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Hydraulic model studies for the design of Ross Dam spillway, 

City o£ Seattle, Washington. 

1. I n t r o d u c t i o n .  In  an agreement made J a n u a ~  21, 1943, ?alxl ap- 
proved February 25, 1943 (contract I2r-14571), between the United States 
of America, represented by the Chief Engineer, Bureau of Reclamation, 
and the City of Seattle, Washington, represented by the Superintendent 
of Lighting, it was agreed that the Bureau would conduct an investiga- 
tion pertaining to the design of the spillways to be used !nconnectlon 
with increasing the height of the Ross Dam located on the Skagib ~iver 

d- in the State of Washington. This investigation was conducte by the 
use of ~ydraulic models by the personnel of the hydraulic laboratory 
of the Bureau. The scope of this work and the results obtained are 
reported chronologically herein as the final report, 

2. Ross Dam. Ross Dam is located in the Skagit River 5 miles 
l~stream from Diablo Dam and 8 miles upstream from Gorge Dam (figure 

, all of which constituteprojects undertaken by the City of Seattle, 
Washington. Power plants are in operation in connection with!the 
latter two dams, and a power plant is also proposed at Ross D~'~ 

The first stage of Ross Dam has been completed to elevation 1365 
(figure 2), consisting of an arch:ring about 1180 feet lon~ at the 
crest, rising 165 feet above the tailwater, which ~is the reservoir level 
for Diablo Dam. The crest of this dam is surmounted by a 15-foot ztim- 
bet dam over which the f] odwater spills. The tentative plan is to 
continue construction in several stages to an ultimate~heig ht of about 
520 feet above tailwa ter, or elevation 1725. At ~ this i flnal stage the 
dam will be constructed as a gravity arch section bY!adding to the down- 
stream face of the thin:arch dam. The Immediate~planls to continue the 
arch ring constru~tlon from its present stage in two steps, first,to 
about elevation 1550 and ~later to elevation 1650. These are referred to 
in this report as the second and thlrdstages, respectively. 

The design of the spillways, wlthwhich this report deals primarily, 
is based upon the above assumptions. Im the design of the spillways for 
the second and third stages of construction, an endeavor was made to match 
the designs such that s large portion of the spillway channels for the 
second stage could be utilized, with little alteration, for completion of 

[ 

i 



~c ~' ,~ 

• ' D 

~ '  

t2 

2 .  

-2" 

. . . .  41 

J, - *  " v  ~i ̧ ,  . ,~ • ,  '• : '  ' , , r  

, ,  , '  

¢ 
f 

R u b y  
Lake 

,,,y S~uedough 
~i.e~ .Loke.O.,,_,./ 

I~WE~ 
"""C~. HOUS' 

R E FL ~.~ 

)iablo 
Lake 

; StJ/.L~-g--_~-. { 
k 

' !  I 

D O R G E  D A M  

P O W £ ~  T U N N C ~  

P O W E R  H O U S E  " " G O R G E .  
Newhalem N E W H A L E M  :' , ~ H O U S F -  

} 

J 

B A C O N  C R .  L O D G E  

% 

f "  i;'-. 

.o ; "  

• k" 

o~ 

• I I 1 ' !  i 
S¢.,~LE OF 1,41LF..~ 

5 K A ' 5  i 'T  P R O J E C T  
R U i ~ Y  D F . . V E L O  P M  E.N'T- 

GF_.NERAL V I C I N I T Y  . ,MAP 
. SHOWING~ LOCATION DF:ROSS : D A M  

i 



FIGURE 2 

OUO 

0 

H~ 
I 
I 0  

0 



~ II 

o 

% 

% 

'~,Xo. 

,~-\ 

..C. • , t "~ "- 

( 
"N, . ' " ~  ~t 

: I  
I 
I 1 

~\", "'" " "~'i' 
-% 

\ 

~. . -% 

X • 
r • 

• -L 

. .% • V . % , ,  

~i ,J 
/ I i 

: -~ | • 

i 

% 

\ 

. J  :) 

N 

<:2 

~ "~'F~ ~ 

~_.:~-~ ._.~..~-~--~, 
~ ' ~ : ~ - . , . ,  ~_  ~ , ~ . . ~ , ~ , ~ , , .  

%, 

/ 

~ P j 
! 

'ff 

, ' .Z,  

\ 'I ~ 

' i / 

1 " 

t ' s ,b "/ 

F IGUR r 3 

,' \ \  

:"\, 
\ 

/L 4 .~U&( ~4  

~ ~Ii"+ i" 
I 

. ¢)i 

-\ 

i '  II J ; \ I " "  

- ~ ~ ." • I j-" 
• - ~rc~,'v ~¢'r~.~.,d.~" .+' I 

~C . " 

l 

-.q 

/ 

j~ 

t,\ 

/ 

\ 

. . . . . . .  W77~  L=.T3 

[ .--=:.z::" . . . . .  

"x 



f 

~e ~hird sta~e. It was anticipated that this type of planning could 

result in a considerable saving. 

