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Hydraulic Model Studies for the 

dURI HYDROELECTRIC PROJECT 

REPORT ON THE SECOND STAGE DIVERSION AND 

FLOW CHARACTERISTICS OF THE SPILLWAY 

INTRODUCTION 

The GUM Hydl"Oelectric Project, located on the Caroni River in 

Venezuela, is designed to provide power for the industrial development and 

river regulation for other downstream plants. The dam is a concrete gravity 

structure with an earth and rock-filled tie~in to the right bank. In the 

initial project, the ·crest will be at El. 220 m above sea level. In the 

future it is proposed to raise the crest in stages to EI. 245 m and finally 

to El. 266 m above sea level. The spillway located on the· left abutment 

will. consist of three converging concrete chutes with a total width at 

the crest of 182 m (including the piers) and with lengths varyi..ng from 175 

to 225 ~ Intakes and penstocks are incorporated within the gravity struc

ture and lead to the proposed turbines in the powerhouse located downstream 

of the conc~ete structure. 

The dam. is located near the llpstl"eam end of an island which divides 

the riVfl' into the main channel and a secondary channel referred to as 

the right channel. Just d~stl"eam of the axis of the dam, the main 

channel moves into a large natural scour .hole from which it emerges in 

the form of two channels referred to as the left channel and.the center 

c.h.annel. 

The oonstruction of the Gun Dam is to be undertaken in three dist±net 

-phasOG. During the first phase, the main channel is closed just downstream 

of the na.tural scour hole, thus di vel"t1ng all the flow through the right 

channel. A co~feTdam would then be built in the ponded water from the 

·upstream tip of the island to the left bank so tha.t the dam site, th~s 

isolated, could be de-watered and construction undertaken on the founda

tions of the gran ty section, the spillway, and the powerhouse.. When the 

oon3t"MlCtion of the gravity section and the spillway is compleW to above 

El. 174 m, the flow is to be redi veried from the right erumnel to the main 

channel through trlght ternpora1.jr sluiOQ-S. Wdch are located in the base of 
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the gravity section. This second phase diversion will last until the 

eompletion of the second phase of construction which includes the gravity 

section, the spillway, and the powerhouse as well as the earth and rock

filled tie.in across the right channel to the right abutment. The last 

phase involves the closure of the sluiceways and the filling of the 

reservoir leading to the operation of the spillway. 

1 . 
An earlier report described in detail the plan for the first stage 

diversion in which the flow was to be diverted to the right channel. This 

diversion involved the construction of rock cofferdams in the main channel 

and along the tailrace channel. This present report will describe further 

experiments undertaken to study the character of the second phase diversion 

in which the river is rediverted through the sluiceways in the gravity 

section and directed into the tailrace channel.. Of particular concern 

during the second phase diversion was the effect of the flow on the 

excavation for the powerhouse and the occurrence of rock erosion downstream 

of the gravity section so that the gravity section itself might be damaged. 

The data which serve as the basis for this report consist principally of 

observations of the flow pattern generated b.1 various excavation geometries 

and protective structures and on the scour pattern created b.1 these flows. 

Suoh observations are best recorded photographically and conclusions are 

based on the interpretation of the photographic record. 

This report also describes results of experiments made in the 1:197 

comprehensive model of the dam and the spillway section. These experi

ments dealt with the water surface profiles and the pressure distribution 

on the spillway face and through the gate structures for various discharges 

and for various combinations of gate openings. At the same time, experi

ments were made to observe the flow pattern generated b.1 spillway flow 

downstream of the main structure and in the large scour hole. These 

stUdies included determinations of the tailwater rating curves for various 

methods of operation and designs of the spillway bucket. 

1,tR 
. eport on Guri Project River Diversion Scheme" by Lorenz G. Straub, pro-
~ec~ed for Corporacion Venezolana De Guayana, Republic of Venezuela, Harza 
Fnlg~neering Company International. Based on tests conducted at St. Anthony 
a ls Hydraulic Laboratory, University of Minnesota, January 1963. 
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SECOND STAGE DIVERSION EXPERIMENTS 

Erosion Caused gy Sluice Fl'ow into Proposed Powerhouse Excavation -- . . 

During the $econd stage diversion the river flow will be diverted 
, ,. 

through the 8 sluic~s located in the base of the main gravity dam. During ~ 

this period discharges as high as 17,000 cms may flow through these sluices. 

The sluices discha~ge into an area which will eventually be occupied by 

powerhouse 'units. The examination of the flow through the sluices and 

over the original topograp~ downstream of the main gravity section indi

oated a rather extreme constriction of the flow by the rock topography so 

that practically all of the discharge was concentrated in an area down-

stream of the first 4 sluices. (The sluices are numbered consecutively 

beginning with the one adjacent to the spillway). It appeared that the 

high velocities and large discharges might cause extensive erosion in the 

vicinity of the future powerhouse foundations or damage to the right wall 

of the spillway. 

In addition, in order to facilitate the excavation for the futUre 

powerhouse units, it had been suggested that such excavation be carried 

out prior to the final closure and diversion of the flow through the sluices. 

In this way the excavation could be finished without cofferdams. The 

experiments reported herein include observations of the flow pattern as 

affected by the excavation and by other changes in topography in this 

area. Qualitative determinations as to the likelihood of serious scour 

in the region of the future powerhouse foundations have been made. The 

results indicated that if the proposed excavation were made, the powerhouse 
foundations would be subject to possible serious erosion by the flow through 
the slUices. 

The original topography in the sluice area molded to conform with the 
contract drawings and prior to any excavation for future'powerhouse founda~ 

tions is show~ in Photos 1 and 2. Photo 1 is an overall view of the power

hOUse graVity section and sluices and the spillw~. The cofferdam cells 

Used to divert the flow into the right channel are shown in the background, 

beyOnd the gravity section. This photo also shows the tailrace channel from 

the powerhouse and the spac.e fo~ powerhouse unit No. 10 excavated to 
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facHi tate the construction of the right wall of the spillway. Photo 2 

is a close~up of the sluice exits and the topography downstream of the 

sluices. It also shows the 20 meter wide concrete apron with its end 

sill constructed downstream of the sluice exit. The flow pattern in this 

area is shown in Photos 3 and 4. Photo 3 shows the flow pattern for 8,000 cms 

through the sluices taken from above. At this discharge only those sluices 

located at a lower- elevation are functioning, but it will be noted that the 

flo~.J's from sluice 1 and sluice 5 are both deflected by the topography in this 

area so that all the flow is concentrated downstream of sluices 2 and 3. 
The flow pattern has been delineated by confetti sprinkled on the surface 

so that the two vortices generated downstream in the scour hole can be seen. 

lNhen the disoharge has been increased to 17,000 cms as shown in Photo 4, 

all of the sluices are in operation. The photo shows that essentially all 

of the flow from the upper sluices (5-8) is deflected into the main jet 

coming from the lower sluiceways. It will be noticed that this additional 

flow from the right side has deflected the jet towards the spillway so that 

the vortex on the right has been enlarged while that on the left downstream 

of the spillway has been diminished. These photos show the conditions of 

flow and topography prior to the excavation for the powerhouse foundations. 

Under such circumstances, it appears that the region of possible scour 

is located downstream of sluices 1 through 4 and along the right wall of the 

spillway. A close-up of the flow in this area is shown in Photos 5 and 6. 
Photo 5 shows clearly the character of the flow along the right wall of the 

spillway while Photo 6 shows in detail the concentration of the flow caused 

by the almost complete deflection of the current on the transverse slope of 

the rock. It was felt that an incidental advantage of the powerhouse excava

tion would be a reduction in the degree of concentration of flow from the 

sluices because of the shortening of the shelf downstream of sluices 5 ". 

through 8. Photos 7 and 8 are views of the powerhouse excavation prio~ to 

the experiments dealing with erosion and flow pattern. B.1 completing the 

excavation the distance from the end of the sluices to the edge of the 

excavation has been shortened. As a consequence it might be expected that 

the flow from sluices 6, 7, and 8 would reach the end of the shelf and flow 

over the end of the cut before the transverse slope was effective in deflec

ting the flow into the main jet. It is apparent in Photos 9 and 10 that 
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~me of the flow does flow over the edge. Photo 9 is a general view of 

the flow pattern in the main jet and over the edge of the excavation 

for a discharge of 17,000 cms. Photo 10 is a similar view taken from 

downstream and illustrates that even though the distance has been shortened 

the streamlines are very appreciably deflected qy the transverse slope. 

In order to qualitatively evaluate the erosion potential of the flow 

from the sluices an attempt was made to simulate a fractured rock formation 

in this area. It was expected that if a fractured rock did exist the pieces 

would fit closely together at the fracture and that their removal would de. 

pend primarily on their being lifted out of the formation rather than being 

dragged along qy the flow as would be the case for a random assemblage. 

To this end, small blocks were fitted closely together in depressions carved 

into the bottom end slopes of the excavation. The blocks had prototype 

dimensions of 5 m qy 5 m by 1.25 m and were made of transite which has a 

specific gravity of 2.0. The submerged weight of the blocks was equivalent 

to 31.25 metric tons. At first the blocks were placed in two layers in 

four test sections so that the upper layer was flush with the original 

surface of the excavation. This arrangement was meant to represent a 

horizontally stratified rock. The appearance of the square blocks as 

placed in the excavation, may be seen in Photo 11, which also shows the 

erosion of a few blocks by a discharge of 4,000 ems... The photo shows 

how the blocks were fitted together. The character of the flow with a 

discharge of 12,000 ems over the sill and into the excavation is shown in 

Photo 12. The jets from sluices 1 and 4 follow the top of the rock and 

are deflected upward by the sill while that from sluices 2 and 3 plunges 

downward to a lower level before it goes over the sill just upstream of the 

excavation. The erosion of some of the blocks from the excavation, as a 

result of this flow, is shown in Photo 13. The under layer was painted 

white in order to identify the various blocks. It is apparent from Photo 

12 that the jet coming over the sill strikes the bottom of the excavation 

in the region where the blocks were placed and apparently the turbulence 

in the flow is sufficient to remove some of the blocks so that more could 

be raveled from the depression. It will be noticed that most of the blocks. 

removed have been deposited in the corner of the excavation downstream of 

sluice 1. This is the consequence of the ground roller generated by the 
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flow from sluice lover the sill at the high elevation. It is interesting 

to note in Photo 14, whieh shows the erosion pattern caused b,y a discharge 

of 17,000 cms, that a ecnsiderably smaller number of the blocks have been 

removed. This reduction of erosion activity is the consequence of the higher 

velocity in the jet from the various sluices. For this discharge the jet 

impinges on the bed at a point near the downstream end of the eroded region 

so that much of the area was protected from erosion by the relatively quiet 

water under the jet. For both 12 t OOO cms and 17,000 cms the blocks at the 

furthermost downstream pocket were removed while fewer in the adjacent 

upstream pocket were removed for 17,000 ems than for 12,000 ems. From 

a study of these experiments several other arrangements were developed, 

such as: (1) the removal of the sill so as to increase the jet trajectory, 

(2) the construction of walls between sluices 4 and 5 to prevent the 

impingement on the jet b,y the flow from the upper level sluices, and (3) the 

excavation of the rock immediately downstream of sluice 4 so as to direct 

this jet straight downstream. For this condition the erosion was reduced, 

particularly for the discharge of 12,000 ems, but it appeared that this was 

due primarily to the deflection of part of the flow from the area of the 

blocks. It was apparent from these tests that insofar as the blocks would 

simulate erodible rock fragments, considerable damage to the rock in the 

excavation area could be experienced Qy the erosive activity of the jet 
from the sluiceways. 

The initial tests showed that the concentration of the flow from 

the sluices due to the transverse slopes of the rock topography downstream 

of the sluices, was the predominant factor in increasing the erosive power 

of the flow. In an attempt to reduce this concentration, a series of tests 

was undertaken in which the rock topography was modified with the view of 

eliminating the transverse s~ope and directing the flow from the sluices 

straight downstream over the edge of the excavation. Photo 15 shows the 

initial modification of the geometry. The rock downstream of sluices 7 

and 8 was excavated to El. 147 m 50 that there would be no obstruction to 

the flow from these two sluices. The material downstream of sluice 4 was 

excavated to El. 120m to approximate the elevation downstream of sluices 2 

and 3. The remainder of the intermediate slope was excavated to form steps 
and to remov .. e ~ rock at a high~r alevetion thAn the slU1ces_ The bottom 
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of the excavation was completely covered with a layer of blocks so that 

regions of high erosion over the entire length of the spillway could be 

noted. The areas in which erosion took place for a discharge of 12,000 ems, 

are shown in Photo 16. Practically all the erosion took place downstream 

of sluices I through 4 and relatively little occurred in the region down

stream of the higher shelf. Many of the blocks which were removed from 

the bed were carried upstream to the face of the excavation b,v the ground 

roller generated at the edge of the excavation. For 12,000 cms the flow 

from the upper sluices is considerably I"ed1.1ced because of the relatively 

low upper pool level. For a higher discharge of 17,000 cms, the flow 

pattern of which is seen in Photo 17, considerably more damage over the 

entire region of the excavation occurred and essentially all the blocks 

were removed from the bed. This is shown in Photo 18, which also illus

trates the effect of the ground roller in carrying dislodged blocks back 

upstre~ against the face of the excavation. For this particular test 

an attempt was also made to separate sluice 1 from the main flow by a wall 

between sluices 1 and 2, but this had little effect in reducing the 

erosion .. 

It was apparent from these tests and others that, insofar as the 

blocks simulated the bed, rather serious erosion could be expected and 

that further modification should be made. By remolding the topography 

downstream of the sluices including the natural ridge downstream of 

sluices 6, 7, and 8, the erosion downstream of the upper sluices was 

effectively reduced, but all of the blocks in the region downstream of the 

lower four sluices were completely removed. This erosion pattern is shown 

in Photo 19. It appears from Photo 20 that even if the area for future 

powerhouses were not excavated and the shelf excavated so that the flow 

vrould not be deflected, the erosion was quite severe and all of the blocks 

placed downstream of the shelf were eroded. In further tests of this 

type in which the flow from the various sluices was guided Qy means of 

intervening walls the scour patterns showed somewhat similar and rather 
severe erosion. 



Further exploratory tests were Iuade with the completed powerhouse 

exoavation to determine if any partioular advantage would be obtained 

by other devices. It was suggested that if a concrete buoket were 

installed to deflect the flow from the bed and prevent erosion, it 

might be later incorporated into the foundations for the pcwerhouse 

units. This device did not seem pr.acticable in view of the varying 

disoharge from the sluices with the correspondingly varying trajectories. 

If the jet did not fallon the bucket, the erosion was similar to that 

without the bucket. Exploratory tests were also made based upon the 

concept of raising the tailwater level in the area of the powerhouse 

excavation by leaving a plug in the discharge channel. The disadvan

tage of this device lay in the fact that the plug in the discharge 

channel would ultimately have to b~ excavated underwater. It 

appeared that such excavation would counteract any gain made in the 

prior excavation of the powerhouse foundations. A third alternative 

to the erosion problem was to excavate less than the amount required 

for the future powerhouse unit and indeed less than the amount shown 

on the contract drawings. This will provide material to absorb the 

erosive power of the flow from the sluiceways during the diversion 

period after which the completion of the excavation could be under

taken. In this way, advantage could be taken of any erosion which may 

have occurred in that area. 

Further experiments were made to study the flow pattern over the 

original undisturbed topography. While these were underwaYJ information 

was received that a three unit powerhouse would be initially construc ... 

ted instead of the original two unit structure. This implied that 
slUice No. 8 would be closed or at least the flow from this sluice 

would be deflected into the main flow in order to pass qy the side of 

the powerhouse. The geometry of the new arrangement with the three 

unit powerhouse and the original topography downstream of the gravity 

section is shown in Photo 21. The flow pattern generated by the 

deflection of the flow from sluice 8 is shown in Photo 22. As 

would be expected, all of the flow from the sluiceways is not 

concentrated in the relatively narrow jet that leaves this area 



-9-

and flows into the scour hole downstream. In order to get some idea 

regarding the erosive forces of the concentrated jet the portion of 

the bed was replaced with erodible material. This material had an 

effective (70 per cent size) weight of about 45 metric tons. This 

material was loosely placed in the depression provided for it and its 

erosion under these circumstances is a good measure of the magnitude 

of the erosive forces. The extent of the erosion following a test 

with a discharge of 17,000 cms is shown in Photo 23. In this test, 

the material was eroded down to the limit of tne original excavation. 

Several attempts were made to reduce this extensive erosion 

such as closing sluice 8 to reduce the concentration of flow in the 

jet area and to excavate the top of the shelf in somewhat the same 

manner that was followed in the test for the powerhouse excavation, 

It appeared undesirable to close sluice No. 8 and thus raise the 

pool level upstream of .the gravity section, but a considerable 

improvement was obtained by the excavation of the upper shelf and 

the excavation downstream of sluices 1 through 4 so that this whole 

area was a horizontal apron at abo~t El. 120 m. The erosion pattern 

with this geometry for a discharge of 17,000 ems is shown in Photo 24. 

The results of these tests indicated that if the powerhouse 

excavation was not made prior to the diversion, the erosion in this 

area due to the flow from the sluices would be less likely to lower 

the rock to the elevation of the powerhouse excavations. The 

results also indicated that the region adjacent to the powerhouse 

and downstream of sluices 5 through 8 could be partially excavated 

prior to the diversion without increasing the potential for serious 
erosion appreciably. 

This series of experiments in which a wide variety of 

geometries were tested in order to reduce the erosion potential 

in the area where the excavation would be made, and to cope with 

velocities of the order of 24 meters per second, have been rela

tively unsuccessful. It appeared that greater protection to the 

powerhouse, the right spillway wall, and the foundation of the 
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structure itself, would be gained by postponing the excavation for 

the additional powerhouse units until after the second diversion~ 

In this way, any erosion due to the flow which might occur would 

reduce subsequent excavation. It therefore appeared desirable to 

consider modification of the excavation plans in order to provide 

the additional buffer against serious erosion. 

Flow from Sluices with Revised Downstream Excavation ~ I 

Following the previous experiments, the model was revised 

to eliminate the powerhouse excavation and to incorporate a revised 

rock excavation plan. In this plan, the rock downstream of the dam 

was excavated in a series of shelves at various elevations in an 

attempt to direct the flow normal to the dam axis and thus eliminate 

the now oonoentration downstream of sluices I through 4.. The re

vision of the model is shown on Chart 1. 

Photo No. 25 is an overall downstream view of the entire 

structure and Photo No. 26 is a closeup view of the area downstream 

of the sluices. (In both photographs, the elevation of the shelf 

downstream of monolith 16 should have been 143 m instead of 144 m 

as shown in the photographs.) The wall separating sluice 8 from the 

powerhouse is shown as originally proposed. 

Photos 27, 28, 29, and 30 all show the same now of 17,000 cms 

over the downstream excavation with dye ,injected successively in 

sluices 8, 7, 6, and 5 in order to delineate the flow from each 

slUice. The original gabion design deflects the flow from sluice 8 

through an angle of about 45 degrees. (The downstream portion of 

the gabion is at a 45 degree angle to the axis of the dam.) The 

flow deflected from sluice 8 deflects the flow from sluice 7. 
In a similar manner, the flows from sluices 6 and 5 are turned to 

the left also. It appears that practically all of the flow from 

these slUices is deflected into the main jet coming from sluices 

1 through 4. It appears that the gabion design defeats the pur

pose of the excavations downstream of the upper sluices. 



In order to test the effect of various arrangements of the gabion 

on the flow pattern and on the erosion tendency~ a section of the topo

graphy downstream of the sill below sluice 1 through 4 was replaced with 

gravel. The gravel corresponded to prototype rocks weighing about 45 
metric tons. Photo 31 shows the erodible section molded to approximately 

the original contours. Photo 32 shows 17,000 cms, discharging from the 

sluices and entering the discharge channel. This is for the same gabion 

design and flow pattern shown in Photos 27 through 50. The constriction 

of the jet is apparent in the photograph, and confetti on the water sur

face shows the general flow pattern. Photo 33 is a closeup view of this 

flow pattern and shows the effect of the convergence of the flow from 

the upper sluices. The resulting erosion pattern from this flow is 

shown i.n Photo 34. Rather serious erosion took place where the jets im

pinged upon each other~ Some of the material eroded from this area was 

deposited along the right wall of the spillway. 

