

and confine thom to the extreme lip of the extension. 
The Up shape'reforms the flow for an appreoiable 

distanoe upstream. The new form of flow generates 

substantially highe~ statio pressures on the upstream 
boundary to alleviate oavitation damage. 

1,. To doubly proteot the oritical lip area, it is sug~ 
gested tha·b the reshaped lip pieoe be fabricated of 

a metal known to have high resistanoe to oavitation 
pitting and adequate resistance to the water oondi-
tions at Guri. A suitable stainless steel is recom
mended. 

14. Although the extent of the lip. area whioh is subjeoted 
to oavitation erosion is very small, it is important 

. that erosion be prevented from forming at the initial 
edge of the lip. This is true beoause of the progres
sive nature of the erosion onoe it starts. This non
arresting or progressive nature is demonstrated by 
both the history of erosion in field observations and 
the oontinuing presenoe of low negative lip pressures 
in the model studies of eroded lips. The model studies 
oonfirm the field observations that oavi tation damage 
potential was greater for a sill eroded down 4 m than 
for the original sill oonfiguration. 

15. A very large vortex in the tailwater pool generates a 

strong lateral flow across the end of the spillway. 
The complex flow whioh exists under the jet sheet as 
i"t leaves the buoket lip is not fully understood, but 
the presenoe of the lateral flow moderately depresses 
pressures on the buoket lip and probably oontributes 
to the oavi tation damage. There appears to be no simple 
wa:y in whioh this flow can be signifioantly reduoed. 
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Elevation of the sill to a position above the tailwater 

-~ - ~ ----~ --------~~~oan,-however,nul-1-if;Y'__:the~i-n£luenoe-oi'-the -lateral--f-low.~----~------~ 

16. In the model studies of the original sill oonfiguration, 
damaging low pressures were found on the buoket immediately 
upstream of the lip. However, the transient pressures on the 
sill and just a short distanoe downstream of the lip and near 
the wall were even lower. The statio pressures at sill 'tap L 19 
were positive when only lateral flow existed, but beoame moder
ately negative when overtopping flows were added. However, 
when these same flows were examined for their transient dipsf 
ve~ severe negative pressure values were observed. They oon~ 
stitute the pressures of greatest potential damage for the 
entire spillway and are thesouroe_Q£the 'Very.low_pressure __ _ 
dip shown in Figs. 59 and 60. 

The triangular extension was added to the sill primarily 
to oorreot the low negative pressures on, the buoket floor. 
However, the sloped ramp on the downstream side of the 
sill extension should enhanoe sill pressures in a manner 

-similar to that achieved by the upstream ramp. However, 
the very complex nature of the tailwater flow over the 
sill preoludes any deoisive speculation as to the resulting 
sill pressure. 

17. ' .An attempt to model the actual formation and collapse of 
vapor oavities was unsuccessful in these tests. In retro
spect, this has been traced to the very small flow length 
to whioh'the exPansion and oollapse of the cavities at 
Guri must be oonfined. The pressure diagrams (suoh as 
Fig. 20) indicate that the physical length of the negative 
boundary pressure region in the prototype is probably less 
than 1/10 m long. At a scale of 78.7, this region is prob
ably less than a few millimeters in the model. Since 
cavity formation and collapse require a definite time 
span for the thermodynamics of vaporization and condensation, 
cavi ties should not be generated with the conditions prevail
ing in the small Guri model. Successful modeling of cavi
tation has been aohieved with other, larger models in the 
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cavitation facility at st. Anthony Falls, but the duration 
of negative pressures proved too brief with the lip condi
tions prevailing on the Guri model. 

18. Pressure measurements on the training wall for the low dam 
velooit~ indioate that near the top of the wall damaging 
levels of negative pressure generally exist with over
topping flows and exist for many flow oonditions even 
without overtopping. At a level near the sill, damaging 

I 

negative pressures exist with overtopping flow, but are 
probably not serious without overtopping. However, at the 
ul timate high dam velooi ty, damage would probably ooour at 
most flow oonditions even without overtopping. It appears 
that the damagingoonditions on the side wall would be 
alleviated by the same measureS whioh might alleviate 
damage on the buoket, to whioh oonolusions 7 through 15 
apply. It is reoommended that the revised wall be te~i
nated at a line beginning at the buoket sill and rising 
from the sill at an angle. 'The angle should be 450 with 
the horizontal, Sloping upstream. The end of the Wall. 
should be fitted with the same form of extension as was 
reoommended for the sill in oonolusions 12 through 14. 

The mo~el pressure tests with the sill eroded to two and 
four meters below the original oonfiguration oontinued to 
show negative pressures equal to or greater than those 
found in tests of the original sill. In other words, there 
was no evidenoe that oavitation would beoome self~arresting 
as erosion prooeeded. This was true for test oonditions both 
with and without wall overtopping flows. Negative pressure 
oonditions were not too severe with the sill eroded two 
meters,"but were ver;r severe when it was lowered to four 
meters', and 'high rates of erosion are probable. 

.. 
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Damage on the Spillway Bucket Lip 

11 Photo of the Damage Sustained by the Sill of the East Chute in 
1969 -Normal Flow from Right'·to Left (:aarza Engineering Oompany) 

12 Downstream View of the Spillway Sill Showing Erosive Damage on 
the Training Walls (Harza Engineering Company) 

13 The 108 om (42 inoh) Reoiroulating, Variable Pressure Water Tunnel 
at st. Anthony FallS 

14 (Ser. No. 13°"963) The tunnel with Reotangular Windowed Test Section and 
MOunted Spillway MOdel Connected for Manometrio Statio Pressure Readout· 

1$ (Ser. No. 1~0"960) The Flip Buoket Model as eeen through the Teat Seotion Window 

16 (Ser. No. 1;0-967) The Operating Flip Buoket MOdel Equipped for E1eotronio 
, Readout of. Transient Pressures 

17 Sill and Wall' Oonfigurations and Pressure Tap Looat1ons for the 
Various T,ypes of Spill~ Test Arrangements MOdeled 
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Figure 

18 

19 

20 

21 

22 

2,3 

24 

26 

27 

28 

29 

30 

Manomet~ic Static· Pressures on the Oente~line of the Spillway Ohute 
and Bucket~O~iginal Sill (Type A), V ~ 29 mps, No Lateral Flow, No 
Overtopping, 1971 Tailwater stages 

Manometric Static Pressures at the Side Wall of the Spillway Chute 
and Bucket-Original Sill (Type A), V ~ 29 mps, No Lateral Flow, No 
Overtopping, 1971 Tailwater Stages 

Manometric Static Pressures on the Oenterline of the Bucket Exit
Original Sill (Type A), V = 29 mps, Lateral Flow, OVertopping, 1971 
Tailwater Stages 

Manometric Static Pressures at the Side Wall of the Bucket Exit
Original Sill (Type A),V= 29 mps, Lateral Flow, Overtopping, 
1971 Tailwater StageS 

Manometrio Statio Pressures on the Oenterline of the Buoket Exit
Original Sill (Type A), V = 29 mps, Lateral Flow, Overtopping, 
Low Tailwater Stages 

Manometrio Static Pressures at the Side Wall of the Bucket Exit
Original Sill(Type A), V ~ 29 mps, Lateral Flow, overtopping, Low 
Tailwater Stages 

Manometric Static Pressures on the Centerline of the Spillway 
Chute and Bucket-Sill Extended (Type C), V = 29 mps, No Lateral 
Flow, No Overtopping, 1971 Tailwater Stages 

Manometric Static Pressures at the Side Wall of the Spillway Ohute 
and Bucket-Sill Extended. (Type 0), V = 29 rops, No Lateral Flow, 
No Overtopping, 1971 Tailwater Stages 

Manometric Static Pressures on the Oenterline of the Bucket Exit
Sill Extended (Type 0), V ~ 29 mps, Lateral Flow, Overtopping, 
1971 Tailwater stages 

Manometrio Statio Pressures at the Side Wall of the Bucket Exit
Sill Extended ('l'ype C), V = 29 mps, Lateral Flow, OVertopping, 
1971 Tailwater Stages 

Manometrio Statio Pressures on the Oenterline of the Spillway Ohute 
and Buoket-Sill Eroded Two Meters (Type :8), V = 29 mpe, No Lateral 
Flow, No Overtopping, 1971 Tailwater Stages 

Manometrio Statio Pressures at the Side Wall of the Spillway Ohute 
and Buoket-Sill Eroded Two Meters (Type :8), V = 29 rope, No 
Lateral Flow, No Overtopping, 1971 Tailwater stages 

Manometrio Statio Pressures on the Centerline of the Bucket Exit
Sill Eroded '!'wo Meters (lIY.Pe :a), V = 29 mps, Lateral Flow, Over
topping, 1971 Tailwater stages 
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32 

33 

34 

35 

37 

39 

40 

41 

42 

43 

Manometrio Static 'Pressures at the Side Wall of the Buoket Exit ~ 
Sill Eroded Two Meters (Type B), V :::: 29 mps, Lateral Flow, 
Overtopping, 1971 Tailwater Stages 

Manometric Statio Pressures on the Centerline of the Bucket Exit ~ 
Sill Eroded Four Meters (Type D), V;::: 29 rops, Lateral Flow, 
Overtopping, 1971 Tailwater Stages 

Manometric Statio Pressures at the Side Wall on the Bucket Exit ~ 
Sill Eroded Four Meters (Type D), V;::: 29 mpe, Lateral Flow, 
Overtopping, 1971 Tailwater Stages 

Typical Pressure 'Fluctuations at the Bucket Lip.- .Original Sill 
(Type A), V :::: 29 mps, Lateral Flow, 1971 Tailwater Stages 

Typical Pressure Fluctuations at the Bucket Lip< - Original Sill 
(Type A), V ;::: 37 mps, Lateral Flow, 1971 Tailwater Stages 

Typical Pressure Fluotuations at the Bucket Lip't"".Original Sill 
(Type A), V = 29 mps, Lateral Flow, Overtopping; 1971 Tailwater 
Stages ' 

Typical Pressure Fluotuations at the Buoket Lip - Or~ginal Sill 
(TF,Pe A), V = 37 mps, Lateral Flow, Overtopping, 1971 Tailwater 
stages 

Typioal Pressure Fluotuations Near the Buoket Lip - Original Sill 
(Type A), V ;::: 29 mps, Lateral Flow, 1971 Tailwater Stages 

Typical Pressure Fluotuations Near the Bucket Lip - Original Sill 
(Type A), V = 29 mps, Lateral Flow, Overtopping, 1971 Tailwater 
Stages 