3~ The spillways. The maximum expe creed' flood computed from pre- 
vious records w~s established as 70,000 second,feet. The final spill- 
way design, however, provides for a capacity of i00,000 second-feet 
made possible by utilizing an additional five feet of freeboard on the 

dam. 
i 

The plans for the ultlmRte gravihy arch dam rising to elevatlon 
1725 showed a drum-gate-controlled, open-channel spillway skirting the 
left abutment of the dam. The topography is excellent for that t~.pe 
of spillway in this case, hlt with the ~op of the dam limited to eleva- 
tion 1650, an additional 80 feet of cut ~ould be required, thus making 
open-channel construction impracticable. Alternate desio~ns could be 
side-channel or stoney-gate spillways skirti~ either or both abut- 
monte, with tunnels throuF~h to the downstream canyon v~lls. Both 
schemes are expensive; consequently, ir~ accowdance with your instruc- 
tions, studies were concentrated on sp~ilway~ which would discharge the 
water over the dam proper, regardless o~ oo~truotion sta~e. • 

4. The models. A model was constructed of the entire arch dam, 
with top elevaticn~t 1650 to a 1,60 scale. ~Phctographs of the original 
model showin~o the canyon-wall topography are presen~d on figure 4. 
A ~ - ~  ~dicatin~ the final ex~en~ of th~ model is shown on figure 5. 
he~ar"ch~was const~cted of wood s_nd lined~th~ sheet metal on the up- 
stream s~ de. The head box was of similar a~natruction, consisting of 
a woodeJbo  line  sheo  iro  bUi inte ral upstr.= 
face of the dam. The downstream portion clothe model dam an~ the ad 
Jacent topography consisted of metal lath ~nst~etion faced with an 
inch of cement and sand surface coating. ~he ~etal lath ~s held in 

• ! d place by wooden supports. The box dew,Asthma.from ~ the dam was line 
with sheet metal to a point slightly abov~ maximum tailwater level. 
The spillway overflow ~ectio~s ~ere cast in a rich concrete mixture and 
in such a way that the sand did not penetrate to the outer surfaces. 
The piers were constructed of wood, and the gates were fabricated of 

sheet :~.e ta I. 

A second model, to a 1:28 scale, was constructed including one full 
gate with a half gate on each side to study pressure conditions in the 
closed portion of the spillways and on the face of the dam. The over- 
flow section was made of concrete, the piers of wood, and the gates of 
sheet metal. Piezometers were installed throughout for moasurin~ the 
pressures, and the deflector hood was a transparent plastic sheet 
throush which the action of the water could be observed. 

The water supply to both models wa~ measured through accurately 
calibrated laboratory venturi meters which are systematically checked 

at regular intervals. ~ ' 
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5. Overflow section i. As a preliminary trial, overflew section 
I (figure'6)~va,s constructed to a 1,60 scale wit~ provielon for aS,000 
second-feet controlled by slx 25 - by 22-foot monocoqu • gates. The 
center line of the overflow section was mldway between construction 
Joints 5 and 6. Althou~h it was intended that similar spillways be x 

located near each abut~mt, thus ~aking the total spillway capacity 
70,000 second-feet, each of the preliminary designs was construc+Ad on 
one s i d e  only. In other words, each succeedir~ design was alternately 
constructed on one side and the following desiEn on the opposite ~aide. 
The crest of overflow section 1 was at elevatim~ 1614.0, making the 
reservoir elevation approximately IS30 for a discharge of 35,000 second- 
feet. The ~ates were set downstream from the crest, as shown on figure 
8, to obtain a trajectory with initial velocity directed at a downward 
an~le rather than horizontal as is usually the case. The portion of 
the overflow section upstream from the gates was designed to produce no 
subatmospheric pressures in this region for discharges up to 35,000 

second-feet. 

Two limitations sufficed to make the design of~Ithese spillways 
difficult. First, the dam was of ins-fficient thickr~ss at the top to 
construct a true vaeuumless overflow shape; and second, cutting into 
the dam below elevation 1600 was prohibited because of stress considera- 
tions in the arch. Overflow section I projected past the downstream 
face of the dam and the Jet of water leaving the section fell free of 
the dam face. From the instigation ~ of the studies it ~s considered 
advisable to have the sheet of w~ter in contact wi~ the face of the 
dam. As a result of this particular test, no other condltion was con- 

sidered acceptable. 

6. Overflow section 2 .  In all subsequent tests the ~ criterion 
was that ~he ~verfalli~ sheet of water be In direct contact with the 
downstream face of the dam for all conditions of flow. A heavy con- 
crete bucket was to be provided at the junction of dam and rock sur- 
faces to deflect the Jet, and a superelevated channel was to be pro- 
vided downstream, from the bucket to conduct the flew gefely to the river. 
With the Jet making definite contact with these surfaces, no damage was 

expected. 

Overflow section 2 (figure 6) was the sam as section I except for 
the concrete pad added to the duwnstream face of the dam. The Jet per- 
formed as desired for the lower discharges but sprun~ free of the pad 
intermittently for discharges greater than 28,000 second-feet. The 
steepness of the o~erflc~ shape encouraged vortices to play back and 
forth across the s~ction, producing very unstable flow. Photographs 
of this spillway are shown for a discharge of 35,000 second-feet on 
figure 7 A and B. The ori~Inal topography had not beeal disturbed. 

7. Overflow section 5. Overflow section 3 (figure 8) consisted 
of a combK~tion of two raSil u~d with no intention of simulating the 
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actual shape of the lower nappe of the overfalllng sheet* :The p~dding - ~=:.~i I 
o n  t h e  dam f a c e  w a s  r e m o v e d  a n d  ' t h e  ~ g a t e s ~  a g ~ i n ~  s u s p e n d e d t o  : : o p e r a t e  . . . .  ~ 
o n  the curved~ portion oftheoverflow section' In:this case, ~%he o b ~ J e c t  !:/ .i i ! !  
was to develop negative pressures under the .Jet In lan attempt ,toi:~ivlr~u" ii:. '~* ili 

, he sheet of watera~alnst the'~:overflow~faoe" 'Results~iwere* '~/ ::'"!"i~,! all force t __ ~ ..... 
. Y ~ _ , _ _ ~ _  ~ ^ - r ^  recedi oase~as.vortioes:made .it~posslble - ~  

f r air to euter lintermlttently under the_Jet, resux~Ing ~in an ,in~oAer- : ~i! 
able make-and-break action. Photographs :of :this"sp illway':are~shOwni~fOr ~iill 
a d i s c h a r g e  o f  3 5 , 0 0 0  s e c o n d - f e e t  o n  f i g u ~ e  7 :A ~ and•. C ,  .The ~ n a t u r a l  i ~ ~ ~ r .(~ ~ 

topography was still intact. ~' "=' 