Some improvement in the flow pattern was obtained qy straightening 

the gabion so that it extended from sluice 8 to the terminus of the ori

ginal gabion in a straight line. Here more of the flow (Photo 35) followed 

the excavated shelf and the flow from sluices 1 through 4 was more uniformly 

distributed. Photo 36 shows a somewhat lessened erosion in the area where 

the jets impinged upon each other. 

In an attempt to further improve the flow characteristic on the 

shelves, the downstream end of the gabion was moved to the corner of the 

powerhouse as shown in Photo 37. Here it is apparent that the flow from 

sluice 8 which has been colored qy a qye follows the gabion more closely 

and effectively follows the shelf to the edge of the cut. In general, 

the whole flow pattern has been improved by this change. The improvement 

in the erosion pattern resulting from this change is shown in Photo 38, 

which shows that the erosion downstream of the first four sluices is 
relatiVely negligible. 

It may be concluded that the flow pattern will be much improved 

and the erosion minimized if thegabion is straightened and moved toward 

the powerhouse as far as possible. If this is done, it would be most 

deSirable that the rock cut adjacent to the left wall of the powerhouse 
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be filled with loose material and paved<toprevent erosion in this area 

and to protect the wall of the powerhouse. The suggested changes in the 

gabion alignment are shown on Chart 2. 

Flow from Sluices with Revised Downstream Excavation - II 

Further experiments were made to delineate the ability of trans

verse slopes on the shelves downstream of sluices 5 and 6 to control 

the flow from the upper sluices. The rock topography and the excavation 

pattern are shown on Chart 3. 

The experiments were conducted in the same manner as those previously 

described. Photo 39 shows a flow of 17,000 oms flowing from the sluices 

over the excavated area. The gabion wall has an alignment as given in 

the original design. The flow from sluice 8 has been colored with a dye 

to delineate the flow from this sluice from that of the adjacent slUices. 

The gabion wall strongly deflects the flow to the right. The transverse 

slopes have a negligible effect in correcting the deflection. Photo 39 
is to be compared with Photo 27. The erosion pattern resulting from this 

flow is shown in Photo 40. This photo may be compared with Photo 34. 

It is apparent that the erosion patterns are practically identical. 

As in the previous tests, some improvement in the flow pattern 

was obtained by straightening the gabion. Photo 41 shows the flow pattern 

resulting from this arrangement. The dye in sluice 8 shows an improve

ment similar to that previously obtained. The erosion pattern resulting 

from this flow and shown in Photo 42 is almost identical with that ob

tained with the horizontal shelves. Again, the greatest erosion occurs 

in the area where the jets from the upper sluices impinge upon those from 
the lower slUices. 

The final test was made with the downstream terminus of the gabion 

wall moved to the corner of the powerhouse. The flow pattern shown in 

Photo 43 has been considerably improved and more of the flow follows the 

shelf downstream. Photos 44 and 45 show the flow pattern with dye injected 

into slUices 6 and 5 respectively. Although Photo 45 shows that the flow 
from sluice 5' i 

~mp nges strongly upon the flow from the lower sluices, the 
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ion Pattern in Photo '46 shows that comparatively little erosion results eros . 
from this impingement. This erosion pattern is to be compared with that 

shown in Photo 38. 

The results of these experiments show that the transverse slopes 

downstream of sluices 5 and 6 are relatively ineffective in improving 

the flow over that obtained with horizontal shelves. It appears that the 

alignment of the gabion wall is the most important factor and far over

shadows the influence of the transverse slopes. 

Flow from Sluices with Revised Downstream Excavation~ II~ 

In the previous tests it appeared that the diversion flow coming in 

contact with the powerhouse wall would be above El. 148 m and that this was 

above the design tailwater. As a consequence, the rock excavation down

stream of sluices 5, 6, 7, and 8 was re-designed so that it would have a 

longitudinal slope of ten horizontal to one vertical. In this way the 

flow from the sluices would not come into contact with the powerhouse 

wall. Experiments were carried out with this arrangement to measure the 

water surface elevation along the gabion and the powerhouse wall. 

In addition during the course of the experiments, several possible 

alternatives involving the closure of sluice 8 that might be either more 

economical or more convenient in providing better access to the excavations 

were tested. 

The geometry of the rock excavation incorporated into the model is 

that shown in Chart 4. The essential feature is the longitUdinal slope 

of the rock shelves downstream of the sluices of one vertical to ten hori

zontal. The elevations of the various sloping shelves correspond. to the 

relative elevation of the bottom of the successive sluices. The revised 

geometry incorporating the sloping rock excavation is shown in Photos 47 
and 48. 

In the first experiment the gabion wall was arranged as shown in 

Chart 4 and extended in a straight line from the right side of sluice 8 

to the corner of the powerhouse. At that point there was a one meter 

offset. All of the sluices including sluice 8 were opened and the dis. 

charge of 17,000 cms was introduced. The flow pattern is shown ' 
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p~otographicallY in Photos' 49 and 50 •. In Photo 49 a dye has been injected 

into the flow from sluice 8. The photograph shows how the flow from this 

sluice follows the gabion and the powerhouse walls and gradually dissipates 

laterally over the lower shelves. This lateral diffusion which incorporates 

the flow from sluices 7 and 6 forces the flow from sluice 5 into the main 

jet coming from the four lower sluices. This is shown in Photo 50 in which a 

dye has been injected into the flow from sluice 5. The water surface pro

file along the gabion and the powerhouse for this arrangement is shown in 

Chart 5 along with the profile for the situation before revision where 

the rock shelf in this area was hori£ontal. The discontinuity in the 

water surface profiles is due to the offset of the gabion wall at the 

corner of the powerhouse. At the end of the gabion, the elevation is approxi

mately 150 m, but along the powerhouse wall it drops abruptly to approxi

mately 147 m and continues to fall as it approaches the end of the shelf" 

The equivalent profile for a hori~onta1 shelf shows that along the power

house wall the water surface is considerably above El. 150 m. The rise 

in water surface elevation along the gabion wall (Section B-B) in the 

neighborhood of the sluice exit is due to the sudden change in direction 

of the flow caused by presence of the gabion. This detail of the flow 

pattern along the gabion wall is shown in the close-up of this area in 

Photo 53. It is interesting to compare Photo 49 in this report with 

Photo 43 which shows the same situation except that the rock excavation 

in this area was horizontal." It can be seen that in the present case the 

flow from sluice 8 does not spread to the left quite as far but the 

patterns are very similar. A comparison of Photo 50 with Photo 45 shows 

that the flow patterns downstream of sluice 5 are practically identical 

but because of the slope the water surface is lowered and the hydraulic 
jump starts further upstream. 

Because of the apparent conflict between the gabion wall and the 
excavation for the penstock of the third ·unit, consideration has been 

given to the possibility of closing sluice 8. A second experiment was made 

to study the flow pattern that would result in this neighborhood with 

sluice 8 closed. In this case, the gabion is placed perpendicular to the 

dam at the right side of the sluice 7 exit and extends to the end of the 

shelf • This arrangement prevents the flow from spilling into the .. 
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po'tyerhouse excavation. -In executing such a scheme, the gabion would not 

necessarily have to be built to th~ end of the shelf but a wall in this 

region could be provided qy leaving a portion of the rock unexcavated to 

form a ridge parallel to the powerhouse wall. This arrangement of the 

gabion in which sluice 8, is closed is shown in Photos 51 and 52 which 

also delineates the flow patterns when dye is injected into the flows 

from sluice 7 and sluice 5 respectively. With this arrangement because 

of the differing elevations of the adjacent shelves, the flow is diverted 

to the right toward the main jet in much the same manner but to a lesser 

extent as in the first case. The water surface profile along the gabion 

wall is shown in detail in Photo 54 and has been plotted on Chart 6~ 

The water surface profile shown as Section B-B smoothly follows the 

slope and is below El. 148 m at all points along the powerhouse wall. 

For comparison the water surface profile along such a wall with a 

horizontal shelf is also shown~ 

Photo 55 shows the flow pattern in the neighborhood of the wall 

when the wall is shortened to a point opposite the upstream corner of the 

powerhouse and the flow spreads out towards the powerhouse wall. The 

depth of flow along the powerhouse wall is minor reaching a maximum of 

about 1 m. The highest water surface elevation is about 144 m. It is 

conceivable that this gabion design could be combined with a wall of 

unexcavated rock which would prevent the flow from spreading toward 

the powerhouse. The powerhouse excavation would then not have to be 

filled and paved but could be left open. This design would also afford 

space for excavating the unit 3 penstock trench. In Photo 56 which 

shows the gabion moved to the right as far as the powerhouse, the water 

depth is greater, being as much as 5 m along the powerhouse wall. For 

about the first 10 m of the powerhouse wall the water surface elevation 

is above 148 In with the highest water surface being about 149.5 m at the 

upstream corner of the powerhouse. The water surface profiles for these 
conditions are shown on Chart 7'. Corresponding water surface profiles 

that result When the shelf is horizontal are also shown for comparison. 

If sluice 8 is closed a discharge of 17,000 ems through the re
maining sluiees will -cause a. higher head upstre8ll1 of' the dam and 
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consequently greater velocities through the remaining sluices.. In order 

to estimate the erosive forces that might be generated by this condition, 

two additional experiments were made with erodj.ble material in the region 

downstream of the four lower sluices. Photos 57 and 58 show tlie flow 

pattern with sluice 8 open and the resulting erosion pattern for this 

flow. Photos 59 and 60 show similar conditions of flow pattern and 

erosion pattern when sluice 8 is closed and the gabion wall is shifted 

to the right side of sluice 7. A comparison of these two sets of photo .. 

graphs shows that the e1'osion downstream of the four lower sluices is 

more severe when sluice 8 is closed than when it is open. The amount 

of erosion along the sp:lllw,ay wall 1s affected by the flow through the four 

lower sluices only, and mainly from sluices 2 and 1. This area is too far 

removed from the upper s1:nices to be affected by the gabion design or the 

geometry of the shelf excavat:i..on. It m.ay be concluded, therefore, that 

the additional erosion occurred solely becallse of the additional flow 

through the lower sluices due to closing sluice 8. It should be noted 

that the greatest amount of erosion took place downstream of the sloping 

aprons. This might be expected since the sloping aprons do not have as 

much "stilling basin" effect as similar horizontal aprons. The jets from 

the sluices are still plunging downward when they leave the aprons. 

In addition to the other advantages that would accrue if sluice 8 

were closed and the gabion shifted to the right wall of sluice 7 (the 

construction of sluice 8 would be unnecessary and greater access for the 

excavation of the penstock trench for unit 3 would be provided) the flow 

pattern along the powerhouse walllNould be much improved. In fact, if 

thegabion wall is extended to the end of the rock shelves it would not 

be necessary to fill and pave the excavation remaining next to the power

house. If only the water surface elevation, along the powerhouse wall is 

of concern, the sloping rock excavation combined with the straight gabion 

will result in water surface elevations along the powerhouse wall that 

will be less than the design tailwater. 

DepOSition in Right Spillway~Iall ~c_~v2tion 

Tests have also been performed to investigate the advisability of 

filling and paving the excavation adjacent to the right wall of the 
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spillway that is required for the construction of the wall. The question 

involved is the influence of the flow upon the stability of the excavation 

and the wall, or conversely, the influence of this excavation on the flow 

from the sluices. 

In an attempt to determine the magnitude of the foroes generated 

by. the floW from the s1:uices, e:Kperiments were made in which the excava

tion was filled with successively coarser material and the extent of scour 

resulting therefrom was measured. The sizes of material 'used are listed 

on Chart 8. The effective prototype weight of Type A material is 0.93 

metric tons. Type G material has an effective prototype weight of 4.70 

tons, while Type J material corresponds to prototype rock having an 

effective weight of 16.0 metric tons. This chart shows the geometr.1 o£ 

the excavation and the profiles of the material remaining in the excavation 

at the end of the successive tests. 

These results are shown pictorially in Photos 61, 62, and 63 which 

show the extent of scour and the deposition of the eroded material. The 

scour pattern resulting from these tests is chara.cteristic of that formed 

in a bed of incoherent material where the depth of scour depends upon the 

size of the material incorporated in the fill. Once the scour pattern 

has become established the bed will be relatively stable and will repre

sent a scour pattern characteristic of the greatest flow that had been 

applied to the fill. These experiments indicate that if the excavation 

is left empty, it is not likely that extraneous boulders will have been 

trapped in the excavation; but if some should be, they will tend to be 

either carried out of the excavation or transported to the 'upstream corner 

by the ground roller generated by the flow as it passes over the lip of 

the excavation. On the other hand, the sides and bottom of the excavation 

cut will be Subjected to rather large erosive forces and possible pressure 

fluctuations of the same type that will be active in the erosion of the rock 

in the Powerhouse area, and consequently, the same degree of uncertainty 

as to the stability of the rock exists. It would appear desirable, there

fore, to protect this area adjacent to the spillway wall by providing a 
pavement OVer the excavation. 

The excavation has a negligible ef£ect upon ·the flow pattern of 
the now f rom the sluices. 
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EXPERIMENTS ON SPILLWAY DISCHARGE 

Spillway Rating Curves 

The spillway rating curves were obtained by measurement in the 1:197 
comprehensive model that incorporated the spillway and the approach channel. 

An overall view of the model including the spillway from downstream was 

shown in Photo 25. The three separate chutes having different lengths 

and elevations are located on the left bank and conform to the rock topo

graphy. Photo 64 shows the approach channel to the spillway crest and 

the nine bays controlled by the spillway gates, Chart 9 shows the test 

data, while Chart 10 shows the st:l,me data except that the data points have 

been omitted to simplify the presentation and to emphasize the boundary 

zone. 

The upper set of curves are rating curves for a specific gate opening 

with all gates set at the same elevation. The gate opening is expressed 

b,y giving the elevation of the bottom edge of the gate which varies in 

two-meter intervals from El. 198 m to El. 210 m. In taking these data, 

the gates were set at the specified opening, a discharge was introduced, 

and the corresponding headwater elevation was recorded after it had become 

stabilized. The discharge was then changed and the measurements repeated 

until the entire curve had been established. A new gate opening was then 

set and the process repeated until the entire family of curves had been 

obtained. The free crest rating curve is the lower boundary for the family 

'of curves representing particular gate openings. As the discharge decreases, 

the flow control will eventually switch from the orifice or gate ... controlled 

flow to weir or free-crest controlled flow. The lower family of curves are 

constant headwater curves. When a particular curve was being established, 

the discharge was set and the gates adjusted until the headwater elevation 

remained constant at the particular elevation. 

The two families of curves shown are actually only two ways of looking 

at the same thing. They both show the relationship between the three 

variables: discharge, headwater elevation, and gate opening. The upper 

boundary of the constant headwater curves is normally a line (axial spill

way approach) representing free flow~ In the Guti situation the non-axial 
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r oich causes pile-up on one side of the bay, and the line expands to a app 
zone in which the lower edge of the gates is only partially submerged. 

As the discharge, hence, gate opening increases through the boundary zone, 

the flow control will eventually change from orifice to free flow. When 

the elevation of the bottom of the gates is above the boundary zone, the 

gate opening is no longer a pertinent variable and the headwater elevation 

and discharge are uniquely related in accordance with the free crest curve. 

The upper limit of the bounda'l:"'J zone was determined by lowering 

the gates uniformly until a gate touched the water surface at any point. 

The upper l1mit of the entire boundary zone was established by repeating 

this process at various discharges. The lower limit was determined by 

lowering the gates uniformly until the lower edges of all gates were sub

merged. This process was also repeated for various discharges to determine 

the lower limit of the entire boundary zone. This means that for any given 

discharge, if the elevation of the lower edge of the gates is above the 

boundary zone, the flow will be ccmpletely free flow; if it is below the 

boundary zone, the flow will be completely gate-controlled. These con

ditions are applicable only if all nine gates are operated uniformly and 

together. 

Photos 65 through 68 are a series showing the flow pattern in the 

upper pool for successively increasing discharges~ Except for a discharge 

of 35,000 ems, the headwater is maintained at a constant· elevation of 215.0 m 

by partially closing the gates. For a discharge of 35,000 (Photo 68), the 

flow 1s such that the gates are wide open a~d the headwater pool rises to 

EI. 217.6 m. The exposure time for these photographs was the same for ea.ch 

so that the relative velocities can be estimated by comparing the length 

of the confetti streaks on successive photographs. The flow pattern in 

each case is delineated by the same confetti streaks. The similarity of 

flow pattern with partially closed gates and completely open gates is 

apparent by comparing Photos 69 and 70 with Photos 66 and 67 respectively. 

From the point of view of good flow conditions, it is desirable 

that the gates be operated reasonably uniformly. The principal benefit 
from unit arm operation as far as spillway d.tscharge is concerned is that 
the dis h c arge per 'lmit width at the spillway bucket is kept at a minimum. 
This would b e beneficial in reducing the tendency to scour the rock in 
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the discharge channel and would improve the flow characteristics in the 

discharge channel and in the tailwater pool. 

An extended spillway crest calibration curve for the Guri spillway 

determined by measurement on our 1:197 seale model is shown in Chart 11. 

The maximUm discharge has been increased from 35,000 to 40,000 ems and the 

discharge coefficient at maximum discharge has become 2.4 in metrio units 

or 4.35 in English units. The high coefficient is related to the ver,y 

low crest pressures. There are two problems associated with the low crest 

pressures which might affect the discharge coefficient on the prototype 

and which would not be evident in the model. First, it is certain that 

there will be cavitation at the low pressure point of the crest, especially 

in the right chute. Cavitation of itself may not affect the coefficient, 

but the damage to the surface which results might have an adverse effect 

on the coefficient. Second, the negative pressure region in the right 

chute extends to nearly the end of the pier. Small fluctuations in 

pressure might permit local intermittent aeration of the nappe, which 

Would supply air to the cavitating region and this would tend to reduce 

the average discharge coefficient. 

Spillway Water Surface Elevations and Pressures for Discharge of 40.000 cms 

Measurements have been made of water surface elevations and bottom 

pressures along the centerline of each of the three chutes of the Guri 

Spillway for the maximum discharge of 40,000 cms over the entire spillway. 

Photo 71 shows the spillway model from downstream and indicates the 

various chutes as they are referred to in the following charts. Photo 72 

is a closeup of the crest from above to show the character and location 

of the piezometer taps used for pressure measurements and which are located 

in the center bay of each chute, while Photo 73 is an overall view of the 

spillway and the manometer banks on which the pressures at the various 
taps were registered. 

Charts 12, 13, and 14 show the water surface profiles and pressure 

measurements in the left, center, and right chutes respectively. The 
differ en i . ces n water s'urface profiles on tne center1ines and at the sides 
of the chute are due to the standing waves that ,are generated at the 
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dO'ftlstream end of the piers whioh divide eaoh chute into three bays. 

The piezometTic pressures reflect the 'Vertical curvature of the spillway 

face showing low pressures in regions of convex curvature and higher 

pressures in regions of concave ourvature. With the exception of the 

orest, the pressures aTe positive at all points along the spillway 

chutes. In Chart 14 of pa.rticular interest is the water surface profile 

along the right training wall. The shape of this profile reflects the 

non. symmetrical entrfl,nce condition and the low pressures on the crest. 

Because of the high degree of horizontal curvature aro1..".nd the right corner 

of the first spillway bay, there is an appreciable drop in water surface 

elevation just dOw~stream of this point. The water surface along the 

right pier of the first bay is considerably lower than that at correspon

ding points of the two succeeding bays so that the somewhat uns,ymmetrical 

flow leaving the separate bays induces an appreCiable diagonal standing 

wave which causes the water surfaoe along the right wall to rise consider

ably above that nearer the cent.er of the chute. This chart shoUld pro

vide data that will serve as a guide to determine the height of the right 

training wall of the spillway. 

