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FOREWORD 

The studies described in this report l'Tere made during the period 
from April 1949 to December 1949 in the Hydraulics Laboratory of Colorado 
A & M College, Fort Collins, Colorado. Construction and testing of the Hirakud 
models was authorized in a contract between the Colorado Agricultural Research 
Foundation of Colorado A & M College through the Civil Engineering Section of 
the Exp�riment Station and the International Engineering Company, Inc. of 
Denver, Colorado. 

The engineers of the International Engineering Company who were 
responsible for the design of the structure, particularly Messrs. B. M. Johnson, 
H. W. Birkeland, and W. A. Waldorf, studied the models in operation and dis­
cussed the results 'dth laboratory staff members before and after the various 
revisions were made. Throughout the entire construction and testing of the 
models, consultations with and inspections by representatives of the company 
were maintained at regular intervals • . These representatives were Messrs. 
S. H. Louie and W. ·A. English. 

Several engineers from India who were representing the interests of 
the Indian Goverrunent inspected various aspects of the model studies and con­
ferred "lith the laboratory staff regarding the tests. These engineers were 
Messrs. Kanwar Sain, S. C. Desai,· Pritam Singh, and G. S. Subramanyan. 

Since July 1949, Professor T. H. Evans has been Dean of Engineering 
and Chairman of the Engineering Division of the Experiment Station and since 
August 1949, Dr. Dean F. Peterson has been Chief of the Civil Engineering 
Section of the Experiment Station. 

Laboratory staff engineers who contributed to the model studies were 
Messrs. A. R. Robinson, in charge of the design office and the construction of 
the models; D. Q. Matejka, in charge of the testing of the models; and King Yu 
and C. H. Zee, assistants to Mr. }Iatejka. During the sununer, Mr. C. H. Lamb 
helped with the model studies and took a number of the photographs. Professor 
S. D. Resnick supervised the compilation of the material for the report. Other 
laboratory staff members were Messrs. James A. Decker, construction foreman; 
and Lyle A. \viggen, machine-shop foreman. 

Part-time staff member of the laboratory was Mr. A. J. Peterka, 
technical consultant, '�o l'ms assisted by Messrs. W. E. Wagner andY. Fong. 
Mr. Peterka assumed considerable responsibility in establishing the design 
of the original models and in initiating revisions as well as in organizing 
and writing the report. 

The entire program was under the direct supervision of Dr. l'!aurice L. 
Albertson. 
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Chapter I 

INTRODUCTION 

General 

Hirakud Dam will be constructed on the Mahanadi near Sambalpur in 
the State of Orissa, by the Central Government of India. This site, >iith an 
elevation of about 500 feet above sea level, intercepts a �mtershed of 32,200 
square miles, and the reservoir created >fill have a storage capacity of 
6,000,000 acre-feet at reservoir Elev. 625. The project >·rill produce hydro­
electric pmver, provide storage of irrigation >vater, have locks for the 
passage of shipping, and give limited flood control on the lower Mahanadi. 
A region encompassed by approximately a radius of 200 miles will receive direct 
benefits from the project . General relative locations are shown in �vgs . 1 
and 2. 

Need for Studies 

The Central Waterpower, Irrigation and Navigation Commission, the 
agency of the Government of India responsible for the Hirakud Project, pro­
cured the services of the International Engineering Company, Inc. (Denver, 
Colorado office ) to design the dams and appurtenant works . Dr. John L. Savage 
was retained as consulting engineer for the project • 

Due to the uniqueness and over-all magnitude of this project, hy­
draulic model studies were deemed essential for.proper design by the Central 
Waterpower, Irrigation and Navigation Commission, the designers, and the 
consulting engineer. Accordingly, the Colorado Agricultural Research Foundation 
of Colorado Agricultural and Mechanical College was engaged by contract with 
the de,signer in April, 1949 to perform the model studies and submit a report 
on its findings. During the ensuing period this >-mrk has been conducted in 
the Hydraulics Laboratory of Colorado A & M College at Fort Collins, Colorado . 

Scope of Investigations 

The p1�ry objective of hydraulic model studies is to aid the 
designer in developing and checking established concepts of the proposed 
hydraulic features, and thereby provide assurance that such structures �rill 
operate as intendedo An over-all model of the project would have been ·de­
sirable to integrate the perforn�nce of the component parts of the project, 
and a model of the proposed navigation locks would have been helpful il1 ob­
taining a satisfactory and economical hydraulic filling and emptying system. 
However, limitations in time and funds restricted the investigation to studies 
of a 4-1/2-bay, sectional model of the ;:;pillvray and sluices . The auxiliary 
spill�my apron and the service spillvmy apron were investigated and developed 
from the tests on the sectional model. �� types of sluices, open channel and 
pressurized, were investiga4ed and finally a separate model of one sluice 
inlet was constructed and tested to develop a more satisfactory inlet shape . 

It was decided that this report should contain not only the usual 
interpretation of data and reconunendations, but also a detailed description 
of the entire process of making and interpreting the model studies. Thus, 
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this report has been expanded to include the reasoning used in determining the 
model scales, the explanation of the design and construction of the models, and 
tQ� tes�ing procedures. 

PrototyPe Structure 

:..:..::--: -=---: _ HiraJrud Dam will be constructed across the Mahanadi at a point where 
the river consists of two primary channels (see Dwg. 3). Spillway flows will 
be discharged into the left charrr1el and the power dam and navigation locks 
will be located in the right channel. There �dll be no intermingling of flow 
in the two channels. The entire structure, spanning both channels, will be 
about 16,000 ft long. The structure \�11 consist of a concrete spillway dam 
3,270 ft long flanked by earth dams totaling 9730 ft in length and the concrete 
power dam and navigation locks which total 2800 ft in length. 

Spilhray Dam - The general plan of the spilhmy dam and its location 
relative to the river and the topography of the site is sho�m in Dwg. 4. It 
is a straight-alignment, concrete gravity structure \�th maximum height ap­
proximately 240 ft. The downstream face of the dam has a slope of 1 on 0.7. 
Flood discharges \�ll be passed through 84 sluices and 86 crest spilhray bays. 
As may be seen in �.,rgs. 5 and 6, the barrel of each sluice is 20.33 ft high 
by 12 ft wide and the flmv is controlled by a vertical ;.rheeled gate. Each 
bay of the crest spill·hray is 21 ft �Tide and in the original design \'las con­
trolled by a radial-type crest gate having an effective height of 12 ft. In 
the final design, however, the crest gate has been changed to a vertical type. 

=--The 84 sluices (70 operating) have a discharge capacity of 1,070,000 cfs 
and the 86 bays of the overfall spilhray 250,000 cfs for the normal reservoir 
Elev. 625, making the combined capacity' 1,320,000 cfs. Thus each sluice i<Till 
discharge 15,300 cfs and each spilhray bay 2, 900 cfs. To provide for the 
handling of large floods the structure is designed to handle discharges up to 
tQ.e maximum \mter surface Elev. 630. The designers planned that for this head 
each sluice -vrould discharge 15, 500 cfs and each spillway bay 5, 200 cfs making 
a_combined total of 1,535,000 cfs. 

_ �he spill�ray is divided into t\'10 separate sections, a service section 
which will be operated until its capacity is exceeded, and an auxiliary sec­
tion which �dll be used_to pass the larger floods. In the service section, 

_which has 17 crest spillway bays and 16 sluices, the energy developed by the 
fall of 160 ft is 5,520,000 HP total or 13,100 HP per ft of width. This 
energy is to be dissipated in a stilling basin having a horizontal apron and 
a:�entated_ end sill as sho"m in Dwgs. 5 and 7. 

-:_- Belm-.r the auxiliary spilhray section, �1hich includes 69 crest. gates and 
68_sluices, there is no stilling basin to dissipate the energy but rather a 
curved trajectory bucket having a radius of 50 ft which projects the vrater 
downstream as far from the structure as· possible (see Dwg. 5). The dovrnstream 
river channel is composed of rock either exposed or thinly covered with loose 
material. 

-

_ A set of area-capacity and discharge rating curves, for the reservoir and 
appurtenant structures, is given in Dwg. B. 

Power Plant - A pm·rer plant, housing six hydro-turbine generators of 
37,500 kvT capacity each, \�11 be constructed contiguous with the concrete, 
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gravity type power dam (see Ihrg. 3). Penstocks, .controlled by fixed-,.Theel 
gates within the dam, extend through the dam to serve the turbines. The flmi 
leaving the tailrace is turned to the left by training walls. 

Navigation wcks - In order to provide for navigation on the 1-fahanadi. 
past Hirakud D� 'l.avigation locks \vill be constructed near the right end of 
the power dam. e double lift locks ,..rill raise or lmver shipping a maximum 
distance of ll6 Ships having a 9-ft draft can pass through the locks 
\'Thich are 60 ft - i'li.dth and 360 ft in length. Approximately 500 ft dmm.stream 
from the locks, e navigation channel is turned 45° to the left (IA·rg. 3). 

Model Studies 

Preliminary to constructing models of Hirakud spillway, the hydraulic 
features of the proposed design were studied to determine where difficulties 
might. be encounte"Ted in obtaining satisfactory performance. As a result of 
this analysis it �s found that the problems were of t,.m general types-those 
involving the fi W passages and those pertaining to the structure as a \'Thole. 
Those of �he first type; flow over the crest spill\'my, flow through the sluices, 
and performance or the apron and trajectory bucket were considered of primary 
importance. Thos-e of the second type; flo,.r in the river both upstream and down­
stream from the - , effect of the service and auxiliary spilhmys on flmv in 
the river channe � necessary height and length of the training \'Tall between the 
spillways,. and wave effects in the lm·Ter channel also needed to be studied. 

To tes and develop the structure in an ideal manner, it \'rould have 
been desirable to study problems of the first type using separate models for 
each individual part of the structure in so far as possible. The developed 
designs of' each f'eature could then be assembled into a complete model of the 
entire project �rllere the problems of the second type couJ.d be studied. 

In the case of the Hirakud project, hm'l'ever, it was not practical to 
construct one model to study both types of problems. The more detailed problems 
of the first type Tequire larger models than do those of the second type. Be­
cause of the great length of the dam relative'to the height, a model large 
enough to study in detail the individual flow passage would be of great size, 
and much larger t an necessary to study the river flow conditions. Data would 
be difficult to 'tain inside a model of this type and if changes were made 
in the design o� the sluices or spillway bays, extensive changes throughout 
more than 80 additional sluices and bays would be necessary. It was decided, 
therefore,. that a :relatively large sectional model of the spill,.;ay dam should 
be constructed to study the performance of the individual flow passages and 
the flow pattern in the stilling basin immediately do\'mstream from the dam. 
The model scale ¥as selected after taking into account: (1) the type of data 
which �as necessary to evaluate the designs, (2) the absolute dimensions of the 
closed conduit portions of the model, (3) the absolute depth of ,.mter on the 
spillway crest, (lJ the degree of accuracy necessary in the model, and (5) the 
laboratory facilities such as the capacity of the pumping system and the floor 
space and head room available. A model scale of 1:40 was found to fulfill all 
the requirements. To reduce the side•·mll effects in the test flume to a mini­
mum, it was necessary to construct a section of spillway·4-l/2-bays ".ride. By 
proper design it as possible in the same flume to study, with only minor 
changes in the model, both the service spillway and the auxiliary spillway. 

Althou� it would have been desirable to build and test, in addition, 
a smaller complete model to study problems of the second type, limitations in 
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time and funds prevented such a study for the present. Construction and 
testing of a model of the navigation locks was prevented for the same reasons. 

The first tests on the sectional 1:40 scale model to determine the 
pressure distribution in the sluices indicated that extensive development 
studies would be necessary. To simplify and reduce the cost of developing a 
sluice design it lias necessary to construct and test an auxiliary model of one 
sluice inlet. This model, also built to a scale of 1:40, was arranged to make 
it possible to obtain basic data that could not be conveniently obt.ained from 
the sectional model. 
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Chapter II 

THE SERVICE SPILLWAY MODEL 

A. MODEL CONSTRUCTION AND TESTING 

Before describing the model construction and testing, it is neces­
sary that the problems to be considered in the model tests be thoroughly under­
stood. The anticipated problems affect the design of the model as much as any 
other factoro For example$ if it is suspected that a portion of the structure 
may not perform satisfactorily9 the model should be made flexible at this point. 
Therefore, in this section the problems to be considered will be presente� 
first1 followed by a description of the design and construction of the original 
model» and the equipment and procedure for testingo In other sections the test 
results and the recommended revisions will be discussedo 

-Problems to Be Considered 

In order to systematically present the problems which must be con­
sidered in the study of the service spillway model, they will be discussed in 
order starting with the entrance and exit conditions, followed by the performance 
of the spillway I1 _the sluice, and the stilling basin. 

Entrance and Exit - In most model studies, it is very important to repro­
duce the approach conditions upstream from the damo However, as may be seen 
in the general layout of the original design (Dwgo 3), the topography upstream 
from the dam is sufficiently far from the service spillway to have very little 
effect on the flow approaching the spillwayo Thus, in the sectional model it 
is sufficient to provide an approach channel scaled approximately to the pro­
totype deptho It also is necessary to provide a uniformly distributed water 
supply at the upstream end of the approach channel. 

In the downstream portion of the sectional model, it should be possible 
to reproduce accurately the range of tailwater elevations indicated by the 
tailwater rating curve in Dwg. Bo With a given number of gates in operation 
in the sectional model, the same or any greater number of gates could be con­
sidered to be open in the prototype. Therefore, for a s ingle arrangement of 
gates in the model it is necessary to test the model over a wide range of 
tailwater elevatio��. 

Overfall Spillway � The items to be considered in connection with spill­
way performance are the flow patterns over the crest and adjacent to the piers, 
on the face of the spillway, and in the vicinity of the sluice outlets. Be­
cause prototype operation of the spillway at times will involve various combi­
nations of open and closed gates$ the effect of one or nore closed gates adja­
cent to an open gate or gates shouid' be determined. When a group of spillway 
bays are operating together, the width of reservoir contributing to the flow 
through one of the central bays isonly the width between the extended center­
lines of the pierso On the other hand when only a s ingle bay is operating, 
the area contributing is much wider, thereby causing a greater degree of r-on­
traction of the flow as it enters the bay. The effect of the greater contrac­
tion on the discharge through a single bay should be investigated. 
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Although suffic.i.ent information is now generally available to enable de­
signers to calculate an efficient spillway crest� it is advisable to check the 
pressures on the crest of the model. Excessively high pressures indicate an 
inefficient crest With a lower than necessary discharge coefficient. Very low 
pressures, on the other hand, indicate that cavitation could occur in the pro­
totype. 

Because of the various phenomena involved in the flow of water over the 
crest and down the .face of the spillway� the problems of making the model com­
pletely similar dynamically to the prototype is very complex. Although the 
gravitational forces reflected in the Froude number dominate, the forces of 
viscosity in the R�olds number also play a part in the flow problem. 

Normally, as a fluid moves along a boundary$ a boundary layer is formed. 
The thickness of this layer and the velocity distribution within it depe.nd on 
the viscous forces �thin the flaw and the roughness of the surface. Hence, 
as the water enters a spillway� flawing over the crest and past the piers, the 
boundary layer begins its development. In this particular zone$ the streamlines 
converge rapidly due to the acceleration caused by the gravitational forces and 
tend to confine the boundary layer so that the viscous forces become relatively 
less important. Therefore, in the region of the crest the gravitational forces 
represented by the Froude number are an adequate criterion for similarity. 

As the water progresses down the face of the spillway, the streamlines 
converge less rapidly and the boundary layer is therefore able to develop in 
a more normal fashion. As previously described, this development depends upon 
the Reynolds number of the flow and the relative roughness of the surface. 
Which of these two factors predominates in its i�lue�ce depends upon the 
relative magnitude of the forces created by each. ·If viscous forces predominate, 
the roughness is covered by the laminar sub-layer and is therefore ineffective. 

·In this case Reynolds number must be a constant from model to prototype in order 
to have absolute dynamic similarity. Unfortunately, hmvever, if water is used 
in the model, it is impossible to have both the Froude number and the Reynolds 
number a constant at the same time. Thus, it is impossible to completely repro­
duce prototype flaw in the model. 

If roughness predominates, so that the laminar sublayer is destroyed, the 
turbulence and general development of the boundary layer become independent of 
the Reynolds number, and are a function only of the relative roughness. In this 
case, then, it is necessary to keep both the Froude number and the relative 
roughness a'constant from model to prototype -- a condition which is possible 
at least theoretically. 

For these reasons, care should be taken in choosing the scale of the model 
and in the design or its various features to make the gravitational forces pre­
dominant over the viscous forces and to have the roughness as near as possible 
geometrically similar to the prototype roughness. To be certain that gravity 
forces predominate, the model should be constructed sufficiently large that 
the forces involved in the development of the boundary layer and the sur-
face tension forces are relatively insignificant. A rule of thumb sometimes 
used fo r establishing the scale of a model is to have the head on the crest 
of the overfall spillway greater than 2 inches, the width of the bays greater 
than 3 inches, and sluic�s 4 inches in the least dimension. 
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Finally� the di.scharge capacity of the spillway should b� determined for 
various headwater elevationso Rating curves for a single gate operating and 
also for all gates operating should be obtained both to aid in properly opera­
ting the completed prototype structure and also to assure the designer that 
the capacity of the structure meets the necessary requiremento 

Since the powerhouse 
conditions resulting from 
yard were of no concerno 
were not initiatedo 

is far removed from the spillway ( see Dwgo 3), the 
excessive spray near and on the powerhouse and switch­
Therefore, studies to measure the amount of spray 

Sluices - To evaluate the performance of the sluices, it is necessary to 
study and evaluate the flow pattern through the sluices� taking special note 
of flow at the entrance and throughout the barrel of the sluiceo At the out­
let, the characteristics of the flow pattern should be determined with the 
sluice operating alone and also with flow from the spillway crest as it im­
pinges upon the water discharging from the sluiceo A glass sidewall or panel 
for observing this flow pattern visually is extremely advantageous and should 
be providedo Because the flow patterns can be disturbed appreciably by minor 
irregularities in the model� it is of primary importance that the sluice and 
the gate which controls the flow be reproduced very accurately in the modelo 

In ordc� to provide a sufficient number of sluices through the dam to 
pass the large discharges which occur during a flood� it was necessary for the 
designers to place the sluices so close together that the design of the sluice 
inlet became a major problemo As a result of this situ.ation, careful design 
was required in order to obtain satisfactory pressures in the sluice inleto 
It is necessary� therefore, to provide means in the model for accurate� measur­
ing the pressure distribution at all critical points in the sluiceo 

To be certain that the discharge through the sluices is sufficient to meet 
the requirements and also to provide information for operation of the completed 
prototype structure, the discharge capacity of the sluices should be determined 
for various headwater elevationso 

Stilling Basin - The energy per foot of width entering the stilling basin 
of the service spillway is unusually largeo An efficient stilling basin is 
therefore a necessityo Tests on a number of designs are usually necessary to 
develop and prove the effectiveness of a stilling basino Therefore, the model 
basin should be sufficiently flexible that modifications can be made without 
difficultyo 

Within the stilling basin� the general action should be observed and ana­
lyzedo Waves and P<�ges created in the downstream channel as well as the ero­
sion should be observed and measuredo Thus� a movable bed to measure the 
depth and extent of the erosion should be provided and staff and point gages 
should be available to measure the wave heightso 

Obviously� with a sectional model it is possible to reproduce the trans­
verse flow pattern only to a very limited extento Investigations should be 
made of unsymmetrical gate operations wnich cause eddies and the deposition 
of debris in the bucket of the auxiliary spillwayo Action of this type might 
erode the prototype bucket to a dangerous degreeo 
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Pressure on the dentated end sill should be checked to be certain that 
d�gerously low pressures do not occur on the sill corners. The model pres­
sures are also useful to the designers in providing for sill stability in the 
prototype. Means should thus be provided in the model for measuring the 
pressure distribution on the silL 

-·-=- :.- �- - -: -:: - - - - - ' ::_ :- _ _ -_· : . -- - ---

-- ----- · · After consideration of the foregoing problems, the original model 
of the service spillway was designed and constructedo The discussion of the 
m�el design and construction has been divided into the following headings: 
the general layout of the model, the head box and glass-walled test flume, 
the river bed, the overfall spillway, the sluices, and the stilling basin. 