8. ,Overflow section~"4- lt:-became~aPP arent that; the dosign~OT"~a .::/~/'i~.i~ 
" free overflow shape' to perform: as:i'desired:was: a'remote possib£11,~, .as- "i 
pecially, with the limitation prohibiting cutti~ !.in~6 the.'de:n~.be'low ::. 
elevation 1800. In the design .of ovefflOw:sectlon :.4 (elgure~.8). ":am , - ...:~~:~..i 
attempt ~as made to force the:overf~lllngi:Jet..against:the da~-.face',~by :: : 
a deflector plate. ~The everflmv faeeiproJected::P~st the de~rnstrcam~'face 
of the dam:on which a •rant'slot w a s  provided for-:,aeration.under~the,iJ ~t'• .i!ii 
The gates were suspended directly over'i:%he ::crest, ithus: deoreas~ng'thelr: :ii ~.~ 
height. The passageway between the overfl~v .i~ce and the :'deflector ~wall .... 
was proportioned to. flow full at the maximumdlsoharge- . + .'r ~ 

The spillway w a s  operated with and'with6utaer&tlon!bene;, a~hi~the • : 
Jet. The flow conditions, were improved, b u t : t h e r e ~ - . w a s  a,dec~aed,pul"|a' - ':~. 
tion in floor, when .air w ~ s  ~dmitted'.be~ath,the: nappe'* ;A:less~nO%~ceable . .:.:.~.~ 
fluctuation .occurred when the - air :i: supply  s/dlsoo nued' In neith: r :~ "":"~:; 
case, however, could pulsation!i~of flow:be .tolerated. ' A"seCond -~:'dls~d "~ :~~:i 
-vantage of this deslgn :was .the.abrupt~'angle~ at.:..whlch ~:the j .. -~i 

r ed from the conduit, ~* On.:s ~ ,.~. a g a l n s t  t h e  dam f a c e  a s ~ i ~ : e m e  g , , - - = ~ -  __  . . . . . .  
dam, a portion of the Jet was :deflected.away from,ithe,f.aoe. ,uncerca~n~y 
existed as to the damage that might result at%he ~z~ne. O~i~.imp~ot.. :~Pho- . i/i:~ 
tographs . o f  overflo~ section 4 discharging:, at-i35,000 :eeo°nd"fee%~are: " : 
shown on figure I0 A and B. In this case the r:Ca~nyon.walli,~dJacent ,.tO ...:,~ 
the spillway .was excavated on a :l-I/4tl.':slope omeas~red:normsl:.to"~the " : :' 

line of'centers of the d a m .  • . ~.~i.i:i 

8.._.O.v,,erfl°w seetio~ 5. Overflowsectlon 5 (figure'~,ll)~wasthe :'-: ii 
same de-.overflow section 3 except for the: addltlon .of/ a*. deflectorl hood. .::'~iil 
The spillway consisted of six gates 25 £eetln wldth~ and, wash.desired.. .. ...- . .i~i I 
for. a maximum d i s o h a r g e ' o f  35,000 :second-feet with .the ~reaervolr~ at . 
approximately elevation 16~0. The resultinglP erforman°e-°f~%hls:spill- 

were excellent for the hisher dlsoharg~ s, deoreaaing~in idesirabili%y". 
a s  t h e .  d i s c h a r g e - w a s - r e d u c e d .  A d r t b b l i n g ~ - a o ~ u . . o o o u r r e d  f r o m .  t h e ~ e n d  -,.~ 

deflector :hood at verylow, flows- !The.maln .~et~:~of"--wa%er-ma~" - "  " 
Of t h e - o o n t a e  t with the f~&e of t h e  overflc.v.!aeotion and d~m~ %hus!~he'., : .i~ rained ~ 
dribblino~ was primarily camsed by flns,adJaoent to the.piers. Pho%o- 
g r a p h s  o f .  o v e r f l o w  s e c t i o n  5 o p e r a t i n g  a t  a m ~ x i z a n n  ~ i s o h a r g e  o ~  "i.~.~!. 
3 5 , 0 0 0  s e c o n d - f e e t  a r e  s h o w n  o n  f i g u r e  I0 A ~ a n d . . C .  . . . . .  ~. 
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As this type o f  design showed promise, a I125 model was constructed 

to inve sti ~ate • pro s Sure conditions • _ :, 

I0. Overflow section Overflow section 6 (flgure 12) ~s0 s t u d y 6 ,  con- :~:~Iiii! ! 
i125 scale equipped with sufficient piezometera ~t 

s t r u o t e d  t o  a o n  t h e  o v e r f l o w f a c e  a n d  t h e  d e f L e o  ~ ) r  h o o d ,  T h e  d e t ~ - e o t o r  . ~..~ 
the pressures ~~! 
hood was extolled to elevation 1580o and :each 'spillway was designed ~to 
flow fall at a discharge of 50,000 second,feet v~Ith reservoir ~at approx- ~i 
imately elevation 1635 and overflow crest at elevation 1612. :After I :i 
dio~est of stres~-flow data by Senior Engineer I van E. Houk, the :capacity ~i 
of the t~o spill~ys was boosted to :a total of I00,000 second-feet as ~a 
conservative measure. The gates were reduced fin width i~frca~25 'to 20 ,~ 
feet (f~ure 12) without a chan~e in number and were~hinged in the oppo- ~:i 
site direction to those..in previous tests. The new s~cing permitted ,_i 
the installation of two spillway gates between adjacent construction 

! Joints. The ~plit piers at the construction Joints rwere~6*Y7 -feet':wi~i 
&nd the intermediate p~ers ~.8~ feet wide~ both measurm~ents belr~ at the 'i 

greate st width, i 

The 1125 model consisted of one full gate,with a half ~ate on each ~! 
side and a short section of dam below them. Model results :converted .: 
to prototype pressures are shown on figure I~ for overflow section 6 .! 
for free crest operation as well as for four ~ate positions. A~m~ximmn ~,~ 
negative pressure on the overflow!face of 20 feet of~water is shown at ~ 
piezometer 9 with a free discharge ~of I00,000 second-feet. The d i s -  i 
ehar~es as referred to on this model represent the correspondin~flow ! 
for twelve ~ates, or the total for both spillways. As ~he dlscharge • 
was increased above this value, a hack pressure in the conduit pro- 
duced by additional friction relieved the subatmospheric conditions %0 
some extent. Figure IS shows that the pressures were more severe :for .~! 