Chart 15 shows the water surface elevations and the crest pressures 

along the centerline and near the piers on the right and left of the oenter 

bay o~ eaoh chute. The points at which the measurements were made are 

shown in Photo ?2.The chart clearly shows that the crest pressures tend 

to deorease in the successive chutes a.s they approaoh the right side of 

the Spillway. For each particular bay, the pressures on the right side 

are oonsiderably lower than those in the center and on the left side. 

This is du.e to the unsymmetrical a.pproach flow to the spillway crest. 

The lateral ourvature is the greatest for the right chute and then 

decreases for those bays farther away from the right corner. Sinoe the 

minimum pressure possible in the prototype is approximately 10.5 m, the 

cha't't i=cates thatcavi tation will occur on the crest at least in the 

t'ig. Obl'ner of most of the bays and over the entire crest for those bays 

in the right chute. These results suggest that the negative pressures 

lI1ig;b.\ ~e reduoed, particularly in the right chute, by reducing .the lateral 

of the stream lines a.s they approach the spillway. It would be 

a streamline baffle projecting into the approach channel 
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's,. t'he left corner' of the gravity section in order to reduce the curvature 
;!.l'Olll 

at this point or to move the point of high curvature away from the spill-

way cr'est * 

Photos 74, 75, and 76 are closeup views of the manometer board on 

which the pressures from the various piezometer taps of the center bay 

of the right chute are being regist~red. In Photo 74 the tubes corres

ponding to the pressure taps along the centerline are indicated b,y lines 

drawn to the appropriate point on the spillway profile. The lines from 

each tap terminate on the corresponding manometer tube at the elevation 

of the tap. The elevation of the colored fluid in the tube relative to 

this point indicates the pressure distribution. The first tube on the 

left is connected to the reservoir and shows the reservoir elevation at 

the time of measurement. Photos 75 and 76 show similar conditions for 

the right and left side of the center bay. In Photo 75 a pencil 

indicates the very low pressure on the crest near the right pier. 

In order to measure pressures along the right training walls of each 

chute, piezometer taps were installed in the right training wall near 

the 'bottom of the right chute. A piezometric pressure probe was used to 

measure pressures on the floor in the neighborhood of the right training 

wall for the left and center chutes. 

Chart 16 shows the piezometric pressure on the right training wall 

at the floor of the chute. This pressure distribution was measured by 

using both the piezometer taps and the pressure probe for comparison. 

The agreement between the measurements using both the taps and the probe 

is very good and the pressure profile shown represents the average of 

these two methods of measurement. Also shown on this chart is the water 

surfaoe profile along the right wall as taken from Chart 14. 

Beoause of the agreement obtained between the piezometer taps and 

the pressure probe in the right chute, it was possible to use the pressure 

probe to measure the piezometric pressures near the floor on right training 

walls of the left and center chutes where there were no piezometer taps~ 
Chart 17 shows the piezometric pressures at the floor of the right training 
wall and th e water surface profile near the wall for the center chute and 
Chart 18 shows the corresponding pressures and water surface profiles for 
the left chute. 



For all three chutes the pressure profiles show the influence of 

the vertica.l curvatu1"e of .the NJspective chutes. In regions of concave 

curvatllt"e, the piezometric pressure on the wall near the fioor of the 

chute is greater thah the depth of the flow, while in regions of convex 

curvature, the piezometric pressure is less than the dept~ of water. 

These pressure profiles also indicate somewhat the effect of the non

Symmetrical approa.ch flow to the spillway. In the right chute at a 

distance of 75 m downstream of the face of the dam, the wall pressure 

is 10 m less than the centerline pressure. This decreased pressure at 

the wall is due to the effect of transverse waves generated at the end 

of the intermediate pier. In the left and center chutes where the effect 

of nonsymmetrical approach flow is less severe, the wall pressures are 

within 2 to 3 m of the centerline pressures. In the spillway buckets, 

however, in all three chutes the measured wall pressures were significantly 

higher than the centerline pressures. The reason for this is not readily 

apparent, Some varia.tion between the wall and centerline pressures is to 

be ~ected ~le to depth differences caused by the transverse waves and the 

fact that the greater difference between these two pressures in the right 

ohute 1s undoubtedly due to its more nonsymmetrica1 approach conditions. 

The high degree of curvature at the corner of the gravity dam affects the 

water surface profile along the right wall for a considerable distance, 

particularly by enlarging the transverse wave which develops at the first 

pier. This wave meets the wall about 75 m downstream which corresponds 

to the point where the larger pressure difference between the wall and 

the centerline occurs. 

Tailwater Rating Curves for Various Spillway~ucket Shape~ 

The tests and observations leading to the results to be described 

were all oarried out in the comprehensive model (scale 1:197). This 

model has a rigid bed and represents the situation prior to any erosion 

of the rock downstream of the spillway. The experiments were concerned 

partiCUlarly with the powerhouse tailwater elevation as measured in the 

PowerhOUse discharge channel which is shown in Chart 20. Charts 21, 22, 

and 23 show the tailwater rating .curves for increasing discharges over 
the s 1 Pllway with and without a restriction in the powerhouse discharge 
chann 1 . 

e and for the several spillway bucket geometries. 
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The rating curves in Chart 21 illustrate the effect of three 

d.ifferent bucket geometries on the tailwater elevation in the powerhouse 

discharge channel. These buoket shapes are also shown on Chart 21. The 

differenc~ between the buckets lies essentially in the length of the bucket 

curve and consequently the lip angle. The initial design provided a lip 

angle of 32 degrees at El. 117 .. 0 m. Type G-7 has a lip angle of 38 degrees 

at El. 118.6 m, while, TypeG-6 provides a lip angle of 45 degrees at El. 

121. 2 m. For the tests shown on Chart 21, all the gates were opened uni

formly SO that the headwater was maintained at El. 215 m and equal dis

charges occurred in each chute. In this experiment there was no restriction 

in the powerhouse discharge channel and there was no flow from the power-

house. 

The chart shows that the tailwater elevation for a given discharge 

increases with increasing lip angle. The separate rating curves show the 

aspirator effect on the tailwater elevation quite clea.rly. The initial 

drop in each curve indicates the beginning of the aspirator effect, which 

occurs at successively higher discharges with increasing lip angle. The 

jet leaving the spillway has a higher trajectory and steeper re-entry 

into the ppol for the larger lip angles.. This reduces the longitudinal 

momentum of the jet and hence a reduction in the aspirator effect. There 

are two factors acting to cause the further decrease in the rating curves. 

In the first place, the aspirator effect increases with the discharge, 

tending to lower the tailwater. Counteracting this is the tendency to 

inCt'ease the tailwater with increasing discharge. The combination of 

these two factors causes the drop in the tailwater elevation and then a 

gradual increase with further increases in discharge. For both Type G ' 

and G-7 Spillway bucket, the tailwater is drawn down below the minimum 

el'evation of 122.5, while for Type G-6 the tailwater elevation is above 
122.5 In f 1 . or a 1 discharges f 

Ph t o os 77 through 80 illustrate the character of the jet from the 
Type G spill way bucket and the flow pattern in the tailwater pool for 
variou.s i 

~ ll'Way discharges. These photos cQrrespond to the lower tail
water rlat1 
the .. ·· .. ng CUrve designated Type G in Chart 21. At 17,000 ems (Photo 78), 

$Omewhat aerated so that the tailwater is not drawn down quite 

Views of the now pattern for a discharge of' 35,000 ems are 
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shown in Photos 79 and 80_ Photo 79 shows the flat trajectory of the 

. t particularly that from the right chute, so that even for the high 
J9 , 
discharge when the tailwater should rise, it is actually reduced below 

that of smaller discharges. Photo 80 is included to show the character 

of the flow as it enters the discharge channel and in particular to 

illustrate the transverse wave generated at the entrance of the discharge 

channel proper. 

Photos 81 through 84 show various aspects of the spillway flow for 

the Type G-7 spillway bucket, which has a 38 degree lip angle. Only for 

discharges less than 40'0'0 ems is it possible to maintain a jump within 

the buoket as shown in Photo 81. For the same discharge, Photo 82 shows 

the jump swept out of the bucket. As the discharge increases from a very 

low value, a jump forms in the bucket and is still stable as the discharges 

reach 4;000 oms. However, as the discharge decreases to 4000\ cms from 

a high value for which the jump has been swept out of the bucket, the 

jump is re-formed within the bUcket. Photo 83 shows the jet for 17,000 cms 

and indicates the somewhat higher trajectory caused by the Type G-7 bucket 
as oompared to the Type G bucket shown in Photo 78. Photo 84 shows the 

jet formed when 35,000 cms is flowing from the Type G-7 bucket. For this 

condition, the jet from the right chute is not depressed so that the tail

water elevation is appreciably higher, but the transverse wave generated 

downstream is very similar to that of the previous type. 

The jet trajectory and the flow pattern caused by the Type G-6 

bucket, whioh has the larges't lip angle, are shown in Photos 85 through 

88. For a discharge of :4pmr cms, there is a greater tendency for the 

jump to remain in the bucket with the consequent relatively quiet flow 

and also the relatively high tailwater. For this flow, the tail water 

and flow pattern for Type G-7 and G-6 buckets are almost identical. For 

this bucket, the onset of the aspirator effect is delayed so that the 

min:imum tailwater elevation occurs at a discharge of ''8000 cms.. This 

condAtion is shown in Photo 86. When compared with Photo 77, the increased 

~rajeotory height and length for this bucket form becomes apparent. This 

1S also true tor a dischArge of 17,000 cms, which can be seen when Photo 87 

~s compared With Photo 78. Significantly, when A discharge of 35,000 cms 

S discharging trom the Type G-6 buoket (Photo 88), the tailwater elevation 



is appreciably increased above that of the other types, and the transverse 

wave generated in the discharge channel is very appreciably reduced. The 

impingement of the jet creates a high degree of turbulence and a relatively 

smooth flow into the discharge channel. 

The measurements of the tailwater rating curves were repeated with 

a 45 m restriction in the powerhouse discharge channel combined with a 

powerhouse discharge of 432 cms. These results are shown in Chart 22. 

The discharges shown on the rating curves are total discharges; that is, 

they represent the powerhouse discharge plus the spillway discharge. The 

essential result of these experiments is that the minimum tllilwater eleva

tion is lim1ted to 122.1 m, since this minimum is controlled b.1 the power

house discharge. All of those portions of the rating curves above El. 

122.1 m are unaffected by the restriction so that that portion of the 

curve for the Type G spillway and a larger portion of that for the 

Type G-7 spillway are identical to those obtained in the previous chart. 

Similar results were obtained when the discharge channel from the 
-

powerhouse was restricted to 39m, except that the minimum tailwater 

elevation at the powerhouse is ~ow 122.5 m, and the remainder of the curves 

are unchanged. Photos 89 and 90 show the jet trajector,1 and flow pattern 

when a discharge of 8000 ems is restricted to the center chute of the 

spil1w~ for TyPe G and Type G-6 buckets respectively. The concentration 

of the flow in one chute lowers the tailwater elevation below that 

established for uniform flow. In Photo 89 the tailwater elevation is 

119.0 m as compared to 120.2 m when this discharge of 8000 cms is dis

tributeduniformly. For Type G-6 bucket (Photo 90) the corresponding 

tailwater elevations are 120.8 m and 123.0 m respectively. The effect 

of the lip angle on the jet trajector,1 is clearly shown Oy comparison 
of Photos 89 and 90. 

The tailwater rating curves shown in Charts 21, 22, and 23 indicate 

~hat the IIlinimum tailwater at the powerhouse when it is discharging 432 cms 

1.s determined by the width of the restriction in the powerhouse discharge 

.cbA~el. Tbis .is so eVen when the spillway is discharging uniformly through 

. !t appears that if the minimum elevation is to be maintained, it 

to incorporate the restriction of 39 m in the powerhouse 

unless a spillway bucket design similar to the Type G-6 
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Influence of Spillway Bucket Shape on Erosion Downstream of Spillway 
, 

This section desoribessome results obtained in the model dealing 

with the erosion pattern resulting from the flow over several alternative 

spillway bucket shapes. These modifioations of the original buoket design 

were introduoed as the result of studies of the erosion patternc.;,generated 

by the flow over the original design. It was apparent from observations of 

the erosion pattern that if the jet could be projeoted further downstream, 

it was less likely that the erosion pattern would extend to the spillway 

lip and thus endanger the struoture. In addition, it was expected that the 

flow into the discharge ohannel would be improved beoause the tailwater 

would be higher and the velocity lower. The suggested revisions oonsisted 

of increasing the lip angle of the spillway buoket. In this way the jet 

trajectory' would be proportionately higher and longer. It was found in 

earlier experiments that the radius of curvature of the spillway buoket 

should not be reduced. When the radius was reduoed, the jet did not follow 

the bucket shape but because of the thickness of the jet entering the 

bucket, the effeotive radius was larger than the buoket radius.. Conse

quently, the inorease in length and height of the jet trajectory must 

depend upon the Up angle. The experiments with the Type G bucket (the 

original design) were made in order to study the erosion pflttern oreated 

by this design in the event that the rook downstream of the spillway were 

to erode. It was therefore possible to use the results as the basis for 

comparison of the proposed alternatives. The erosion experiments were 

carried out in the 1:394 exploratory oomprehensive model which had been 

previously altered to show the Stage III dam. A view of the model prior 

to the experiments is shown in Photo 91. A portion of the rigid discharge 

channel has been removed and replaoed with an erodible sediment to quali

tatively represent the prototype bed if erosion should occur. Photo 92 

is included beoause it shows an overall view of the flow on the spillway 

of the Stage III structure and a portion of the flow in the reservoir pool. 

The three spillway buckets tested are shown with their essential 

dimenSions in Chart 24. The differences between the buckets are essen
tially in th 1 Tn. e ength of the bucket ourve and, consequently, the lip angle. 
~ 1nitial design provided a lip angle of 32 degrees at El. 117.0 m. 
·".pe G ... 7 has 1i 

11 a p angle of 38 degrees at El. 118.6 m, while Type G-6 has 
a p angl e of 45 degrees at El. 121..2 m. 
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Sinoe the results of the erosion experiments are qualitative and 

were made for comparative purposes, the results oan best be shown 
photographically. 

A flow of 17,000 oms over the Type G bucket with erodible bed is 

shown in Photo 93~ The photo is t~ken from overhead with confetti on the 

water surface to show the flow pattern. The erosion pattern that resulted 

from this flow is shown in Photo 94 after contour lines had been plaoed on 

the dr;y- bed. The original elevation of the discharge channel in this area 

was 117 m. The photograph shows that the bed near the spillway bucket had 

been lowered to 110 m and that some of the eroded material had been deposited 

in the discharge channel to an elevation of 120 m. At the deepest point, 

the bed had been scoured to something less than EIQ 90 m. Photo 95 shows 

the flow pattern after a discharge of 30,000 ems had been flowing for two 

hours. The effect of the erosion has been to raise the t&11w'ater because 

of the deposit in the discharge channel and to force the jlunp into the 

spillway buckets. The erosion pattern for this flow is shown in Photo 96. 
More material has been eroded from the toe of the spillway buoket and 

the deepest scour is now somewhat less than El. 70 m. This scour pattern 

is shown in somewhat more detail in Photo 97 which shO'Ws that the scour 

at the toe of the right chute has reached El. 107.9 m. The erosion in 

this area is due primarily to the return flow along the face of the 

powerhouse resulting from the vortex generated by the relatively depressed 

jet from the spillway bucket. The extent of the scour and the deposition 

of the scoured material for the discharge of 30,000 cms over the Type G 

spillway bucket are shown in Chart 25 from which it is apparent that some of 

the material is carried a considerable distance downstream in the disoharge 

channel. The bed profile taken along the centerline and the water surfaoe 

profile for this disoharge is also shown in Chart 25. The effeot of the 

erosion on the tailwater elevation for several oircumstances is shown in 

Chart 26. The solid line marked with oiroles represents the tailwater 

rating ourve as it is generated by increasing flow over the erodible bed. 

As the disoharge increases, the volume of eroded material also inoreases 

and tends to be deposited just downstream in the disoharge ohannel. . The 

upper curve, designated by the dashed line and squares, represents the 

tailwater rating curve as the discharge decreases from its maximum. For 
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this case the deposit is left in the discharge channel and, in effect, 

creates a control which raises the tailwater for all small~rdisoharges. 

The lower curve, designated as the dot.dash line and triangles, is the . 

tailwater rating curve that results when the exCess deposit in the ' 

discharge channel is removed. As the discharge increases above approxi

mately 10,000 ems, aspiration effects come into play and the tailwater is 

drawn down. For all flows up to 24,000 ems, no additional erosion took 

place and as a result the tailwater elevation was lowered. At 30,000 ems, 

because of the removal of the e~oded material from the discharge channel, 

some additional erosion occurred and a bar started to form. The bar and 

the consequent reduction in aspirator effects caused a rise in the tail

water elevation. 

Type G-7 spillway bucket shown in Chart 24 is characterized by a 

lip angle of 38 degrees. Photo 98 shows a discharge of 17,000 over the 

Type G-7 spillway bucket and is very similar in appearance to that shown 

in Photo 93 for the same discharge except that the vortex formed seems 

to be less severe. The erosion pattern resulting from this flow is shown 

in Photo 99. The improvement appears to be relatively minor for this dis

charge and there appears to be less erosion at the toe of the spillway 

buckets as evidenoed by the downstream shift of the no m contour. 

A discharge of 30,000 cms is shown in Photo 100, which is also 

rather similar to Photo 95 for the Type G bucket. The erosion pattern 

for this flow is shown in Photo 101. Again the bed has been eroded to 

somewhat less than El. 70 m, but the erosion downstream of the spillway 

toe is somewhat less than that which ocourred for the Type G bucket. 

The scour pattern for a discharge of 30,000 cms has been plotted in 

Chart 27, and the profile of the eroded bed along the centerline of the dis

charge channel shows slightly less erosion {1,t the toe of the center chute. 

However, at the corner of the right chute, an u~,.9xplained local erosion 

occurred to a depth of El. 99 .. 6 m. In this featuI-e, Type G-7 bucket '~as 

worse than the Type G, although it was expected to have been better. If 

the run were repeated, this local disturbance might not occur. 

Chart 28 shows the tailwater rating Cll.r-ves resulting from the erodible 

bed form generated by the flow from the Type G-7 spillw~y bucket. l11though 
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the curves are similar to those obtained for the Type G bucket, corres

ponding elevations are higher as a result of the new conditions. The 

middle curve, characterized qy the circles and solid line, is similar to 

that for the Type G bucket until the discharge reaches 30,000 cms. This 

indicates that the deposit in the discharge channel is somewhat higher than 

in the previous case. The return curve, shown as a dashed line with the 

squares, which is obtained by deoreasing the discharge from the maximum is 

consequently somewhat higher for all lower discharges than was the case 

for the Type G bucket. When the debris is removed from the discharge channel 

but the scour hole undisturbed, the rating curve, characterized by the 

dot-dash line and triangles, illustrates in the region from 17,000 to 

24,000, the reduction in the aspirator effect caused qy the partial sub

mergence of the jet. That this curve is somewhat higher than the previous 

curve for the Type G bucket is due to the higher trajectory of the jet 

leaving the Type G-7 spillway buckets. 

The type G~6 spillway bucket, which is also shown in Chart 24, is a 

further development of the Type G_ The 30 m radius bucket is extended 

until the lip angle is 45 degrees at El. 121.2 m. The reason for this was 

to move the point of impact of the jet further downstream, to increase 

the angle of impingement with the tailwater, and to provide better aeration 

for the jet, all with the consequent reduction in vortex strength. This 

was done with the thought that the point of greatest erosion would also 

be moved further downstream with less erosion in the neighborhood of the 

spillway bucket. Photo 102 shows the flow pattern developed for a flow 

of 17,000 cms over the spillway. Outwardly the flow pattern is very 

similar to those obtained for the Type G and Type G~7 buckets, but the 

intensity of the vortex has been reduced further. The scour pattern shown 

in Photo 103 shows by the presence of the 120 m contour that the erosion 

near the toe of the spillway has been considerably reduced. Further, 

following the trend noticed in the previous tests, the deposit in the 

discharge channel, as shown by the 130 m contour further downstream, is 

somewhat higher. The flow pattern for a discharge of 30,000 cms is shown 

in Photo 104. The effect of increasing the height of the jet can be seen 

by comparing Photo 104 with Photo 100 for the Type G ... 7 bucket and Photo 95 

for the Type G bucket. The trend can be seen by noting the location of 



the abrupt wave created downstream of the point where the jet plunges 

into the tailwater pool. 

