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■ SYLLABUS 

General 

1. The model study of the Spillway and Tunnel,for Dorena Dam was con¬ 

ducted at the Bonneville Hydraulic Laboratory, Bonneville, Oregon. The gen¬ 

eral purpose of this study was to determine by means of a l-to-50 scale model 

the hydraulic characteristics of the originally-designed spillway, stilling 

basin, and outlet works of Dorena Dam and to develop satisfactory alternate 

designs for. any of the features found to be hydraulically inadequate. 

The Project 

2. At the extreme right end of Dorena Dam, which is a part of the 

Willamette Basin Project of Oregon, an overflow spillway, stilling basin, 

and outlet works will furnish flood control and increased low^water flow 

for the Coast Fork and Willamette Rivers. The spillway with a crest length 

of 188 ft. and a height of 121 ft. was desigred to pass flood flows up to a 

maximum of 95 1+00 c.f.s. The purpose of the outlet works, consisting of a 

tower and cylindrical control gate and a 15.5-ft. tunnel, was to regulate 

the reservoir elevation up to the height of the spillway crest by discharg¬ 

ing normal river flows up to 5000 c.f.s. through the spillway chute into the 

stilling bosin. 

- 1 - 



Results cf the Modol Study 

3. A general summary of the study of various features of the ¡¿pill- 

stilling basin, outlet works, and conditions in the tailbay follows: 

a. Spillway: (See Paragraphs 22 to 90). Uhdosirablo 

flow characteristics such as eddies, water-surface 

draw-down, and general turbulence existed around 

the left and right abutments as originally designed. 

Those conditions were alleviated by changing the 

slope transition and alignment of the left abutment 

(Left Abutment Plan I ) and by removing the curved 

right abutment to make a smooth slope transition 

from the top of the chute upstream into the natural 

topography of the reservoir (Right Approach Wall 

Plan VII). It was found that, if the approach apron 

were raised to save ¿excavation costs, the hydraulic 

efficiency of the approach channel was impaired. 

The original crest, which was designed for positive 

pressures up to the design head, was satisfactory 

insofar as obtaining design discharge, but by modi- 

• fying the crest profile so that negative pressures 

obtained on the crest (Crest Plan IX), a greater 

efficiency of overflow was obtained. The average 

discharge coefficient of the original crest was 

3.I+8 as compared to 3.66 for the final crest. 
Standing waves created by flow striking the con¬ 

verging chute sidewalls just below the crest were 

apparent for all discharges. At the maximum dis¬ 

charge, only 0.6-ft. freeboard obtained along the 

right sidewall of the originally-designed chute at 

sta. IO+25. It was found that no chute design in 

combination with the straight crest alignment ap¬ 

preciably suppressed these standing waves. However, 

by using a curved crest (Crest Plan X) and the re¬ 

sultant dish-shaped chute (Chute Plan P), those 

standing waves were greatly reduced for all flows. 

The originally-designed bucket with a 100-ft. radius 

between the inclined chute and stilling basin floor 

was satisfactory, but a 50-ft. radius bucket im¬ 
proved flow conditions in the stilling basin with 

the final baffle pier arrangement. 

t. Stilling Basin: (See Paragraphs 91 to 109). The 

stilling basin floor and sidewalls remained as 

originally designed, as it was found that lowering 

the stilling basin floor to increase the range of 

discharges for vMch a hydraulic jump would form in 

the stilling basin was uneconomical. The original 

' baffle design (Plan A) was found to be unsatisfac¬ 

tory as no hydraulic jump formed in the stilling 



basin for flf s ovor 3I 000 o.f.s. and spray over¬ 
topped the stilling basin sidewalls at the high 

discharges. As a result of the study of various 

types and arrangements of baffles, it vas found 

that with three rows of vertioal-fabed baffles, 

graduated in size, a hydraulic jump formed in the 

stilling basin for discharges up to 55 000 o.f.s. 

and no undesirable spray action occurred with the 

higher discharges. Flows between 55 000 o.f.s. and 

95 i+00 o.f.s. passed through the stilling basin with 

little decrease in velocity, but as such flows will 

occur infrequently and will do relatively little 

damage downstream from the stilling basin, it was 

considered uneconomical to revise the stilling basin 

to accommodate the higher discharges. The original 

end sill was found to be the most practical design 

for this feature of the stilling basin. 

c. Tailbay; (See Paragraphs 110 to 119). Scour ten¬ 

dencies for the lower spillway discharges (below 

U5 000 o.f.s.) and tunnel flow wore observed in the 
area just downstream from the center and both ends 

of the end sill. With higher discharges, the maxi¬ 

mum scour occurred farther downstream and over a 

larger area. Large eddies were created on either 

side of the flow issuing from the stilling basin. 

At the maximum discharge, velocities of I5 ft. per 
sec. and wave crests 11.9 ft. above tailwater were 

observed along the toe of the dam adjacent to the 

spillway. 

d. Outlet Workst (See Paragraphs 120 to I56). The 

distribution of flow into the intake ports of the 

originally-designed outlet tower was approximately 

equal and no undesirable pressure conditions were 

observed within the ports. Very turbulent condi¬ 

tions obtained in the tunnel elbow. Although open- 

channel flow obtained in the tunnel within the 

operating range, both open-channel and full-tunnel 

flow' occurred at the higher discharges depending 

on the gate opening and stage of the pool. By 

placing fins in the elbow, open-channel flow was 
observed in the tunnel for all gate openings and 

pool elevations up to the crest of the spillway. 

However, placing of fins in the elbow was found un¬ 

necessary as the final lip-venting arrangement ef¬ 
fected open-channel flow in the tunnel for all dis¬ 

charges up to 6900 c.f.s. By flaring the walls of 

the original tunnel outlet, the undesirable concen-. 

tration of flow and resultar1 high velocities along 
the centerline of the stilling basin were reduced. 

- 3 - 



Final Design» A tabulation of the final prototype 
design features and operation data as well as 
recommended prototype tests are given in Paragraphe 
158 to l6l. 



INTRODUCTION 

Chronology of the Model Study 

1;. The important phases of the model study are listed in chronologi¬ 

cal order as follows: 

Authorization 

Design and Construction 

Preliminary Operation 

Model Tests 

Preliminary Reports 

Final Report 

June 21, 19¿jO 

June 25» I9J4O 
to Aug. 27» I9Í4O 

Aug. 28, 19^0 
to Sept. I4., I9Í4O 

Sept. 5» I9U0 
to Nov. 7# 19^1 

Sept. 21, I9U0 
to Nov. li+, 19ljl 

Nov. 16, 19i|2 

Personnel 

5. The model study was conducted et the Bonneville Hydraulic Labora¬ 

tory under the general direction of the Portland District Engineer. Con¬ 

struction of the model, testing operations, and preparation of the pre¬ 

liminary reports were conducted under the supervision of Robert B. Cochrane, 

Engineer and then Director of the Hydraulic Laboratory. Preparation of this 

final report was made under the supervision of George E. Hyde, Assistant 

Engineer, end present Laboratory Director. The design and construction of 

the model were completed under Carl A. G. Anderson, Assistant Engineer, 

while L. R. Metcalf, Junior Engineer, was the Project Engineer directly in 

charge of model operation. Alvin J. Chanda, Junior Engineer, compiled this 

final roport. Assistants in model operation were F'. Emerson Holliday and 



Orville C. Johnson, Engineering Aides. William 0. Dement, Principal Engi¬ 

neering Draftsman, supervised the drafting, while C. Robert Grim, Jr., 

Engineering Aide, and Wayne P. Buchanan, Assistant Photographer, had charge 

of the photography. 

Method of Presenting Results 

Preliminary Reports 

6. Since design of the prototype spillway and tunnel structures were 

carried on by the Portland District Office simultaneously with the model 

testing program, it was important that the results of the various model tests 

be made available for use as soon as possible. Therefore, 37 preliminary 

reports on the results of the model study were Issued during the period of 

September 21, 1¾) to November 11,, 1914 (see Appendix). These preliminary 

reports presented the purpose, procedure, results, and analyses of the tests, 

and included tables of data, drawings, and photographs to illustrate the do. 

tails. 

Final Report 

7. This final report correlates and augments the data previously is¬ 

sued in preliminary report form. The main portion of the text is composed 

of four parts, IBj PROTOTYPE which presents general infomation on the pro¬ 

totype project; IHEjm, jTupy which give, the theory and limitations of a 

spillwy and tunnel model study, details of model construction, and testing 

procedure; HQ DEL TBSTS «ht oh disousses the tests and accuracy of the model 

"-.«It., and ngAL PHOTOTYPE DTS1DN which points out the differences between 

the recommended and adopted final design and serves to correlate and present 

data for us. in operation of the prototype spillway and outlet worhr and for 

- 6 - 



comparison with possible prototype tests. Tables, photographs, and plates 

m 
w supplement the text. 

Í 
Acknowledgement and Liaison with Portland District Office 

8. Throughout the period of model testing, close liaison was main-, 

tained with the Portland District Office through Messrs. Frank Kochis, 

Senior Engineer, and K. G. Tower, Associate Engineer. These engineers viere 

largely responsible for the design of a great many of the features tested. 

Definitions 

9. In order to avoid confusion in reading this report and to pre¬ 

vent errors in changing from model to prototype values, all data herein are 

expressed in prototype terms unless otherwise noted. The datum used in ex- 

I pressing elevations in feet is mean sea level. "Left" and "right" indicate 

^ directions when looking downstream. The spillway is defined as including 

the left abutment, approach apron, right approach wall, crest, chute, and 

bucket. The stilling basin is considered as beginning at the end of the 

bucket ançl includes the baffles, end sill, and sidewalls. The outlet works 

consist of the outlet tower, tunnel elbow, 15.5-ft. diameter tunnel and 

tunnel outlet. Other definitions and explanations of the terminology are 

given throughout the report. 



THE PROTOTYPE 

Dorena Dam and Reservoir 

10. Dorena Dam and Reservoir, a part of the Willamette River Basin 

Project of Oregon (see Plate 1), are located on the Row River approximately 

20 miles south-southeast of Eugene, Oregon. The dam controls a drainage 

area of 265 square miles of the linpqua National Forest and creates a storage 

reservoir with a usable storage capacity of 70 000 acre-feet. Since no gen¬ 

eration of power is contemplated at Dorena Dam, it is the primary purpose of 

this structure to furnish flood control and increased low-water flow for the 

Coast Fork and Willamette Rivers. As shown on Plate 2, the dam will be of 

the earth-fill type and some LflOO ft. long with a top elevation of 861+.0 ft. 

A spillway and outlet works will control the reservoir storage and prevent 

overtopping of the dam. 

Spillway, Stilling Basin, and Outlet Works 

11. At the extreme right end of the dam an overflow spillway and still¬ 

ing basin will discharge all flows from 5000 c.f.s. up to the maximum design 

discharge of 95 I4OO c.f.s. The spillway will consist of a flat approach 

apron at elevation 818.0 ft., an ogee crest 188 ft. long at elevation 833.0 

ft., a steeply-inclined chute 121 ft. in height tapering to a 120-ft. wide by 

130.8-ft. long stilling basin. Three rows of baffle piers in the stilling 

basin will serve to stabilize the hydraulic jump therein for all flows up to 

55 000 c.f.s. Normal control of the reservoir for pool elevations less than 

833.O ft. and discharges less than 5000 c.f.s. will be effected by operation 

of an outlet works consisting of an outlet tower and a 15.5-ft. diameter 

- 8 - 
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tunnel nhioh will discharge through the face of the spillway ohute into the 

stilling basin. A 17-ft. cylindrical gate at the base of the outlet tower 

will control flow into the tunnel. 
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TFE MODEL STUDY 

Purpose 

12. The purpose of this model study was to determine the hydraulic 

characteristics of the originally-designed spillway, stilling basin, and 

outlet works of Dorena Dam and to recommend any revisions deemed necessary 

to correct or improve those hydraulic characteristics. Specifically, the 

following features of these structures v/ere to be investigated: (l) the 

spillway approach-apron elevation, right approach-wall alignment, right and 

left abutments, crest profile, chute-sidewall heights, and bucket radius; 

(2) baffle-pier plan in stilling basin and end sill design; and (3) the 

tower entrance-port design, elbow radius, and flare of the tunnel outlet. 

In addition to this information, it was necessary to determine the pattern 

and velocity of flow created in the tailbay area, especially at the toe of 

the dam and adjacent to the stilling ->asin sidewalls. 

Authorization 

IJ. Authority to construct the model was granted by the Chief of Engi¬ 

neers, U. S. Army, in the 2nd indorsement, dated June 21, I9I4O, to a letter 

of the District Engineer, Portland, Oregon, dated June 12, I9L0, subject: 

Hydraulic Model Studies, Dorena Dam and Reservoir, Row River, Oregon" to 

the Division Engineer, North Pacific Division. Additional tests and revi¬ 

sions in the testing program were requested from time to time so as to adapt 

the results of the model study to the progress of design work '.n ihe Office 

of the Portland District Engineer. 

- 10 - 



Theoretical and Practical Considerations 

ill.. In order to simulate accurately prototype hydraulic conditions in 

a small scale model, it is necessary that dynamic similarity obtain between 

the model and prototype. Such dynamic similarity vdll obtain providing the 

model is constructed geometrically similar to the prototype and operated 

according to the criteria of Froude, Reynolds, Cauchy, and Weber. In model 

studies of spillways and outlet works, such fluid properties as vicosity, 

elasticity, and surface tension (involving the criteria of Reynolds, Cauchy, 

and Weber) have relatively little effect on model results, so it is common 

practico to eliminate these properties from consideration and interpret the 

model results as being effected entirely by gravitational forces, i.c., ac¬ 

cording to the Froude criterion. 

15. After due consideration had been given tos (1) the theoretical 

factos mentioned in the preceding paragraph; (2) such details as model 

arrangement, shelter, water supply, forcbay and tailbay construction, and 

y 

fabrication of outlet tower and tunnel; and (3) the operation limitations 

on such items as velocity measurements, pressure observations, and water 

surface gaging, it was concluded that a model built to a scale of 1 to [¡0 

offered the best means of testing the original design and improving its hy¬ 

draulic characteristics. 

Interpretation of Model Results 

16. Froudian scale ratios for interpreting model results into proto- 

t^pc values are given in the following table: 

- 11 - 
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Dimonsion Prototype 
Symbol 

Model 
Symbol 

Scale Relationship i 

Symbol Numerical ; 
Value 

Length 

Area 

Time 

Velocity 

Discharge 

lp 

i 
V p 

Qp 

Lm 

V 

f m 

V m 

ij r 

A = L 3 r r 

T = L 1 /3 r r 

V = L ‘Z3 r r 

0 = T 5/3 Hr r 

1/fO j 
1, 2^00 j 
1/7.07 

1/7.07 

1/17078 

îîet'.surenents of dischr.rCo, velocities, water-surface elevations, and pres¬ 

sures (down to -0.6Ó ft. and -0.i|0 of water) were interpreted quantita¬ 

tively into prototype values by means of the above scale relationships. The 

limiting model pressure of -0.66 ft. corresponds to an assumed prototype 

vapor pressure point under normal operating conditions of -pf ft. 0f water 

below which point cavitation would take place in the prototype siaucture. 

The value of -0.1,0 ft. corresponding to -20 ft. of water in the prototype 

vus used as a limit of interpreting model pressures in the tunnel elbow and 

on the baffle piers in the stilling basin where it is known that such pres¬ 

sures fluctuate very rapidly and to a considerable extent. An open-Upe 

manometer tube (such as used in this model study) measures the average of 

rapidly-fluctuating pressures, and such a manometer might register an average 

negative pressure on a baffle pier which was considerably higher than water 

vapor pressure when instantaneous negative pressures indicative of cavitation 

might be occurring thereon. The value of -20 ft. was therefore arbitrarily 

chosen as a limiting value for interpreting such model pressures. The value 

of -33 ft. was used to interpret nonfluctuating pressures produced by steady 

flow. The quantitative interpretation into prototype allies of model air 

- 12 
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entrainment throneh air venta or by vortex notion ia considered impossible. 

Relatively speaking, she model atmospheric pressure was considerably in ex¬ 

cess of its scale value. Therefore, it appears reasonable to assume - al¬ 

though at the present time no knowledge or data are available on this subject 

that this excessive air pressure caused a greater amount of air to flow into 

the model tunnel through the air vents than would flow relatively into the 

prototype tunnel. Discharge and pressure data procured from operation in¬ 

volving air entrainment must therefore necessarily be interpreted qualita¬ 

tively rather than quantitatively. During certain tests, scouring action 

downstream from the end sill was studied; the results of such tests must be 

considered as qualitative and indicative only of the scouring action which 

will occur during prototype operation. 

Description of Model 

17. As shown on Plate 3 and in Photographs 1 and P. the model con¬ 

sisted of a forebay extending some 900 ft. upstream from the crest of the 

spillway, a portion of the right end of the dam. the entire spillway and 

stilling basin, complete outlet works, and a tailbay extending seme 1200 ft 

downstream from the end of the stilling basin. 

18. Both the forebay and tailba- areas inclusive of the ri-ht end of 

the dam were molded in cement mortar to shoot metal t^plets (see Photo-roh 

3). The spillway and stilling basin wore constructed of ply„ooi ,lu, ,,erc 

supported on wooden bants as shown in Photograph *. The outiet tower (shorn 

in Photograph 5) and tunnei (sec Photographs 6 and 7) wore fabricated of py. 

ralin. An inspection gaUery beneath the spillway (sco Photograph 6) per¬ 

mitted operators to observe flow throughout the tunnel. Humorous piesometor 
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taps for observing pressures were located throughout the spillway, stillinf 

basin, outlet tower, and tunnel, A traveling carriage mounted on rails was 

used to support Pitot tubes and point gages at any point in the flow ti roir ' - 

out the spillway and stilling basin. Other appurtenances to the mooel con¬ 

sisted of hook gares and wells for measuring the viator surface in the fore- 

hay and tailbav, a dye-injection apparatus for observing subsuriV.ee flow, 

and photographic platforms and lights. Discharge into the model for spill¬ 

way and tunnel flow was supplied from r. central recirculating sump and ras 

measured by the two calibrate'1 orifice meters shown on Plate f. 

19. Under the original design (Plan A) the tailbay excavation was 1, 

be rather shallow' (elev. 72e).0 ft. or rock, whichever vas Maher)., and ! "■ 

tailwator curve (Curve A on Plate 4} was assumed to be the seme • s "oi 

natural conditions. Subsequent, to Test ■}, however, the tailbay vus reve- -1 

(Plan p) at the request of the Portland District. Office, and Curvos D a.- ‘ 

on Plate were adopted as the most piobcblc tailviater cui-ves for this urea 

after construction was completed. 

Operation Procedure 

20. The model was first tested as a whole according to the original 

design of the Portland District Office, and experimental evisions viere then 

made in the various features of the design (see Table A) with the puroose of 

improving hydraulic efficiency within limits of economy. Some of the changes 

in the features tested are shown in Photograph 8. The general procedure of 

testing was to work downstream taking in turn the various feo.tures of the 

design from the left abutment to the end sill of the stilling basin. Such a 

testing procedure at times precluded the necessity of observing dava throuyh- 
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out the entire model, so only such measurements that x/ere nertinont to the 

desi^ feature being studied v/orc recorded. These measurements consisted 

of water-surface elevations, velocities, pressures, currents, and general 

flow characteristics taken during constant flow conditions at the particular 

point under observation. The spillway discharges simulated during the vari¬ 

ous tests were generally 15 000, k5 000, 70 000, and 95 J4OO c.f.s., except 

that during Tests 1 and 3# the maximum discharge used was 95 000 c.f.s. 

During tests on the spillway, the outlet tunnel was kept closed. Tunnel 

discharges during the tests varied up to a maximum of 11 000 c.f.s., although 

5000 c.f.s. was the proposed maximum discharge for this structure. Photo¬ 

graphic record of the model results was made throughout the course of the 

stu-'y. 

21. Although the location of model gage E (N 4951+, E 3066) wrs not 

geometrically the same as the location of prototype gage 2 (iJ 4370.5, 

E 3II4O.9), it was assumed that the ceilwatcr elevation at the tv;o gages would 

be similar; therefore, the tailwater in the model was regulated at gage E 

accordin;- to Curve A on Plate 4 during Tests 1-3 and according to Curve D 

during subsequent tests; Curve S was used during Test 24. 
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MODEL TESTS 

Spillway 

22. The original spillway design shovm in Photographs 9 and 10 and on 

Plato 5 consisted of a left abutment, a flat approach apron, a ri ht ap¬ 

proach wall, a 200-ft. ogee crest, a chute section tapering from the crest 

length of 200 ft. to 120 ft. at the beginning of the stilling brsin, and a 

100-ft. radius büchet. In addition to the revision in the tail bay topo.- rophy 

made b”- the Portland District Office subsequent to Test 3 (see Paraarauh 19), 

the crest length was changoi to 188 ft. Tests on tho model as originally 

designed and upon the various improvement plans of the features or‘ the spill¬ 

way are ■•iven in the foliowv'g paragraphs. 

Left /'abutment 

23. The specific purpose of these tests was to observe flow conditions 

around the originally-designed left abutment and to make any ñecossnrv charros 

in the alignment or slope of the abutment face to improve the flow charac¬ 

teristics adjacent thereto. It is to be noted that Left Abutment PI ns y, 

C, and D of the Portland District Office were not tested at the request of 

that office. 

2U. Left A but ’-ent Piar. A fTest 1); Details of Loft At n brent Plan / 

are 3hov.11 on Plato 7» bo velocit,'r men sur oner ts were taken around the W i_c 

of the ïo"t a hutment during this tost, but visual observations s^ow-f tVt 

eddik's and Ivy ulence "-rm eagof rpa in fhis area at all ‘lor's b’' rdns si '"n 

curvai1're 0 7 l1"': wall alignmunl a;' ihe sham upslicam corner .- e vro-'b v,n 

tby prce 0 " ti e da", f c r di.aciim ",o 0" 99 000 c. ".s. freo i^olo- 1 anh ll), 

an undesirable drav/-dovn of tlm v/rd.or sur c;e of 2.9 to 3.0 
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around the face of the left abutment. From these results it was concluded 

that either the elimination of the sharp upstream corner or a change in the 

alignment of the abutment face was necessary to improve the unsatisfactory 

flow conditions observed with Left Abutment Plan A. 

25. Left Abutment Plan E (Test k): Left Abutment Plan 'S (see Plate 7) 

was practically the same as Left Abutment Plan A except that the upstream 

corner was replaced by a jJO-ft. radius curve. Since Left Abutment Plan E 

was a part of the general spillway revision discussed in Paragraph 22, 

slight changes were necessarily made in the toe of the transition slope and 

in the general position of the entire abutment. The face of Left Abutment 

Plan E remained on the same curvature as that of Plan A. 

26. The 1 esults obtained with Plan E were only slightly better than 

those obtained with Plan A. Uhdesirable turbulence, eddies, and draw-down 

of the water surface around the abutment face were effected much the some 

as with Plan A, thus indicating that, for the most part, the sharp curva¬ 

ture of the wall alignment and not the upstream corner created the undesir¬ 

able flow characteristics. Photograph 17 shows flow around the abutment 

face, while Plate 8 presents velocities measured adjacent thereto. These 

results showed that an increase in the radius of curvature of the abutment 

wall should be tested. 

27- Left Abutment Plan F (Test 5): In accordance with the results ob¬ 

tained with the two previously-tested left abutment plans, the curvature of 

the abutment wall was increased considerably (see Plate 7) as compared with 

that of Left Abutment Plans A and E. It \vill be noted that this change ex¬ 

tended the abutment farther upstream than either of the other two plans. No 

change v/as made in the transition slope. 