I00,000 second-feet than for discharges at parti~l:~ate openings, wlth 
reservoir at elevation 1630, which was contrary t o  expectations. It :ii ! 
was desired to limit the maximum negative pressure t o  one-half an 
atmosp.here, or about 15 feet of water. .... ;I 

The m~xim~m positive pressure on the de£1ector hood, on the other .. 
hand, is shown a s  20 feet of water or 8.7 pounds per square inch for ., 
a flow of 125,000 second-feet. The heavy dash llne on figure 13 re- ' ~ 
presents the maximum positive pressure reoc~d~ed :on the hood for~ all -.. 

conditions of operation. Discharge at partial ~ate :openings defines 
this line in the vicinity of piezometers 30, 45, ~,nd 60. :. 

The negative presm~res are effective in malntainlr~ contact ~he- i 
tw~en the jet and the overflow face but are not sufficient to control 
the entire sheet. There was a tendency .for the outer portion to separate 
from the main Jet, thus c~usin~ impingement on the deflector h o o d  for .., 
all but the very small disohar~es~ The h o o d  therefore served an ira- :-ii 
portant purpose a~ practically all flows, il 
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Overflow section G was overdesi~ed as the ~closed portion of 'the i~I 
spillway did not flow l~li until-~a discharge ~i~of 125,000 second-feet ~s ~- 
reac.hed'. It was intended ~that this condition w o u i d  occur .at "I00,000 .~i!i '~'~> 
s~cond-feet. The proportions of the closed ~ s~iotion were arrived at :by 
computin~ areas throughout based on the theoretical velocities less 15 :. 
percent for friction and impact losses. The computation was repeated, i:,; 
allowin4& a total of only 5-percent loss for~:a discharge of~:100, 000. ~!'~ 
second-feet, and the reaultin5 shape is designated ~as overflow section 
7. The losses were . f o u n d  - t o  be extremely low, even'at maximum discharge; 

:witK ~ therefore the efficiency of th£s spillway.should compare favorably ~ 

the open, free overflow section. ~ ~:L~ 
,f, 

ii. Overflow section 7. ~rerflowsection 7, show~,%~On figure 114, <~ 
was the same a's" section 6 except for the chan~e of positi0nand the 
dimensions of the deflector hood. The closed portion flowed full at a ~ 
disc.barge of approximately I00,000 second=feet. A small ,lip was added ~ I 
to the lower end of the deflector hood to deflect t~ smaller:dischar~es ~ 
toward the dam face, thus reducing the dribbling previously~experienced. 
Pressures on the overflow face and the deflector hood are plotted for 
overflow section 7 for free flow and also for gate ~operation on figure 
15. The ~axlmum negative pressure in this case is shown as 18 feet"of ~:!911 
water, which occurred at piezometer 9 for a disc~harge of 95,000 second- 
feet. The negative pressure decreased as the conduit flowed full at 
i00,000 second-feet. The maximum positive pressure on the deClector .... 
wall w~s reduced from20 to 18 feet, but the decrease in'~ischarge in ~ .... 
the latter case was principally responsible for thiscreductlon. Photo- . .  

graphs of the 1,25 Sectional spillway,operatin~ at ~I0, 000, 40,000, i 
75,000, and I00,000 second-feet are shown o n  figure 16. The discharges i 
as stated are based on twelve gates'dlschar~in~ at the sa~ rate as the 
two shown. The dribbling can be seeu ;'in figure 16A with a discharge ~. 
of I0,000 second-feet. As the discharge was increased, flow conditions 
continually improved until the ultimate desired flow condition ~s 
reached at i00.000 second-feet, at which point the:conduit flowed full. ~ 
The pressures on the face of the~dam were positive throu~houtthe en- 

tire disch--ge rankle. ~ 

12. Overflow secti-cn 8. In an :attempt to reduce the negative ~ 
pressure, the co'nstant radi~us in ~overflow section 0 was c}~ed !to a ~ 
compound curve as shown on figure 17. The object was to reduce ~the ~ 
negative pressure at piezometer 9 and increase it at o~her points by i 
shortening the radius of curvature immediately downstream from ~the crest 
and len~theninz it in the iviciwitY of piezometer 9 ~. Assumin~ ~hat .... ~i 

i 

--~ applies in this particular case (where p = pressure on face, ~. 
P = r 

V = velocity, and r = radius of curvature), the negative pressure at . 'i 
piezometer 9 should be about 15 perceat less. From the curves on figure 
17 the chan~e in curvature improved the pres,~ure~at piezo~ter 9 by 
only 5.5 percent, or reduced it to ~ ne~,~tive 17 feet of water. The 
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Overflow section 6 ~s ~ver~esi~ned as the closed portion of the • ii!i 
spillway did not flow ~u~il until a discharge of 125,000 second-feet was ~ 
reached. It was intended that this condition would occur at I00,000 i~ 
s~cond-feet. The proportions of the closed section ~ere arrived at by ~U 
computing areas throughout based on the theoretical velocities less 15 
percent for friction and impact losses. The computation was repeated, ~ 
~llowln~ a tot~l of only 5-percent loss for a dis char~e of I00,000 
second-feet, and the resultinc shepe is designated as overflow section 
V. The losses were found to be extremely low, even at n~xi~um discharge! 
therefore the efficiency of this spillway should compare favorably with i~ 