Photo 105 shows the erosion pattern resulting from this discharge 

(30,000 cms). The pattern near the spillway bucket is very similar quali

tatively to that obtained for the Type G-7 bucket, but Photo 106 shows 

that the erosion immediately downstream of the spillway bucket is negli

gibly small.. Again the profile for the bed and the water surface for a 

discharge of 30tOOO ems for the Type G-6 spillway bucket is shown in 

Chart 29. This chart shows that just downstream of the center spillway 

chute the erosion is negligibly small.. Further, the bed at the right 

COl'nel' of the right chute has been eroded only to El. 110 m. 

The tailwater rating curve for this test is shown in Chart 30. 

The curves presented have essentially the same characteristics as those 

shown in Chal'ts 26 and 28, but in this case have been raised still further. 

It will be noted in Photo 105 that the deposit in the discharge channel 

has been increased to El. 130 m, so that consequently when the discharge 

is reduced from this maximum scouring discharge, the bar formed in the 

discharge channel maintained the tailwater level at a relatively high 

elevation. The rise in tailwater elevation as the discharge decreased 

from 30,000 to 24,000 ems is due to the l'eduction in the aspirator 

effect. The effect of the higher jet trajectory and consequent reduction 

of aspirator effect is apparent in the lower curve which corresponds to 

conditions when the tailrace channel deposit has been removed. 

The comparison of the results obtained for the three separate spill

way bucket designs indicates from the'pointfbf view ofeoth ero;i6n near 
the toe. of the spillway and the stability of the discharge from the 

buckets due to the higher jet trajectory that the Type G-6 spillway 

bucket with the lip angle of 45 degrees is the most effective of those 

tested. Furthermore, the maximum scour caused by this higher jettrajec

tory and more nearly vertical impingement of the jet on the tailwater 

pool is not appreciably greater than that obtained in the previous tests. 

This suggests that the tailwater pool created by the bars formed in the 

discharge channel by the different spillway buckets is about equally 

effective in dissipating the jet energy. 
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Waves and Water Surface Fluctuations at the Powerhouse Exit Caused Ex 
Discharge over Spillway 

Measurements of water surface fluctuations in the powerhouse discharge 

channel caused by the flow over the spillway have been made. It was felt 

that if the waves in this area were very large, it could affect the opera

tion of the powerhouse units. The creation of waves or surges in the 

powerhouse discharge channel is the consequence of the flow from the 

spillway. The flow over the spillway entering the discharge channel at 

the side of the large scour hole generates a large vortex in the scour 

hole. The surges from this vortex can and do enter the powerhouse dis

charge channel to generate waves of appreciable magnitude. 

For these tests a discharge of 432 cms was introduced through the 

powerhouse to simulate the operation of two units. Tests were made with the 

powerhouse discharge channel both restricted and unrestricted. This res

triction of the powerhouse channel to 39 m was required to maintain a 

minimum tailwater elevation of 122.5 m at the powerhouse draft tube outlets. 

The relationship of the powerhouse discharge channel to the spillway 

and the scour hole is shown in Chart 31. The detailed geometry of the 

discharge channel and the channel restriction are as shown in Harza drawing 

239SICC351Rl, except that the restriction was 39 m instead of 45 m as shown. 

The water surface fluctuations were measured by means of a wave profile 

recorder. The wave probe is essentially a variable capacitor whose capacity 

varies directly with the depth of submergence of the probe, and the variable 

current thus generated is uniquely related to the water surface elevation 

at the probe. This fluctuating current was recorded on a moving chart and 

represents water surface elevations determined by the calibration of the 

system. This calibration was made by varying the elevation of the probe 

with respect to a constant water surface held at a known elevation. 

The results of the measurements of water surface fluctuations for 

various spillway discharges, powerhouse channel restrictions, types of 

spillway buckets, and for a constant powerhouse discharge are given on 

the following charts. Included on the charts along with a portion of 

typical records fram the recording instrument are data pertaining to 

the maximum, minimum, and average water surface elevations as measured 

from the record. The tailwater fluctuations caused by various discharges 



flowing Qver the spillway with the Type G spillway bucket are given in 

Charts 32, 33, and 34. 

Chart 32 shows the typical records for 4000 ems and 8000 oms for 
both the restricted and the unrestricted powerhouse channel. For 4000 ems 

the hydraulic .. jump remains in the spillway buckets and, consequently, 

because the velocities in the vortex are relatively low, the tailwater 

elevation is rather high and greater than the minimum elevation in the 

powerhouse discharge channel. This permits any waves or water surface 

fluctuation created in the pool downstream. of the spillway to be trans
mitted into the powerhouse channel. The same situation exists with the 

39 m channel restriction since here, too, the average tailwater elevation 

is considerably above the 122.5 m created by this restriction. For a 

diSCharge of 4000 oms the records of water surface fluctuations for both 

the restricted and the unrestricted powerhouse channels are very similar. 

When the discharge is inc~eased to 8000 cms, however, the hydraulic jump 

is forced out of the spillway buckets and the jets from the spillway chutes 

entering the main discba .... ge channel tend to aspirate the now and reduce the 

tailwater elevation in the scour hole to about 120 m. The tail water at the 
\ 

powerhouse, however, is maintained by channel geometry at 121.1 m for the 

unrestricted channel and 122.5 m for the 39 m restriction, and as a conse

quence, any surges or waves generated in the large scour hole are prevented 

from entering the powerhouse discharge channel. The tailwater level in 

this region is quite constant as shown in the record for this discharge. 

For a spillway discharge of 17,000 cms over the spillway, the jets 

from the spillway bucket entering the downstream pool create an intense 

vortex in the scour hole area and in addition through the aspirator effect 

keep the tailwater level relatively low. The water surface fluctuations 

as recorded with the wave probe for the restricted and unrestricted power

house channel are given in Chart 33. For the unrestricted channel, the 

average water surface elevation is 122.9 m. This is considerably above 

the powerhouse control elevation of 121.1 m and, consequently, waves and 

surges generated in the scour hole by the spillway flow can easily be 

propagated up into the discharge channel. For the restricted powerhouse 

channel, the minimum tailwater elevation is 122.5 M, and as a consequence, 
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only those surges sufficiently greater than this elevation can be propa

gated up into the powerhouse tailwater area. This is shown on the chart 

(Chart 33) which shows a minimum elevation of about 122.5 m. 

Typical powerhouse water surface fluctuations recorded when the 

spillway discharge is 35,000 cms are given in Chart 34. For the Type G 

spillway bucket, the tail water elevation at the powerhouse remains 

essentially constant for discharges between 17,000 and 35,000 cms. This 

is because for the Type G spillway bucket, the aspirator effect in the 

main discharge channel increases with the discharge and effectively 

counteracts the increase in tailwater that would normally occur because 

of the increase in discharge. Since the tailwater elevation remains 

reasonably constant in this range, the magnitude of the water surface 

fluctuations at the powerhouse draft tube outlets is also very similar 

to that observed for 17,000 cms. It appears that the surges and water 

surface fluctuations at the powerhouse are less intense for a discharge 

of 35,000 cms when the channel is restricted to 39 m because of the 

raised tailwater. The water surface is relatively smooth except for 

an occasional surge. 

Typical records of water surface fluctuations due to flow over the 

spillway when the Type G-6 spillway bucket is in place are shot~ in 

Charts 35, 36, and 37. The Type G-6 spillway bucket is characterized 

by a discharge lip angle of 45 degrees as compared to 32 degrees for the 

Type G spillw~ bucket. As a consequence, the jet trajectory is both 

higher and longer than that generated b.1 the Type G. As a consequence 

of this jet trajectory, the aspirator effect in the discharge channel is 

considerably reduced, and the tailwater elevations resulting from various 

flows over this spillway bucket are considerably higher. For the entire 

range of discharges, the tailwater elevation is thus above elevation 

122.5 m, the minimum tail water elevation fiXed by the 39 m restriction. 

The tailwater elevation at the powerhouse then becomes essentially inde. 

pendent of the degree of restriction of the powerhouse discharge channel. 

This is borne out by a comparison in Charts 35, 36, and 37 of the water 

surface fluctuation records obtained in the unrestricted powerhouse channel 

with those obtained when the channel is restricted to 39 m. Since the 

tailwater at the powerhouse is independent of the degree of restriction, 
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the water surface fluctuations are in general somewhat greater than those 
generated by the Type G spillway. Chart 35 shows the typical records 
obtained for discharges of 4000 cms and 8000 cms for both the 'unrestricted 
and the 39 m restriction in the powerhouse discharge channel. 

The water surface fluctuations recorded at the powerhouse when the 
discharge is 17,000 cms over the spillway are shown in Chart 36. Aside 
from the similarity of the record for the unrestricted and restricted 
discharge channel, these records are characterized by the large regular 
waves which are propagated up into the discharge channel by the spillway 
flow. The 39 m powerhouse channel restriction does reduce the amplitude 
of these waves somewhat. 

When the discharge is lincreased to 35,000 cms on the Type G-6 
spillway bucket, the water surface fluctuations at the powerhouse are much 
more irregular than those observed when the discharge was 17,000 cms. The 
water surface is much more choppy and the amplitudes are smaller. These 
results are shown in Chart 37. This change in the character of the 
fluctuations is due to the increased tailwater elevation which reduces 
the intensity of the vortex motion in the scour hole,. 

The results obtained for similar discharges when the spillway bucket 
Type G-7 was installed are shown in Charts 38, 39, and 40. The lip angle 
of 38 degrees on the Type G-7 spillway bucket is intermediate between that 
for Type G and that for Type G_6. The consequence of this is that generally 
the water surface fluctuations as recorded at the powerhouse draft tube out
lets are also intermediate between those recorded', for the Type G and Type G-6 
spillways. In Chart 38 for 4000 cms the jump is still in the bucket and the 
tailwater is above that created by the powerhouse channel restriction. 
Because of the small discharge the amplitude of the water surface fluctua
tions is small, and the records are similar with and without the restric
tion in the discharge channel. For 8000 ems the tailwater elevation is such 
that waves from the vortex in the scour hole can be propagated up the 
channel when it is 'unrestricted but cannot be so propagated when the 39 m 
restriction is in place. In Chart 39 typical records for 17,000 ems 
with the Type G-7 spillway bIlcket are shown. Here the powerhouse 
discharge channel restriction has somewhat more :i.nfluence on the water 



-36-

But-face fluctuations than was the case for the Type G.6 spillway bucket 

so that the range of water surface elevations is considerably less than 

that occut-ring in the unrestricted channel. 

Chart 40 shows similar results when the discharge is 35,000 ems 

over the Type G-7 spillway bucket, The water surface is rather choppy, 

and fluctuations of a higher frequency are superimposed upon the principal 

waves propagated up into the channel. 

In an attempt to make these results more comparable as to effect 

of discharge, spillway bucket, and discharge channel configuration, the 

results have been tabulated in Table I. The waves and surges have been 

characterized in terms of approximate frequency and amplitude to the 

prototype scale and an attempt has been made to roughly separate the 

waves from the large surges which had a relatively low frequency. 

Observations of the pattern of flow caused by the waves entering 

the channel showed that the motion was almost exclusively up and down as 

the waves passed a fixed point and that vortex motion was essentially non

existent. The flow from the powerhouse was effective in eliminating any 

vortex motion that may have had a tendency to occur because of the flow 

in the scour hole. 

It also appears from these experiments that the 39 m restriction 

in the powerhouse discharge channel is most effective in reducing the 

amplitude of the water surface fluctuations at the draft tube outlets 

when the Type G spillway bucket is used, although it is partially 

effective for all buckets. 



-37-

TABLE I 

Average Frequency and Ampll tude of Surges and Waves 

1n: PO'T!.erl1ou~~ ~s.c~h~rg.e ~ha:nnel 

Q UnrestriQted Channel :22 m !ide Channel 

Ave... F~~~n.cy ~~e. A;l!l:p~tude Ave. Frequency Ave. .Amplitude 
em - meters epm meters _. 
~ Waves Surges Waves -, Surges Waves Surg!§, liaves 

Type G Spillway Bucket (Lip angle = 32°) 

4000 B .. 9 0.5 9.4 0.5 
BOOO no fluctuation no fluctuation 

17000 0~73 10.9 3.0 0.7 very irregular ) 

35000 0.67 8.2 1.7.5 0.4 fluctuation pattern) 

Type G-7 Spillway Bucket (Lip angle = 38°) 
~;-.. i 4000 10.0 0.6 10.9 0.5 

8000 0.57 Irregular 1.0 no fluctuation 

17000 0.67 11.4 1.5 0.8 0.57 0.89 1.0 0.5 
35000 1.0 12~2 1.5 1.0 0.87 12.0 1.75 0.7 

Type G-6 Spillway Bucket (Lip angle = 45°) 

4000 12 .. 2 0.5 12.0 0,,5 
8000 2.0 8.6 0.75 0 .. 2 3.0 0 .. 5 

17000 .0.91 12.0 2 .. 75 0.75 0.73 11.1 1.75 0.5 
35000 1.36 13.0 1.25 1.0 1.03 13.3 1,,0 1.0 



LIST OF PHOTOS 

PHOTO 1 (Serial No. 130-.545) This overall view of the structure shows 
the area downstream of the sluices in relation to the spill
"Way, the gravity section, and the powerhouse. This was taken 
'prior to the proposed excavation for future powerhouse units to 
be constructed between the existing powerhouse and spillway 
wall. The first stage diversion channel and the pile cell guide 
wall ar~ shown in the background. 

PHOTO 2. (Serial No. 130-.581) This is a close-up view of the rock down
stream of the gravity section sluiceways showing its topography 
and the relative elevation of the various sluices. The excavation 
on the right adjacent to the spillw~ training wall provides for 
the powerhouse unit 10 which was undertaken to facilitate the 
construction of the right wall of the spillway. 

PHOTO 3 (Serial No. 130-.549) This view represents the flow from the 
sluiceways after the second stage diversion is complete. The 
discharge of 8000 cms with the sluices wide open is confined 
to the lower sluiceways. It is apparent from this discharge 
that some concentration of the flow from the sides to the center 
is taking'place. The confetti on the surface delineates the 
two vortices that have formed. 

PHOTO 4 (Serial No. 130-5.52) This view shows a discharge of 17,000 cms 
from the sluiceways. This is the maximum discharge for which 
the sluiceways were designed. All of the sluices are flowing 
full and there is a strong concentration of flow towards the main 
stream flowing downstream from sluices 2 and 3.. The added flow 
from the right side caused qy the transverse slope has forced 
jet towards the spillway so that the vortex formed on the right 
has been enlarged while that on the left has been diminished. 

PHOTO.5 (Serial No. 130-.591) This view is a close-up of the flow from 
the sluices adjacent to the spillway training wall. This high 
speed photograph shows the intense turbulence and flow irregu
larity oaused by the highly irregular geometry. 

PHOTO 6 (Serial No. 130-.592) This view taken from downstream with a 
longer time exposure shows the flow pattern immediately down
stream of the sluic.eways. It is apparent that the steep trans
verse slope effectively deflects pract1eally all the flow from 
the sluices at a higher level into the main jet emerging from 
the sluices at the lower level. 

PHOTO 7 (Serial No. 130.618) It was proposed to complete the powerhouse 
excavation between the existing 'units and the spillway prior to 
the second stage diversion in order to facilitate this opera. 
tion. This photograph shows the proposed excavation prior to 
experiments on the resulting flow pattern. 



PHOTO a (Serial No. 130-619) This is a close-up photograph of the pro
pos~d powerhouse excavation. It was thought that one advantage 
of the proposed excavation would be the shortening of the shelf 
downstream of the sluiceways to the excavation so that this in 
turn would permit more of the water trom the upper sluices to 
flaw over the edge of the excavation before it could be deflected 
into the main flow to increase its erosion power. 

PHOTO 9 (Serial No .. 130.625) A discharge of 17,000 ems through the 
sluiceways is somewhat more spread out than would have occurred 
if the excavation had not been made. The quantity of flow for 
the edge of the excavation can be seen in this photograph. A 
considerable portion of the discharge is still being deflected 
down the transverse slope. This deflection is enhanced b.1 the 
natural sill existing at the end of the concrete apron down
stream of sluices: 6-8. , 

PHOTO 10 (Serial No. 130.626) This photograph shows more clearly the 
effect of the transverse slope in deflecting the flow from the 
upper sluiceways and the effect of the sill downstream of the 
sluices in directing the flow down the slope. 

PHOTO 11 (Serial No. 130.628) In order to get a measure of the erosive 
power of the jet from the sluiceways, a fractured rock in the 
bottom of the excavation was simulated by fitting blocks olosely 
together in a formed depression. The blocks each weigh approxi
mately 31.5 tons under water. This view shows the scour pattern 
for a discharge of 4000 cms in which it is apparent that the 
erosion was confined to the region just downstream of the sill 
where the pressure conditions are such that the blocks can be 
picked out. This view also shows the rock geometry just down
stream of the sluices. 

PHOTO 12 (Serial No. 130-630) This photograph is a close-up of the flow 
of 12,000 cms from the lower sluices adjacent to the spillway 
wall; in this arrangement, a sill has been placed along the end 
of the concrete apron. The flow from sluices 1 and 4 flows 
smoothly over the apron at the high level and that from sluices 
2 and 3 forms a rather indeterminate jump before the flow down
stream of the sill in the excavation is established. 

PHOTO 13 (Serial No. 130.631) A flow of 12,000 cms seriously eroded the 
blocks that were placed in the bottom of the excavation. Two 
layers of blocks had been placed in the depression, the bottom 
layer being painted white in order to differentiate it from the 
upper. It will be noted that the blocks at the downstream end 
of the excavation have been removed. It appears that this is an 
area of jet impingement for a discharge of 12,000 ems. The 
deposition of the blocks in the corner at the upstream edge of 
the excavation is due to the ground roller generated particularly' 
by the flow from sluice 1 as it goes over the edge of the 
excavation. 
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PHOTO 14 (Serial No. 130.632) This v~ew shows the erosion caused b,y 
a discharge of 17.000 cms th~9ugh the sluiceways. The degree 
of eros19n he'):'eis considerablY less than for the smaller dis
charge primarily because. the jet for this flow impinges further 
downstre~ andoonsequently much of the area of the block is 
under the jet and in a region of relativelY quiet water. 

PHOTO 15 (S9;Oial No~ 130.6(8) On the basis of the previous results, the 
rock geOmetry was modified b,y eliminating the sill at the upper 
level ahd. excavating the shelf so that it was horizontal. The 
rook doWnstream of siuide 4 was also removed down to El. 120 so 
that the flow in this region would be more spread out. The rock 
do'WnBtream. of sluice 1 was left intact. 

PHOTO 16 (Setial No. 130.647) This view shows the erosion pattern for 
a discharge of 12,000 ems. The erosion is confined to a region 
immediately downstream. of the first four sluioes. The deposition 
of the blocks against the face of the excavation is due to the 
ground roller generated by the flow over the edge. 

PHOTO 17 (Serial No. 130.652) The flow pattern created Qy a discharge of 
17,000 cms over the modified jump area downstream. of the sluices 
is shown in this photograph. A considerable portion of the dis. 
charge from the 'upper sluices appears to pass over the edge of the 
excavation and falls as a jet into the excavation downstream. 

PHOTO 18 (Serial No. 130.653) This erosion pattern is the consequence 
of a discharge of 17,000 cms flowing over the modified shelf. 
For this discharge the erosive power of the jet falling over 
the edge of the excavation is sufficiently great to remove all 
the blocks in this area. 