28. Velocity measurements around Left Abutment Plan F are shown on 
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Plate 9* There was little difference in the magnitude of the observed 

velocities from those of Test I4. with Left Abutment Plan E (see Plates 8 and 

9), but flow conditions in the vicinity of Left Abutment Plan F v/ere con¬ 

siderably improved. The velocity of flow approaching the left abutment 

along the upstream face of the dam (see Plate 9) was relatively slow until 

it reached the face of the abutment; a considerable increase in the velocity 

t 

was then imparted to the flow as it rounded this face. As shown on Plate 8, 

with discharges of I5 000 and Í4.5 000 c.f.s.j there was an eddy created at 

the upstream face of Left Abutment Plan E by the break in the alignment of 

the water's edge at the point whe^j the transition slope intersected the 

. abutment wall; Plate 9 shows that with the improved alignment of Left Abut¬ 

ment Plan F, this eddy did not occur during any of the four test flows. Yliith 

both Left Abutment Plans E and F, a small eddy was observed near the water's 

edge at the point where the face of the dam intersected the abutment wall, but 

this eddy had no effect on flow around the abutment wall. Although not shown 

in Photograph 18, subsurface currents clung to the transition slope the same 

as shown in Photograph 20. Surface flow conditions, on the other hand, were 

improved from those shown in Photograph I7. Some draw-down of the water sur¬ 

face around the abutment wall obtained with Plan F, but its magnitude was 

. appreciably smaller than the draw-down observed with the two previously- 

tested left abutments. It was thought, however, that further imoroveinent 

could be made in the flow conditions by changing the abutment wall alignment. 

29. Left Abutment Plan G (Test 6): The alignment of Left Abutment 

Pl&n F was revised to that of Plan G (see Plate 7) by increasing the arc 

length of the 110-ft. radius curve and swinging the curve away from the cen¬ 

terline of the spillway; the radius of curvature of the upstream nose of the 

abutment was also increased. No change v/as made in the transition slooe. 
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30. Comparison of velocity observations plotted on Plates 9 and 10 

shows very little difference. However, the general characteristics of flow 

observed with Plan G were not as satisfactory a.s those observed with Plan F. 

Comparison of Photograph 19 with Photograph 18 shows the small diagonal , 

standing waves extending downstream and away from the abutment face to be 

more pronounced with Plan G than with Plan F. Subsurface flow was much the 

same as with Plan F. It was also noted that the amount of draw-down in the 

water surface and turbulence of flow along the wall of the abutment was 

greater with Plan G than with Pían F. As with previous plans tested, a small 

eddy existed near the water's edge at the point where the abutment joined 

the upstream face of the dam. Left Abutment Plan G was considered less 

satisfactory than Left Abutment Plan F. 

31. Left Abutment Plan H (Test 7): Reference to Plate 7 shows Left 

Abutment Plan H as tested. The extension of the wall on the dam side of the 

abutment was made in an effort to eliminate the eddy in that area. Compari¬ 

son of Left Abutment Plans F, G, and H shows that the upstream point of 

Plan H extended to an intermediate position between Plans F and G. No 

change was made in the transition slope. 

32. The velocities observed in the vicinity of Left Abutment Plan H 

were very much the same as those observed with Plans F and G (compare Plates 

9» 10, and 11). The eddy formed along the wall on the dam side of the abut¬ 

ment was not eliminated by the wall extension, but it was decreased in sizs 

from that observed with Plans F and G. This improvement was not considered 

important as in none of the previous tests had this eddy been large enough 

to cause any appreciable effect on flow conditions. Photograph 20 depicts 

the flow around Left Abutment Plan H. The turbulence and draw-down of the 

water surface around the face of Left Abutment Plan H were slightly less 
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than observed with Plan G and were slightly greater than observed with Plan 

F. It will be noted in Photograph 20 that the subsurface flow around Left 

Abutment Plan H was decidedly irregular when compared with that shoi/n in 

Photograph 21. Similar subsurface currents were observed with Left Abut¬ 

ment Plans F and G, although they do not show in Photographs 18 and 19. In 

general. Left Abutment Plan H was considered more satisfactory than Plan G 

and less satisfactory than Plan F. 

33* Left Abutment Plan I (Test 11); Subsequent to the selection of 

Left Abutment Plan F, a revision in the transition slope at the toe of the 

wall was made by the Portland District Office. As shown on Plate 7, this 

revision consisted entirely of a modification of the transition slope, and 

no change was made in the alignment of the abutment wall. The new transi¬ 

tion slope in conjunction with the alignment of the Plan F left abutment 

was termed Left Abutment Plan I. 

Observations of velocities around the left abutment made during 

this test are presented on Plato 12. Comparison of these data with those 

observed with Left Abutment Plan F shows them to be approximately the same. 

Photograph 21 shows the surface and subsurface flow observed around Left 

Abutment Plan I; the dye streams depict the appreciable improvement in sub¬ 

surface flow over the transition slope from that observed with Left Abutment 

Plan H. It was concluded that Left Abutment Plan I effected better flow con¬ 

ditions than any plan previously tested. 

35* Summary - Left Abutment Plans: In general, the results of the 

tests made on various left abutment plans indicated the following: 

a. Eddies, turbulence, and draw-down of the water sur¬ 

face adjacent to the wall of Left Abutment Plan A 

obtained with all discharges tested because of the 

relatively sharp curvature of that wall. 



b. Flow conditions observed with Left Abutment Plan E 

were little improved over those observed with Plan A. 

Undesirable turbulence, eddies, and draw-down of the 

t water surface still obtained because of the sharp 

curvature of the abutment wall. 

J c. Considerable improvement was effected by the revised 

alignment of Left Abutment Plan F in that the eddy 

along the upstream edge of the abutment was elimi¬ 

nated and a considerable decrease was made in the 

turbulence and draw-down around the abutment wall. 

d. Left Abutment Plan G was less satisfactory than Plan 

F because turbulence and draw-down of the water sur¬ 

face adjacent to the abutment were more pronounced. 

e. Flow around Left Abutment Plan H was slightly better 

than that observed with Plan G, but was less satis¬ 

factory than that which obtained with Plan F. Eddy 

conditions along the abutment wall facing the dam 

were less prevalent than with any previous plan 

tested. 

f. Plan I effected little .change from velocities and 

characteristics of surface flow observed with Plan F, 

but improvement was made in subsurface flow condi¬ 

tions. 

Comparison of the foregoing results indicated Plan I as being the most 

satisfactory plan tested, and it was therefore selected for incorporation 

in the final spillway design. 

Right Approach Wall 

36. The term "right approach wall" as used in this report denotes the 

complete wall bounding the right side of the approach apron and extending 

from the axis of the spillway crest upstream to the point at which the cut 

slope of the wall intersects the natural topography of the reservoir. The 

various terms used in preliminary reports and correspondence to designate 

separate parts of the right approach wall have been deleted from this renort. 

37» The purpose of the tests made on the right approach wall was to 

study the characteristics of flow along that wall and to eliminate or alle- 
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viate any undesirable flow conditions that might exist. It was also desired 

to decrease the amount of excavation of the originally-designed right ap¬ 

proach wall, if this could be done without producing unsatisfactory flow 

conditions. 

38- Right Approach Wall Plan I (Test l): Details of the originallv-- 

designed right approach wall (Plan l) are shown on Plate IJ and in Photo¬ 

graph 9« It will be not-ed that the section of the right approach wall im¬ 

mediately upstream from the crest consisted of a sharply-curved abutment 

similar to that of Left Abutment Plan A. 

39. No velocitv measurements were taken along the right approach wall 

dui Test 1, but visual and photographic observations v;ere made of flow 

conditions in that area. Photograph l6 show flow around the curved abut¬ 

ment wall at the downstream end of the right approach wall, while flovr along 

the full length of the wall is shown in Photograph 11. It will be noted from 

the latter photograph that a turbulent wake (manifested by boils and eddies) 

was created along the 'wall just downstream from the sharp intersection of 

-ne approach wall with the natural topography of the reservoir. It was be¬ 

lieved that turbulence along the wall and contracted flow around the rirht 

abutment caused an uneven distribution of flovr along the right side of the 

approach apron which affected flow over the crest. Visual observation of 

subsurface dye streams over the right side of the apron downstream from ap¬ 

proximately sta. 8+00 indicated that there was a tendency for helicoidal 

flow to develop along the right approach wall in this area. It was con¬ 

cluded that the slope of the wall could be steepened to decrease the required 

excavation and the upstream corner could be rounded to prevent formation of 

eddies and boils just downstream therefrom. 

Right Approach Wall Plan II (Test 10; Right Approach Wall Plan II 
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(shovm on Plate I3) was a part of the general revision in basic design of 

the spillway mentioned Paragraph 22. It will be noted from a comparison of 

Plans I and II that the slope of the Plan II wall upstreem from sta. 9+27 

was 1 on 1/2 as compared with the slope of 1 on I-I/2 of the Plan I wall 

upstream from sta. 9+85» the curved abutment vail of Plan I was replaced in 

Plan II by a transition slope varying from 1 on I/I4 at sta. 9+90 to 1 on 

1/2 at sta. 9+27> and the position of the toe of Plan II right approach wall 

varied from 6 ft. to approximately l6 ft. nearer to the centerline of the 

spillway than did the toe of the Plan I wall. The above revisions resulted 

in a considerable saving in the excavation required for the right approach 

i 

wall. 

Í4I. Velocity measurements ta1:en along Right Approach Wall Plan II are 

presented on Plate IÍ4. The velocity contours on this plate show that a tur¬ 

bulent wate vrac caused along the wall In a manner similar to tha.t observed 

vdth Plan I. The intensity of eddy and boiling action within this area, 

however, was greater than observed vdth Plc\n I as shovm in Photograph 22. 

Elimination of tte sharply-curved right abutment improved flow conditions 

at the crest as shovm in a comparison of Photographs l6 and 22, but it was 

concluded that flow along the length of the right approach wall was still 

too turbulent. It was believed that this turbulence could be diminished bv 
•j 

rounding the upstream corner of the wall and that a greater saving in ex¬ 

cavation cost‘could be made by further shifting of the toe alignment of the 

wall towards the spillv.ay centerline. 

1+2. Right Approach Wall Plan III (Test 9): A comparison of Right 

Approach Wall Plan III vdth Plan II (see Plate I3) shows that a complete 

revision was made in the alignment of the toe of that wall by the Portland 

District Office. The toe of the transition section of the wall was made 
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parallel to the spillway centerline rather than being on an angle thereto. 

Upstrepjn from sta. 9+?2*^8» the toe of the wall was on a itf^-ft. radius 

which intersected the spillway centerline at about sta. 6+1 ¡3.9. The inter 

section of the upstream end of the wall and the topography was rounded to 

reduce turbulence in that area. A part of this rounding may be noted in 

Photograph 23« 

il3* Comparison of the velocities observed along Right Approach Yvr.ll 

Plan III (see Plate I5) with those observed along the Plan II wall (see 

Plate ll|) shows the former to be of greater magnitude throughout. These in¬ 

creased velocities were due, of course, to the contraction of the spillwrv 

approach channel resulting from the revised alignment of the Plan III wall. 

Although rounding of the upstream corner effected a narrower turbulent wahe 

than was observed with the Plan II wal1 (compare Photographs 22 and 23)» the 

increased velocity of flow caused an increase in turbulence along the right 

approach wall. It'was concluded that Right Approach Wall Plan III was less 

satisfactory than Plan II because too much contraction of the approach channel 

had been made by shifting the toe alignment of the wall towards the spillway 

centerline. 

Uu Right Approach Wall Plan IV (Test 11): To avoid increased veloci¬ 

ties and turbulence e^Vtcted by contractin'” the spillway approach channel 

as with the Plan III wall, the Plan IV wall was located farther awav from 

the spillway centerline. Since rounding of the upstream end or' the Plan III 

wall and the normal (to the crest) alignment of the downstream end of the 

well had proved beneficial, these features were incorporated into the Plan 

IV wall. Details of Right Approach Wall Plan IV are shorn on Plric 1^. It 

will be noted that the location of the upstream end of the Plon IV wall was 

the same as that 0^ the Plan II wall. 

- 2/, • 



1|5* The velocity of flow along the Plan IV wall was less than the 

velocity of flow along the Plan III wall and vas slightly greater than the 

velocity of flow along the Plan II wall (see Plates ll+, 15» and 16). A 

comparison of the alignments of these three wall plans and the respective 

velocity observations shows that the velocity of flow along the right ap¬ 

proach wall varied inversely with the distance between the toe of the wall 

and the centerline of the spillway. This variation in velocity was to be 

expected because of the change made in the cross-sectional area of the ap¬ 

proach channel. Comparison of the velocity contours as shown on Plates lij., 

15, and l6 shows that the area of turbulent wake along the Plan IV wall was 

less than with either Plans II or III. Due to combined decrease in eddy 

action and narrower wake, the turbulence along Right Approach Wall Plan IV 

was considerably less than with previously-tested plans as shown in Photo- 

grrph 2k- 

Right Approach Wall Plan V (Test 21): Subsequent to the study of 

Right Approach Wall Plan IV, a change was made by the Portland District 

Office in the alignment of the 0. P. & E. Railroad which was located in the 

vicinity of the right approach wall (see Plate 13)* As shown on Plate 5» 

the previous alignment of this railroad did not affect flow conditions along 

the right approach wall in any way. Hov/ever, with the relocated railroad 

alignment, it was felt that further study of flow conditions along the right 

approach wall should be made in order to determine the effect of the railroad 

fill sloe. In addition, at this time, it was deemed advisable to study al¬ 

ternate slopes of the right approach wall of 1 on I/I4 and 1 on 3/Í4. Informa¬ 

tion as to the hydraulic conditions obtaining with these alternate slopes 

was desired in case their use might be either permitted or necessitated by 

prototype geological conditions. In accordance with these conditions. 
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therefore, the fill of the relocated railroad was installed in the model and 

the Plan V wall was constructed with a slope of 1 on 3/I4. The alignment of 

the toe of the Plan V wall remained the same as that of the Plan IV wall. 

Il7* Reference to Plate ly shows that the velocities observed along 

Right Approach Wall Plan V to be generally the' same as those observed with 

Plan IV. The combination of the l-on-j/I^ slope of the Plan V wall and the 

railroad fill resulted in an improved alignment of flow at the irostream end 

of the vail and effected a decrease in the turbulent wake downstream from 

that point. Surface currents along the Plan V wall are shown in Photograph 

25- It will be noted from this photograph that the alignment o0 the surface 

currents was more satis : actory than with any previous right approach wa.ll 

plan tested. 

* Right Approach Wall Plan VI (Test 22): In accordsnce with the 

previous decision to study a 1-on-l/I). slope of the right approach wall, this 

slope was incorporated in the Plan VI ivall. The alignment of the toe of the 

wall remained the same as that of the Plan V wall and no change was made in 

-cne ru.io.road fill. Plate I3 presents in detail the features of the Plan VI 

wall. 

1$. Flow along the Plan VI wall is shown in Photograph 2Ú. Velocities 

observed along the Plan VI wa.ll were generally slightly higher than those 

observed along the Plan V wall. This increase was attributed to the decrease 

in cross-sectional area of the approach channel resulting from the steencr 

slope of the Plan VI wall. Comparison of the velocity cortoura as oresentod 

on Plates I7 and 18 shows that the turbulent wake along the Pirn VI wa.ll was 

narrower than along the Plan V vail, but the general turbulence' in this area 

was increased. Two definite eddy areas erdsted - one just downstream Prom 

-he protrusion of the end of the wall and one just unstroen fr.»’ 1 : hat ooint. 
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It was apparent from tests on the Plan V and Plan VI walls that as the slope 

of the upstream end of the right approach wall approached that of the rail¬ 

road fill (resulting in a decrease in the protrusion at the upstream end of 

the wall), flow conditions along the wall were improved, 

50. Right Approach Wall Plan VII (Test 23); In view of the results 

of previous tests on the right approach wall, a smooth transition was in¬ 

stalled between that wall and the railroad fill as shown on Plate IJ. It 

will be noted that the Plan VII wall consisted of two separate transition 

sections, one of which extended from the upstream face of the crest to sta. 

9+22.14.8, while the other extended from sta, 9+22.1(.8 to the intersection of 

the wall with the railroad fill. The resulting break in alignment at sta. 

9+22.I48 was unavoidable, because it was necessary for geological reasons to 

maintain the l-on-l/2 wall slope at that point. 

51. Comparison of Plate 19 with Plates II4 to 18 shows flow conditions 

along the Plan VII wall to be materially improved over those obtained r/ith 

PI ans II to VI. No material change was made in the average velocities along 

the wc.ll, but the distribution of flow was much more uniform as shown by the 

velocity contours. The turbulent wake along the wall was eliminated by the 

alignment of the Plan VII wall, and flow immediately adjacent to the wall 

was not slowed dovn by turbulence as in previous tests. Photograph IIÍ4 de¬ 

picts the direction of subsurface flow along the right'approach wall, while 

surface current directions along the Plan VII wall are shown by Photographs 

27 and II5. Attention is invited to the smooth alignment of surface flow 

along the right wall as shorn in these photographs. Results of this test 

on Right Approach l"rall Plan VII showed flov' conditions along the wall to be 

satisfcctory for all discharges. 

52. Summary - Ri^ht Approach ïïall Plans; In general, the resuUs of 
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the investigation of various plans of the right approach wall indicator the 

.follovring: 

a. Flow conditions along the originclly-designod right 

approach wall (Plan l) were too turbulent end pro¬ 

bably affected flow over the crest. It was also 

evident that a reduction might be made in the amount 

of excavation required. 

b. Study of Plans II, III, and IV showed that any rela¬ 

tively large reduction in required excavation would 

have to be done at the expense of increased velocity 

of flow, increased eddy action, and more turbulent 

flow along the approach wall. Plan IV proved to be 

the best compromise of the above. Elimination of 

the curved abutment just upstream from the crest and 

a rounding of the upstream end of the wall proved to 

be beneficial from a hydraulic standpoint. 

c. ' The relocation of the railroad fill at the upstreoj!; 
end of the wail improved flow conditions along the 

length of the wall. 

d. Varying the slope of the wall (Plans V and VI) showed 

that as the slope of the upstream end of the wall 

approached the slope of the railroad fill, f1ow con¬ 

ditions were improved. Study of Plan VII, which 

featured a smooth transition of the upstream end of 

the wall into the slope of the railroad fill, fur¬ 

ther verified the above fact. 

Plan VII was found to be the most satisfactory plan tested and was there¬ 

fore recommended for the final design. In addition to the satisfactory 

flor/ conditions which obtained at all discharges, the Plan VII wall ef¬ 

fected a considerable reduction in excavation required as compared with the 

original design. 

Apron Floor Elevation 

53« The terms "approach apron" or "apron floor" used in this report 

designate the floor of the approach channel from the crest upstrocn to the 

intersection with the natural topography of the reservoir. The specific 
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purpose of th'se tests vras to determine if the apron floor could be raised : 

to decrease excavation cost without creating any undesirable flow charac- 

* 
teristics throughout the spillway. Four tests were made with two different 

$ combinations of left abutment and right approach wall plans and apron floor 

elevations of 818.0 ft. and 8?3.0 ft. (the spillwaV crest remained unchanged 

throughout these tests). The hydraulic data procured in jd pool eleva¬ 

tions, velocities, v/ater-surface elevations, pressures at the crest, and 

observation of the general characteristics of flow throughout the approach 

channel. 

5i|. Apron Floor Elevation 818.0 F¿. (Test 9): The first investiga¬ 

tion of the hydraulic conditions over the apron floor was made with Left 

Abutment Plan F and Right Approach Wall Plan III incorporated in the model. 

Plate 15 presents velocities observed along the right, side of the approach 

channel. No velocities were taken at the left side of the approach channel 

at this time. Reference to Plate 20 shows the vrater-surface cross section 

* 

at the crest axis for this test. Actual velues for the elevation of the 

j water-surface cross section and the elevation of the pool for discharges of 

[j.5 000 and 95 c.f.s. are-given in Table B. It will be noted that the 

/ 

maximum superelevation of the v/ater surface at the right side of the crest 

above the water surface at the centerline of ohe spillway amounted to 0.7 

ft. at the 95 l/OO-c.f.s. discharge. This superelevation was caused, of 

i 
course, bv curvature of flow over the apron. Maximum draw-down of the water j 

surface around the left abutment below the water surface at the spillway 

centerline amounted to 1.0 ft. 

55. Apron Floor Elevation 825»0 Ft. (Test 10); Followin'/ the procure- 

,J ment of data with features in the approach channel as outlined in the ore- 

cedin; naragraph, the apron floor was raised to elevation 023*0 ft. In 
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order to eliminate or reduce any roller action that might occur along the 

upstream edge of the apron floor because of the increase in elevation, tiiat 

edge was rounded. All other features of the approach channel remained as 

in the previous test. 

56. Comparison of data given in Table B shows that the raised apron 

floor (Test IO) increased the pool elevation a maximum of O.I4 ft. from that 

observed with the apron floor at elevation 813.0 ft. (Test 9). This increase 

in elevation of the pool was indicative of the decrease in the efficiency 

of the spillway. Reference to Plate 20 and Table B shows that, although) the 

raised apron floor effected no increase in the superelevation of the water 

surface at the crest, the draw-down around the left abutment at the crest 

was considerably greater. This increase in draw-down of the water surface, 

of course, was due to increased velocity of flow approaching the crest. A 

comparison of Plates I5 and 21 shows that the velocity of flow increased l1} 

to 20 percent over the right side of the spillway apron as a result of de¬ 

creasing the depth of the approach channel. As a result of this increased 

velocity, the eddy action was greater within the turbulent wake along the 

right approach wall. It was generally concluded that the results obtained 

by raising the apron floor from elevation 818.0 ft. to 823.0 ft. were un¬ 

satisfactory. 

57« Apron Floor Elévation 318.0 Ft. (Test 11): The second investiga¬ 

tion of the characteristics of flovr in the approach channel with apron floor 

at elevation 818,0 ft. was made with Left Abutment Plan I and Right Approach 

Wall Plan IV incorporated in the model. Data procured during this test are 

presented in Tables B and D and on Plates 12, l6, and 20. 

58. As shown on Plate 20, the drawn-down around the left abutment was 

slightly greater and the superelevation of the water surface at the right 
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aide of the crest was slightly less than during Test 9. Reference to Table B 

shows that this draw-down was 1.2 ft. and the superelevation was 0.6 ft. for 

the 95 itOO-c.f.s. flow. ' 

59. Aoron Floor Elevation 823.0 Ft. (Test 12)s As in Test 10, the 

apron floor was raised to elevation 823.0 ft. and the upstream edge was 

rounded. All other features of the spillviay remained the same as in Test 

11. Reference to Table B shows that the elevation of the pool for a discharge 

of 95 if'O c.f.s. was increased some 0.3 ft. by the raised apron floor. A 

comparison of the water-surface elevations as presented in this table shows 

that the water surface was lower at the crest with the raised apron floor 

(Test 12) and that the draw-down at the left abutment was increased. The 

water-surface cross section for a discharge of 95 UOO c.f.s. is shown on 

Plate 20 for both the 818.0-ft. apron floor (Test 11) and the 823.0-ft. apron 

floor (Test 12). It will be noted that for both conditions (see Table D), 

the pressures observed downstream from the crest axis were about the sanie. 

Upstream from the crest axis, however, the pressures observed with the apron 

floor at elevation 823.0 ft. were generally greater (less negative pressures) 

than those observed with the apron floor at elevation 818.0 ft. This varia- 

• 
tion of pressures was attributed to the decreased height of the spillway 

It jll 

crest aboT/c the apron floor, or in other words, a decreased ü value. Com- 
h ' 

parison of Plates 12 and l6 with Plates 22 and 23, respectively, shows that 

the raised apron floor effected approximately 20 percent higher velocities 

around the left abutment end along the right approach wall. As in the pre¬ 

vious test with the raised apron floor, eddy action and turbulence along the 

right approach wall were increased because of the increased velocity of flow 

over the spillway apron. 