General Layout - The 4-l/2-bay sectional model of the spillway was con­
structed in a test flume with a glass sidewall in the upstream end through 
which th� performance of the spillway, sluices, stilling basin, and a portion 
of the downstream channel could be viewed (Plate l and Fig. l)o At the up­
stream end of the flume, a head box equipped with a stilling baffle prepared 
the flow from the laboratory supply line to pass over or through ·the structure. 

At the lower end of the test flume a tail gate was constructed to provide 
the necessary control of the tailwater elevationo The test flume was made 
sufficiently long to deve1op the flow and scour patterns which would exist 
downstream from the stilling basin when the maximum discharge was passing 
through the model (Plate 2). The height of the flume was governed by the 
maximum height of the tailwater plus surges and splash, and the lowest ex­
pected depth of scour. Sufficient depth for scour was provided so that the 
wood_bottom of the test flume would not be exposed during a test. 

. . 
_ The height of the head box above the top of the spillway crest was 

governed by the expected head loss through the stilling baffle plus some 
freepgard. The elevation of the top of the head box was approximately ele­
vation 659, making the head box 6.2 feet high. The equivalent of 40 feet of 
bed material below the apron at Elev. 452, and 60 ft belrrN the top of the 
original end sill was provided. The top of the flume sidewalls was approxi­
mately Elevo 575, making the flume walls 4.75 ft high in the model. 

_Head Box.aD1 -Glass-Wailed-Flume -The head box, 8 ft by 7 ft and 6.16 
ft deep, was made wider than the test flume to provide low-velocity tranquil 
flow at the entrance to the flume. At the upstream end of the head box a rock 
baffle 9 inches thick (Figo 1) was placed across the entire width of the head 
box to dissipate the energy of the incoming flow of water from the 8- anct 
14-in. inlet pipes of the circulation system. A transition (Fig. 1 and 
Plates 3 and 4) was used to conduct the flow from the head box to the narrower 
test flume. The transition curve was designed to provide uniform flow con­
ditions in the spillway approach. 

In order to reduce the cost of connectirlg the model to the water supply, 
a low-priced, low-head irrigation valve was used instead of the more expensive 
standard valve which is built to withstand pressures of 150 psi. Because this 
valve was originally made for use \vith 14-in. concrete pipe, an adapter was 
built in the laboratory so that the valve could be used with 14-in. steel pipe 
having 1/8-in. wallso To connect the pipe to the head box, a flange was welded 
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to the end of the pipe and bolted to the wall of the head box. A standard 
9-in.� high-head valve was used in the auxiliary 8-in. supply line. 

As explained previously� it was necessary to construct the head box 6.16 
ft high. This height of water produced a load on the floor of 385 psf, which 
made it necessary to build the floor of the head box on a firm footing and to 
reinforce the sides with special 2-in. by 6-in. whalers and 1/2-in. steel tie 
bars through the inside of the box (see Plate 5). To prevent movement of the 
head box sidewalls and the resulting failure of the water seals due to hydro­
static pressure9 two of the tie rods were placed as close to the spillway 
as possible without influencing the flow pattern of the water over and through 
the model. 

To simplify and speed construction and yet have watertight fabrication, 
the framework of the hea4 box and test flume, made �argely of 2-in. by 4-in. 
joists and studs, was lined with water-proof plywood 1/2-in. thick (see 
Plate 6). Previous experience had shown that the use of plywood provided 
the most economical method of obtaining a water-tight boxo This was particu­
larly true at the time of the Hirakud construction, when sheetmetal -- an 
alternate lining material -- was very expensive and difficult to obtain. Since 
the standard size for plywood is 4 ft by 8 ft, the box was designed with the 
studs and joists placed so as to reduce waste to a minimum. 

A special method was developed to seal the jointso As shown in Plate 6, 
sheets of uncured rubber were cut into strips, then doubled and ceme.nted secure­
ly into place in each jointo Powdered talc and strips of the coated cloth in 
which the rubber had been wrapped were placed in the fold to prevent the rubber� 
to-rubber faces from sticking together. Approximately 1/2 in. of the loose 
edge of the rubber was left outside the joint and was later cemented to the 
adjacent wall or flooro With proper care in making this jointj it was possible 
to provide an absolutely tight and water-proof seal which had no tendency to 
leak even under high headso The natural shrinking and swelling of the wood 
was accommodated by the fold or pleat in the rubber. After construction was 
completed, the entire inside of the box was given two coats of oil paint to 
protect it from the water as much as possible. 

The construction of the test flume was performed in much the same manner 
ns the head box9 tie rods being installed at 6 ft intervals to eliminate the 
possibility of movement due to hydrostatic pressure. The flume was made 30 
ft long to allmv flow and scour patterns to be completely developed. In 
order to view the action of the hydraulic jumpj the flow patterns, and the 
extent of bed movement occuring under specific flow conditions, a glass section 
16 ft long was installed in the flume sidewall extending 1 ft upstream from 
the axis of the dam and 15 ft downstream. The glass-walled section consisted 
of three sheets of 4 ft by 6 ft tempered plate glass 1/2 in. thick mounted 
in a frame of 1-1/2-in. by J-l/2 in. structural steel channel. One sheet was 
mounted vertically and the other two horizontally as shown in Plate 1 and 
Fig. 1. The upstream and higher portion of the glass wall which was subjected 
to head-box pressures was reinforced with both 1-1/2 in. by 3-in. channel and 
1-1/2-in. by 1-l/2-in. angle to prevent excessive deflectionso 

At the downstream endj on the floor of the test flume� a bulkhead was 
constructed to Elev. 4929 which was the elevation of the prototype river bed 
at this pointo The bulkhead was used to prevent the river bed material from 



spilling out oi the end of the flume. It also formed the upstream side of the 
bed material trap. _The trap was 2-1/2 ft long in the direction of flow, and 
was intended to trap eroded material which otherwise would have been carried 
into the laboratory reservoir. A tailgate was built downstream from the trap 
to· supply a flexible control of the tailwater. It was regulated by two cables 
connected to a winch mechanism made of 1-1/2-in. pipe which operated in wooden 
bearing blocks made of 2-in. lumber. The resistance in the bearings could 
be adjusted by boJlts vli th wing nuts which held the top half of the bearing 
in place. Crank a�s were fastened to each end of the pipe to permit easy 
operation. Beyond the tailgate a chute was constructed to guide the water into '--­the return channe1 of the circulation system. 

River Bed - l'he river bed in the Hirakud model was molded to the shape of 
the river bottom duwnstream from the structure as shown in Plate 2lo Since 
the sectional model represents a slice out of the center of the service spill­
way, no river b� were modeled. The erodible material used in the model 
was comparable to 1.00-ft diamater material of the prototype, as determined by 
the fall-velocit,y method which is explained later in detail. The erodible 
portion of the river bed comprised an area of 2. 81 by 15 ft in the model, or 
an area of ll2o5' iby 600 ft in the prototype. The maximum depth to which the 
model river bed could be eroded was 60 ft, prototype. 

:-- Overfall Spillway - For Hirakud Dam, it is probable that over the smooth 
portion of the spillway crest and face, the effect of the Reynolds number is 
minor. As the flow progresses down the spillway face, the boundary layer becomes 
more fully developed, thereby decreasing the thickness of the laminar sub-layer 
and �aking the Reynolds number even less important. 

Because oi the_impossibility at this time o� kno�Ting the prototype surface 
roughness and because of the limited selection of materials available for model 
construction, it is difficult to reproduce in the model the roughness of the 
prototyPe surface. Hmvever, in view of the fact that the spillway is steep and 
the length of the spillway face is not appreciably longer than the vertical 
height ·of the spillway, the type of flow in the model is a reasonably accurate 
representation af the flow which will occur in the prototype. Thus, it is 
reasonable to ass�e that, for the Hirakud spillway, the Reynolds number is un­
important and that the flow in the model will be similar to that in the .pro­
totyp� in so far as mean velocity, velocity distribution, and turbulence are 
c-oncerned. 

The model af the Hirakud spillway was designed to simplify the construc­
tion as much as possible and to divide the model into units that could be 
accurately constructed. Construction joints were provided in many places so 
that the revision of one portion would not unduly disturb other portions which 
required no modi£ications. Although no modifications were made on the crest 
and face of the spillway, provisions were made in the model to make changes, 
had they been necessary. 

: The face or the s�illway (see Plate 7) was made of 1/2-in. plywood fastened 
to a 1-1/2-in. by l-1/2-in. steel angle framework designed to hold the sheet 
metal sluiceways and support the concrete crest section. The outer face of 
the plywood was covered with 18-gage sheet metal to insure a smooth spillway 
surface and to facilitate attaching the sheet metal sluiceways to the downstream 
face by soldering. The steel framework extended from the floor of the flume, 
Elev. 412, to E1ev. 574.25, to permit construction of the spillway crest on a 
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shelf placed on top of the framework, as shown tn Plate 8. 

It was decided that concrete should be used to construct the spillway 
crest in view of the fact that wood would swell and warp out of shape after 
it had been repeatedly wet and then dried. To use concrete it was first 
necessary to provide sheet metal templets cut to the shape·of the crest pro-
file and mounted on the framework shelf. The concrete was then finished 
smoothly.and accurately to. the profile of the templets.' To make the templets, 
18-gage sheet metal was painted with a special lay-out fluid which would permit 
accurately scribing the shape of the crest on the metal, using drafting instru- '­

ments and procedures. Because of the width of the crest, six temple�.:? were re­
quired. After marking each piece of metal, the templets were cut just outside 
the scribed line with a metal-cutting band saw an:i then carefully finished to 
the center of the line by hand filing. 

In order to hold the templets in place with proper alignment, they were 
threaded onto three long bolts with pipe sleeves over the bolts acting as spacers 
for the templets. This unit was then fastened on top of the shelf. A strip of 
metal.shaped to the crest profile and containing the piezometers (see Plate 9) 
was fastened to one of the templets so that pressures on the crest could be 
measured. The templet to which the piezometer assembly was fastened was under­
cut sufficien tly so that after the piezometer assembly had been fastened to it, 
the profile was correct. The piezometer tubes, made of 1/8-in. O.D. brass tub­
ing with a 1/16-in. diameter hole were soldered to the under side of the cap 
and to the side of the temple� itself, as shown in Plate 10. This gave suffi­
cient rigidity to the piezome�er assembly and·ensured that no changes in the 
profile would occur either while concrete was being placed or later during test­
ing. The piezometer tubes were·carried down through the crest and out the side 
of the test flume to a manometer board. 

Before the crest was poured, 8-1/2-i�lengths of 1/2-in • . pipe were placed 
vertically in the crest form to provide a passageway for the rods used to open 
and close the sluice gates (see Plates 10 and 11) • . The sluice gate operating 
rods were extended upward through the crest because it was impossible to include 
a sluice gate gallery with a practical type of gate operating mechanism inside 
the 1:40-scale sectional model. By use of the above-described method, it was 
possible to operate the sluice gates from above the spillway model, this being 
possible because the operating rods emerged from the tops of spillway piers and 
were no t in the line of flow. 

The concrete crest was poured in three sepa rate operations. The base coat 
was first poured to within about 1/2 -in. of the top of the templets and allowed 
to set for 24 hours. Next, the scratch coat was applied, being poured to within 
about 1/8-in. of the top of the templets -- the workman making certain that a 
very rough, or scratched texture remained so as to provide a good bond surface 
for the final or finish coat to be applied after the second layer of concrete 
had set. Both the base and the scratch coats consisted of 1 part Portland cement 
and 3 parts sand, and were permitted to set completely so that nearly all shrink­
age had taken place before the final surface coat was applied. The surface coat 
was made of 2�1/2 parts of Portland cement to 1 part of molding plaster. Enough 
water was added to make the mortar easy to work. The molding plaster gave the 
surface coat quick-setting properties so that it could be finished soon after 
placing. The surface coat was placed sLightly above grade and immediately after 
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the initial set. ,matter Qf minutes, it was screeded to the s�pe of the tem­
p1ets and allowed to attain its final set before finishing o Final finish ing, . 
which was delayed £or three or four hours� was done by sprinkling dry Portland 
cement on the swdface ani troweling until a very smooth surface. was obtained 
(see Plates 7 and ll ) �  This procedure required considerable skill · and exper­
ience on the part of the ·operator to prevent . trowel marks bl}.t was · round to . 
make an excellent smooth crest when done correctly. The piezometer holes were 
temporarily plugged with nai ls or wax while the crest  was being made to avoid 
filling the openumgs with c oncrete . 

- . 

Before the Inase coat of concrete for tl1e crest had set� a sufficient num-
ber of 3/8-in. bo�ts were embedded in the concrete to provide each -pier with an � 
anchor bo�t at bath its upstream and downstream ends ( see Plates 8 and 11) . 
Tb:e piers were mmlie of HOnduras mahogany wood and given a waterproofing treat­
ment to reduce as much as possible any swelling or warping. The piers were. 
cut to the proper �dth and to the �hape of the crest using a jointer and band 
smw, but the pier noses were shaped using hand tools . Sheet metal templets 
were used as ga�es to check the pier nose shape.  

· 

· 
-

The face of each radial crest gate was made of 20-gage sheet metal, formad 
to an arc of 5�6-ino radius in a sheet metal roller . Prior t o  this the face 
p1ates ·were cut aJnd sq_ua.r.ed so as t o  produce the required gate dimensions when 
formed. The gate arms were made of 20-gage sheet metal � extreme care being 
taken to ensur� proper alignment of the gate and the correct radius of curvature 
o£ the end to  be connected to the gate face.  The gate arms were all clamped 
together when drl.Jl.ling holes for the gate pins� and forming the proper radius 
of curvature of �e gate arm. This was done to be certain that all gate arms � 

. and finally all gptes,  would be of uniform dimensions . 
· · 

Small sheet .metal tabs attached to the lower portion of the gate . face 
were used for iastening thecables of the gate-opening devi ce .  This qonsisted 
of a winch arran�ment similar to the one used on the tailgate . All gate 
cables were fas�emed to the winch and all gates were opened or clo§ed simul� 
t.aneously. The gates were assembled by a process of first bolting the gate.· 

· ·fa-ce and the arms together with c lip anglesj  and then soldering the joints 
carefully to pre-.rent heat warping. 

· In order t(» -prevent leakage past the model in the test flume� it was nec�ssary to dev.i5e a method of sealing the model to the plywood side wall, 
as well as to the ,glass w.all of the flume . Thin strips of sponge�rubber, 
ordinarily used f�r weather stripping were fastened around the edge ·of the 
model between the model and the wall .  Thus, a water�tight seal was- maintained 
when the head box wras fill·ed vlith water and the glass panels bulged ·slightly 
due t o  the hydrasltatic pressure exerted by the water. ·_ . :_ _ :  

Sluices - Because the forces involved in the flow through the sluiceways 
·are viscous as we.l.l as grari tational� it is impossible to obtain flow in the 
mOdel that is c�letely similar dynamically to that in the prototype - to do 
so would require maintaining both the Froude number and the Reynolds number a 
constant from the model to the prototype.  Experience with closed conduit models 
and their protot;ypes has shown, however.9 that the di screpancies indicated in 
the theory of simalitude are not actually as serious as they appearo If the 
absolute size of the sluices is kept reas onably large , as they intentionally 
were in the HirakMd model» the agreement between model and prototype has been 

II-8 



found to be satisfactory. Test s on the Che rokee and: Douglas Dam model and pro­
totype s�uices, c onstructed by the Tennessee Valley Authority, showed excellent 
agreement with regard to pressure s ,  capaci ty, and performance at the outlet end.  
Some of the model data was obtained from a model s luice slightly larger than 
the Hirakud sluic e  and the remainder from a model somewhat smaller . Consequently, 
it is be lieved that the data taken from the Hirakud sluice model based on strict­
ly geometric similarity will be entirely reliable . 

The sluices Trere constructed of sheet metal to the shape shown in Plate 7 
and Figo 2 .  In the model ,  4-1/2 s luices were included wit h the half-sluice being 
placed against the glass p�nel to allow observation of the flow within the sluice . 
A half-gate also was installed in this  sluice . 

It. was necessary at thi s point to plan ahead so  that the slui ces discharg­
ing onto the service spi llway apron could be modified easi ly and used for tests 
on the auxiliary spillway sluices which were to be tested later. Since the 
pressuriozed porti on of the sluices was the s ame for both spillways it  was con­
structed to the outlines s hovm in Fig .  2 .  The inlet was 16 .5 ft wide by 30 ft 
high and the gate section was 12 ft wide by 20 ft high . The open channel or 
dormstream portion of the sluices differed in the auxiliary and service sections 
however, and consequently the roof porti on of the sluice downstream from the 
gate was made to resemble a sheet metal box into which suitable wood ins erts 
could be fitted to obtain the desired shape . The roof inserts were made of ma­
hogany �nich after being properly shaped were treated wit h  applications of Pheno­
plast to prevent warping due to water-soaking. Sinc.e the barrel of the sluice 
was 12 ft wide and 21 ft high with a 6-ft-radius arched roof, also curved in 
the longitudinal direction, construction of the sluices usi ng wood inserts was 
accomplished more quickly and economically than if sheet metal or plastic had 
been uaed. 

One of the sluices was e quipped with an outlet pipe 3/4-in. in diameter 
attached to the vent pipe which was carried out the sidewall of the test flume. 
Although the devices to measure the air demand were comple ted and ready for 
operation, air was not entrained by the flowing water s o  the air measuring 
devices were never used . 

The sluice e quipped to measute the air demand contained t he pie zometers 
necessary to determine the pressure distribution throughout the sluices . A 
total of 18 piezometers were ins talled along the centerline of the bottom of 
the sluice, 8 along the centerline of the sluice  sidwall, and 7 along the 
junction of t he sidewall and roof of the s luice inle t where minimum pressures 
were expected . The piez ometer tubes were similar to those used in the spill­
way cre st .  In the sluices , however, the tubes were soldered in holes drilled 
through the sheet metal and then filed flush with the inside surface .  The 
piezometers were connected t o  glass manometers outside the flume using gum 
rubber tubing of suitable diameter. 

The lower porti on of the steel framework of the model, the portion under­
neath the s luice s ,  was embedded in a c oncrete block poured inside the test 
flume . The block was sealed to the flume floor and sidewalls and had sheet 
metal inserts in the top face to which the sluices could be secured by soldering 
(Plate 8 ) . Metal tabs on the sluices were soldered to the metal inserts to 
properly align the s lui ce s .  The upstream and downstream spillway faces were 
then installed and the inlet and outlet ends of the sluices soldered to the 
sheet metal spillway faces . 
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.Stilling Basin � The s tilling basin of the service spillway is shown in 
Fig .  1 .  Since c�es in the elevation of the apr.on were anticipated, the bucket 
was constructed of masonite and the supporting frames and the apron were construc­
ted of wood to allow major rebuilding of the bucket and apron with a· miriimum of · 
effort. The templets used to form the bucket and support the apron were c on­
structed of l-in. lumber . The apron supports were designed to take advantage of 
the fact that wood swells only a very slight amount in the direction of the gr�n.  
Thus, t he apron did not become elevated due to  wood swelling . The apron surface 
was 1/2-in. plywood while the bucket surface� whi ch was curved� was made of flex­
ible 1/8-in. tempered masonite • 

. The end sill used on the original apron was 40 ft high� trapezoidal in 
section� 10 ft wide at the top� and had a 1 on 2 slope on both the ups tream and 
downstream face s  (Fig. 1) . It was constructed of 1/2-in. plywood, and treated 
with Phenoplast to reduce swelling and warping of the wood. Keyhole shaped 
slots were cut in the bottom of the sill and were used to  faci litate moving the 
sill to different positions on the apron. Rows of round-head wood screws � 
screwed almos t down to t he apron surfacej  were placed at 6-in. intervals upstream 
from the original positiono The round porti on of the keyhole slots in the sill 
was placed over the heads of the wood screws and the entire sill was then slid 
downstream to lock the screw heads in the narrow part of the keyhole slot . The 
sill was thus anchored firmly but c ould be readily moved to  different positio� . 