Typical Pressure Fluotuations on the Training Wall - Original Sill 
(Type A), V = 29 mps, Lateral Flow, 1971 Tailwater Stages 

Typical Pressure Fluotuations on the Training Wall - Original Sill 
(Type A), V = 29 mps, Lateral Flow, Overtopping, 1971 Tailwater 
Stages 

Typioal Pressure Fluotuations on the Bucket Sill - Original Sill 
(Type A), V =29 ropS, Lateral Flow, 1971 Tailwater Stages 

Typioal Pressure Fluotuations on the Buoket Sill,- Original Sill 
(Type A), V = 29 rope, Lateral Flow, Overtopping, 1971'Tailwater ' 
Stages 

44 Typioal Pressure Fluotuations on the Lip of the Sill Extension -
Sill Extended (Type C), V = 29 mps, Lateral Flow, 1971 Tailwater 
Stages 
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46 

47 

48 

50 

51 

52 

53 

54 
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Typical ~essure F1~ot~tions on the Lip of the Sill Extension ~ 
Sill Extended (Type 0), V = 37 mps, Lateral Flow, 1971 Tai1water 
stages 

Typioal Pressure F1~ctuations on the Lip of the Sill Extension -
Sill ~tended (Type 0), V = 29 mps, Lateral Flow, OVertopping, 
1971 Tailwater Stages 

Typioa1 Pressure Fluctuations on the Lip of the Sill Extension -
Sill Extended (Type 0), V = 37 mps, Lateral Flow, Overtopping, 
1971 Tailwater Stages 

Typical Pressure Fl~ctuations at the Buoket Lip - Sill Eroded Two 
Meters (Type B), V = 29 mps, Lateral Flow, 1971 Tai1water Stages 

Typical Pressure Fluotuations at the Buoket Lip - Sill Eroded 
Two Meters (Type ~), V = 29 mps, Lateral Flow, Overtopping, 1971 
Tailwater Stages 

Typical Pressure Fl~ctuations on the Traindng Wall - Sill Eroded 
Two Meters (Type B), V = 29 mps, Lateral Flow, 1971 Tailwater 
Stages 

Typical Pressure Fluotuations on the Training Wall - Sill Eroded 
Two Meters (Type B), V = 29 mps, Lateral Flow, Overtopping, 1971 
Tailwater Stages 

Tabular Summary of Pressure Fl~tuation Data .. O;dginal Sill (Type A), 
V <::; 29 mps, No Lateral Flow, Various Tailwater stages, Taps C18a 
and L18 

Tabular Summary of Pressure Fluotuation Data .. Original Sill (Type A), 
V = 29 mps, Lateral Flow, Various TailwaterStages, Taps 018a and 
L18 

Tabular Summary of Pressure Fl~tuation Data .. Original Sill (Type A) t 
V = 29 mps, Lateral Flow, Overtopping, Various Tailwater Stages, 
Taps C18a and L18 

Tabular Summary of Pressure Fluctuation Data .. Original Sill(Type A), 
V = 29 mps, Lateral Flow, Overtopping, Various Tailwater stages, 
Taps 0180 and 019 

56 Tabular Summary of Pressure Fluotuation Data .. Original Sill (Type A), 
V' = 29 mps, Lateral Flow, OVertopping, Various Tailwater Stages, 
Taps L17 and L19 

57 Tabular Summary of Pressure Fluotuation Data- Original Sill (Type A), 
V = 29 mps, Lateral Flow, Overtopping, Various Tailwater Stages, 
Taps L21 and L23 
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60 

61 

)1 

62 

63 

64 

Tabular Summary of Pressure Fluctuation Data ~ Original Sill 
(Type A), V ~ 37 mps, Lateral Flow, Overtopping, Various Tailwater 
Stages, Tapa C18a and L18 

Preferred Spillway Operating Conditions - Original Sill (Type A), 
V ~ 29 mps, Lateral Flow, Various Tailwater and Q" Based on 
Taps 018a, L18, and L19 

Preferred Spillway Operating Conditions - Original Sill (Type A), 
V ~ 29 rops, Lateral Flow, Overtopping, Various Tai1water and Q" 
Based on Tapa 018a, L18, and L19 

Tabular Summary of Pressure Fluctuation Data on the Lip of the 
Sill Extension -.Sill Extended (Type C), V ~ 29 rops, Lateral Flow, 
Overtopping, Various Tailwater Stages, Taps 018b and L18b 

Tabular Summary of Pressure Fluctuation Data on the Lip of the 
Sill ExtenSion - Sill Extended (Type 0), V = 37 mps ,Lateral Flow, 
Overtopping, Varirus. Tai1water Stages, Taps 018b and L18b 

Tabular Summary of Pressure Fluctuation Data at the Buoket Lip -
Sill Eroded Two Meters (Type B), V = 29 mps, Lateral Flow, Various 
Tai1water Stages, Taps 013a and L13a 

Tabular Summary of Pressure Fluctuation Data at the Bucket Lip -
Sill Eroded Two Meters (Type B), V = 29 rops, Lateral Flow, Overtopping, 
Various Tailwater Stages, Taps C13a and L13a 

Tabular Summary of Pressure Fluctuation Data at the Bucket Lip -
Sill Eroded Two Meters (Type B), V = 29 mps, Lateral Flow, Over
topping, Various Tai1water Stages, Tap C13b 

j,- -- --- ---~~-- ...... --~~:~-)~~!J.~9~1J~~~~:i~:lC~~~~!~~~ci'!~~k~{~~ :~ ~:ters 

67 

68 

69 

based on Taps C13a and L13a 

Preferred Spillway Operating Conditions - Sill Eroded Two Meters 
(Type B), V = 29 mps, Lateral Flow, Overtopping, Various Tai1water and Q" 
based on Taps C13a and L13a 

Theoretioal and Experimental Pressure Diagrams (from Ref. (2]) 

Suggested Streamline Adjustments at the Buoket Lip 
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Fig. 4 - Spillway Discharge in the West Chute with 
Release from One Gate (Harza Engineering 
Co.) 

" 

Fig. 5 - Spillway Discharge in One Chute as viewed 
from the Crest with Release- from One Gate 
(Harza Engineering Co.) 

l' 



Fig. 6 - Spillway Discharge in the West 
Chute as viewed from the Crest 
with Release from Three Gates 
(Harza Engineering Co.) 

Fig. 7 - FI ip Bucket Discharge from the Center Chute 
with Flow Overtopping the Lower East Training 
Wall about 3.5 meters (Harza Engineering Co.) 
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Fig. 10 - Plan and Sectional Views of the Location and Extent of Erosive Damage on the Spillway Bucket Up 
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Fig. 11 - Photo of the Damage Sustained by the Sill of the. East Chute in 1969 - Normal Flow from Right to Left 
(Harza Engineering Coo) 
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Location of new 
windowed test section . 

42" 

.~ .... i ! - IIcn .- IGn· -1911 ---ffi!!-. 

r 

7' 

50" ---I . £2.4- 1II _:: ~ r I 
~ COMPONENTS 

CD-(6) TEST SECTION 

®-® RETURN CIRCUIT 

@-@ PUMP CIRCUIT 

®-CD QUALITY CONTROL 

® SCREEN DIFFUSER 

® GAS SEPARATOR 

© HONEYCOMB 

'([j)PUMP 

FiSo 13 - The 108 em (42 inch) Recirculating, Variable Pressure WCJfer Tunnel at Sto Anthony Falls 
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Fig. 14 - (Ser. No. 130-963) The Tunnel with Rectangular 
Windowed Test Section and Mounted Spillway Model 
connected for Manometric Static Pressure Readout 

Fig. 15 - (Ser. No. 130-960) The FI ip Bucket Model as seen 
through the Test Section Window 

Fig. 16 - (Ser. No. 130-967) The Operating Flip Bucket Model 
Equipped for Electronic Readout of Transient Pressures 
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Type Band B1 Spillway 
T cp Locctions 

Type 0 ond 01 Spillway 
Tap Locations 

2 meters 

"lab ..t... -I '21 81 
18 .. 20 0.75m~;;:v... m 
~ A,ifi:~'~~i-'"-"O 
T<lp locations tnlccsed Sill Detait 

~ 24·L~.!.~ I-Elev.132.45m 1< ---- , 
......... ) 

Type C and C1 Spillway - Sill Extended 

PRESSURE TAP LOCATIONS 

~emovable wall 
h;;~:s A',BI ~ C, ond 0 

we 1M p' 

I 
Types Al B~ ,ace. 

~50' D1 wall r~~~~J.and 
*18", ~ ~ 

~ 

Type A Tyee C 
D;$~ance Upstrecm of Lip 

Tep M"dei Protc-... Model Prof-o. 
No. inches ·~'tleters lncnes :rne!"e~ 

18b .062 .12 
180 .062 .• 12 .438 .88 
18 .125 _25 .500 1.00 
17 .250 .50 .625 1.25 
16 .500 1..00 .&75 1,75 
15 .750 L50 1.125 2.25 
14 1 .• 250 2.50 I -"- ." --..' . ~~ .,~ ~ 

"mwo,n';"'+!:fu"j'~~~~~;; :;;~~f~I'Itw lay 

R = 30 meters 
1.625 3.25 

130 1.830 3.66 2.2CS 4.41 
. I 

Wires to amplifier 
end recorder 

Elevation 

-c' way 

Elev. i 12.44 m 

13 
12 
11 
10 

9 
8 
7 
6 
5 
4 
3 
2 
1 

18c 
19 

2 .. 000 4.00 2.375 4.75 
3.QOO 6.00 3.375 6.75 
4.250 8.50 4.625 9.25 
6.250 12.50 6.625 13.25 

10.250 20 .• 50 10.625 21.25 
14.250 28.50 14.625 29.25 
16.250 32.50 16.625 33.25 
18.250 36.50 18.625 37.25 
19.250 38.50 19.625 39.25 
20.250 40.50 20.625 41.25 
21.250 42.50 21.625 43.25 
23.250 46.50 23.62547.25 
25.250 50.50 25.625 51 .25 

Dist-once Downstream of Lip 

.062 .12 

.250 .50 
'.J Typicrt! Transducer MO'JntTng Defail Fig. 17 - Sill and Wall Configurations and Pressure Tap Locations for tn., 

Various Types of Spillway Test Arrangements Modeled 
20 1.250 2.50 1.150 2.30 

~"'vdel dirner.sions in inches 
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Fig. J8 - Manometric Static Pressures on the Centerline of the Spillway Chute and Bucket -
. Original Sill (Type A), V = 29 mps, No. lateral Flow, No Overtopping, 1971 Tailwater Stages 
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t'Te$$1Ire Tops 

19 20 0 
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~,1tlf 
${iJ.::.'tfj ~~-: ' Pressute He"" 

.- in meter.s of wa!'er 

~ 
1~0 

25 

Dir-harse Tcilwater Test Depth - d 
,ems rne~r.; metefS 

2,000 125.0 O.S 
4,"000 125.0 J.O 
6,000 125.0 1.S 
8,000 126.0 2.0 

17,000 128.0 4.0 
28,000 130.5 6.3 
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Pre"$su'I'e Heed 
in r:'\eters of wafer 
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Typicdl Water Surface 

Flow -
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-.0 Fig. 19 - Manometric Static Pressures at the Side Wall of the Spillway Chute and Bucket -
Original Sf1 I (Type A), V = 29 mps, No Lateral Flow, No Overtopping,1971 Tailwater Stages 

Symbol 

0 
EJ 
A 
<'> 
® 
i] 

Pressure i cps 

s Press",.e Heod 
in :meters of water 

B--.fj 
10~10 

t Note: See Fig. 56 for very 
low trcr.s:ier.t ore5S'Jre 
vdves at top "L 1? 