the open, free overflow section. ~'"~ '~:~'J 

ii. Overflow section 7. Overflow section 7, shown on figure 14, ~ 
~s the same as section 6 except for the chan~e of position~an ~ the "~ 

dimensions of the deflector hood. The closed portlon flowed full at a 
disc.~Ar~e of approximately i00,000 second-feet• /A small liP wa.s added 
to the lower end of the deflector hood to deflect t~e sm~ller ~ischArKem 
toward ~ne dam face, thus reduoin~ the dribbling preview, sly experienced. 
Pressures on the overflow face and the deflector hood are plotted for 
overflow section 7 for free flow and also for ~ate operation o n  figure 

negative pressure in this case is shown -s 18 feet of 
15 Th~ich occurred et piezometer 9 for a discharge ~of 95,000 sec 

• 6 n d . , i , a  xlmum 
~Lte r • 
feet. The negative pressure decreased as the conduit flowed fuZl at 
lO0,O00 second-feet. The maximum positive pressure o~ the de~lector 
wall ~s reduced from 20 to 15 feet, but the decrease in d:ischar~e in 
the latter case was principally responsible for this reduction. ~hoto- 
~raphs of the I~P8 sectlonal spillway ~operatln~ at I0,000, ~0,000, 
75,000, and iu0,00 second-feet are shown on figure 16. The di:schar~es 
~s stated are based on twelve ~ates disoh~r~in~ at the same rater as the 
two shovn~. The dribblln~ can be seen in figure 16A with a dlschar~e 
of I0,000 second-feet• As the discharge w~s increased, flow conditioas 
continually improved until the ultimate desired flow condition ~s 
reached at I00,000 second-feet, at ~ich pointthe c onduit~ flowed full. 
The pressures on the face of the da~ were P osi~tivs ~throu~hout the en- 

tire discharge range• 

12. Overflow section 8. In an attempt to reduce the negative 
pressure, the constant ~radius in overflow sectio~ 8 was cl~n~ed to a 
compound curve as shc~n on figure 17. The object was to reduce ~he 
negative pressure at piezometer 9 and increase it at other points by 
shortenin~ the radius of curvature immediately downstream from the crest ~ 
and len~the~In~ it in the vicinity of piezometer 9. Aasumln~ that 

. ~ applies in this p:~rticu!ar case (where p " pressure on f~ce, 
P r 

V = velocity, ~nd r - radius of curvature), ~he negative pressure at 
piezo~eter 9 should be ~bout 15 percent less. Frc~ the curves on figure 
17 the c~n~e in curvature i:~proved the pressure at piezo~er 9 by 
only 5.5 percent, or reduced it to a negative 17 feet of w~ter. The 
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FIGURE 16 

A- Discharge 10,C~0 Seaomd-Feet 
B- [~ .eohaz '~ 40,000 Second-Feet  

C- 

$ECTI OU,~[L MODEL ON !:25 SCALE 

~- l ~ o o ~ e  ~00,000 Sooo~-]Poot 

~ O~YI  ..... T".':O G A ~ S  
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ne&ative pressures at points above piezcmeter 9 dld increase but not !I 
to the extent expected. The conclusion is ~that the theory does not :i 

the water to ~olIo i completely apply as the curvature was too great for 
naturally. }!o additional ap;~reeiable Improvement in pressure condi- 
tions on the overflc~ face by further experimentation was apparent as , 
ion as it was necessary to comply ~ith the establish@d limitations. 

S . ~. .... ~---~ .... c-nsidered the finalde- 
T h e  s h a p e  .as s h o w n  o n  r ~ g u r e  ~ , w a ~  ~ , v - o  . . . .  , . . . .  ~. 
sign as far as the labor,Atory investigations were ccnoernea, i 

The maximum averag-e positive pressure on the deflector hood (fi~- ! 
ure 17) was reduced to 12 feet of water for a discharge of I00,000 i 
second-feet. Y~ith the alteration in shape of overflow section 8, a 
corresponding chanc e was made in .the dimensions Of .the deflector lhood, 

which was responsible for this pressure;rednction, i 

Due to the nature of this design, information was desired;concern- 
ing the period of vibration a n d  the ma~nitude~of instantaneous pres- ~;! 

sures on the deflector hood. It was not possible to obtain~comP arable 
vibration measurements from the model which v~uld apply to t h e  proto- ~i 
type. It can be said, however, that vibration did exist in:the model 
but was not o£ sufficient mag}uitude to cause concern. !Instant.aneous 
pressures were observed at various:points on the deflector hood of the !,~ 
model by an oscilloscope. The fluctuation in pressure equalled the 
average measured pressure in most oases. In~other words, for the aver- ! 
age maximum pressure of 12 feet of water measured on the~hood, the • 
actual instantaneous pressures varied from6 to 18 feet of water, or, 
the maximum force, including impact, amounted tel50 percent of the aver- 
a~e measured uressures. It is recom~ended that the forces used for de- ~ • 
si~n be increased about I00 percent to take account of this impact. 