Equipment and Procedure for Testing the Original Model 

- - -

- - Although it is of utmost importance t hat the flow boundari�s of the 
model be constructed with extreme accuracy9 it is of eq�al importance that the­
proper e quipme nt be used with the correct procedure for making measureme nts 
of discharge� pressure , elevati on, and erosion. Incorrect testing procedures 
may lead to data of questi onable value . The following d iscussion pertains 
to the testi ng e qUipment and how it was used to obtain the data. 

. - · - ::::: . 

· Measurement o£ Discharge - The water us ed
-

to operate the model was stored 
in the sumps located below the floor of the laboratory. The water was delivered 
to the model through a 14-in .  pipe from a 20-HP� propeller-type pump and through 
an 8-in. pipe from a 1.5-HP turbine-type pump . A lG-1/2-ino orifice plate was· 
placed in the 14-in. line 18 ft from the pump� and a �-in. orifice plate was· ­
used in the 8-in. line . Both orifice plates�  a part of the standavd- laboratory 
e quipment, had been carefully calibrated. 

� . , - �- :-_ � :- � · · 
. ' 

Discharges were det·ermined from the differential heads indicated on the 
manometers connected to the 6-in. and 10-1/2-in.  orifice s .  A water manometer 
was used on the 10-1/2-in. orifice and a mercury manometer on the 6-iri� orifice . 
The differential head values obtained during a test were converted to discharge , 
using · previ ously prepared rating cur ves and tables . �- - ·. ,:._ -. 

�,.· . 

Measurement of Pressure - All pressure measurements were made 'using piezo­
meters connected to open water manometers consisting of .small diameter glass 
t4bes .  Readings on the manometers were made directly i n  feet of water, proto-

· type . The same manometer bank was used to measure the pressure di stributions 
both on the crest of the overfall spillway and throughout the air sluiceway. 
· The pie zometer openings on the spillway crest, as well as in the air sluice, 
were connected directly by independent tubes to the manometer board so  that 
the pres sures at all pie zometer locations could be measured quickly and s o  
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that the pressure distributi on, indi cated by a group of piezometers, could be 
seen at a �lance �  The pie z ometers were made of 3/32-in. O . D .  bra s s  tubing having 
a 1/16-in. hole and the manometers were made of 1/8-in. I . D .  glass tubing . The s e  
were connected with 1/4-in. O . D .  gum rubber tubing . Whe n the pie z ometers were 
installed in the model, great care was t aken to make the surface surrounding 
t he piez ometer holes very smooth so that no burrs or other irregulariti e s  would 
c reate local c onditi ons whi ch would not be representati ve of the true pre ssure 
distributiQn. In additi on, t he pie zometer hole itself was carefully reamed t o  
remove the sharp edg e s  and any projec tions . 

The manometer fluid was made of a soluti on of 90% water, 5% Aerosol, and � 

5% fluorescein dye o The fluore scein was added to the water to g�ve it color 
to make the meniscus more readily vi sible , and t he Aeros ol was added t o  relieve 
the surface tension and re sulting capillary r i s e  which would have- ·otherwi se oc­
curred in the I/8-in. glass tub e s  of the manometer b oard o To eliminate· the pos­
sibility of an air lock i n  the tube s ,  the systems were primed by flus hing. with 
manometer fluid fr9m the ope n e nd of the manometers through the pie zometer holes .  
After priming , the zero reading for eac h  manometer was determined by marking on 
the manometer tube the elevati on at wnich the fluid came to re st after the ex­
cess fluid had drained out of thepiezomet er hole s .  

The p�ocedure for making pre s sure measurements was t o  s e t  the desired flow 
in the model and allow the flow to reach e quilibrium. Each pie zometer as sembly 

· was then primed and t he fluid in the manometer allowed t o  reach equilibriumo 
The height of the meniscus above the zero mark was measured u sing a special 
scale mark�d in prototype fee t .  These data were tabulated on a s tandard labora­
tory data sheet together with di schargej headwater e levation, tai lwater eleva­
t ion, and other nec e ssary informati on. 

Measurement of Water-Surface Elevati on - The determination of the water 
surfa.ce e levati on at a given point was accomplis hed by two different method s ,  
depending upon the ac curacy re quired . For precise determinations o f  headwater 
elevations , a hook gage operating in a gage well was used . The gage well was 
a h-in. diameter sheet metal cylinder with a length of 1/2-in. I . D . hose to 
conduct water from t he head box to the gage well .  The hook gage and well were 
fastened to the head boxj using s eparate mountings so that the gage point c ould 
b€ moved vertically along the axis of the well . Because of its simplic i ty and 
ease of operati on, the Lory-type gage was used for all precise measurement s of 
water-surface e levati ons . The shaft of the gage was made of 3/8-i n .  s quare 
brass tubing graduated in lOOths of a foot . It was adjusted by a rack and 
pinion movement and c ould be read to lOOOths of a foot by usi ng the attached 
·,ernier. If f luctuations in the gage well were e vident , several readi ngs were 
taken over a pe riod of time in order to determine the average value . 

' · 
For determination of the tai lwater e le vati on, a staff gage was attached 

t? the glas s wall of the te st flume at a point 520 ft do�nstream from the 
face of the dam. The staff gage appears at the d ownstream end of the glass 
P�riel in Plate lo Using t hi s  gage the tai lwater could b e  set quickly and 
a c curately by adjusting t he tailgate . 

In addi ti on to the measurements de s cribed above j it was nece s sary to 
�rovide a met hod for measuring 't he water surface profile throughout the length 
?f the , hydraulic jump in the stilling basin. Als o ,  it was ne ces sary to pro­
'll.do a method for detennining the amount of erosion and bed movement during 
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and after each test . Both needs were satisfied by ruling a grid system on the 
glass walls of the test flume marked in 10-ft vertical increments and 20-ft 
horizontal increments, extending from the downstream face of the dam to the end 
of the glass-walled section. The grid is shown in the photographs of model 
performance .  

Measurement of Erosion - Although i t  was expected that the bed o f  the 
river downstream from the service spillway would be composed primarily of solid 
rock, a prototype size of 12-in. bed material was assumed as a basi s for t he 
mod·el studies . The bed material used in the model was screened gravel of 0. 056-
ft mean diameter. On a strictly geometric scale basis this represented loose 
rock with a mean diameter of 2 . 24 ft . According to the velocity ratio equatio� 

{w/v)m = (w/v)p 

this corresponded t o  1o0-ft diameter bed material in the prototype . The use 
of thi s  parameter is based on the work of Krumbein ( 1 )  and Rouse ( 2 )  who estab­
lished the principle that the fall velocity of a particle reflects its sus­
ceptibility to erosi on as either bed load or suspended load. Following this 
principle the ratio w/v was kept a c onstant fFom model to prototype . In thi s 
rati on w is the fall velocity and v i s  the characteri sti c velocity of flow. 

To make an erosion test for any gi ven flow condition, the river bed of 
the model first was molded to the proper shape . Next j t he ri ver c hannel and 
the stilling basin were slowly filled so as not to distrub the bed material, 
and the headwaterj tailwaterj and discharge were set o .Each test was run for 
20 minutes  so that all measurements would be comparablej and the model was then 
shut down and carefully drained . Sketches were made of the erosion profile 
as. observed through t he glas s-walled channel and photographs were taken of the 
existing scouro 

Bo DISCUSSION OF TEST RESULTS FOR ORIGINAL MODEL 

Since the sectional model represented only four and one-half of tbe 
16 sluices in the service spillway, the te sting procedure was of necessity 
arranged to cover as many combinati ons as possible of t he open and c losed gates 
i n  that part of the structure not modeled . For example j in a test for a par­
ticular gate setting and headwater e levation in the sectional modelj  the entire 
prototype spillway discharge might vary depending on how many other gates are 
considered to be openo Thus j for one setting of the headwater and gate sj the 
operati on of the model was observed for a wide range of spillway discharges by varying the tailwater from the minimum which would occur when only a few 
gates were open up to the maximum whi ch would occur when all the gates were 
open.  The tailwater discharge curve is s hown in Fig. ) o  

1 .  - Krumbein, W .  C .  Settling velocities and flume behavior of non�spherical 
particle s .  American Geophysical Union Transactionsj 
1942 : 621-33 . 

2 .  Rouse , Hunter Criteria for s imilarity in the transportation of sediment • 

. Proceedings of Iowa Hydraulic s  Conference ( 1939 ) .  State 
University of Iowa Studies in Engineering Bulletin #20.  
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In add iti on  to varying th e ta ilwater elevation, the mod el was also 
test ed over th e full range of h eadwater el evations from th e minimum at Elev. 
590 to the nor mal head at Elev .  625 . Th e relation between headwater el evati o n  
and d ischarge i s  shown i n  F ig. 4 .  S ince the sluices in th e proto ty pe w ill all be o pened befo r e  any ov erfall spillway d ischarge o ccurs, and since the spillway 
gates w ill be o perated eith er fully o pen or fully closed, the curve in F ig. 4 
shows the combined owerfall spillway and sluice d ischar ge for the entir e range 
of h eadwater. The rel ation between headwater and dischar ge for th e overfall 
spillway only is shown in F ig. 5 .  Sluice d ischarges ar e shown in F ig. 6 .  

Dur ing tbe tests th e flow patterns thro ughout th e structure wer e  � 

not ed and r ecord ed �  ¥r essu r es were measur ed in the parts of the structure be­
lieved to be critical� and the spillway and slu ice capacities were d etermined • 

. The performance o f  the still ing basin was eyaluated by means of erosion tests' 
and meas�r ement o f  waves and sur ges. Mod ifications to the still ing basin wer e 
made to test the shap e and siz e of the end . s ill to determine the pro per l ength 
of th e still ing basin and to evaluate th e apron performance a t  thr ee different 
apron el evat ions. Each mod ification was tested w ith thr e e  d iffer ent ta ilwat er 
el evations l'rh ich we:re selected as representative of th e corrl i  tions to be expected 
over the full ta ilwater range. A still ing basin design r ecommended for field 
constru ction, was develo ped and tested and its performance is d iscussed. No 
mod ifications in the spillway cr est� gates, or piers was found by the la boratory 
to be necessary. The sluices.7 howev er, w ere mod ified consid er ably but th e results 
are too e xtensive to be summar iz ed here.  Ther efore, Cha pter III is d evoted to 
this pro bl em. 

For the purpose of d iscussion, the tests are d iv id ed into thr ee sepa ­
rat e categories; the overfall spillway, the sluices , and th e still ing basin. 

Overfall S p illwa; 
The perrarmance of the cr est section of the s pillway� incl ud ing the 

sp illway piers, the gates, and th e spillway face down to th e slui ce o penings, 
presented no pro blem. Th is portion of th e structur e performed satisfactor ily 
in that the capacity o f  the spillway was ad equate, pressur es on the crest wer e 
all abov e a tmospher�c �  th e pier s  introduced no unusual flow patter ns, and the 
flow patterns upstream from the str ucture and on the spillway crest were con­
s id ered to be as saooth and uniform as nec essary. A d iscussion of these phe­
nomena is given in the follow ing par agraphs cover ing the flow pattern, the 
pressur e distr ibution� and the spillway capacity. 

Flow Pattern - The mo del was tested in a flum e with par allel sid e walls. 
S ince to po gr a phy at the reservo ir shore l ine co uld not be reproduced , it was 
impossible to ma ke a full study of the approach cond itions .  In the mod el, how­
ever, there was no indication of a pro blem involv ing the water appro achi ng 
the spillway, even �or th e ma ximum d ischarg e at hea dwater elevation 630 . A s  
th e flow enter ed the spillway the piers caused a slight contraction in the flow, 
resulting in a slightly d epr essed water surface close to th e piers but th is 
was of a minor n atur e and was cons id er ed to be unimpor tant ( see F ig. 7 ) . 

On th e downstr eam face o f  the spillway j ust below the piers.7 the flow from 
adj acent bays e xpanded laterally and th e two napp es cam e toge ther a bo ut 30 feet 
from th e downstr eam end o f  the pier caus ing a fin to be form ed. The fin was 
a bout 4 feet h igh� ma ximum, and although in th e mod el it cr eated v ery l ittle 
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disturbance� it would no doubt be more noti ceable in the prototype . Some spray 
would be formed but t hi s  would probably be of no 'consequenc e .  Flow downstream 
the fin was smooth and uniform on the spillway face and entered _the spillway 
pucket in a sati sfactory manner .  

· 

Before the mode l  was tested it was believed that some type of defle ctor 
or · " eyebrow·" might be necessary t o  prevent the spillway flow from dropping 
into the s luice outlet openings in the face of t he spillway . In operation� 
however, the model showed that since the t otal flow from the slui ce s is so much 

_ greater than the total flow over the spillway crest� very little unde sirable 
effect is  obtained that c ould be corrected by the use of eyebrows . Since it ' � 
is p lanned to operate the overfall spillway only after the sluic e s  are in 
operation� eyebrows were not considered nece ssary. 

The spillway flmv in passing over the sluice openings did, however � cause 
a back pressure at the outlet end of the sluice whi ch tended to make the sluice 
flow full at the outlet.  Venting in the upper end of the s luice had li ttle � if 
any e ffect on the flow pattern at the intersection of the two flows . Flow 
conditi ons in the slui ces are di scus sed in greater detail in a following sec­
tion of the report . 

Pres sure Di stribution - Pre ssures on the spillway crest were measured for 
a discharge of 5180 cfs per bay with headwater Elev. 630 and the spillway gates 
fully open. The loc ation and el evati on of the piezometers and the pres sures 
measured are shown in Fig .  7 .  Pre ssure s on the spillway crest were found to 
be above atmosphe ric for all flow conditions . The minimum pre s sure measured 

· ·was about one foot of water above atmospheric �  providing a safe margin against 
· _ _ cavitation whi ch might be caused by local irregularities in the prototype sur­
-· _face . The shape of the crest had been de signed to approximate the underside 
· ·of a nappe flowing over a sharp crested weir wi th headwater at Elev. 630 and 

for a 1 . 0  ft thi ck jet with headwater at Elev. 625 . The cre st pre s sure s are 
. considered to be amply safe and no diffi culty s hould oc cur due to unde sirable 

� : pre s sure s . 
' .  

-; :·,' Spillway Capacity = The cap acity of the over fall spillway was de termined 
-� ;f9r headwater e le vations up to the maximum of Elev. 630 . The curve of discharge 
' : versus re servoir elevat i on i s  shown i n  Fig .  4.  At maximum he adwater the dis charge 
� � was 5180 cfs per bay and at headwater elevation 625 it was 2980 cfs per bay which 
:.: compared favorably wi th the di scharge s intended by the designers.  - Fig .  5 als o  

· shows the coeffici ent of dis charge C plotted agains t  re servoir elevation for 
the same range of di scharges .  Thi s curve shows that the coeffici ent increased 

_ from 3 .51 at headwater Elev. 620 to 3 . 69 at headwater Elev. 630.9 indicating a 
J � favorable crest de s ign . Becau se of the greatly expanded abscissa scalell the 
; :  discharge coefficients may be used to comput e di scharge s for vari ous reservoir 
� · - elevati ons wit h more accuracy and consistency than they may be taken direct� 
_' ·from the di

7
s charge curve . Discharge s may be calculated from the equation 

.Q = C L H 3 2 where C is the c oefficient of di scharge � L is the length of the 
: :  crest measured between piers and H is the difference in elevation between the � � reservoir water surface and the spillway cre st . 

Due t o  t he fact that the spillway crest gates were intended always t o  be 
ope rated fully open� no tests were run with the gates partially open.  
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Sluices 

The mode l was planned from the beginning t o  cons i st of four an:i one­
half bays so that t he ha.Lf-sluice c ould be constructed agai nst the glass wall 
of the test flume for observati on of the flow condi t:i. ons ins ide the s lui ce 
( Plate 7 ) o Detai ls of the s lui ces as te sted are shown in Fig o B o  The half­
s lui ces was e quipped wi th a half-gat.e in order that flow duri ng the opening 
operation c ould be observed and so t ha t  fl ow conditions at the s lui ce out let 
c ould be s tudied when only the spillway was operatingo Piezometers had be en '---­

ins talled in criti cal areas in one of the full s lui ces as was an air-measuring 
devic e to measure the air demand for vari ous operating c onditions o 

. In making a c omplete t e s t  the flow pattern was ob served and noted, 
the pre s sure s measured and recorded , the capac i ty of the slui ce det ermine d ,  
and the air vent operat ion observed o 

Flow Pattern - Downstream from the gate the sluic e  was de s igned to operate 
as an open c hanne l with an air sp ace between the ro of and the surface of the 
flowi ng water o Near the outl e t .9  however J the c learanc e betwe en the surface of 
the water and the roof of the slui ce was not ade quate and the spac e was filled 
periodically wit h  a mixture of air and water o The re sult was a surging acti on 
wi thin the slui c e  which was e specially pronounc ed whe n the hei ght of the tail­
water was s uch as to partially submerge the sluic e  out let o This act ion was 
even morenoticeab le when the spi llway was ope rating o Under the se c onditions 
the sheet of wat er from the crest added to the c onge s tion at the outlet e nd of 
the s luice o The air ve nt s  did not prevent the slui c e  from filling at t he lower 
end and attempt s t o  cha'1ge the flow p attern by inserting vent tubes in the 
lower region met w i th lit tle suc cess o The gener al. action at the sluice outlet 
was considered unde s irab e and a re\�si on in the entire slui ce design.9 whic h  i s  
de scribed later J was made t o  improve the pe rfonna.nce o 

Pres sure Di stribut i on - To dete rmine t he pre s sure distributi on in the 
s lui ce inlet t ransi t i on piezome ters were im talled along the upper c orner of 
the pre s suri zed p ortion of the sl ui c e  because previ ous experi e nce in simi lar 
tests had s howed that this was t he most critical are a o  If pre s sure s along the 
line of intersection of the sidewalls with roof were above atmospheric it would 
be almost c ertain that pre s s ur e s  in any other p art of t he entrance would also 
be above atmospheric o  Additi onal pie zometers were installed3 however .9 t o  che ck 
t he pre s sure s throughout the slui ce t o  be c ertain t hat t he lowe st p re s sure area 
would be measured o  

The test re sults s howed the c orrectne s s  of .the original c oncept that the 
lmve st p re s sure s oc curred along the uppe r corne r o  In des igning t he slui ce e n­
t rance the space limi tati ons were s o  severe that the t rans it ion from the up stream 
fac e of the dam int o  the barrel of the sluice had t o  be very rapid o This made 
the radius of curva ture relat ive ly small which.9 combined with the rapid ac celera­
t i on of flow in t he entranc e J c aus ed the p re s sures to be reduced considerably 
below atmospheri c o  Fig o 2 shows graphi cally t he pre s sure dis tribution along the 
s ide wall of the sluic e  at Eleva 520 along the c enterline of the bottom, and 
in the upp er c orner of the entrance o 

Along the s ide c enterli ne and along the bo tt om of t he s lui ceway.9 the pre s­
sure distribution was f ound to be greater t han atmospheric throughout the inlet 
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transiti ono Downstream from the gate in the open channel portion of the sJllice 
, - . where the bottom curvature became pronounced9 the pre ssure along the bottom 

centerline dropped to 14 feet less than atmospheric when the tailwater was at 
Elevo 509 o With the tailwater raised to Elevo  5399  the minimum pressure was 

. increased to 12 feet below atmospheric o  Although these pressures are not in 
the cavitation range they are sufficiently low that local irregularitie s in the 

· £ . prototype concrete surface might produce cavitation -- e specially with water 
· .' ·velocities approaching 90 feet per second o 

Of equal concern was the pres sure distribution along the - upper corner of 
the sluice in the entrance transitiono Here9 pressures were below atmosphe��c 

· for a considerable distance with a minimum pre ssure of minus 23 feet of water 
occurring at piezometer No o 15 (Figo 2 ) o  There is little doubt that a pre ssure 
of this magnitude would produce . cavitat ion. in the prototype9 re sulting in pit­
ting of the s luice inlet s o  

Because the sluices had been designed using the best data available and 
_ corrective measures could not be prescribed �t hout extensive investigation, 

_means for correcting this condition were discussed wi th the designers and a 
- special model study, described in Chapter III9 was initiated o 

Sluice Capacity - The capacity of the slui ces was determined only with 
the gates fully open because dis charges with the gates partially open were 
not contemplated or necessary in the prototype o Discharges were measured for 
headwater elevations between Elevo 590 arid Elevo 630o  The resulting curve , 
discharge versus reservoir elevationj is s hown in Fig o  6 o  At Elevo 625 the 
discharge for a single sluice was 17 9 180 cfs and at Elevo 630 it was 17 , 520 
cfs which compared favorably wit h  the discharge of 14,500 cfs used by the de-

. .  signers in preliminary e stimates o Consequently9 the sl uices were sufficiently 
, large to supply the desired discharges o  The coefficient of discharge plotted 

against reservoir elevation is shown in Fig o  6o Dis charges may be computed for 
_ :�any reservoir elevation from the e quation 

" -. 

where Cd is  t he coefficient of di scharge , A i s  the area of the sluice imme�i­
ately ups tream from the gate, and H is the head on the sluice measured from 

: the reservoir water surface elevation to the centerline of t he sluice (free 
. ·  discharge ) o-;, C ombining the constants for this sluice the equati �:m_ reduces  to 

. :-:-· : 

. - .... 