20 

Pressure Heed 
in meters of water 

Discharge Tdilwater Test Dep:h - d 
cms :meters ~ter5 

2,000 125.0 0.5 
4,000 125.0 1.0 
6,000 125.0 1.5 
8,000 126.0 2.0 

17,000 128.0 4.0 
28,000 130.5 6.3 
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Type A Spillway - With lateral Flow 

F'reSS\1re Head 
in meters of water 

Type A1 Spillway - Overtopping 

Fig. 20 - Manometric Static F'ressures on the Centerline of the Bucket Exit - Original Sill 
, - {Type A}, V = 29 mps, ·totefa! ,F1ow, Overtopping, 1971 Tailwater Stages 
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25 
F'ressure Head 

in meters of water 

Type Ai Spillway' - Overtopping with loteral Flow 

Symbol Discharge r"i1water Test ~th - d 
ems meters meters 

o 2,000 125.0 0.5 
84,000 125~~ 1.0 
A 6,000 125.0 1.5 
-<:1> 8,000 126.0 2.0 
~ 17,000 i28.0 4.0 
II 28,000 130.5 6.3 
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Pressure Head 
tn meters of wafer. 

Tl'I'e A Spillway - With latercl FT aw Type A1 Spillway - Overtappi"g 

Fig- 21 - Manometric Static Pressures at the Side Wall of the Bucket Exit - Original Sill 
(Type A), V = 29 mps, lateral Flaw, Overtopping, 1971 Tailwoter Stages 
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25 2S 

Type Al SpllJway - Overtopping will> lofer,,1 Fl"", 

Symbol Di,ehOl"ge Taiiwoter Test Depth - d 
ems meters meters 

0 2,000 125.0 0.5 
EI 4,000 125.0 1.0 
/}. 6,000 125.0 1..5 
<;> 8,000 126.0 2.0 
e 17,000 128.0 4.0 
II 28,000 130.5 6.3 
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Type A ~mway - No Lateral flew Type A Spillway - With Loteral Flew 

fig. 22 - Manometric Static Pressures on the Centerline of the Bucket Exit - Original Sill 
(Type A), V = 29 mps, Lateral flow, Overtopping, Lew Tailwater Stage. 
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25 

Type Al Spillway - Overtopping 

Symbol Discharge T-cilwater Test Depth - d 
ems meters meters 

-<S> 8,000 .120.0 2.0 
B 17,000 124.6 4.0 
A 28,000 127.'0 6.3 
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Fig. 26 - Manometric Static Pressores on the Centedine of the Bucket Exit - Sill Extended 
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Fig. 28 - Manometric Static Pressures on the Centerline ofthe Spillway Chute and Bucket· Sill Eroded 
Two Meters (Type B), V = 29 rnps, No Lateral Flow, No Overtopping, 1971 Toilwoter Stages 
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Fig. 37 - Typical Pressure Fluctuations at the Bucket Up - Original Sill (Type A), 
V = 37 mps, Lateral Flow, Overtopping, 1971 Tailwater Stages 
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Fig. 39 - Typical Pressure Fluctuations neCT ·the Bucket lip - Original Sill (Type A), 
V = 29 mps, Lofera! Flow, Overtopping, 1971 Toilwoter Stages 
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Fig. 41 - Typical PreSSUTeFluchJations on the Training Wall, Original Sill (Type A), 
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Fig. 42 - Typical Pressure Fluctuations on the Bucket Sill, Original Sill 
(Type A), V = 29 mps, Lateral Flow, 1971 Tailwaler Stages 
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Fig. 43 - Typical Pressure Fluctuations on the Bucket Sill, Originol Sill (Type A), 
V = 29 mps, Loterol Flow, Overtopping, 1971 Tailwoter Stoges 
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Fig. 44 - Typical Pressure Fluctuations on the Up of lhe Sill &:tension - Sill 
Extended (Type C), V = 29 mps, Lateral Flow, J97l Tailwater Stages 
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fig. 45 - Typtcal Pre...".., Fluctuations on the Lip of the sm Extension - Sill 
Extended (Type q, V = '31 mps, Lateral Flow, 1971 Tailwater Stages 
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Fig. 46 - Typ!cal Pressure Fluctuations on the tip <>f the S1I1 Extension - Sill Extended 
(Type q, V = 29 mp., lateral Flow, Overtopping, 1971 Tailwater Stages 
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Fig. 47 - Typical Pressure Fluctuations on the Lip of the Sill Extension - Sin Extended 
(Type C), V = Z7 mps, Lateral Flow, Overtopping, 1971 Toilwater Stoges 
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Fig. 48 - Typical Pressure Fluctuations at the Bucket lip - Sill Eroded Two 
Meters (Type B), V = 29 mps, lateral Flow, 1971 Tailwater Stages 
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Fig. 49 - TYPical Pressure Fluctuations at the Bucket Up - Sill Eroded Two Meters 
(Type 8), V = 29 mps, lateral Flow, Overtopping, 1971 Tailwater Stages 
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Fig. 50 - Typical Pressure Fluctootlonson the Training Wall - Sill Eroded Two 
Meters (Type 8), V= 29 mps, Loteral Flow, 1971 Tailwater Stages 
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Fig. 51 - Typical Pressure Fhx:tuatian. an the Training Wall ... Sill Eroded Two· Meters 
(Type 8), V = 29 mps, Lateral Flow, Overtopping, 1971 Tailwater Stages 
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" F!GURE ,2 

TabUlar S'\lllllIle,.ry a£ J?;t>essure Fluotuation Data 
Original Sill (Type A), 

V ~ 29 mps, No Lateral Flow, 
Various Tai1water stageS, Tapa 018a and L18 

TaE 018a Tap L18 

Tail- Aver. Min. Max. Aver. Min. Max. 
water Depth-d Press. J?;t>ess. Fluo, Press. Presa. Pres~. 

Disoharge meters meters meters meters meters ~ meters meters meters 
4,000 124 1.0 1.3 0.3 2.0 1.0 1.4 .. 0.6 3.6 
4,000 12, 1.0 1.7 0.2 2.2 1.5 1.8 .. 0.,3 ,3.2 
4,000 126 1.0 2.6 1.1 2.2 1.5 2., 0.0 , 4.2 
4,000 127 1.0 3.4 2.1 2.4 1 • ~ 3.,3 0.2 ,.4 
6,000 124 i., 1.0 -0.6 2.4 1.6 2.5 0.4 3:6 
6,000 125 1.5 1.8 0.,3 2.,3 1.5 3·0 0.8 ,3 .1 
6,000 126 1.5 3·7 2.1 2·5 1.6 3.5 0.9 3.9 
6,000 127 1.5 3·3 1.6 2.0 '1.7 3.9 0.6 6.0 
6,000 128 1·5 4·4 2.4 2.5 2.0* 3.0 ... 1.0 4.8 
6,000 129 1.5 4.9 3.4 2.4 1·5 4.1 0·3 6.5 '. 
8,000 124 2.0 0.4 -1.6 2.6 2.0 1.5 .. 1.2 4.2 
8,000 125 2.0 2·3 1.2 1·5 1.1 2.8 0.5 4.0 
8,000 126 2.0 '2.8 1 .• ,3 1·9 1·5 ,3·9 1.6 4.2 
8,000 127 2.0 ,3.8 2.5 1.7 1·3 4.2 2.2 2.8 

10,000 124 2·5 1.3 -0.4 1·9 1.7 2.2 0·4 3·1 
10,000 125 2·5 1.9 0.4 1.7 1·5 2·7 0·5 4.0 
10,000 126 2·5 2.9 1.6 2.2 1.3 ',3.7 " 1.7 3·9 
10,000 127 2·5 ,3·5 2.1 2.2 ,1.4 4.2 2.0 2.6 
12,000 124 ,3.0 1.2 -0.6 1.6 1.8 2·5 0.2 2.3 
12,000 125 3.0 1.9 0.7 1.5 1.2 2.8 0.6 ,3.3 

t.l 12,000 126 ,3.0 ,3.2 1.9 1.0 1.3 4.2 2.,3 2.1 
12,000 127 ,3.0 4.1 3·0 1.,3 1.1 4.8 2.6 ,3.0 
17,000 124 4.0 1.4 . -0.2 1.3 1.6 2.8 0.9 . 2.5 
17,000 125 4.0 2.2 1.0 1.7 1.2 ,3.7 1.6 2·9 
17,000 126 4.0 ,3.2 2.0 1.6 1.2 4.8 3.0 2.7 
17,000 127 4.0 4.,3 ,3 .1 1.4 1.2 5.6 , 3.4 2.6 . 
17,000 128 4.0 5.1 ,3·9 1.,3 1.2 . 6.4 4.0 2.5 
28,000 124 6.3 2.3 0.,3 1.9 2.0 4·3 1.9 2.4 
28,000 125 6.,3 ,3 .1 1.9 1., 1.2 ,.0 2·9 2.1 
28,000 126 6.,3 3.8 2·7 1.2 1.1 5.6 4.0 2.8 
28,000 1,30.5 6.,3 8.,3 6.5 1.6 1.8 9·5 7.6. 2.7 

*Cp ~ 0.047 
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FIGURE 53 

Tabular S'llJIlID.a.rY' of' hessure Flu.otuation D!3.ta 
Origin!3.1 Sill (Type A), 

V ~ 29 mps, Lateral Flow 
Various T!3.ilwater stages, Taps C18a and L18 

Ta;e C18a TaJ2 L18 
Tail- Aver. Min. M.a.x. Aver. Min. M.a.x. 
water Depth ... d Press. hess. Flue. Press. hess. Flue. 

