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Donor, Colorado, !S~.'~?, 1933. 

.% 

By E. .  W. Lano, B o s e a r c h  , . ~ i n o o ~ '  

S u b , o c t :  H~raulic. Modol Exl~ri~nts for ~tho i Doslgn.~' of, :%ho ,i:Boulder 

Dam-'Book. 3- ~.~uan%Itativo l~sults of ~.tho ."F Io~ :In. Spillway'~ " 

Channels and Spillway Tunnols. 

When ~tho dosi~ of ~tho%., 

Dam was undortakon, thoro~ was ~much uncortal 

which it was nocossar~y to considor in ~ing~:plans for ~tho ~spillways. : 

As a z~sult of ~ho modol~%osts~mos% of ;thoso uncor~alntlos~'hnvo :beon 

z~anovod and consoquontly future designs :can:bo ~d~ • wl th ~much ~ q~roa%o r 

confidcnco and.. oxactnous, iIn:.ordor -to ~convoy %0 ~!:thoso :who my:bo:~on- 

frontod with sido~'cham~ol spillway problc~Ds ~in~th8 fui~Aro, fAIO i~om- 

ation gainod by :.thesor oxtonsivo modol ~tos~s, 

obsoz-~atlon. 

) Somo o1' .tho quos t lona  ,~h:" - 

the s p i l l w a y  dos isn~ :~orc 

• tho sido ehazmol splll~a~ 

on small ~xlols .bo ~o11~I upo~ -,to: show ~iquan$1tativoly ~how ~voz7 '~laz1~ 

1 



s p i l l ~ a y ~  w i l l  p e z ~ o ~ ?  ,i(3) ::What, a i r :  content:mu~% ~ be , ~ e S ~ d  : f o r  :the 

~aSer in the che~nel? (4) What shape ~!is necessary :in:.;.~e '*"'-~:"on.--=-o.-~ 

floor in order that a vacua may n o t  ~ tom :benea th  :the :~---~'- 

{5} Will the ,water pass around %ho :ver.tlcal,and ~;horlzontal :be'~s,~.~ 

without undesirable offeots? ~ ,~ ~.~_._ ~_ .... 

. : i  

c o n n e e t i o n  wt%h a n y . s p i l l w a y  .deai~ll r ~  :'~h~wo~Ol"o . t h e ~ ' ~ l ~ w ~  

will be valuablo to. doslgnors of :othor ::spi.llways ~:of.any '-type:,-,' 

The quantltativo :roses on ~tho :first modol aido ,.ohoam~l spill, 

way wore larsoly to ~t~st .tho rollabllit~ . :-ordlnemflyuscd: 

for side channol~splllway doslgn. Somo tests wore~mado ~to~do¢o1~ino 

tho o r rcc t ivono88  or  uido .vano. :ln';incroasin~ i,tho apill~ay,capa:~£,ty ' .  

and to dotormlno the air-condone..~ " ~:- " :-:;~ . 

Tho, obaorva%ions to tost ,,tho :~sldo ~channol ~thoory- conslstod 

in moasuremonts of ~,,¢he~cro.~ soctlon of iflow In itho,.sido ehanuol :.ifor 

v a r i o u s  discharges t h r o u g h  :%ho~m - - 

b a r s  w e r e  p l a c o d  a lon~  ~tho s i d o s  

tho levol of - . tho  ,crost~ ~Thoso b 

t~hoir t o p s  woro ~tn :tho santo ?hor~ 

.the e l o w a t i o n  o f  t h o  w a t o r ~ s u ~ a c  

WLXS, Yhieh :for ~tho :I +~^ .~ . ':"': 

Intorvals in  tho p~to,~ypo. 
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:In e a c h  seo~lon,,enou/~h :~olnts +.we~ : d e t e l ~ n e d  : to  :pezml,~ :-the - 
• ' 'r S ' 

~ x T a ~ e  to  be a c c u r a t e l y ; p l o t t e d .  ,The',or~ss-seo~ions,w~plo%~:,to 
. r.~'" o . : ~'" 

seaie ~ ~:the s~ea of :'each was~ ~e~ormlned wi+~h~,a :,plemAm~ten,.+ ::~?:~p~cal 

set ,r~ O~S.Se c tlons i: la shown :on ~guA~ ~ 29 A+ '+Thla 'is ~ for a discharge 
< 

co~Tespo~dinEi~o "140,000 :,seo. ~-ft. ,:on ~!the l~rototype. /~F~m :~he ,.o~ss- 

seo~lo~ a~ea, Eno~In~ : the+:bott~n+wldth sldo::slopes, t he~mean~dep th  

fl~ was , c o m p u t e ( 1 . . I n  ~the e~pu~ationa : t ] i t s " . va lue~was  ~ u s e d : T o r  ,the 

d e p t h  ' f low i n  ~the : e h a n n o i .  ~iThe ' s u r f a c e  on :ithe , ' s p i l l w a y  s f d e  :was 

:l~m~.snd an :.~he. ~I.~ ,:~ sl~ hlF~her ~han :thls+moan. 

Bymoans of :pi@z~r o1~ni~ in t~.: floor :~::.tho ::~:ehamml, - 

e ~ e ~  ':+~o : tho : g l a s s  tubo '  m a n ~ t o ~ s ,  o b s a x ~ a t l o n s  ~wol~:mado :of 
' + !  

d°w~s~trd + P l ~ s s u r ~  on 'tho bo~n :of ~ho, :o t " ,n 'mol  .:at .f~uP:.polnts+ 'I~ ~ "L I * 

':t~o con~al~ : l l n e ,  , 

~ :~mntltati~ i : obsozwa t lone  ~ on ":~th8 :modo l  : o f  ::,~ho ++0~ 

~l'i~Lnal :,~slgn 'aro, Shown + on:,~i~u~e .' ~0. • +:.Tho ' ~ f t r s t  ::dls~1~m on r:.~ s ' ~  : 

'.~bn ~. ~ ,  ~ - -  ~ . . ~ _ , ~ _  ~ _ _  . .  , 

tho ~adl~ :of the ploz~me~rs, and iZho .c~1~ical :do 
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the given channel section and discharge. The ilevel of the water sur- 

face in the reservoir above ~he splllwayand the elevation o .~1 the 

spillway crest and floor are also,Indicated, The theoretical wa~er 

surface was computed by the method given by Hinds*, which ~is ~based • ~: 

on the assunption that all of 
the :energy of ,~he ~,wator flowl~~ovor ~ithe :~ .... ' " 

crest is lost. Those curves;were:usually assumed to start at ;the height 

of the observed water suzTace at Station :7~00, ~ho lower end ~of ~tho 

overflow section of the side channel, c lowest :station at!whlch 

the cross-scction could bo observed. The ~computation of the:theoretical 

water surfaces was madc by:a Cut and try that ~in 

the ordinary cut and try method 

fact, the operation is really the c~nputa~ion of a ~backwator cut, re 

using the laws of inelastic impact Instead of the i~Bornoullll Theorem. 

Thorc ls a strong rcsomblonco in s0mo irospcc~ i 

of ~! m~:~vos ; ~fo~" oxamwlo in tho,~f thc ~ c 

not extend across the critical 

cssary to have a starti 

worked ups%roam more effectively :than downstr 

a Bupox~riticsl depth, ~ho logical ,start was at :~hO~:k~owa 

e leva t ion  at the lower :end ~of ~ho ~Tho~:co~fO~y of  : the:ob- 

served resu l t s  wi th  the thcory  ~ould , thenbe :shown b y  t~o n ~ o m ~ : " : b o -  

twoon the theo~-~leal, and actual water ..:s~faeo :px~i~s. 

4 



Itwas not always found possible to determine ~the curve'begln- 

ning atStatlon 7900, since itwas;~not>possibleto~ccmpute~thesurface 

curve where it passed through the criticaldepth, l twa~of~found 

to be impossible also wher9 :the c=nputed ~de~t~was ~near ithe ~cri%Imal 

depth. In these cases the curves were started at~a stationTurther 

upstream, thelocationof the polntln:each case being~indica 

lettcr "S" on the diagrams . . . .  

The ~flow line for SO,0O0sec.~ft. discharge in.the chanuel, 

as orlginally deslgned. Was so near the crltical depth thatuno back- 

water curve could be c~nputed~ For the 75,000 ~c. ft, dlschargo~;com- • 

putatlon was made s artlng at~;~tatlen 4+00 and working in both di- 
!L / 

rectlons. It departed conaiderabl water surface 

bel~v Station4+0~,~indicati 

cal depth the wa~or surface 

cri~i- 

this manner. 