Q = 1928 
� � .. . .  - . -

- . .  - � - .. 

:·, .  �- Air Demand - The model was originally designed and constructed - so· th�t 
.·: the quanti ty of air necessary to completely ventilate the sluice during 

ope rat ion could be measured o Tests for a full range of headwater e levations , 
however, showed that there was no air demand through the vent s o  Instead of 
a continuous flow of air into t he sluice as might be  expected, the st�ging 
action at the end of the sluice , prfoviously described, c aused a similar action 

.in the vento  Air was intermittently drawn in and out of the vento At times 
- water rose in the vent and was then dra•vn back into the _  sluice to allow passage 
· of air for only a s hort tL�e o No measurements of any value c ould be - made and 
consequently no data are presented o Pressurizing t he sluices,  as described 
later ,  made further studies of the vents unneces saryo 
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Stilling Basin 

The service section of the prot otype spillway consists of 17 crest 
bays and 16 s luices similar to the four and one-half bays built in the model . 
The remainder of the spi llway in the prototype struc ture extends t o  the left 

nf the service section. A training wall is  t o  be constructed between t he ser­
vi ce and the auxiliary sp illway sections to prevent lateral flow betwe en them. In the vi cinity of the training walls and the end of the servi ce section apron, 
it is believed there are problems to be overc ome because of lateral current s 
introduced in the lower channel as a result of vari ous combinat ions of open 
gates and sluices . Sinc e  t he model was of the sectional type � the infprmati on 
which could be gained from i t  was limited to two-dimens ional flow patterns . 
Lateral movement of the water or the bed material could not be fully or accurately · 

studied nor could accurate predicti ons be made of the effe cts of unsymmetrical 
gate or sluic e  arrangement s .  These conditions would have to b e  determined in 
a model consisting of the entire section of the spillway and a c onsiderable 
area above and below the dam . Thus the re sults of the tests on thi s mod el neces­
s arily as sume that t he  adjac ent spillway bays and sluicesj  which were not con­
structed, would have no lateral effect on those operating and being tested . 

The apron of the service section of the stilling basin was at Elev . 
452 and extended downstream a di stanc e of 420 ft from the axis of t he dam . At 
the end of the apron. a sill 40 fee t  high with an upstream slope of 1 on 2 was 
installed s o  that i t  could easily be moved ups tream to determine the effect 
of apron length .  

Although at the time t he s e  tests were made it had already been de­
cided t o  pre s surize the sluices3 t he sluic e s  were not rebuilt in the model since 
it was not c onsidered necessary . The open channel s luices carried t he proper 
amount of water at the proper velocity and introduced the flow onto the apron 
in the proper direction . Acti on on the apron� therefore � was the same as though 
the sluices had been pre s suri zedj and the stilling basi n tests were c onsidered 
valid as though they had been made according to the later re commended design 
of the sluices . 

Tests were made t o  evaluate the overall pe rformance of the stilling 
basi n, apron� and e nd sill . To aid in determining the relative value of a 
particular desi gnj th�- action was photographed and the water surface profi le s  
were sketched using a s  a guide the grid line s which had been ruled o n  the 
glass panels of t he test flume . The erosion in the river bed was measured and 
the hei ght of waves and surge s in the lower channel were observed and recorde d .  
The t e s t s  were made over a considerable range o f  di scharge s and tai lwater e le­
vations and , to cover any irregulari tie s in the tai lwater curve j tests were 
made for elevat ions both 10 ft above and 10 ft be low the value s  from the curve . 

General Performance - For maximum and near maximum discharge s ,  the action 
on the apron was extremely violent . This was due to the high dis c harge per 
foot of width of apron, being 970 cfs per ft ,  combined wi th the relatively 
high velocity of flow entering the basin , being about 90 feet per second . The 
acti on was further intensified by the concentration of flow at the s luice out­
lets which was 17 � 000 cfs in a width of 12 feet or 1 , 420 cfs per ft of width. 
These concentrations are considerably higher than t hose usually found in even 
the largest structure s and indicate a basic reason for model studies to obtain 
a sati sfactory stilU.ng basin .  
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In spite of the undesirable violent action on the apron which resulted 
in high wave s and surges in the lower channe l ( see  Plate 12 ) �  t he operation 

--o.f :the basin indicated that the structure could he made to perform satisfactor­
=fly. - A roller or modificati on of the hydraulic jump was formed on the apron 
�llich; regardle ss of the tailwater e levation c ould not be swept downstream • 

.:""This 1'ffi.S - due in pall't to the high end silL The sill, however, directed to the 
: sur£ace the high. eloci ty .j et flowing along the b ottom of the stilling basin. 
- ""Because the ene rgy of this jet was only partly dissipated on the cp ron, a high 
boi1 _was �ormed just downstream from the �ill . The resulting high surface ve­
locity together ldth " the boil� created unusually large waves and surges in the 

: channel downstrea::t so that t he water surface in the entire test flume was ex­
: tremely rough. 
- -

The high-ve�1!>city j et ,  after rising to the surface downstream frOm the end sill, plunged again toward the river bottom causing excessive erosion of 
the stream bed, particularly for the lower tailwater ele vations whi ch might 

= occur for a given 'discharge . 

For ali tai ater elevati ons , the toe of the jump or roller formed against 
the sluic e  outlets �ausing a slight backwater effect and corresponding reduction 
in discharge . Al�hough thi s  acti on probably helped to break up the sluice jet s 

- as soon as they emerged and aided in dissipating energy on the apron, the surging 
=- action created i.n the sluice was considered undesirable . 

� - : - Waves and Su�ges - Aside from the creation of spray, surge s and waves on 
: the apron itself ere felt to be of no particular concern although they did 

cause some surging action wi thin the sluices . Of greater c oncern in these tests 
were -the waves in the downstream channeL Maximum and average heights of the 

- water surface disturbances in the lower channel,  as far as 200 ft from the end 
- of the apron were used to determine the relative value of a particular design. 
- In addition, the ave heights were an indi cati on of the type of flow to be ex-
� pected in the prototype structure . 

- Wave and sur,ge heights were measured by alternately observing the maximum 
� crest and minimwm trough of the waves and surges for a pe riod of about one 
: .minUte . The waves and surge s  thus measured were felt t o  be excessively large 
.- (see Plate 12 ) � even taking into account the concentrated discharges entering 
: tlie- -apron. · It was also believed that t hey should be substantially reduced be-

fore the performance of the apron could be considered sati sfactory. 

For headwater Elev. 625 and tailwater Elev. 550, as may be seen in Plate 
: :12 -and Fig. 9 ,  the water rose over the end sill prope r in the form of a high 
: �av-e to approximately Ele¥. 557 . At a di stance of about 100 ft downstream 
- -from the sill, it uescended t o  Elev. 545 . This resulted in a wave 10 ft high :_from crest to trough-. .Although upstream from the sill ( Fig. 9 )  the water sur-

face was quieter, i t  none the le ss had waves of approximately 10 ft in hei ght . 
The outlet o f  the sluice was submerged with approximately 10 ft of water. 

For a tailwater elevation 15 ft lower , the surface of the water upstream 
- -from the sill was di sturbed and churning somewhat more violently. Over the sill 
. the waves extended t o  a height of about Elev. 550 and t hen dipped 100 feet down­

stream to about Elev. 535 thereby giving a wave height o f  15 ft from crest to 
trough. 
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Under c onditions o f  low t ailwater at Elev. 520, the water was shurning most 
violently. Upstream from the ·$ill ,  the sluice outlet w&s more than half sub­
merged with the water leve l  at.,.' any given point fluctuating nearly 20 ft over a 
short interval of t ime . Over t he sill prope r the water rose to a he ight of 35 
ft above tha t  in the sti lling basi n t q  Elev. 545 and the n dropped below Elev . 
520 approximately 60 ft downstream from the sill .  This resulted in a wave 
height of 20 ft . 

The general acti on and appearance of the water f lmting over the sill gave 
the impress ion of a secondary dam with the energy of t he flow being only slight­
ly reduced from that which entered the s tilling basi n .  As a result , the nappe­
like jet coming over the sill p lunged into the tailwater downstream to caus e 
waves and dis turbance s  in gene ral which were most unsatisfact ory. 

Althoukh the surface s ,  as represented i n  Fig .  9 ,  appear to be rather 
smooth this i s  due to an averaging effect • . The photograph in Plate 12 �hows 
to some extend how violent and irregular the surface was an:i also t he fact 
that breakers were leaping into the air to a height of 30 to 40 ft . 

The spray re sulting from such acti on even in the model was cons iderable , 
rising to the height of the dam .  In the prototype , howeve r ,  the quantity of 
spray would. be increased many t ime s due to the greater for ces tending to 
break up the prototype flan and the greater magnitude of the air currents 
surrounding the dam . Thi s spray would no doubt be carried to great height s 
completely s aturati ng large areas near the dam. 

It was evident , then, that the original desi gn of the end sill was not 
satisfactory from thepoi nt of view of the exces siye waves and surges within 
the stilling basi n, over the sill, and downstream from the si ll . The sill 
was not only t oo high, but i t  also projected the high-velocity water upward 
at too s teep an angle . 

It was believed that reV1s1 ons in the shape of the e nd s ill c ould be 
made t o  improve t he performance but it should be kept in mind that even with 
the mos t e fficient e nd-si ll desi gri, wave s and surges of considerabl e si ze c an 
be expected . · From observat ions of the ge neral flow pattern, however, it was 
believed that improved performance c ould b e  obtained . 

Erosi on Test - In making erosion te st s ,  the erodible bed was molded to 
the profile shown i n  Fig . 9 and the lower c hannel was filled slowly t o  prevent 
premature movement of the erodible material . Then the tailwater had reached 
the desired level the

. 
flow thr ough the model was gradually inc reased . The dis­

charge and tai lwater were then set exactly and the te sts allowed to run for 20 
minutes .  

After several preliminary runs varying in t ime from 15 minutes t o  2 hour s ,  
it was decided t o  u s e  20 minutes a s  the standard running time si nce most of the 
measurabxe ·erosi on occurred within thi s time . Although after 20 minutes , the 
erosion c ontinued according to a logarithmic law, as e stablished by Rouse (l) 

1 .  Rouse ,  Hunter Criteria for similarity in the transportation of sediment • . Proce edings of Iowa Hydraulic s  Conference ( 1939 ) . State 
U�iversity of Iowa Studie s  in Engineering Bulletin #20 . 
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and Doddiah ( 1) � it was believed that comparative values could be obtained so 
that relative amounts of erosion could be ev;:Lluated.. Following the logarithmic 
law, these preliminary erosion measurements s hmved that the e quation D . = m log t + b 

. gave approximately the relationship betw:een depth. of erosion D . and time t after 
- �he first 15 minu e s  of running . The constant� m and b depen�ed upon the quantity 

' - of water flowing, the depth of tailwater� and the _ relative . geometry of the bed 
. . material and the stil�ing basin. . : . 
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· · ·· . For t he tests  on the original design� the depth of erosion may be seen in 
Plate 12 and Fig .  9 .  · with the headwater at elevation 625 , the erosion downstream 
from t he sill was approxima ely to Elev. 478 for tailwater Elev. 550, and Elev. 
468 for tailwater Elev. 520 . Before each test� the bed material · dmvnstream from 
_the sill was leveled at Elev. 492 . After a 20 minute run� hrnvever, a very large 
·quantity of material had been removed -- rough computations indicating this to  

_ _ qe in the neighborhood of 2 , 000 cubic yards per yartl of width of _channel �  

Although the material in the prototype may b e  1?-I"ger and mo�e ·seCill-ely· held 
_ in place , the erosion which would result would be similar to that obtained in 
the �odel but would take a greater length of time than indicated in the model .  
As may be  seen in Plate 12  and Fig . 9 �  however �  the erosion was located far 
enough downstream so that the structure itself was not endangered for the c ondi- · 

tions tested . The amount of erosion being considered undesirable� it was believed 
. ·that modifica ti on of the apron and sill would reduce the erosion arrl improve the 
performance . 

Recapitulation From the test made on the stilling basin of the original 
. ' design of the service section, it was concluded that the performance was unsatis­

. · factory but could be improved . The violent action on t he apron formed excessive 
.- waves and surges and caused considerable erosion. The roller acti on on the 

� �  . . apron moved upstrearn to cause surges in the sluices and the general appearance 
· · · or the e ntire flow pattern was unsatisfactory. It was believed that by modify­

� ing the height �  shape�  and location of the end sill, and by making tests on 
· aprons at other e levations , satisfactory operation could be obtained . 

: . C .  - RECOMMENDED REVIS IONS . 
... .· 

,.. 
· .

.
.

. 
--

. · Ov-erfall Spillway 
·- - - --

. ..  ... -.� -=- . s-

.

. 

;

� 

�
-
:

_

· 

_

_

_ 

-

: 

�

: 

Although th"are· vi�·s. a depressed water surface close t o  :the piers· caused 
by contractions in the flow, the effect was c�nsidered negligible and not worty 
of attempts to improve the flow profile . Other flow di sturbances on the over­
fall spillway were also considered to be minor in nature and consequently the 
original design of the crest structure is recommended for use without change . 

Sluices : 

-

;: 
-

-

.

-

The performance of the sluices was considered to  be unsatisfactory 
from two viewpoints . First, the pressure s  in the upper end were in the cavitation 

l o  Doddiah, D .  Comparison of scour caused by hollow and solid jets of water. 
Thesis for Ma.ster of S�ience in Irrigation Engineering . Colorado 
Agricultural and Mechani cal College . December 1949 . 
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range and second, the open channel type of s luic e  in�roduced problems at the 
downstream end of t he s lui ce t hat c ould not be readi ly solved . Consequently, 
it was decided to use a pre ssurized type of s luice and to redesign the s luice 
inlet to obtain more nearly atmospheri c  pressure s throughout t he sluice . It 
was felt �hat several trials would be ne cessary to obtain a sati sfactory e n­
trance or bellmouth shape bec�use space limitations prevent ed use of some of 
the most effective modifications to the inle t .  

It was not pos sible t o  move the s luice gate downstream to increase 
the radiu s  of curvature in the inlet transition . Thi s would have placed the 
operating gallery too near the face of the spi llway. Als o ,  in the int erests 
of economy the designers were attempting to keep t he sluice gate and t he emer­
gency gate to a minimum size . 

It was decided that a spe cial study s hould be made of thi s problem 
on an e ntirely separate model where only one slui ce was modeled and where c hange s 
in inlet shape could be easi ly and quickly made . An extensive study of the 
sluice design was eventually made and i s  reported separate ly in Chapter III . 

Stilling Basin 

It was believed that the main cause of the high boil, the exces sive 
wave heights and surge s ,  and the deep er osion f ound for the original design 
of the s tilling bas in was caused by the exces sive hei ght and steep upstream 
slope of the end sill. Therefore, test s were first made to determine the effect 
of the end sill de sign on the performance . Using the be st si ll design,  the 
effect of s hortening the apron was then investigated by te sting aprons which 
extended from 300 ft to 420 ft downstream from the axi s of the dame Finally, 
the effect of apron elevati on on the performance was e valuated by making tests 
with the apron at Elev. 452 , 462 , and 472 . 

Sill De sign - In order to have a standard for c omparison of the effective­
ness of the vari ous sills and to determine how much effect the sills had on 
wave heights it was decided to first make tests with no sill on the apron. 
As  may be seen in Fig .  9 ,  the waves were much smaller and t he surface smoother 
in general than was found with the 40 ft sill . Under all conditions of tail­
water e levations , the surface of the �ater in the stilling basin gradually rose 
to the downstream tailwater hei ght . The s luice outlet was somewhat submerged 
for tai lwater Elev . 564 and Elev. 540 but for tailwater Elev. 520 it was rela­
tively unsubmerged . It should be noted in pas s ing t hat the effect of sub­
mergency for tai lwater Elev . 564 was to reduce the discharge thr ough t he 4-l/2 
slui ces in the model approximately 6, 800 cfs . 

Downstream from th e  apron the e ros ion which resulted from having no sill 
was appreciab le . In the case of minimum tailwater, the eros i on was to Elev. 426, 
and for maximum tailwater the erosion was to Elev . 436 . Maximum erosion in bot h  
cases occurred approximately 8 0  ft downstream from the end of the apron . As may 
be seen in Fi g •. 9 ,  the erosi on immediate ly down stream from t he apron was to a 
depth nearly 20 ft below the surface of the apron which would not doubt endanger 
its safety. It was not expected to use t he apron wit hout an end sill . Neverthe­
less the te st serves as a reference guide for the magnitude of erosi on, the flow 
patterns ,  and the wave height s within and downstream from the stilling basin . 
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Sill Revision No. 1 was made as a result of. observing the flow, erosiq� 
and wave patterns evident in the original design . The sill was lowered from 
40 ft to 20 ft and the upstream slope was reduced to 45 degrees ( see Fig.  9 )  ._ 

. Since the j et leaving the original sill was completely unbroken as it  des­
cended into the tailwater downstream from the sill it was decided to use in 
the firs t revision a dentated silL The dentils had vertical upstream faces , 

. were 20 ft wide1 and occupied 50% of the upstream face area as shown - in Fig.  
9.  The dentated sill was intended; (1 ) to direct the flow into the lower 
channel at a flatter angle; (2 ) to spread out the boil over the end sill; and 
(3) to reduce the violence of the current or ground roller which plunged back 
toward the river bed . 

- Tests indicated that the first revision was a di stinct improvement. Al­
though the water surface was still quite irreg�lar, it  had fewer and smaller 
irregularities than the original design. As may be seen in Fig . 9 ,  the maximum 
height of wave in the stilling basin was approximately 10 ft for tailwat_er Elev. 
·550 .  Under these conditions the sluice outlet was submerged by about 10 ft. 
Directly above the sill the surface rose in a wave approximately 8 to 10 ft in 
height . Due to the dentated siil ,  the wave descended on the downstream side 
with its energy clearly reduced. This resulted in much more desirable downstream 
conditions . With tailwater lowered to Elev. 535 and Elev. 520, the water sur­
face in the stilling basin gradually rose from a minimum near the sluice outlet 

- to a maximum over the sill. For tailwater 535, the wave over the sill was ap-
. proximately 10 ft high and for tailwater Elev. 520 the wave was less than 10 ft. 