Discharge Meters Meters Meters Meters Meters b.p Meters Meters Me'hers b.P 

4,000 124 
4,000 125 
4,000 126 
4,000 127 
6,000 124 
6,000 125 
6,000 126 
6,000 127 
6,000 128 
6,000 129 
8,000 124 
8,000 125 
8,000 126 
8,000 127 

10,000 124 
10,000 125 
10,000 126 
10,000 127 
12,000 124 
12,000 125 
12,000 126 
12,000 ,127 
17,000 124 
17,000 '125 
17,000 126 
17,000 127 
17,000 128 
28,000 124 
28,000 125 
28,000 126, 
28,000 130.5 

*Cp == 0.061 
**Op ~ 0.117 

1.0 
1.0 
1.0 
1.0 
1.5 
1·5 
1.5 
1.5 
1.5 
1.5 
2.0 
2.0 
2.0 
2.0 
2.5 
2.5 
2.5 
2·5 
3·0 
3·0 
3.0 
3.0 
4.0 
4.0 
4.0 
4.0 
4.0 
6.3 
6.3 
6.3 
6.3 

2.0 0.8 1.9 
2.5 0·9 3·0 
2.9 1.3 2.9 
3·9 1.6' 3·4 
1.9 0.0 2.5 
2.8 0.9 1.6 
4.1 2.0 3.1 
3.8 . 1.9 2.2 
4.2 2.6 2.3 
5.3 3·7 2.2 
1.4 ... 0.9 2.0 
2.9 0.9 2·3 

. 3.7 1.7 2·3 
4.2 2.7 2.2 
1.9 .... 0.1 2.3 
2.8 0.2 ,2.2 
3·2 1.'6 1.8 
4~2 2.5 2.2 
1.8 ... 0.4 1.8 
2.5 0.7 2.4 
3.7 2.4 1.7 
4.5 3.1 1.5 
2.0 -0.6 2.0 
2.8 0.8 1.5 
3.7 2.6 1.2 
4.6 3.3 .1.4 
5.6 4.2 1.6 
2.8 0.6 2.1 
3.4 1.6 1.2 
4.4 2.8 1.5 
8.3 '6.B 1.5 

......... -
1.2 0.0 -2·4 4.0 2.4 
1.6 ... 0.1 -2.6 4.0 2.5 
1.6 0.2 .... 2.2 3.5 2.2 
2.3 1.4 -1.9 6·5 3·3 
1·9 1.2 -2.6 '5.6 3.8 
1.9 0.9 -2.6 4.2 3.5 
2.1 1.7 -2·3 4.2 4.0 
1·9 2.0 -1.6 4.8 3.6 
1.6 2.7 -0.9 6.6 3.6 
1.6 3.4 ... 0.9 5.6 4.3 
2·3 0.6 -3.5 6.7 4.1 
2.0 0.8 -3.2 4.2 4.0 
2.0 1.7 -2·3 3.4 4.0 
1.5 2.2 -1.2 3·8 3.4 
2.0 1.1 ... 2.5 4.4 3·6 
2.6* 0·7 -2.8 2.8 3·5 
1.6 1.7' -1.5 3·0 3.2 
1.7 2·3 -0.6 3.0 2·9 
2.2 1.0 -3.8 4.4 4.8 
1.8 0.8 -2·3 2.6 3·1 
1·3 2.3 -1·3 3.6 3·6 
1.4 3·1 0.6 2·9 2·5 
2.6 1.7 ... 2·9 5.2 4.6, 
2.0 2.0 -1.2 3.2 3·2 
,1.1 3.0 0.1 2.2 2·9 
1.3 4.2 0.6 2.6 3·6 
1.4 5.1 2.4 2.6 2·7 
2.2 3.0 .. 2.0 3.7 5·0** 
1.8 3.0 ... 0.2 2.5 3·2' 
1.6 4.1 1.0 2.1 3·0 
1.5 B.8 6.4 2.1 2.4 

.. 
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FIGtJRE 54 

Tabular Summary of P~ess~e Fluctuation Data 
O~iginal Sill (Type A), 

V ~ 29 mps, Late~al Flow, Ove~topping, 

Various Tailwate~ Stages, Taps C18a and L18 

C18a L18 
. Tail- Ave~. Min • Max. Ave~. Min. Max. 

Discharge wate~ Depth-d ~ess. ~ess. Flue. P~ess. ~ess. Fluo. 
ems Mete~s Mete~s --

4,000 124 
4,000 125 
4,000 126' 
4,000 127 
6,000 124 
6,000 125 
6,000 126 
6,000 127 
6,000 128 
6,000 129 
8,000 124 
8,000 125 
8,000 126 
8,000 127 

10,000 124 
10,000 12, 
10,000 126 
10,000 127 
12,000 124 
12,000 12~ 
12,000 126 
12,000 127 
17,000 124 
17,000 12~ 
17,000 126 
17,000 127 
17,000 128 
28,000 124 
28,000 12~ 
28,000 126 
28,000 130., 

* Cp = 0.234 

**Op = 0.264 

1.0, 
1.0 
1.0 
1.0 
1.~ 
1.5 
1.5 
1.5 
1.5 
1.5 
2.0 
2.0 
2.0 
2.0 
2.5 
2., 
2., 
2.~ 
3.0 
3.0 
3.0 

. 3.0 
4.0 
4.0 
4.0 
4.0 
4.0 
6.3 
6.3 
6.3 
6.) 

Mete~s Mete~s Mete~s §Ii Mete~s Mete~s Mete~s!2... 

1~7 0.1 3.0 1.6 ... 0.6 -3·7 6.0 3.1 
2.6 -1.9 4.0 4.5 0.8 -3·7 5.4 4.5 
4·2 0.6 3.8 3.,6 2.6 -1.8 3·4 4.4 
5.1 2.4 2.0 2.7 3.7 -0.9 '2.5 4.6 
2.8 0.5 2.0 2.3 0.7 -3.7 8·5 4.4 
2.8 -2·3 10.2 5.1 1.0 -5.0 8.9 6.0 
4.6 ., .. 2.2 7·4 6.8 3.3 -4·5 12.4 7.8 
6.4 1.3 3·9 5.1 4.8 -2·3 11.6 7.1 
7.1 2.6 4.0 4.5 7.0 -0.1 6.4 7.1 

'8.2 3.8 4.3 4.4 6.~ 0.9 7·9 5.6 
2.2 0.1 1.8 2.1 0.2 -3.6 4.3 3.8 
2·9 0.5 4.0 2.4 1.2 -2.1 ' 4.,') 3.3 
4.6 -5.1 9·3 9·7 3.3 .. 5.3 7.9 8.6 
,.7 -4·3 14.910.0iI" 5.3 -6.0 12.411.3** 
1.9 -0.2 1.8 2.1 0.6 -3·8 ,.2 4.4 
3.0 -0.6 4.4 3.6 2.0- -3.3 8.0 ,.3 
4.7 -0.1 4·9 4.8 3.6 -4.2 6.7 7.8 
,.8 -1.8 7.6 7.6 4.9 -4.8 ~.7 9.7 
2.1 0.2 2.0 1·9 0·9 -3.6 4.3 4.5 
2·9 1.2 1.8 1.7 2.1 -1.2 1·9 3.3 
4.5 -0.3 4.1 4.8 4.2 -2.0 10.0 6.2 
,..,I 7 0.3 6.2 5.4 5.8 -3.6 11., 9.4 ". 
2.4 0.4 1.8 2.0 1.4 -2.3 3·4 3·7 
·3.7 1.7 2.2 2.0 3.2 -0.6 2.6 3.8 
5.0 1.3 3.5 3.7 ,.1 ' -0.6 2.5 ,.7 
6.0 2.3 2·3 3·7 6.5 2.0 2.6 4.5 
7.3 3.3 3.6 4.0 7·5 2.0 3.6 ,.5 
2.7 1.0 1.6 1·7 2·3 -1.7 3.9 4.0 
4.0 2.1 1·5 1·9 ).4 0.6 2.4 2.8 
5.4 3.7 1.2 1.7 ,.5 2.6 2.0 2.9 

10.4 6.8 1·7 3.6 10·9 6.9 1.6 4.0 
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FIGURE 55 

Tabular Summary of Pressure Fluotuation Data 
Original Sill (Type A), 

V = 29 mps, Lateral Flow, 
Va.:t'io'lls Tailwater Stage's, Tap 0180 and 019 

TaJ2 0180 Ta}2 012 
Tail- Aver. Min. Max. Aver. Min. Max. 

Discharge water Depth ... a Press. Press. Fluo. Press. Press. Fluo. 
oms Meters Meters Meters Weters Meters ~Meters Meters Meters ~ 

4,000 124 1.0 4.4 1.8 2.2 2.6 3.6 1.0 2.6 2.6 
4,000 125 1.0 5.0 3.2 1.8 1.8 4.4 2.9 2.2 1·5 
4,000 126 1.0 5.8 3.8 2.0 2.0 2·3 ... 2.8 3·1 5.1'** 

[,1 4,000 127 1.0 6.4 4·6 2.2 1.8 3.6 -1.2 1.4 4.8 
6,000 124 1.5 4.0 1.1 2.2 2.9 3.4 1.0 . 3.5 2.4 
6,000 125 1.5 4.6 2.6 1.8 2.0 4.2 2.0 2.3 2,,2 
6,000 126 1.5 5.2 3.0 1.8 2.2 5.0 2.9 . 2.1 2.1 
6,000 127 1.5 6.4 4·6 1.9 1.8 5.8 3.9 2.2 1.9 
8,000 124 2.0 4.2 1.6 2.0 2.6 3.8 0.3 4.1 3·5 
8,000 125 2.0 4·3 1.2 3.0 3.1* 4.2 2.0 3.2 ' 2.2 
8,000 126 2.0 5.2 3.6 1.6 1.6 4·9 2.5 2.6 2.4 
8,000 127 2.0 6.4 4.4 1.7 2.0 5.7 3.5 2.1 2.2 

17 ,000 128 4.0 7·0 5·2 2.6 1.8 6.7 4.5 2.6 2.2 
28,000 130.5 6.3 9.1 7·2 2.5 1.9 8.3 6.7 2.1 0.6 