60. Summary - Apron Floor Slevrtion: The results effected by raising 
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the apron floor to elevation 823.0 ft. are summarized as follows: 

a. The elevation of the pool was increased some 0.3 to 
O.k ft. at the maximum discharge of 95 UOO c.f.s. 

b. Velocity of flow over the apron was increased I5 to 
20 percent. 

c. Draw-down around the left abutment was increased as 

much as 2.0 ft. at the 95 l+OO-c.f.s. flow. 

d. Eddy action and general turbulence -».long the right 

approach wall were increased. 

e. Negative pressures on the upstream lip of the crest 
were decreased. 

It was concluded that, although raising the apron floor to elevation 323.0 

ft. would effect a considerable saving in excavation cost, the resulting 

hydraulic conditions were entirely unsatisfactory when compared with those 

observed with the apron floor at elevation 818.0 ft. 

Crest 

6l. The purpose of the spillway crest study was to determine the hy¬ 

draulic efficiency of alternate crest profiles and, if necessary, to improve 

pressure conditions at the crest. No major change in the position of the 

crest could be made by the Laboratory as the crest was rigidly fixed by 

geologic conditions. For Tests 1 to 3 the maximum discharge used for test¬ 

ing was 95 000 c.f.s., while for subsequent tests discharges were simulated 

up to the maximum design discharge of 95 ^00 c.f.s. It is to be noted that 

Crest Plans IV to VIII of the Pc "bland District Office 'acre not tested at 

the request of that office. 

62. Crest Plan I (Test l): Plate 5 shows the location of the origi¬ 

nally-designed Plan I crest with reference to the various other features of 

the spillway, and Plate 25 presents a detailed profile of this crest. It 
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will be noted that the total length of Crest Plan I at the axis was 200 ft. 

Photograph 9 shows Crest Plan I in place in the model. 

63. Due to the curved alignment of flow over the approach apron, the 

flow was concentrated on the right side of the crest as may be seen from 

water-surface elevations at the 95 000-c.f.s. flow given in Table B. Also 

listed in this table are elevations of the pool for discharges of 1+5 000 

and 95 000 o.f.s. The coefficient curve for Crest Plan I is shown on Plate 

26. It will be noted that the coefficient for a head of 21+.8 ft. on the 

crest (95 000 o.f.s.) was ^,06 - the average coefficient over the range of 

operation was Pressures observed on the crest (see Table C and Plate 

29) were positive for all discharges tested. It will also be noted that the 

superelevation of the water surface at the crest is reflected in the pressure 

observations given in Table C. Crest Plan I was deemed satisfactory, but it 

was believed that greater efficiency could be secured by modifying the crest 

profile so that negative pressures would obtain on the crest. 

61+. Crest Plan II (Test 5)i The profile of Crest Plan II (see Plate 

25) was designed with the purpose of increasing the discharge by inducing 

15-ft. negative pressures on the crest at the maximum discharge of 95 1+00 

c.f.s. In conjunction with the general revision of the complete spillway 

structure made subsequent to Test 3, the length of the crest was 188.0 ft. 

65. The pool elevation with the Plan II crest was found to be appreci¬ 

ably higher for a given discharge than with Crest Plan I (see Table B). This 

increase was attributed mainly to the decreased length of the crest, though 

it may have been effected in part by changes made in the approach channel. 

Flow over the crest was superelevated due to the nonsymmetrical approach 

channel as was the case with Crest Plan I. The amount of this supereleva** 

tion is shown by water-surface elevations given in Table B; it was slight 



for flows of L& 000 c.f.s. and less, but resulted in an appreciable differ¬ 

ential across the length of the crest for the maximum discljiarge. Crest 

Plan II vras found to be more efficient throughout the complete range of 

discharge than was Crest Plan I (see Plate 26), as the average discharge 

coefficient was 3.57 as compared with iß obtained with Crest Plan I. 

Reference to pressures which obtained on the Plan II crest (see Table C and 

Plate 29) shows that some negative pressures were observed, but they did not 

reach the expected value of -15.0 ft. It will be noted that the maximum 

negative pressures occurred upstream from the crest axis. These pressures 

again reflect the superelevation of the water surface over the crest. It 

was concluded that the results obtained vdth Crest Plan II were generally 

satisfactory, but further improvement oould be made by reducing maximum 

negative pressures on the crest to -I5.O ft. 

66. Crest Plan III (Test 11): Inasmuch as Crest Plan II had not pro¬ 

duced the desired negative pressures, the crest profile was further revised 

to Crest Plan III as shown on Plate 25* No change was made in the length of 

the crest. 

67. Reference to Table B shows that Crest Plan ill (Test 11) effected 

a reduction of 0.3 ft. in the elevation of the pool for the maximum discharge 

of 95 bPO c.f.s. from that which obtained with Crest Plan II (Test 5)* Com¬ 

parison of water-surface elevations for Crest Plan II and Crest Plan III shows 

the latter water-surface cross section to be slightly lower. It will be 

noted from the crest coefficient curves on Plate 26, that Crest Plan III was 

more efficient than Crest Plan II, especially in the lower range of dis¬ 

charge. The average discharge coefficient for the former crest was 3*7i+ as 

compared with a value of 3*57 for Crest Plan II. Plate 29 shows a marked 

difference in the pressure grade lines for Crest Plans II and III, both as 
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to the magnitude of pressures across the length of crest and in the pattern 

of the pressure grade lines. The nappe tended to spring clear of the crest 

at the upstream lip* then impinge on the flat portion upstream from the 

crest axis, and then again spring clear; thus creating two distinct zones 

of negative pressure. The maximum negative pressure observed with Crest 

Plan III was -II4..O ft. (see Table D) ; this value was considered sufficiently 

close to the desired value of -I5.O ft. However, due to the abrupt change 

in curvature of the crest profile, separation occurred between the lip at 

sta. 9+99.03 and sta. 10+02.77; this separation was manifested by a small 

vertical roller which was observed to form on the crest between these two 

stations. 

68. Crest Plan IX (Test 2I4) ; It had been observed during the previous 

test that separation occurred on the Plan III crest. In an effort to elimi¬ 

nate this undesirable condition and at the same time maintain the Crest Plan 

III efficiency, the Plan IX crest was designed. It will be noted (seo Plato 

25) that downstream from the axis the profile of Crest Plan IX was identical 

with that of Crest Plan III, while upstream from the crest axis the flat up¬ 

stream portion of the Plan III crest was replaced by a curved lip. Ho change 

was made in the length or position of the crest. 

69. It was observed with Crest Plan IX that the pool elevation and the 

water surface at the crest for the b5 000- and 95 i^OO-c.f.s. flow were 

slightly lower, thus shoving thst Crest Plan IX was more efficient than Crest 

Plan III (sec Tests 11 and ?U in Table B); however, Plate 26 shows that for 

pool elevations below ft. (discharges less than 1^5 000 c.f.s.). Crest 

Plan IX vías less efficient than Plan III. The average discharge coefficient 

v:as 3.66 with Plan IX as compared with 3*7U with Plan III. Longitudinal 

water-surface profiles on the centerline of the Plan IX crest are presented 
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on Plate 28. With a discharge of 95 UOO c.f.s., a draTi^dovin of approxiraately 

7.0 ft. existed between the pool at elevation 858.2 ft. and the water-surface 

elevation at the crest. Plate 29 shows a marked difference in the pressure 

grade lines observed with Crest Plans IX and III. With the Plan IX profile, 

there was but one "over-all" zone of negative pressure, since with the 

rounded upstream lip',the nappe tended to spring clear at a higher angle and 

thus avoid impinging on the upstream face. However, it will be noted r’rom 

Tables D and E, that the maximum negative pressure occurred at the crest 

lip and was approximately of the same magnitude for both crest plans. As 

was the case in previous tests, the magnitude of pressures varied across the 

crest length because of the superelevation of the water surface. No separa¬ 

tion, as indicated by roller action, was observed on the Plan IX crest. From 

these results, it was apparent that Crest Plan IX was more desirable than 

Crest Plan III with respect to uniformity of pressure pattern over the crest 

and absence of separation on the upstream portion of the crest. 

70. Crest Plan X (Test 25A): Crest Plan X was designed on a curved 

alignment principally to improve flow conditions in the chute, a detailed 

explanation of which will be presented later in this report under Chute Plan 

P. However, it was also desired to maintain the hydraulic efficiency and 

generally satisfactory flow conditions obtained with Crest Plan IX. It is 

these latter results with which this part of the report will be concerned. 

In plan. Crest Plan X was constructed on a 14+9.98-ft. radius curve (see 

Plate 30) with the station of the axis at the ends of the crest being the 

same (10+02.77) as that of the Plan IX crest. Upstream from the crest axis 

the profile of Plan X was identical with that of Plan IX (see Plate 25), while 

downstream from the axis, it differed slightly due to the varying slope of 

the chute floor. The length of the Plan X crest, as measured along the axis. 
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was slightly more than the length of the Plan IX crest, because of the curved 

alignment. Photograph [|1|. shows the Plan X crest in place in the model. 

VI. The elevation of the pool and of the v/ater surface at the crest 

axis was found to be slightly lower with Crest Plan X than with Crest Plan 

IX (see Table B) due to the longer length of the former crest. As shown on 

Plate 2Ó, Crest Plan X was more efficient than Crest Plan IX up to a head 

on the crest of about I7 ft. (approximately 52 000 c.f.s.); above that head, 

Crest Plan X was less efficient. The average discharge coefficient was 3»72 

as compared with 3.66 with Plan IX. It will be noted from Plate 29, that the 

pressure grade lines for Crest Plan X were generally higher throughout than 

those for Crest Plan IX. Reference to Table E shows that this variation pre¬ 

vailed throughout the length of crest. At the higher discharges, the de¬ 

crease in negative pressures on the crest is in accordance with the decreased 

efficiency of the Plan X crest. It was concluded that Crest Plan X was more 

satisfactory than Crest Plan IX insofar as flow conditions at the crest it¬ 

self were concerned. The slight decrease in the discharge coefficient for 

flows above 52 000 c.f.s. effected by Crest Plan X was not considered to be 

important as flows of this magnitude will rarely occur in the prototype. 

72. Summary - Crest Plans: The foregoing results of the study of 

various crest plans may be briefly summarized as follows: 

a. Crest Plan I was found to bo satis facto rjr, but it 
was believed that a greater efficiency of overflow 
could be obtained-by modifying the crest profile to 
induce negative pressures of -I5.O ft. on the crest 
at maximum discharge. The average discharge coef¬ 
ficient was 3.I48. 

b. Crest Plan II effected generally satisfactory re¬ 
sults, although the desired maximum negative pres¬ 
sures of -I5.O ft. were not obtained. An increase 
in the elevation of the pool resulted from the de¬ 
creased crest length. The average crest coeffi¬ 
cient was 3.57. 



c. Crest Plan III created maximum negative pressures 
sufficiently close to the desired value of -I5.0 
ft. This crest was also more efficient than 
either Crest Plans I or II especially in the lower 
range of discharge; the average coefficient was 
3.?4* However, separation was observed to occur 
as indicated by roller action just upstream from 
the crest axis. 

d. Crest Plan IX was considered better than Crest Plan 
III because of the more uniform pressure pattern 
and elimination of separation on the crest. Plan 
IX was less efficient than Plan’III for flows less 

- than 45 000 c.f.s. and more efficient for flows 
greater than I45 000 c.f.s. The average discharge 
coefficient was 3.66. 

0. Crest Plan X was more efficient than Crest Plan IX 
for discharges up to 52 000 c.f.s. - above this 
flow, however, it vas less efficient. The average 
discharge coefficient was 3.72. Pressures on the 
crest, in general, wore slightly greater than with 
Cr.est Plan IX. 

Crest Plan X was considered more satisfactory than any other plan tested 

insofar as hydraulic characteristics of the crest itself were concerned. 

73* The chute is defined as the converging and steeply-indi nod sec¬ 

tion of the spillway extending from the crest axis to the beginning of the 

upward-curved bucket. The purpose of the tests on various chute plans was 

to detemine their adequacy to pass discharges up to 95 400 c.f.s. without 

effecting overtopping of the sidewalls or uneven distribution of flow into 

the stilling basin. 

74. Chute Plan A (Test 1): Details of Chute Plan A (original design) 

are shown on Plate 5. It will be noted from this plate that the chute ex¬ 

tended from sta. 10+00 to sta. 12+26.32 on a downward slope of 1 on 2. From 

the crest length of 200 ft. the chute converged in width to 120 ft. at the 

end of the bucket at sta. 12+71.04. 



75. Pressures in the chute as observed with piezometers 19 to 30» in“ 

% elusive, wore positive for all flows (see Table F). Although the velocity 

of flow entering the chute (see Plate 35) increased with discharge, vcloci- 

i; 
ties at the bottom of the chute were practically the same for all discharges 

as gravity was the predominating force effecting flow in the chute. Standing 

waves v/ere observed to occur throughout Chute Plan A for all discharges up 

to 95 000 c.f.s. (see Photographs 12 to l6 and Plate 31)» These standing 

waves were created just below the crest where the flow struck the converging 

sidewalls with supercritical velocity. As shown on Plate 3I» "the standing 

waves along the right side of tho chute were slightly higher than those along 

the loft side; the reason for this difference, of course, was due to the 

superelevation of flow over tho crest. At sta. 1Ó+25, near overtopping of 

tho right sidewall (freeboard was 0.6 ft.) was observed as shown in Photo¬ 

graph 11 and on Plate 31* Comparison of Photographs 12 to l6 shows that, 

as the discharge became greater, the standing waves increased in height and 
« 

converged nearer the centerline of the chute and thus concentrated the flow 

y into tho center of the stilling basin. From these results it was apparent 

that revisions in the originelly-dcsigncd chute were necessary to prevent 

the formation of standing waves or to diminish their effect upon flow into 

tho stilling basin. 

76. Chute Plans B to N (Test 3): In view of the results obt;irw-d with 

the Plan A chute, it was believed that special attention should be given to 

eliminating standing waves in the chute and then spreading the converging 

flow at the bottom of tho chute uniformly over the entire width of the still¬ 

ing basin. To accomplish these results, a number of chute plans were in- 

» 

vostigated (sec Photographs 28 to Í1Í4.). Complete data were not observed with 

4 these plans inasmuch as visual and photographic data (see Photographs to 6l) 
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proved to be sufficient basis for deciding their relative merits. Follow¬ 

ing is a brief summary of the features of these plans and of th~ results 

obtained v/ith each: 

a. Plan B: This pirn consisted of a fillet and hump 
arrangement. One fillet, 12 ft. high, 70 ft. long, 
and 20 ft. wide, was installed along each sidewall 
just downstream from the crest to divert flow 
towards the center of the chute. The purpose of 
the hump (maximum height of 11 ft. on centerline 
at sta. 11+75) wbs to spread flow more uniformly 
into the stilling basin. Operation with this 
plan showed that for ail discharges the hump in 
the chute floor forced the standing waves towards 
the sidewalls of the chute and concentrated the 
flow at the sides of the stilling basin. At the 
maximum discharge (95 i|00 c.f.s.), the fillet at 
the left sidewall caused flow to overtop that wall. 

b. Plan C; In this plan, the chute floor was raised 
along the sidewalls between the crest and sta. 12+25 
and was humped along the centerline between sta. 
11+25 and sta.. I3+OO. The maximum height of the 
raise along the sidewalls vas some l4 ft. at sta. 
II+25. The apex of the hump along the centerline 
was at sta. 12+25 and vas 6 ft. above the original 
chute floor. The hump at sta. 12+25 was found to 
be helpful in diverting flow more uniformly across 
the width of the stilling basin. Raising the 
floor along the sidewalls, however, was not effec- 
tive in eliminating standing waves and was the 
cause of considerable reduction in freeboard along 
the chute walls during maximum discharge. 

c. Plan D: This plan vas similar to Plan C, except the 
humr on the chute centerline was increased to 7.5 
ft. at sta. 12+00, and the raising of the floor 
along the sidewalls vas increased to a maximum of 
I? ft. at sta. 11+00. In addition, the cross sec¬ 
tion of the chute at the point of maximum raising 
of the floor along the sidewalls was concave in 
shape rather than being in the shape of a shallow 
"V" as in Plan C, and the hump at sta. 12+00 was 
round in cross section. The general results ob¬ 
tained v/ith Plan D were similar to those obtained 
with Plan C, in that the standing waves were not 
eliminated by raising; the floor along the sidewalls 
and the hump aided in distributing flow more evenly 
into the stilling basin. The increased raising of 
the floor along the sidewalls, however, resulted in 
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overtopping oí' the right sidewall at a discharge of 
80 000 c.f.s. 

d. Plan E: Because the humps cf Plans C and D had been 
found beneficial to some extent in distributing flow 

g evenly across the stilling basin and raising the 
floor along the sidewalls had been found unsatisfac~ 
ton’’ in all respects, it was decided to investigate 
conditions effooted by the hump alone. Plan S con¬ 
sisted essentially of a rounded hump with maximum 
height of 7*5 ft. on the chute centerline at sta. 
11+50. A fairly satisfacton/ distribution of flow 
into the stilling basin was effected at a discharge 
of 1+5 000 c.f.s., but for discharges below and above 
1+5 000 c.f.s., flow was first concentrated at the 
sides and then at the center of the stilling basin, 
respectively. Pronounced standing waves obtained 
in the chute for all discharges. 

e. Plan E-l: This plan was essentially the scjiu r.s Plan E, 
except the maximum height of the hump was increased 
to 15 ft. The increased height of this hump further 
diverted flow towards the chute sidewalls and caused 
unsatisfactory concentration of floTg at the sides of 
the stilling basin. Pronounced standing waves ex¬ 
isted in the chute for all discharges. 

f. Plan E-2: This plan consisted of a single hump in 
the chute floor which was essentially the sane as 

• Plan E-l, except the height of the hump was reduced 
to 3*75 ft* This plan showed an improvement in 
flow conditions from those of Plan E-l as standing 

r waves in the chute were less pronounced and a better 
distribution of flow vas obtained into the stilling 
basin. The results obtained with Plan E-2, however, 
were no more satisfactory than those obtained with 
Plan A (original design). 

g. Plan E-5: For this plan, the hump in the chute floor 
ras constructed to a height of 11.25 Ft. The results 
obtained vere less satisfactory than those obtained 
with Plan E-2 and were very similar to those oofcàined 
with Plan E-l. 

h. Plan F; This plan consisted of four longitudinal 
training walls 1+ ft. in height, spaced equally across 
the width of the chute, and extending from sta. 10+20 
to sta. 12+00. The primary purpose of the training 
walls was to produce an even distribution of flow 

j throughout the chute and stilling basin. These 
training walls were found to be beneficial in dis¬ 
tributing flows of less than 1+5 000 c.f.s. At a 

. discharge of 1+5 000 c.f.s. and greater, hov/ever, the 
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standing waves overrode the downstream ends of the 
outside training walls and caused a concentration 
of flow in the center of the stilling basin. 

i. Plan G: This plan was similar to Plan F except 
the height of tho training walls was increased to 
8 ft. to eliminate overriding of the walls by 
stending waves. The results obtained were very 
similar to those of Plan F, since the Plan G walls 
were also overridden by standing waves although at 
a slightly higher discharge. 

j. Plan H: From the results observed with Plan G, it 
was apparent- that the two center training walls 
served no particular purpose and the outside train- 
ing walls were of insufficient height. Accordingly, 
for Plan H, the two center walls were omitted and 
the height of the two outside walls was increased 
to 16 ft. The walls were also shifted downstream 
between sta. 10+75 and sta. 12+50. The results of 
this test were more satisfactorv than those of 
either Plans F or G, as a fairly even distribution 
of flow into the stilling basin was obtained up to 
a discharge of about 70 000 c.f.s. Above that dis¬ 
charge, the standing waves overrode the downstream 
ends of the training, walls with a resulting concen¬ 
tration of flow in the center of the stilling basin. 
Although the training w/alls of Plan H proved to be 
fairly satisfactory, it vies thought that further 
study of this type of plan was not warranted be¬ 
cause the walls would have to be constructed to an 
impractical height. 

k. Plan I: This plan consisted of four sills extending 
diagonally away from each chute wall. These sills 
w/ere 1* ft. high and 8 ft., 16 ft., 2k ft., and J2 
ft. in length. The sills wrere located between sta. 
10+80 and sta. 11+70 such that the alignment of their 
inner ends coincided with the outer limits (towards 
chute centerline) of the standing waves which de¬ 
veloped in the chute. It was thought that this plan 
might be effective in dissipating the standing waves. 
Operation of the model with this plan installed 
showed that the sills were ineffective in diminish¬ 
ing standing waves and that they caused a high de¬ 
gree of turbulence in the chute and stilling basin 
and overtopping of the chute sidewalls. 

l. Plan J; For this plan, three che^ron-shaped sills 
were located on the centerline of the chute between 
sta. 10+50 and sta. 12+00. These sills were 1| ft. 
in height, and their outer ends were located aporoxi- 
mately on the line of the standing waves. It wras 
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thought that such a sill arrangement might serve to 

retard the velocity of flow in the chute and effect 

an improvement in the distribution of flow entering 

the stilling basin. Results of the test showed that, 

although the sills did effect a retardation in the 

velocity of flow in the chute, they caused extremely 

unsatisfactory flow conditions downstream therefrom. 

At all discharges, the sills deflected flow upward 

and caused overtopping of both chute sidewalls. 

m. Plan K: For this plan, the two upstream chevron¬ 

shaped sills of Plan J were removed and the down¬ 

stream sill was left in its original position with 

its upstream point at sta. 11+50 and downstream 

points at sta. 12+00. It was thought that this 

single sill mùöht divert some of the flow tov/ards 

the sides of the stilling basin without overtopping 

the sidewalls as was observed with Plan J. Observa¬ 

tion of this plan in operation showed that the single 

sill diverted practically all of the lower discharges 

to the sides of the stilling basin and that the 

higher discharges overrode the sill with little change 

in direction. 

n. Plan L: Seven transverse rows of baffles in the 

chute equally spaced between sta. 10+50 and sta. 

11+50 were installed for Plan L. These baffles were 

U ft. high and I4. ft. square and wrere spaced 12 ft. 

on centers in the rows. The rows of baffles were 

staggered. The results obtained with this plan were 

not satisfactory because of the extreme turbulence 
created in the .chute at lower discharges, although 

the standing waves were almost entirely eliminated. 
At lover discharges a fountain effect was formed by 
each individual baffle. As the discharge was in¬ 

creased, these fountains were drowned out until, at 

the maximum discharge, the water surface in the 
chute was fairly uniform. A considerable improve¬ 
ment was effected in stilling basin action because 
of the decreased velocity of flow in the chute, 

although a concentration of flow in the center of 

the stilling basin still obtained at the higher 

discharges. 

0. Plan ii: For this plan, the size, number, and loca¬ 

tion of the baffles remained the same as for Plan L, 

but the alignment of each individual baffle was 

twisted in such a manner as to divert the flow 

toward the centerline in the upstream end of the 

chute and toward the sides in the downstream portion 

of the chute. It v/as thought that this tvdsting of 

the baffles would result in an improved distribution 
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of flow into the stilling basin and reduced turbu¬ 

lence in the chute. The results obtained with Plan 

M were very similar to those obtained with Plan L. 
Some improvement was effected in the distribution 

of flow, but extremely turbulert conditions still 

existed in the chute at the lower discharges. At 

the maximum discharge, the water surface in the 

chute was fairly smooth with little evidence of 

standing waves. 

p. Plan N: This plan consisted of an ogee crest on a 

curved alignment (with the corresponding dished 

spillway floor) whose radius was such that the crest 

was normal to thei sidewalls at the point of inter¬ 

section. In addition to this change in the crest, 

the sidewalls were made vertical at that point of 

intersection. Because of the temporary construction 

of this plan, discharges greater than 1+5 000 c.f.s. 

could not be simulated. Within this range of dis¬ 

charge, however, standing waves in the chute were 

practically eliminated and a fairly uniform distri¬ 

bution of flow existed into the stilling basin. 