Within the stilling basin the ac tion was in general less violent, yet the energy 
dissipation appeared to be more complete. Although the upstream slope of the 
sill was flatter than that of the original , it did not adversely affect the 
sweep-out characteristics  of the basin. For all· discharges the tailwater could 
be lowered below any possible prototype elevation vdthout causing the jump to 
sweep out. 

The downstream erosion resulting from sill revision No . 1 was much more 
. aesirable than experienced with the original design. Immediately downstream 
'from the sill, the bed material was carried towards and held against the 

: :downstream face of the sill by the ground railer, whose intensity had been re­
- -duced by the dentated sill . In this case, the maximum erosion for minimum 
- -tailwater at Elev. 520 was to a depth of Elev. 463 . J :·, -. :- .. � -� 2: > 

,) : .  c -· . .  i - ... .· ... . .. ( 

It appeared that (1 ) the sill could safely and effectively by lowered from 
·40 ft high·- to 2 0  ft high, (2 )  flattening the upstream slope of the sill resulted 
in better action and performance,  and (3 )  placing dentils on the si ll had the 
effect of breaking up the jet over the sill and reducing the boil in the tai�-

·water downstream. . . , . . _ ·- c • 

' It appeared, however , that the action and performance of the basin could 
be further improved by reducing the slope of the sill even more. Tests were 
next made on a sill with a still flatter s lope. -

Sill Revi sion No·. 2 was of the same general design as revision No. l ex­
cept that the upstream face of the sill had a slope of 30 degrees , rather than 
45 degrees. This sill may be seen in Fig. 10.  

In operation, the sill reduced the surface disturbances , and thereby im­
proved the performance of the basin . The height of the wave directly above 
the sill was reduced from 10 ft in revision No . 1 to approximately 4 ft in 
revision No . 2 .  The waves and surges within the stilling basin ( still approxi-
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mately 10 feet in height ) were not materi ally affected -- the acti on there being 
somewhat independent of change s in sill de sign. Downstream from the e nd sill, 
however, the height of the wave s was materia lly reduced . This was due primarily 
to t he flatter angle of projection of the water as it left t he s i ll .  

A s  also may be seen i n  Fig .  10 , t heerosi on downstream from the sill i n  re­
vi sion No . 2 was to a maximum dep th of approximately Elev. 463 . This was for 
minimum tailwater Elev. 5 20 .  Because the direction in whicu the jet left the 
sill was more nearly horizontal in revi si on No . 2 than in revision No . 1, the 
maximum erosi on for revision No . 2 occurred c loser to the end sill than for 
sill revision No . 1 .  For revi sion No . 1 the maximum depth of erosi on occurred 
from 60 to 100 ft downstream from the end s ill whereas in revi si on No . 2 it 
occurred ,  in all cases,  approximately So ft downstream .  At a distance approxi� 
mately 150 fee t  downstream, however; there was much les s  erosion for revi si on 
No . 2 than in revi si on No . 1 .  Alt hough the extent or depth of erosi on in ei ther 
case was not of a serious nature it appeared that from the overall p oint of 
view the erosion re sulting from revision No . 2 was more desirable than that 
found for revisi on No . 1 .  

After a thorough compari son of the action re sulting from revision No . 1 
with that from revision No . 2 ,  it was decided that the slope of 30 degrees 
was mos t desirable and t hat a flatter s lope would probably re sult in moving 
the point of maximum erosion further ups tream to a point too close to the 
sill for safety . Thi s general cros s-secti onal sill shape ( see Fig .  10 ) was 
therefore decided upon as the most desirable for further s tudies .  

Sill Height - - In order to determine the effect of t he size of the end sill, 
i t  was decided to test dentated si lls patterned after revi sion No . 1 both 40 
feet high and 10 feet high ( see Fig .  10) . 

Sill Revi s ion No . 3 had a hei ght of 40 fee t ,  and may be seen in Fig .  10 
and Plate 13 together wi th the general flow pat tern which re sulted . As found 
for the original sill ,  waves were generated o ver the sill and extended into the 
tailwater downstream with a vari ation in surface elevati on of 20 to 30 feet . 
This extreme c ondition ( see Plate 13 ) occurred for tailwater Elev. 520 . For 
tailwater Elev.  ;35 , the wave directly ab ove the si ll was only 10 ft high, while 
for tailwater Elev . 550 the change in water surface was even le s s .  In t he stil­
ling basin proper , the action was s omewhat more vi olent t han for the 20 ft sill . 
This i s  probably due t o  the fact that immediate ly upstream from the end sill 
the water was deeper than exi sted wi th the 20-foot sill . 

The eros i on pat�ern resulting from revi si on No . 3 was not materially c hanged 
from that in revis i on No . 2 .  For tailwater Elev . 520 the erosion was t o  Elev. 
464, which was approximately the same as that in revi si on No . 2 ( see Fig. 10 ) .  

In light of t he foregoing discussion, then, it may be said that the 40 ft 
si ll sh owed no improvement over the 20 ft sill of revisi on No. 2 .  In fact, the 
waves were more violent and i t  was conc luded that thi s sill was not suitable for 
prototype construction. 

Sill Revi sion No. 4 was non-dentated and was 10 feet high with a 30° upstream 
slope: · To t e s� this sill it was necessary to mold the river bed at Elev. 462 . 
As  may be seen in the photograph of Plate 14 , the acti on within the stilling basin 
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was extremely violent . The amount of energy dissipati on which oc curred in the 
basin from the time the flow entered the stilling basin to the time it came to 
the end of the apron was considerably le ss than occurred for revi sion No . 2 • 

. This can be seen in two ways ; first by Plate 14 , a phot ograph of the action 
in revision No . 4 ,  and second, by compa ring the depth of the water in the stil­
ling basin immediately upstream from the end sill shown in Fig . 10 . In revi­
sion No . 4, for tai lwater Elev. 520, t he water surface im�edi ately upstream 
from the end sill was appr oximately Elev. 513, whereas for revi sion No . 2 the 
surface was Elev. 522 . A s imilar reduction in flow area exi sted for the other 
tailwat er elevati ons te sted . At tailwater Elev. 550 the water surface just up­
stream from the s ill was approximately Elev. 540 for the 10 ft sill and Elev . 
548 for the 20 ft si ll .  Furthermore, the stability of the jump was not satis­
factory with the 10 ft end s ill alone . A small lowering of th�t ailwater caused � 
the jump to be swept from the apron. 

Since the bed had bee n molded at Elev. 462 for· tests on revision No . 4 
the erosion downstrerun cannot be compared directly with that for the other sill 
tests but the erosion re sult s  give an indi cation of what would eventually oc cur 
in the prototype if a 10 ft si ll was used . The maximum dep th of erosion was 
t o  Elev. 452 ,  whereas the minimum depth of eros ion was approximately to .Elev. 
460 . 

Te s ts on the 10 ft sill in revi sion No . 4 showed that a sill of thi s he ight 
was t oo low to accompli sh the int ended functi ons of an e nd  sill . It fai led to 
provide suffi cient guidance to the water and some of the high-veloci ty flow pas sed 
over the sill wi thout bei ng turned, causing c onsiderable eros ion of the river bed . 

In summing up the test made to determine the effect s of sill hei ght ,  it was 
apparent that a sill 40 feet high was not necessary to hold the acti on on the 
apron for low tailwater conditions . Furthermore , t he 40-foot sill created larger 
wave s both above the sill and downstream from it ( see Plates 12 and 13 , and Fig .  
9 ) .  For a sill a s  low as 10 feet high, o n  the other hand, the erosion and jump 
sweep out characteristics were more unfavorable than for the sill 20 feet high 
( see Figs 9 and 10, and Plate 14 ) . The 20 ft sill provided the necessary pro­
tecti on to the river bed and at the same time reduced to a minimum the vi ol"ent 
action on the apron. 

The general shape of the dentated end s ill used in these tests was chosen 
not by chance , but as a re sult of extensive ·test s  made by the Tenne s see Valley 
Authority in the Hydraulic Laborat ory at Norris , Tennessee . These tests were 
made to find an end sill de sign for the Kentucky Dam spillway . The Kentucky 
apron is similar �n many respects to the Hirakud apron and advantage was taken 
of the Kentucky Dam test to shorten the Hirakud testing program. 

- Sill Locati on - The end si ll was located at the end of the apron through­
out the tests of s ill design as shown in Fig 10 . This was done in order to 
c ompare vari ous sill height s  and shape s .  Once the most· de sirable sill was de­
termined, that in revision No . 2 ,  it was important to determine whe ther a s av­
ing in the cost of the structure could be made by reducing t he le ngth of the 
apron. 

Observati on of the tests already made indi cated that the apron might be 
shortened vdthout mat erially increasing the unde sirable effect s of the flow 
leaving the apron . Accordingly, the apron length was reduced in increments 
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and the water surface profile , wave heights,  and. downstream erosion were measured, 
using the sill in revision No . 2 .  The shortest apron tested extended 300 ft down­
stream from the axis of the dam. 

For revision No . 5 ( see Fig . 11) ,  the apron length was reduced 10 ft ; for 
revision No . 6, 20 ft ; for revision No . 7 ,  40 ft ; for revision No . 8 ,  80 ft ; and 
for revision No . 9 ,  120 ft . Perhaps the most effective way to consider the 
significant effects of these changes in location is to study the progressive 
changes in the flow pattern within the stilling basin and downstream from the 
end sill and to s tudy, in a like manner, the changes in erosi on patterns as the 
apron was made shorter. ' 

� 
As may be seen from the flow profiles in Fig . 11, and Plates 15 and 16, 

the water surface within the stilling basin itself became more irregular and 
the . action more violent as the stilling basin was shortened . In revision No . 
5 ,  io ft shorter than the original, the action was not materially different 
thari when the apron length was reduced 20 and 40 ft ( see Fig . 12 and Plate 17 ) .  
However, it can be seen that the ·water surface 5o ft upstream from the end sill 
dipped considerably to later rise approximately 20 to 30 ft over the top of the 
sill itself. With the sill upstream still further, as shown in revision Nos . 
8 and 9 ( Fig.  12 and Plate 18 ) ,  this dip in the water surface became quite 
obvious, amounting t o  20 to 30 feet . Likewise , the rise in the water surface 
as it passed over the end sill was increased . to approximately 20 to  30 feet . 

This action took place because 'the length of the s tilling basin was reduced 
to the extent that there was insuffi cient volume in the basin for energy dissi­
pation. For revision No . 2, the length of the stilling basin was approximately 
5 times the downstream depth of the water, whereas in revision No . 9,  this was 
reduced to approximately 1-1/2 to 2 times the downstream depth -- thereby reduc­
ing the opportunities for the j et to become thoroughly diffused by the mixing 
action upstream from the sill .  Particularly noticeable in  revisi ons Nos . 8 and 
9 was the jet-like profile which the water took as it passed over the end sill. 
Downstream from the sill the je t dropped 10 to 15 feet before it reached equi­
librium at tailwater depth and produced si zeable waves downstream from the end 
sill. 

It should be  mentioned here that the water surface profiles shown in Figs . 
11 and 12 show the average profile and do not indicate the rapidly changing water 
surface which occurred in the model .  Even the photographs fa.il to show the 
dynamic conditions which prevailed . Thus, although the profiles and photographs 
may appear to portray relatively mild action, the true evaluation of the action 
can only be gained from observing the model in operation. Considering energy 
dissipation, action in the stilling basin, and water surface profiles upstream 
and downstream from the sill, it was apparent that shortening the apron as 
indicated in both revisions No . 8 and No . 9 could not be justified . 

The erosion profiles which resulted from shortening the apron also indi­
cated a limit for reducing the length of the apron. Although the depth of 
erosion was not affected in revision Nos . 5 ,  6, and 7 ,  the erosion in revision 
Nos . · 8 and 9 was carried to a depth approximately 4 ft deeper than for revision 
No . 2 ,  as shown in Figs . 11 and 12 , and Plate 18 . . · In no case, however, 
was the erosion so severe as to warrant great concern. 
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_ ·As a result of the foregoing c onsiderations, it may be said that reV1.s1 ons 
- os . _ 5, 6, and 7 result in flow patterns and erosion condi tions which could be 
�aecepted � thout question in the final design .  Although revision No . 8 had waves 

of c onsiderable magnitude, it is no doubt possi�le to use this sill location 
� th9�t _ danger to the structure proper. It must be remembered, however, that 

-the waves carried on downstream were pf such a height that severe erosion might 

= .  - -- - Apron Elevation - Once the most desirable shape, si ze, and location of 
:-end sill was det�rlllined there still rem�inej the possibility that the apron 
- could be raised to s ome extent to decrease t he cost of the stilling basin in 

_�he_ deep sectiono Consequently, it was decided to test aprons at Elev . 462 
_ and Elev._ 472 in the hope that one or the other would prove to be adequate . 

To properly introduce the flow into the stilling basin, the sluices were 
- odified as shown in Figs . 13 and 14, and Plate 19 . The sluice outlet curves 

��e made tangent to the stilling basin bucket which also was modified . At 
�his apron height of Elev . 4 7 2 ,  the 20 ft - 30° end sill used in revision N o .  
2 ,  was again tested with aprons extending from 300 feet t o  4 2 0  feet from the 
axis of the damo 

llith the apron at Elev. 472 and the tailwater below Elev • .538 (see Figs . 
·13 and 14 ,  and Pl.ate 19 ) ,  the action wi thin -am dm·m.stream from the stilling 

� basin was extremely vi olent and unstable regardless of the length of apron. 

� ·  

or headwater Elev. 630 and tailwater Elev • .5.58 , the operation was satisfactory 
- when the apron extended at least 340 ft downstream from the axis . With the 
: si_� 300 ft from the axis (see Fig . 14 ) ,  waves were from 10 to 20 ft in height . 
- ith the tailwater at Elev • .538 ,  reasonably go od operation resulted when the 
- -apron extended 360 ft or more downstream from the axis but waves up to 30 ft _ in height were dev-eloped when the apron length was reduced .  Although some 

of �he surface profiles of Figs . 13 and 14 appear to be quite regular and smooth, 
it may be seen in Plate 19 that the surface was very irregular, containing many 

: waves a¢ surges .  

� : Tbe _ performance o f  the apron was unsatisfactory in any case , however when 
the tai1water was lowered to Elev • .52.5 , the jump was completely swept from the 

� tilling basin after degradation had taken place for approximately 30 minutes . 
Fllrth�rmore , for tailwater elevati ons below Elev • .538 , the jump was not well 
Jf0rmed regardless of the apron length and the jump never completely developed 
before the jet of water shot over the end sill with only a small part of its 
energy dissipated . This condition existed t hroughout all the tests made with 
the _ �pron at Eleva 472 . It became increasingly noticeable, however , as the 
apron-·length was reduced . 

The sluice outlets were unsubmerged when the tailwater was at Elev • .529 . 
llhen the t ailwater was at Elev • .538 , the degree of submergence varied from 
approximately 5o% to 80% depending upon the apr on length. At tailwater Elev. 
S58 the submergence was complete plus 2 to 1.5 ft greater . Thus , raising the 
apron would not in i tself prevent the sluice outlets from being submerged . 

The erosion patterns resulting from test with the apron at Elev . 472 did 
not reflect fully the poor appearance of the flow pattern . The greatest depth 
o:f erosi on was only 20 ft below the initial surface of t he river bed . Had there 
been a greater length of channel downstream and had the model tests been run 
for a g reater length of time, it is probable that the erosion and general 
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degradation would have been greater than shown. Sufficient data was obtained,_ 
however, to prove conclusively that the apron at Elev. 472 was unsatisfactory 
and would, in the prototype , have produced dangerous operating conditions . 

-

Thus, the tests with the apron at Elev. 472 showed that poor operation in 
general could be  expected but that fairly good operation for the upper ranges 
of tailwater could be realized. On this basis it was believed that lowering 
the apron to Elev. 462 might increase the tailwater depth sufficiently to pro­
duce satisfactory operat ion over the entir� range of flow conditions . Since 
raising the apron would reduce the cost, it was decided to ·test the performance 
of an apron at Elev. 462 . Accordingly, the apron was rebuilt and the sluices 
and spillway bucket again modified ( see Fig .  lS ) in a manner similar to that 
shown in Plate 19 . '-

Although this apron elevati on produced flow patterns which were much im­
proved over those  at Elev. 472 , it was still found, as may be seen in Figs . 15 
and 16, that the flow pattern was too turbulent and unstable for safe use . · The 
hydraulic jump in the stilling basin developed more completely than with the 
higher apron, but energy dissipation on the apron was still not sufficient to 
produce a smooth flow leaving the apron. In Fig.  15 a wave over the end sill 
is evident for all tailwater elevations and all apron lengths . 

The erosion which resulted with the apron at Elev. 462 was not seri ous ,  
extending to  a maximum of only 20  ft below the initial surface at a reasonable 
distance from the end of the apron. Erosion, therefore, was not the major fac­
tor in the decision to favor a lower apron. The fact that the action in the 
stilling basin was extremely violent and the jump was on the verge of being 
swept off the apron, also influenced the decision. to use a lower apron. With 
tailwater 10 ft higher than normal for any given test, the action was greatly 
improved and the flow leaving the end sill was of lower veloci ty and created 
less  di sturbance in the lower channel. Since these tests wit h  10-ft higher tail­
water approximated those with the apron at Elev . 452 , it  was readily apparent 
that the lower apron was more satisfactory. 

From all points of view, the tests on the aprons at three elevations showed 
conclusively that the apron at Elev. 452 was the most desirable . The measured 
data and analyses given in thi s report all point to the same conclusion. All 
the engineers who viewed the tests believed that the lower apron provided a 
better operating structure with an ample margin of safety, against indefinite 
and unforeseen factors·. 

Sill Pres sures - It also  was desirable for design purposes to measure the 
pressures on the dentated sill. A piezometer was installed on the top face of 
one dentil immediately downstream from the upstream face to determine whether 
cavitation pressures existed and a second piezo�eter was placed at t he center 
of the upstream face of the dentil to measure the forces acting on the sill . 

In Fig .  17 it may be seen that in the regi on where low pressures might be 
expected to exist (piezometer No . 1 ) , the pressures were all well above atmos­
pheric for all apron lengths and tailwater elevations . Pressures varied with 
the tailwater elevation and the length of the apron. For tailwater Elev. 550, 
the pressure varied from 60 ft of water for the apron extending 420 ft from the 
axis to 54 ft for the 300 ft apron. With the tailwater at Elev. 520 , on the 
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other hand, the pres sure varied from 34 ft to 32 ft for the same range of apron 
lengths . This reduction of pre ssure with shorter aprons was probably due to 
the combined effect s of the increased ve locl.ty striking the s ill due to less 
dissipation of the energy, and the reduction in statis pressure above the sill 
as a result of a more incomplete jump development. In any event, however, the 
pressure is so much above atmospheric there should be no concern regarding cavi­
tation on the end sill . 

On the other hand, the impact pre ssure s ,  measured on the upstream face of 
the sill,  pie zometer No . 2 in Fig.  17 , substantially increased as the sill was 
moved upstream -- due, no doubt , to the greater velocity of the jet striking 
the sill . With t he apron extending 300 ft below the axis ,  the pressure varied 
only a small amount , 110 ft to 116 ft , over the range of tailwater e levation. 
With a 420-ft apron however, the pressure varied from 73 ft for tailwater� 520 
to 101 feet for tailwater Elev. SSo .  Thi s effect was no doubt a result o f  c on­
siderable variation in the height of the water over ·the sill caused by the vari­
at.i on in tailwater elevation.  