PHOTO 19 (Serial No. 130.692) For these experiments the rock topograph1 
was reconstructed including the sill on the upper shelf. It 
is apparent that the added length and the sill were effective 
in diverting the flow from this region of the excavation and 
hence the erosion in this area was negligible, although all the 
blocks downstream of sluices 1 through 4 were removed. 

PHOTO 20 (Serial No. 130.657) This photograph shows the effect of re
moving the upper sill and some of the rock at the upper sill 
and some of the rock at the upper level without completing the 
powerhouse excavation. Here the erosion is very complete and 
the added material without the sill had little effect on reducing 
the erosion. 

PHOTO 21 (Serial No.. 130-716) The original topography downstream of the 
sluices was reconstructed. An additional unit was added to the 
initial powerhouse so that the flow from sluice 8 had to be de. 
flected around the edge of the powerhouse. It appeared that since 
the erosive power of the flow was so great cOnsideratfon;'" 
should be given to postponing any excavation in this area. 
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PHOTO 22 (Serial No. 130-717) This photograph shows the flow pattern 
generated b,y a discharge of 17,000 cms through the sluiceways. 
As woUld be expected, the flow is concentrated into a single 
jet due to the transverse currents generated on this topography. 

PHOTO 23 (Serial No. 130-725) In order to test the erosional potential 
of this geometry, a portion of the bed was removed and replaced 
With a loosely packed gravel Which had an effective size of 
approximately 45 tons. This photo shows the erosional pattern 
created by the flow that shows the effective removal of a . 
greater portion of the rock placed in this area. 

PHOTO 24 (Serial No. 130-742) This photo shows the reduction in erosion 
when the upper shelf was excavated to remove the sill and pro
vide 1e,re1 passages over which the water could now without 
being deflected into the main stream. This expedient reduced 
the erosive potential in this area. 

PHOTO 25 (Serial No. 130-773) The region of the model downstream of the 
sluices was rebuilt in accordance with Harza Dwg. 239SKC-35l 
except for the transverse slopes downstream of monoliths 16 and 
17. These areas were left level for the initial tests. 

PHOTO 26 (Serial No. 130-774) A closer view of the rebuilt rigid bed model. 

PHOTO 27 (Serial No. 130-775) Dye was injected into the flaw in the four 
upper sluices, one at a time, to delineate the flow pattern. This 
view shows the streamlines from sluice 8. The gabion deflects the 
now from sluice 8 into the flow from the adjacent sluices. Note 
the accumulative effect. 

PHOTO 28 (Serial No. 130-776) This view shows the denection of the flow 
from sluice 7. Note the converging flow downstream of sluice 4. 

PHOTO 29 (Serial No. 130-777) The flow from sluice 6 is in turn deflected 
downhill by the combined flow from sluices 7 and 8. 

PHOTO 30 (Serial No. 130-778) The discharge from sluice 5 is swept side
ways by the flow from the upper sluices. Note the relatively 
small amount of flow falling over the downstream end of the 
stepped excavation. 

PHOTO 31 (Serial No. 130-779) A portion of the rigid bed IIlodel was re
placed with erodible material in preparation for erosion tests. 
The effective prototype stone weight of the material used was 
45 metric tons. 

PHOTO 32 (Serial No. 130-780) This general view of the flow pattern in 
the tailpool shows the concentration of flow. At the end of the 
spillway wall , nearly all of the flow is confined to the 
region downstream of the four lower sluices. 



PHOTO 33 (Serial No. 130-781) The angle through whioh the flow from the 
upper sluioes is deflected oan be seen in this near-vertioal 
view. The dye-stained flow from sluioe 8 is seen to flow about 
parallel to the downstream portion of the gabion. 
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PHOTO 34 (Serial No.130-782) The soour pattern whioh formed during the 
17,000 oms erosion test is indicative of the ooncentration of 
flow. The greatest amount of erosion ooourred where the flow 
from the upper sluices plunged into that from sluice 4. The 
material along the spillway wall was only slightly disturbed. 

'PHOTO 35 (Serial No. 130-783) To improve the flow conditions, the gabion 
was straightened out, but the end points of the original were 
retained. Note the decreased angle of deflection of the flow 
from sluioe 8. There is, as a result, less interference with 
the flow from the other sluices. 

PHOTO 36 (Serial No. 130-784) The erosion pattern was improved somewhat 
b,y the modification of the gabion. The erosion was less extensive 
and less deep. 

PHOTO 37 (Serial No. 130-785) Further improvement of the flow pattern 
was obtained b,y rotating the downstream end of the gabion to 
the corner of the powerhouse. This design causes the least 
deflection of the flow from sluice 8, as can be seen in the 
photo. A high proportion of the flow from the four upper 
sluices now flows over the downstream end of the stepped 
excavation. 

PHOTO 38 (Serial No. 130-786) This change resulted in an appreciable 
improvement in the erosion pattern. Only a small amount of 
material was transported from the test section. 

, PHOTO 39 (Serial No. 130-818) The model has been mOdified to incor
porate the transverse slopes on the shelves downstream of 
sluices 5 and 6. This photo shows a flow of 17,000 ems discharging 
from the sluices. The dye stained water from sluice 8 shows how 
the gabion deflects the flow to the right. With a flow of this 
magnitude, the transverse slopes have little effect upon the 
flow pattern. ' 

PHOTO 40 (Serial No. 130-819) The result in erosion pattern is much the 
same as that which occurs when there are no transverse slopes. 
The g:reatest erosion occurs in the region of impingement of the 
jet from the upper sluices with that from the lower sluices. 

PHOTO 41 (Serial No. 130-820) The flow pattern is improved when the 
gabion wall is straightened, but the transverse slopes had only 
a slight effect on the flow pattern over that for the horizontal 
shelves. 
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PHOTO 42 (Serial No. 130-821) The erosion pattern resulting from this 
flow is almost identical with that obtained for a horizontal 
shelf. 

PHOTO 43 (Serial No. 130-822) This photo shows the improvement in the 
flow ~attern when the downstream terminus of the gabion wall is 
rotated to the corner of the powerhouse.. This flow pattern is 
very similar to that obtained When the shelves downstream of 
sluice 5 and 6 were horizontal. The transverse slopes may have 
some effect in deflecting more of the flow in the downstream 
direction. 

PHOTO 44 (Serial No. 130-824) In this photo the flow from sluice 6 has 
been colored with a dye in order to show the flow pattern. 

PHOTO 45 (Serial No. 130.825) pye marks the flow from sluice 5 when the 
total discharge is 17,000 ems. The dye shows the impingement of 
the flow from this sluice upon that from sluice 4. 

PHOTO 46 (Serial No. 130.826) The erosion pattern resulting from the 
flow shown in Photo 45: indicates that the effect of impingement 
of the jets in causing erosion is much less than that caused by 
other arrangements of the gabion wall. 

PHOTO 47 (Serial No. 130.847) The model was rebuilt to incorporate the 
revised rock excavation involving sloping shelves downstream 
of the sluices at the upper level. The photograph is a view from 
downstream showing the slopes and the sloping aprons from the 
sluices. Also shown is the discharge channel designed to main. 
tain a minimum tailwater of 122.5 m. 

PHOTO 48 (Serial No. 130-848) Closeup view of the revised downstream 
portion of the model showing the sloping rock excavation from 
the upper sluices. 

PHOTO 49 (Serial No. 130.849) The photograph shows the flaw pattern for 
a discharge of 17,000 cms through all the sluices including 
sluice 8. The gabion wall is straight and extends from the 
right side of sluice 8 to the upstream corner of the power
house. pye injected into the flow from·sluice 8 shows the 
flow pattern and the spread of the jet from this sluice. 

PHOTO 50 (Serial No. 130-850) A similar view from downstream showing 
the flow of 17,000 cms with sluice 8 open. ~e has been in
jected into the flow from sluice 5 to show the flow pattern. 

PHOTO 51 (Serial No. 130-852) When sluice 8 is closed, the discharge 
from the remaining sluices is increased. The gabion wall ex· 
tends downstream from the right side of sluice 7. pye has been 
injected into the flow from this sluice to delineate the flow 
pattern. 



., I PHOTO 52 (Serial No. 130.853) In this photograph the dye has been in
jected into the flow from sluice 5. The flow pattern in this 
region is very similar to that obtained when sluice 8 is open 
with the exception that the hydraulic jump has been moved further 
downstream because of the increased velocity from the sluices. 

PHOTO 53 (Serial No. 130-851) A closeup from downstream showing the 
water surface profile along the gabion and powerhouse wall when 
sluice 8 is open and the discharge is 17,000 ems. 

PHOTO 54 (Serial No. 130-854) A closeup view showing the water surface 
profile along the gabion wall when sluice 8 is closed. The 
gabion wall is perpendicular to the gravity dam and flush with 
the right side of sluice 7 and extends to the end of the rock 
excavation. 

PHOTO 55 (Serial No. 130-855) A closeup view of the water surface pro
file along the gabion and the powerhouse wall with sluice 8 
closed. In this photographtr~ gabion wall has been shortened 
and extends only to the point opposite the upstream corner of 
the powerhouse wall. The flow along the wall spreads out and 
extends toward the powerhouse. 

PHOTO 56 (Serial No. 130.856) A similar closeup view showing the water 
surface profile along the gabion wall and the powerhouse wall. 
The gabion has been moved to the right so that it extends in a 
straight line from the gravity dam to the upstream corner of 
the powerhouse. 

PHOTO 57 (Serial No. 130-860) A general view from downstream showing the 
flow pattern in the tailwater pool during an erosion test of one 
hour duration. With sluice 8 open the gabion wall extends from 
the right of$luice 8 to the upstream corner of the powerhouse. 
The flow pattern in the tailwater pool has been delineated by 
the use of confetti. 

PHOTO 58 (Serial No. 130.861) The erosion pattern resulting from this 
flew is very similar to that which results from flow over the 
horizontal shelves and the erosion is relatively slight. 

PHOTO 59 (Serial No. 130-858) A general view from downstream showing 
the flow pattern in the tail water pool during the erosion test. 
Sluice 8 is closed and the gabion wall is perpendic'ular to the 
dam. and flush with the right side of sluice 7. The flow pattern 
has been delineated b,y the use of confetti. 

PHOTO 60 (Serial No. 130.859) The erosion pattern formed after one hour 
of test in the model. The consequence of closing sluice 8 is 
somewhat greater erosion along the spillway wall.. This is due 
primarily to the increased velocity from the sluices as a 
result of closing sluice 8. 
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PHOTO 61 (Serial No. 130-814) A view from downstream showing the ero
sion pattern res'ulting from a flow of 17,000 cms over Type A 
material placed within the excavation along the right spillway 
wall. The material was almost completely removed from the 
excavation with the exception of a small quantity deposited by 
the ground roller in the upstream corner. 

PHOTO 62 (Serial No, 130-815) A view from downstream showing the ero~ 
sian pattern in Type G material caused by a now of 17,000 cms 
through the sluices. Type G material corresponds to an effec
tive prototype weight of 4.7 metric tons. Less material has 
been eroded and removed from the excavation. 

PHOTO 63 (Serial No .. 130-816) A view from downstream showing the ero
sion pattern in Type J material caused by a discharge of 
17,000 ems. Type J material has an effective prototype weight 
of approximately 16 metric tons. ~ a relatively small 
amount of material has been removed from the excavation and 
deposited downstream. 

PHOTO 64 (Serial No.. 130-845) A view from upstream shows the approach 
channel, left gravity wall, and the gated inlets to the spill
way. The nine bays are combined into three main chutes.. Each 
bay is separately controlled. 

PHOTO 65 (Serial No. 130-878) The flow pattern in the 'upper pool for a 
diScharge of 4000 cms is delineated by confetti on the water 
surface. The spillway gates are partially open, such that the 
headwater elevation is maintained at 215.0 m. The exposure 
time for all photographs was the same so that relative surface 
velocities can be estimated by comparing the length of the 

,streaks. 

PHOTO 66 (Serial No. 130-879) The flow pattern in the upper pool shows 
higher velocities when the discharge is increased to 8000 cms. 
The spillway gates have been adjusted to maintain the headwater 
pool at El. 215.0 m. 

PHOTO 67 (Serial No. 130-880) The flow pattern approaching the spillway 
for a discharge of 17,000 cms is shown. The approach velocities 
have increased appreciably and a tendency to form vortices in 
front of the partially closed gates is apparent. The gates are 
adjusted to maintain the headwater pool at 215.0 m. 

PHOTO 68 (Serial No. 130-881) For a discharge of 35,000 cms, the gates 
are completely open and free flow occurs over the spillway crest. 
For this discharge the headwater elevation is 217.6 m. The 
acceleration of the flow approaching the gates and the flow 
pattern are delineated by confetti streaks on the surface. 



PHOTO 69 (Serial No. 130-876) The flow pattern for a discharge of 8000 cms
~nd free flow, that is, gates wide open. The flow pattern some 
distance from the gates is very similar to that when the gates 
are partially closed. 

PHOTO 70 (Serial No. 130-877) This photograph shows the flow pattern 
for a discharge of 17,000 ems when the gates are wide open and 
the water is discharging freely over the spil1w~. This flow 
pattern in the upper pool may be compared with that shown in 
Photo 67 for partially opened gates. 

PHOTO 71 (Serial No. 130-898) A view of the model spil1w~ from down
stream showing the spillway geometry and the right, center, and 
left chutes. 

PHOTO 72 (Serial No. 130-899) Piezometer taps installed on the crest 
of the spillway and used for measuring the bottom pressures 
are shown in this closeup view of the crest from overhead. 
These taps are .in the center bay of the right chute. The tap 
positions in the center and the left chutes are the same as 
shown in this photograph. 

PHOTO 73 (Serial No. 130-900) The piezometer taps shown in Photo 72 
are connected to corresponding tubes on the manometer board 
shown in the background. This overall view shows the model 
operating at 17,000 ems and the corresponding spillw~ pressures 
are shown on the manometer boards. 

PHOTO 74 (Serial No. 130-907) A view of the manometer board indicating 
the piezometric pressures on the crest in the center bay of 
the right chute. The lines from corresponding taps terminate 
on the manometer tubes at the elevation of the piezometer tap. 
The relative positions of the colored fluid and the point of 
termination indicate whether the pressure at that point is 
positive or negative. 

PHOTO 75 (Serial No. 130-908) A view of the manometer board indicating 
piezometric pressures on the crest of the center bay of the right 
chute near the right pier. The elevation of the fluid in the 
third tube as indicated by the pencil in the photograph shows 
the very low pressure of the crest near the right pier. 

PHOTO 76 (Serial No. 130-909) A view of the manometer board indicating 
piezometric pressures on the crest in the center bay of the right 
chute near the left pier. The photo shows that corresponding 
pressures along the left pier or the left side of the bay are 
considerably higher than those on the right side. 

PHOTO 77 (Serial No. 130-863) A discharge of 8000 cms over the spillway 
with the Type G spillway bucket. The lip angle for the Type G 
bucket is 32 degrees. The jet is relatively flat andunaerated 
and has drawn the powerhouse tailwater down to El. 120.2 m. 



PHOTO 78 (Serial No. 130-864) For 17,000 cms over Type G spillway 
bucl<:et, the jet is more aerated, alfd thE;! powerhouse tailwater 
e1e~ation has been drawn down to El. 12l.4m. The jet causes 
a rather vigorous vortex in the scour hole. 

PHOTO 79 (~~ria1 No. 130-865) A view showing the jet and flow pattern 
for 35,000 cms discharging over the Type G spillway bucket. 
The powerhouse tailwater elevation for this flow is 121.6 m. 
The jet from the right spillway chute is unaerated and causes 
a considerable reduction in the powerhouse tailwater elevation. 

PHOTO 80 (Serial No. 130-866) A general view of the discharge of 35,000 cms 
over the Type G spillway bucket, showing the character of the jet 
and the flow into the discharge channel. A strong transverse 
wave is generated as the high velocity enters the channel. The 
aspirator effect of this flow into the discharge channel has 
drawn down the powerhouse tailwater elevation to 121.6 m. 

PHOTO 81 (Serial No. 130-869) A view showing a discharge of 4000 cms 
uniformly distributed over the three spillway chutes discharging 
from the Type G-7 spillway bucket. When the discharge increases 
from a low value, the hydraulic jump which forms in the spillway 
bucket is still in the bucket when the discharge reaches 4000 cms. 
For this discharge the tailwater elevation is up to 126.5 m. 

PHOTO 82 (Serial No. 130-870) A view of a discharge of 4000 cms from the 
spillway over the Type G-7 spillway bucket. In this photograph 
the hydraulic jump has been swept out of the spillway bucket. 
This is a stable condition that develops when the discharge is 
reduced from a larger discharge to 4000 cms. The powerhouse 
tailwater elevation of 124.6 m is lower than that developed when 
the jump stays in the bucket as shown in Photo 81. 

PHOTO 83 (Serial No. 130-872) The photograph shows the jet formation 
and the flow pattern for a discharge of 17,000 cms from the 
spillway over 'I'ype G-7 spillway bucket. The powerhouse tail
water of 123.2 m is above the specified minimum. This photo
graph shows the aeration of the jet which tends to reduce the 
aspirator effect of flow into the discharge channel. 

PHOTO 84 (Serial No. 130-874) An overall view of the jet and flow pattern 
for a discharge of 35,000 ems from the spillway over the Type 
G-7 bucket. This photograph shows the jet formation and the flow 
into the discharge channel. The transverse wave forming in the 
entrance of the discharge channel is similar in appearance to 
that shown in Photo 80, but the aspirator effect in this instance 
is less than that for the Type G bucket since the powerhouse 
tailwater elevation has been increased to 124.0 m. 



PHOTO 85 (Serial No. 130-797) Disoharge of 4000 oms from the spillway 
over Type G-6 spillway buoket. For this flow with the Type G"6 
spillway buoket, the hydraulic jump stays in the spillway buoket. 
The jump in the right chute tends to be swept out of the buoket 
under certain oircumstanoes. The powerhouse tailwater elevation 
of 126.5 m is above the specified minimum. 

PHOTO 86 (Serial No. 130-799) Photograph showing the jet formation for 
a discharge of 8000 cms from the spillway over Type G ... 6 spill ... 
way buoket. The trajeotory of the jet from this bucket is such 
that the aspirator effect is oonsiderably reduoed and the power
house tailwater elevation of 123.0 m is still above the specified 
minimum. . 

PHOTO 87 (Serial No. 130.800) The disoharge of 17,000 oms from the spill
way over Type G_6 spillway buoket results in a well-aerated jet 
and a relatively high powerhouse tailwater elevation. The tail
water elevation for this flow is 124.6 m. 

PHOTO 88 (Serial No. 130-802) An overall view of a disoharge of 35,000 oms 
from the spillway over Type G-6 spillway buoket. The elevation 
of the jet trajeotory is suffioient to effectively reduoe the 
aspirator effeot of the flow into the disoharge ohannel. The 
transverse wave is greatly reduced and the jet impingement 
oreates a more turbulent flow in the tailwater pool. The 
powerhouse tailwater elevation has been raised to 128.6 m. 

PHOTO 89 (Serial No. 130-868) This is a view showing a discharge of 
8000 ems oonfined to the oenter spillway chute discharging over 
the Type G spillway bucket. For this condition, there was no 
flow through the powerhouse and the powerhouse disoharge ohannel 
has been restrioted to 45.0 m. The flat jet trajectory .• 
effectively reduoes the powerhouse tailwater elevation to 
El .. 119.0 m. 

PHOTO 90 (Serial No. l30~804) A view of the discharge of 8000 ems 
oonfined to the oenter spillway ohute discharging over the 
Type G~6 bucket. In this case, there was no flow from the 
powerhouse and no restriction in the powerhouse discharge channel. 
The well-aerated jet and its elevation tend to reduce the 
aspirator effect so that the tailwater has been increased to 
120.8 m. Even with the G-6 bucket when this disoharge is . 
confined to one chute, the powerhouse tailwater is drawn be
low the speoified minimum. 