For discharges of i00,000, i125~( 

175,000 sec. ft. there is a satlsfactox-y | 

served and the cc ~levels .indicating ;t~ substantial soundl 
] 

hess of the basic theory. 7or the ~c. : 

computed llne falls considerably h ~ho 

end. This may be accounted ~for by ~hat 

uniform discharge per ;~oot of crest ~ was assumed, 

c a s e  t h o  c r o s t  was suhmorgod t o  s u f f i c i o n t  d o p t h  . to  r o d u c e  tho  ~flow~a~; 

the upstrosm e n d .  

5 
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' ,~ j/ 

content of the water, but measurement o • ........ f air by other~appa~mtus, has~: 

shown that this is not the case. T h e  ~caus e of~the difference my be 

that the depth of wa~er :over the plozmmeter op~ were ~on 

1 . ~. .... 'if the center line o f " t h o  channel was :, oss than %he~moan dop~h~of !flow 

In the channel. ~'~ . . . .  ,i/ 

i! The experiments ~wi:th a~welr across the lower ember the "chs 

nml the results :of which arc • shown on .... i /~ , lel - ~ also :in~1 gtlro io; : 

stan~ial accuracy of the basic theory. ;In this so~u~;~i ~/ ..... 
. :,so %he ;flow 

. . . . . .  

for the 50,000 sec. ft. d~scharge~was toonoar the cr Calto enable 

a water surface to be computed, but ifor th 

discharge =~horo is a ~ satisfactory agro~non 

observed water levels, exco~t~at ~the :~!owor ~ond of thc~ ~ channel ~ ~where 

aware was formed which made moasur~ment,difficult.~ For ~ho"lSO,O00 

• " nnl was:idooplyl ~/ SOC. ft. flow the crest at the ui#por o,~.of~tho eh~l o 

t /i submerged a s  in t h o  case of the 200,000 soc.~:f ,;diSc 
! 

prmvious setup. 

The results om sn 

a false bottom in the . s p i l l w a y  channel, so cc 

fil~n the theory developed by M~. Hinds. Whore 

b e  computed there was a ~ood agreement 

wato~ surfacm. For the 150,000 aec. ft. dlscharg, O, thc ~crest ~was also 

deeply submerged. 

icate thosub- 

0 0 0  • 

C e n -  
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~d 
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'e:Xl~X~l~sn~s on the channel fozmed bYl / 

bOt~ in ~the~ om~igir~al spillway as :sho~n~ om;Pla~ l~and I:B, Book }I. / 

~n ~ene~al subsT~ntlate the 

ho~eve~, a. l~eul ia . l"  ?~ fo:r,.n~t~on :oeouI,~ 

i s  m~$ a p p a r e n t .  ~ " " " , . . . .  

.;.- ( 

\ 

? 

spillwa~ ~-~.uu~ :~s ~causod ;:O~L1y :by Ltho slopo o~ :tho ~wa$or i~1"faco 

, tho chauno1::Itsol~., w i ~ h : v a n o s  ~i~t :Is p o s s i b ~  ~o 

of :a Imllo~a~l~:~:l~ r 

\ . - 

of ~hoso ropo~s. 
!: 

t 

A number ,at" :expe~Lman~s * ~ ' o  e o ~ u o ~  ":~o ::de'~nnino :to:what :! ~: ~> 

~ o ' n t  :1.1; we, e P O ~ i i b l e  v#o ;docz, omio :.%ho c o s t  . p ~ ~ by . ~ '  r ~: 

~ti~n o~.tlbo <:ep1:111my "oham~l ,: and .~hus :inc~e~so :$ho "~iol ;: 

~he :+sPillwaY. +ll%hmtt :~mcs ,.j : .: i 
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wa~er and with a current direction indicator showed that the streamer 

water fallin~ over the weir plunges-to the bottom of the channel, thence 

moves across the bottom and flows up theother side. The direction:of 

the current in flowlnc across the channel bottom is shownLJon Figure 

~-A. In the first test-8 vanes were placed on the bottom (R~tn No' 31) 

and their effect noted. [Fig. ~-B ands35.) More vanes, to "totals of 

22 and 37 were then added (Runs 1,1o. 22 and P~ respectively). The re' 

sults of those tests are shown on ligures ~and 35. The average water 

surface for those conditions was not appreciably changed, showing that 

the velocity of flo~, in the channel was not materially increased. It 

was concluded that the vanes wore not sufficiently inclined downstream. 

Runs Nos. 24, 25, and 26 were then made with~37vanos at various gruator 

inclinations. The position of the vanos ifor Runi251s shovrn on Figure 

~-C. These all showed lower water surfaces than withno vanes, in- 

dicating that the vanes wore effective in increasing 

flo=J in the channel. In order to indicate thooxtcn 

be possible to lo~or thowa%er surface if all ~" 

falling over the crest was :used in producing 

the surface which the :,~atorwould have if the :of ..onor~ 

was computed. On Figure 35, the position Of this surface is indlca~ed !~.~ 

by the line labeled "No Loss of Energy." The results of ~heso expQri- 

monts with vanes sho~ed that it was possible to recover only a ;amall 

part of %he energy of the falling water. The r e c o v o r y  was me% suf~i- 

clont to greatly reduce the size of channel-mueoasary, and i~was 

8 
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ev iden t  t h a t  t he  cos t  of  l n s t a l l l n g ~ u l d e  vanes ° f a u ~ l c i e n  ~ - - ~  s t re~thng 

to r e s i s t  t h e f o r c o s  involved w o u l d b e  g r e a t e r t ] ~ a n  t h e s a v i ~  t h a t  

would be produced by them.  

A s e r i e s  of vanes were a l so  p l a c e d  upon t h e  ogee c r e s t .  The 

first of those were plane surfaces curved In the 
of %he chart_ 

nel. (Runs 27 and 28) As the wa~or passed off~he side of these vanes. 

a set (Run No. 29) curved up at the edge ~was tested i(~late 13-C !and D, 

Book i and Figure 34,D.) This gave a botter~rccovory, 
but neither 

case was .the savlngonough to Justify ~tho °xpendlturenecossarytocon. 

struct the vanes. 

Expcr~monts wox~o also Performed with various kinds of longl- 

tudlnal vanes along ithc!bottumand roar wall:o£ the ~spillwa~, both with 

the ~rapozoidal bo~tc~and with th¢ 

on those vanes and did not rise so 

channel. ~noireffoct~as ~o level out the 

ehamm¢,~i, but t hoy  c a u s e d n o  rocovo~y,of ono~ 

for thosoeozzditionswas~t~prectice~ly tho~ 

• have beonwithout ~thovanes. 

l~spillwaycontom. 

. . . . . . . . .  ' . . . .  ~ -  : ~ .  o v e r  -~ho ogoe  w o i . r  and 150: ,000 

t h r o u g h  t hc  S t o n e y  ~a to  .a t  t h e  end o f  . the c h a n n e l .  Tho~dos i~ ;n  . . (F igure  