The pressures which have been described indicated the order of magnitude 
of the pressure s  whi ch may be expected in the prototype . The total pressures 
or . 1orces on the sill can be estimated from these data for purpose� _of design. 
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Chapter III 

SLUICE INLET HODEL 

A. MODEL CONSTRUCTION AND TESTING 

After consideration of the various methods of relieving the sub­
atmospheric pres sures found in the original design of the inlet transition 
for the sluic es dis cus s ed in Chapter II,  it was decided to s·et up equipment 
and apparatus to study the problem in a more fundamental manner . This was 
nec es�ary becaus e the original inlet design had been based on the best avail­
able data and no method for obtaining a satisfactory entranc e s hape was known 
except to develop the inlet curves by model tests . The testing proc edure which 
was finally developed consisted of three stages . Firs t ,  a rectangular orifi c e  
wa s  provided •dth an upstream forebay apron an d  do�mstream floor . The side 
contractions were measured on the free jet issuing from the orifice . Second, 
sidewalls \fflre built and installed to conform to the s hape of the s ide of the 
fre e  j et and the resulting water-surface profile vms measured . Thir.d, a roof 
having the s hape of the water surface \vas installed and the pressures in an 
upper corner checked to determine the pos sibilities of cavitation . 

Problems to Be Considered 

The problem in general consists of determining the s hape of a j et 
of vmter after it has pas s ed through an orific e c orresponding to the s ize of 
opening necessary on the face of the dam. Using profile curves obtained from 
the sides and top of the jet, an enclosing structure may then be fitted aroQ�d 
the j et so that pressures very nearly atmospheric vfill be obtained throughout 
the entranc e .  The size of orifice must be such that the j et area vdll b e  equal 
to the gate area in the region where the prototype gate is to be located . Also ,  
the capacity of the sluice must b e  sufficient to pass the proper discharge at 
the desired head . The problems are dis cus s ed in detail in the follovQng para­
graphs . 

Entrance - In most model t ests it is important to accurately reproduce 
the approach conditions upstream from the structure to be tested . In the cas e 
of the Hirakud s luic e entrance the river bottom is generally at or near the 
level of the sluic e  floor , and major irregularities in topography vdll be 
leveled out . Therefore, the problem of reproducing entranc e conditions is 
simplified and becomes one of producing a relatively quiet , non-turbulent 
condition in the pool upstream from the orifice plate which repres ents the face 
of the dam. 

Free Jet - The item of major importance in connection \dth the perform­
ance of the sluice inlet model is the flow pattern of the lree jet . To 
determine the s hape of the free jet , it is nec essary to measure the s ide and 
top contractions resulting from various head-i-Tater elevations ;v.i.th the t>-.ro 
aforementioned approach conditions . Due to the fact that flmv of the free jet 
through the orifice plate is subj ect also to the forc e of gravity, the jet 
surface is deformed before it reaches the end of the model floor . The extent 
of deformation depends upon the velocity of efflux. Thus , it is practical to 

III-1 



measure the side and top contractions for a distance from the orifice plate 
only as far as the vena contracta of the free jet . Do�mstream from this point 
the problem is of a different nature and entrance data are sufficient until a 
satisfactory entrance shape has qeen found . 

Enclosed Jet - The pressure distribution existing on the surfaces enclosing 
a · jet indicate whether a satisfactory inlet design has been obtained .  Inlet 
des ign can be considered satisfactory i.f (1 )  atmospheric or nearly atmospheric 
pressures prevail throughout the inlet , or if ( 2 )  the pressures in the inlet 
can be raised to or near atmospheric by slightly constricting the sluice outlet . 
As previously described, it is lmo�m that the critical area in t-mich to expect 
dangerously low pressures is at the junction of the side and the top transi­
tion curves o 

The obj ect o f the s luice inlet model studies is to determine the proper 
transition req�red to contract the wat er to specified cross-sectional di­
mensions of the s luice barrel . · Both the opening in the face of the dam, which 
is covered by an errergency gat e ,  and the s luic e  gate must be kept to the 
smallest possible dimensions consistent vdth a satisfactory pressure distri­
bution . Limitations on size ru1d length of the trans ition are inherent in the 
geometry of the structure and in the discharge requirements of the sluices . 
The problems encountered as a result of thes e limitations are discussed later 
as they occurred . 

Design,and Construction of Original Hodel 

In order to develop a satisfactory design for the sluic e inlets 
qUickly and economically, a s eparate model consisting of one sluice was con­
structed . This 1:40 s cale model was us ed to measure the profiles of a free 
jet issuing from an orifice of the desired s ize • 

. · General Layout - As may be s een from Plate 20, the general layout of the 
model c onsisted of an entrance tank, an orifice plate , and a sluice floor with 
a ·c orbel . The upstream face of the orifice plate represented the upstream face 
of the s luice .  .. 

. The water for the model was supplied by the 8-in . pump and pipe line 
described in Chapter II, and the discharge vras measured by an orifice meter 
in the line . 

Entrance Tank - The taru<: which vas used to accommodate the sluice model 
was available as part of the standard laboratory equipment . This taru<: had an 
inside diameter of 5 ft and vms 6 .  5 ft high . Built into the · tank was an open­
ing in the side , approximately 2 ft by 3�1/4 ft, �r.ith a transition leading to 
the opening (Fig 9  18) . This opening \•Tas covered vdth the plate supporting the 
orifice .  

The 8-in . supply pipe was carried over the top of the tank and dis charged 
· vertically downward near the tank floor . A lattice-type baffle was constructed 

in the tank to reduce the turbulence in the flovr entering the tank . A rock 
baffle was also placed between the inlet pipe and the orifice in order to fur­
ther reduce the turbulence and to insure liniform flow approaching the orifice .  
This baffle extended from the floor to the top of the tank and t-ra.s made of 
2-in G by 6-in . vertical vrood members •'lith 1/2-in . , galvanized-wire mesh nailed 
to the edges . The frame was filled 1·r.i th river gravel varying in size from 
3/4-in . to la·l/2-in. 
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In order to determine the -vmter s urfac e elevation in the tank , a s tilling 
well with a Lory-type hook gage was mounted on the s ide . The stilling vTell 
was connected to the tank >�th a flexible hos e .  

Orifice Plate - A sharp-edged orifice cut in a steel plate repres ented the 
opening in the face o f  the dam. lfuen 1vater ,,m.s passed through the orifice at 
heads corresponding to tho s e  in the prototyp e ,  the shape of the issuing jet 
was an indication of the s hape of the neces s ary inlet transition . 

The �upport for the orific e plate was made of a s heet of cold-rolled steel 
30-1/2 inches •�de by 44-1/2 inches high by 1/4 inch thick ( Fig . 18) . A rec­
tangular hole >vas cut in the plate to dimensions which were slightly larger 
than the maximum s·ize of orifice expected to be tested . This plate was bolted 
to the flange of the truh� transition . A smaller plate containing the orifice 
to be tested was bolted to the inside of the orifice support plate . Thus , the 
size o �he orific e  could be changed •�thout a great amount of modification to 
the apparatus . The first orifice t ested was 16 . 5  ft by 35 ft , prototype , and 
was a s harp edged rectangle cut in a plate and carefully filed to the exact 
dimensions . 

Sluic e Floor and Corbel - B ecaus e it vm.s known that changes in the floor 
of the s luice or in the corbel '�:muld not be necessary , these features were 
permanently installed in the basic model . Thus a proper entrance condition 
was obtained and the j et vias supported on the bottom to provide the necessary 
entrance similarity with respect to the prototype structure . The corbel, 
sho>� in Fig . 18 vm.s built to exact dimensions and mounted on the inside of the 
orifice plate with s crei'rs . It vTas made of Honduras mahogany and extended 
horizontally about 4 inches beyond each edge of the orifice opening . 

The slui c e  floor 1vas also made from mahogany and attached to the corbel 
with dowel pins through the orifice plate . This floor extended from the ori­
fic e plate to a point downstream from the prototype gate s ection which vms 
approximately the point o f  origin of the parabolic sluice floor . 

As explained in Chapter II it vm.s neces sary to test the s ectional model 
under both single and multiple sluice operation . Likewi s e ,  it was necessary 
to test the sluice inlet model under the same conditions . Dividing walls 
.parallel to t he direction of flow were placed upstream from the inlet model 
to represent the condition Hhen adjac ent sluices were open . \fuen the vm.lls 
were removed, greater contraction at the s luic e entranc e occurred and re­
pres ented flow conditions when only a single s luic e  was open . 

Sluice Side l;Jalls - The sluice walls v1ere constructed from mahogany and 
were shaped to conform to the profile of the side of the free je t or to a 
predetermined curve as explained later . The sidevm.ll profile templet was first 
cut from sheet metal >·Thich 11as used for forming the >·mod . The sidewalls were 
placed in the model s o  that the upstream end of the curve was flush with the 
upstream face of the orifice plate . 

�uipment and Procedure for Testing 

The general proc edure for Qperating the model and determining the 
inlet curves and s hapes is des cribed in the following paragraphs under the 
sub jects of the free jet , the pressure , and the discharge . 
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Measurement of Free Jet - In order to measure the dimensions of the free 
jet at various s ections dm·mstream from the sluice inlet , it was necessary to 
devise a method by which accurate measurement could be made on both the side 
and the top contraction? of the jet . As shown . in Fig . 18, a guide block �ms 
made �Qth 1/16-in . holes carefully drilled so as to ensure perfect parallel 
ali�ent . The measuring holes were spaced 1/2 in . from center to center in 
both. coordinate directions . The wire point gage consisted of a 10-in . length 
o:l 1/16-in . brass >'Telding rod �>Jhich had been ground to a sharp point . The 
�d.:_ was held in place by light friction behteen the rod and the sides of the 
bole • . Thus , the rod could be manipulated to obtain accurate measurements of 
the cross-sectional shape of the free jet _at a number of points downstream from 
the orifice .  All measurements were immediately recorded on a standard labo­
ratory data sheet, together 1trith other pertinent information such as head�rater 
elevation and discharge . 

- �- Measurements of the free jet were taken for headwater Elevs . 590, 613 , 
625, and 630 .  The effect of changes in approach conditions , caused by multiple­
slUice operation, was determined by installing Hooden flmv guides in the model-.­
The guides produced stre&�nes similar to those occurring in the prototype 
when all sluices were in operation . To simulate single sluice  operation, the 
wooden flow guides were merely removed .  It was expected that a single sluice 
operation would produce the critical condition of maximum contraction . In 
this case the streamlines were allowed to approach from the sides as well as 
from the region immediately upstream from the orifice .  

3 -- -;:
. 

� �· 
. 

- � · · Measurement of Pressure - Of major importance in tests on the enclosed 
jet is the pressure distribution in the upper corner of the sluice at the 
junction of the side and top transition curves . Therefore , piezometers vmre 
iristalled at close intervals in this region, proceeding dmmstream at in­
cr-easing increments . For the sluice  having sidewall revision No . 1 and roof 
revision No . 1, the piezometers were placed in the following manner proceeding 
downstream from the upper corner of the orifice plate : the first five piezo­
meters were placed at 1/2 in . intervals , the next five were placed at 1 in . 
in�ervals , and the remaining two piezometers were 1-1/2 in . apart . 

r . _. ... . . . ... ... � . - - . - .  - . • . 

-;,_, ·'l t:.. r·· .... � "'  c� · • - c - -· - • - - - ... - · - -

C ' � :� , All. of the piezometers · \'rere connected by rubber tubing to the manometer 
� ·which was located just to the side of the orifice plate . The · pressure 
��uring equipn1ent, the ·process of determining the zero for the - manometer 
tu"Qes ,· · and the method of priming the piezometers was the same as had been 
described in the section · on equipment and procedure for testing in· Chapter II . 

l· !. .' ::  .. - - . . . . . : 
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����In making a test,  the headv-rater was set to a given elevation, the piezo­
meters primed, and then the pressures were determined by direct measurement 
o£ the . difference . in elevation of the meniscus and the zero mark . This 
measurement was made 1..Jith a scale graduated in prototype feet . All measure­
ments were tabulated on standard laboratory data sheets and plotted as de­
s�fibe in the follovling pages of this report . 

� -� �- M�asurement of Discharge - Hater >-ras suppli'ed to _the 1 : 40 scale sluice­
ihlet model by a lateral from the main 8-in . pipe line and pump . As in the 
case of the sectional model, the 6-in . orifice  meter and the mercury mano­
mete·r 1..,rere used to measure the discharge . The testing procedure consisted of 
setting the head1vater at the desired elevation, and determining the discharge 
through the sluice1tmy by the orifice meter . All of the data "'I'Tere recorded on 
standard laboratory data sheets . 
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B. DISCUSSION OF TEST RESULTS 

The sluice-inlet model, built to a 1 : 40 scale and installed in the 
side of the steel tank, consisted primarily of a rectangular sharp-edged 
orifice s caled to the size of the inlet transition at the upstream end . A 
horizontal floor , repres enting the sluice floor, extended downstream from the 
bottom edge of the orifice to the beginning of the vertical curve in the sluice 
bottom ( see Fig . 18 ) . Upstream from the orifice a corbel-type of entranc e lip 
provided approach conditions similar to those for the s ectional model ( see 
Figs . 18 and 19 ) . 

Ip was planned that the shape of the side �mlls of the inlet transi­
tion was to be determined from the shape of the free j et . The transition side­
walls were then to be constructed and added to the · model and the free surfac e 
of the top of the j et measured . From these curves,  the shape of the sluice and 
transition roof was to be determined . Finally, the roof was to be constructed, 
installed, and checked for cavitation pres sures . � 

Many difficulties in follmdng this program �tere encountered, however, 
and deviations from the original schedule were made in the hope that time and 
money could be s aved . These deviations , although they seemed to be logical at 
the time , may appear now to be out of order . 

Shape of Free · Jet 

The first orifice tested was 16-1/2 ft vdde by 35 ft high and was 
cut in the steel plate which vms 1/4-inch thick . The size was governed by the 
ma.--ci.'IlUJ!l. vtidth of inlet vJhich could be installed in the prototype vtithout 
interfering �lith adjac ent sluices , and by the maximum allowable height of 
emergency gate which could be built economically .  

For the first test , the model vms operated at maximum head\·Ta ter . 
As the j et issued from the orifice, the general shape vms rectangular, but 
the corners were beveled ( see Fig . 19) due to the pattern of the approaching 
streamlines combined with the · effect of the 900 corners of the orifice .  As 
the j et progressed dovmstrearn, the beveled corners became inc reasingly pro­
nounced thereby explaining why the minimum pressures for a rectangular inlet 
transition are to be found in the upper corners ( s ee Fig . 2 ) . Downstream from 
the orific e plate,  as may be s een in Fig . 19 , the beveled corners quickly 
became 1dder until the entire cross s ection of the j et was altered and the 
shape of the jet had no resemblance to the rectangular orifice through which 
it had just passed.  

The measurements of the jet s hape were then made using the 1/16-in . 
point gage pushed through the holes in the guide block ( Fig.  18 ) . The rod 
was held in the holes by friction and was adjusted until the end of the rod 
was just touching �e flowing jet . From these measurements the shape of 
sidevmll revision No . 2 of the inlet transition was obtained . 

Form and Size of Inlet Transition 

While these data were being obtained and plotted, it was decided to 
construct and t est the inlet transition with sidewall revision No . 1 .  The 
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·transition sidel-m.'ll curves were ellipses having the equation 
-. 

x2 + i- = 1  
576 5 . 0625 

�in which x is the distance in feet parallel� and y is the ·distance perpendi­
_cular, to the sluice center line �uth the origin 24 ft dovmstream from the 
-face of the dam at a point 8 . 25 ft from the sluic e c enter line . The surfac e 
�rofile was measured vnth these sidewalls in plac e .  

As explained previously, sidewall revision No . 2 corresponded to 
:the shape of the sides of the free jet as determined from the model tests 

( s ee Fig .  19 ) .  These side-.valls were installed and surfac e profile measurements 
made to determine a shape for the roof transition . The beveled corners , and 
other surface irregularitie s  which existed in the free jet, also appeared vnth 

.the sidewalls i11. place "  Therefore profile measurements were made adja·cent to 

.the sidewalls and l o  75 ft and 3 .3 ft out from the vralls . Due to the beveled 
-edges , t he measurements at the sidewalls gave a profile some>vhat lmver than 
those nearer the c enter line of the j et .  As may be s een in Fig . 20, the total 
drop in the water surface adjac ent to the side>alls at the point where the gate 

'WOuld be installed was appro zimately 7 ft belm., the top edge of the orifice .  

Next , an attempt \'Tas made to fit a roof curve to an opening 33 .33 ft 
.high at the face of the dam and 20 .33 ft high at the gate . To this end, roof 
revision No . 1 "trcts s et up as 

-I + -:2- - 13x = 0 
4 

which fit the t�� controlling heights . This roof was constructed and installed 
with sidevrall revision No . 2 and the resulting pressure distribution measured . 

:.As shoim in Figo 21, the minimum pres sure , 19 . 8  ft beloii atmospheric , was only 
_ slightly greater than that in the original sluice design . Sinc e no marked 
�improvement in pres sures �ras obtained , it ivas decided to make a further roof 
: revision based more directly upon the shape of the free water surface .  

As s ho� in Figs . 19 and 20, the top of the orifice during the 
measurements of the .fre e  \'tater surfac e was 3 5 ft above the floor of the . sluice . 
The 7 ft drop or contraction made the s luic e  height 28 ft which nec es sitated 

: a gate c onsiderably higher than was desire d .  This curve o f  the water surface 
· appeared usable;1. hovrever, as a trial roof curve for an orifice somei-rhat smaller 
: in height . Therefore , it was decided to construct roof revision No . 2, using 
_ a curve having the general shape of the free water surface from the 35 ·ft 

orifice but idt h  the entire surfa.de lowered to provide a sluice and gate 
height of 20 .33 ft . To have a more gradual transition than vras indicated by 
the data, the height of the inlet entrance was increased to 28 . 66 ft and a 
curve arbitrarily drawn from this point to become tangent to the adjusted 
water surface curve further dovmstream. It was anticipated that such a curve 
would not exactly represent the curve for an orifice 28 . 66 ft high but it >as 
b elieved that t he difference would be minor . 

The pressure distribution resulting from roof rens J.on No . 2 and 
s ideivall revis ion No . 2 ,  shown in Fig . 22, gave a minimum value of 10 ft of 
water les s  than atmosphe ri c . This 1..as a considerable improvement over the 
first revision .. Hmvever, it was believed that further improvement could be 
obtained by shaping the transition roof to the free j et surfac e curve of ru1 
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orifice having a jet · he;Lght of 20 .33 ft at the gate . Preliminary to making 
these tests , however ,  this belief was confirmed by revising the existing model 
�ckly �dth modeling clay to simulate the lower transition roof . 

In view of the fact that the jet rrould not be reduc ed in height as 
:mut:h as the orifice ,  it was decided to make the orifice 25 ft high . Fig .  23 
s� the results of these measurements . The beveled corners were still very 
pronounc ed and the drop in surface elevation adjac ent to the sidewall at the 
gate was approximately 5 . 5  ft thereby making the sluice 19 . 5  ft high . 

As 
in Fig . 24 .  

a next step, it was decided to test roof transition No . 3 s hown 
The curve fits t he equation 

19 .51 y2 + � - 50x = 0 
and ·was used in an attempt to simplify the coordinate system necessary to 
describe the roof transition . Pressure measurements were made in the upper 
cot.l'ln-er of this model using sidevrall revision no . 2 and roof revision No . 3 .  
The pres sures dropped sharply about 3 ft inside the inlet to a minimum value 
o� 9 ft of water less than atmospheric and held to this low value throughout 
the remainder o f  the distance to the gate . The minimum value '\'las about the 
s�e as found for roof revision No . 2, but becaus e the pressures were low 
over a greater length o f  the transition and because there was no material 
improvement over the s econd revision, roof revision No . 3 was considered un­
desirable . 

' 

For roo£ revision No . 4 the s hape of the transition was bas ed di-
rectly on the profile of the free j et issuing from the orifice 25 ft high and 
meas.ured at the sidewall . With sidewall revision No . 2 and roof revision 
No. 4 in place ,  a minimum pressure of 10 .4  ft of water less than atmospheric 
was .obtained, as shown in Fig . 25 . Although this lo'\'1' value was confined to a 
muc.U:l shorter distance than with roof revision No . 3 ,  it was totally unexpected 
and .no definite explanation for it could be given . It is probable , however, 
that the curve as dravm from the data did not have a continually increasing 
radius of curvature from the inlet of the sluice to the gate . Had time per­
mit;�'ed., the curve l'I'Ould have been differentiated graphically to dete:nnine 
what adjustments should be made .  