Of the above plans tested. Plans L, M, and N were the only plans in which 

the standing waves in the chute were reduc.ed. With two of those plans (L and 

M) this reduction in standing waves was accomplished by undesirable turbu¬ 

lence at the lower discharges. The high training walls of Plan H created 

a fairly uniform distribution of energy in the stilling basin, but did not 

eliminate the standing waves in the chute. In view of these results, it was 

decided that Plan N was the only plan which warranted further study. 

77* Chute Plan 0 (Test 2b): This plan of the spillway chute was a part 

of the general revision made in the basic design of the spillway structure 

subsequent to Test 3. As a result of shortening the length of the spillwav 

crest to 188 ft. at that time, the convergence in the alignment of the chute 

walls was decreased. All other features of the chute remained the same as 

in Plan A. Plan 0 chute (see Photograph 1+3) was in place in the model through¬ 

out a largo part of the testing program, and several sets of data were ob¬ 

served with this plan. The results observed with Plan 0 chute which follow. 
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however, were observed at a time when all other features incorporated in 

the model were of the final design. 

% 

78. Comparison of the water-surface cross sections observed throughout 

I Chute Plans A and 0 (see Plates 3I 32) shows them to be of the same 

general pattern, with the depth of flow in the Plan 0 chute being slightly 

greater because of the decreased width of the chute. It will be noted that 

the right sidewall was overtopped at sta. 10+25 at the maximum discharge of 

95 i+OO c.f.s. and that the standing waves in the Plan 0 chute viere slightly 

smaller then thore obtained with Plan A; this was due, of course, to the 

decreased taper op the chute sidewalls. Comparison of pressures observed 

with Chute Plans A and 0 (see Tables F and H) shows the latter to be higher. 

This difference is attributed mainly to the increased depth of i'lovi through¬ 

out Chute Plan 0. Velocities observed in Chute Plan 0 were found to be 

similar in magnitude to those observed with Plan A as shown by a comoarison 

of Plates 35 36» As with Chute Plan A standing wa.ves caused an unsatis¬ 

factory distribution of flow into the stilling basin for o.ll\discharges and 

^ overtopping of the right sidewall of tne chute at maximum discharge. 

79. Chute Plan P (Test 25A): It had been decided previously (refer 

to Parr/ raphs 72 and 76) that further study of a curved spillvoy crest and 

accompanying dish-shaped chute was v/arranted. . Plan P chute was there¬ 

fore installed in the model in conjunction with Crest Plan X as shown on 

Plato 30 and in Photograph 1)4. 

80. • Observation of various discharges throughout the Plan P chute 

showed a material reduction in the height of standing waves. This reduc¬ 

tion may be seen by comparing the water-surface cross sections as shown on 

* Plates 31. 32, and 33. It will also be noted that the freeboard along the 

chute sidewalls was increased. Comparison of Photograph 6l with Photo- 
4 
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graphs IJ and 60, respectively, also shows that the standing waves in the 

Plan P chute were much less prevalent than in Chute Plans A and 0. Although 

standing waves in the chute had been materially reduced for higher discharges 

and had been practically eliminated for lower discharges, it was observed 

that no appreciable improvement was effected in the distribution of flow 

entering the stilling basin. Pressure readings observed with Chute Plan P 

(refer to Table l) were found to differ in magnitude from those observed 

with Chute Plan 0 (refer to Table H). This difference is attributed mainly 

to the variation in flow distribution across the chute. No velocity measure¬ 

ments were taken with this plan. 

81• Summary - Chute Plans : Following is a brief summary of the results 

of the foregoing study of various chute plans: 

a. Chute Plan A was found to be generally unsatisfao- 

' tory because of standing waves that obtained in the 

chute for all discharges up to 95 000 c.f.s. These 

, standing mves reduced freeboard to 0.6 ft. along 

the right sidewall at sta. 10+25 and effected un¬ 

desirable distribution of flow into the stilling 
basin. < 

b. The study of Chute Plans B to M, inclusive, showed 

that none of these plans eliminated standing waves 

in the chute or prevented uneven distribution of 

flow into the stilling basin. Plan N, in conjunc¬ 

tion with Crest Plan X, effected considerably 

smaller standing waves in the chute as to justify 
further study. 

0. In general, the results obtained with Chute Plan 0 
were found to be similar to those obtained with 

Plan A. Standing waves caused an unsatisfactory 

distribution of flow in the chute and into the 

stilling basin for all discharges. The greater 

depth of flow in the chute resulting from the de¬ 

creased crest length caused standing waves to over¬ 

top the right sidewall just below the crest during 
maximum discharge. 

d. Chute Plan P effected a considerable decrease in 

the magnitude of standing waves and increased the 
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amount of freeboard along the chute sidewalls. How¬ 

ever, no improvement was made in the distribution of 

, flow entering the stilling basin. 

j In view of the foregoing results’ obtained with various plans of the spillway 

chute, it was decided that Chute Plan P was the most satisfactory plan 

tested. 

Bucket 

82. The term "spillway bucket" as used in this report denotes the con¬ 

cave or angular section of the spillway extending between the inclined chute 

and the horizontal floor of the stilling basin. It was thought that, if 

the spillway bucket could be shortened so as to increase the effective length 
» 

of the stilling basin, the efficiency of the latter as an energy dissipator 

might be improved. The purpose of the spillway bucket study, therefore, was 

to investigate several types of buckets in conjunction with different baffle 

plans and determine if such revisions would effect increased stilling basin 
» 

efficiency. The hydraulic jump and stilling basin action in general were 

i used as a basis of comparing the several bucket plans tested. 

83* 100-Ft. Radius Bucket (Test 18E): Details of the originally- 

designed 100-ft. radius bucket are shown on Plate 37. Si^ce various baffle 

plans had been tested in the model prior to testing the bucket plans. Plan 

I baffles (see Plate I4O) were in place in the stilling basin during Test 

18H. 

81).. Operation of the model vdth the 100-ft. radius bucket gave fairly 

satisfactory hydraulic jump action in the stilling basin; a stable june ob¬ 

tained up to end including a discharge of L5 000 c.f.s. as shown in Photo- 
% 

graph 62. 
* 

i 85. Intersecting-Planes Bucket (Tests ISA and 18b); For this plan* 
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the 100-ft. radius bucket of tho original design was removed to permit the 

chute floor to extend downward and intersect the horizontal floor of the 

stilling basin at sta. IS+itf.Ul- as shown on Plate 37 - thus forming the 

"intersecting-planes bucket". With this plan, the stilling basin was 13?.56 

ft. long or 23.6 ft. longer than the original stilling basin. 

86. The intersecting-planes bucket was first tested (Test 18A) in con¬ 

junction with Plan <T baffles (see Plate !|0). With this combination, a satis 

factory hydraulic jump obtained in the stilling basin up to and including a 

discharge of i|0 000 c.f.s. At a flow of I4.5 000 c.f,s», however, the hy¬ 

draulic jump was not stable and flow overrode the right side of the upstream 

row of baffles as shown in Photograph 63. It was thus apparent that the in¬ 

tersecting-planes bucket in conjunction with Plan I baffles had lowered the 

efficiency of the stilling basin from that obtained with the 100-ft. radius 

bucket. 

87. The intersecting-planes bucket was next investigated in conjunc¬ 

tion with Plan M baffles (see Plate itl)« Baffle Plan M was the same as Baf¬ 

fle Plan I, except the ^upstream and middle rows of baffle piers were moved 

upstream 10 ft. and 5 ft., respectively, to take advantage of the longer 

stilling basin created by the intersecting-planes bucket. From observation 

of flow in the stilling basin, it was found that moving a part of the baffles 

upstream materially improved stilling basin action which obtained with the 

intersecting-planes bucket and the Plan I baffles. A stable hydraulic jump 

(seq. Photograph 6Í4.) was obtained with discharges up through I4.5 000 c.f.s. It 

appeared, therefore, that if the intersecting-planes bucket were to be used, 

the Plan M baffles should be installed in the stilling basin. 

88* 50-Ft. Radius Bucket (Tests 18C and 18D); In addition to the two 

previously-tested bucket piano, an intermediate bucket with a radius of 



50 ft. was studied. This design (see Plate 37) lengthened the original 

stilling basin to 125.?6 ft. Flow conditions in the stilling basin effected 

by the 50-ft. radius bucket and the Plan I baffles (Test 18C) were similar 

to those of Test 18A. At a discharge of k5 000 c.f.s., the hydraulic jump 

was not stable and flow overrode the right side of the upstream row of baf¬ 

fles as shown in Photograph 65. 

89. Inasmuch as the results of the previous test were unsatisfactory, 

it was decided to move all three rows of baffles upstream to positions shown 

as Plan N baffles (see Plate 1¿L) for Test 18D. No change was made in the 

50-ft. radius bucket. The stilling basin action'was improved from that pre¬ 

viously observed with the Plan I baffles and was quite similar to that ob¬ 

served with the intersecting-planes bucket and the Plan M baffles. As shown 

in Photograph 66, the jump covered the upstream row of baffles at a discharge 

of Í4.5 000 c.f.s. 

90. Summary - Bucket Plans : The results of the above tests are sum¬ 

marized as follows: 

a. Lengthening the stilling basin by use of an inter- 

secting-planes or a 50-ft. radius bucket without 
changing tho location of the Plan I baffles lessened 

the efficiency of the stilling basin. 

b. When the Plan M or N baffles were used in conjunc¬ 

tion with the intersecting-planes bucket or the 50- 
ft. radius bucket, respectively, these buckets ef¬ 

fected just as satisfactory stilling basin action as 

did the 100-ft. radius bucket of the original design. 

At the end of tho foregoing tests, it was concluded that the best plan tested 

combined the 50-ft. radius bucket with the Plan N baffles, because it afforded 

a smoother transition between the chute and stilling basin floors than did the 

intersecting-planes bucket and provided a greater effective length of still¬ 

ing basin than did the 100-ft. radius bucket. 



Stilling Basin 

91. The originally-designed stilling basin shown on Plate 5 and in 

Photograph 10 was considered as beginning at the end of the bucket at sta. 

12+71.OU and extending downstream to sta. 13+90 (inclusive of the sidewalls, 

baffles, and end sill). Tests on this structure incorporated various baf¬ 

fle plans, simulated lowering of the basin floor, and several end sill de¬ 

signs. The following paragraphs discuss the results obtained with the 

various improvement plans tested. 

Baffles 

92. The specific purpose of the baffle tests was to determine an ar¬ 

rangement of baffle piers that would effect a stable hydraulic jump in the 

stilling basin for all discharges up to and including 1+5 000 c.f.s. and that 

would not cause spray action therein to overtop the sidewalls up to a maxi¬ 

mum discharge of 95 h00 c.f.s. Test data procured with each plan consisted 

of visual and photographic observations of flow conditions in the stilling 

basin and pressure measurements on the baffle piers, stilling basin floor, 

and sidewalls. It is to bo noted that, in the analysis of pressures measured 

on the baffle piers, the cavitation limit was raised from -33 ft. to -20 ft. 

to allow for the effect of instantaneous pressures which would create cavi¬ 

tation, but would not register in an open-manometer column. 

93’ Baffle Plan A (Tests 1 and 11); The originally-designed baffles, 

the details of which are shown on Plate 38, were tested twices first, with 

tailwater curve A (Tost l); and second, with tailwater curve D (Test 11) - 

both of these curves are shown on Plate i+. 

9b- Photographs 12 to l6 and Table F present data observed during Tcst.l 

It was observed that a satisfactory hydraulic jump occurred in the stilling 



uasin for discharges up to and including Í4.5 000 c.f.s. (see Photograph l^)* 

For greater discharges, however, flow overrode the baffles and spray over¬ 

topped the right sidewall of the stilling basin. At the maximum discharge 

of 95 000 c.f.s., velocities observed just downstream from the end sill were 

only 30‘/o less than the high velocities at the foot of the chute. Reference 

to Table F shows that high negative pressures occurred on the downstream 

faces of the upstream row of baffles. These negative pressures were of suf¬ 

ficient intensity on the downstream faces of baffles A and B as to indicate 

cavitation would occur in the prototype. Due to uneven distribution of flow 

into the stilling basin, negative pressures at this point on baffle C were 

only about one-half of those observed on baffles A and B. 

95* With tailwater curve D during Test 11, it was observed that a 

stable hydraulic jump occurred in the stilling basin for discharges only up 

to 31 000 c.f.s. Photograph 68 shows a discharge of 1|5 000 c.f.s. over 

Baffle Plan A during this test when the tailwater was approximately 6 ft. 

lower than during Test 1. It will be noted that the flow overrode the up¬ 

stream row of baffles. Inasmuch as tailwater curve D (Plate 1^) vas 

used throughout the remainder of the study, it was obvious that changes were 

necessary in the baffles to effect a stabilized hydraulic jump ^or all dis¬ 

charges below U5 000 c.f.s. 

96. Baffle Plans B to L (Test 13): In accordance with the results ob¬ 

tained in the study of the Plan A baffles. Baffle Plans B to L, inclusive, 

were devised with the purpose of developing a baffle arrangement that would 

produce a satisfactory hydraulic jump in the stilling basin for all dis¬ 

charges up to I4.5 000 c.f.s. and would prevent unsatisfactory spray action 

at the higher discharges. The details of these plans are given on Plates 

38* 39» and 1+0, while Photographs 69 to 79, inclusive, chow them in opera- 
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tion. ^11 plans in this group were tested with the 100-ft. radius bucket. 

Curve D on Plate 4 ms used in regulating the tailwater elevation. The 

following subparagraphs contain the results obtained with each of the plans 

tested including the results obtained ivith no baffles in the stilling basin 

(see Photograph 67). 

a* No Baffles (Test l^A); To form a basis of compari¬ 

son with subsequently tested baffle plans, flow 

through tlje stilling basin without baffles was ob¬ 

served. The greatest discharge at which a stable 

hydraulic jump occurred within the stilling basin 

was 25 000 c.f.s. With a discharge greater than 

25 000 c.f.s., the flow impinged directly on the 

end sill with the major portion being deflected up¬ 

ward. At the 95 400-c.f.s. discharge, flow was de¬ 

flected as high as 90 ft. above the top of the end 
sill at sta. 14+65. 

Bg-.fflo Plan B (Test 17;B): The size and location of 

the baffles of Plan B were the same as in Plan A, 

except the upstream baffles were reversed and one 

additional baffle ivas placed at each end of the uo- 

stream row. .With this arrangement, a jump obtained 

in the stilling basin for discharges up to 50 000 
c.f.s. At higher discharges, the water was de¬ 

flected upward into undesirable spray action by the 

vertical faces of the upstream baffles. At a flow 

of 70 000 c.f.s. the right sidewall was overtopped, 

and at a discharge of 95 I4.OO c.f.s. both sidewalls 
were overtopped. 

c. Baffle Plan C (Test -T£): Comparison of Baffle 

Plans B and C shows tnr.t thc3r were the same exceot 
for the "stepped" design of the baffle piers. With 

such a baffle arrangement, a hydraulic jump was 

formed in the stilling basin for discharges onlv up 

to 30 000 c.f.s. At the 45 000-c.f.s. discharge, 

the flow was deflected upward into spray action bv 

the upstream row of baffles; higher flows overrode 

the baffles. No further study of the stepped type 

baffles was made as they v/ere not considered as"" 

effective as the vertical-face type baffles. 

Baffle Plan D (Test I'jD) ¡ The ba.f flo arrangement 

of Plan D was similar to that of Plan B, except 

both rows of baffles wore moved approximatelv 16 

it. upstream. The baffles wore of ori'•inal size 

shape, and spacin'-, and the vertical faces were 



placed upstream with the exception of the end 
baffles of the upstream row. These two baffles were 
placed with their sloping faces upstream to reduce 
the undesirable upward deflection created by these 
baffles during the high flows as was observed with 
Baffle Plan B. Wedge fillets were added between the 
two end baffles and the stilling basin wall to simu¬ 
late probable prototype construction. During opera¬ 
tion, the Plan D baffles created a hydraulic jump 
in the stilling basin for discharges up to 3I 000 
c.f.s. At the iß 000-c.f.s. discharge, however, 
the vertical faces of the first row of baffles de¬ 
flected a portion of the flow upward to an eleva¬ 
tion of 792 ft. at sta. 13+25, and both sidewalls 
viere overtopped. As the discharge was increased 
above U5 000 c.f.s., the depth of flow along the 
centerline of the stilling basin was slightly de¬ 
creased, but spray was still deflected over the side¬ 
walls. In general, it appeared that no advantage 
was to be gained bv maintaining the same height of 
baffles and moving them upstream. 

e. Baffle Plan E (Test HP); The Plan E and Plan D 
baffle arrangements were similar except the baffles 
of Plan E were moved 33 ft* downstream. A hydraulic 
jump was obtained for all discharges up to 000 
c.f.s. Moving the baffles downstream, however, de¬ 
creased the length of the jump. At the 70 000- 
c.f.s. flow, the water was deflected upward by the 
first row of baffles to elevation 805 ft. at sta. 
I3+9O. As the discharge was increased to 95 1;00 
c.f.s., the flow overrode the first row of baffles 
and was deflected over the sidewalls, but the flew 
was not deflected as high as was observed v/ith the 
previous baffle plans tested. 

f. Baffle Plan F (Test 13F); Plan F baffles consisted 
of the Plan D baffles moved l6 ft. dovmstrern to a 
point approximately halfway betv/een the location of 
the Plans D and E baffles. A hydraulic jump was ob¬ 
served to form with the Plari F baffles for all dis¬ 
charges up to Í45 000 c.f.s., but upward spray 
action ensued similar to that observed wdth the 
Plan D baffles. For higher discharges, flow condi¬ 
tions in the stilling basin viere similar to those 
with the Plan E baffles. It v;as concluded that the 
baffle arrangement of Plan F was more efficient than 
that of Plan D and less efficient than that of Plan E. 

g. Baffle Plan 0 (Test 150^ The baffles of Plan 0 vrero 
arranged in three rov;s. The first or upstream row 
consisted of 17 baffles onc-half original size, the 
second row/ contained 10 baffles three-fourths 
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original size, and the third or downstream row con¬ 

sisted of 9 original-size baffles. The end baffles 

of the first and third rows were installed with 

their sloping faces upstream with wedge fillets be¬ 

tween the baffles andtbe stilling basin wall. A 

fairly satisfactory jump obtained in the stilling 

ba.sin for the U5 000-c.f.s. discharge, but it was 
noted that the end baffles of the first row still 

tended to deflect the flow upward along the stilling 

basin walls. For the higher discharges, however, 

the flow was not deflected upward as much as was 

observed with previous baffle plans. The maximum 

height to which spray roso during the 95 LßO-c.f.s. 

discharge was elevation 765 ft. at sta. 14+25. 
Comparison of the results of Baffle Plans E and G 

indicated that increasing the number of baffles and 

decreasing the height of the baffles in the up¬ 

stream rows was definitely an improvement, especi¬ 

ally in reducing the undesirable spray action at 
the higher discharges. 

Baffle Plan H (Test HH); For Baffle Plan H, the 

arrangeniont used for Plan G was modified by remov¬ 

ing the two end baffles of the upstream row, moving 

the second and third rows upstream, reversing the 

end baffles of the third row, and adding a fourth 

row consisting of 8 original-size baffles. The jump 

in the stilling basin was fairly satisfactory at a 

discharge of 45 000 c.f.s. The flow conditions in 

the stilling basin for the JO 000- and 95 ¿OO-c.f.s. 
discharges were similar to those observed with 

Baffle Plan G. The results of testing with Baffle 

Plan H indicated that a fourth row of baffles did 

not create any improvement in flow conditions 
within the stilling basin. 

Baffl/ Plan I (Test 15J): Baffle Plan I consisted 

of a revision of the Plan H baffles: the fourth 

row of baffles was removed, the wedge-shaped fillets 

between the end baffles of the third row and the 

wall were removed, and ano additional baffle was 

aoded to each of the two upstream rows. With this 

arrangement, a fairly satisfactory jump obtained in 

the stilling basin for the 45 000-c.f.s. flow. 1 ith 
discharges greater than 45 000 c.f.s., however, the 

flow overrode the upstream row of baffles, except 

along the sidewalls. l!o spray deflection over the 

sidov/nlls w;as observed i/ith this baffle plan. It 

was concluded that Baffle Plan I was the most cf. 

footive baffle arrangement tested thus far, as it 

created s stable hydraulic jump at a discharge of 

45 000 c.f.s. as required and effected no undesir¬ 
able- sprrw action at the higher flows. 
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j. Baffle Plan J (Test 1^1(^ ; Baffle Plan J was the 

same as Baffle Plan I except the alignment of the 

baffle rows was changed to mahe an angle of 60 
• degrees with the centerline of the stilling basin. 

The purpose of this alignment was to effect a more 

even energy distribution in the stilling basin by 

I diverting some of the flow from the center towards 

the sidewalls. Operation showed that this baffle 

arrangement did not achieve its purpose and that 

30 000 c.f.s. was the maximum discharge at -which a 
jump could be obtained in the stilling basin. 

k. Baffle Plan K (Test Baffle Plan K vas devised 

in a further effort to divert some of the flow from 

the center to the sides of the stilling basin. This 

plan was the same as Baffle Plan I except that the 

baffles for Plan X were cut on a 3O0 skew. Opera¬ 

tion revealed that this arrangement was slightly 

better than Plan J, but the maximum discharge at 

which the jump obtained in the stilling basin was 

only I4O 000 c.f.s. Flow conditions for 1+5 000 

c.f.s. were similar to those obtained with Plan J. 

From the results obtained with Baffle Plans J and 

K* it was apparent that any attempt to divert some 

of the flow from the center of the stilling basin 

only resulted in a decreased effectiveness of the 

baffles and consequent lowering of the maximum 

discharge at which a hydraulic jump was formed. 

1» Baffle Plan L (Test 15M)î To ascertain if moving 
' the original baffle system (Plan A) upstream would 

effect results similar to those obtained with 

Baffle Plan I, Baffle Plan L was tested in the 

f model. This arrangement proved to be unsatisfac¬ 

tory, as 30 000 c.f.s. was the maximum discharge 
at which a jump occurred in the stilling basin. 

With higher discharges the flow was deflected upward 

by the sloping faces of the baffles in the upstream 

row similar to that observed with Baffle Plan A. 

97* Baffle Plans M and N (Tests 18B and 18D): As explained in Para¬ 

graph 96, Baffle Plan I was developed for use with the 100-ft. radius 

bucket. To obtain results equally effective with the intersecting-planes 

and 50-ft. radius buckets, Bafflo Plans II and N (see Plate I4I) were devised, 

respectively. These two plans consisted merely of a change in position of 

the rows of the Plan I baffles (see Plate IjO). As shown on Photographs 76, 

80, and 81, the results obtained with Baffle Plans I, M, and N were quite 
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similar. Pressures observed on ten baffles of Plan N are given in Table G. 

Comparison of these pressures with those presented in Table F shows that 

both positive and negative pressures on the upstream baffles were more in¬ 

tense as a result of the greater velocity of flow down the narrower Plan 0 

chute. The pressures on the downstream baffles of Plan N, however,, were 

less intense than those of Plan A due to the greater decrease in velocity 

in this area; thus showing the greater efficiency of the Plan N baffles. 

Again, cavitation vas indicated on the downstream faces of the upstream row 

of baffles. 

98* Baffle Plan 0 (Test 2h): In a further effort to increase the ef¬ 

ficiency of the baffle system, the Plan N baffles were increased in height 

from 1,.25, 6.38, and 8.5 ft. to 6.0, 9.0, and 12.0 ft. (see Plan 0 baffles 

on Plate I|I). Photographs 81 and 82 show that flow conditions in the still¬ 

ing basin at 45 000 c.f.s. were much the same as with the Plan N baffles. 