A . - ~ ^~ +k~ ~erflow s~eetlon to determine the most 

economical elevation at which to terminate the downstream extremity of 
the deflector hood. Figure 16 shows a portion of the hood .endiu~ at 
elevation 1570 with the remainder at elevation 1560. Figure s~18 A and 
B sh~ flows of 40,000 and I00,000 second-feet, respectively. The 
photographs do not depict clearly the difference in flow encountered 
for the two hood elevations. The jet of water leaving the ~ionger hood 
w~s forced clo~er to the dam fame and therefore ~exhibited ~a more de- 
sirable appearance from a hydraulic standpoint than the shorter hood. 
Figures 18 C and D illustrate the point more clea~ly. The deflector 
hood extremities are at elevations 1570, 1580, and 1560, viewed ~from 
left to riz, ht. The Jet of water overtopped the piezs with the hood 
endinc at elevation 1580, The same condition occurred to a lesser ex- 
tent for the hood ending at elevation 1570, Flexure 19 shows the varia- 
tion of taper with the length of hood. From a hydraulic viewpoint the 
most economical point to end the hood is at elevation 1560. Although 
the tests o n  overflow section 8, figure 17, were made for a hood.endin~ 
at elevation 1570, it is recommended that the final design be made to 
conform with the section ~omn on figure 19. The s~apes are exactly 
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FIGURE 18 

A- DtSolmr~o 40,000 Sooon4-yui;  D- Dlsoh~"Ko IO0,OQO Soo~i~-~eet 

~ ~ ' J ~ . o n  i570"oa Left  and 1560 on 

0 -  ~ 40.000 S o o o ~ - / ~ e ~  D- DLSO~u~e 150.000 S e c o n d - h o t  
o f  Jfso4 a~ ~ i v s ~ 1 o n  Ib70. If~O sad I/MiO - ~ lJo J t ~  

STUDIES TO DETERMINE LENGTH OF DEFLECTOR HOOD - 1 : 25 MO~EL 
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except that on the latter figure the deflector'hcod h~s been ii~l 
the 
extended to elevation 1560. 

sa~ 

Head-dlscharge curves, obtained by callbratinc one gate on the 
25 model and multiplying the results by twelve, are shov~ on fi~jre ill I 

'or ate operation. The curves apply to both 
f o r  freo r i o .  a so .a discharge of  7o.ooo ,,cond- i 

overflow sections 7 an~. ..... n~ elevatlon of 1630,5. To obtaln ~. 
feet e~n be developed wi~n reserve-- ~ates requires a ~eservolr ele- 
I00,000 second-feet through the twelve 
vatlon of 1655.0. A head°discharge coefficient curve for free flow:is ~ 

also shown plotted on figure 20. 

13, Final spillway desisn for dam to eL 1650. Upon conclusion of ~ 
the above tests, ove'rfl'ow se'ction '8 ('figure 19 ) v~s installed at both :i 
ends of the arch on the 1160~model and studies were commenced to deter- 
mine the ~rades and wail positions for the channels downstream. The 

the dam abutments .v,s possible. The right i 
spillwaySspillway, wereas originallyl°Cated aSplanned,near was between section :Joints 4 and 7 and 

the left spillway between Joints 20 and 25. i! 

The design of the spillway channels downstream from the deflector 
hoods v;as not based on theory. Rather, the design ~was arbitrarily 
established from consideration of the arrano ~ement of the dam and the 

downstream and then verified by model performance. 
topograohic conditions lished for e channel, this pl~ne inter- 

" fillet v~s employed to blend this lane A plane surface was first estab, p 
se~tin[ the dam on a slope. ~ 
in with the downstream face of the dam. For the first trial the plane 
w~s projected parallel to the line of centers on ail-I/4:l slope with 
a 100-foot radius fillet between this slope and the dam face- The 

, out were not considered in this first study, The 
economics of the lay ......... 2,-~.,-'but this method was 

• • • bitrariA Aoea~e~ u~A F=~-, ' • . wall posltxons were ar , - -Y - --=*-~end ~ha~ the wall locatlOnS 
not satisfactory- The moaeA mes~ ~r.ax .... 
were dictated primarily by the position of the channel plane. S~bsequent 
tests also sh~ed that considerable l~titude existed in the choice of 
slope and direction for the channel floor, with the restriction that 

surface be a plane for the entire width of the channel and :that 
the ........ ~ .... ratelv for each layou~. 
wall positions oe ae~erm~u o,.~,~ , ., ii 

Information obtained durinz the course of the te~ts indicated that 

c a u s e  oi  t h e  hi.~h c o s t  o I  e x c a v a t i o n  be, de ~ ~l :~O~?.c s b a l a n c e  
bergen c~t and fill as a major consideration. A cos~ of $8.00 a yard 
for excavation and $16.00 a yard for conenete f}:ll was assumed, and 
estimates were made for a number of schemes in v~nich the slope and the 
direction of the channel planes were varied. Duri.~ t~m course of 
these studies it was found economical to sl~Ift the ri~)%t spillway from 
its location between joints 4 and 7 to that between J~.ints B and 8, as 
shown on figure 21. In addition to decreasinc t.he co.~t, this ohan~o e 
resulted in a s~metrical spill~y layout, thus makin~ it possible for 
the jets from the two channels to directly oppose one another in the 

river, improving the efficiency of diss~patlo~- 
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A f t e r  d e t ~ r n ~ n a t i o n  o f  t h e  most  economloa l  c h a n n e l  pos£- t lons ,  
slopes, fillets, and wall locations, each spillway was operated at 
discharges ran~in~ from 200 to 50,000 second'fee t~ahile the ~ximum 
observed water surfaces were drawn on the channel walls. The drlb- 
bling action of the water from the deflector hoods, at the extremely 
low discharges previously discussed, dictated the heights of the 
upper portions of the walls, while the downstream heiEhts were deter- 
mined primarily at maximum discharge. The wall heights as fin~lly 
determined consisted of the measured depths of flow at the walls plus 
five feet of freeboard to accommodate spray, splash, and the insuf- 
flation of air in the water. The final spillway locations, channels, 
wall positions, and wall heights are shown on figure 22. It is recom- 
mem&ed that the right spillway channel be excavated on a i.I tc 1 
slope and the left spillway channel on a 1.2 to 1 slope, both measured 
nor~uAl to the line of centers. The alinement of the downstream walls 
of both spillways is shown symmetrical about the line of centers. This 
is not true of the upstream walls as these varied to compensate for the 
difference in slope of the t~o channels. The top surfaces of the 
channel walls were first shaped normal to the inside frees of the walls 
and later beveled so that they were parallel ~_th the channel floor. 
The latter was the better from ~n observer's viewpoint. Photographs 
of the final spillways discharEin~ at 75,0.90 second,feet are shown on 
fi2ures 23, 24, and ~5. Attention is directed to the quiet nature of 
the water at the base of the dam. Loose material remained unaffected 
by the spillway disch~ee, s~d no scour occurred at this point. 