It vrould have been desirable to continue the testing program to 
det<e.rmine exactly the. reasons for the low pres sures in the sluice but the 
de�gner ' s  time schedule did not permit further study . It is believed that 
fU11"ither investigations imuld have revealed the caus e of the lOiv pressures 
and� with additional tests , an inlet having no pres sures below atmospheric 
coUld have been developed . However, the shapes used in roof revision No . 4 
were the most s atisfactory o f  those tested and although the pressures in a 
rel,atively s hort length of the transition were considerably belo"r atmospheric , 
the inlet was believed to be s afe for prototype use for the follOi'ling reasons : 
First, s ince only the upstream end of the sluic e had been c ons tructed in the 
model, the back pressure due to friction los s e s  in the do\vnstream portion of 
the .Prototype s luice was not included and s e �ond, a constriction, which was 
not included in the model, is nec essary ·at the sluic e  outlet to force the 
shrl.ce to flOiv full . Both influences will cause increas ed pres sures in the 
prototype s luice .  

The model inlet wa s  calibrated and found to pass a quantity of water 
in excess of that which was actually needed . Cons equently the dovmstream area 
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of the sluice could be constricted to reduce the " discharge and thereby rais e 
the pressure gradient throughout · the sluice . For the quantities involved and 
for the outlet dimensions chosen, this would amount to about 5 ft of head-­
the difference in velocity head between the sluic e gate and the outlet o Losses 
from boundary resistance between the sluice gate and the exit would account 
for approximately another 4 ft of head . 

In other words , if the entire sluic e had been modeled--as it would 
have been if time and money had been available--the pressures in the model 
inlet would have been c lose to atmospheric . To demonstrate beyond a ·doubt , 
however, that downstream resistances �rould raise the sub-atmospheric pressures ,  
the downstream end of the model inlet was constricted to raise the head on th§ 
piezometer nearest the gate by 7 . 5  ft , a value more conservative than those 
given above . The minimwn pres sure in the inlet '\-Jas then found to be -4 .2  ft 
of water, a figure which is believed to be safe . The pressure curve for this 
test,  shown in Fig .  26 shows that sm�ll sub-atmospheric pressures are to be 
expected over only a short length of the inlet . For the remainder of the sluice 
the pressures will be well above atmospheric . Thus , the sluice roof revision 
No . 4 shown in Fig . 25 is considered to be safe for prototype use in combi­
nation with sidewall revision No . 2, Fig .  20, provided the sluice is pressur­
ized as indicated above and shown in Fig .  26 . 
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Chapter IV 

AUXILIARY SPILLWAY MODEL 

A .  MODEL CONSTRUCTION AND TESTING 

As planned during the design of the original model it was necessary 
to modify the service spillway model to study the operation of the auxiliary 
spillway. The problems involved in such a change are presented first , follol-red­
by a discussion of the model design and construction and the procedure and 
equipment for testing . Finally, the test results are examined and discussed .  

Problems to  be  Considered 

· Since the spillways for the auxiliary and service sections are 
identical, the performance of the auxiliary spillway or the problems en­
countered need not be discussed here . The auxiliary sluice outlets , however, 
are somewhat different as sho•� in Fig .  27 and Plate 21 . Therefore , it is 
necessary to study the flow emerging from the sluices, the flow pattern leaving 
the deflector bucket , and the erosion do>�stream from the bucket . Because the 
trajectory bucket is not a true energy dissipater and the energy will be dis­
sipated downstream in the erodible portion of the streambed, it is necessary 
to check the erosion tendencies to ensure that the erosion which does occur 
will not undermine the structure . 

Also to be considered is the effect on scour of (1) operating the 
overflow spilh;ay v-Iith the sluices closed� (2)  operating only the sluices with 
the overflow spilll1aY gates closed, or (J J operating with alternate sluices 
and crest gates open . 

The position and characteristics of the roller vihich forms below 
the bucket must be determined for all operating conditions . If the roller is 
too violent there is a possibility that eroded bed material will be sv1ept into 
the bucket and cause damage to the prototype bucket through abrasive action . 

Finally, the heights of the resulting vmves and surges in the down­
stream channel should be measured for the different conditions of operation 
since they will cause banlc damage unless adequate riprap or other prote.ctive 
devices are provided . 

· 

Design and Construction of Hodel 

The design of the auxiliary spilhmy used in the model tests is 
shown in Fig . 27 . Since the sluice design vTas entirely different from that 
used in the service spilhmy tests , it would have been necessary, in order . 
to obtain complete similarity, to rebuild the sluices in the model. It \1aS 
believed, however, that the small error in the sluice discharge resulting 
from r·etaining the original inlet .-rould have little effect on tests to de­
termine deflector bucket performance . Therefore , the original sluice inlets 
were retained and changes were made only in the outlet end . Because the 
design of the auxiliary spill,�y section provided for a pressure sluice, it 
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was necessary to build the desired shape inside the existing sluices . 

As pointed out in Chapter II,  the roof of the downstream s ection was 
made · of Honduras mahogany and fastened in place inside the sheet metal cas e .  
Thus , it was nec essary only to remove this 1·rooden insert and reform it to the 
desired shape of the sluices in the auxiliary spill\�Y section ( Fig . 2? ) . 

In order to reform the sluice floor and install the deflector bucket ,  
wooden templets were made having the proper shape ( s e e  Fig . 2? ) .  The templets 
were cut so that the bottom conformed to the shape of the original model and 
the top to the shape of the sluice and bucket of the auxiliary spillvmy model . 
Finally, the templets were fastened in place and covered 1i.Lth 20-gage sheet '­
metal to act a:;; the surfacing material over which the water \·rould flow. 

Equipment and Proc edure for Testing 

The equipment us ed for testing the auxiliary spillway model wa-s 
essentially the s ame as that for testing the servic e spillway model . No at­
tempt was made to measure the pres sures in the sluice inlets because these 
had been tested previously and a more satisfactory shape had been devised on 
the s eparate model . The trajectory curve of the sluice was much flatter than 
for the service spillway. For this reason and since the sluice was now 
pressuri zed, it vms believed that there would be no problem of negative pres­
sures on the sluice floor . The capacity of the sluices was assumed to be the 
same as for thos e  in the s ervice spilhray o 

In making the erosion tests , the river bed in the model was shaped 
to the correct level as s hown in Plate 21 . The �odel was then allowed to fill 
slo\'rly i•lith vrater, so as not to disturb the bed material, and the given con­
ditions of head vrater and tail water were set . 

Each test was run for a period of 20 minutes during which time 
sketches were made of the water surface and scour profiles as obs erved through 
the glass-\�lled s ection . Photographs were als o made of the water surface and 
bed profiles after each run .  

B o DISCUSSION OF TEST RESULTS 

The servic e  spillway dis charges into a stilling basin which dis­
sipates much of the energy in the flo1"1' before releasing it into the river o 

In the auxiliary s ection there is no stilling basin to dissipate energy, but 
rather, a curved bucket which pro jects the water downstremu as far from the 
s tructure as possible . Because of the high rock elevation dovmstream from 
the auxiliary spillway it is not economically feasible to excavate a stilling 
basin . 

With a trajectory bucket in operation, more s evere conditions in the 
lower channel must be expected. Performance which would be considered un­
satisfactory if it occurred for the stilling basin of the service spillway, 
may be the best operation obtainable 1i.Lth a trajectory bucket . 

The bucket on the auxiliary spillvray is not an energy dissipater o 

Only a negligible amount of energy is dissipated before the water is pro jected 
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downstream� From a practical "Viewpoint , all of the energy is dissipated in 
the downstream channel .and the jet leaving the bucket must erode a stilling 
pool downstream before optimum performance of the structure is obtained . It 
can be expected that the first prototype flows · from the auxiliary spillway 
will caus e extreme turbulenc e ,  high velocities , and large waves in the lower 
channel . Only after an energy dissipating pool has been · -eroded by the flow 
will optimum stilling action be obtained .  

In any c as e ,  hov1ever, the dissipation o f  energy belo\'1' the auxiliary 
spillway in a manner which results in a quiet water surface and very little 
erosion in the downstream channel cannot be achieved . On the other hand, the '­
auxiliary spillway will operate infrequently and for only a fevl weeks at any 
one time . Also ,  for much of the time the river channel downstream from the 
auxiliary spillway vdll be relatively dry and therefore readily accessible-­
during which time the progress of river bed erosion in the prototype can be 
inspected and corrective measures taken . 

The overfall crest of the auxiliary spillway is identical with that 
of the service spillway . As discussed in Chapter II, · the service spillvmy 
crest was found to operate s atis factorily. Therefore, in this chapter con­
sideration l-dll be given only to a dis cus sion of the test results on the tra­
jectory bucket and the sluic e  discharge as it affected bucket operation . 

Sluices 

In rebuilding the s ervice spillway apron for tests on the auxiliary 
spillway, it was necessary to rebuild the sluices. to make · the sluic e  flow enter 
the bucket in the proper direction . It was not necessary, however, to rebuild 
the sluices entirely for the study of the auxiliary section . It vms believed 
that a small error in sluice discharge would have little effect on the tests 
to determine the performance characteristic s of the energy dissipater . Con­
sequently, the changes made in the sluices 1vere near the outlet end--and 1vere 
confined to those necessary to direct the water properly into the bucket , and 
those necessary to pressurize the sluice .  

Since the half-slui c e  next t o  the glass panel was als o reconstructed 
and the flow 1'1ithin the sluice could readily be s e en ,  the flow pattern >fithin 
the sluice is also described . It should be realized, however, that the flow 
conditions described and shovm may be s orne>vhat different from those l'rhich would 
have occurred had the recommended sluice been installed in the model . �he 
changes made in the inlet transition curves could have modified considerably 
the flow conditions described at the gate . 

With the head vmter at Elev. 630 the sluice was obs erved to flow 
almost entirely full . Immediately under the roof and dovmstream from the gat e ,  
hovTever, a space approximately one foot high, containing a mixture of air and 
water was evident . This air apparently was entrained at the gate control 
s ection and l'tas carried out through the slui c e  by the flovdng l'mter . The sig­
nific ance of the air pocket and its effect on flow conditions within the sluice 
was not determined .  

Bucket 

Of major concern in the s tudy of the auxiliary spillway the action 
of the bucket in causing the w-rater to be thrm·m downstream and away from the 
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structure . Although only one bucket was tested, its- effectiveness •�s judged _ 
not only from the · actual results obtained in the · model tests but also by 
evaluating the bucket performance on the basis of other buckets >'lhich have been 
tested for existing structures and with which the laboratory personnel was 
intimately familiar . Hydraulic model studies on the Apalachia, Ocoee No . 3,  

· and Fontana D am  Spillways built b y  the Tennes s ee Valley Authority and the 
Hungry Hors e ,  Davis , Anchor, and Keyhole Dam spillways under construction by 
the U .  S .  Bureau of Reclamation were made or obs erved by laboratory personnel 
and were us ed as a background in judging· the performance of the bucket on the 
Hirakud auxiliary spill�my . In addition, data were taken to indicate the type 
of operation to be expected in the prototype .  In the follovQng paragraphs the 
general performance of the structure , the wave heights and surges ,  and the \_ 
erosion patterns , for various discharges and tailwater elevations are dis cussed .  

General Performance - In auxiliary spillway operation, a great amount of 
energy must b e  dis sipated in the lower channel . Considering this plus the fact 
that the auxiliary section will operate infrequently, the action and general 
performanc e of the bucket was considered acc eptable . For headv1ater Elev. 630 
and taill�ter Elev . 538, the bucket directed the flow upward above the tail­
water with the flow impinging again on the tailwater approximately 100 feet 
downstream from t he end of the bucket ( see Plate 22 and Fig . 28) . This action 
created a reverse or ground roller which pulled bed material up against the 
bucket to protect it from undermining . rlithin the bucket itself, there vias 
no tendency for a roller to form and little if any back water affect was 
caused by the overfall spillvmy discharge as it pas sed over the sluice outlets .  
With uniform gate and sluice operation no bed material entered the bucket . 

Waves and surges in the lower channel were evident downstream from the 
plunging j et as l.�s a deep eros ion hole located i.'lell downstream from the 
bucket lip . Although the action was violent throughout the model the per­
formance was considered acc eptable and was probably as good as could be ob­
tained, taking the previously-discus s ed conditions and limitations into 
account . 

Waves and · Surges - As may be •  seen in Fig .  28, the maximum waves down­
stream from the bucket occurred for headv�ter Elev. 630 and tailwater Elev. 525 , 
and were 60 ft high .  The wave heights vrere rather quickly reduced, and 400 
ft dovrnstream from the bucket were found to be 10 to 20 ft high . Waves of the 
latter magnitude existed throughout the lower end of the model test flume with­
out appreciable reduction and cons equently 1·1aves of this magnitude can be 
expected in the prototype structure . 

When the tailwater was raised to Elev . 538 and Elev. 550, (Plates 
.22 and 

23 ) the heights of the waves immediately downstream from the bucket were not 
materially reduced . In each of these cas es the waves and surges were extremely 
large and fluctuation of considerable magnitude developed . Hith tailvmter 
at Elev. 525 the ��ter under the j et did not touch the undersurfac e of the 
jet immediately dmmstrearn from the lip of the bucket and an air pocket 20 ft 
high was intermittently formed and carried dovmstream . This action tended 
to deflect t he jet periodically thereby increasing the vmve action and the 
size of - the s cour hole . 

When the head>�ter elevation •�s reduced to 590 (see Fig .  28 and Plate 
24) , the wave action was greatly reduced. In this case the maximum waves 
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occurred for tailwater Elev. 525 . At the bucket the waves \vere about 20 ft 
high and 300 ft dawnstream they were reduced to less · than 10 ft in height 
(Plate 24) . vlith t.ailwater Elev. 550 (see Plate 25 ) ,  the waves were from 5 -ft 
to 10 ft high at he bucket and from 2 to 5 ft high further downstre·am. 

· Tests were also conducted for headwater Elev. 630 vnth flow over the crest 
only, thereby reducing the discharge to approximately one-fourth of that which 
occurred with both �he c rest and sluices operating . Under these conditions 
higher waves were created immediately downstream from the lip of the bucket 
than \vere found wiith the sluices operating at headvTater Elev. 590, probably 
because of the increased velocity· ( see Plate 26) . }�though these waves were 
in the neighborhood of 20 ft high, they soon reduced to less than 10 ft as 
they progressed do�streamo 

The vmves in ·the channel are of importance in that they will cause bank 
damage unless adequate riprap or other protection is provided. 

Erosion - The depth and extent of erosion depended on the quantity of 
water flowing, and the elevation of tailwater . An intermittent air pocket 
under the jet caused a sensitive balance of forces . Due to this situation, 
the size, shape, and location of the scour hole was constantly changing in 
the early stages o£ scour hole development . As may be seen in Fig . 28, the 
depth of scour vrur.i.ed considerably with the tailv1ater elevation . When the 
tail>ffiter vms at Elev. 550, the scour was to a depth of 30 ft , occurring ap­
proximately 160 ft dmm.stream from the end of the bucket ( Plate 23 ) .  ifuen the 
taihmter >-:as redu.rced to Elev. 538, the scour ·Has to a depth of 40 ft (Plate 
22) ,  and finally :ren the tail water elevation vias at Elev. 525 the scour hole 
became ?O· ft deep � Of significance is the fact that the scour hole , although 
very deep, 1-m.s located approximately 230 ft dovmstream from the bucket so that 
it did not endanger the safety of  the bucket or the structure in general . At 
lovrer discharges t:.he erosion 1-ras les s ,  as sho1-n1 in Fig . 28 and Plate 24 . The 
greatest depth of erosion 1.-rl.th headvmter Elev. 590 >vas 20 ft , and it occurred 
approximately 70 .ft downstream from the end of the bucket lip ( see Plate 24) . 
This maximum erosion occurred for tailv,rater Elev. 525 o "�.'!hen the tailvmter >vas 
raised to Elev . 550 the scour depth >vas only 10 ft ( Plate 25 ) o  It vms apparent, 
therefore, that for low headvmter elevations with only the sluices operating 
the flow and erosion patterns were satisfactory. 

\ihen the discharge 1.vas over the crest only (see Plate 26) ,  the amount of 
scour >vas relati vel.y negligible , being to a depth of about 10 ft . 

Apparently then, the most severe operating conditions occur when the over­
fall spilhmy and. the sluices are both opera.ting vn th high headv.mter and low 
taihvater . 

Because there is a possibility that one or more sluices may be out of 
operation during a flood, it is important to know the effect of such action 
in the stilling basin itself . Of particular importanc e is  the action >..ffiich 
results \"Then several adjacent sluices are not operating . Although accurate 
predictions of transverse flow conditions could not be made in a sectional 
model, visual observations t.,rere made to determine the effect of one sluice, and 
tvro adjacent sluices ,  out of operation o With one sluice closed, three and 
one-half sluices open and no water spilling over the crest, a transverse . 



circulation pattern was established in and below the bucket which caused very 
little additional erosion . With two or more adjacent sluices out of operation, 
however, �he transverse circulation pattern carried bed material up into the 
bucket where , in the prototype , it could seriously damage the bucket through 
abrasive action . This same type of damage occurred in the bucket at Grand 
Coulee Dam as a result of necessary unsymmetrical operation during the con­
struction period . Every precaution should be taken to avoid �his type of 
operation in the prototype . 

Further studies indicated that if the overfall spillway was discharging 
and two adjacent s luices were closed, the overfall spillway water swept any 
accumulation of material out of the bucket and thereafter prevented additional 
material from entering . In operating the structure, therefore , it is important 
that spillway gates be operated, if possible, as a substitute for sluices that 
may be out of operation . 
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Chapter V 

mx::ONHENDATIONS 

Recommended Desigg 

Overfall Spillway - The action of the overfall portion of the spilhvay 
was entirely satisfactory and the original design is recommended for this part 
of the structure (Dv1g . 5 and Fig .  8) . Although it might be possible to elimi­
nate the fin downstream from each spillway pier where the nappes from adjacent 
bays meet, the benefits 1-1hich l'rould be derived from such an improvement would 
be so small in this cas e  that corrective measures are not recommended .  

Sluices - Because of the influence of the ov�rfall spillway discharges on 
the sluice outlets , the pressure sluice is recommended . The inlet transition 
of the sluice which was developed from the model tests had the sides and top 
shaped as shown in sidewall revision No . 2 and roof revision No . 4 in Fig . 25 . 
Tests on this inlet showed that pressures of about 4 .2  ft of water below at­
mospheric existed in the inlet . This takes into account the necessary pressuri­
zing of the sluices accomplished by constricting the outlets as shovm in Fig . 26 . 
Since the model studies· were not run to conclusion, because of the necessity 
for meeting the time s chedules of the designers , it is not known whether fur­
ther adjustments in the inlet shape would have produc ed atmospheric pressures 
in the critical areas . In all probability, however, it wo�d not be possible 
to gain more than a few feet of additional pressure under any circumstances , 
because of the limitations placed on the length of the inlet transition . The 
auxiliary spillway sluice shown on Dwg . 6 is the�efore recommended for proto­
type use .  

Although the pressures measured on the flow of the open channel sluices 
· · in the service spillway showed a lo1-r value of 14 ft of water belo-vr atmospheric 

at the point of curvature of the vertical curve, pressurizing the sluice will 
raise the pressure at least 6 ft , making the maximum subatmospheric pressure 
about minus 8 ft of water . However, it should be noted that the sluiceway 
shown on the final drawing, Dv!g . 5 ,  has been modified sufficiently to prevent 
making an accurate estimate of the pres sures which will exist in the prototype . 
The equation of the sluice floor curve has been changed from: 

y = 0 .0044 x2 to y = 0.0021 x2 
making a much flatter curve . To accomplish this change in design the be­
ginning of the curve -vms moved upstream from near the gate seal to near the 
axis of the dam. The pressure values on the floor of the sluice probably >·rill 
be raised by use of a flatter trajectory curve . In effect , moving the origin 
of the curve also tilts the inlet transition downward . ·  The effect of the 
tilt on the inlet pressures is not known . In any case, it is believed that 
the changes made in the sluice design will result in improved overall perform­
anc e .  