With the Plan 0 baffles, however, a stable jump was obtained for all flows 

up to 55 000 c.f.s. (see Photograph lió). It was observed that the upstream, 

middle, and downstream rows of baffles successively were exposed by flows of 

60 000, 65 000, and 70 000 c.f.s. With the 95 1+00-o.f.s. flow, shooting flow 

occurred through the stilling basin and some spray overtopped the downstream 

ends of the sidewalls. Comparison of pressures given in Table H with those 

of Table G shows that, for the most part, raising the baffle height raised 

the pressures, i.e. increased the positive pressures and decreased the nega¬ 

tive pressures. Pressures on the dov/nstreom faces of the upstream row of 

baffles indicated that cavitation would occur at these points in the proto- 

type structure during the higher flows. Water-surface elevations and veloci¬ 

ties observed in the stilling basin with the Plan 0 baffles are given on 

Plates I4.3 to Í4.6, while water-surface crobs sections from sta. 12+50 to sta. 
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16+00 for the Í4.5 000-o.f.s. and 95 l+OO-c.f.s, discharges are given in Plate 

1+7. The high ridge of spray in the center of the stilling basin can be 
« 

noted at sta. I3+OO and sta. 13+50 on this last plate. No difference in 

I stilling basin action was observed by regulating the tailwater according to 

curve E on Plate I4.. 

99* Baffle Plan P (Test 25A): Test 25A featured a curved crest and a 

dish-shaped chute as shown on Plate 30. With this spillway design, the end 

baffles of the two upstream rows of Plan 0 were observed to cause overtopping 

of the left sidewall for discharges of 70 000 c.f.s. and greater. As a re¬ 

sult of several trial revisions of Baffle Plan 0, it was found that this 

overtopping of the left sidewall could be eliminated for all discharges by 

reducing the height of the first and second baffles at the left end of the 

upstream row and the left end baffle of the middle row. This baffle arrange¬ 

ment constituted Plan P and is shown on Plate 1+1. 

100. Flow conditions in the stilling basin were generally the same as 

» 

those observed with Baffle Plan 0. Photograph 83 illustrates the 1+5 000- 

^ c.f.s. flow. Pressures on various baffles of Baffle Plan P are given in 

Table I, and, in general, they were decreased from those obtained with the 

Plan 0 baffles (see Table H). 

101. Pressure data obtained so far on the baffle piers include observa¬ 

tions taken on the vertical and sloping faces only. To supplement these 

data and obtain a better idea of the pressure distribution on the individual 

baffle piers, baffle A (see sketch on Table l) was replaced by a similar 

baffle vfith piezometer taps located as shown by sketch on Table J. Baffle 

A was selected because the greatest negative pressures had been observed 

heretofore at this location. Table J shows that the greatest negative pres¬ 

sures occurred along the upstream edge of the side faces with successively 
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Ifiss intense negative pressures being effected on the top and sloping faces 

of the baffle. These pressures were obtained in the usual manner by means 

of an ooen-manometer tube and represent average values only. These pres¬ 

sures fluctuated from as little as ¿O.3 ft. to as much as ±23.5 ft. from the 

pressures given in Table J. Talcing into consideration such fluctuations and 

the limit of ••SO ft., the pressures observed indicated that cavitation would 

occur on baffle A when flow reached approximately 22 000 c.f.s. It was be¬ 

lieved that by slightly rounding the upstream edges of the baffle piers, the 

high negative pressures might be alleviated without affecting the efficiency 

of the baffles to any great extent. 

102* Summary - Baffle Plans: Tire results of the tests made with the 

various baffle arrangements in the stilling basin are summarized as follows: 

a. The originally-designed baffles effected a satis¬ 

factory hydraulic pump in the stilling basin for 

flow's up to gl 000 c.f.s. At higher dicehargPs, 

flows overrode the baffles and spray overtopped the 
right sidewall of the stilling basin. 

b. Testing v/ith Baffle Flans A to F, inclusive, and L 

indicated trot effective stilling; basin action 

could not be accomplished with, two rows of baffles. 

c. The "stepped" bafflers of Plan C were less effect!".-, 

then the baffles of the original design. 

d. Three rows of baffles, graduated in size and placed 

wdth tbwlr vertical faces upstream, effected the 1 0 -t 
stilling basin action for all flows. Baffle plans 

I» h, and N -were found to be the most effective Aer 

the 100-ft. radius, intersecting-planos, and bO-'b. 
radius buckets, resoectively. 

e. The addition of a fourth row of baffles, as in Pirn 

H, contributed nothing to the effectiveness of 
stilling basin action. 

f. Attempts to create better energy distribution in the 

stilling basin by the skewed arrangements of Plans 

J and K w-ere unsuccessful. These arrangements dc-- 

creased the effectiveness of the baffles without 
effecting the energy distribution. 



g. Baffle Plans 0 and P produced the best results in 

connection with the straight and curved crest align¬ 

ment, respectively. A hydraulic jump was observed 

a to occur for all discharges up to 55 000 o.f.s. 

With Baffle Plans 0 and P, negative pressures, in¬ 

dicating the occurrence of cavitation, obtained on 

the sloping faces of the baffles in the upstream 

8 row for discharges of 70 000 o.f.s. and greater. 

h. Supplemental investigation of the pressures on the 

sides and top of a single baffle pier in the up¬ 

stream row showed that cavitation tendencies ex¬ 

isted in these areas for discharges of 22 000 c.f.s. 

and greater. 

It was concluded that Baffle Plan P effected the best results in conjunction 

with Crest Plan X and Chute Plan P. 

Floor Elevation 

I05. Although lowering the stilling basin floor elevation from 712.0 

ft. of the original design would prove very costly in the prototype struc¬ 

ture, a study was made (Test I5) to determine what benefits might be de¬ 

rived from such a change. Rather than make the extensive changes involved 
i» 

in actually lowering the model stilling basin floor, the tailwater was in- 

* creased to approximate the effect of such a change. It was determined that 

it would be necessary to lower the floor elevation about 6 ft. for every 

10 000-o.f.s. increase in discharge for which a hydraulic jump would occur 

in the stilling basin. The benefits derived from such a change were con¬ 

sidered entirely uneconomical and no further study was made with regard to 

lowering the stilling basin floor. 

End Sill 

10l¡.. During previous tests, it was observed that a hydraulic jump oc- 

• curred in the stilling basin with no baffles for all flow's up to 25 000 

c.f.s. and with Baffle Plan I for all flow/s up to 1(.5 000 c.f.s.; higher 
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flows passed through the stilling basin with little decrease in velocity 

and dissipation of energy. Since the portion of the tailbay downstream 

from the stilling basin is composed of solid rock, it was therefore desired 

to determine if some type of curved or inclined end sill would "flip" these 

higher discharges over the area immediately downstream from the end sill so 

as to avoid endangering the structure. If all flows greater than 000 

c.f.s. could be successfully passed over the end sill, the necessity for 

baffles in the stilling basin would be precluded. Duo to the fluctuating 

pressures observed on the end sill, the limit of interpretation was placed 

at -20 ft. as was done in the analysis of baffle pressure data. 

105. ’End Sill Plan A (Tests I3A and l^j): The details of the Plan A 

end sill (original design) are shown on Plates 5 and Ij2 and in Photographs 

9 and 10. As previously stated (Paragraph 96 a), a satisfactory jump was 

formed without baffles in the stilling basin for discharges up to 000 

c.f.s. For higher discharges the original end sill caused the major por¬ 

tion of the flow to be deflected upward with the remaining portion rolling: 

back upstream. Photograph 67 shows flow conditions during a discharge of 

L'5 000 c.f.s. Pressures observed on the end sill for discharges of I1.5 000 

c.f.s., 70 000 c.f.s., and 95 UOO c.f.s. are given in Table K. These pres¬ 

sures show that there was no tendency for flow to spring from the end sill 

as no negative pressures were observed thereon. 

106. With the Plan I baffles (see Plate I4O) installed in the stilling 

basin (Test I3J), a stable jump obtained for discharges up to I4.5 000 c.f.s. 

as shown by Photograph ’jS. The results effected by this arrangement were 

given in Pc.ragraph 96 i. Pressures on the end sill observed during this 

tese are given in Table K and indicated a lesser tendency for the flow to 

spring clear of the end sill than '.'as observed with no baffles in the 
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stilling basin. 

10?. End Sill Plans I to VI (Test l6): The details of End Sill Flans 

I to VI are shovm on Plate 1*2. The results obtained with these revisions 

in the end sill design are given in the following subparagraphs: 

a. End Sill Plan I With No Baffles (Test 16b): With 

the Plan I end sill, no hydraulic jump was obtained 

in the stilling basin for flows greater than 18 50O 
c.f.s., since the inclined face of this end sill 

offered less resistance to flow than did the ver¬ 

tical face of the originally-designed end sill. 

With higher discharges, the flow was deflected to 

some extent beyond the end sill. As shown in 

Photograph 81*, the concentration of flow in the 

center and right side of the stilling basin was 

quite pronounced. Due to the greater mass of water, 

the end sill was not very effective in deflecting 
flow from this part of the stilling basin. This con¬ 

dition is emphasized by comparing the pressures ob¬ 

served on the end sill which wereVll positive and 

were highest on the center and on the right side 
(see Table K). 

b. End Sill Plan I With Baffle Plan I (Tost 16a^ With 

this arrangement, flows of 1*5 000 c.f.s. and greater 

were deflected over the end sill by the baffles. 

* Furthermore, no hydraulic jump could be obtained in 

the stilling basin for the 1*5 000-o.f.s. discharge 

due to the lessened baffling effect of the end sill. 

I From those observations, it was apparent that the 

Plan I end sill was not only ineffective in flipping 

the higher discharges downstream therefrom with 

baffles in the stilling basin, but it reduced the 

efficiency of the stilling basin as an energy dissi- 

pator at the lovrer discharges. 

c. End Sill Plan II With No Baffles (Test l6cl: With 

this end sill, an effort was made to deflect the 

flow more satisfactorily by decreasing the slope on 

the upstream face of the end sill (see Plate 1*2). 

The results obtained with the Plan II end sill were 

very unsatisfactory. The maximum discharge for 

which a hydraulic jumo would occur in the stilling 

basin was 16 600 c.f.s. Flow conditions at the 

95 l*00-c.f.s, discharge are shown in Photograph 85. 

At this discharge, the flow overrode the end sill 

, with practically no upward deflection. As shovm by 
Table K, negative pressures indicative of cavita¬ 
tion were observed on the end sill. The'¡o negative 
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pressures showed that a strong, tendency existed for 
the flow to spring clear df the end sill, but lack 
of aeration prevented sue!' flip action. 

d. End Sill Plan III With No Baffles (Test IbD): The 
Plan III end sill vías designed with a concave up¬ 
stream face to provido a smoother transition ond s 
steeper slope than the Plan II end sill. Observa¬ 
tions made v.lth flows up to JO 000 c.f.s. revealed 
that, although no extension of the range of the hv- 
draulic jump vras effected, the Plan III end sill 
was more effective in producing the desired flip 
action. At the 95 i|00-c.f.s. discharge, the re¬ 
sults obtained with Plan II and Plan III end sills 
were similar (compare Photographs 85 and 86). As 
recorded ^n Tabic K. negative ores sures observed 
on the end sill were sli'Trtly less than those ef¬ 
fected by the Plan II end sill. 

c. End Sill Plan III Mth Bafflr. Plan I (Test I60); 
vrith this arrangement, the maximum discharge at 
which a jump obtained in the stilling basin was 
35 000 c.f.s. For all discharges greater than 
35 000 c.f.s., flow conditions were similar to thenw 
effected by the combination of the Plan I end sill 
and Plan I baffles. Reference to Table K shows thr t 
for discharges of JO 0C0 and 95 6OO c.f.s., the 
pressures observed were similar for the two cembinci- 
tions of end sills and baffles, but that pressures 
observed with Plan III ond sill and baffles for the 
50 000-c.f.s. discharge were considerably higher. 

f. End Sill Plan IV With No Baffles (Tost ICE): In 
order to obtain better deflection of flow at the 
higher discharges, the upstream face of the Plan IV 
end sill -as designed with a shorter radius of cur¬ 
vature than was used for the Plan III end sill (sec 
Plate lj.2). The results observed with this design 
were very similar to those obtained with the Plan I 
end sill. The flow was deflected upward and down¬ 
stream to about the same extent for both end sill 
designs. The observed pressures (see Table K) were 
positive and were slightl’'- greater than those ob¬ 
served with the Plan I end sill. Photograph 87 
shows the slightly greater tendency of the flow to 
adhere to the end sill, as indicated by the pres¬ 
sures . 

g. End Sill Plan IV Vith Baffle Plan I (Test 16f): 
With this combination of end sill snd baffles, the 
highest discharge at which a nydraulic jump could 
be obtained in the stilling basin was ij.0 000 c.f.s. 
For the higher discharges, the Plan IV end sill had 
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little effect as the major portion of the flow was 

deflected over the end sill by the baffles. Refer¬ 

ence to Table K shows that the pressures were simi¬ 

lar to those observed with End Sill Plans A and I 
with baffles. 

h. End Sill Plan V With Baffle Plan I (Test 16h)j The 

results recorded in Subparagraphs a to £ above in¬ 

dicated that any addition made to The original end 

sill (Plan A) below elevation 725.0 ft. was not ef¬ 
fective in producing the desired flip action in con¬ 

junction with Baffle Plan I. In addition all end 

sills tested had lowered the maximum discharge at 

viiich a hydraulic jump obtained in the stilling 

basin. It was believed that, if the end sill were 

raised to some elevation higher than 725.0 ft. and 
a sloping face added on the upstream side, it might 

be effective in deflecting some of the flow that 

overrode the baffles on the higher discharges. The 

results of several trial revisions showed that the 

end sill could not bo raised above elevation 729.0 
ft. without submerging the tunnel outlet. Accord- 

ingly, the Plan V end sill (see Plate I42) was in¬ 
stalled. Operation revealed that the Plan V end 

sill vas not effective in deflecting the higher 

flows, because the baffles still deflected the flow 

above the end sill as with the previous plans tested. 

It was found, however, that a jump obtained in the 
stilling basin with baffles for discharges up to 

50 000 c.f.s. These results showed that the end 

sill could not be raised high enough to induce the 

desired flip action without interfering with tunnel 
flow by submerging the outlet. 

i- End Sill Plan VI With Baffle Plan I (Test I61): For 

this end sill design, that part of the Plan V end 

sill upstream from sta. I3+85 was removed. During 

a tunnel discharge of 5000 c.f.s. with the pool at 

832.O ft., open-channel flow existed with an ap¬ 

proximate 9.0-ft. depth of flow at sta. II+50, and 

no tendency for a shift to full-tunnel 'flow ivas ob¬ 

served. For spillway discharges up to 55 000 c.f.s., 
a stable hydraulic jump obtained in the stilling 

basin. For the higher discharges, 'flow conditions 

in the stilling basin were similar to those of pre¬ 

vious end sill tests with the Plan I baffles. 

Summary - End Sill Plans: The results of the end sill study arc 

summarized as follows : 



a. Mo end^sill desirn tested v;as effective in produc- 
^nG ^ jump vithout baffles for discharges in excess 
of 25 000 c.f.s. The original design. Plan A, vas 
the most efficient in this respect. 

b. With the.end sill at elevation 725.0 ft. and with 
baffles in the stilling basin, no revision in the 
front face of the end sill was effective in produc-' 
ing flip action at discharges exceeding Lfi 000 
c.f.s. Furthermore, any revision under these con¬ 
ditions lowered the efficiency of the stilling 
basin in dissipating the energy of flow for dis¬ 
charges of less than 1,5 0G0 c.f.s. 

c. 

0 , 

hith the end sill at elevation 725.0 ft. and no 
baffles in the stilling basin. End Sill Plans II 
and III developed a tendency toward flip action 
(as indicated by negative pressure observations), 
but lack of aeration at the end sill prevented 
such action. 

It was found that the elevvtion of the end sill 
could not be raised sufficiently to permit aera¬ 
tion and effect consequent flip action without ad¬ 
versely affecting the tunnel flow. 

Raising the elevation of the end sill to 729.0 r't 
(Plans V and VI) with br •Tl,^ in the stilling bcsL 
increased the maximum disc!¡arge at which iuinn ac¬ 
tion obtained. Fith the Plan VI end sill, the hv.. 
draulic jump was satisfactory at a discharge cf ' 
95 000 c.f.s. 

IG--. -ilthougf the Plan VI end sill with vfflos success fui . 

■ 'lc~ ’’ fciaou in the stilling besi 

i i : Plan (original r- ignJ involvin g 1n s s construction co: 

mend:;d for i ’u final design, because tnc cv-r-ign 

ine :.¡c 

ir. nr di "che.'.T-’s m to 55 Oís' c . g :. ip. 

n v;-s 1 0con 

or it r-nn of juT:n ,.ction jVn- 

Cl scum;,OS Up TO 55 00C c.f.s. and no undosiroblf- s spray action jv:j- tl'o i:i 

-i iache rges TTore sat is fira'. 

Tailbay 

no. Although it Vh,. rc,liM„ thut thu of the m»dol tailhuy ,,.,s 

in=umciunt to oomit oxoct oinulutior, of th„ hvdr?ulio comUtiou, «hioh 
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will obtain downstream from the dam as a result of spillway flow, the de¬ 

termination of approximate data on scour tendencies downstream from the 

end sill, current directions throughout the model tailbay, and velocity of 

flow and wave heights at the toe of the dam were nevertheless requested. 

It should be realized therefore that the following information should be 

interpreted as indicative only of the hydraulic flow conditions which will 

occur in the prototype tailbay. As mentioned in Paragraph 19, the tailbay 

topography was revised (Plan B) to simulate more accurately this area after 

construction of the project. The tailwater was regulated according to 

curve D on Plate 

Scour Tendencies 

111. Erosion tests were made to investigate the tendency for scour 

downstream from the stilling-basin end sill. Inasmuch as it was impossible 

in the model to simulate quantitatively the resistance to erosion of the 

prototype material, the scour observed during these tests is only an indica¬ 

tion that scour is likely to occur at^ corresponding points in the prototype. 

To obtain sufficient movement of the material within reksonable time the 

size of the bed material used varied with the discharge simulated. That 

part of the model downstream from the end sill in which the ,scour effect 

was observed is shown as the movable bed area on Plate J. The area extended 

downstream from the end sill to about sta. 17+00. Prior to each scour de¬ 

termination, the topography of the movable bed was molded to conform with 

i 

the Plan B topography. The design status of the other features of the model 

as used for the scour determinations is shown in Table A. 

Bed Material, l/8-Inch Gravel (Test 19C): The scour effect of 

5000-c.f.s. discharge (tunnel or spillway flow) was first observed with 

l/Q“inch gravel as the movable bed material. Operation showed very little 
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movement of the bed material resulted from this flow. In general, slight 

scour was evident near the ends of the .end sill for spillway flow and on 

centerline at about sta. IL1+O5 for tunnel discharge. 

II3• Bod Material, Sand (Test 195): To obtain more bed movement and a . 

better indication of scouring tendencies for 5000-c.f.s. flow, the movable 

bed area vas molded in sand. The material eroded from the movable bed was 

deposited in a similar pattern for both tunnel and spillway flows. During 

the one-hour (model) run with a spillway discharge of 500C) c.f.s., the maxi¬ 

mum tendency for scour during the first part of the run was just downstream 

from the right and left ends of the end sill. Later in the run, the maximum 

tendency for scour shifted to the centerline and occurred in the area just 

downstream from the end sill at about sta. II++05. Plate 1+9 shows the scour 

pattern effected with sand as the bed material for the 5000-c.f.s. tunnel 

flow. At the beginning of this run, which was also operated for one hour 

(model), the maximum tendency for scour was on centerline and just down¬ 

stream from the end sill. After about 20 minutes (model) of operation, the 

maximum movement of material took place in the areas just downstream from 
« 

the right and left ends of the end sill. The scour patterns at the end of 

the spillway and tunnel flows were therefore similar. 

1]L^* Bed Material, lA-Inch Gravel (Test 19A): With the movable bed 

molded with l/li-inch gravel, runs of one-hour (model) duration were made 

W'ith spillway flov/s of 10 000 c.f.s. and 20 000 c.f.s. Scouring tendencies 

’•'•ere observed to bo similar for the two flow's. Due to the size of the bed 

material, the movement effected by the 10 000-c.f.s. flow was slight; however, 

it was observed that most of the scour occurred during the first I5 minutes 

(model) of the run with initial erosion taking place just downstream from * 

each end of the end sill. Maximum scour subsequently occurred between these 
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points at about sta. 11++00. The scour pattern effected by the 20 000-o.f.s. 

flow is shown on Plate 50. The scour occurred in the same manner as was 

observed with the 10 000-c.f.s. flow with the major part of the erosion 

, taking place during the first 20 minutes (model) of operation. Reference 

to Plate 50 shows the maximum depth of scour at sta. 1Í++30. 

115. Bed Material. l/2-Inch Gravel (Test 19B): To offer greater re¬ 

sistance to the higher flows, the movable bed was molded of l/2-inch gravel. 

Plate 51 shows the scour pattern that resulted from a one-hour (model) run 

with a spillway' discharge of 1+5 000 o.f.s. For the first two minutes (model) 

of the run, the hydraulic jump was satisfactory; however, during this time 

sufficient material had eroded just downstream from the end sill to lower 

the tailwater and cause the jump to break partially bn the right side of 

tho stilling basin. The scouring action continued throughout the run. Ref¬ 

erence to Plate 51 shows that the maximum tendency for scour was about 1+0 

ft. left of centerline at sta. II++I5. A short run (I5 minutes model) was 
^ . 

* made with a flow of 70 000 c.f.s., but the bed material was not heavy enough 

to give a satisfactory scour pattern at this discharge. The results, how¬ 

ever, indicated that the maximum scouring tendency would be located closer 

to centerline and farther downstream than was observed with the 1+5 000- 

c.f.s. flow. 

lió. Bed Material, 1-Inch Gravel (Test 19D): With the movable bed area 

molded with 1-inch gravel, runs of one-hour (model) duration each were made 

with spi.1.Iway discharges of 70 000 and 95 1+00 o.f.s. The resulting scour 

pattem effected by the 70 000-c.f.s. flow showed that the maximum scouring 

tendency was on centerline at about sta. 15+10 and that very little scouring 

» tendency existed adjacent to the end sill. As shown on Plato 52, at the end 

of the run with the 95 1+00-c.f.s. spillway flow, the bed material had eroded 
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to the concrete floor (elevation 700 ft.) of the movable bed area dowistrcom 

from sta. IÍ4.+8O. 

1;L7* Summary - Scour Tendencies: The foregoing scour tests are sum-- 

marized as follows: 

a. For the lower spillway flows (below 000 c.f.s.) 
at which a hydraulic jump obtained in the stilling 
basin, initial erosion took place just downstream 
from the right and left ends of the end sill; after 
these two points had scoured to some extent, the 
tendency for erosion shifted toward tne centerline. 

b. With the 1(.5 000-c.f.s. discharge, initial erosion 
just downstream from uhe end sill lowered the tail-- 
water sufficiently to cause a partial breaking of 
the hydraulic jump. 

c. For the higher discharges (above 1(5 000 c.f.s.), 
when no jump occurred in the stilling basin, the 
maximum tendency for scour was greater and occurred 
farther downstream than with the lovrer discharges' 
the scour tendency just downstream from the end 
sill wrs relatively small compared to the maximum 
scour. 

d. With a tunnel discharge of 5OOO c.f.s., the initial 
scour occurred on the centerline just domistream 
from the end sill; after considerable erosion had 
taken place at this point, the scouring tendenev 
s-hifted to areas just downstream from the right and 
loft ends of the end sill. 