8) was based on the assumption that the water surface would d~op~as it 

9 
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entered the. Stoney gate opening to.:: a depth:of ~two-thlrds the height :of 

the reservoir level above :the gate sill, as %he.~eonnonly,aecepted 

theory of crltleal flow.would indicate. To ~thls.was applledra sllght 

frletlon loss correction. Downstream fr~n the gate, the;design:was 

based on the o1~linary Hlnds, ,theory ~ for side chamlol spillways, ~The 

flow line ccerputed accordin~ :: to these assumptions is shown on:Ylgtll-e 

36, Sectlon A. In one a comparison is order :to check those  :asstnnptt  

made of this computed mean water sulTaco ~hat aotually 

observed on the model. The agreement ~ is remarkably close, ~:a~co~t in 

the vicinity of the Stoney gate, whore ' t l~  observed:.,-wator:s~aco~ was 

s u b s t a n t i a l l y  h i g h e r  t h a n  the :computed h o l g h t .  T h l s :  d iac r~panoylhad  

no e f f e c t  on t h e  f low ove r  t h e  we i r  p o r t l o n  ofhtho s p i l l w a y : s i n c e  !the 

observed w a t e r  surface~wa~ s t i l l : b o l o ~  rthO c r e s t , o f :  t he  w e l t .  : I t  

does i n d i c a t e  however  t h a t . t h e r e  ts  some d t f T e ~ n c o l b o t w o o n  the  a o t l o n  

of the wa~or f lowing  throuF~ ~ry, o r d t n a r l l y  used 

fOl" such 08808, ~fl~t :~h~4 . . . . . . . . . . . . . . . .  : .... ,> 

Is not a~spoclal lease ls shown 

i~hrou~ the ga te  on ly ,  as~sho~ 

duc tod  e l sewhere .  This'phenomenon ~111 

paragraphs .  
d i scussed  ~ln s u c c o o d l ~  

Although the,  moan water: euaTaeo in  :the c ~ l  : foremost  ::rtms 

S6TOed well wl th the. e~utod: mean .water.:. suxTaeo, there ~uemo 'lazEo ..dlf- 

fe roneos  in e l e v a t l o a ,  oT the wa~or suxTaeo:on tho~two:s ldos  of  !~ho 

channel. On FigurQ 36 are shown :the water surface levels at the 

10 
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sldesamd center llne~ofthe channel for varlous~flowsover theentlre 

rangeof capacity. These showln.a quantitative;way the action of 

the water asdeserlbed in Book i. 

A comparison 
of thedepthof~flow~in!the~spillway channel 

and the pressure on the bott~n:'~f:~bn ~4~ ............ ±~,: 

The flow in this case wasentlrely through the gate. The~solid lines 

show the water surface along the center llnc of the channel,~whlchln 

this ease is very close to the moan ldepth. The dotted 11nes indicate 

the pressure on the bottom of the channel, as show~by.plezcmotmrs 

located on the tenor llne, directly ~ beneath whlch !.the 

wa ~or surface was observed. 

It will be notlcod that at~some:poln~s ~%ho~prossuro on the 

bottc~ is greater than ~ould~bo indicatOd:by the depth~of 
, and 

at other points it is less, :In general, the points ~whero the,pros- 

sure is greater than would bc indlcatedby the depth are ~!located 

:There the water surface is concave, vlc'ced from above, and pressures 

loss than might bc expected from the depth~occt. -~-~ ~=- • ....... ..... • 

surface is~ cenvex. This difference is a resul~ 

Of the r, ater particles. Whore the surfacoils,.~concavc, :otho ~particies 

near the surface are moving.r in curved paths,:~bcgdnning ",vith~a:dlroctlon ~ 

toward •the ~ channel bottom and being deflected from 'this :direction ~as 

they move along. By Newton's laws ef motion, ~they can only be diverted 

from the straight path by the application era force. In this case =:the 

force is applied to them by the pressure of the~particles:movlng-along 

Ii 
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beneath the~. If these particles exert a~force, there~must beta cortes. 

p o n d i n g  reaction. This~reaction, is exerted downward through the suc- 

cessive layers:of particles until the bottom is x~ached andls there 

indicated by the pressure on the~bottcm,~in :excess ~of ~that !due to ~the 

weight of the particles. This is registered/~in ~the difference in the 

height of the water suxTaco in the ~plozometers:: connected to ~tho~ channol 

bottum and the height of the surface of the flowing watcr in the chan- 

nel. Similarly, when the surface is convex, pressure on tho~bottom is 

less than that indlcatod by~tho~depth because part ~ of ,thc :f~rce of 

gravity is exerted in diverting tho-partlcles froth their straight llne 

directions, and it therefore does:not cause ~the~prossuro which would 

b~ expected from the depth of flow. 

Since a largo part of the total ca~aclty_ of :tho~Stoney g a t e •  • 

spillway was cxpoctod .... . . 

of this structure it w~ Lble 

what the discharge cap~ ~, The igenora 

of dlschar~ for those conditions woro!~woll~known, but ~tl~ ,: 

o~'perlmental data~availablo f r u m  which accurate~ Lmates 

made. In order to bo assured that ~tho :full slzo~ Spillway would,have 

the capacity desired, and to furnish datawhlch would enable future de- 

s i g n s  t o  be made w i t h  a c c u r a c y ,  a s e r i e s  o f  e x p e r i m e n t s  on t h e  ~flow 

t h o u g h  t h e  S t o n e y  g a t e  ~oro  pox~ormod.  

12 



During the passage of a maximum, flood !.through the ~reservoir, 

the Stoney gate would operate under four,~conditions: i(i) ~/ga~e~clOsed 

and water discharging over,Its top; (2) gate partly'open and ,water dis 

charging both over and under it; i(3)igate partly open?and wa~er dis- 

charging under it; (4) gate entirely open a~d not ~in contact 

water. 

The flow in the~first condi:tion-was ~slmilar to that over~a 

flat crested weir. No detailed design~for~tho ~ate~had :been prepared 

and since the ~discharge over the prototype would :depend s6~largely~on : 

these details, it was believed that ~ results obtained ifrom ~tho model ~ ~: 

would bo no more rel.iablc ~than could be obtainod~byusir~ the.coeffi- 

cients derived from experiments on flat ~top weirs. Since this dls- 

charge was always small, accuracy :in estimating ~it.,was.not.impor1~nt ~ 

and ther~foro no measurements for this condition woro mado on ~ho 

model. ~ ~ 

~ho socond conditlon was pr a Combi~tioni~of ~he 

first and third condition, since the h or 

gate were small and did not appreciably, intorfero.wi:t 

As the discharges could be osti~mtod with sufficicnt~..accuracy~iusimg ..~ 

this assumption, and since ~it ~ould.havo boon difficult to moasuro~tho 

two discharges, when both.~oro flc~-.ing at the sam~ ~,tlme, :no-quantita~IVe 

results for this condition wore socurod~ 



f, 

"j 

Detailed experiments were* made" to d e t e r m i n e  the/discharge 

coefTiclents for the ~thlrd and fourth condition, as I¢ is under ithese 

conditions that the greatest: dlscharge would ~'rt~ke~p~cee Si~co/dlf- 

ferent discharge formulas: apply to the two<case 

cussed separately. 

When the Stoney gate was partly open~ and no water was ~pass- 

ing over,the top, the conditlon was ~that:of flow through an oriflco 

w i t h  s u p p r e s s e d  c o n t r a c t i o n  LCm i the  ~!,bottc~ :.and t h e  ~two ~ s i d e s  u p s t r e a m  

f r Q n  t h e  o r i f i c e  and ~ c o n f i n e d  :on t h e  : r e d e s  a n d ~ b o t t ~ n  on " t h e  down-  

s t r o s l n  s i d e ,  ln~ w h i c h  ' t h e  d o w n s t r e a m  d e p t h ~ w a s  n o t  ~ s u f f i c i e n t  ~to~,sL • 
f 

m0rge ~thc o r l f i c o .  U n d o r  t h e s o r ~ c o n d i t i o D ~  , t h e  ~bos~ ~'goncraJ ~a 

f o r  d i s c h a r g e  i s  i o 

where  C i s  t h e  c o e f f i c i e n t  r e p r e s e n t i n g  t h e  :~ r a t l o  o f  ~thc m e a s u r e d  ~ d i s -  

@ h a r ~  t o  t h e  t h e o r e t i c a l  ~ ! ~ F l g u r o ~ .  

W i s  t h e  w i d t h ,  o f  t ~  ~ 

H '  i s  *,the ~. hoad , ,moasuro~  f ~  t h c  : ,wator  s u r f a c ~  ~tho .. r e s o r v o l r , , ,  

y h o r o  t h o  v e l o c i t y  o f  

g a t e .  

D i s  t h e  o p e n i n g  o f  t h o ~ g a t o  o r  t h e  v o r t i c a l  hoig~ht 

f t c o  o p e n t ~ ,  . 

14 
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~: .S:ILuee- ~ ,  o u t f l o w l ~  istream~ was  • s u p p o r t e d  i~ by  :.the ~ f l o o r  a n d  

c o n f i n e d  by • t h e ~  s i d e w a l l s  downs tream.~ f r c ~  t t h e  ~ o p e n l y ,  i i t  d i d  n o t  ~'Tal l  

freely as in the:usual case~of :the orifice, and thorofore it~exer~d 

a back ~rossurc on tho ~ orifice ac s]iown ~:by tho ar~o~s : in ~tho trlanglo 

D J E of Figuro 38. Tho p~ssuro acti~ng dow~qtrcarr:and ~tondlng to 

causo flow is shown by tho. arrow ~F ~B/J and %ho ,~ net 

offoctlvo prossuro is thoroforo ~" ~ v y ~ a r r o w s  ~f ~tho 

roctanglo FD J G, which is that/duo toa hoad H,:moasu~d to iltho 

bottan of the gato. 