Overtopping with Lateral Flow 

4,000 124 1.0 4.5 1.4 2·9 3.1 1.8 -6·9 6.6 8.7 
4,000 125 1.0 2.4 .... 1.6 2.8 4.0 2.5 "'3.9 2.5 6.4 

t"" 4,000 126 1.0 3.5 -0.2 1·~·3.7 3.4 -1.9 2.8 5·3 
4,000 127 1.0 5.4 1·7 2.0 3.7 4.5 "'3. 0 9·0 7.5 
6,000 124 1·5 4.0 1.6 2.0 2.4 3.8 ... 0·3 4.5 4.1 ' 
6,000 125 1.5 3·2 ... 3·2 4.8 6.4 3.0 -7.5 10., 10.5 
6,000 126 1.5 4·9 -2.4 ,.0 7.3 4.2 "'3.8 6.4 8.0 
6,000 127 1.5 6.4 -1.4 3.0 7.8 5.6 -1.2 6.6 6.8 
8,000 124 2.0 4.3 1.7 3.1 2.6 3.4 ... 0.2 4.1 3.6 
8,000 125 2.0 4.2 -0.2 2.8 4.4 4.2 0.1 6.2 4.1 
8,000 126 2.0 ,.2 -3·3 4.1 8.5# 4.8 ' -3·9 10.8 8.7 
8,000 127 2.0 6., ... 1.4 7.1 7.9 ,.9 -8.0 11.2 13.9#=# 

17,000 128 4.0 8.0 2.6 3.4 ,.4 7.6 2., 3.6 5.1 
28,000 130., 6.3 10.6 7·3 2.3 3.3 10.3 7.0 3.4 3.3 

* Op = 0.072 
** Op ;:: 0.119 
# Op = 0.198 

## Op = 0.325 



* Cp = 0.359 
** cp = 0.318 



FIGDllE ,7 

Tabular Summary of Pressure Fluctuation Data 
Original Sill (Type A) 

V = 29 mps, Lateral Flow 
Various Tailwater Stages, Taps L21 and L2.3 

Tap L21 Tap L23 
Tail- Aver. Min. Max. Aver. Min. Max. 

Discharge water Depth-d Press. Press. Flue. Press. Press. Flue. 
cms Meters Meters Meters Meters Meters ~ Meters Meters Meters 6P 

...- -
4,000 124 1.0 -a., -1.6 ? ·4 1.1 -1.9 -3.7 3.7 1.8 
4,000 12, 1.0 1., -2·7 3·4 4.2 0.6 -3.7 6.0 4.3 

·4,000 126 1.0 -0.3 -2.1 3.6 1.8 -1.4 -6.7 8.7 ,.3** 
4,000 127 1.0 2., -1·9 2.0 4.4* 2.6 -0·9 3., . 3., 
6,000 124 1., 0.8 -2.2 2.6 3.0 -0.8 -2·9 4·1 2.1 
6,000 12, 1., 0.8 -1.6 3.1 2.4 -0.9 .... 3·9 4.3 3.0 
6,000 126 1., 1.3 -0·9 4·3 2.2 -1.1 -,.0 ,.3 3·9 
6,000 127 i., 2., 0.1 4.1 2.4 -0 • .3 -4.2 ,.2 .3.9 
8,000 124 2.0 0.8 -1 ., 3. 6 2.3 -0.7 -3·9 4.8 3.2 
8,000 125 2.0 1.2 -2.2 4., 3.4 -0.8 -3.4 3.7 2.6 
8,000 126 2.0 1·7 .... 0.4 2.8 2.1 -0.'3 -3.2 4.3 2.9 
8,000 127 2.0 2·9 0.8 2.2 2.1 0.1 -3·1 4.4 3.2 

17,000 128 4.0 ,.4 3.1 2·7 2.3 1·9 -0·9 3.4 2.8 
28,000 130., 6·3 9.4 6.8 2·3 2.6 6.0 3.3 2.7 2.7 

Overtopping with Lateral Flow 

4,000 124 1.0 -0.8 -3.2 3·9 2.4 -2.1 -4., 6.0 2.4 
4,000 12, 1.0 0.1 '-2.8 3.8 2.7 0.0 -6., 3.4 6., 
4,000 126 1.0 1.7 -1.6 2.7 3·3 1.4 -2·9 3·6 4.3 
4,000 127 1.0 3.4 -0., 1.8 3.9 '2.0 -2., 4·7 4., 
6,000 124 i., 0.1 -2.2 2.8 2·3 -1.3 -3·2 3.8 1.9 
6,000 12, i., 1·4 -3., ,·7 4.9 -0.1 -,.4 7.9 5.3 
6,000 126 1 ., 3·0 -3·3 4.3 6·3 1.3 -4., 4·3 ,.8 
6,000 127 1 ., 4.4 -1.2 3.6 ,.6 2.6 -4.9 ,.2 7., 
8,000 124 2.0 0., -2.0 3.0 2., -1.0 -2·9 4·4 1·9 
8,000 12, 2.0 1.3 -3·9 4.1 ,.2 0.1 -3·9 4.8 4·.0 
8,000 126 2.0 3., -2., 8.0 6.0 1.3 -6.4 8.0 7·7 
8,000 127 2.0 4.9 -4.3 6.6 9.2# 2.3 -7.0 7.6 9.3## 

17,000 128 4.0 7·7 1.6 4.4 6.1 3.6 -2.3 6.0 ,.9 
28,000 130., 6.3 10.8 6., 4 • .3 6.6 -i., ,.0 8.1 

* Op = 0.103 
**Op = 0.124 
# op = 0.21, 
Hop = 0.217 



FIGURE 58 

Tabular Summary of Pressure Fluctuation Data 
Original Sill (Type A) 

V = 37 mps, Lateral Flow, 
Various Tailwater Stages, Taps C18a and L18 

Ta]2 C18a Ta]2 L:18 
Tail- Aver. Min. Max. Aver. Min. Max. 

Discharge water Depth-a Press. Press. Fluc. Press. Press. Fluc. 
ems Meters Meters Meters Meters Meters ~P Meters Meters Meters KP - -

2,000 124 0.5 4.5 4·0 0.5 0.5 2.7 2.0 0.6 0.7 
2,000 127 0.5 6.8 6.2 0.4 0.6 4.6 3·9 0.5 0.7 

i" 
4,000 124 1.0 0·9 -0.7 1 .8 1.6 -0.6 -3·8 3·0 3.2 
4,000 125 1.0 1.9 0.0 1.4 1.9 -0·4 -3·5 6.0 3.1 
4,000 126 1.0 ~ .• 4 0.1 2.2 4.3 2.2 -3·0 3.8 5.2 
4,000 127 1.0 5.7 1.2 2.1 4.5* 3·9 -1.0 1 .2 4.9 
6,000 124 1·5 1.0 -1.2 2.1 2.2 0.3 -4·1 5·1 4.4 
6,000 125 1.5 1.8 -0.5 1·9 2.3- 0.5 -3·2 5.0 3.7 
6,000 126 1.5 2.4 . 0.1 2.0 2~.3 0.8 -2.8 5.6 3.6 
6,000 127 1·5 3.3 1.2 3·4 2.1' 2.0 -2·5 4.0 4.5 
8,000 124 2.0 0.8 -1.7 3·0 2·5 0.1 -5.4 6.8 5.5** 
8,000 125 2.0 1.6 -0.7 2.2 2.3 0.5 -3·5 5·4 4.Q 
8,000 126 2.0 3.1 0.8 3·,3 2.3 1.7 -2.5 5.8 4.2 
8,000 127 2.0· 3·9 1.8 2.4 2.1 . 2.,3 -1·7 5.6 4.0 

17,000 128 4.0 5.0 2.5 2.8 2.5 4.1 -0.8 4.4 4.9 
28,000 130.5 6.,3 8.0 6.1 1.8 1.9 8.7 4.7 4.5 4.0 

Overtopping with Lateral Flow 

" 2,000 124 0·5 4.0 3.6 0.4 0.4 1.7 1.2 0.5 0·5 
2,000 127 0.5 6.6 5.7 0·5 0·9 4.2 3·5 0.6 0·7 
~.,ooo 124 1.0 1.8 -0·9 2.1 2.7 -0.4 -4.1 . 11.1 3.7 
4,000 125 1.0 3·9 -1.0 2.0 4.9 1.4 -3.6 2.1 5.0 
~.,OOO 126 1.0 5.2 1.7 1.8 3.5 2.6 -3·3 2.9 5.9 
~.,ooo 127 1.0 5.8 2.8 2.1 3.0 3.3 -1.6 3.8 4.9 
6,000 124 1.5 0.9 -1.4 2.3 2.3 -0.1 -4·,3 6.5 4.2 
6,000 125 1·5 4·.0 -1.9 6.6 5.9 0·9 -7·4 9.0 8.,3 
6,000 126 1.5 5.6 -0.1 4.6 5.7 2.7 -7·3 6.710.0INI 
6,000 127 1.5 6.7 0.1 ,3.0 6.6 LI .• 1 -LI·.6 ' 4 .• 0 8.7 
8,000 124· 2.0 0.7 -1.5 2.82.2 -0.,3 -5.4 8.2 5.1 
8,000 125 2.0 3.0 -1.0 7·2 4.0 0.9 -3·0 5.1 3.9 
8,000 126 2.0 5.4 0·3 7.0 5.1 3.7 -5.2 15.0 8.9 
8,000 127 2.0 6.6 ... 1.3 5.0 7.9# 4.9 -5.0 4.4 9.9 

17,000 128 4.0 6.9 -0.5 7.4 7.4 8.1 .. 0.6 11.0 8.7 
28,000 130.5 6.3 11.3 5.9 --- 5.4 10.3 2.7 7.6 

* Cp = 0.065 
** Cp = 0.080 
# Cp = 0.115 

## Cp = 0.145 
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PREFERRED SPILLWAY OPERATING ICONDITIONS 
Based on Model Studi 

Type A Spillway 

Sill at elevo 1210.23 mand chute walls at 132 0 45 mo 
Tests with lateral flow and fluctuation data recorcacl 
at tap~ C 186r. L 18, and L 1,90 ' 

t~~H Poh:ntially damaging ~peratTngconditions 
----- (estImated from extensIve data) 

Estimated from limited data 

o ·t-ion-d~magi~g ope;~ting c~nclitions 
ED Contours are I ines of constant negative 

pressures with magnitudes in metars 

124 125 126 
Tailwater Elevation in Meters 

127 128 129 130 
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PREFERRED SPILLWAY OPERATING CONDITIONS 
Based on Model Studi~s 

Type A Spillway with Overtopping 

Sill atelev. 121 #23 m and left' chute wall at 12300 
m. Tests with lateral flow and fJ uctuati on data 
recorded at taps C 18a, L 18, and l 19" 

f-·~··:''1 
if:::::! 

o 
8) 

Potentially damaging operating conditions 
(estimated from extensive data) 

Estimated from limited dbta 

Non-damaging operating conditions 

Contours ore lines of constant negative 
pres~ures with magnitudes' in met~rs 

124 125 126 127 128 129 
Tpilwater Elevation in Meters 

130 
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. FIGURE 61 

Tabula:c Sunnnary of Pressure Flootuation Data 
on the Lip of the Sill Extension-Sill Extended (Type 0) 

V := 29 mps, Lateral Flow 
Various Tailwate~ Stages, Taps 018b and L18b 

018b L18b 
Tail- Ave~. Min. Max. Ave~. Min. JY.fax. 