Current Directions 

118. Surface currents in the model tailbay for discharges of J,5 000 

c.f.s. and 95 iiOO c.f.s. are presented on Plato 53. The current directions 

were sketched .‘Vom visual observation of the movement of confetti on t^.o 

tailbay water surface during Tost 20. Although the currents wore probably 

affected to a considerable extent by the limits of the model tailbay and 

the position of the tailgate, it is believed that they are an approximation 

of the currents to be exuccted in this area in the prototync. Observations 

indicated that the slack water area to the left of the stilling basin cen- 
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! terline at approximately sta. 22+00 and the eddy just downstream to the left 

I of the end sill existed for all discharges. 
I 
! « 

i 

Conditions at Toe of Dam 

! * II9. The following table presents the extent of wave action at the toe 

j of the dam and the maximum subsurface velocities parallel thereto which were 

observed during Test 2Í|.. The data, due to the limits of the model tailbay, 

can only be considered as approximate. 

Spillway 

Discharge 

c.f.s. 

Tailwater 

Elevation 

ft. 

Wave Height Above T.W. Elev. 
Maximum 

Velocity 

ft./sec. 
Maximum 

ft. 

Minimum 

ft. 

15 000 

b5 000 

70 000 

95 ¿1-00 

73O.3 

737-6 

7U0.2 

7U2.I 

+ 2.2 

+ 3.U 

+ 8.8 

+11.9 

- 0.8 

- 0.6 

- 1.7 

- l.l 

3 

6 

7 

15 

! For discharges of h5 000 c.f.s. and less, the two areas along the toe of the 

' dam affected by wave action were small; one area was located just to the left 

of the stilling basin wall, and the other area was located between the two 

eddies. As the discharge increased, these areas became larger, until at the 

95 It-OO-c.f.s. discharge, wave action was observed along the toe of the dam 

from the stilling basin to the left edge of the tailbay. The maximum veloci¬ 

ties given in the above table rere observed along the toe of the dam about 

0‘toosite spillway sta. 18+00. 

Outlet irorks 

4 

120. The essential features of the outlet works were the outlet tower. 
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tunnel elbow, 15^5-^. diameter tunnel, and tunnel outlet (see Photographs 

83 to 91 and Plates 5¿+ and 55)* In addition to these features, the origi¬ 

nal design incorporated a tunnel vent at sta. 6+O3.5O» while the final de¬ 

sign included a lip-venting arrangement supplementary to the tunnel vent. 

Although the above plates shov; the final design of the outlet works in con¬ 

nection with the final spillway design, the only changes made in the design 

of the original outlet works were revisions in the design of the tunnel veih 

and tunnel outlet and in the addition of the lip vents. The only feature 

of the final spillway design which would affect the operation of the tunnel 

was the revised baffle arrangement. 

121. The design plan of operation of the outlet works was to limit the 

tunnel flow/ to a maximum of 5000 c.f.s. for all pool elevations up to 833.0 

ft. so as to insure open-channel flow/ in the tunnel at all times; it is not 

planned to operate the tunnel when spillway flow occurrs. Although full- 

tunnel flow/ in itself would not be undesirable, the positive bore action* 

which would occur when changing from open-channel to full-tunnel flow might 

prove destructive to the structure. 

Outlet Tow/er 

122. As shov/n on Plate 55 and in Photographs 5 and the control fea¬ 

tures of the outlet tow/er consisted of four 7.0-ft. x 9.0-ft. intake ports 

and a 17.0-ft. diameter vertical-lift cylinder gate to admit flow; into the 

15.5“ft. tunnel. A 7.0-ft. x 9.0-ft. emergency gate was provided for each 

port. The purpose of the tests on the outlet tower was to investigate the 

Bore: A moving direct hydraulic jump; a positive bore results 

in flow at greater than critical depth, while a negative 

bore results in flow; at less than critical depth. 
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hydraulic characteristics of the intake ports and to rate the cylinder gate. 

I23. Intake Ports (Test 2A): The design of the intake ports was found 

to be satisfactory in that all pressures observed in the ports (piezometers 

78 to 81 and 83 to 85) were positive as well as the pressures in the emer¬ 

gency gate slots (piezometer 82). These pressures for the original outlet 

works design are listed in Tables M and N while Tables P, Q, and R present 

pressures at these points for various revisions of the outlet works design. 

The average distribution of inflow between the intake ports was about equalj 

the downstream and right side ports each passed about 26 percent of the flow 

and the upstream and left side ports passed about 23 and 25 percent of the 

flow, respectively. The pattern of flow entering the ports is shown by 

Photograph 89. Vortex action over the intake ports was observed with, the 

cylinder gate l/2, 3/1+, and full open for all pool elevations between 760.O 

ft. and 833.O ft. With gate I/I+ open, vortex action obtained with pool 

elevations from 76O.O ft. to 800.0 ft. This action was slight under all 

conditions and no air was entrained into the ports. 

I2I+. Cylinder Gate (Tests 2A and 29); The 17.0-ft. cylinder gate was 

rated in the I/I+-, 1/2-, 3/1+-, and full-open positions for pool elevations 

up to 833.O ft. The tailwater was regulated according to curve D on Plate 

1+. Since changes made in the tunnel air vent design modified the cylinder 

gate rating curves, discussion of these curves for both the original design 

(Test 2/.) and the final design (Test 29) are presented in the following 

subparagraphs : 

a. Original Design: Inspection of the rating curves 
on Plate 56 shows that for disi/harges above 5OOO 
c.f.s. with the cylinder gate I/2, 3/I+» and full 
open, open-channel and full-tunnel flow occurred 
depending on the pool elevation and whether the 
pool ms rising or falling. Open-channel flow 
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occurred on a rising stage up to a certain pool eleva¬ 
tion (indicated by a horizontal line on the rating 
curves) where a positive bore occurred to fill the 
tunnel. When full-tunnel flow obtained, it was nec¬ 
essary to lower the pool to some elevation between 
778 8-iid 788 ft. in order to create a slow-moving 
negative bore that would result in open-channel flow; 
in the tunnel. It will be noted that when full- 
tunnel flow; occurred with the cylinder gate full 
open, a smaller discharge obtained than with the 
cylinder gate 3/^- open. This was probably due to 
the fact that smoother inflow occurred with the 
cylinder gate 3/i|. open and the flow which passed 
under the edge of the gate vas deflected directly 
into the tunnel. On the other hand, when the ga.te 
was full open, flow from the ports met "head-on", 
and greater turbulence was developed with conse¬ 
quent greater head loss and smaller discharge. Com¬ 
parison of the wa.ter-surface elevation in the tower 
at pool elevation 832.0 ft. with the cylinder gate 
3A and full open (Table N) gives further evidence 
of this greater head loss and turbulence in the 
tower with the cylinder gate full open. It should 
be noted from the rating curves that open-channel 
flow was observed to occur at all pool elevations 
for discharges within the proposed operating range 
(5OOO c.f.s. and less). 

b* Final Design; The rating curves obtained with the 
linal design are shown on Plate 57* lu comparing 
these curves with those obtained with the original 
design (see Plate 58), several improvements in 
operating characteristics are apparent. Open- 
channel flow occurred for all discharges up to 
6900 c.f.s. in the tunnel on both rising and fall¬ 
ing pool stages up to elevation 833.0 ft. for the 
gate I/I4. and I/2 open and up to pool elevations 
805.O ft. and 8OO.O ft, for the gate J>/¡4 and full 
open, respectively. The change from open-channel 
f1ow to full-tunnel flow for the latter two gate 
openings occurred smoothly through a transition 
stage of pool elevations shown as unstable areas on 
Plate 57. It will be noted that the discharges for 
the 3/4 arK* full gate openings were less than with 
the original design and that the discharge increased 
rather than decreased when the gate openinr was 
changed from 3/4 to full open. 

■•i -I 
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125* Tower "Veer-Sur face Elevation ÍTost P1)'); Plate 58 shows the eleva¬ 

tion of the water surface in the tower as observed with various [etc ooenin s 

and at various pool elevations plotted against discharge. These noints rnvc 
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a fairly smooth curve regardless of gate opening. Such a condition was to 

be expected since both the discharge through the tunnel and the head in the 

tower are functions of the velocity head at the tunnel lip. Hence, gaging 

of the tower water-surface elevation will serve to indicate the discharge 

passing through the outlet works. 

126* Summary - Outlet Tower; The above study of the outlet tovrer is 

summarized as follows: 

a. Approximate even distribution of flow into the in¬ 

take ports obtained at all times. Slight vortex, 

which entrained no air, was observed over the ports. 

b. No undesirable pressures were observed in the in¬ 

take ports or emergency gate slots. 

c. With the original design: open-channel flow oc¬ 

curred for all discharges less than 50OO c.f.s.j 

under certain conditions during greater discharges 

tunnel bore action occurred and effected full-tunnel 

flow; and the cylinder gate effected no control on 

the flow when opened beyond the 3/ij.-open position. 

d. With the final design: open-channel flow occurred 

for all discharges below 6900 c.f.s.; full-tunnel 

flow was observed with the 3/1+- and full-open posi¬ 
tion to occur slowly and with no evidence of tunnel 

bore action; and opening the cylinder gate from the 

3/I+“ to full-open position increased the discharge. 

Tunnel Elbow 

I27. The tunnel elbow was designated as that part of the outlet works 

bétween the base of the outlet tovrer and nearly horizontal section of the 

outlet tunnel. The lip of the tunnel elbow refers to the curved transition 

between the P.C. of the elbow and the base of the outlet tower. For tests 

on the tunnel elbow, features of the model were as shown in Table A. In 

addition, the tunnel outlet used with Elbow Plans A, B, and C was the final 

tunnel outlet (Plan K); the design of the Plan D elbow necessitated a slight 

revision in the tunnel outlet (Plan L). The purpose of the tests on the 



tunnel elbow w.s: (l) to investigate the hydraulic characteristics of the 

originally-designed elbow (Plan A)j and (2) to study the hydraulic charac¬ 

teristics of different elbow plans designed to eliminate any undesirable 

phenomena observed with the originally-designed tunnel elbow. Data were 

purposely taken with discharges and pool elevations outside the operating 

range so as to obtain complete information. 

128. Tunnel Elbow Plan A (Test 2A): The Plan A tunnel elbow (original 
/ 

design) shown on Plates 55 and 59 and in Photographs 5 and 90 featured a 

sharply-curved conduit from the outlet tower into the horizontal tunnel. A 

tunnel air vent (Plan A) at sta. 6+03.50 as shown on Plate 65 was used in 

testing this elbow plan. 

129. As a result of the sharp curvature, considerable turtulei.ee was 

observed in the elbow and negative pressures indicative of cavitation were 

developed at piezometers 87 and 88 with either the tunnel vent open or 

closed (see Tables M and W). For the most part, however, those excessive 

negative pressures occurred during operation with discharge in excess of the 

limiting flow of 50OO c.f.s. Negative pressures at the P.T. of the elbow 

(piezometers 90 to 93) were slight for flows less than 5000 c.f.s. 

130* Tunnel Elbow Plan B (Test 25B): In an effort to reduce the high 

negative pressures and turbulent flow conditions which were observed with 

the Plan A elbow, curved fins were installed in the elbow' to guide the flow 

smoothly into the tunnel. After some preliminary investigation as to length 

number, and placing of the fins, the Plan B elbow (see Plate 59 and Photo¬ 

graph 8) was designed. 

131« With this fin installation in the model elbow, open-channel "lev; 

obtained in the tunnel for all gate openings and pool elevations in to 

833*0 ft. The reduction in discharge which occurred vrhen the cvlInder gate 



opening was increased from 3/1+ to full open without the fins (see Table N) 

was not observed with the fins (see Table 0); in fact, no difference could 

\be ascertained between the rating curves for the 3/U- and full-open gate. 

Although not shown in Tables N and 0, open-channel discharge with the finned 

elbow was slightly greater than was observed without the fins. This improve¬ 

ment in operating characteristics was due, no doubt, to the fact that the 

fins guided the flow around the elbow in such a manner that turbulence and 

splashing were largely eliminated. Comparison of the pressures observed 

without fins (Table N) and with fins (Table 0) shows that the excessive 

negative pressures at piezometer 88 were eliminated by the fins with the 

gate l/g open and were considerably reduced with the gate 3/4 &nd full open. 

Pressures at piezometers 86, 87, and 89, however, were lowered to the extent 

that a possibility of cavitation was indicated at piezometers 87 and 89 for 

the l/i+- and l/3-opon gate at the 832.0-ft. pool. 

I32. Tunnel Elbow Plan C (Test 26): The Plan C elbow (see Plate 59 and 

Photograph 8) was designed to effect full-tunnel flow for all gate openings 

and pool elevations. If such operation could be achieved, the benefit would 

be twofold: increased tunnel efficiency would permit a decrease in tunnel 

diameter; and limitations placed on the height of the end sill by open- 

channel flow in the tunnel could be removed (see Paragraph IO? h). In ad¬ 

dition, the longer radius of curvature of the elbow might cause a reduction 

in the negative pressures previously observed at the lip of the elbow. 

133* Comparison of discharges for corresponding pool elevations and 

gato openings listed in Tables N and 0 shows that the Plan C elbow was 

slightly less efficient than ei-t-her the Plan A or B elbows with the gate 

I/I+ open, was just as efficient at the I/3 gate opening, and was more effi¬ 

cient at the I/2, 3/4» and full gate openings. The tunnel was observed to 
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flov: full for the I/3 gate opening at pool elevation 832.0 ft. and for all 

pool stages with gate openings of l/2 or larger. Open-charnel flow ob¬ 

tained, however, with the gate l/U open. Air was entrained through the 

cylindrical gate into the tunnel for all pool elevations with the I/2 gate 

opening or less, and a small amount of air was entrained with the 3/I4. gate 

opening at low pool elevations. At pool elevations of 770.5, 8OO.O, and 

832.O ft. with the gate l/k open and at pool elevation 770.5 ft. with the 

gate 1/2 open, a large part of the entrained air surged back upstream along 

the inner side of the tunnel elbow. The pressures observed in connection 

with the Plan C elbow are presented in Table 0. Comparison of these pres» 

■ sures with those observed with the Plan A elbow (Table N) and the Plan b 

elbow (Table O) shows that no material improvement in pressures vts observed 

and that in some cases outside the operating range, pressures were less 

satisfactory at piezometers 88 and 89. 

131!. Tunnol Elbow Plan b (Test 27): In a further effort to obtain full- 

tunnel flow at all pool stages and gate settings and at the same time effect 

a reduction in the negative pressures existing at the lip. Plan D elbow (see 

Plate 59 and Photograph 8) was designed vrith a long radius bend and an in¬ 

creased radius of curvature at the lip. With this elbow the tunnel sloped 

upward on a O.OII69 slope to tho floor of tho stilling basin which made some 

changes necessary in the shape of tho tunnel outlet. The flare of the walls 

of the tunnel outlet, however, remained as with Plans A, B, and C elbows. 

No air vent was used with this elbow design. 

I35. The desired full-tunnel flow under all conditions of ooeration 

could not bo obtained. With the cylinder gate I/J4 open and bho pool at 

77O.5 ft., the vortical elbow was flowing part full with a hydraulic ,iump 

at the P.T. of the elbow. Downstream from the P.T., the turn. ."lowed full 
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except for air (entrained through the tower) flowing along the tunnel roof. 

As the pool elevation reached 777.0 ft., the hydraulic jump moved downstream 

until by the time the pool had reached elevation 787*0 ft., the hydraulic 

jump had moved to the downstream end of the tunnel and open-channel flow ob¬ 

tained throughout the tunnel. Open-channel flow also obtained with the 

cylinder gate O.J open at pool elevation QJJ.O ft. The tunnel flowed full 

for pool elevations up to 833*0 ft. with the l/2, "b/U* an(i full gate open¬ 

ings. Air was entrained with the gate l/2 open, but no air was entrained 

with the 3/l|. and full gate openings. For all discharges at which air was 

entrained into the tunnel elbow, some turbulence was caused at the tunnel 

outlet (which was completely submerged) by the qscape of the entrained air. 

Comparison of discharges obtained with the various elbow plans (see Tables 

N4 0, and P) shows that the Plan D elbow was the most efficient and that no 

difference in discharge occurred between the 3/U and full gate openings. 

Comparing pressures observed at the lip (piezometers 86 to 89) for Plan D 

elbow (Table P) with those observed with Plans A, B, and C (Tables N and O) 

shows that increasing the radius of the lip for the most part increased 

rather than decreased the negative pressures in this region for discharges 

i 

within the operating range (5OOO c.f.s. or less), although for the higher 

discharges considerable improvement in the pressures is shown. In comparing 

tunnel pressures observed with the Plan A elbow (Table W) and the Plan D 

elbow (Table P), it will be noted that greater negative pressures obtained 

in the downstream end of the tunnel with the latter elbow at the 3/^- and 

full gate openings with pool elevation 832.0 ft., thus indicating that the 

hydraulic grrde line had dropped below the tunnel invert. 

I36. Summary - Tunnel Elbow Plans ; The results obtained with the four 

elbow plans are summarized as follows: 
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a. Although extreme turbulence obtained in the origi¬ 

nally-designed elbow, no excessive negative pres¬ 

sures and open-channel flow were observed for all 

discharges within the operating range. For dis¬ 

charges above the maximum limit of 5000 c.f.s., 

negative pressures indicative of cavitation were 

created at the lip of the elbow. 

b. Fins installed in the elbow effected open-channel 

flow for all gate openings and stages of the pool 

up to 833.O ft. and reduced excessive negative 

pressures on the lip of the elbow. 

c. Increasing the radius of cur^ature of the elbow as 

in Plans C and D vas considered unsatisfaotoryj as 

both open-channel and full-tunnel flow were ob¬ 

tained within the proposed range of operation. 

It was concluded that the finned elbow (Elbow Plan B) was the most satis ••?<> 

ton' of the el bow plans tested. Subsequent air vent tests showed, however, 

that it was not necessary to place fins in the elbow tc effect onon~chan:.<? I 

flov; in the tunnel and that Tunnel Elbow Plan A was satis fe.ctory, 

15.5-Ft. Tunnel 

I37. The alignment of the 15.5-ft. tunnel shown on Plate 5l|. remained 

the same throughout all tests, except for Tunnel Elbow Plan D when the 

longer radius of that elbow necessitated sloping the tunnel upward rather 

than downward to the outlet. The tunnel diameter remained unchanged since 

attempts to increase the tunnel discharge by inducing full-tunnel flow were 

unsuccessful (see Tunnel Elbow Plans C and D), and since testing of Tunnel 

Elbow Plan B shovred that with proper elbow design, open-channel flow would 

exist for all gate openings and pool elevations up to Ö33.O ft. The transi¬ 

tion section between sta. 11+1)9.96 and sta. 11+99.96 also remained the same 

throughout all tests. 

138* To ascertain the effect of horizontal curvature on flow in the 

tunnel, the height of the water surface above the invert was observed for 
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various pool elevations and cylinder gate openings. These data ta'cen v/ith 

the outlet works as originally designed (except for the tunnel outlet) are 

given in Table L. The pool elevations and cylinder gate openings were 

selected so that open-channel flow obtained in the tunnel. The extent of 

the horizontal curve (sta. 7+13*H sta. 9+71*46) is shown by the depressed 

water surface along the left wall and the raised v/ater surface along the 

right wall. The maximum superelevation of flow varied from J.O ft. at sta. 

3+50 with the gate I/I4 open and the pool at elevation 770.5 ft. to 8.0 ft. 

at sta. 7+5O with the cylinder gate \/2 open and the pool at elevation 

025.0 ft. In general from the data observed, the superelevation of flow 

was greater and the maximum superelevation occurred closer to the P.C. of 

the curve (sta. 7+13.H) as the discharge increased. The superelevation of 

the vat er surface in the tunnel was measurable in most cases to sta. 11+00 

and in some cases to sta. II+50. 

Tunnel Outlet 

139. The purpose of the tests on the tunnel outlet was to develop a 

tunnel outlet design that would distribute tunnel flow throughout the still-- 

ing basin without adversely affecting spillway discharge into the stilling 

basin. In addition, it was desired that the alignment of the outlet be 

satisfactory from a construction standpoint. The various tunnel outlet 

plans tested are shown on Plates 60 and 6l and in Photographs 92 to 102, in¬ 

clusive. Flow conditions in the stilling basin for a tunnel discharge of 

5OOO c.f.s. at pool elevation 838.0 ft. are shown in Photographs I03 to II3, 

inclusive. 

11(0. Tunnel Outlet Plan A (Tests 11, I3H, and 17G); Tunnel Outlet Plan 

A (original design), as shown on Plate 60 and in Photograph 92, was formed by 

the intersection of the inverted U-shaped tunnel section and the spillway 
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chute and stilling basin bucket with no divergence 

walls. 

ur flaring of the side- 

II4I. Prior to the time at which a detailed study was made of the tunnel 

outlet, spillway flow passing down the chute and over the open tunnel outlet 

was observed to drop to the floor of the tunnel and rebound in such a manner 

as to create undesirable spray action in the stilling basin. To reduce such 

spray action, two types of "eyebrows” placed on the chute sloor just upstreai 

from the tunnel outlet were tested. One was in the form of a flat wedge, 

25.O ft, long, I5.5 ¿’■fc. wide, and I4.5 ft. thick on the downstream edge; the 

other eyebrow was triangular in section 29.0 ft. long and the downstream 

end, which was normal to the chute floor, was 18.0 ft. wide and 9.0 ft. 

high. Operation revealed that neither eyebrow was effective in decreasing 

the undesirable spray action. Photograph 75 depicts flow conditions in 

connection with the wedge type eyebrow/. It was obvious, therefore, that 

such spray action and consequent uneven distribution of flow into the s Lil ' -• 

ing basin were due primarily to the intersection of the standing waves in 

the chute and that these undesirable conditions could not be alleviated by 

an^ tvpe of eyebrow/ placed above the tunnel outlet to deflect the spillway 

fl ow. 

li|2. Photograph I03 shova flow/ conditions effected by this tunnel out¬ 

let for a tunnel discharge of 50OO c.f.s. In all cases it v:r.s observed that 

flo1/ from the tunnel wr s concentrated along the centerline of the ctillinr 

basin with upstream currents along the sidevr-Is. The concentration of flow 

along the centerline of the stilling basin and the resulting hi git velocity 

of flow/ across the end sill arc shown in tito velocity plot for Plan A on 

Plate 62. Inspection of this plate shows that the maximum velocity of flow 

across the end sill was approximately 22 ft. per sec.' Flow conditions furiur 
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spillway flow wore the same as previously observed. 

Ill3. Tunnel Outlet Plan B (Test ll|.) : Tunnel Outlet Plan B was devised 

in an effort to decrease undesirable spray action caused by spillway flow 

rebounding from the floor of the tunnel outlet. As shown on Plate 6o and 

in Photograph 93» the only change from Plan A was in the floor of the tun¬ 

nel outlet which was lowered by means of a 6-ft. vertical drop at sta. 

ll+99«96 to the elevation of the stilling basin floor. It was believed 

that the increased depth of water in the tunnel outlet would cushion the 

impingement of spillway flow and thus decrease undesirable spray action. 

li-li|.. Observation showed that no decrease in spray action from spillway 

flow was effected by this revision of the tunnel outlet. Furthermore, by 

comparing Photographs 107) and I0I4, it will be seen that the concentration 

of tunnel flow along the centerline of the stilling basin was the same as 

with Tunnel Outlet Plan A. 