Abottcr formula thooro~ ~t bc/dovolopod by:moas~Lr- 

i~ both D and H' f~tho most~contractod soctionoflth0 strosm issuing 

from the oriflco, but tho •olovatlon of :thls Uolnt was : not/obsorvod. 

Moroovor. such a form:.ould,havo a much moro -lim, ltod .practical appll- 

cati on.  

The rcsults of tho coofficlont doto~inations:aro 

Figuro 38 and tho numcric~l data J 

which arc filod with thoro~f~00C( 

tho valuo of%hocoofficicnt-C for various valuos:o 

of hoight of oriflco oponing to tholhoad~ ~This cur 

.copi0  or 

curvogivos 

in this r~unnor~in, ordor to m~o it a~ roadily appli 

to othorcasos. "~ 

It is boliovod that bocau~e of the g1~dually~contracti~ 

uoctlon of tho cho.uncl loading to tho orifico, thc offoct of tho Dido 

contractions on tho oriflco is nogliglblo. If this is ~thc caso, by 
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the principle of similitude, the results on the model should be applicable 

to any case of suppressed side contractions and of a ..... 
....... supp~-~, confined 

s~ream below, havinl, the smne.values~of the~ratlo D/H'. In other 

words, to determine the coefficient ~ine the 

value of D/H' and enter the curve of coefficient. 

The data on Figure 38 is fairly well ostabllahed ito values 

of D/H' sllg~htly above 0.8. No obsorvations~were made for hlghor values 

except' i for free flow conditions where the gate did not hold back the 

water but merely touched the surface of freely flowing stream, This 

occurred wlth D/H, =3.42. The ctu~e h~s therefore been extended as 

a dotted line above D/H, equal to 0.8, indicating that the values in 

this range are not well:established. 

Stoney ~ Gate Entirely 09o~ 

With the probable operation of 

Boulder Dam duri~; flood, the Stoney gate would 

if the maximum capacity~of thcispillways was rc 

wore mad~ for rosorvoir~wator levels both above and b 

at El, 1232. 

a8 

4 

Since th~ chsmaol bottom downstream from the Stoney gate 

structure sloped rather steeply and expanded slightly, it maintained 

the stream at a subcritical depth, thoTlow passing through the critical 

16 



depth in or near the Stoney gate structure. In o t h e r  words, : the  gate 

s~ructux~ acted as a control. Under these conditions, accordin~ 

the well known theory of cri,tlca~/flow, the :wazer surface as ft passed 

through the gate should theoretlcall 
--.~ glve a depth of 

two-thlrds the helght of the reservoirwator level.above the, gate sl 

and the velocity head should,>have bean n~,+.~) of this :height, ,or 

one-half the depth of ~t sfll. :How close 'the 

water surfaces came to 'has been 
-~ ~ discusscd 

on page 9. For the theoretical condition the volocitv,head would"be 

33and the area of flow W,P.&I) giving ( in 

which W is thc width of the o oponin~ and His:the height of the 

reservoir level above _the"ga%° sill, the velocity, of iapproachIn the 

reservoir being n@gligible. Substituting 32.2 as:tho valuo.lof.<g, there 

is obtained the formula 

Q= 3 . 0 8 9  WH 3/2 

The results of the oxperimo- . . . . . .  
up ~for.tho formm11 

/, 

in which K represents thc ratio of the observed ire thc 

charge, and also the more useful formula ~! 

,, o .= 

q 

On Figure 39 i~is, shown tho forms of., approach/channel loading 

to the gate which woro:,,oxporimontod upon and 3 of : 

flclonts C end K observed. 

] 
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The coefTiclent values ~for-all :types of entrance with ,the 

topo~phy around the spillway vary but little,Tgi~ng values eric 

rangim~ frum 2.93 to 3.075 and values of E fx~mn o.gso ~'to O.gg6. 

This indicates values near the theoretlcal~lcanlbe obtained with~any 

similar g1"adually contractlng channel and that~.~mmll-dlfforences in 

shape are relatively unimportant. The best resultsat %hci~ghs r flows 

were obtained with ~the TFp IV entrance ~(Run 18). This N~sl ~%o .be ex- 

pected, since the right wall was sot ~%0 ellmlna%o ~thc:sudden cha~oof 

wall directlon at the ~Junctlon of the wall wi%h the-S'tonoy~gate s~ruc- 

turc, and the left wall presented a much .~noo%her surface ~%hnn ,the 

model topo~vraphy. ~no results wlthout the,model topography :(Tost~23} 

show considerably for'or coefflclents, duo ~to the sharp corners <(shown 

on Plato 14, Book i) around which It~was, necessary-for.the~water to 

flo:r in entering the spillway.. 

Although the dlschargo seams to. agile closely with ~he ~theo- 

retical formula, based on the ordinary asaumptions~ 
.... Of/flow %knrouq~h ~a 

contraction in a channel, the water sUrface, as previously mentlom~d, 

departs consldorably from th 

ca~e. The theory Indlcatod 

the r~so~olr to the gate should be 

tlon between the reserTolr surface 

__ .'el fr~, 

surface on Figure 36, Section A, shows a ,:' drop : of . only about o~-slx~h 

of the dlfferonco, or or~ly half that,,i~llcatod,by,tho theory. ~eh the 

seine conditions are shorcn in the observations.of Tlo~ t ~  %he 
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Stoney g a t e  on ly ,  a s  shown on 'F igu re  37. ~xperiments  performed e l s e .  

wher~ show ~8i~ilsLr results * 
• The cause :of :.this divergence of 'fact and 

theory Is not deflnltoly known, but the probable cause ~is the dlffer- 

once previously pointed out in the~prossure In.~the water,and that 

whlch would be expected from the depth, iThe theory whlch~glves rise 

to the one-thlrd drop assumes ~ flow In parallel stream lines, which 

would produce pressures corresponding to the~depth. The .cond£tlons 

of flow with the one-t~ird drop are such that a slight ~difference :of 

pressure could cause a consldorable dlfforence ~In %he sUrface ~iov~l 

without a material effect upon :the discharge° Time was not available 

for a more through study of ~this phenomccna, but it offers a~worth 

while field for further oxperln~ntatlon. 

One of the uncertain design Of itho Stonoysgate 

spillway was the extent to which there, would bo ~intorforcneo:botwoen 

the discharges of the Stoney gate and the spillway crest, Since the 

capacity of the gate is quite lerge, i twas feared that the dra~own 

which would occur in :the reservoir near ~tl lyroduce 

the effective head on the .weir c ~ the 

discharge over it. The drawdown also reduce the 

flow through the Stoney F~ato. A study was ~mado of the model results 

to dotormlno the magnitude of this combined effect. ~The result of the 

19 
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study l s ~ i ! ~ n  onYi~u'e~40~whieh.zehows ~,~tho~!inte~6~.enee when ~ho 

z~Jaez.voir :-Is. held at. El. ~i~2, and '~vamlous i flows .~ amo ~ passed , ~  ~the 

Stoney ga~e. The flow over  the ~r~st w~thout in~elTo~en~o ~wae deter- 

mined bY computatlon uslng ~values of tho~erest coefficient determined 

fr~n experiments with theStoney gate ~closodand thin flow throu~,h,the 

Stoney gate without •interferenQe was computed usln~ the value of the 

coefficient shown on Figure Z7 iwhlch was rdetormlnod r wlth no flo~ over 

the crest. A comparison of the sumof those two computed flowa with 

the flow observed ~Ith both crest• and gate actln~ at the same tlr~o is 

given. This shots that at 1200,000~soc. ft. discharge the interference 

reduced the capacity 5,000 soc. ft. or 2.o%.r- Thls represents 9.2~iof 

the discharge of the ~olr. Since the observed profile of flow through 

the Stoney gate shows only a sllght,,drop do,vn !upstroam/frc~ the-gate 

and since this acts near.the adjaceat end~of the.crest only, a reduc- 

tion of 9.2% seems too-larEo~for the weir alon~. This would ilndicato 

that a substantial part of the Intcrforonco~a¢~ thc flow i/ 

through the gate, Since time ~as not availab3 cial sot of 

tests to detorminc this effect anti,since the~d ~ 

other ~ests is moa~or, the intorfercnco effect may be sc~nowhat in 

error. Visual observations of the ~oI In actlon ~ouldi~10a d one to 

believe that the interference was small and n~re ~likoly ~to be loss 

than 2.5% rather ithan more "~han that~am~unt. 