Discharge watel.' Depth-d Eress. P~ess. Flue. Press. Press. Flue. 
ems Metel.'s Meters Meters Meters Meters ~Mete~s Metel.'S Meters ~ 

4,000 124 
4,000 12, 
4,000 126 
4,000 127 
6,000 124 
6,000 12, 
6,000 126 
6,000 127 
8,000 124 
8,000 12, 
8,000 126 
8,000 127 

17,000 128 
28,000 130., 

4,000 124 
4,000 12, 
4,000 126 
4,000 127 
6,000 124 
6,000 12, 
6,000 126 
6,000 127 
8,000 124 
8,000 12, 
8,000 126 
8,000 127 

17,000 128 
28,000 130.5 

* Op := 0.103 
** ep := 0.222 
# Cp := 0.333 

1.0 3.8 2.4 2.0 1.0 
1.0 ,.0 3·4 2.0 2.0 
1 .. 0 4., 2.2 1.8 2.8 
1.0 ,.3 2·9 3·2 4.1 1., ,.0 3.0 3.3 1.2 
1., ,.3 3.6 2.4 1.9 
1., 6.6 4.4 2.4 3.4 
1., 7.4 ,.4 2.1 4.0 
2.0 ,.4 .. 3.4 3·4 1.0 
2.0 6.0 4.3 3.1 1.4 
2.0 6., 4., 1.8 2.4 
2.0 . 7.7 ,., 2'.6 4., 
4.0 9.3 7.4 2.0 6.3 
6.3 12.4 10.6 2.2 8.7 

Overtopping with Lateral Flow 

1. ° 3.9 2.3 1.9 0.4 
1.0 3., 1.0 2.2 1.2 
1.0 ,.0 1.8 2·9 2·4 
1.0 6.0 2.9 1.9 3.8 
1., 4.9 2., 3.4 0.8 
1., ,.0 1. ° 6.9 1., 1., 6.3 1.0 ,.0 2.7 
1.5 7.0 2.1 4.4 3.7 
2'.0 ,.2 3., 1., 0.6 
2.0 5.7 2.2 ,.2 2.1 
2.0 6.8 -3.4 9.3 10.2/13.7 
2.0 8.2 1., 5.2 5.2 
4.0 11.0 . 6.1 4·3 8.0 
6.3 13.0 10.8 ..... 9~8 

.. 1·3 3.0 2.3 
-1·3 4.2 3.3 
.. 0., 2·9 3.3 
0·9 2.6 3.2 

;"2.9 4.4 4.1 
-1.7 4.0 3.6 
... 0.1 4.4 3., 
1.2 4·3 2.8 

-2.4 3.2' 3.4 
"'3·0 4.2 4.4* 
-1.3 4., 3.7 
2.1 2.6 2.4 
4.2 2.3 '2.1 
6.7 4.0 2.0 

-2.9 4.2 3·3 
-1.8 3.2 3.0 
-0.6 3.0 3.0 
1.4 1.8 2·4 

-2.1 ~ .• 2 2·9 
-3.1 ,.3 4.6 
-6.8 9.4 9.5** 
-1·3 3.8 ,.0 
-03·0 3·2 3.6 
-2.1 4.0 4.2 
-2.2 7.0 ,.9 
-2.4 9.0 7.6 
3.3 3.7 4·7 
6.9 2.9 2.9 
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F!GURE 62 

Tabular Summary of Pxessure l!'luctuation Data 
on the Li~ of the Sill Extension-Sill Extended (Type ~) 