In5> Tunnel Outlet Plans C to H (Tests 1?A to 17F); As showvn on Plates 

60 and 6l and in Photographs to 99, inclusive. Tunnel Outlet Plans C to H 

consisted of various alignments of the outlet sidewalls supplemented in some 
/ 

plans with deflector blocks. The purpose of the deflector blocks was to 

spread tunnel flow; over a larger area of the stilling basin thereby decreas¬ 

ing velocities within the stilling basin and over the end sill. A brief 

discussion of the conditions and the results of testing of this group of 

tunnel outlets follows: 

a. Tunnel Outlet Plan C (Test 17A): The flaro of the 
sidewalls and the deflector block used for Tunnel 
Outlet Plan C are shown on Plate 60 and in Photo¬ 
graph 9l|. With this tunnel outlet design, it was 
observed that flow from the tunnel struck the nose 
of the deflector block and was partly deflected up¬ 
ward as spray and that zones of separation (eddies 
and slack v/ater areas) developed immediately 



adjacent to the væiIIs of the tunnel outlet (see 
Photograph I05). It was apparent from these ob¬ 
servations that tunnel flow could not make the 
rather abrupt change in direction at the tunnel 
portal and foil or; the flared rails of the tunnel 
outlet even though aided by the deflector block. 
V.rith discharge over the spillway, flow struck the 
deflector block and caused a vertical roller along 
each sidoTvall of the outlet. Velocities observed 
at sta. I3+5O and sta, 11(.+00, for a tunnel dis¬ 
charge of 5OOO c.f.s. (see Plate 62), showed con¬ 
siderable improvement in flow distribution over the 
end sill, although a concentration of flor; along 
the right side of the stilling basin v;as observed. 
From these results, it appeared that this combina¬ 
tion of sidewall flare and deflector block was not 
completely satisfactory. 

b. Tunnel Outlet Plan D (Test I7B): The deflector 
block used in Tunnel Outlet Plan C was removed for 
this test. Otherwise, Tunnel Outlet Plans C and 
D v/crc the same. Photograph 95 shows this outlet 
in the model. Operation revealed that flow from 
the tunnel outlet w/as more satisfactory than that 
obtained with Tunnel Outlet Plan C, although zones 
of separation still existed along the sides of the 
flared tunnel outlet. Reference to Plate 62 shows 
that concentration of flow along the centerline 
was increased over that observed with the Plan 0 
outlet, more upstream flow existed along the side¬ 
walls of the stilling basin, and the velocities' 
over thci end sill wrorc quite uniform. Photograph 
I06 depicts flow: conditions in the stilling basin 
for a tunnel discharge of 50OO c.f.s. With flow: 
down the spillway, conditions in the stilling basin 
were much better than these effected rath Tunnel 
Outlet Plan C as the removal of the deflector block 
climinated the vertical rollers previously obserwad. 

c. Tunnel Outlet Plan a (Test 17C): Although the large 
deflector block used in Tunnel Outlet Plan C had 
proved unsatisfactory, it was thought that a smaller 
block might effect better tunnel flow distribution 
v/ithout causing the undesirable characteristics pre¬ 
viously observed. Accordingly, Tunnel Outlet Plan ß 
(see Plate 60 and Photograph 96) was designed using 
a 0 H triangular-shaped block which was placed 
well upstream in the tunnel outlet so that it would 
not interfere w/ith spillway flow. Although some of 
tho tunnel flow: tended to override this deflector 
block, observations made w/ith a discharge of 50OO 
c.f.s. showed some improvement in flow.'distribution 
and decrease in maximum velocity at sta. I3+50 as 
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compared with Plan D (see Plate 62). Photograph 107 

shov,® flow conditions in the stilling basin effected 

by tunnel discharge. Flow conditions with spillway 

discharge wore similar to those observed with Tunnel 

Outlet Plan D as the small deflector block did not 

affect spillway flow. It was concluded from the 

above results that Tunnel Outlet Plan E was an im¬ 
provement over the plans previously tested. 

d. Tunnel Outlet Plan F (Test 17D): In an effort to 

improve further the distribution of tunnel flow 

into the stilling basin without adversely affect¬ 

ing spillway flow. Tunnel Outlet Plan F was designed 

using the same flare of outlet sido\valls as was used 

for Plans C, D, and E, but employing a larger deflec¬ 

tor block than was used with Tunnel Outlet Plan E. 

This design is shown on Plate 60 and in Photograph 

97* Operation with a tunnel discharge of 5000 c.f.s. 

revealed that flou; from the tunnel overrode the de¬ 

flector block with very little flow being diverted 

toward the sides of the tunnel outlet. Flow in the 

stilling basin was not as well distributed rath this 

outlet plan as ms observed with Tunnel Outlet Plan 

E as may be seen by comparing Photographs 107 and 

108 and the velocity cross sections on Plate 62. As 

shown on this plate, the velocities a.t sta. 13+50 
for Tunnel Outlet Plan F were very similar to those 

observed with Plan D, thus indicating that the Plan 

F deflector block was almost ineffective in distri¬ 

buting tunnel flow into the stilling basin. Spill¬ 
way discharge was not affected by the deflector 

block and resulting flow conditions in the stilling 

basin ivero the same as those obtained with Tunnel 

Outlet Plans D and E. 

c. Tunnel Outlet Plan G (Test 17E): The results of 
1 previous tests showed that the deflector blocks used 
were not entirely successful in distributing tunnel 
flow into the stilling basin and that some of the 

flow overrode the deflector blocks and resulted in 

undesirable turbulence in the tunnel outlet. Ac¬ 

cordingly, a deflector block v;as designed wdth iiis 

top shaped so as to reduce turbulence in the flow 

that passed over it, ana its sides were made verti¬ 
cal in an effort to divert a greater part of the 
flow toward the flared sides of the tunnel outlet. 

As shown on Plates Ó0 and 6l, Tunnel Outlet Plans E, 
F, ard 0 differed only in the deflector blocks used. 
Photograph 90 shows Tunnel Outlet Plan 0 installed 
in the model. Vith a tunnel cH scharge of 5000 c.f.s., 
Tunnel Out] ot Plan <’ effected slightly better die- 
hri but ion of ,1lor in to the stilling b; sin than lied 
i ron oreviousiy observed (;u e Photo'Tnoh 109 end 
Pi air Fin ny'more, if'o deflector blori did not 
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have any effect on spillway flow. Although the fore¬ 

going results indicated that Tunnel Outlet Plan G was 

the best tunnel outlet plan developed thus far, it 

was questionable whether the installation of a de¬ 

flector block of any type would have any real value, 

since end sill velocities in the model were not 

materially changed by the various types of deflector 

blocks used (see Plates 62 and 63). 

Tunnel Outlet Plan H (Test 17F); It was thought that 

if the chute floor could be extended dov/n over the 

tunnel outlet for some distance, the amount of spray 

caused by spillway flow rebounding off the floor of 

the tunnel outlet would be reduced and the tunnel 

flow would be contracted and spread out into the 

stilling basin thus obviating the need for a deflec¬ 

tor block. The results of several trial extensions 

of the chute floor showed that it could be extended 

to sta. 12+21 without causing the flow in the tunnel 

to change from open-channel to full-tunnel flow vdth 

the tunnel air vent open. This chute floor exten¬ 

sion in conjunction with the sidewall flare used for 

Tunnel Outlet Plans D, E, F, and G w/as designated 

as Tunnel Outlet Plan H (see Photograph 99 and Plate 

6l). During operation \vith a tunnel discharge of 

5OOO c.f.s., flow from the tunnel was concentratod 
on the left side of the stilling basin as shown in 

Photograph 110. Plate 63 shows that this uneven dis¬ 
tribution of flow was still evident at sta. II4.+OO. 
Closing the tunnel air vent caused flow in the tunnel 

to change from open-channel to full-tunnel flow,''and 

full-tunnel flow persisted even though the air vent 

was again opened. As had been expected, the floor 

extension effected a considerable decrease in spray 
action during spillway flo\7. From the foregoing re¬ 
sults, it was apparent that Tunnel Outlet Plan H ef¬ 

fected no great improvement in the distribution, of 

tunnel flow in the stilling basin and that the chute 

floor extension might act as a control on tunnel flow 

and was therefore to be avoided. 

l¥>. Tunnel Outlet Plans I and J (Tests 17H and I71); In testing Tun¬ 

nel Outlet Plan D, zones of separation occurred along the flared sidewalls 

of the tunnel outlet, thus indicating that the flare v/as too abrupt for the 

flow: to follow. In addition, it vas obvious that any reduction in the a- 

mount of tunnel outlet flare would benefit flow over the spillway, because 

of the reduced area of the tunnel outlet. It v/as believed, therefore, that 



the waount of flare in the sic'evells of the tunnel outlet night be reduced so 

0.S to eliminate these zones of separation and improve the spillway flow with­

out producing any undesirable change in the distribution of tunnel flow into 

the stilling basin. Accordingly, two different flares of the tunnel outlet, 

each less than the flare used for Tunnel Outlet Plan D were tested. A brief 

description of these two flares and the results obtained with each follows;

a. Tunnel Outlet Plan I (Test 17H); As shown on Plato 
bl and in Photoj^raph 100, the flaring of the tunnel 
outlet wr.s reduced on a parabolic alignment to 59.8 
ft. for Tunnel Outlet Plan I. For the 5000-o.f.s. 
tunnel discharge, a comparison of Photographs 106 
and 111 and of the velocity cross sections on Plates 
62 and 63 for Tunnel Outlet Plans I) and I shows that 
distribuLion of tunnel flow into the stilling basin 
was quite similar for the two plans; although the 
velocities were slightly higher with the latter plan.
Tunnel Outlet Plan I, hov/ever, was successful in de­

creasing the extent of the zones of separation along 
the sidev.alls of the outlet and in improving condi­

tions during spilliivay flow. On the basis of the 
foregoing resulcs, it vrevs concluded that the improve­

ment in spillway flow conditions more than compen­

sated for the slight undesirable increase in veloci­

ties ever the end sill rith tunnel discharge.

b. Tunnel Outlet Plan J (Test 171); In an effort to 
eliminate the slight increase in end sill velocities 
observed w'ith Tunnel Outlet Plan I, the flaring of 
the sidev/plls was increased to Ii+.8 ft. The align­

ment of the sidevall flare, however, v.as straight
as v;ith all plans except Plan I. Tunnel Outlet Plan 
J is shown in Photograph 101 and on Plate 6I. It 
vms thought that this slight increase in sidewr.ll 
flare might improve the velocity distribution over 
the end sill without undesirably affecting spill­

way flow/. The distribution of tunnel flow/ in the 
stilling basin that ’.as obtained with Tunnel Outlet 
Plan J was very similar to that obseru/cd with Plans 
D and 1 (see I^.ctographs I06, 111, and 112). The 
zones of separation, hov/ever, v/ere more extensive 
than v/ere obsej*ved wdth T'onnel Outlet Plan T, and 
the riow: conditions at the '.imnel 'outlet with spill- 
wav discharge were not as satisfactory.

From the above res' Its, i.t was concluded that Tunnel Outlet Pirn I was more
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satisfactory'- than Tunnel Outlet Plans D and J. 

lljy. Tunnel Outlet Plan X (Test 18E){ The divergence or flare of the 

sidewalls used for Tunnel Outlet Plan I was on a parabolic alignment. To 

facilitate construction, it was desirable to use a similar alignment made 

up of circular arcs and straight lines. Accordingly, Plan K (see Plate 6l 

and Photograph 102) ms designed with practically the same flare of the 

sidewalls, but using circular arcs and straight lines in the sidewall align¬ 

ments. With a tunnel discharge of 5000 c.f.s., flow conditions in the still¬ 

ing basin with Tunnel Outlet Plan K were very similar to those observed with 

Tunnel Outlet Plan I (see Photographs 111 and 113). Velocities at sta. Ig+OO 

were about the same with Tunnel Outlet Plans I and K (see Plate 65), although 

the flow distribution at sta. 13+50 was improved by Tunnel Outlet Plan K. 

No change in spillway flow conditions from those obtaining with Tunnel Out¬ 

let Plan I was observed. Tunnel Outlet Plan K was also tested with the 50- 

ft. radius bucket and Baffle Plan 0. Velocities observed in the stilling 

basin and downstream therefrom during a tunnel discharge of 5OOO c.f.s. are 

presented on Plate ól|. Photograph 113 shows this tunnel flow' entering the 

stilling basin. 

1Il8. Tunnel Outlet Plan L (Test 2?); Tunnel Outlet Plan L (not shown) 

vras a modification of Tunnel Outlet Plan K made necessary ty the long radius 

of curvature used for Tunnel Elbow Plan D (see Paragraph 13^)* With this 

elbor.r plan, the tunnel sloped upward, thus changing the floor and roof 

alignments of the outlet; however the flaring of the tunnel walls remained 

as in Tunnel Outlet Plan K. As concluded in Paragraph I36 0, Tunnel Elbow 

Plan D proved unsatisfactory, and for this reason no data wcre taken in 

connection with Tunnel Outlet Plaui L. 

ll|_9. Summary - Tunnel Outlet Plans: The results obtained with the 
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various Tunnel Outlet Plans are summarized as follows: 

a. Neither one of the two types cf "eyebrows" testedj 

which were placed just upstream from the top of the 

tunnel outlet, was effective in deflecting spillway 

flow away from the tunnel outlet end reducing re¬ 

sultant spray action. 

b. Tunnel Outlet Plan A (original design) produced an 

undesirable concentration of tunnel flow along the 

centerline of the stilling basin with resultant 

velocities as high as 22.0 ft. per sec. across the 
end sill. 

c. The attempt to reduce spray action by increasing the 

depth of water in the tunnel outlet as in Tunnel 

Outlet Plan B was unsuccessful. 

d. Deflector blocks used in Tunnel Outlet Plans C, E, 

F, and G to improve the distribution of tunnel flow 

into the stilling basin were of questionable value 

since the end sill velocities were not greatly re¬ 

duced by any of the deflector blocks tested. 
t 

e. Of the three tunnel outlet flares (Plans D, I, and 

J), Plan I effected the best distribution of tunnel 

flow into the stilling basin without creating exces¬ 

sive areas of slack water along the sidewalls of 

the tunnel outlet; in addition, satisfactory spill¬ 

way flow conditions were observed with Tunnel Out¬ 
let Plan I. 

f. Tunnel Outlet Plan K, a construction modification 

of Plan I, effected slightly improved tunnel flow 

conditions in the stilling basin without adversely 
affecting spillway flow as compared with Plan I. 

From the above results it was concluded that Tunnel Outlet Plan K was the 

best outlet plan tested from the combined standpoint of case of construc¬ 

tion and superior floiw characteristics. 

Air Vents 

I50. It had been observed in connection with the tunnel elbow study 

(sec Paragraphs 127 to I36) that negative pressures of considerable magni 

tude occurred on the curved lie of the elbow. To alleviate these undesin 

: 
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able pressures, it was evident that air should be introduced to the lio of 

the elbow by some sort of a venting arrangement; air so admitted would 

assist in stabilizing open-channel flow in the tunnel. It was realized, 

of course, that no quantitative determination of vent size could be made 

in the model due to the nonsimulation of atmospheric pressure. However, 

the location and general design of a suitable model venting arrangement 

would be applicable to the prototype. The study of the air vent problem 

ras made using Tunnel Elbow Plan A and Tunnel Outlet Plan K. The details 

of the various venting plans tested are shown on Plato 65. 

151 * Tunnel Vent Plan A (Tost 2A)i Tunnel Vent Plan A (original design 

sew Plate 65) consisted of a single 1.5-ft. diameter vent pipe opening into 

the top of the tunnel at sta. 6+03.50. Comparison of the pressures ob¬ 

served at piezometers 86 to 93, inclusive, with the tunnel vent closed 

(Table II) , nd open (Table lí) shows that the vent effected a considerable 

reduction in negative pressures. By opening the vent, the negative pres¬ 

sures at piezometer 92 were reduced to a maximum of -22.0 ft. The negative 

pressures at the lip (piezometers>86 to 39) were reduced, but crvitational 

tendencies still existed under certain conditions of pool elevation and 

gate owning. 

152 ' V°nt Plrai ' r-rd Tun^l v^t Plan B (Test 20) ; As the tunnel 

vent was not effective in reducing negra ivc pressures at the lip sufficient- 

ly to suppress cavitational tendencies. Lip Vont Plan A (sec Plate 6f) was 

designed to admit air to this low pressure region. This plan consisted of 

G mnÍf0ld SUrroundine the li? two rows of 120 ene-inch holes opening 

into the tunnel. The outlet of the original tunnel vent at the too of the 

tunnel was increased in area to give mere efficient action. The revised 

tunnel vent is sho-n as Tunnel Vent Plan B on Plate 65 and was tested in 
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conjunction with Lip Vent Plan A. 

153» Operation revealed that this lip«venting plan was not satisfactory» 

With the pool at elevation 832.0 ft. and the cylinder gate l/k and l/3 open, 

a very small amount of air was taken through the lip vent holes on the down¬ 

stream side of the tunnel elbow. Opening and closing the tunnel air vent 

under those conditions had little or no effect on the flow as the tunnel was 

flowing part full and the vent was not in contact with the vator. With the 

3/1(. and full gate openings and the pool at elevation 832.0 ft. (tunnel flow¬ 

ing full), the manifold surrounding the lip remained completely full of 

water and consequently no air was admitted to the lip through the vent holes. 

During all runs, positive pressures on the upstream side of the elbow (see 

piezometers 86 and L in Table Q) and negative pressures on the downstream 

side of the elbow (see piezometers 88 and 0 in Table Q) caused water to cir¬ 

culate through the manifold from the upstream to the downstream side of the 

elbow. Opening the tunnel air vent with the tunnel flowing full caused no 

change in the above conditions, but did allow a steady flow of air into tho 

tunnel. Inspection of Table Q shows that opening and closing the manifold 

» 
vent pipes had little effect on tho pressures. Opening and closing the 

tunnel vent^ however, effected substantial reduction in the negative pres¬ 

sures at the lip and at the P.T. of the elbow. 

I5I).. Lip Vent Plan B and Tunnel Vont Plan B (Test 29): Inasmuch as the 

main disadvantage of Lip Vent Plo.n A was the circulation of water from the 

upstream to the downstream side of the elbow with resultant exclusion of air 

from tho vents, preliminary investigations were made with the manifold di¬ 

vided into four sections. Since the pressures in the upstream side of the 

elbow were always positive, tho upstream section was closed off end the vent 

pipes to the other three sections arranged so that they could be indcuendent iy 
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controlled. Preliminary operation revealed that this arrangement of the lip 

vents effected considerable reduction in the negative pressures at the lip; 

however, tlnse negative pressures were still oí* considerable magnitude. In 

an effort to reduce further the negative pressures occurring at the lip, the 

60 one-inch diameter vent holes in each section were replaced by 20 three- 

inch diameter openings. This revised lip-venting arrangement is shown as 

Lip Vent Wan B on Plate 65. As shown on this plate, the two rows of 10 

threo-inoh openings were located only in front of the port openings. The 

area of these 60 three-inch openings was slightly more than twice that of 

the original 2I4O one-inch vent holes. Since Tunnel Vent Plan B was observed 

to act satisfactorily, its design remained unchanged. 

155« Model testing showed that this venting arrangement effected open- 

channol flow in the tunnel for all discharges up to 69OO o.f.s. (see Para¬ 

graph I2I4. b), thus precluding the necessity of placing fins in the elbow 

(as in Tunnel Elbow Plan B) to effect such open-channel flow. The pressures 

observed are given in Table R. Comparing the pressures with the vents open 

and closed emphasizes the effectiveness of this venting arrangement in con¬ 

trolling negative pressures^at the lip and in the elbow. With all vents 

open and with pool elevations and gate openings used with previously-tested 

vent plans, the maximum negative pressure observed within the outlet works 

was -3.2 ft. at piezometer 0 for the 5000-o.f.s. flow as compared with -I5.5 

ft. at piezometer 89 with the original design (see Table N) and -I5.9 ft. at 

piezometer 8? with Lip Vent Plan A and Tunnel Vent Plan B (see Table Q) for 

the same flow. Vfhile investigating the lower flows, it was found with Lip 

Vent and Tunnel Vent Plans B and a discharge of 1000 o.f.s. that higher nega¬ 

tive pressures were obtained (see Table R); the maximum negative pressure 

observed was -9«7 ft. at piezometer 86 with the pool at elevation 832.0 ft. 
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and the cylinder gate 0.052 open. The combination of the following two fac 

tors no doubt caused this condition: (l) at tho low discharges no water 

stood in the tower and elbow because the flow from each port spilled in¬ 

dividually into the elbow? and (2) the part of the lip upon which this pres 

sure was recorded was not vented (see Paragraph 15U). It is possible that 

a greater negative pressure might obtain with a smaller gate opening at 

pool elevation 8J2.0 ft., but this possibility was not checked as the small 

model scale in combination with tho measuring device used precluded the 

accurate measurement of discharges less than 1000 c.f.s. However, the oc¬ 

currence of this negative pressure area at low flows could be obviated by 

either replacing the deleted manifold section of tho lip vent or closing 

tho emergency gate in tho port on the unvontod side of tho lip for tho low 

discharges. 

Summary - Air Vent Planst The results obtained in the foregoing 

vent plan study are summarized as follows; 

a. Tho original vent plan, consisting of a tunnel vent 
only, did not sufficiently control negative pres¬ 
sures occurring at tho lip of the elbow. 

b. Lip Vent Plan A proved unsatisfactory because water 
flowed from the high pressure to the low pressure 
area of the lip of tho elbow through tho manifold 
and precluded the admission of air. 

o. With tho lip vent manifold divided into sections as 
in Lip Vent Plan B, satisfactory control of negative 
pressures in the lip of the elbow was accomplished 
for flows as low as 1000 c.f.s. 

d. Enlarging the outlet of the tunnel vent as in Tunnel 
Vent Plan B improved the action of this vent. 

e. If operation with a pool elevation of 8J2.0 ft. and 
a discharge less than 1000 c.f.s. is contemplated, 
it might bo necessary to install tho fourth lip vent 
section which vas omitted from Lip Vent Plan B. 
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f# Lip Vent and Tunnel Vent Plans B effected open- 
channel flow over a wide range of pool elevations 
and gate openings including the operating range. 

Since, at flows of 1000 c.f.s. and less, there is a possibility that high 

negative pressures might develop on the unvented portion of the lip, it is 

recommended that the fourth manifold section and vents bo added to Lip 

Vont Plan B for the final design. 

Summary of Model Tests 

157* A detailed summary of the results of the model tests and the con¬ 

clusions reached were presented at the end of each section as follows: 

Presented in 
Feature Tested Paragraph 

Left Abutment 35 

Right Approach Wall 52 

Apron Floor Elevation 6o 

Crest 72 

Chute 81 

Bucket 90 

Baffles 102 

Stilling Basin Floor Elevation 103 

End Sill 108 

Tailbay Scouring Tendencies Hy 

Tailbay Current Directions 118 

Conditions at Toe of Dam II9 

Outlet Tower 126 

Tunnel Elbow I36 
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Presented in 

Feature Tested Paragraph Feature Tested Paragraph 

15.5-Ft. Tunnel 137 

Tunnel Outlet 1^9 

Air Vents 

A general summary of the entire model study is presented in the syllabus of 

this report (see Paragraphs 1 to 3)* 
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FINAL PROTOTYPE DESIGN 

Rooominended and Adopted Final Design 

I58. The following tabulation shows the relation between the final de¬ 

sign as recommended on the basis of the model tests and that adopted for 

prototype design by the Portland District Offices 

Feature 

Left Abutment , 

. Right Approach Wall 

Approach Apron Elev. 

Crest 

Chute 

Bucket 

Baffles 

Stilling Basin Floor Elev. 

End Sill 

i 

Outlet Tower 

Tunnel Elbow 

Tunnel Outlet 

Tunnel Vent 

Lip Vents 

Final' Design Plan 

Recommended 

I 

VII 

818.0 ft. 

X 

P 

50-ft. radius 

P 

7I2.O ft. 

A 

Original design 

A 

K 

B 

B (revised) 

Adopted 

VII (revised) 

818.0 ft. 

IX 

0 

50-ft. radius 

0 

7I2.O ft. 

A 

Original design 

A 

K 

B 

B (revised) 

Inspection of the above table shows that all features of the adopted final 

design were the same as recommended on the basis of model tests, except fcho 



right approach wall* crost* chute* and bafflest Those differences arc ex* 

plained as followsj 

a. Right Approach Wall} The recommended final design 

and the adopted final design of the right approach 

wall are shown on Plates 1J and 6, respectively. 