20 
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~ t l v e  Results on Chamnel o:f'/_ l..P~a_ 
Model M-I 

On the .20 scale M-I model at the Montrose laboratory , 

which was the first type of dr~n gate sDillway investigated, 
cross 

sec tlons of the water 
surface were taken at a number of!polnts along 

the tide channel, for several of th6_ difforent~conditlons 
observed. 

Typical cross sections for three of~these c°ndi~ionL~ ~ s~o-- - ~ ,A ~ 

Figure 41 and loz~iitudlnal profile~,of the moan water s'Tface/for two 

Conditions are show'n on FIF,~ro 42. 

The longitudinal profiles of moan water surface for :four dlf- 

foront discharges on the original design-al, s shown onFigure 42. 
This 

PrOfile shows t.hat the moan~water surface for the design discharge 

rose above the ~ " 
~p111way crest at the Upstream end of ~tho ~channel, and 

to the top of the transition at~the downstream end. Tho~submergenco 

of the crest probably had little or noofZoct on the discharge. The 

hci£ht at the lower end however indicated~that the portal section of 

the transition was not large enough, land in later Inodols dt~wa~ made 

larger. The tv~i ~l .......... 

41 show the hlgh:wave ~hich~formc 

nol at all dlschargos. The offec 

-he 
helght of the wave is also shown. Instudying should 

be remombo~d-th~.t the~floor of the model,for two.of the runs "~;as hlghor 

t~mn for the original dosign.~ ,The effect of tho,,coping on .the back 

~'ali. in Ioworlng~ the height of the ~nAVO and~movlng xt toward She con%or 

of the channel is also shown. 
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Figure 42 also shows the longltudlnal Frofile for the model 

with the raised floor and the ~n. This con- 

traction in the ,transition d~'a . . . . .  ~i~l a .:dlscharge 

of about 175,000 second feet was, reached, since at the :lower ~flows the 

water does not rise high enough to come into contact with !%his top. For 

the design discharge however it restricts the flow~and causes ~the water 

surface at the lower endof the channel ~%o rise conaiderabl~ 

t he  t o p  o f  t h e  p o r t a l .  T h i s  r i s e  i s  s h o w n  .:on b o t h  :~F igu res  4 1  a n d  4 2 .  

Quantitative l~sults on :Ch~nnAl of Models C-4 ~, " - 

Cross sections of the flow Inthe channelof :the .C-4,.model 

were taken for a great many different conditions and:disCharges b u t  

space does not permit them all to bc :included in this r~port, ~ ~Longl- 

tudinal pz~files and typical cross sections for a number :of.runs Jars 

shown in the comparisons of :the results of ~this model a~d %hose ,oh- 

talmud on the M-3 model on Figures 43 and ~I~ 

Similar cross sectional m~asuromonts w 

M-3 model. Figure 45 shows the longi~tudinal pro: 

water surface for the seml.finally~dosi~ned chs 

those obtained with the dentatod baffle on the 

nel, This comparison shows m tho effect of %he buffls in obstructlng 

the flow down the channel, as indicated by the fact that the water aur- 

faces for the sau~ flows are considerably higher with %he baffle in 

place. As the crest of the weir in this model was at El, 1205.4 ~he 
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water surface inthe channel at the upstream end was far above the crest 

of t h e  weir a n d  materially . r e d u c e d  t h e  :flow.~ over : t h e  . - c r e s t  : . t h e r e , e v e n  

when there was no baffle, With %he baffle ~still more reduction re- 

suited. , 

: Piez~eters 'were installed in:the sldes*:of the :channel o~i 

the M-3 model and observations of the pressures ~ for various flows wer~ 

made. For th~se ~ there were no baffles in the chazmol. The re- 

sults of most of these observations are shown on Figure 46. The solid 

line represents the observed water surface in the cha~uel and ~the ,~ i i 

broken llne connects the readings of the piezome~er heights, ~tho height ° 

of each piezometor bolz~ recorded vortically above the ploz~etor 

oponin@. .The dlffer~nco between ~ the height of the plozc~tcr sum- 

face and .the hclght of the water surface 'represents mainly the:excess !i 

or deficicncy of pressure duo :,to the impact of the flo~ing water. 

In this difference is also included the offoc~,,of air:in%he,water of i 

the channel, as explained on page 34. ~Tho locatlons '~of, excess pressure, 

in general, occurred.on tho:bott--.'~ ,~'~ '~ ~- 

on t h e  roar. sldo st abovo:.tho 

the struam of watl ,.first~ falli 

across the channel bott~, is forced to change 'its dlroctlon of flow 

• abruptly. This excess pressure is the reaction: of the force exerted 

on the moving wa~cr to cause the change in direction:of flow. In 

general the maximum Intonslty of excess pressure is a greater propor- 

tion of the depth in the channel for low flows, since the drop of the 
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water passi~ over the welr was greater whlch~caused,a ~reater ,velocity 

and r e q u i r e d  a greater force ~,to defle6~it, w a t e r  in t h e  

channel was also loss for the low dlscharge, x~ exerted 

less cushionln~ effect. The ~t grea er ~tho idepth of water, the ;morc :the 

stream tended to sproadand the intonsity~of pressure was thoraforo 

smaller. This is no doubt~also one reason why:thomaxlmum intensity 

C~ oxcoss prossuro is groatcr at the ;foot~of~tho than , on ~tho :roar 

wall. Another contributing factor in this effoc the ~in~ac,t~and 

friction losses of the watcr roll tho !bott~n of tho:channol ' ~whlch ro- 

ll 
ducod the velocity of flow and !thc] )re thc pressure required to de- 

flect the water. 

Onoof the surprlsln8 rosults~of ;the prassuro obsorvatlons 

is the existence Of ra reduction of pressure part way up the roar:wall 

of the channel. This was not an obsmrvatlonal:orror, slnco it appeared 

on all thrao models tested. The cause of ~thls roduotlon 'in pressure 

is not apparont. 

surfQcc intho cha~mol for,a given:dischar~c s be indo~ndOnt of 

the magnitude of the fall of the water coming inover tho~oir. That 

this was the case on the M-3 model is sho,~n on Figure 147, on whlch:aro 

compared the moan surface profiles in the channel for various dis- 

charges with the drum gates in different positions. With the ~atos 

24 
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raised the ~servolr water :levels were.~higher :.'and i, ther~, fore the ~falls _ 

to the channel level ~re greater, :The profiles ~ on Figure ~:47 :~show 

21o consistent variation of level with position of the gate, which 

tends to substantiate the Hinds theory. 

Similarity ofModol -~Prototypo~Results 

The purpose ~ those studios~of~the~] 

to develop the bostfor~of spillway~for tho~u~usualconditionsexlst- 

Ing at that structure. Theproblamwas attackedby~means~of hy~!aulic 

model tests, a~d thedesign devolopod was tho~ono which %hose %osts 

indicated would perform most satisfactorily~wlthln practlcalcost llml- 

tations. 

The soundnoss of the conclusions ~roachod however depends:upon 

thc accuracywlthwhich the action of%he,prototype can!be prodlc~d 

from obsorvatlonson models. This~polnt~has{boon thcsubJoctof con. 

sldorablc controversy, and although confidence in model testing results 

is rapidly growing, invlowof the unprecedented nature of%he StruCl 

tur~s involved, itwasboliovod%ha~ s~i~s~udies ~to~furthorostabllsh 

the rmllabili~y of model tests wcro:also~Justlfldd. 

can be investigated from two~s~andpoints. ~iOne of the 
0 . . . .  

thcoretlcal reasoning based on the application of thc known?laws of 

hydraulics and mechanics to ~thoactionof both~modol and prototype. 