It must be emphasized that the sluic e for the s ervice spillway, as sho-vm 
on Dvrg .  5 ,  has not been tested . Predictions of its performance are based on 
comparisons with a sluice that is only generally similar . The deviations are 
not believed to be detrimental, and the sluice  is therefore recommended for 
prototype use .  
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Stilling Basin for S ervic e Spillway - The � ests on the model of the 
stilling basin for the s ervice spillway showed beyond a doubt that the apron 
should be constructed at Elev . 452 and that a dentat ed s ill 20 ft high located 
at the end of the apron was necessary. The upstream fac e  of the sill should 
be sloped at an angle of 300 1nth the horizontal and the dentils should have 
vertical upstream fac es and occupy 50 perc ent of the sill face as shown in 
Fig. 11 .  

The necessary length of apron was not s o  conclusively determined, hm-l­
ever, and a c hoice of apron lengths is pos s ible . Although the apron which 
extended 420 ft downstream from the axis of the dam provided the best perform­
ance on the basis of lovier wave heights , it i s  believed that the apron can be 
shortened . As the apron length is reduced the •·mve action progressively be­
comes more intens e ,  although the erosion does not ,  and it becomes necessary 
to judge t he apron length required for the prototype on the basis of the effect 
of the waves on the river banks , earth dam, and dikes . Sinc e this is not . 
possible in a s e ctional model, the final c hoice should b e  made after a complete 
model of the s pillway has been constructed and tested . The apron shovm in 
Dwg.. 5 and extending 331 ft belov.; the axis is c ertainly the shortest apron 
which could b e  us ed, while the apron shov-m in Fig . 11 and extending 400 ft from 
the axis is probably as long as nec essary . 

Bucket for Auxiliary Spilhfay - The trajectory bucket shown in Dwg . 6 
will operate as intended but the action b elow the bucket can. be expected to be 
extremely violent . Although large >vaves will be formed in the lmv-er channel, 
erosive action close to the bucket 1-r.ill not be dangerous . With the under­
standing that flow in the lmv-er c hannel 1.-lill appear to be extremely violent , 
the tra j ectory bucket shovm in Drlg . 6 is recomnended for the prototype . 

Additional Model Tests 

In a pro ject of this size and complexity it is desirable a nd it vdll 
be found to b e  profitable to c ontinue the model t esting until the pos sibilities 
for improvements in design and reductions in cost are e�1austed . For the 
Hirakud pro ject this will amount to a s i zeable test program . Every phase of 
each hydraulic feature should b e  examined carefully by model tests to be c er­
tain that the s tructure operates as intended and that the cost of the structures 
be kept as low as possible . In this respect model tests vdll not be eA�ensive , 
as their cost >'Ji ll be returned many times over, not only in actual construction 
savings but in added confidenc e in the completed structure . It is therefore 
recommended that model t ests be continued and additional information obtained 
as outlined below. 

Sluic e s  - �bdels of the s ervi c e  and auxiliary s ection sluices should be 
construct ed and tested to be certain that excessive subatmospheric pres sures 
do not exist in the inlet or the barrel of the sluice .  As explained in the 
report , lack of time and funds prevented completion of these studies and it 
is ·Of utmost importance that the best pos s ible s luice design be obtained . 
Any difficulty found in one prototype sluice will also be found in the other 
83 s luic es . 

Complete River Nodel - · The entire spillway s ection of the pro ject should 
be modeled and, if pos s ible, the river banks s hould b e  included within the 
model limits .  Sufficient upstream and downs tream topography should be modeled 
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- to provide proper approach and exit conditions and a portion of the earth 
embankment on the left s ide should be constructed. 

Tests s hould be made using the apron and bucket recommended as a result 
of these tests and the e ffect of wave heights on the earth dam, river banks , 
and dike should be studied . Longer aprons s hould be tested to determine their 
effect on reducing the �ave action and a bucket with a slightly flatter tra­
jectory should be investigated for the same reason . It is known from past 
experience that the recommended bucket provided operation which was very nearly 
the best , i f  not the best, operation obtainable . It is pos sible , hmvever, 
that a bucket of the same radius but with a s lightly flatter trajectory might 
improve the performanc e . Because of the great amount of energy to be dissipated, 
the r esults c ould not be markedly improved .  Other tests might be made on tpe 

-

trajectory bucket to determine \vhether ventilating the air pocket under the 
nappe leaving the bucket lip would improve the stability of the j et and result 
in a quieter water surfac e dm-mstream .  A dentated bucket lip might help to 
ventilate the pocket and improve the performance in other ways . 

In all tests on the spillvmy, full consideration should be given to the 
size of the waves . In general there is a tendency to underestimate the damage 
that can be caused by waves of even medium height and large \'laves should be 
avoided if pos sib le . 

The training wall b etween the auxiliary and s ervice spillways s hould be 
investagated to determine its ne cessary length and height . Erosion tendencies 
at the end of the vmll s hould be studied for various combinations of open and 
closed gates and s luices in both the service and auxiliary spilhmys . 

A schedule for operating the prototype structure should be carefully 
worked out since severe damage may be inflicted upon the traj ectory bucket by 
improper manipulation o f  the sluices and the overfall spillvmy. ' 

The effectiveness of the ro ck dike on the right in properly directing the 
flow dovm the river should be investi gated as should the tendencies toward 
undermining or overtopping the dike for flood flo>'I'S . 

Other valuable information and data may be obtained from the model and it 
is pos s ible that problems >vhich c annot b e  foreseen at this time vJOuld also be 
evident . A complete model of the spillway is therefore an absolute neces sity . 

Navigation Lock and Powerhous e - The navigation lock should be model tested 
to a s c ale sufficiently large to determine the hydraulic c haracteristics of 
the filling and emptying systems . The behavior of ships in the chamber during 
filling should be carefully determined and the probable stres ses in the mooring 
haws ers should be measured to be certain that filling and emptying of the lock 
will be accomplished in a smooth and uniform manner . Depending on >vhere the 
lock chamber >·.ater is discharged ivhile emptying the . chamber, investigation of 
conditions at the outlet end of the emptying conduits should b e  made to de­
termine the e ffect in the powerhous e tailrace and in the lower approach to 
the locks . Erosion below the emptying conduits may also be of concern . 
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APPENDIX 

LIST OF DRA\VINGS , FIGURES AND PLATES 

DRAWINGS 

Dwg. No . 

1 .  Map of India ( 517-A-1 ) 

2 . Location ��p ( 517-A-2 ) 

3 .  Topography - General Plan & Profile ( 517-A-6 ) 

4. Spilhm.y Dam - Plan and Elevations ( 517-A-10) 

5 . Spillway Dam - Spillway Sections ( 517-A-11 ) 

6 . Spillway Dam - Sluices and Operating Gallery ( 517-A-22 ) 

7 .  Spillway Dam - Service Spillway - Stilling Pool ( 517-A-26 )  

8 .  Area, Capacity and Discharge Curves ( 517-A-5 ) 

FIGURES 

Fig. No . 

1 .  General Plan and Elevation 
1 : 40 Service Spill'lftay Model 

2 .  Sluice Layout , Piezometer Location, and Pressure Distribution 
Sluiceway - Original Design 
1 : 40 S ervice Spillway Hodel 

3 · Tailwater Rating Curve 

4• Variation o f  Dis charge with Head 
Overfall Spillway and Sluic e  - Original D esign 
1 : 40 S ervice Spillway Model 

5 .  Variation o f  Dis charge and Dis charge Coefficient ��th Head 
Overfa�l Spill�my - Original Design 

-

1 : 40 S ervice and Auxiliary Spilhray Hodel 

6.  Variation of Discharge and Discharge Coefficient �lith Head 
Sluice\my - Original Design 
1 : 40 S ervice Spillway Hodel 
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16 . 

- = Apron El 452 - 20 ft , 270 Dentated Sill 
_ _  1��9 _ �ervice Spilhray Hodel 

� -Wate� S�face and Er�sio� Profiles 
- Effect of Apron Length 
_ Apron El 472 - 20 ft , 27° Dentated Sill �� 1 � 4:0_ Sery.ice Spilhmy Nodel 

- =water Surf�ce and Erosion Profiles 
_ : Effect of Apron Length 
_ _ Apron El 472 - 20 ft , 27° Dentated Sill :-- 1:-40_ �

_
ery:!.ce Spilhray Hodel 

Water Surface and Erosion Profiles 
. :Effect of Apron Length 
- ·Apron . El 462 - 20 ft , 270 Dentated Sill 1:40 Service Spillvmy Model 

\'late r  Surfac e and Erosion Profiles 
Effect of - Apron Length 
Apron El 462 - 20 ft , 270 Dentated Sill 
1 : 40 Service Spillway Hodel 

17 . � Pie zometer Location and Pres sure Distribution on Sill 
Effect of Sill Location 

- Apron El 452 - 20 ft , 27° Dentated Sill 
1 : 40 Service Spillway Model 
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Fig. No . 

· 18 . General Plan and Elevation 
1 : 40 Sluice Inlet Model 

19 . Free Jet - Cross Sections 
1 : 40 Sluice Inlet Model 

20. Top Profile 
Sidewall Revision No . 2 - Inlet 3 5 ft High 
1 : 40 Sluice Inlet Model 

21 .  Piezometer Location and Pressure Distribution 
Sidewall Revision No . 2 - Roof Revision No . 1 
1 : 40 Sluice Inlet 2-'Iodel 

22 .  Piezometer Location and Pressure Distribution 
Sidewall Revision No . 2 - Roof Revision No . 2 
1 : 40 Sluice Inlet Model 

23 .  Top Profile 
Sidewall Revision No . 2 - Inlet 25 ft High 
1 : 40 Sluice Inlet Hodel 

24· Piezometer LOcation and Pressure Distribution 
Sidevmll Revision No . 2 - Roof Revision No . 3 
1 : 40 Sluice Inlet :Hodel 

25 . Piezometer Location and Pressure Distribution 
Sidewall Revision No . 2 - Roof Revision No . 4 

. 1 : 40 Sluice Inlet Hodel 

26 . Piezometer Location and Pressure Distribution 
Sidewall Revision No . 2 - Roof Revision No . 4 
Pressurized Sluice 
1 : 40 Sluice Inlet Model 

27 .  Elevation 
1 : 40 Auxiliary Spilhray !.fudel 

28 . Water Surface and Erosion Profiles 
1 : 40 Auxiliary Spillway :V10del 

PLATES 

Plate No . 

1 .  Glass-vralled Channel - Sectional Model 
River Bed 11olded to Shape for Testing 
1 : 40 Auxiliary Spillway Nodel 
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Plate No . 
. 

2 . Water Surface and Erosion Profiles - Auxiliary Spillway 
HW 630, T\i 525, 20-min Erosion Test 

3 .  Head Box - S ectional V.i.Odel 
Transition Framework Ready for Plywood Covering 

4• Head Box - Sectional MOdel 
Parti� Covered Transition Fram�work 

5 . Head Box - Sectional Model 
General Vier/ Showing \fhalers , Hook Gage Well, and Spillway Structure 

6 .  Head Box - Sectional }bdel 
Partia� Covered Transition Framework and Upstream Face of Dam 

7 • Spillway Structure - Sectional Model 
Completed Assembly of Model 

8.  Spillway Structure - S ectional Hodel 
Completed Concrete Base and Crest 
Fr��ework for Sluice As sembly 

9 . Spilhm.y Structure - Sectional Hodel 
Completed Concrete Base , Spillway Frame-vrork, and Crest As.sembly 

10. Spillway Structure - Sectional :t-1odel 
Crest Ass embly Sho-vang Templets ,  Piezometer Section, and Guide Tubes for. Sluice Gate Control Arms 

ll .  Spillway Structure - Sectional Hodel 
Completed Crest Showing Pier Anchor Bolts,  Piezometer Section, 

and Guide Tubes for Sluice Gate Control Arms 

12 .  Water Surface and Erosion Profiles - Service Spilhmy 
40 ft High Trapezoidal Sill 420 ft from Axis of Dam 
HW 625 ,  TW 520, Apron 452 

13 . .water Surface and Erosion Profiles - Service Spilhray 
40 ft , 34° Dentated Sill 420 ft from Axis of Dam 
HW 630, '1"\-I 520, Apron 452 

14· Water Surface and Erosion Profiles - Service Spillway 
10 ft, Non-dentated Sill 420 ft from Axis of Dam 
ID� 630 ,  TW 520, Apron 452 

15 . Water Surface and Erosion Profiles - Service Spillway 
20-ft, 270 Dentated Sill 400 ft from Axis of Dam 
HW 630, TI·l 520, Apron 452 

·16 . Water Surface and Erosion Profiles - Service Spillway 
20 ft , 270 Dentated Sill 400 ft from Axis of Dam 
ffii 630, TW 550, Apron 452 
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Plate No . 

17 . Water Surface and Erosion Profiles - Service Spillway 
20-ft, · 27° Dentated Sill 300 ft from Axis of Dam 
HW 630, 'IW 520, Apron 452 

lS . Water Surface and Erosion Profiles - Service Spillway 
20-rt, · 27o Dentated Sill 336 . 7  ft from Axis of Dam 
HW 630, �1 520, Apron 452 

19 . Water · Surface and Erosion Profiles - Service Spillway 
20-ft , 27° Dentated Sill 360 ft from Axis of Dam 
ffii 630, 'IW 525 , Apron 4 72 

20. Sluice Inlet ¥�del 
General View Showing Water-supply Piping, Entrance Tank, Orifice 

Plate, Sluice Floor, Hook Gage Well, and Manometer Board 

21 . Glass-walled Channel - Sectional Model 
Spillway Structure and River Bed Prepared for Testing 

22 . Water Surface and Erosion Profiles - Auxiliary Spillway 
HW 630, TVl 53S, 20-min Erosion Test 

23 . Water Surface and Erosion Profiles - Auxil�ary Spillway 
HW 630, 'B·1 550, 20-min Erosion Test 

24· Water
'
Surface and Erosion Profiles - Auxiliary Spillway 

HW 590, TW 525, 20-min Erosion Test 

·25 . Water Surface and Erosion Profiles - Auxiliary Spill�my 
HW 590, ni 550, 30-min Erosion Test 

26 . Water Surface and Erosion Profiles - Auxiliary Spilhmy 
HW 630, TVT 525 , Crest Flow Only, 20-min Erosion Test 
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fo. 5+00 fa. 4.51- 70 �ARTH DAM (4070 F<!l'f) 

PLAN 

S269 
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GOVERNMENT OF INDIA 
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NOTES 
.-

Strip overburdli'n f'rom rock Jurroce !Or a clt$tance of appro�imofefy 50 feet tJpstreom from the O-'fS of dam li!ntotive fovndotion e,rcovation is /;(lsed 011 an lnspecfion nofe on drill cores, Dec. 1848, by Or. ..J.L. Savt�ge. .Actuq/ required Nc(lvofi!J/J w,l/ be ddermtned it7 ihl' field FOr ddt;;//e<i dimensions of' sltJ/ct>s s�e /Jwg. 517-A-zz . t/Je deto/1 "Y" e,rcepf when stripp"d rock .surf'uu 1� �low Clev. sas: 0 .  Length o f'  .stilling pool as shown i.t a min imum, IJosed on limited hydraulic fesls. The lengfh may be changed when f'urther fe.>sls ;,ave be.:n completed. 
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Plate 1 
Glass-W""c::.l.led Channel - Sectional 'Hodel 

River Bed 'Nolded to Shape for Testing 
1:40 Auxiliary Spilhm.y Hodel 

Plate 2 
Water Surface and Erosion Profiles - Auxiliary Spillway 

HW 630, TW 525, 20-min Erosion Test 



Plate 3 
Head Box Sectional MOdel 

Transition Framework Reaqy for Plywood Covering 

Plate 4 
Head Box - Sectional Model 

Partially Covered Transition Framework 
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. Plate 5 
Head Box - Sectional Model 

General View Showing . lfualers � Hook Gage Well, 
and Spill\iay Structure 

Plate 6 
Head Box - Sectional Model 

Partially Covered Transition Framework 
and Upstream Face of Dam 



Plate 7 
Spill��y Structure - Sectional Model 

Completed Assembly of :Hodel 

Plate 8 
Spillway Structure - Sectional Model 

Completed Concrete Bas e  and Crest 
Framework for Sluice Ass embly 



Plate 9 
Spillway Structure - Sectional Model 

Completed Concrete Ba.'3e,  Spillway Framework, 
and Crest Assembly 

Plate 10 
Sp�way Structure - Sectional Model 

Crest Asseml;>ly Shol'dng Templets , Piezometer Section, 
and Guide Tubes for Sluice Gate Control Arms 

""· 
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Plate 11 
Spillway Structure - Sectional Hodel 

Completed Crest Shmdng Pier Anchor Bolts, 
Piezometer Section, and Guide Tubes for Sluice Gate Control Arms 

Plate 12 
\'later Surface and Erosion Profiles - Service Spillway 

40-ft High Trapezoidal Sill 420 ft from Axis of Dam 
1M 625 , TVl 520, Apron 452 



Plate 13 
Water Surface and Erosion Profiles - Service Spillw�y 

40-ft, 34° Dentated Sill 420 ft from Axis of Dam 
�d 630, Tw 520, Apron 452 

Plate 14 
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Water Surface and Erosion Profiles - Service Spillway 
10-ft, Non-dentated Sill 420 £t from Axis of Dam 

HW 630, Td 520, Apron 452 



Plate 15 
Water Surface and Erosion Profil�s - Service Spillway 

20-ft, 270 Dentated Sill 400 ft from Axis of Dam 
Hrl 630, TW 520, Apron 452 

Plate 16 
Water Surface and Erosion Profiles - Service Spillway 

20-ft, 27° Dentated Sill 400 ft from Axis of Dam 
H� 630, nv 550, Apron 452 



Plate 17 
llater Surface and Erosion Profiles - Service Spillvray 

20-ft, 270 Dentated Sill 380 ft from Axis of Dam 
ffi'T 630, Tif 520, Apron 452 

Plate 18 
Water Surface and Erosion Profiles - Service Spillway 

20-ft, 270 Dentated Sill 336 . 7  ft from Axis of Dam 
HW 630, TI'l 520, Apron 452 

'+ 



Plate 19 
Water Surface and Erosion Profiles - Service Spillway 

20-ft I 270 Dent� ted Sill .360 rt from Axi.s or Dam 
ll\'1 6.301

. 
'1"1 525 � Apron 472 

• 
,. 

Plate 20 
Sluice Inlet ·�el 

General View Showing Water-supply Piping, 
Entrance Tank, Orific� .Plate, Sluice Floor, 

Hook Gage \'lell, artd Hanometer Board 
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Plate 21 
Glass-walled Channel - Sectional Model 

Spillway Structure and River Bed 
Prepared for Testing 

Plate 22 
Water Surface and Erosion Profiles - Auxiliary Spillway 

f&r 630, TW 538, 20-min Erosion Test 



Plate 23 
Water Surface and Erosion Profiles - Auxiliary Spill�my 

ffi'l 6.)0, T.·l 550, 20-min Erosion Test 

Plate 24 
Water Surface and Erosion Profiles Auxiliary Spilhtay 

ffi·l 590, '.1'1'1 525, 20-min Erosion Test 
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Plate 25 
Water Surface and Erosion Profiles - Auxiliary Spillway 

ffi'i 590, 'lW 550, 30-min Erosion Test 

Plate 26 
\'later Surface and Erosion Profiles - Auxili�r,y Spillway 

ffi'l 630, 'n>J' 525, Crest Flow Only, 2Q.-min Erosion Test 
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