The model river channel w~s constructed accordin~ tc the sound- 
in~s submitted to this office on Ci%' of Seattle dra~in~ No. D-13122. 
The extent to which the river chan~el will scour as a flood approaches 
sizable proportions is uncertain, but the model indicated that the 
deeper this occurs, the more desirable will be the flow ~n the river 
and the ~,.ore effective %he energ~v dissipation. If no provision were 
made for the dissipation basin at the foot of the spillways, the first 
sizable flow would excavate that portior of the river to bedrock, de- 
oositin£ :~ch of the movable ~Aterial in the river channel downstream. 
It would then be necessary to remove a large portion of %his deposit 
from the river. It is estimated that bedrock lies 60 to 80 feet be- 
low the present river bottom and that this depth will be required for 
efficient operation of the dissipation basizl. The pool in the model, 
as shown on figures 23, 24, and 25, extended down to elevation I125:. 
.t~s lon~ as it would be necessary to remove ~ large portion of the de- 
posited materi~l from the flyer af tar the first flood, it may prove 
more economicai to excavate for the dissipation pool during construc- 
tion. If the latter method is followed, the pool could be widened, 
which is desirable, and any irregularities of the underlyin~ rock re- 
moved. The extent of the pool as used in the model is outlined by 
the dotted contour l~nee in the ri~er on figure 22. For efficient dis- 
slpation the basin should be no smaller than that indicated on the 
above figure, but preferably deeper. Deep scourin~ ~s limited to the 
area shown. Deposition rather than scour will occur downstream from 

the pool • 
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FIGURE 24 

FINAL SPILLWAY DESIGN - TOTAL DISC}LaRGE 75,000 SECOND-FEET 
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1 4 .  L o c a t i o n  o f  p o w e r  t u n n e l  i n t a k e s ,  Of some e l e v e n  ~ l a y o u t s  ' ~  
-~de on the . . . .  intake structures and tunnels leading to the powerhouse, :'~% 
three of the most desirable were installed in the model, The purpose ,'~ 
was not to study flow through the intake structure but to ~:cbserve the . 
action of the water as it flowed lpast the structure when the left ~I 

as the model was concerned was merely~a rack with side walls, wl~re 
necessary, located as specified in the various studies. In,no case ~ 
did flow exist throug h 'the intake ~as !the power ~tunnelswere not corn- '~ :iil 
pleted. The intakes were incorporated in the:model merely to make ~',~ 
certain that adverse flow conditions would not exist in t h e  vicinity . , ~  
of this structure durin~ flood dischar~.e over the ~sp~llwsM. The first ~i~i 
intake investigated, study 6, is~isho~1~ inplan on fisure 26A. Very 
little cut was required for this des~b~n as the intake structure pro- ~ 
jeered out from the c~uyon as,.:shov~n:tin.photo~rap h A, figure 27, t ":The .;,'i 
head box was of insufficient size to:accommodate the entire rack 
structure; so only the portion that would fit inthe box is :shown. ~!:~ ~ 
Figure 27 B depicts the flow in the vicinity of the intake for :~I 
a dlecharge cf50,O00 second-feet %hrou[h the left spillway. Confetti !! 
is shown on the water surface to indicate the dlreotion of flow. In- .,'~ 
cidentally, the flow currents are ~not correct inthis case, due to the 
limitation in the size of the model head:box. The.photographs, how- "~ 
ever, do ~ive some idea as to the appearance of"%he~intak e~i'n this :~ 

Ioc ati on. j - ~ .... ~i 

Study 8, figures 26 and .28, shows the intake structure ilocated 
in a large cut in close proximi~z~ to the dam. Figure 28B~nd C indi- 
cates excellent flow conditions for both discharges 0f25,000 and '~ 
50,000 second-feet t~n-ough the left~spillv~y. The ~intake :offered no .! 
obstruction to spillway flow, and .it appeared that the :spillway would ~ 
in no ~ay interfere with intake flow. ~Hydraulically,speakin&, this ~., 
layout w~s excellent. From an economic ~tandpoi~t, the cut was exoes- ~: :i,,' ,~,:i ~, 
sire. Structurally, itwas decided that:,the intake~emd the power 
turauels were too close to the abutment of the :dam. .~.~ 

The third layout, study ~II, was somsw}~t of :a oomprcmlse betwe,~n 
the two above schemes. The Intake:was moved.upstream and set ins 
moderate cut in the ca~on..wall, as shown on figures 29 and 30A, Flow 
conditions near the structure are shown for discharges of 25,000 and 
50,OOO se~ond.-feet .t,hrou~h the left spillway on figure ~0 B.andC. "~ : 
A~ain, little or no interference between spillw~y flow and intake was 
discernible. Of the three intakes tested, design ii proved the most 
desirable both from a structural and an hydraulic standpoint. Some ~!i 
doubt remained, huwevor, as to the merits of design 6 as it was not 

i. 

fairly represented in the model, i~iii~il 

!15. Tai!race conditions at powerhouse. AS velocities were ex- 
~tremely high in %~e':~.er for the lar~er spillway dischar~6s, :i:t.was :~ 