The other is fro~thcotandpolnt of oxporimcntandobsorvation. ~Bo- 

c~use of the complexity o£ the problcm it is not safe to depend on- 

tlrolyupon either one of those methods. Progress has been ma~oln 

the past by uslng both. 

spillways was 
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The theory of model testing has been worked :out.ln consider- 

able detail, and excellen~ articles on it lhave appeared In many publi- 

cations. These have very conclusively de~nonstrated the reliability 

of model tests, when certain practical limitations are•kept in mind 
i 

In connection with these experiments considerable attontion~was given • 

to this theoretical ~hase of the ~ subJoc~t, but within the ifield covered 

by those tests the theoretical considerations have already been so well 
by the orporiments 

worked out that little was~ added/to oxistln~; knowledge. The Lprlncipal 

ol~phasis was placed on the other anglo of attack, the cxpcrimenta1:con- 

firmation of the theoretical deductions. In this field it:is believed 

that a conaidcrablo addition to oxisti~t knowledge has boon made, !It 

was, of course, impractical to makc comparisons ~ of tests on the model ~.~ 

and prototype. By ,making tests however on models extending ~ovcr acon- 

sidorablo range of sizes, if nearly Identical results wcro~socurod.on 

all of them, a furthcr extension of sizolto that of the prototype 

could be cxpoctcd to produce a similar result. 

size models as near as practical to" the prototype :slzc, any uncor~alnt-y 

in the c~nparativc ~-ction of model and prototy 

mum. 

Duo to th~ fact that the results of 

larccly a cop!irmation of the conclusions reachOd by the ~dol,: ~thoory, 

rathcr than additions to the theors, itself, a~Jd to the fact that those 

who have delved dcoply into the model theory need little proof of the 

reliability of model tests, the resulCs of the experlmonts have boon 
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presented without ex~ensiv~ discussions of model theory. In.this form 

they are believed to be more usoY~l.to the en6inoer enf4agod in desiL:m- 

in~ similar struct~:~-,s and more convinci~ to those who:may~not al . 

ready be convinced of the r'~llabili~* of modo1 t~.~La. ~It.ls!believed 

however thLat those interested in the more theoretical phases.:of :tho 

subject win find tl~.c rn~sults:of value, ospoclally the 'quantitative 

cozJparisons of the results on the t.hroo sizos~ of!final dmsign modols. 

For thc bencflt of those who are not fa~iliar wlth, but~would lik0 :~o 

study the theoretical phases of model testin~ of 

some of the bozt artlclcs doalln~: with it is 

C 

C Si,m, i larity of~Rosults-on M-3, M-4L.an~ "4~Modols 

For ~ hydraulic model tests ~'to give ~tho~samo results ~as ~thc 

prototype, not only must the modeL,: bc geometrically slmilarJbut .there 

must a!so be sim -" ~- ' - ilai~t~ of the ~orcos ~Involvcd, In ~,onoral, there are 

throe typos of those forcoz;* (i)iinortia forces, (2)~viscosityi~forcos, 

*The Use of Models in Aorodyna 
~otjons. Trans. Am, Soc ;. ~, ~ j ,~#.225 ~! 

~ d  ( ~ )  • , • . . . .  , g ~ v l t y  . o r c c ~ .  I t  i s  n e t ~ w ~  

=imilarity of model and prototype, as 

~ain an exact sizilarity of all of these fo~" 

rain of those forces so Drodomi~ato that thc effect of not exactly 

duplicati~ the others is no~liciblo from a practical standpoint. In 

the spillway models the viscosity forces wcrc rolatlvoly insignificant, 

For such~ conditions goom,]trical sizila~,ity of the model and prototype 
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will insure cumparable~results. The o~ly point In the spillway tests 

at which the viscosity~ferces were slgniflcant :was.;in :the~model~ ef ~the 

spillway tunnel at the Montrose laboraters,. Thls/c~se was taken~care 

of by cons~ctlng the:model tunnel to a: grade :which would compensate 

for the relatively o-Toator~.vlscosity-effocts of ~tho model. 

The similarity, ef the action ef the M-3,:M-4 andlC,4 models 

is shown by the ion~l ~inal profil0s ef~ mean watcr surface en;Figure 

45 and the typical cross sections on Figure ~44. On the whelo~tho 

wore not measured, butwore ostlmatod frez~ ~" " 

an assumed cooff@clent. ~7or ~tho lower dis, 

coQfflclont is now known to have boon ~too high and: consequently ~tho 

discharges used woro~rolatively loss than on thu.ethcr m~ols,~Thich 

probablT~aecount~ for ~,,~ho lea, or water surface)leVels the 

.~ 4 

I-'I00, models. ~hls is 'alno -sho~rn on ?iguro;48 ~whlch",:ccmparos ~tho 

wa~or, cross, soctlon~ at ~Station ~4~00 on,all three,models. ~!Thls~flguro 

shows-the general similarlY/of ~he action ofthose, modolu. 

Slmlla~Ity~ of ~s .ult.~ on ~~.!~l_ Des.ign~ N_,:,d.o.1.~ 

To further:establish the re!lability of!predictions of the 

aetlon of actual structures from the results of tests en models, ~ox- 

tonslvo cumparlsons wcrc made of the results obtained on :the 1:20, 

1:60 and l:lO0 seals models of the final spillway design. In general, 
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the results were very satisfactory :and materia!ly strengthen the c~se = 
4/ • 

for the reliability of model tests~o The results arc shown In 

on Figs. 49 to 60. 

Comparisons of the water levels for the various flows wlth 

the crest gates down are shown on Figs. 49 and 50. Those 

close a~Teomonts of the watersurTace ~levcls, oXCeD~ for 

t o~ the surface which seams to exist in he I.~0 model near the downstream 

end. The cause of this is not apparent and unfortunately %Lee was not • 

available fmm to study it inmoro detail. 

Lon~itudinal profiles of comparable conditions on the 1:20 and 1. 0 

models with crest gates ralsod to various heights isshown on Figs, 51 

and 53. Cross sectior.s of the water prism in the channel for %he same 

conditions arc shown on Figs, 52, 54 and 58. The l:100 model had~no 

movable gates, and therefore it was not included in thlsJstudy, iThe 

agrccmont in thsso Cases, was also good. The rise previously~mon%ionod 

appears in these also. 

OnFig. 56 is shown a comparison of the v.ator surface for the 

same dischar.~o with satos~at ~various olo~ 

ly. As previously oxplalztod, the.agent ~of 

indlcatos the roliablllty of the a~s1~Iptlon ttsu~  sido 

spill~ay design that the entire energy of :the :ovoxTalllng water i 

sipatod wl thout causlng lon~Itudinal flow in the spillw.ay channel, 

The pressures acting on the weir and in ~ho side channel, as 

shown by the plezcmotrlc observations on the l:~0 and 1:60 m~ola azu 
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shown on Ylgs. 5? to 60. Considerir4~ the difficulties ~of obtaining 

consistent piezcmetric readir~,.s where high velocities and impacts are 

involved, the results are very consistent and cc~uparable. In general 

they show the smae pressure conoentrations~and reductions as ~he 

observations previously described on tho M-3~mod~l. iThe pressures on 

the weir andon the~drum gates will be discussed in moro dota~l in 

Book 4, of thls report. 

F i n a l  G a t e  O p o r a t t n ~  P r o g r a m  

A c o m p a r i s o n  of the a c t i o n  o f  ~ h e  z t h r e e  ! 6 a t e  ~ o p o r a t i n g  ~ 

s t u d i e d  I n  d o t a i l  i s  shown  o n  P l a t o s  l l ? a n d  !122 .  Tho s i m i l a r i t y  

of action is shown by tho oloso agroemont of ~tho wator surfacos ~ in all 

cases, both in tho lon~Itudinal~profilos ~ofmesmwator surfa~o shown 

on Yigume 61 and the cross sections ~shown~on Yigur~ 162. Tho only point 

at which the surface lovcls dlffor approciably is~at~Statlon~4 + 25 for 

the 90,000 soc. ft. dlschargo. In,this caso tho w~tor surface for ~tho 

program adopted rirs0S somowhat higher thaa ~.~tl  

This is not bollovod to bo i~u~ortaat for cs~olally undosirablo, ii i 

Flow in tho Spillway %~Ition 8act 

Tho soction~ of _the sido 

was mado~frcm tho,.~rapozoldal soct 

lar soc~ion: of tho ~tunnol, roforrod to in ~this,,roportl 

rich," was a trau~sitlon scction ~1ot ~ only from~tho standpoint of -tho 

shapo of tho channol but~also from tho_standpolnt of diroction:of flow, 

1o change 

Io circu- 

he ~ "trans1- ,~ : 