PHOTO 91 (Serial No. 130.743) An overall view of the spillway used in 
the model studies. The spillway and dam have been raised to 
correspond to the Stage III structure. The erodible bed has 
been molded to conform to the topography of the rock formation 
in the disoharge channel. 



PHOTO 92 (Serial No. 130-744) An overall view of the spillway model with 
a discbarge of 30,000 ems. Confetti on the water surface shows 
the flow pattern in the upper pool as well as in the tailwate~ 
pool. 

PHOTO 93 (Serial No. l3~747) A discharge of 17,000 ems over the Type G 
spillway bucket is characterized by a relatively flat jet trajec
tory and consequent intense vortex downstream of the powerhouse. 

PHOTO 94 (Serial No. 130-748) The erosion pattern formed after two hours 
of operation at a discharge of 17,000 cms shown in Photo 93 is 
delineated by contour lines. 

PHOTO 95 (Serial No. 130"749) The'photograph shows a discharge of 30,000 
cms over the Type G spillw~ bucket. The erosion downstream of 
the bucket and deposit of sediment in the discharge channel 
causes the jet to be semi-submerged. This submergence reduces 
the intensity of the vortex downstream of the powerhouse. 

PHOTO 96 (Serial No. 130-750) An overall view of the eposion pattern 
caused by 30,000 cms discharging over Type G bucket shows the 
character of the scour dowrwtream of the spil1w~ bucket and 
the deposit in the discharge channel. 

PHOTO 97 (Serial No. 130 .. 750A) A closeup view of the scour pattern in 
the neighborhood of the spillway shows in more detail the scour 
at the right corner of the right chute. This appears to be due 
to the transverse flow entering the region under the jet from 
the right bucket. 

. 
PHOTO 98 (Serial No. 130-760) A view of the flow pattern created by a 

discharge of 17,000 cms over the Type G-7 spillway bucket. The 
raised trajectory of the jet decreases the intensity of the 
vortex downstream of the powerhouse and reduces somewhat the 
velocity of the flow entering the region under the jet from 
the right chute. 

PHOTO 99 (Serial No. 130-761) The scour pattern created by this flow 
of 17,000 cms over the Type G~7 bucket is slightly less severe 
than that formed with the Type G bucket. The erosion near the 
tO'e of the spillway has been reduced because of the longer 
trajectory of the jet, 

PHOTO 100 (Serial No. 130-762) The flow pattern ca'used by a discharge 
of 30,000 cms over the Type G~7 spillway bucket is shown after 
operation of two hours. The scour hole created by the jet 
and the deposit of material in the discharge channel have 
raised the tailwater sufficiently high to partially submerge 
the·buckets and form a hydraulic jump. . 



PHOTO 101 (Serial No. 130_763) The erosion pattern caused by the flow 
of 30,000 ems over the Type G-7 spillway bucket (Photo 100) 
shows that the scour at the right corner of the right jet is 
still rather excessive. The scour pattern and the deposit in 
the downstream channel are shown by means of contour lines. 

PHOTO 102 (Serial No. 130-753) The Type G.6 spillway bucket has a lip 
angle of 45 degrees and consequently the jet creates a less 
intense vortex downstream of the powerhouse. The deposit of 
material after two hours of operation has partially submerged 
the jet and forced it into the buckets. 

PHOTO 103 (Serial No. 130-754) The erosion pattern created by a discharge 
of 17,000 cms over the Typ& G-6 spillway bucket shows that the 
erosion downstream of the spillway bucket has been reduced and 
that more sediment has been deposited at the upper end of the 
discharge channel. This tends to raise the tailwater elevation 
and serves to assist in the dissipation of jet energy. 

PHOTO 104 (Serial No. 130-755) The jet from the Type G-6 spillway bucket 
discharging at 30,000 cms is partially submerged by the high 
tailwater caused by the erosion of the bed. 

PHOTO 105 (Serial No. 130-756) The erosion pattern caused by a discharge 
of 30,000 cms over the Type G-6 spillway bucket is characterized 
by decreased erosion in the neighborhood of the spillway bucket 
and increased deposition at the head of the discharge channel. 

PHOTO 106 (Serial No. 130-756A) A closer view of the erosion pattern for 
30,000 cms over the Type G .. 6 spillway bucket after two hours of 
operation shows the character of the scour at the spillway toe. 
The resulting elevation at the right corner of the right chute 
is now 110 m. 



PHOTO 1 (Serial No. 130-545) This overall view of the struc
ture shows the area downstream of the sluices in 
relation to the spi.llway, the gravity section, and 
the 'Powerhouse. This was taken prior to the proposed 
excavation for future powerhouse units to be constructed 
between the existing powerhouse and spillway wall. The 
first stage diversion channel and the pile cell guide 
wall are shown in the background. 

PHOTO 2 (Serial No. 130-581)' This is a close-up view of the 
rock downstream of the gravity section sluiceways 
showing,its topography and the relative elevation of 
the varid'rls slttices. The eXcavat1oh. on the right 
adjacen.t to the spillway trp.:ihing wal1,proViqes for 
the powerhouse unit 10 which was uhdertaken to faci
litate the construction of the right wall of the 
spillway. 
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PHOTO 3 (Serial No. 130~549) This view represents the flow 
from the sluiceways after the second stage diversion 
is oomplete. The di~oha~ge of 8000 oms with the ' 
sluioes wide open is confined to the lower sluice
ways. It is apparent from this disoharge that some 
concentration of the now from the sides to the 
oenter is taking pla6e. The confetti on the sUrfaoe 
qelineates the two vortioes that ha~e formed. 

PHOTO 4 (Serial No. 130-552) This view shows a discharge 
of 17,000 cms from the sluioeways. This is the 
maximum discharge for which the sluioeways were 
designed. All of the sluioes are flowing full and 
there is a strong ooncentration of flow towards the 
main stream flowing downstream from sluices 2 and 3. 
The added flow from the right side caused by the 
transverse slope has forced jet towards the spill
way so that the vortex formed on the right has been 
enlarged while that on the left has been diminished. 
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PHOTO 5 (Serial NO. 130-591) This view is a close-up of 
the flow from the sluices adjacent to the spill
way training wall. This high speed photograph 
shows the intense turbulence and flow irregularity 
caused by the highly irregu1..ar geomet.ry. 

PHOTO 6 (S~rial No. 130-592) This vie~ tak~n fro~ dowbstrerum 
with a longer time exposure shows the flow pattern 
immediately downstream of the sluiceways. It is 
apparent that the steep transverse slope effectively 
deflects praotioally all the flow from the sluices 
at a higher level into the main jet emerging from 
the sluices at the lower level. 
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PHOTO 7 (Serial No. 130-618) It was proposed to complete the 
powerhollse excavation between the existing units and 
the spillway prior to the second stage diversion in 
order to facilitate this operation. This photograph 
shows the proposed excavation prior to experiments 
on the resulting flow pattern. 

PHOTO 8 (Serial No. 130-619) This is a close-up'photograph of 
the proposed powerhouse excavation. It was thought 
that one advantage of the proposed excavation would 
be the shortening of the shelf downstream of the 
sluiceways to the excavation so that this in turn 
would permit more of the water from the upper 
sluices to flow over the edge of the excavation 
before it could be deflected into the main flow 
to increase its erosion power. 
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PHOTO 9 (Serill No. 130.625) A disoharge of 17,000 oms 
through tbe $luioeways is somewhat more spread out 
thah would h'v~ ooourred if the exoavation had not 
been m.de. The quantity of flow for the edge of 
the exoavation can be seen in this photograph. A 
donsideraBle portion of the discharge is still 
being d~f1eoted down the transverse slope. This 
detieotion is enhanoed b.f the natural sill existing 
at the end of the conorete apron downstream of 
sluioes 6-8. 

PHOTO 10 (Serial No. 130.626) This photograph shows more 
clearly the effect of the transverse slope in de
flecting the flow from the upper sluiceways and 
the effect of the sill downstream of the sluices 
in directing the flow down the slope. 





PHOTO 11 (Serial No. 130-628) In order to get a measure of 
the erosive power of the jet from the sluiceways, a 
fractured rock in the bottom of the excavation was 
simulated by fitting blocks closely together in a 
formed depression. The blocks each weigh approxi
mately 31.5 tons under water. This view shows the 
scour pattern for a discharge of 4000 cms in which 
it is apparent that the erosion was confined to 
the region just downstream of the sill where the 
pressure conditions are such that the blocks can 
be picked out. This view also shows the rock 
geometry just downstream of the sluices • 

• 

PHOTO 12 (Serial No. 130-630) This photograph is a close-up 
of the flow of 12,000 cms from the lOHer sluices 
adjacent to the spillway wall; in this arrangement 
a sill has been placed along the end of the concrete 
apron. The flow from sluices 1 and 4 flows smoothly 
over the apron at the high level and that from 
sluices 2 and 3 forms a rather indeterminate jump 
before the flow downstream of the sill in the 
excavation is established. 
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PHOTO 13 (Serial No~ 130-631) A flow of 12,000 cms seriously 
eroded the blocks that were placed in the bottom of 
the exoavat.ion. Two·layers of blocks had been plaoed 
in the depression, the bottom layer being painted 
white in order to differentiate it from the upper. 
It will be noted that the blooks at the downstream 
end of the excavation have been removed. It appears 
that this is an area of jet impingement for a dis
oharge of 12,000 ems. The deposition of the blocks 
in the corner at the upstream edge of the excavation 
is due to the ground roller generated partioularly 
by the flow from sluice 1 as it goes over the edge 
of the exoavation. 

PHOTO 14 (Serial No. 130.632) This view shows the erosion 
caused by a discharge of 17-,000 ems through the sluice
ways. The degree of erosion here is considerably less 
than for the smaller discharge primarily because t~e 
jet for this flow impinges further downstream and 
consequently much of the area of the block is under 
the jet and in a region of relatively quiet water. 
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PHOTO 15 (Serial No. 130~668) On the basis of the previous 
r~sults, the rock geometry was modified b,y eliminating 
the sill at the upper level and excav~ting the shelf 
so that it was horizontal. The rock do~mstream of 
sluice 4 was also removed down to El. 120 so that the 
flow in this region would be more spread out. The 
rock downstream of sluice 1 was left intact. 

PHOTO 16 (Serial No. 130-647) This view shows the erosion 
pattern for a discharge of 12,000 ems. The erosion 
is confined to a region immediately downstream of 
the first four sluices. The deposition of the blocks 
against the face of the excavation is due to the 
ground roller generated by the flow over the edge. 
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PHOTO 17 (Serial No. 130-652) The flow pattern created by a 
discharge of 17,000 ems over the modified jump area 
downstream of the sluices is shown in this photograph. 
A considerable portion of the discharge from the 
upper sluices appears to pass over the edge of the 
exoavation and falls as a jet into the excavation 
downstream. 

PHOTO 18 (Serial No. 130-653) This erosion pattern is the con
sequence of a discharge of 17,000 ems flowing over the 
modified shelf. For this discharge the erosive power 
of the jet falling over the edge of the excavation is 
sufficiently great to remove all the blocks in this 
area. 





PHOTO 19 (SElria1 No. 130-692) For these experiments the 
rddk: 1:.opdgrapby was reconstructed including the sill 
6~ the upperjshelf. It is apparent that the added 
l~ng~h and the sill were effective in diverting 

• 

the flow fr~ ibis region of tbe excavation and hence 
the ~rosion in this atea was negligible, although 
ail the blocks dowhst~eam of sluices 1 through 4 
wefe removed~, 

PHOTO 20 (Serial No. 130-657) This photograph shows the effect 
of removing the upper sill and some of the rock at the 
upper sill and some of the rock at the upper level 
without completing the powerhouse excavation. Here 
the erosion is ver,y complete and the added material 
without the sill had little effect on. reducing the 
erosion. 



Photo 19 

Photo 20 



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

PHOTO 21 (Serita1 No. 130-716) The original topography . 
downstream of the sluices was reconstructed. An addi
tionai unit was added to the initial powerhouse so that 
the flo~ from sluice 8 had to be deflected around the 
edge of the powerhouse. It appeared that since the 
erosi'V'e pow&r of tbe flow was so great,:consadera_ 
tion sbould be gi'V'en to postponibganf ~avat1dn in 
this areu 

PHOTO 22 (Serial No. 130-717) This photograph shows the flow 
pattern generated by a discharge of 17,000 ems through 
the sluiceways. As would be expected, the flow is 
concentrated into a single jet due to the transverse 
currents generated on this topography. 
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PHOTO 23 

PHOTO 24 
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(Setiial No. 130-725) In order to test the erosional 
potential of this geometry, a portion of the bed was 
removed and replaced with a loosely packed gravel 
whidh had an effective size of approximately 45 tons. 
This photo shows the erosional pattern created by 
the now that shows the effective removal of a 
greater portion of the rock placed in this area. 

(Serial No. 130-742) This photo shows the reduction 
in erosion When the upper shelf was excavated to 
remove the sill and provide level passages over 
which the water could flow without being deflected 
into the main stream. This expedient reduced the 
erosive potential in this area. 
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PHOTO 25 (Serial No. 130-773) The region of the model down. 
stream of the slUices was rebuilt in accordance with 
HarzaDwg. 239SKC-35l except for the transverse slopes 
downst.ream of monoliths 16 and 17. These areas were 
left level for the initial tests. 

PHOTO 26 (Serial No. 130-774) A closer view of the rebuilt 
rigid bed model. 
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fHOTO 27 (Serial No. 130-775) pye was injected into the flow 
in the four upper sluices, one at a time, to delineate 
the flow pattern. This view shows the streamlines 
from sluice 8. The gabion deflects the flow from 
sluice 8 into the flow from the adjacent sluices. 
Note the accumulative effedt. 

PHOTO 28 (Serial No. 130-776) This view shows the deflection 
of the flow from sluice 7. Note the converging flow 
downstream of sluice 4. 
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Photo 28 



PHOTO 29 (Serial No. 130-777) The flo~ from sluice 6 is in 
turn defiect9d. downhill by the combined flow;from 
sluices 7 and 8. 

PHOTO 30 (Serial No. 130-778) The discharge from sluice 5 
is swept sideways by the now from the upper sluices. 
Note the relatively small amount of now falling 
over the downstream end of the stepped excavation. 
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PHOTO 31 (Serial No. 130-779) A portion of the rigid bed 
model was replaced with erodible material in 
prepa:ration for erosion tests ~ The effecti"lte 
p~ototype stone weight of the material 'Used wa.s 
45 metri~ tons. 

PHOTO 32 (Serial No. 130-780) This general view of the flow 
pattern in the tailpool shows the concentration of 
flow. At the end of the spillway wall, nearly all 
of the flow is confined to the region downstream 
of the four lower sluices. 
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PHOTO 33 (Serial No. 130 .... 781) The angle through which the 
flow from the upper sluices is deflected can be 
seen irl this n~ar-vertical view. Thedye-stained flow from $lui~e 8 is seen to flow about parallel to the d.ownstream portion of the gabion. 

PHOTO 34 (Serial No. 130-782) The scour pattern which formed during the 17,000 cms erosion test is indicative of the concentration of flow. The greatest amount of erosion occurred where the flow from the upper 
sluices plunged into that from sluice 4. The 
material along the spillway wall was only slightly disturbed. 

r~ 
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PHOTO 35 (Serial No. 130-783) To imprdve the flow conditions, 
the gabion was straightened out, but the end point~ 
of the original were retained.. Note the decreased 
angle of deflection of the flow from slUice 8, There 
is, as a result, less inte~fe+ence with the flow f~om 
the other sluices. 

PHOTO 36 (Serial No. 130-784) The erosion pattern was improved 
somewhat by the modification of the gabion. The ero
sion was less extensive and less deep_ 
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PHOTO 37 (Serial No. 130-785) Further improvement of the 
flow pattern was obtained by rotating the downstream 
end of the gabion to the corner of the powerhodse. 
This design causes the least deflection of thd (low 
from sluice 8t as can be seen in the photo. A high 
proportion of the flow from the four upper sluibes 
now flows over the downstream end of the stepped 
excavation. 

PHOTO 38 (Serial No. 130-786) This change resulted in an 
appreciable improvement in the erosion pattern. 
Only a small amount of material was transported 
from the test section, 
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PHOTO 39 (Serial No. 130-818) The model has been modified 
to incorporate th~ transv~se slopes oh the shelves 
downstream of slu:ices 5 and 6. This photo :;;h01Js a 
flow of 17,000 ems dische:tging from the sl"\rl.ees. 
The dye stained ~ate~ from slUice 8 shows how the 
gabion defiects the flow to the right • with a flow 
of this ma{1;rtitude the transvel"se slopes h&ve little 
e£fect upon the flow pattern. 

PHOTO 40 (Serial No. 130-819) The result in erosion pattern 
is much the same as that which occurs when there are 
no transverse slopes. The greatest erosion occurs in 
the region of impingement of the jet from the upper 
sluices with that from the lower sl·uices. 





PHOTO 41 (Serial No. 130-820) The flbw p~ttern is improved 
when the gabion wall is straightened, but the trans
verse slopes had only a sjj.ght effeot on the flow 
pattern over that tor the horizohta1 shelves~ 

PHOTO 42 (Serial No. 130-821) The erosion pattern resulting 
from this flow is almost identical with that obtained 
for a horizontal shelf. 





PHOTO 43 (Serial No. 130-822) This photo shows the improve

ment in the flow pattern when the downs~ream termi. 

nus of the gabion wall is rotated to the co~ne~ df 
the powerhouse. This flow pattern is very similar 
to that obtained when the shelves downstream of 
sluice 5 and 6 were horizontal. The transverse 
slopes may have some effect in derieoting more of 
the flow in the downstream direction. . 

PHOTO 44 (Serial No. 130-824) In this photo the flow from 

sluice 6 has been colored with a dye in order to 
show the flow pattern. 
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PHOTO 45 (Serial No. 130-825) Dye marks the flow from sluice 
5 when the total discharge is 17,000 cms. The dye 
sh6ws the impingement of the flow from this sluice 
upOn that from sldice 4. 

PHOTO 46 (Serial No. 130-826) The erosion pattern resulting 
from the flow shown in Photo 45 indicates that the 
effect of impingement of the jets in causing erosion 
is much less than that caused b,y other arrangements 
of the gabion wall. 
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PHOTO 47 (Serial No. 130-847) The model was rebuilt to 
incorporate the revised rock excavation involving 
sloping shelves downstream of the sluices at the 
upper leval. The photograph is a view from down
stream showing the slopes and the sloping aprons 
from the sluices. Also shown is the discharge 
channel designed to maintain a minimum tailwater 
of 122.5 m. 

PHOTO 48 (Serial No. 130-848) Closeup view of the revised 
downstream portion of the model showing the sloping 
rock excavation from the upper sluices. 





PHOTO 49 (Serial No. 130-849) The photograph shows the flow 
pattern for a discharge of 17,000 cms through all the 
sluices including sluice 8. The gabion wall is 
straight and extends from the right side of sluice 8 
to the upstream corner of the powerhouse. Dye 
injected into the flow frOlll sluice 8 shows the flow 
pattern and the spread of the jet from this sluice. 

PHOTO 50 (Serial No. 130-850) A similar view from downstream 
showing the flow of 17,000 cms with sluice 8 open. 
Dye has been injected into the flow from sluice 5 
to show the flow pattern. 



Q:17000CMS 

Q1i17000CMS 



PHOTO 51 (Serial No. 130-852) When sluice 8 is closed, the 
discharge from the remaining sluices is increased. 
The gabion wall extends downstream from the right 
side of sluice 7. Dye has been injected into the 
flow from this sluice to delinsate the flow pattern. 

PHOTO 52 (Serial No. 130-853) In this photograph the dye has 
been injected into the flow from sluice 5. The flow 
pattern in this region is very similar to that ob
tained when sluice 8 is open with the exception that 
the hydraulic jump has been moved further downstream 
because of the increased velocity from the sluices. 
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PHOTO 53 (Serial No. 130-851) A closeup from downstream showing 
the water surface profile ~long the gabion and power
house wall when sluice 8 is open and the discharge 
is 17,000 ems. 