-thought.advisable to construct a model of the pa~erhouse to .stud.v " ~:~:.i".~ 
tailrace conditions. The model powerhouse was located as f o r  stu~ - .... 
ii. shown on fihure 29. Althoug.h ~veleeities in the river were high, ;:~ 
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the water surface adjacent to the powerhouse w a s  surprisingly quiet 
in comparison. For I00,000 second-feet of flow in the river, the 
waves, measured from crest to trough, were approximately 8 feet high ! 
along the front face of the powerhouse. The addition of a wall at 4 
the upstream end and a pier at the downstream end of the powerhouse ii i 
improved tailrace conditions in general. The maximum wave height in 
this case was reduced to approximately flve feet. The dimensions of 
the upstream wall and the additional downstream pier are shoval on ~! 
figure 29. Photosraphs of the tailrace for disch-r~es of i00,000, 
75,000, 50,000, and 25,000 second-feet in the river are shown on fig- i 
ure 31. Tailwater conditions for river discharges of 50,000 second- I 
feet and less were extremely satisfactory. Even *for discharges in ex- .~ 
cess of 75,000 second-feet no m~Jor difficulties in power generation 

should be encountered. 

A r~ther interesting fact ~*~was witnessed throughout these tests. 
Although the water surface in what represented Diab~o reservoir lwas 
maintained at elevation 1205 for all river discharges, the aver&go 
water surface of the tailrace adjacent tothepowerhouse was consist- 
ently two feet lower, or approximately elevation 1203. iThis phenome- 
non is no~ unco~on. It should belstated, however, that~in no o.a:ese" 
was there any ~ter discharging into the tailrace from the powern u 

IC. Spillways for second step d~m. At the conclusion of the 
tests on the d~ to elevation 165C, ~he model las revised to represent 
~he second step dam. The overflow sections were projected vertically 

rd with crests at elevation 1525 so as to utilize the same chan- 
down~ ~ Since the thickness ~,of the ~,~t ~-~.~ 
nels for the second step sp~llways, .......... ,-~--~--~,-- .n ~'! 
elevation 15E5 was greater than at 161Z, i~ was pOSSlOAe uu ~o~. --- 
overflow section with vac~mmleas profile for discharges up to 44,000 
second-feet per spillway, which is shovm dimensioned on figure 32. 
This shape was obtained from reliable, previously determlned experi- ~'i~ 
mental datal I thus pressure measurements were omitted in these tests. 

~Abstract of "Studied of Crests for 0verfall Dems," Bulletin ~, Part 
VI, Hydraulic Investigations, Boulder Canyon Final Reports, HYD-II8 

by J. N. Bradley, December 31, 1942. 

Jm 

The overflow shapes wereblended into the plane of each channel by ~ a  

warped surface, the radial elements of which were tan~ents connectin~ 
the overflow profile and the channel slopes, as shown on figure 52. ~< 
The warped surfaces will not be alike for the two spillways as the dam 
face and the channel downstream are both steeper on the right side. 
The overflow sections for the two spillways will be free crests, each 
143 feet in length, without piers or gates. The channels ¢iovrnstream 
from the connecting warped surfaces will be the sa~m ~s for the higher 
dam, with ~iI locations and wall heights identical for both stages of 

the dem. 
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With the above in mind, details of the spillway channels for the 

second step dam can also be obtained from figure 22. The approach .,~ i~ 
depth to the rIEht spillway for the second step construction is ade- 
quate since this spillway was shifted toward the center of the dam 
and no excavation is n e c e s s a r J  on this side, To provide a unifo~ 
approach to the left spillway a bench was excavated"to elevation 1515 ~i 

-'cot radius, as,shown onfi~ure 2Z. Photo~,raphs~of 
on about a 200 f . . ~_,~_ _~:',', ..... ,o,,r.a shown for the right and ! 

stream from ~n~ m~-~j . . . . .  the topography up .. ~ .... .~ ~ @.an~ I~. Fi ure 331B and O 
the left sides on r~ure co A ~,~,* ~, .__=_ctive _ 6 
depicts the flow approachin~ the ri6ht and t h e  heft spillways for a 

discharge of 57,500 second-feet per spillway, i 

Flow conditions were ~enerally satisfactory f o r  both spillways for :~i 
the lower flows but had a tendency to concentrate toward the downstream 
side of the channels as the flow increased. Flow eond'.tions were 
better on the right spillway where the approach depth was greater.and " i 
in all probability could be improved at the left spillway by increas- '; 

in~ the approach ezeavation on that side. ' 

Photographs of the s e c o n d  step spillway s, as ne%o~smended, ~re s h o w n  

in operation for a discharge of S?,500 second-feet per side on figures 
34 and 35. It was fortunate indeed that the same channels and ~lls 
could be utilized for the spillways on both sta~es when it is considered - 
that the veloclti es~ involved were materially different for each stage. 

A photograph of the scour in the river produced by spillway opera- 
tion is presented as figure 38. The depth of scour in this case was 
limited to elevation 1125, which was the elevation of the floor of the 
model Some of the scoured material is shown in a more or less perma- 
nent deposit downstream v~ile the loose material at the base of the 

dam remained undisturbed. 

ower tunnel intake (second step dam). The flow was oh- 
17. P , " ~ ....... - " I fi ere 29 with 

d. acent to the power tunnel intake (stud~ I , ~ • ) 
served a J • - .... ~ ..... h hi~her velocities 
the second step spillways In opera~lon. ^ A ~  ~ 
than for the elevation 1680 dam were involved, no a&vcrse conditions 
were noticeable for any discharges throuT~hout the spillway range. Photo- 
Graph C, figure 38, presents the ~eneral appearance of the intake with 
respect to the second step dam, and photograph D shows ~ flow of ~7,500 

second-feet approachln~ the lel't spillway. 

18  eaddi,ohar e 

and discharge cos roe-crest spill- 

,;~y (figure 32) are shown plo~ted on figure 37. 
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PATTERN OF SCOUR IN RIVER AFTER A TOTAL FLOW OF 
i00,000 SECOND-FEET 