V ~ 37 m~s, Latera~ Flow. 
Various Tai1water Stages, Ta~s C18b and L18b 

Tail ... 
Di~~harge water De~th ... d 
~~~ Meters Meters 

Tap C18b Tap L18b 

Aver. ~..in. Max. Aver. Min. Max. 
hess. Press. Flue. Press. Press. Fluo. 
Meters Meters ~ters /iJ1. Meters Meters M~, e,-"-te=r=s 

2 ,000 1 24 0 • 5 1. 9 1 • 6 0 • .3 ° . ,3 2 • ° 1 .,3 0 • 5 
--!~~------ ----2,000---12'1-----~0.-5----4.3----,3-.9--0.4-0.4-4.4----3.5--0.9 

4,000 124 1.0 2.7 1.1 1.91.60.7 ... 1.5 ,3.6 
4,000 '125 1.0' 3.0 0.9 3.42.1 1.4 ... 1.8 5.1 
L"OOO 126 1.0 2.70.4 1.4· 2.3 2.8 ... 0.3 2.4· 
4,000 127 1.0 4.1 2.3 1.6 1.8 ,3.8 0.6 1.8 
6 , 000 124 1 .5 3 • 5 1 • 9 1 • 7 :L. 6 1 • 5 . ...1. 0 3 • 8 
6,000125 1.5 4.,3 1.8 2.5 2.5 2.5· -0.8 ,3.0 
6,000 126 1.5 4.9 3.1 2.7 1.8 ,3.3 0.9 3.0 
6,000 127 1.5 5.5 3.6 2.8 1.9 4.6 . 2.2. 2.4 
8,000 124 2.0 4.5 2.,3 2.22.2 2.1 ... 2.0 J.6 
8,000 125 2.0 5.2 2.9 1.82.3 3.1 -0.9 4.,3 
8,000 126 2.0 5.9 3.8 2.6 2.1 . 3.4 0.9 3.8 
8~000 127 2.0· 6.3 3.6 2.5 2.7* 5.2 2.3 3.4 

}7~C:00 128 4.0 8.7 6.,3 2.4 2.4 7',4 4.4 3.0 
28,000 1,30.5 6.3 12.1 9.5 -- 2.6 9.~ 4.9 2.1 

2~OOO 
2,(;'00 
!-: ... Ci):) 
).tll(~{)O 

4,000 
1.,,000 
6,C00 
6,000 
6,OC'O 
6,000 
8,000 
8,000 
8~OOO - ------- --- 8 (:00 

"':? ,I~.\:")O 
';.i, ,,:)0 

124 
127 
124. 
19h' 
-,/ 

126 
127 
121-t 
1 ,)I~' --..... 
126 
127 
124 
125 
126 
127 
128 
130.5 

Overtopping with Lateral Flow 

0.5 
0.5 
1.0 
1.0 
1.0 
1.0 
1.5 
1.5 
1.5 
1.5 
2.0 
2.0 
2.0 
2.0 
4.0 
6.3 

0·9 
4.0 
0.8 

-0.9 
0.8 
2.5 
1.4 

... 1.8 
-0.1 
0·7 
2.1 

... 0.5 
-0.5 
0·7 
2.L, 

10.3 

0.,,3 0.4 0.7 
0.5 0.4 4.1 
2.0 2.0 0.7 
1.6 3.0 ... 0.2 
1.6 2.3 2.1 
1.6 1.9 1.5 
2.7 1.9 1.3 
8.1 5.6 2.8 
5.8 5.0 3.5 
3.2 5~ 2 4.5 
2.4 2.2 2.1 
3.9 !5.2 3.7 
5.9 6.1 4.6 
5 .. 2 6.0 5.6 
9.17.8# 8.9 

... - 12.2 

0.1 
3.6 

... 1.0 
-2.2 
-0.1 
1.6 

-1.1 
.. 1.6 
",3.!5 
-2.8· 
-1.1 
0·3 

-0.5 
0.9 
3.5 
6.8 

0.4 
0.7 
4·5 
1.8 
1.2 
2.3 
3·;5 
3·2 
6.2 
7.0 
3.8 
4.4 
6.0 
6.9 
3.4 

/iJ1. 
0·7 
0.9 
2.2 
3·2 
3·1 
3·2 
2.5 
3·3 
2.4 
2·4 
4.1 

. ·4.0 
2·5 
2.9 
3.0 
4.6** 

0.6 
0.5 
1.7 
2.0 
2.2 
0.1 
2.4 
4.4 
7·0 
7.3## 
3·2 
3.4 
!5.1 
4.7 
5.4 
5.4 
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FIGuRE 6,3 

Tabular Summary of Pressure Fluotuation Data 
At the Buoket Lip-Sill Eroded Two Meters (Type ]), 

------- -- - -- - - ----- -- ------- - -- --------- ~---- ----

V ;:: 29 mps, Lateral Flow, 
Various Tailwater Stages, Tape 013a and L1,3a 

. Ta12 C1:2a Ta12 L1~a 
Tail ... Aver. Min. Max. . Aver. Min • Ma:x:. 

_____ J)iooharge water ])epth ... a Preas. Preas. Fluo. Preas, Press. Fluo. 
oms Meters Meters ~eters Meters Meters Metera Meters Meters 

4,000 124 1.0 2.1 -1.0 3.2 ,3.6 , 2.4 1.2 
4,000 12, 1.0 2.6 -,3.6 6.4 4·, 0., 1.2 

). 4,000 126 1.0 ,3·9 -0.1 4·7 6.2 2.4 1.6' 
4,000 127 1.0 4.8 1.2 ,3.1 6·9 4., 0.8 
6,000 124 1., 2.7 -1.0 ' 4·,3 4.1 2.5 1.6 
6,000 12, 1., 4.1 0·5 :4·1' 4·7 ,3·5 1.2 
6,000 126 1·5 5·1 1.6 ,3·4 5.6 ! ·4.1 1.1 
6,000 ' 127 1., ,·4 .2·5 4.4 6.7 5·,3 1.4 
6,000 128 1., . 8.7 ' 6.0 2.8 8.1 6.8 '1.0 
6,000 129 1·5 7·, 0.6 4.4 9.4 8·5 1.2 
8,000 124 2.0 2·7 -1.2 3. 8 2·7 1·7 1.1 
8,000 125 2.0 3.2 -0.2 4.2 4.2 ,3.1 1.0 
8,000 126 2.0 4.8 1., 4·2 5." ,3.6 1.2 
8,000 127 2.0 5·5 .2.2 .. 4·2 7.1 5·5, 1.1· 

10,000 124 . 2·5 1.9 -1·9 ,3;0 ,3.4 1.,3 1.6 
10,000 125 2., . 2., ' -0·3 2·9 4.4 2·'7 1·9 
10,000 126 2·5 4·0 1.5 2.9 5.'3 ,3.4 1·9 
10,000 127 2., ,.4 3.2 ,3.,3 6.7 4.8 1.8 
12,000 124 ,3.0 2.6 -0.2 ,3.1 ,3.8 . 2·3 1·9 
12,000 125 . , ,3.0 ,3.,3 0.4 ,3.0 ,.0 3·,3 1·9 

~ l , 12,000 126 ,3.0 ,3.7 1.4 2.6 . 5·6 4·1 1·7 
12,000 127 3·0 ,.1 2.1 2.3 6·9 4.8 2.0 
17 ,000 124 4.0 2.9 0., 2.7 4.1 2.4 2.0 
17,000 125 4·0 3.,3 0.7 ' 2.4 5·2 3.1 1.2 
17,000 126 4.0 4.2 1.6 2.0 6.0 . 4.2 1·9 
17,000. 127 4·0 5·4 ,3.6 2.1 7.4 5.4 1.8 
17,000 128 4.0 6.4 3.4 . 1·9 8.7 6.7 1.6 
28,000 124 6.,3 ,3.0. ' 0.7 ,3·5 4·9 ,3.2 1.8 
28,000 125 6.,3 ,3.7 1.1 2.6 5·8 ,3·9 1.1 
28.,000 126 6.,3 4.7 1.9 2.,3' 6.8 4·9 1.2 
28,000 1,30., 6.,3 9.4 7.0 2.0 12.0 10.6 1.2 



FIGURE 64 

Tabular Summary of Pressure Fluctuation Data 
At the Bucket Lip-Sill Eroded Two Meters (Type E), 

V ~ 29 rops, Lateral Flow, Overtopping, 
Various Tailwater Stages, Taps C1,3a and L1,3a 

Tan C13a Tal! L13a 
Tail- Aver. Min. Max. Aver. Min. Max., 

Disoharge water Depth-d Press. Press. Fluc. Press. Press. Fluc~ 
ems Meters Meters Meters Meters Meters Meters Meters Meters 

4,000 124 1.0 1.8 -1.,3 , ,3·5 2·7 0·7 2.,3 
4,000 125 1. ° 2·7 -,3·9 7·0 5.0 1·9 1·5 
4,000 126 1.0 ,3.9 -0·7 ,.0 6.0 2.6 0·7 

):, 4,000 127 1.0 4·8 1.0 4·, 7.1 ,3.6 1.0 
6,000 124 1.5 2.7 -0.9 ' 5.4 ,3.8 2.,3 1.6 
6,000 125 1.5 2·9 -6.0 17·5 4· 7 1.8 2.0" 
6,000 126 1·5 ,3·5 -5·7 12·9 5.6 -1·9 2.6 
6,000 127 i., 4.8 -5·5 11.,3 7·2 1.9 1·4 
6,000 128 1.5 4.6 -0.8 6., 8.8 1·7 1 .1 
6,000 129 i., 8.6 ' 2·9 ,3.8 1 0.1 9·0 0·7 
8,000 124 2.0 2.,3 -1·5 4·8 2.8 1.1 ,3.1 
8,000 125 2.0 ,3., -2.,3 10., 4.1 2.1 1.4 
8,000 126 2.0 ,3.0 -7.0 16.2 5.,3 -0.1 2·4 
8,000 127 2.0 5·6 -6.,3 9·, 7·,3 2.2 ,3.0 

10,000 124 2., ,3.2 0.,3 2·7 ,3.0 1·4 2.0 
1 0,000 125 2., 4.1 0.4 5·0 5.,3 ,3.2 2.1 
10,000 126 2·5 4.8 -2.2 5·,3 6.0 1.2 2.1 
10,000 127 2·5 4·9 -2·4 6.2 6:9' 2.0 2·4 
12,000 124 ,3.0 2.5 -0.4 2.,3 ,3.6 2.2 1.8 
12,000 125 ,3.0 ,3·9 1.0 '2.8 4.8 ,3.,3 1.2 
12,000 126 3.0 5.2 ..;0·5 4.2 6.6 3·2 2.8 

,',1 12,000 127 3.0 6.2 0.2 5·0 8.0 3·7 2.2 
17 ,000 124 4.0 2.6 -0.4 ,3.0 3.6 2.0 1·4 
17,000 125 4.0 4.0 1.2 2.5 5·, 3.8 1.4 
17,000 126 ' 4.0 6.2 1.,3 2.8 7.4 3., 2.1 
17,000 127 4.0 6.9 2·5 3., 8.8 4.7 1.0 
17,000 128 4.0 9·3 1.2 2.6 10.1 ,.4 2.9 
28,000 124 6.,3 ,3 .1 ' 0.6 ,3.6 4.1 2·7 1.2 
28,000 125 6.,3 4.8 2.1 2.0 6.2 4·4 1.2 
28,000 126 6.,3 6.0 ,3·5 1·9 7·9 6.2 1.5 
28,000 1,30.5 6.3 12.1 8.8 2·7 1,3·9 11.0 1·7 



FIGURE 6, 

Tabular Summary of Pressure Fluctuation Data 
at the Bucket Lip,-Sill Eroded Two Meters (Type B) 

V := 29 mps, Lateral Flow " 
Various TailwaterStages,' Tap C13b 

Ta12 C13b 
, Tail ... Aver. Min. Max. 

Discharge water Depth-d . Press. Press. Fluc. 
ems Meters Meters Meters Meters Meters 

4,000 124 1.0 3·9 0·4 2.2 
4,000 12, 1.0 2.1 -4., 1.4 

t.' 4,000 126 1.0 2·9 -1.3 3., 
4,000 127 1.0 4·4 -1., 2.7 
6,000 124 1., 3., -0., 2.6 
6,000 12, 1., 4·7 . 0.9 2.2 
6,000 126 1., ,.1 2.1 . 2., 
6,000 127 1.5 6·3 3.5 3.2 
8,000 124 2.0 3·5 -2.1 1.0 
8,000 12, 2.0 4.7 -0.1 3.2 
8,000 126 2.0 5., 2.2 1.0 
8,000 127 2.0 6.4 3.6 1·7 

17,000 128 4.0 6.6 4.1 2.2 
28,000 130., 6.3 8·7 5.9 1.9 

Overtopping with Lateral Flow 

4,000 124 1.0 1.1 '-4., 4.3 
4,000 12, 1.0 2·7 -3.6 2.0 

, ' 4,000 126 1.0 3.6 -3.4 4.5 
4,000 127 1.0 4.1 -2.1 2.8 
6,000 124 1.5 2·7 -1.4 1.8 
6,000 125 1., 2·3 -,.0 6·3 
6,000 126 1.5 3·, -5.8 7·1 
6,000 127 1., 4.7 -4.6 4.0 
8,000-- 124 2.0 0.9 -3. 0 2.6 
8,000 12, 2.0 2., -3·2 2.8 
8,000 126 2.0 3.6 -6.1 3.6 
8,000 127 '2.0 , .1 -3·8 6.0 

17,000 128 4.0 8·3 2.9 2 .. 8 
28,000 130., 6.3 11.1 7·4 2.4 
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Appenelix A 

THEORY OF PBESSURE ON THE SPILLWAY CHUTE .AND :BUCKET 

In theory, the pressure head. on a straight portion of a spillwl3.\Y chute, 
,having a slope 9 should be approximateel by the proeluot of the elepth and 

the cosine of 9. The elata of Fig. 18 show that this value was essentially 
achieveel in the st. Anthony Falls experiments. 

The maximum pressure head acting on the floor of a ciroular spillwq 
buoketoan also be a.pproxima·~eel by assuming that the flow in the buoket is 

an i~otational vortex. The resulting eq~ation, as eleveloped by :Balloffet 
[2J, is 

V 2 2 
, 1 [ _ (R R'" el), J h t:: el + 2g 1 

The variables of the equation are as shown in Fig. 68. 

A theoretioal correction, 0, applied to the above equation increases 

the agreement of the equation with 'experimental data shown in the figure. 
It is noteworthy, however, that the agreement ocours only at the bottom of 

the bucket and that upstream of this point the experimental ourve falls 

steeply and inflects to join the pressure gradient of the ohute. Down

stream of the buoket bottom the curve also falls steeply to approach zero 

where the jet discharges to the atmosphere at the bucket lip. 

As is shown in Fig. 68, the theoretical low chute pressure abruptly 
jumps to the theoretioal high bucket pressure at the upstream tangent point 

of the bucket curve. The experimental curve shows that the theoretical 
pressure singularity cannot exist in nature and the real boundary flow lines 
aeljust themselves to a for.m somewhat different from that of the rigid bound
ary. This is accomplished physically by a natural separation of the floW 

from the solid bound.a.ry. A similar singularity exists at the lip of the 
bucket, where the vortex pressure falls abruptly to zero. It is apparent 
from Fig., 68 that the experimental curve also provides a pressure adjust
ment in the downstream region. The eletails of this adjustment in the im

mediate vicinity of the lip appear to have been ignoreel both in theory [3] 
anel in the numerous model studies cited in Refs. [2J and [3J in which bucket 
pressures have been measured. The assumption seems to have been ma.d.e uni

versally that the pressure falls to zero at the lip. It was, therefore. 



p 
t·· 

A-2 

rather surprising to find that the free discharge measurements made in the 

current tests (see Fig. 22) showed definite negative values upstream of the 

',. bucket lip. IIowever, contemplation of the possible readjustments of flow 

lines at the lip suggests that this is simply a response of the freely dis~ 

charging jet to the influence of the force of gravity. It is not diffioult . . 
to accept the idea that the streamlines of the water surface must adjust 

from a-a as shown in Fig. 69 to some for.m such as b-b. It is conjeo

tured that it is equally reasonable to reject the idea that the bottom 

streamline must rigorously follow the boundary to the lip, as with 0-0, 

before beginning to ourve under the influence of gravity. In light of 

the previously disoussed adjustment that took place at the ohute tangent 

point, it is suggest t~at flow at the lip does in fact separate upstream 

of the buoket lip in acoord with a streamline of the for.m d-d. This stream

line would require the pressure diagram which is deSignated as "proposed" 

in Fig. 69. The proposed diagram is consistent with the limited data ob

tained at St. Anthony Falls and shown in Fig. 22. The indicated :low pres

sures which were measured as manometrio or static values are enhanced nega
tively when impinging eddies in the flow rebound from the boundary, yielding 

additive transient negative pulses. The magnitudes of the pressure heads of 

suoh added dynamio pulses are given by the hP values of Figs. 52 through 

58 with their strengths ranging from~l to~lO m, depending on the violenoe 

of the impinging eddies. As desoribed in the body of the report, very 

strong eddies oommonly resulted with overtopping flow, but equally strong 

eddies resulted from oertain non-overtopping flows with buoketrollers 

uniquely pOSitioned above the lip. 

It is believed that the oombination of a low statio pressure and 

strong eddy pulses oaused the oavity-for.ming negative pressure which re

sulted in the observed erosion damage at Guri. 

Lenau and Oassidy ['3J imply that as the Froude number is decreased, 

the influenoe of gravity on the form of the streamlines increases. They 

state that for a flip buoket this influenoe is roughly approximated by the 