The major difference between these designs was in 
the toe alignment of the wall which was made to 

effect a saving in excavation costs. Although this 

change resulted in a break in the smooth transition 

of the recommended mil and would probably cause 

some eddy action along that wall, it is believed 

that this action would not be too objectionable. 

b. Crest. Chute, and Baffles: At th<j time that tests 

on the spillway crest and chute were completed, con¬ 

siderable progress had boon made on the detailed de¬ 

sign of Crest Plan IX and Chute Plan 0 as the a- 

doptod final design. In view of this fact and be¬ 

cause the hydraulic characteristics of Crest Plan IX 

and Chute Plan 0 were sufficiently satisfactory for 

the discharges that would normally occur in pro¬ 

totype, it was decided that the expense of changing 

the design and the increased construction cost of 

the curved crest (Plan X) and the dish-shaped chute 

(Plan P) viere not warranted. In order that Chute 

Plan 0 might be used, however, it was necessary to 

increase the height of the sidewalls to'prevent over¬ 

topping at the high discharges. Reference to Plate 

3i|. shows the water-surface profiles that viere 

measured in the model during Test 2i| superimposed 

on the Plan 0 sidewalls and the higher sidewalls of 

the adopted final design. Details of the adopted 

final design of the spillway crest and chute are 

shown on Plates 6 and 25. Since Baffle Plan 0 was 

developed in connection with Crest Plan IX and Chute 

Plan 0, it vros adopted for the firial prototype baffle 

design. 

Operation Data 

159. Data pertaining to the operation of the prototype structures arc 

or-sontod in the tables and on the plates as follows: 
i. A 
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a. Spillway 

(1) Rating Curves 

(2) Pressures 

(a) Crest 

(b) Chute 

(3) Velocities 

ia) Approach Channel 

(b) Chute 

(1+) Water-Surface Elevations 

(a) Crest 

(b) Chute 

b« Stilling Basin and End Sill 

(1) Pressures 

(2) Velocities 

(3) Water-Surface Elevations 

c. Tailbay 

(1) Velocities 

(2) Current Directions 

(3) Water-Surface Elevations 

(U) Scour Tendencies 

\(5) Wave Action at Toe of Dam 

d. Outlet Works 

(1) 
(2) 
3) 

(¿0 
(5) 

Rating Curve 

Tower Water-Surface Elevation 

Pressures 

Velocities - Tunnel Outlet 

Water-Surface Elcv. - Tunnel 

Plate 27 

Table E and Plate 29 

Table H 

Plates 12, 19» and 2I4 
Plate 36 

Table B and Plate 28 

Plates 32 and 3U 

Table H 

Plates I|3 to J4Ó, and 61(. 

Plates 43 to 4? 

Plates 1+8 and 61+ and 

Paragraph 119 

Plate 53 

Plato 4? 
Plates 49 to 52 

Paragraph 119 

Plate 57 
Plate 58 

Table R 

Plate 61+ 

Table L 

Recommended Prototype Tests 

160» For the purpose of comparing model and prototype pressure data* 

the installation of piezometers in the prototype is recommended as follows: 

Spillway Crest: Piezometers should be located at 

the crest on the spillway centerline at stations 

9+99.1+2, 10+00.92, 10+02.77. 10+05.77, IO+O8.56, 

and 10+20.27. Data taken v/ith these piezometers 

would bo comparable to similar data taken at 

model piezometers 7 12 in Tabic E - Crest Plan 
IX. 
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b. Stilling Basin8 In the stilling basin, the baffles 
offer an opportunity to chock the occurrence of 
negative pressures indicated by tho model tests. 
For this reason, it is recommended that piezometers 
be installed in baffles D, H, and J (see sketch on 
Table H) as follows* one each in the center of the 
upstream and dovmstretun faces; and one each on the 
right sides, six inches from tho upstream face and 
in the center vertically. Pressure data taken at 
those piezometers could bo compared with data taken 
on similar baffles in tho model as given in Table H 
for the upstream and downstream faces and Table J 
for the side faces. 

e. Outlet Workss To check the pressures observed in 
the model outlet works, it is recommended that 
piezometers be installed in the prototype corres¬ 
ponding to model piezometers 80, S4 86, 87, 88, 89, 
90, 9U, 98, and 102. The location of these piezom¬ 
eters with accompanying model data are given in 
Table R. 

l6l. As a check on the prototype operation of the 15»5“ft» tunnel, it 

is recommended that an automatic recorder be installed to measure tho water 

surface elevation in the outlet tower. With the elevation of the water 

surface within the tower known, tho tunnel discharge can bo determined from 
» 

tho curve on Plato 58. It would also be desirable to establish a current 

meter rating station downstream from the dam so that both the spillway and 

tunnel discharges could bo measured and compared with the model data. 



CONCLUSIONS 

I62. The conduct of this model study and the results obtained have been 

discussed in the foregoing paragraphs of this report. There have also been 

pointed out the theoretical and practical considerations pertinent to a model 

study of this type and the model results have been interpreted into prototype 

terms and presented in the tables, photographs, and plates. In all, 29 tests 

(some involving as many as 12 different experiments) were made to check and 

revise the various features of the originally-designed spillway,, stilling 

basin, and outlet works to achieve the recommended and adopted final designs. 

The model study was responsible for effecting changes in the design of the 

right approach wall, left abutment, chute sidewalls, bucket, baffle system, 

tunnel and lip air vents, and the tunnel outlet. The hydraulic characteris¬ 

tics of the outlet tower and. of various designs of the approach apron floor 

elevation, crest profile, chute, stilling basin floor elevation, and end 

sill were determined so as to establish their worth. The purpose of the 

model study is believed to be fulfilled, in that the structures of the a- 
« 

dopted final design are believed to be characterized by a good balance be¬ 

tween hydraulic efficiency and engineering economy. 

Assistant Hydraulic Engineer, 
Director, Bonneville Hydraulic Laboratory. 

Submitted: 

Approved: 

% 

R. B. Cochrane, 
Captain, Corps of Engineers, 

Area Engineer. 
% 
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1



MODEL CONSTRUCTION

V-

Phot OfTAph 1 Photograph ?

Oer.^rol rlov ^ egn^^lotod flh»dol luoklr^ ^.utr.slrraR T-^oral rrar. of ■oc*««l eont»r jetod
fr* foroboy. Tho stool rolls show ooro usrd to oeeor'ing to ori^ir-ol d#flfr> 
oorry o morablo otsonrotlon eorrlorr owr «s»<lol.

^otogroph Photor^rftph

PortlsUv ewpl^t^d -io^»*l >!<•
tmplots ond boekflll prior to pourir.f coi.ci''t« slot 
noldod to soolod hydrography of tho rloor r.pllU
rav construction Is show In looor rl^ t for<'gro<nd.

Conoiruetion of s,'lllrav and stllU;.* 
hrlek bafflo oall ond s'*otle« of dr»oco phow Ir U ek* 
growd.

7

4

photographs I“4



MODEL CONSTRUCTION

I

f
Photograph ^ niotogrcph 6

P:Tplln outlet tower with cylin'‘"r 
gate partially open. Trash rocks ovrr In­
take ports are not in place. Plan / elbow 
is sr.own cerjeath cylinder fote.

Inspection gallery «mdemeoth model. 
Note section of outlet tunnel and nanorieter 
boaHs to either side of entrance.

$ f 3
t

O’
w 1

A
X

>
V

V

Photofraph 7 Pictogroph ft

Vi'»w 0*' l‘>.5-ft. outlet turjiel fcer.eoth spillTfoy. Ilnac of the modifications of the v.irious featurei;
’V.e copper <:’iMrg leading from pieconeter taps to tested, including left abutr^nt plans, turmcl elbows.
rar.ometer bonn’s. ciect profilea, tunnel outlets, deflector blocks, and 

bi 'Hes.

1

PHOTOGRAPHS 5-8



ORIGINAL SPILLWAY DESIGN

Photogrpph 9

Vicv of a-prouch apro:., approach mil, left
arf* rig’-t ebut-^er.ta, ai;d o-e© crest, ’^ote outlet tower 
at left.

Photograph 1C

Lj.4:ing -pe r^rus '“t spi 1 Im*'ch'Jte, t’uinel jutlet, 
stilling fc.’slr, trffles, and end sill. !»ote r.vffjerous 
piesoneler openir.-s thrnurh.jut this section.

Riotogr-'ph 11

Q y. OOP c.f.3. Flow ov*»r apron nrri 
down chute; subsurl'ace currej-.t'-. arer ap.-or. 
ere shorn by dy»* s*r«rk8. Ilctc e'*'*lee pro­
duced at ^Jpstream t-t*re of rirht approec!- 
wall, draw-do»wn around le'^ ahu*—«rt, and 
warer nlr.ost overtoppinf rlg>t si !»»»till of 
chute iurt l^low crort.

Photograph 1?

Q ■ I' (^00 r f,s. Flow c jnditlor.a dcarn cl-ute and 
It. stilHrg l-rsir.. Jlote cl-ardinc war-r along chute 
sidewells.

PHOTOGRAPHS 9-12



ORIGINAL SPILLWAY DESIGN i

Photofrfi*-h A* Phclocrftph

Q » 000 c.f.g. Conor re with i^otocr"ph IT end
noic - rer converr/jnce end Increa sed hei *ht of atend-
ir. w-'.-.-es i;'. chute.' 7h\s t?isch&r:« w.'s the :u.yir.\ff 
:»t w'-^ch r h*"':'■ul ie tr-;' occ=’rr • ^ ir ♦!-»* rtilllnf 
Vasin.

q ■ 70 ooc- r.f.s. Etimr.c besln cnpecity vma 
exceeiei era shooUn- flow occurred over upstree-n 
baffles.

Photorreph Hiot orreph 16

Q • Jh »X)’) c.r.s, ; I ■’ strndlr.r waves i:; c-'j'v, 
flow ehoo'in£ -jv^t Ivj^Tles eni out if stlllir.r 

basin.

Q : / , r.f.s. Turlulent f la* l-onr s-
rr-i--* rir^ ftTuhneft, at/* uneven dlr^rlt u'* Jf flow

ryr chut.e into stillliic bar-ir,.

photographs 13-16



LEFT ABUTMENT PLANS Q = 95, 400 C.F.S.

f*.•orT.p^ 17

)»rs n;« it llv ?. > irp* v -
!• n-n. V •• i'l •r-MT'* U.t

n T ••• «»ll ir; • s* r.' •>nc*r*':
e^rr^r of PI ir. A <'s;r •

1 ‘

i' ir p*«r. wxr I'-*** ^t‘ive
t.-Mt PUr. 7 fts v ar4 U '•1. -on I

-^w-s '''■c’lrr * ••**r ,t
f're.

Photorr^ph

I'h ^ t 'ot^ flow t
• r« i: • *t jt»‘c‘r.t Fr < «■ is S'-tmi 1: P* i-t o-
rff.p‘ t 11 ' ' 17.

rivtc apP

11^ u. •'i «srffcc® Flow
jv^r tr«TPl*i»5 rlopa ai c-^p»r*>‘* thr.t

w. in P* otofi n» rl.

rctirr«p>- ;i

Flo* ol'S^rved •• 
rojTrt l^rt «t .f #rt <T rlruil
.••'f iff..

photographs 17-21



RIGHT APPROACH WALL PLANS Q= 95,400 C. F. S.

Photo^«ph 22

Fl»r II: !*ot* tolU •nd •ddl#» »t up-
• tfw corr>#r jf mil. Ceiipare with Photo- 
gr*->h lo and ncla amocthar Muw alon.- mil 
lust jpatraar. fror tha craat.

»rrapt . '

pi«. in* ;*»■
ar**a

t rptul-rt wak* 
eau?a I h** ri'O •- 
ir.f jpatraar. c Jt- 
n*‘r it aall.

ptotogriph 2U

yiar. IV t Turbu- 
fanea alone tha
rliht a^ifuACh
•nil mr Jl*' Ir- 
if.ai i'rx. tt. t 
% fW. ir. r.0w3-
r: .V .‘’5.

r
/

lx
Pho*ograph ?*)

V* CcnJpttl alcnr rifht
approfc.^ mli ahow sreuthar fU» aHr»ant 
l‘ar wit*' Ple;.a I tr IV.

t

photorraph

Plan VII Cjr.oara with P^ot . erapV 
-jta ^*laa un^traar. ar djmrr 'r'f-i
•ha comar ■>' i^ll •

nnd
PTT

V* T,

/
#*

|%etoarap* '7

n-T. VIIi C-oof ma al«.r.r rla ♦ p- 
^ro ch mll X Mr«l rota tha* tur

m^Vr wrfi eon latal- aU'lra’at.

photographs 22 -27



r

CHUTE PLANS - CONSTRUCTION

Htotompli 26 > nui B niotofrr^ 29 * Mm C fll0t«frttph 50 • Pirn I

^ V
> 51 -

Wf^
1

niotogr«*>h 51 • Plan Z Rietoeraph 52 - Plan E-1 Photoerapii 59 - nan E-2

. V
Photocraph 5i* - Plan %9 Pttotorraph Yy - Plan P Aiotocraph 56 • nan G

1. ^a# P^otofrr 'h 10 ;ur Chutr 
Plan A.

?. CV.Mta Plan II •rnt .i» Cl ut#* 
Pl'n P.

n-.otoi5raph 1*5 - Pl«' ntotn-raTli liL - PlAfi P PMOTOGRAPMS 26-44

]



,:V

CHUTE PLANS Q =45,000 C.F.S.

nietofrftph - n«ui ft ft<olO'rfph IX - Plan C !^to r«*>h Lf - Pl#ii 0

. A T
niotorrr,)h 1«B • Plan Z

L

r^a’aK.'..ph i.9 - n.-n --1 nuto rr oh sc • Plu "^2

ntoto*r*oh SI - Pl»ji "“-S Pt*oto-r *>h 5? - Pl'n F i: oic rtoh * 5 - PUr T

:■* .•'rri'-h . n«r 0 p^, ,., f.l - PI r r

1. - •'e P*jotoprr''h IJ fcr Chut# 
1.ir A.

Ct-t# PUr V san# as Chut#

photographs as- 6^



BUCKET PLANS Q= 45,000 C.F.S.

OOnCNA
•PWY. S TUNNEL 

TEST 1EE 
Q = 4SOOO

R-.o*ofrrph 6?

lK*»>rs*?e* ir L-Pl s T- Jck«»<-with T-affl •

n^w A’^rr.-**; rip- tslde ot jpctr#*c-*^ r 
zi rAffl.A.

. OOH1
J ANWY. « 
I TEET
I a = 4

OOHENA 
Y. « TUNNEL 
EET i»<
- At OOO

R'.otof.rAph 65

5Q-Ft» Padiue Bucket with Baffle ITai. T

Cor.pAriaozi with Photograph sha*?t Ihe 
hyflr/*ulic iiE-.pa to ainilar.

P?:». t ogi Pph f'i:

Pa •*!»»» ; K.* *»l wit: .Li Mo Har. 1

i’vcra jiic . jap In the . • iliir.r was
btnl.Je tor tho*»? cor.'^ i ' ior^ •

!ftaj

OORENA
■PWV S TUNNEL 

TEST It ■
Q = At OOO

Photopraph di.

lr.*-^rsectir.*»rip.r.<-s P-jc'.:ot with Plr-r- !*

Cor,prrf with. Phologrrph c? kA .veto Ir- 
->rcver,a?.t i-. s^.iilir.r hoalr. octijr. 
bv -.crin,- twr rows jf befflos tipsTr r..

PI'otorrpph C£

«>0-Ft . Rftr*iufi PurVeot Ba^flo Tlfr. M

Vovinr. pH thr^a row of h^fn^’R up- 
ntrppn aS.abllirprt hydraulic .liffn? rntllr tha
atillinr t>aBin.

PHOTOGRAPHS 62-66



BAFFLE PLANS Q= 45,000 C.F.S.

w
r^ tw

P* • -rr pf » / - »» H#

wriw
, It*,. j' • •

'W

?'
%

rr*pr »-• . PiB1^, F • -rt >‘t>^ "• ■ M»>’ '

ir'■ f
]'* torr.-r' '• -

1^. t
pK " - FU'

♦ ?i i . PIrr.

/>&
/

P* ■• .1

P .tcri '.ph 79f <J ’ 50 w

PHOTOG«APMS 67-63



f
ti..

;k.

END SILL PLANS Q = 95,400 C.F.S.

: *■ i. ♦ V -r pt" Si,

i- ■ ■
- ir t if • * i:... . . .

»i i ini' . N ir 
V “->nr»T-

5 . -

!#•

y
Biotograph 86

Plan 111; Hotetiiat eoflectipn of flow 
is slnilrr to that shoim in B»otor.m:>h 85.

Photograph

hlaii II; Cjr;p; r*' iith R;j»of.rtph 8L 
• i :..re jecr^ased \zpwrd d^'flrction of 
. .1^ .vor *^nd Kill.

Photo-raph 87

Plan IV: Cor»;w.re with Photo^r*-ph 84 
and note sinilnrity of upward flow deflec­
tion.

PHOTOGRAPHS 64 - 67 I

.aaiia
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OUTLET WORKS DESIGN

■pail
^ . ..

■ a:

Fhotocraph 88

r' rtlln i;on«truct»<l oiitlH to»«r 
Inr tr«*h Mckt owr Int.'V# rorti, V x 
rrfr»*tney md ->l«lOP»tfr comwctloM
to to.' of Irtatro Cron’: ot top of
to*«r fmx 'red to o-'»rot» thr cyllndor 
-rto.

r e.
piK ; 

* ^

L 1 ..JM
So
*t.

FT A

fhotocraph 99

Pool :i. 770.*> rt. a - 17?0 e f.t.
Pull teto 0n«r.lnf

Httem of flor •nterlfir Intoko i>ort« 
M indie tar b:- dvo atra—a

ifr

R^otori**T>b W

Vlaw or ^unnal albo^’and aaction of pyralln tunnal 
fraai aithln tha inaoantion rallarf.

l^o*ofraph 91

oS>ol n. 600.. t. Q ' ^900 o f.a,
1/5 Q«ta Ooaning

Stardinr mva» and a'l.'aralrartlon of flew a( faetad 
bv horitonta.l curvat'jr* of tba t««uial.

PHOTOGRAPHS ee > 91



TUNNEL OUTLET PLANS - CONSTRUCTION

\

- M*n A Ptioto^rrph 93 • B Photofraph 9U • C

\

V ,1

--i ‘■'■3
flietati«'>ii 95 - W«i D Phctocr*7l> 96 - W«» t niot«(ra,ih 97 - n«B P

* X

ffcotcgrrph 96 - fl«l» 9 ^ot.o r«nh 99 - M Pheto(r«ph 100 - Flan 1

A \

:^;saikSbM^
Photofraph lOl - Plan J Riotorraph 10? - Flan I

photographs *2-10?

{

’■'1



TUNNEL OUTLET PLANS Q = 5,000 C.F.S.

u
P!v»ror‘»ph 10^ - F' »» A f^ciogr^pt 10 . PI ' • P» otorr 10» - Plw. c

rfl«T;’Ta
P'otogrrph lOfc - Pl*m D P^.f^nrrr^t 10? - PI pftorr»:h irv - Plr.r, F

i>' im '^-
Fhoter.r«ph 109 - PIm» W»otorr«?K UC - fl n H Fhotoeraph 111 . Plan t

irws^
l»-oforr»iph 11? - Pl-n J P^nt.ofIfp^ 115 ■ Pl-'H K

photographs 103 - M3



FINAL SPILLWAY DESIGN

Hi.

4 * ,1 c . r ■ 3 ■ Vlow riiTdi-
' . -c*.** f l-pt......

lU

Q « rr I
CurrH ir ^ s* iUT»‘- sir <»• x rr . 
rh«r-» ^Jin »< ; j;: r •rh# ©rirlr»> 1 ’*» :

r^o*9 r- I l»'

7^/A &

/ ■■

b-

> i
k:>

LvP>'
Ai
Bnir>W

J • r pll lU,

•OT t; H- • *»! i:. » i • • . . r-i t nmil
•t sHovn b^' coTtt<*Ml tr;o«fc.

>-r»nh 117

^ ' /_ «.•■-. '3 rr^r.* ov»^ir»t
«%s \r. ffUllr-r »*rli »rtlon nt

'♦lorlrf.. r. C'r'.jMrr rr >hs
V rrH K.

Ph*j»orr»ph \ld

‘oil ~A. f><r.n t. 4 • *o00 c.. ■.*.
I 5 *>: ''nine

^.»jrlr<4* o-^r-Mrt '•iffhar-#* tuaulr 
• *)r#l Int-o ^^illinf h*>alr..

pmotoorapms M4 - lie
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PLAN F 1. PIAN A WA« SUIUT ACCOAOINS TO POATLANO 
WITAICT DMA WINS OO-M - MVIM0 
JUNt 7tt#40 ANO OY «AttCM OP JM.VIt,1«M. 

2. PLAN« O.C, ANO 0 ON POPTLANO OltYPlCT 
OAAWINO 01-0-Vl , OATIO «tPT. Ií,1»«0 
WfAC NOT TCITCO. 

1. PLAN t WAS OUILT ACCOAOINO TO POPTLANO 
OtSTPICT OPAWINO DI-O-10/«. 

PLAN I 

FINAL DtSION 

4. PLANS P, O.ANOH WfPC OCVSLOPtO 
flPCPIMNTALLT. 

5. PLAN I WAS OUILT ACCOAOINO TO SKITCM 
OP OK- S.IS40 OP TM( POPTLANO OISTAICT 
OPPICI. 

S. (LCVATIONS AIPCA TO PICT M. S. L. 

WML STUAT 

DOMNA SFILLWAY AND TUNNKL 

LEFT ABUTMENT 
_FLANS TESTED_ 

•CALCA m PUT ”” 

IoNNEvTlLI HYDAAUUC LADOAATOÃY 
V. I. INA4NCIA OPPICI 
MMMWLLI, OMOON 

SUSMITTSO: APPAOYSO: 

FLATt 7 
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APPEMDIX 

There Is presented herewith a list of the 37 preliminary reports 

on tho results of tests made during tho Model Study of the Spillway and 

Tunnel for Dorona Dam. These reports wore forwarded to the Portland Dis¬ 

trict Engineer during the period of September 21, 191+0 and November ll+, 

I9I4I by tho Bonneville Hydraulic Laboratory. To simplify tho following 

list, no attempt has been made to correlate the reports with the project 

features tested as this may be done by reference to Table A in this final 

report. 

* 

P 
* 

Test 

1 

2 

2A 

3 

1+ 

5 

6 

7 

8 

9 

10 

11 

12 

13 

ll(. 

15 

Date of Preliminary Report 

Sept. 21, Oct. I? and 3I, I9I+O 

Oct. 5 and 17, 191+0 

May 29, and Aug. 9, I9I4I 

Oct, 18, and Nov. 9, 19ljO 

Nov. 29, I9I+0 

Doc. 10, I9I+O 

Deo. 10, 19i|0 

Dec. 10, I9I4O 

Dec. 16, 191+0 

Dec. 27, I9I+O 

Dec. 31, I9I+O 

Jan. 15, and Feb. 7, I9I4I 

Jan. 30, I9I+I 

Fob. 13, I9I4 

Feb. 11+, I9J4 

Fob. 15, I9I4 

iMiuMliii ..1 



Test 

16 

17 

18 

19 

SO 

21 

ss 

23 

2b 

25 

26 

21 

28 

29 

Pat® of Frollminary Report 

Feb. 28, 19la 

March 6, I9I+I 

March 10, and Juno 9» 19¿ll 

March 21, I9I+I 

Fob. 13, and April 2, I9I4I 

April I)., I9UI 

April 11, 19Í+1 

April 12, I9I+I 

May 29# Juno 9» July 18, and 
Sept. 30, I9J4 

May 29, June 9, and Aug. 29, 19i|l 

Juno 19, 19[|1 

Aug. li), 19Í4 

Oct. 29, 19'1 

Oct. 29, and Nov. 11)., I9Í4I 