PHOTO 54 (Serial No. 130-854) A closeup view showing the 
water surface profile along the gabion wall when 
sluice 8 is closed. The gabion wall is perpendi
cular to the gravity dam and flush with the right 
side of sluice 7 and extends to the end of the 
rock excavation. 
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PHOTO 55 (Serial No. 130-855) A closeup view of the water 
surface profile along the gabion and the powerhouse 
wall with sluice 8 closed. In this photograph the 
gabion wall has been shortened and extends only to 
the point opposite the upstream corner of the power
house wall. The flow along the wall spreads out 
and extends toward the powerhouse. 

PHOTO 56 (Serial No. 130-856) A similar closeup view showing 
the water surface profile along the gabion wall and 
the powerhouse wall. The gabion has been moved to 
the right so that it extends in a straight line from 
the gravity dam to the upstream corner of the power
house. 
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PHOTO. 57 (Serial No. 130-860) A general view from downstre8Ill 
showing the flow pattern in the tailwater pool during 
an erosion test of one hour duration. With sluice 8 
open the gabion wall extends from the right of sluice 
8 to theup$tream corner of the powerhouse. The flow 
pattern in the tailwat&r pool has been delineated b.Y 
the use of confetti. 

PHOTO 58 (Serial No. 130-861) The erosion pattern resulting 
from this flow is ver,y similar to that which results 
from. flow over the horizontal shelves and the erosion 
is relatively slight. 
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PHOTO 59 (Serial No. 130-858) A general view from downstream 
showing the flow pattern in the tailwater pool during 
the erosion test. Sluice 8 is closed and the gabion 
wall is perpendicular to t!1e dam and flllsh with the 
right siele of sluice 7. The flow pattern has been 
delineat3d qy the use of confetti. 

PHOTO 60 (Serial No. 130-859) The erosion pattern formed 
after one hour of test in the model. The conse
quence of closing sluice 8 is somewhat greater 
erosion along the spillway wall. This is due 
primarily to the increased velocity from the 
sluices as a result of closing sluice 8. 
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PHOTO 61 (Serial No. 130-814) A view from down
stream showing the erosion pattern resulting 
from a flow of 17,000 ems over Type A 
material placed within the excavation along 
the right spillway wall. The material was 
almost completely removed from the excavation 
with the exception of a small quantity deposi
ted by the ground roller in the upstream 
corner. 

)----1 

PHOTO 62 (Serial No. 13~8l5) A view frQm downstream 
showing the erosion pattern in Type G 
material caused by a flow of 17,000 ems 
through the sluices. Type G material 
corresponds to an effective prototype 
weight of 4.7 metric tons. Less material 
has been eroded and removed from the 
excavation. 
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PHOTO 63 (Serial No. 130~816) A view from downstream 
showing the erosion pattern in Type J material 
caused by a discharge of 17,000 cms. Type J 
material has an effective prototype weight of 
approximately 16 metric tons. Only a relatively 
small amount of material has been removed from 
the excavation and deposited downstream. 
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PHOTO 64 (Serial No, 130-845) A view from upstream shows 
the approach channel, left gravity wall, and the 
gated inlets to the spillway, The nine bays are 
combined into three main chutes. Each bay is 
separately controlled. 
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PHOTO 6.5 (Serial No. 130-878) The flow pattern in the upper 
pool for a discharge of 4000 cms is delineated by 
confetti on the water surface. The spillway gates 
are partially open, such that the headwater elevation 
is maintained at 215.0 m. The exposure time for all 
photographs was the same so that relati vesurface 
velocities can be estimated by comparing the length 
of the streaks. 

PHOTO 66 (Serial No. 130-879) The flow pattern in the upper 
pool shows higher velocities when the discharge is 
increased to 8000 ems. The spillway gates have been 
adjusted to maintain the headwater pool at El, 215.0 m. 
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PHOTO 67 {Serial No. IJO~880) The flow pattern approaching 
theS'pillway for a discharge of 17,000 cms is shown_ 
The apprOaoh velocities have increAsed a~iably 
and ~ tend4ricy to form~ices in front of the 
partially cl~s~ gates is apParent. The gates are 
adjusted to maintain the headwater pool at 215.0 m. 

PHOTO 68 (Serial No. 130.881) For a discharge of 35,000 cms, 
the gates are completely open and free flow ocours 
over the spillway crest. For this discharge the head
water elevation is 217.6 m. The aoceleration of the 
flow approaching the gates and the flow pattern are 
delineated Qy oonfetti streaks on the surface. 





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

PHOTO 69 (Serial No. 130-876) The flow pattern for a discharge 
of 8000 oms and free flow, that is, gates wide open. 
The flow pattern some distance from the gat~s is ver,y 
similar to that when the gates are partiallt closed. 

PHOTO 70 (Serial No. 130-877) This photograph shows the flow 
pattern, for a discharge of 17,000 cms when the gates 
are wide open and the water is discharging freely 
over the spillway. This flow pattern in the upper 
pool ~ay be compared with .that shown in Photo 67 
for partially opened gates. 
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PHOTO 71 (Serial No. 130.898) A view of ~he model spillway 
from dbwnstr6atll showing the spillwa.y geometry and 
the right, center, and left chutes. 

PHOTO 72 (Serial No. 130-899) Piezometer taps installed on 
the crest of the spillway and used for measuring the 
bottom pressures are shown in this closeup view of 
the crest from overhead. These taps are in the center 
bay of the right chute. The tap positions in the 
center and the left chutes are the same as shown in 
this photograph. 
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PHOTO 73 (Serial No. 130-900) The piezometer taps shown in 
Photo 72 are connected to corresponding tubes on 
the manometer board shown in the babkground. This 
overall view shows the model operating at 17,000 ems 
and the dorresponding spillt.tay pressures are shown 
on the m~meter boards. 

PHOTO 74 (Serial No. 130-907) A view of the manometer board 
indicating the piezometric pressures on the crest in 
the center bay of the right chute. The lines from 
corresponding taps terminate on the manometer tubes 
at the elevation of the piezometer tap. The rela
tive positions of the colored fluid and the point 
of termination indicate whether the pressure at that 
point is positive or negative. 
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PHOTO 75 (Serial No. 130-908) A view of the manometer 
board indicating the piezometric pressures on the 
crest in the center bay of the right chute near 
the right pier. The elevation of the fluid in 
the third tube as indicated by the pencil in the 
photograph shows the very low pressure of the 
crest near the right pier. 

PHOTO 76 (Serial N",. 130 ... 909) A· view of the 
manometer board indicating piezometric 
pressures on the crest in the center bay 
of the right chute near the left pier. 
The photo shows that corresponding 
pressures along the left pier or the 
left side of the bay are considerably 
higher than those on the right side. 
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(Serial No. 130.863) A discharge of 8000 ems 
over the spillway with the Type G spiliway bucket. 
The lip angle for the Type G bucket is 32 degrees. 
The jet is relatively flat and unae~ated and has 
drawn the powerhouse tailwater down to El. 120.2 rn~ 

(Serial No. 130-864) For 17,000 cms over Type G 
spillway bucket, the jet is more aerated, and the 
powerhouse tailwater elevation has been drawn down 
to El. 121.4 m. The jet causes a rather vigorous 
vortex in the scour hole. 
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PHOTO 79 (Serial No. 130-865) A view showing the jet and flow 
pattern for 35,000 cms discharging over the Type G 
spillway bucket~ The powerhouse tailwater elevation 
for this flow is 121.6 m. The jet from the right 
spillway chUte is unaerated and clauses a considerable 
reduction ill the powerhduse t&il~ater.elevation. 

PHOTO 80 (Serial No. 130.866) A general view of the discharge 
of 35,000 cms over the Type G spillway bucket, . 
showing the character of the jet and the flow into 
the discharge channel. A strong transverse wave 
is generated as the high velocity enters the 
channel. The aspirator effect of this flow into 
the discharge channel has drawn down the power-
house tailwater elevation to 121.6 m. 
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PHOTO 81 (Serial No. 130-869) A view showing a discharge 
of 4000 ems uniformly distributed over the three 
spillway chutes discharging from the Type G-? 
spillway bucket. When the discharge increases from 
a low value, the hydraulic jump which foms in the 
spillway buoket is still in the b~dket when the 
discharge reaches 4000 ams. Fo~ this discharge 
the tailwater elevation is up td 126.5 m. 

PHOTO 82 (Serial No. 130~870) A view of a discharge of 4000 cms 
from the spillway over the Type G-7 spillway bucket. 
In this photograph the hydraulic jump has been swept 
out of the spillway bucket. This is a stable . 
condition that develops when the discharge is re
duced from a larger discharge to 4000 ems. The 
powerhouse tailwater elevation of 124.6 m is lower 
than that developed when the jump stays in the 
bucket as shown in Photo 81. 
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PHOTO 83 (Serial No. 130-872) The photograph shows the 
jet formation and the flow pattern for a discharge 
of 17,000 cms from the spillway over Type G-7 
spillway bucket~ The powerhouse tailwater of 
123.2 m is a.bove the specified minimum. This 
photograph shows the aeration of the jet which 
tends to reduce the aspirator effect of flow into 
the discharge channel. 

PHOTO 84 (Serial No. 130-874) An overall view of the jet and 
flow pattern for a discharge of 35,000 cms from the 
spillway over the Type G-7 bucket. This photograph 
shows the jet formation and the flow into the dis
charge channel. The tra.nsverse wave forming in 
the entrance of the discharge channel is similar 
in appearance to that shown in Photo 80, but the 
aspirator effect in this instance is less than that 
for the Type G bucket since the powerhouse tailwater 
eleva.tion has been increased to 124.0 m. 
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PHOTO- 85 (Serial No. 130-797) Disoharge of 4000 cms from 
the spi~lway over 'type G-6 spillway bucket" fpr 
this flow with the Type G ... 6 spiUtfay bI1oket~ the 
hydraulic jllDlP stqs in the spillway bUcket, . ~e 
jump in the right chute tends to be swept dut ~t 
the bucket under oertain circumstanoes. The p~er
house tailwate~ elevation of 126.5 m is above the 
specified minimum. 

PHOTO 86 (Serial No. 130-799) Photograph showing the jet 
formation for a discharge of 8000 cms from the 
spillway over Type G-6 spillw~ bucket. The 
trajectory of the jet from this bucket is suoh 
that the aspirator effect is considerably reduced 
and the powerhouse tailwater elevation of 123.0 m 
is still above the specified minil!1um. 
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PHOTO 87 (Serial No. 130-800) The discharge of 17,000 cms 
from the spillway over Type G.6 spillway bucket 
results in a well-aerated jet and a relatively 
high powerhouse tailwater elevation. The tail
~ater elevation for this flow is 124.6 m. 

PHOTO 88 (Serial No. 130-802) An overall view of a discharge 
of 35,000 cms from the spillway over Type G-6 spill
way bucket. The elevation of the jet trajectory is 
sufficient to effectively reduce the aspirator 
effect of the flow into the discharge channel. The 
transverse wave is greatly reduced and the jet 
impingement creates a more turbulent flow in the 
tailwater pool. The powerhouse tailwater elevation 
has been raised to 128.6 m. 
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PHOTO 89 (Serial No. 130-868) This is a view showing a 
discharge of 8000 oms confined to the center spill
way chute discharging over the Type G spillway 
bucket. For this condition, there was no flaw 
through the powerhouse and the powerhouse discharge 
channel has been rest~icted to 45.0 m. The flat 
jet trajectory effeotively reduces the powerhouse 
tailwater elevation to El. 119.0 m. 

PHOTO 90 (Serial No. 130-804) A view of the discharge of 
8000 ems confined to the center spillway chute 
discharging over the Type G-6 bucket. In this case, 
there was no flaw from the powerhouse and no 
restriction in the powerhouse discharge channel. 
The well-aerated jet and its elevation tend to 
reduce the aspirator effect so that the tailwater 
has been increased to 120.8 m. Even with the G-6 
bucket when this discharge is confined to one 
chute, the powerhouse tailwater is drawn below 
the specified minimum. 
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PHOTO 91 (Serial No" 130-743) An overall View of the 51>i1l
way used in the model studies. The spillway and 
dam have been raised to correSpond to the Stage II! 
structure. The erodible bed has been molded to 
conform to the topography of the rock formation 
in the discharge channel. 

PHOTO 92 (Serial No. 130-744) An overall view of the spill
w~ model with a discharge of 30,000 ems. Confetti 
on the water surface shows the flow pattern in the 
upper pool as well as in the tailwate1" pool. 
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:t:>tiOTO 93 (Serial No. 130-747) A discharge of 17,000 ems 
over the Type G spillway bucket is characterized 
by a relatively flat jet trajectory and oonsequent 
intense vortex downstream of the powerhouse. 

PHOTO 94 (Serial No. 130-748) The erosion pattern formed 
after two hours of operation at a discharge of 
17,000 cms shown in Photo 93 1s delineated by 
contour lines. 
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PHOTO 95 (Serial No. 130-749) The photograph shows a dis
charge of 30,000 cms over the Type G spillway 
bucket. The erosion downstream of the bucket and 
deposit of sediment in the discharge channel causes 
the jet to be semi-submerged. This submergence 
rpduces the intensity of the vortex downstream of 
the powerhouse. 

PHOTO 96 (Serial No. 130-750) An overall view of the erosion 
pattern caused by 30,000 ems discharging over Type G 
bucket shows the character of the scour downstream of 
the spillway bucket and the deposit in the discharge 
channel. 
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PHOTO 97 (Serial No. l30-750A) A closeup view of the scour 
pattern in the neighborhood of the spillway shows 
in more detail the scour at the right corner of the 
right chute. This appears to be due to the trans
verse flow entering the region under the jet from 
the right bucket. 
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PHOTO 98 (Serial No. 130-760) A view of the flow pattern 
created b.1 a discharge of 17,000 cms over the Type G-7 
spillway bucket. The raised trajectory of the jet 
decreases the intensity of the vortex downstream of 
the powerhouse and reduces somewhat the velocity of 
the flow entering the region under the jet from the 
right chute. 

PHOTO 99 (Serial No. 130-761) The scour pattern created 
by this flow of 17,000 cms over the Type G-? 
bucket is slightly less severe than that formed 
with the Type G bucket. The erosion near the 
toe of the spillway has been reduced because of 
the longer trajectory of the jet. 
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PHOTO 10Q (Serial No. 130-762) The :how pattern caused by 
~ discharge of 30,000 cms over the Type G.7 spillway 
bucket is shown after operation of two hours. The 
scour hole created Qy the jet and the deposit of 
material in the discharge channel have raised the 
tailwater suffi~iently high to partially submerge 
the buckets and form a hyd~au1ie jump. 

PHOTO 101 (Serial No. 130-763) The erosion pattern caused 
by the flow of 30,000 ems over the Type G-7 spill
way bucket (Photo 100) shows that the scour at the 
right corner of the right jet is still rather 
excessive. The scour pattern and the deposit in 
the downstream channel are shown by means of contour 
lines. 
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Photo 100 

• 

Photo 101 



PHOTO 102 (Serial No. 130-753) The Type G_6 spillway bucket 
ha~ a lip angle of 45 degrees and consequently the 
jet draates a less intense vortex downstream of the 
powerhouse. The deposit of material a.fter two hours 
of operation has partially submerged the jet and 
forced it into the buckets. 

PHOTO 103 (Serial No. 130-754) The erosion pattern created 
by a discharge of 17,000 ems over the Type G-6 
spillway bucket shows that the erosion downstream 
of the spillway bucket has been reduced and that 
more sediment has been deposited at the upper end 
of the discharge channel. This tends to raise the 
tailwater elevation and serves to assist in the 
dissipation of jet energy. 



Photo 102 

Photo 103 
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PHOTO 104 (Serial No~ 130-755) The jet from the Type G.6 
spillway bucket discharging at 30,000 cms is 
partially submerged by the high tailwater caused 
by the erosion of the bed. 

PHOTO 105 (Serial No. 130-756) The erosion pattern caused 
by a discharge of 30,000 cms over the Type G-6 
spillway bucket is characterized by decreased ero
sion in the neighborhood of the spillway bucket 
and increased deposition at the head of the dis
charge ohannel. 



Photo 104 

Photo 105 



PHOTO 106 (Serial No. 130-756A) A closer view of the erosion 
pattern for 30,000 cms over the Type G-6 spillway 
bucket after two hours of operation shows the 
character of the scour at the spillway toe. The 
resulting elevation at the right corner of the 
right chute is now 110 m. 
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OHART 1 (130B40l"344) Second Phase Diversion. Revised excavations 

downstream of sluices. Model scale 1:197. 

CHART 2 (130B40l-350) Second Phase Diversion. Proposed modifications 
of excavations and gabion design. (Changed from Harza Dwg. 
239 SIC 351.) Model scale ,1:197. 

CHART 3 (130B40l-353) Second Phase Diversion. Revised excavations 
downstream of sluices incorporating transverse slope and . 
gabion alignment given in Harza drawing 239SKC351 (December 12, 
1963) Model scale 1:197. 

CHART 4 (130B40l-357) Second Phase Diversion. Revised.excavation 
downstream of sluices incorporating a 10:1 slope in the down
stream direction. Model scale 1:197. 

CHART 5 

CHART 6 

(130B40l-358) Second Phase Diversion. 
along the gabion and powerhouse wall. 

(130B401-359) Second Phase Diversion. 
along gabion with sluice a 'closed. 

Water surface profiles 
Sluice 8 open. ' 

Water surface profiles 

CHART 7 (130B401-360) Second Phase Diversion. Water surface profiles 
along gabion and powerhouse wall. Sluice 8 closed. Gabion wall 
shortened. 

CHART 8 (130B401-352) Second Phase Diversion. Right spillway wall 
excavation. 17,000 cms erosion tests. Revised sluice exit 
excavations. Model Scale 1:197. 

CHART 9 (130B401-363) Spillway Operating Characteristics. Type G spill
way. Free crest headwater rating curve. Constant gate opening 
rating curves. Constant headwater curves. Model scale 1: 197 • 

. CHART 10 (130B401-364Rl) Spillway Operating Characteristics. Type G spill
way. Free crest headwater rating curve. Constant gate opening 
rating curve. Constant headwater curve. Model scale 1:197. 

CHART 11 (130B401-302R2) Spillway Crest Calibration Curve and Discharge 
Coefficient. Type G spillway. Gates wide open. Model scale 
1:197. 

CHART 12 (130B401-380) Water Surfaces and Piezometric Pressures in the 
Left Chute. Type G-6 spillway. Q = 40,000 ems; H.W. El. -
219.7 m. Gates wide open. Model scale 1:197. 

CHART 13 (130B401.381) Water Surfaces and Piezometric Pressures in the 
Center Chute. Type G-6 spillway. Q = 40,000 ems; H.W. El. -
219.7 m. Gates wide open. Model scale 1:197. 



CHART 14 (130B40l-382) Water Surfaces and Piezometric Pressures, Right 
Chute. Type G ... 6 I?pillway. Q = 40,000 ems. H.W. El .... 219.7 m. 
Gates wide open. Model scale 1:197. 

CHART 15 (130B40l-379) Water Surfaces and Piezometric Pressure Elevations 
on the Crest of the Left. Center, and Right Chutes. Type G-6 
spillway. Q = 40,000 ems, H.W. El .... 219.7 m. Model scale 
1:197. 

CHART 16 (130B40l-385) Water Surface and Piezometric Pressures on Right 
Chute ... Right Training Wall for 40.000 ems. Type G-6 spillway. 
H.W. El .... ?19.7 m. Model scale 1:197. 

CHART 17 (130B40l··384) Water Surface and Piezometric Pressures on Center 
Chute - Right Training Wall for 40,000 ems. Type G.6 spillway. 
H.W. El .... ?19.?·m:~ Model scale 1:197. 

CHART 18 (130B40l-383) Water Surface and Piezometric Pressures on Left 
Chute - Right Training Wall for 40,000 ems. Type G-6 spillway. 
H.W. El. ';;-219.7 m" Model scale 1:197. 

CHART 19 (130B401-379) Water Surface and Piezometric Pressures Across 
Crest of Left, Center, and Right Chutes for 40,000 ems. H.W. 
El. - 219.7 m. Model scal,e 1 :197. 