ratio of II, the total head on the buoket, to R, the radius of the 

bucket. For the Guri bucket' H = 215 - 112.44 = 102.56 m and R = 30 m, 

yielding H/R = 3.4. The data of Refs. [2] and [3] indicate that the 

II/R values of the flip buckets studied by others were generally consider

ably greater than the value employed at Guri. This suggests that the 
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damage at Guri may be traceable to the faot that a somewhat larger R Was 
employed at Guri than in other designs. However, insuffioient detail is 

given for the other studies to .indioate what an aooeptable limit of R 
would have been. The studies at St. Anthony Falls, as disoussed herein, 

are believed to be the most detailed that have been made and the first to 
disolose the possibility pf nega~ive p~essures upstream of the lip. 



Appendix B 

THE MECHANISM OF CAVITATION DAMAGE 

The term "oavi tation," when applied to a flowing hydraulio system, 

refers to the formation and subsequent collapse of pockets or cavities 

within the flowing water. The cavities are largely filled with water vapor 
and are caused by the vaporization of water upon entering a local region in 

whioh the pressure falls below the inherent vapor pressure~temperature 

limits of the liquid. The vapor will condense to the liquid state and the 
oavity will collapse or disappear when the local pressure rises above the 

vapor pressure. The vapor pressure of water in terms of absolute pressure 
is about one~quarter meter of water head at 200 0 and varies with temperature. 

As a negative or relative value with respeot to atmospherio pressure it 

will approximate ~10 m of water head and will vary depending on the atmo

spherio pressure. 

For a smooth spillw~ suoh as existed at Guri, looal dynamio or flow 

pressures as low as -10 m of water head oan result in a flow from a oombina
tion of the following dynamic effects: 

1. Negative pressure effeots can be oontributed by the flow 
passing over a oonvex portion of the boundar,r or a convex 

separation zone that serves as a pseudo-boundary. Appendix A 

and Fig. 69 desoribe how gravitational effeots on the dis
oharging jet at Guri might oause suoh a separation zone on 
the buoket lip. The resulting ourved flow generates an es
sentially statio pressure depression on the boundary that 
depends on the flow velooity, the flow depth, and the radius 
of curvature. The data of Fig. 22 for a chute velooity of 29 
mpe demonstrate that manometer measurements of mean pressure on 

suoh a boundary m~ be as low as -2 m even when several meters 
of water depth exist above the boundary pressure tap. Similar 

measurements at a ohute velooity of ;7 mps produced a value 
as. low as -4 m relative to atmospheric. 

2. Negative pressure effeots m~ be contributed by a large eddy 

striking or impinging on a boundary and then rebounding. During 
the impingement phase the looal dynamic pressure abruptly rises 

above the noxmal static pressure in the area, and during the 
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~ebound it dips t~ansiently to a low value. It is p~obable that 

the transient pressures measured on the Guri model were p~edomi~ 

nantly from this source. The values found were quite commonly 

between -1 m and -, m in the tests and unde~ some ~are condi

tions ~eaohed -10 m. 

,. Internal to the large eddy desoribed above is a oomp1ex strQoture 

of lesser eddies o~ vortioes inherent in the general tu~bulenoe 

of the flow. Eaoh of these vortioes spins ~apidly about some 

oenter. The pressure at this oenter can be far less than the 

pressure surrounding the vortex. The value of the pressure at 

the vortex oenter depends on the intensity and scale of the 

vortex and can readily oontribute several meters of pressur~ 

depression. It is doubtful that this depression is sensed by 

the ,pressure measuring transduoer. It is probably due to this 

depression that experienoe indicates that measured values of 

only -, to -4 m may actually produce damaging oavitation. 

Since all three'of the foregoing.pressuredepressions can exist conourrently 

in a given area, their pressure values are additive and under adverse oondi

tions can readily total the -10 m required to cause vaporization of the 

water. In view of the fact that the damage at Guri ooourred only at the 

buoket lip, it appears that items 2 and , above combined could produce dam

aging negative pressures only when supplemented by low values from item 1 • 

It should be noted that all three of these pressure sources are dynamic in 

nature and will inorease approximately with the square of the velocity. 

It should be pointed out that once a significant ca.vi ty has fomed in 

water, the vapor pressure therein cannot be appreoiab1y ~eduoed by lowering 

the surrounding pressure. Any attempt to do so will serve only to inc~ease 

the rate of vaporization and the size of the cavity. 

The collapse of the oavity as it moves into a region of higher pres

sure aotively involves only a small mass of water immediately surrounding 

the oavity." However, the entire collapsing small mass is fooused towa~d 

a point at the cente~ of the cavity, and the walls of the cavity may oollapse 

with a velocity ~eaching a hundred or mo~e mps near the teminal point. 

Consequently, at the oollapse focal point a1l mass particles are ve~ 

~apidly decele~ated to ~est and the accompanying wate~hamme~-type pressure 
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rise reaches a very high value, possibly of the order of 3500 kilograms per 

s~ em (50,000 psi). If the oollapse takes plaoe directly on or immediately 

adjacent to a solid boundary, the pr~ssure intensity produoed by small-soale 

oavitation m~ be suffioient to fracture and erode the surfaoe through 
I 

small-soale pitting. Cumulatively this pitting oan erode very large volumes. 

Experience indicates that most materials in most systems will not 

show evinence of damage when velocities are less than about 15 mps (50 fpS). 

However, above this lower threshold velooity the rate of erosive loss in

creases as some exponential value of the Velocity. Various experimenters 

have found this to be about V6• Consequently, many designers attempt 

to hold flow velooities below about ,0 mps (100 fps) on readily erodible 

materials. Where this oannot be done, more resistant boundary materials 

are commonly used to reduce the rate of damage. The velooity oonditions at 

Guri approximate this common limit, and the damage encountered is in general 

consistent with the expe~ience of others in which the increasingly high heads 

on modern hydraulic struotures produoe more frequent problems with cavitation 

erosion. 

The effect of a collapsing oavity on a boundary surfaoe varies both 

with the intensity of the collapse and with the damage-resistant character 

of the material. Materials vary greatly in their resistanoe oharaoteristics. 

The variation depends on the inherent oharaoteristios of the material and on 

the water environment to which it is exposed. Increasing resistanoe is 

generally acoompanied by inoreasing cost, and selection for a given applica

tion is an economic compromise. 

It is difficult to rigorously eValuate the resistance charaoteristios 

of various practical construction materials that might be employed in a 

reconstruction of the Gurispillway lip. However, based on a number 6f 

investigations, the resistance of some usable materials can be rated approx

imately as follows in terms of relative comparable erosion: 

Material 

Conventional portland cement concrete prepared 
using good aggregates and good practices 

Concrete with selected kinds and amounts of 
aggregates bonded with epoxy plastio polymers 

Carbon steel 

Stainless steel 

Relative 
Life 

1 

10 to 100 

W± 
100 to 150 
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The basic portland cement concrete varies widely depending on aggregate 

strength, aggregate shape, aggregate sizing, cement, water-cement ratio, 

a:nd mixing and placing procedures. 

The epoxy concretes also differ according to aggregate properties and 

aggregate bonding with the epoxy. Epoxy has been used in some cases without 

aggregate, and with some types of epoxy resins may demonstrate excellent 

cavitation resistance due to the inherent elastic properties. Epoxy resins 

are organic in nature, and their characteristics are not yet well under

stood on a long life basis. Laboratory experiments using epoxy resins or 

elastomeric polymers for coatings oroverl~s have shown them to have 

remarkable resistance, but in the field, failure due to loss of adhesion 

or bond with the substrate is quite common. On the basis of present experi

ence, the use of epoxy resins or other plastics cannot be safely recommended 

for long life. 

The use of carbon steel for armoring against cavitation erosion is 

relativelY low in cost and might prove to be practical in the restoration 

of damage at Guri. However, cavitation erosion is not strictly a process of 

mechanical damage, but also involves accelerated electro-chemical processes. 

Where water is chemically aggressive, cavitation erosion on steel may proceed 

at a quite rapid rate. In view of the fact that the water at Guri is re

ported to be' aggressive,armoring with mild steel should be considered very 

cautiously. 

stainless steel m~ vary considerably in erosive life depending on 

the kinds (nickel, chromium) and' amounts of alloys used and on the fabri

cation procedure (cast, rolled, weld overlays, annealing, etc.). The life 

also depends on the aggressive character of the water. Present experience 

indicates that stainless steel of a suitable type is probably the most 

practical armor material for the severe cavitation 'condition that exists at 

the Guri bucket lip. Stainless steel has an important advantage in that 

if it evidences pitting after extended exposure, the eroded portions can 

be restored using field welding and grinding teohniques that have been well 

established in hydraulic turbine maintenance practice. 



Appendix C 

THE MOTION PICTURE RECORD 

As a per.manent photographio ~eoord of the projeot a motion pioture 

has been produced. This is a 16 mm oolor, sound film 650 ft in length 
with a 17~minute running time. 

The film very briefly desoribes the site and the nature of the damage 

problem at Guri and then shows the model facilities which we~e used to 
study the problem at the St. Anthony Falls Hydraulio Laboratory. The bulk 
of the film deals with model flows fo~ a v~iety of signifioant flow oon
ditions in which various disoharge and tailwater values are oombined to show 
aotion on v~ious buoket sill configurations. 

Slow-motion piotures are espeoial1y useful in showing the flow o~
aoter of two partioular conditions: 

1. The roller whioh forms in the buoket for oertain combinations 
of tai1water and disoh~ge; and 

2. The powerful turbulenoe that is formed by the wall-overtopping 
stream falling into the bUoket • 

.An understanding of these two turbu1enoe meohanisms is important beoause 
their eddies pulse on the lip of the buoket to cause the negative pressure 
peaks which in turn support' vapor cavitation and oavitation damage on the 
lip. 
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