~0 
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f o r  i n  i t  w a s  made the  e h a ~ e  : ~ f r ~ n : ' s l i g h t l y  i n c l i n e d  :to s t e e p l y  ":In- 

e l i n e d . f l o w .  As :,the w a t e r '  e n t e r e d  . t h i s  , ' s e c t i o n : w i t h  ',,an ~ i ~ t i a l  :,-Telocf%y 

in a slightly :inclined :direction, :the change ::%o-a-:steePly~nollned:dl. 

r e e t i o n  c o u l d  n o t  : be ~ made : ' suddenly- .wl thout  d a ~ e r  ' . that  '!the w a t e r  : would 

no t  r ~ a i n  i n  c o n t a c t  w i t h  ~the b o t t o m : o f  :the~ c h a n n e l ,  ~'. 'or:mlght~fOm 

p a r t i a l  vacumns ~ be tween  t h e .  w a t e r  s%reem~and ~the ?channel ~:floor,  which 

migh t  make and b l e a k ,  c a u s i n ~  ~ i n g , : o r ! p u l e a t i o n s .  This  ~ : s i tua t ion  

is vox'y slmils~ .to 'that of 'the ~flow ~:.ovem,an :Ogoe.:dam, :but"tho ~..undeslr- 

ab lo  r o s u l t s  o f  ~11Ch a c t i o n  mi~ht.bo~m~A~ ~,sovor~ ~ than : , fo r : a :dsm,  .:on. 

account of boing gono~a~od in. a partlally~.onclosed :spaeo. ,Tho - slope 

of  tho t r ~ u s i t l o n  bo t tom was t h o r o f o r o  de s i~uod  ~ somowha t / : f l a%to r  t h a n  

tho traJoa fox-/ of a- fr~oly falling:,s~ream'.:.having :tho ~ini%ie~ ::.volocity 

and dlroctlon of tho :water onte~in~:tho, soctlon. 

Tho action, of tho.:wator :', in :,this '. :caso : : : :~was!ac~owhst :~ ' .: ,11.-. 

eared  howovor by tho c o n t r a c t i o n  o f  tho : s t r g a m  : in  :a '.. h o r i - z o n ~ l  , :d l roo-  

%ion '~,)..~nd by o t h e r  u n c o r ~ a i n t t ~ s .  I n  o r d o r  . to ':bo , : sur~ !:that , v a c u ~  e f -  

f e c t s  would be a b s o n t  t~h~rofore,  p i o z o m o t o r s  ~ o r o  :::installod ~,.in~:th~ hot_ 

t an  o f  Sho t r a n s i t i o n ~ . a ~ l  ~:the P Z e S ~ x ~ s w o r o , , o b s o x ~ d .  : :Fi~o.:~37 shows 

tho. elon~.lo: o~ -$h9 .,wator. in o~o.n ~ubos ~ conuoolxxl :to ~the ~piozometoz~ " 

at tho po~i~ion~ i~Mlicat~d ~in ::tho ~z~u~s:%ion ..of ':the 'Ston~>Gate ..Sfde 

CMannol Model.  ~ h o  heavy  :: l i n e  shows :She : o l a v a t i o n  o f  :th~ : . ~ i % i o n  

invert grade. The helght'ef+~e::ple~trlc:lovol~:above ,~he .!inve~ 

grade gives t h o - p ~ s s ~  of the->wato~ .on ~*the ~z~msi~ion:÷bo~an~em~ ,.~hoz~ ' 

plezemetrlc heights .ax~ belov ~he invo~t-~t4e, a':pax~ial :va~ is ~ 
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d i e a t e d .  The r e s u l t s  i n d i c a t e a  s l ight :~vacumn a t  ~ h e  l o w s r ~ e n d ~ o f  "-the 

%Tans i t l on .  The z ~ s u l t s  a t  p l e z ~ n e t e v  ~No~ 3 7  ' ; a~  p r o b a b l y  ~hlgh, ~due 

p e r h a p s  to  a d e f e c t  i n  t h e  p i e z c m e t e r  opQning.  T h e s e : o b s e x w a t i o n s  

war~ t a k e n  With t he  o n t i r o  d i s c h a r g e  pa~s tn~  t h r o u g h  :the ,S toney  : g a t o .  

Wlth pa~t of the fl~ comln~ovor :thn spillway~cz~st, which~is ~tho 

nozmal ~oratlng condition, tho inltlal vo!ocit~y: enterin~ ~%ho tmansl- 

tlom would havo boon loss and:"havoTosuitod :in a~:stcoper t~a:Joc%ozT, 

which Would probably not havo causOd no~ativo prossures. 

Tha prossuz~s on :tho : transi tlon: bottom of. the ~ som~-~Inal 

1:20 modol (M-3) as i n d t c a t o d , b y  tho  p t o z o m o t e r s  a long  ~tho~:conto~.~'line 

alw shovrn on F l g u r o  63.  ~ r' "UPP O r  '̀~ s O  ~ show ::tho ~ rosu l t s  f o r ' v a r i o u s  

d i s e h a r g o s  on tho  ox~lgizMLl~ dos ignp  w h i c h  ~includod ~no b a f f l e s . ,  :.Tha 

middlo s o t  sho~s tho r e s u l t s  ~ i t h  .tho d e n t a t o d  b a f f l o  :,and : , tho :~ , lowur  

'set tho e f T o e t  on tho , o r i g i n a l ' d o s l g n . w i t h  ~tho samo~dlschargo~.:and 

~ a t o s _  a t  v a r i o u s  ~ o l ~ v a t ~ o n ~ . :  i ~ • • :~i~ ~ . . . . .  

Tho ~osults show tha% undor all~ conditions thoro ,r ~ . p~i-- 

t i v o  pz~ssum~s on t h e  t I ~ u s i t i o n  b o t t o m  and t h e r o f o r o  ~.v~cuum o f f e c t s  

need no t  bo expec tmd .  The :.high p r o s s u r o s  i n  tho f a c o  ~at ~ho 

en~ranco to  - the : t r a n s i  r i c h ,  s o c t i o n •  was .duo ,~o ';~rt~ ',VO1OC ity ':of a p p r o a c h  

~/ tho ~ator flowing in tho charms1 soction. .Tho dentatod bafflos 

i n t o x T o r r e d  vrl t h  ~tho. piozomo t o t s  a t  ~thls .  p o i n t ,  and '~_~he . ]~ro'ssuros • az~ 

. thore fo ro  no t  shown: by tho:  middlo  s e t  o£ r o a u l ' t s  ~ on i~Fig~re ,, 65 ~ ~.That 

tho p r o s s u r o s  dopondod  upon the  ,f lo,~,  but ,  v~ex~ pzac t i c a l l y  :~imdopondent 

of th~ qhannol or ~ir cz~st conditions-is indlcatod by'%h~ :slmlla~ity " 
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o f  t he  r e s u l t s  o b t a i n e d  wi th  and ,w i thou t  the  d e n t a ~ e d  ~ b a f f l e ,  'and ~the 

c l o s e  agx~emant of the l~sults for~an 80,000 see. ft.~dlsc~ifor the 

drmn gates held at various ~penln~s. 