CHART 20 (130B401-354Rl) Powerhouse Discharge Channel. Model scale 
1:197. 

CHART 21 (130B401-310R2) Tailwater Rating Curves in Powerhouse Channel 
for Types G, G-7, and G-6 Spillway Buckets. 

CHART 22 (130B401-355) Tailwater Rating Curves in Powerhouse Channel 
for Types G, G-7, and G-6 Spillway Buckets. 432 ems from power
house with 45 m restriction. 

CHART 23 (130B401-362) Tailwater Rating Curves in Powerhouse Channel for 
Types G, G-7, and G-6 Spillway Buckets. 432 ems from powerhouse 
with 39 m restriction. 

CHART 24 (130B401-367) Geometry of Various Spillway Buckets used for 
Erosion Tests. 

CHART 25 (130B401-339) Erosion Pattern and Water Surface and River Bed 
Profiles for Stage III D.am Type G Spillway Bucket. Q = 30,000 
ems. Test run - two hours, Type G-l material. 

CHART 26 (130B401-340) Tailwater Rating Curves for Type G Spillway 
Bucket. Erodible bed test. 

CHART 27 (130B40l-342) Erosion Pattern, Water Surface and River Bed 
Profiles for Type G-7 Spillway Bucket. Q = 30,000 ems. Model test 
run - two hours with Type G-l material. 



CHART 28 (130B401-343) Tailwater Rating Curves for Type G-7 Spillway 
Buckets. Erodible bed test. 

CHART 29 (130B401-338) Erosion Pattern, Water Surface, and River Bed 
Profiles for Type G.6 Spillway Bucket. Erodible bed test. 
Q = 30,000 ems. Model test run - two hcurs with Type G-l 
material. 

CHART 30 (130B401-337) Tailwater Rating Curves for Type G-6 Spillway 
Bucket. Erodible bed test. 

CHART 31 (130B401-336) Second Phase Diversion. Geometry of powerhouse 
units, powerhouse discharge channel, and main spillway. 

CHART 32 (130B401-369) Water Surface F1.uctuations at the Powerhouse, 
With and Without Channel Restriction. Q = 4000 and 8000 ems. 
Type G spillway. Model scale 1:197. 

CHART 33 (130B401-370) Water Surface Fluctuations at the Powerhouse, 
With and Without Channel Restriction. Total Q = 17,000 ems. 
Type G spillway. Model scale 1:197. 

CHART 34 (130B401-371) Water Surface Fluctuations at the Powerhouse, 
With and lvithout Channel Restriction. Total Q = 35,000 ams. 
Type G spillway. Model scale 1:197. 

CHART 35 (130B401-372) Water Surface Fluctuations at the Powerhouse, 
With and Without Channel Restriction. Total Q = 4000 and 
8000 ams. Type G.6 spillway. Model scale 1:197. 

CHART 36 (130B401-373) Water Surface Fluctuations at the Powerhouse, 
With and Without Channel Restriction. Total Q = 17,000 ems. 
Type G-6 spillway. Model scale 1:197. 

CHART 37 (130B401-374) Water Surface Fluctuations at the Powerhouse, 
With and Without Channel Restriction. Total Q = 35,000 ems. 
Type G.6 spillway. Model scale 1:197. 

CHART 38 (130B401-375) Water Surface Fluctuations at the Powerhouse, 
With and Without Channel Restriction. Q = 4000 and 8000 ems. 
Type G-7 spillway. Model scale 1:197. 

CHART 39 (l30B401.376) Water Surface Fluctuations at the Powerhouse, 
With and Without Channel Restriction. Total Q = 17,000 ams. 
Type G-7 spillway. Model scale 1:197. 

CHART 40 (130B40l-377) Water Surface Fluctuations at the Powerhouse, 
With and Without Channel Restriction. Total Q = 35,000 ems. 
Type G-7 spillway. Model scale 1:197. 
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NOTES: 
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Notes: 

1. Plan A as /shown on Harza 
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B as shown on Harza Dwg. 
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2. When the lower edges of the gates 
are above the bO!Jndary zone, the 
flow is completely free crest; when 
the lower edges of the gates are 
below the boundary zone, the flow 
is completely gate controlled. 
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Notes: 

1. Crest and gates as shown on Harza Owg. 
239S165. 

2. When the lower edges of the gates are 

3. 

above the boundary zone, the flow is 
completely free crest; when the lower . 
edges of the gates are below the boundary 
zone, the flow is completely gate con
trolled. 

The two famil ies of curves have been cid
justed to correspond with each other on 
the basis of the experimental data (ChQrt 
130B401-363) • 
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Tailwater rating curve for increasing discharge 
from 0 cms with initially uneroded bed geometry. 

Tailwater rat·ing curve for bed conditions 
corresponding to erosion pattern for 30,000 cms. 

Tailwater rating curve for. bed conditions corresponding 
to 30,000 cms erosion with deposits cleared from the 
tailrace channel. 
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WATER SURFACE FLUCTUATIONS AT THE POWE:RHOUSE 

Q = 4000 cms Q = 4000 cms Q = 8000 cms 
lJRreItrl cted 39 m wide Unrestricted 

TIme duration of model test run 2.0 min O.B min 0.9 min 
Time duration of prototype 2B.5 min 11.4 min 12.4 min 
Average water surface elevation 126.7 m 126.7 m 121.1 m 
Maximum water surface elevation 127.6 m 12B.2 m 121.2rm 
Minimum water surface elevation 125.9 m 126.2 m 120.9 m 

Notes: 1. The wave probe was located 5 m downstream of the 
powerhouse, midway between Units 1 and 2. 

2. Unrestricted powerhouse discharge channel as 
shown on Harza Owg 239SKC351. 

3. 39 m wide powerhouse discharge channel as 
shown on Owg 130B401-354R1. 

Q = 8000 cms 
39 m wide 

0.6 min 

8.7 min 

122.5 m 

122.6 m 

122.5 m 

o 
I 

TJ'me S~ale I~ Model 
in 5econds 

o 100 
j I , ! ! I 

Time Scale in Prototype 
in Seconds 

CHART 32 

Total Q = 8000 cms - Powerhouse Q = 132 cms 
Unrestricted Powerhouse Discharge Channel 

H. W. Elev. 215.0 m 

Total Q = 8000 cms - Powerhouse Q = 432 cms 
39 m wide Powerhouse Discharge Chao,"el 

H. W. EI ev. 215. 0 m 

10 
I 

WATER SURFACE FLUCTUATIONS 
AT THE POWERHOUSE 

With and Without Channel Restriction 
Total Q = 4000 and 8000 cms 

Powerhouse Q = 432 cms. 
Type G Spillway 

Model Scale 111 '17 
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Total Q = 17,000 ems - Powerhouse Q - 432 ems 
Unrestricted Powemouse Discharge Channel 

H. W. EI ev. 215.0 m 

otal Q = 17,000 cms - Powerhouse Q ~ 432 cms 
39 m wide Powerhouse Discharge Channel 

H. W. Elev. 215.0 m 
WATER SURFACE FLUCTUATIONS AT THE POWERHOUSE 

Time duration of model test run 

Time duration of prototype 

Average water surface elevation 

Maximum water surface elevation 

Minimum water surface elevation 

Q = 17,000 cms 
Unrestricted 

.200 min 

27 0 9 min 

122 0 9 m 

125.4 m 

121 .. 5 m 

Q = 17,000 cms 
39 m wide 

206 min 

3605 min 

12206 m 

12408 m 

12204 m 

Notell 1.. The wave probe was located 5 m downstream of the 
powerhouse, midway between Unlh 1 and 2. 

2. Unrestricted powerhouse discharge channel as 
shown on Harza Owg 239SKC351 .. 

3. 39 m wide powerhouse discharge channel as 
shown on Owg 130B401-354Rl 0 

o 
! I I I 

Time Scale in Model 
In Seconds 

o 100 
! I I I ! J 

Time Scale In Prototype 
In Seconds 
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CHART 33 

WATER SURFACE FLUCTUATIONS 
AT THE POWERHOUSE 

WIth and WIthout Channel RestrictIon 
Total Q = 17,000 cms 

Powerhouse Q = 432 ems 
Type G SpiHwOy 

MOdel Scale 1 :197 
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Tota Q - ";I~ ,000 cms; Powenouse ~ - "1-.,; cms 

Unrestricted Powerhouse DIscharge Cticnnel . 
H. W. Elev. 217.4 m 

ota ~ - ':I~I,~ '\. cms; ower10use ~ - ii cms 
39 m wide Powerhouse Discharge Channel 

H. W. Elev. 217.4 m 

WATER SURFACE FLUCTUATIONS AT THE POWERHOUSE 

Time duration of model test run 

Time duration of prototype 

Average water surface elevation 

Maximum water surface elevation 

Minimum water surface elevatIon 

Q = 35,000 cms 
Unrestri cted 

3.5 min 

49.3 min 

122.0 m 

125.2 m 

121.2 m 

Q = 35,000 cms 
39 m wide 

2.6 min 

37.2 mIn 

122.7 m 

125.1 m 

122.5 m 

Notes: 1. The wave probe was located 5 m downstream of the 
powerhouse, midway between Units 1 and 2. 

2. Unrestricted powerhouse discharge channel as 
shown on Harza Dwg 239 SKC 351 • 

3. 39 m wide powerhouse discharge channel as 
shown on Owg 130B401-354Rl • 

o 
I 

Time Scale in Model 
in Seconds 

o 100 
I I I I I I 

Time Scale In Prototype 
in Seconds 
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CHART 34 

WATER SURFACE FLUCTUATIONS 
AT THf POWERHOUSE 

With and Without Channel Restriction 
Total Q = 35,000 cms 

Powerhouse Q = 33~,cms 
TYp'e-G 5RiIlwOY.; 

Model Scale 1 :197 
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Total Q = 4000 cms; Powerhouse Q = 432 cms 
Unrestricted Powerhouse Discharge Channel 
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Total Q = 4000 cms; Powerhouse Q = 432' cms 
39 m wide Powerhouse Discharge Channel 

126 
on 
L. 125 Q) -Q) 

~ 124 
c .-
c 123 
0 .-- 122 ~ 
Q) 

w 121 

p 

126 
r! 125 Q) -Q) 

~ 124 
c .-
c 123 
0 .-- 1 ,... . 0 
> 
Q) 

iIi 121 

I 

iT" 

Total Q = 8000 ems; Powerhouse Q == 432 cms 
Unrestricted Powerhouse Discharge Channel 
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Total Q == 8000 ems; Powerhouse Q == 432 ems 
39 m wide Powerhouse Discharge Channel 

CHART 35 

t 

WATER SURFACE FLUCTUATIONS AT THE POWERHOUSE 

Q = 4000 cms Q == 4000 cms Q = 8000 cms 
Unrest .. i cted 39 m wide Unrestricted 

Time duration of model test run loS.min 1 .. 4 mjn 200 min 
Time duration of prototype ·20 ... 6.min 2000 min 2801 min 
Average water surface elevation :126 .. 9m 127.0m 123.4 m 

• Maximum water surface elevation 127.4m 127.3 m 124.0 m 
Minimum water surface elevation 126.4 m 126.5 m 12205 m 

Notes: 1. The wave probe was located 5 m downstream of the 
powerhouse, midway between Units 1 and 20 

20 Unrestricted powerhouse discharge channel as 
shown on Harza Dwg 239 SKC 351. 

30 39 m wide powerhouse discharge channel as 
shown on Dwg 130B401-354R1 • 

Q = 8000 ems 
39 m wide 

108 min 

2508 min 

12306 m 

12400 m 

12302 m 

o 10 
J , I ! I I 

Time Scale in Model 
in Seconds 

9 I I I I 1qO 
Time Scale in Prototype 

in Seconds 

WA TER SURFACE FLUCTUATIONS 
AT THE POWERHOUSE 

With and Without Channel Restriction 
T ota I Q = 4000 and 8000 cms 

HoW 0 EI ev. 215. 0 m 
Powerhouse Q == 432 cms 

Type G-6 SpJllwQY 
... ..J .. I, S· I'e 1·1 Yh ".o.~t ,C:;Q ,~. f 
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CHART 36 
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Total Q = 17,000 cms; Powerhouse Q = 432 cms 
Unrestricted Powerhouse Discharge Channel 
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Total Q = 17,000 cms; Powerhouse Q = 432 cms 
. 39 m wide Powerhouse Discharge Channel 

WA TER SURFACE FLUCTUATION SAT TH E POWERHOUSE 

Time duration of model test run 

Time duration of prototype 

Average water surface elevation 

Maximum water surface elevation 

Minimum water surface elevation 

Q = 17, 000 cms 
Unrestricted 

302 min 

4500 min 

12505 m 

12704 m 

123.8 m 

Q == 17,000 cms 
39 m wide 

309 min 

54.8 min 

126.2 m 

127 06 m 

12406 m 

Notes: 1. The wave probe was located 5 m downstream of the 
powerhouse, midway between Units 1 and 2. 

2. Unrestricted powerhouse discharge channel as 
shown on Harza Dwg 239 SKC 351. 

3. 39 m wide powerhouse discharge channel as 
shown on Dwg 130B401-354Rl. 

o 10 
I I 

Time Scale in Model 
in Seconds 

o 100 
I I 

Time Scale in Prototype 
in Seconds 

WATER SURFACE FLUCTUATIONS 
AT THE POWERHOUSE 

With and Without Channel Restrictiolil 
Toto I Q = 17,000 cms 
H. W. Elev. 215.0 m 

Powerhouse Q = 432 cms 
Type G-6 Spillway 
Model Scale 1 :197 
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Total Q = 35,000 cms; PONerhouse Q = 432 cms 
Unrestri cted Powerhouse Discharge Channel 

Total Q = 35,000 cms; Powerhouse Q = 432 cms 
39 m wide Powerhouse Discharge Channel 

WATER SURFACE FLUCTUATIONS AT THE POWERHOUSE 

Q = 35,000 cms 
Unrestri cted 

Time duration of model test run 3.0 min 

Time duration of prototype 42.3 min 

Average water surface elevation 128.8 m 

Maximum water surface elevation 130.5 m 

Minimum water surface elevation 127.8 m 

Q = 35,000 cms 
39 m wide 

3.8 min 

53.0 min 

129.4 m 

131.5 m 

128.0 m 

Notes: 1. The wave probe was located 5 m downstream of the 
powerhouse, midway between Units 1 and 2. 

2. Unrestricted powerhouse discharge channel as 
shown on Harza Dwg 239 SKC 351. 

3. 39 m wide powerhouse discharge channel as 
shown on Dwg 130B401-354Rl. 

o 
I 

Time Scale in Model 
in Seconds 

? 100 
I 

Time Scale in Prototype 
in Seconds 
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CHART 37 

WATER SURFACE FLUCTUA nONS 
AT TH E POWERHOUSE 

With and Without Channel Restriction 
Total Q = 35,000 cms 
H. W. Elev. 217.4 m 

Powerhouse Q = 432 cms 
Type G-6 Spillway 
Model Scale 1: 197 
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Total Q = 4000 cms; Powerhouse Q = 432 cms 
Unrestricted Powerhouse Discharge Channel 
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Total Q = 4000 cms; Powerhouse Q = 432 cms 
39 m wide Powerhouse Discharge Channel 
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Total Q = 8000 cms; Powerhouse Q = 432 cms 
Unrestricted Powerhouse Discharge Channel 

" 

rr':I . 

iflhl 
. , It-Hii 1+ 

Total Q =8000 cms; Powerhouse Q = 432 cms 
39 m wide Powerhouse Discharge Channel 

CHART 3e 

WATER SURFACE FLUCTUATIONS AT TH E POWERHOUSE 

Q = 4000 cms Q = 4000 cms 
Unrestri cted 39 m wide 

Time duration of model test run 2.1 min 1.6 min 

Time duration of prototype 30.0 min 2.3 min 

Average water surface elevation 126.7 m 126.7 m 

Maximum water surface elevation 127.1 m 127.0m 

Minimum water surface elevation 126. 1 m 126.2 m 

Notes: 1. The wave probe was located 5 m downstream of the 
powerhouse, midway between Units 1 and 2. 

2. Unrestricted powerhouse discharge channel as 
shown on Harza Dwg 239 SKC 351 • 

3. 39 m wide powerhouse discharge channel as 
shown on Dwg 130B40l-354Rl • 

Q = 8000 cms 
Unrestrl cted 

2.4 min 

33.4 mhi 

121.6 m 

122.6 m 

121. 1 m 

Q = 8000 cms 
39 m wide 

2. 1 min 

30.0 min 

122.5 m 

122.5 m 

122.5 m 

o 10 
I I I I I I 

Time Scale In Model 
. in Seconds 

o 100 
I I I I I I 

Time Scale in Prototype 
In Seconds 

WATER SURFACE FLUCTUATIONS 
AT THE POWERHOUSE 

With and Without Channel Restriction 
Q = 4000 and 8000 cms 
H. W. Elev. 215.0 m 

Powerhouse Q = 432cms 
Type G-7 Spillway 
Model Scale 1: 197 

GURI PROJECT MODEL STUDIES 
Government of Venezuela 

Harza Engineering Company, Chicago, Illinois 
COMPREHENSIVE MODEL SPILLWAY STUDY 

SAINT ANTHONY FALLS HYDRAULIC LABORATORY 
UNIVERSITY OF MINNESOTA 

DRAWN ALC I CHECKED ~ I APPROVIED 
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WATER SURFACE FLUCTUATIONS AT THE POWERHOUSE 

Q = 17, 000 cms 
Unrestri cted 

Time duration of model test run 3. a min 

Time duration of prototype 42.1 min 

Average water surface elevation 123.4 m 

Maximum water surface elevation 125.1 m 

Minimum water surface elevation 121.7 m 

Q = 17, 000 cms 
39 m wide 

2.0 min 

28.1 min 

123.7 m 

125.0 m 

123.0 m 

Notes: 1. The wave probe was located 5 m downstream of the 
powerhouse, midway between Units 1 and 2. 

2. Unrestricted powerhouse discharge channel as 
shown on Harza Dwg 239 SKC 351. 

3. 39 m wide powerhouse discharge channel as 
shown on Dwg 130B401-354Rl • 

o 10 
I I 

Time Scale In Model 
in Seconds 

o 100 
I I I I I I 

Time Scale in Prototype 
in Seconds 

CHART 39 

WA TER SURFACE FLUCTUA nONS 
AT THE POWERHOUSE 

With and Without Channel Restriction 
Total Q = 17,000 cms 
H. W. Elev.215.0.m 

Powerhouse Q = 432 cms 
Type G-7 Spillway 
Model Scale 1 :197 
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ota I.." -. :>,1 cms; owerhouse ~ - f':i., cms 
Unrestricted Powerhouse Discharge Channel 

Total Q = 35,000 cms; Powerhouse Q = 432 cms 
39 m wide Powerhouse Discharge Channel 

WATER SURFACE FLUCTUATION SAT TH E POWERHOUSE 

Q = 35,000 cms Q = 35,000 cms 
Unrestri cted 39 m wide 

Time duration of model test run 2.6 min 4.2 min 

Time duration of prototype 35.8 min 58.6 min 

Average water surface elevation 124.3 m 124.9 m 

Maximum water surface elevation 126.3 m 127.3 m 

Minimum water surface elevation 122.3 m 123.4 m 

Notes: 1. The wave probe was located 5 m downstream of the 
powerhouse, midway between Units I and 2. 

2. Unrestricted powerhouse discharge channel as 
shown on Harza Dwg 239 S KC 351 • 

3. 39 m wide powerhouse discharge channel as 
shown on Dwg 130B401-354R1 . 
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Time Scale in Model 
in Seconds 
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Time Scale in Prototype 
in Seconds 

CHART 40 

WATER SURFACE FLUCTUATIONS 
AT THE POWERHOUSE 

With and Without Channel Restriction 
Total Q = 35,000 cms 
H. W. Elev. 217.4 m 

Powerhouse Q = 432 cms 
Type G-7 Spillway 
Model Scale 1: 197 
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