On Figure 64 is shorn the water surface :and plezcmetl~Ic llne 

observed on the 1"20 final deslgnmodel (M-5)fori'the gates down. .The 

plezcmm tl'Ic lines are considerably below thelr- coz'respondlng~ mean';vm't4~T 

surface lines since the water was aeeelerating~u~er the~s 

gravity and did not have as much welght~as:~normally ' ~ence 

exert as much p~essure. In ell cases there wasa positive pressure on 

the transition bott~-~.. The water surface In directlons~nox~ml to ~the 

flow are shown in the varlouscross sectlonsglven on Figure~64. ~Ob- 

sorvatlons were alsomade~c~ the surface leve ls ~ and piezcmo~ricpres .... 

sures for the cc~ the d r ~  ~Us ,:, 

positions. The results a&Teo~so closely with thos, 

sam~ d i s c h a r g e  w i t h  the  ~gatos down ~:ithat t h e y  a l -e  ;n 

or t h e  unee= lnt oe i n  :the dosi ior s ldo 

ways has boon i n  r e g a r d  : to  :the a i r  c o n t e n t  of  t h e  w a ~ r  
w 

c h a n n e l .  ,The ~flow o v e r  the  s p i l l w a y  c r e s t  f a l l s  : i n t o  t h e  w a t e r  ~in 

c h a n n e l  w i t h  c o - . i d e r a b l o  : t u r b u l e n c e  and~ca rT los  i n t o  and mixes  t h r o u g h  

the c h a n n e l  w a t e r  q u a n t i t i e s  o f  a i r ,  whlch occupy, space in t h e  spillwa7 

c h a n n e l  euxl t h e r e f o r 9  n e c e s s i t a t e s  tha~ a d d i t i o n a l  space  be p r o v i d e d  i n  
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v o l ~ t r i c a l l y  o r  by  a w a t e r  m e t e r  and the  a i r  volume was de~erminsd  

f r ~  the  i n c r e a s e  in  t he  v o l u m e  o f  rthe a i r  i n  the  t a n k ,  as  o b s e r ~ d  

on a" gage g l a s s  on t h e  s i d e  o f  t h e  t a n k ,  c a r e  b c l n ~  t a k e n  t o  have t h e  

a i r  i n  ~ho t a n k  a t  a t m o s p h e r i c  p r e s s u r e  and a t  t he  same t ~ p o r a t u ~  

whenever  t h e  volume was o b s e r v e d .  

The t h i r d  method was u s e d  in  the  f i n a l ,  

Mont roso ,  as  a . c h o c k  on t h e  sccond ~ method.  Through the  windows i n  t h e  

~ar wall of the spillway the size of the air bubbles and othoir average 

spacing was noted by several different observers. From this data the 

relative volume of water and air could be computed. In a similar man- 

nor as estimate was made of the air content in ~he highly disturbed 

flow at the contact between the overfalling nappe and the ~wator in the 

channel, where the air content was probably a~ maximum, 

:Accuracy o f  Methods 

The first method ~of measuring-air :Content iz 

stm~ption t h a t  ~tho flow o f  water 

p i o z ~ n o t o r  is non~al  to  t h o l p i o z ~ n o ~ o r  

accoloratinE. This is only approxlmatc 

:hannel in ~ ~he 

th~ 

spillway. Observations on ~ploz~tors located at varlous~ the 

channel described on pa@o 29indlcato that high'local pressures agalns% 

the floor and walls oxlst at cortaln points. Whether or no~•such pres- 

sures Would act. at ~ho location of the piozomotors for measuring the 

a i r  c o n t e n t  l s  u n c e r t a i n .  IX they  d i d a c t ,  t h e y  would no d o u b t  b o ~  
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lesser magnltude than the severe pressures shown on,page 2 9  but the 

affect might be~enough to-cause appreciable error in the~small ~**~ 

once in pressures from which ,the air content.was ~determined. / 

lower end ~of the channel the water was accelerating and thoroforo,~did 

not exert as much Pressure on!the ~bottom as its /dopth~and normal wolght 

would indicate. This effect appeared in :the difference between the ~vo 

heights from which the air content was determined and producOd serious : 

errors, as the results at this point in scmo cases indicatod nega~ivo 

air contents. In general/It may be said ~that while this method mlght 

give good results under certain conditions, :It was not very reliable 

for the conditions existing in the modo'l spillways tested. 

second method should give reliable ro~lts >if:a repro' 

sontativo sample is secured, ~ possible sources/of error wore 

leaks in the air ~ank and the possibility:that ai'roscapod frith :~%ho : ~ 

water discharged frown the tank. The tank was :tested :by allowing:~it ilto 

remain long periods under-pressure and since the Ixrossuro did not.~,~ 

it is believed that 

air escaped with the 

v o e s o l  of water, no airbubblos 

The most representative :, scruple. ~would be. secured :if ~ the orifice 

through which the sample wasl taken was so placed :~that lit :caused as 

littlo disturbance in the flow lio ~ . . . .  
n ~ in its vicln~ty as possible. :In 

thoso~ experiments the samples wore drawn out through a ?/8-inch brass 

tube with its open end pointed upstream. If all :the water flo.~Ing 
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directly toward the end of the plpe was taken into tho:plpc it ~7ould 

cause no apprcciablc distribution. <If:mercier loss'water ~Tas~ 

in, some deflection of the s~remn llnes :r.ould rmsult. Since thc air 

would have less mass per unit of volume than the ~:atcr, ilt might ibo 

expected that the air ~.'ould be more cagily dofloctodtb ..... ~ ..... 

If the sampling :tube was taking in more of tho,mlxture 

directly to::'ards its end, "t - 
z .ould be drawinciin the adjacent currents 

and mig.ht therefore draw in rcla~ivol~ymoro air than r;ater. If;'it ~ 

took in loss ~ator than was directly approachlng~its end, 

be deflected auay, and since the air r, ould~bo more easily 

the .~,ator, rclatively more air than water ~,~ould~b'o doflocto 

s~plc ",~ould contain less air thanlilt~should. In the tests 

~;as made to have the sampler take just thc quanti~y of •water ~hich was / '~' 

directly approaching it, but the c~nount:~t~ken ,was believed to bo,suf- 

ficiontlx close to the desired amount t ............ 
r 

the true conditions. In ~o~n~1 ~+ ~ 

measuring air content in thc w,~.tor ~as 

valucs accurate enough for:prc.ctical purposes. 

The third method, .~h~t,. of cstimr.~ing,the size n.a o~.~: Of 

the air bubbles, can not~ be regarded ~%s ~ accuro.~o~ method, butS~was 

used as a check on the results obtai ~ "' " 
• - nod by thu Second,method. By hav- 

ing a number of Independent observers, a more tellable ostin%~to ~vas 

secured. It should be noted ho~vevor that slnco the air contents wore 

always low, a measurement recording only • 75% Of the true volume of air 
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would give a :per cent of,air content differlng very:~little from the 

correct value. Forthls reas°n hlgh accuracy of results~was~not notes_ 

sary. 
'! ! 

of Air Content ~asur~h~ 

in the first side channel spillway, i(C-2,model)Piezcmo¢ersiworo con_ 

nected to the bottomof the channel on the~centor 'llno 'o£~tho~channOl 

at four points in its length. ,The/per: cent lof air content w~s cstl- 

mated from the dlf£oroncoii~botwcon thc olovatlon in the ~tubos~connoc¢ed 

with the plozoe~tor oponlmgs ~u2d, ~ the average oievation~of the ~wator 

surface in the chanmol at that station. ~ bservatiomm~ero made with 

the trapezoidal channel (Figures 29 and 30 th 

the channel Figure SI, ~ho results of the es~i~mtes of air content 

obtained by . this method is given~on Figure~ 

variable, extendin~ ~. ~@~ ÷^ ~ .  
~, h averages ,co - . naidorably hi r 

than shown by the second method, .lit is possible ~that.~cios~r.agroc~nont 

would have been secured if. the olova 

had boon taken as the water,surface. 

C 

opening, instead of tho~averago surf~ 

A distinct reduction of air.con~ont : 

the channel, duo no doubt to the roductioni:of ~pressuro of" .the 

the bott~n of the channel as~it accelerated .'in starting down-~i 

cllnod shaft. It is no~ bolloved that the results obtained by this- 

method are as reliable as by the second method. 
P 

38 



ed N _ 0 I n  . 0 : m 

T T 
31~ln"loA ~o J.N~ID M~I~ NI J.N3.I.NOD WI~' 

• I ,~ . . .  ¸¸ 
I . -  

~r~  

il 
I ~ : ! ~ ? i  ¸ ! i~ i ! i  

~ii:il i ¸̧  ̧i l  I ~,ii 

!~i!!~i ¸̧  i ̧ i̧li i i i !i~ i 

i!i!i:i i ̧ L ~i~/ili 

i :L/:  ̧ ¸ i i ~  

~ i il i ̧ 



~asurmmen~s of air content we 

at t~ c:~ss sections in :the:1~ree crest~ 

The first one of ~these was at the middle 

se tend,: me 1~hod 

( 

" ~ • " ~ ~  ~ , , / ~ i ,  ' i  r 

in the region of the 'core ~ air whlch, r~ the!the;contort:of th e 
Beak ~I 

channel, as doscrlbod-on at 

WaS 0.~. Tho rsecond Cl~ 

F 

iS near the lower end of the channel. ,i(~At thisrCndOf tho 

water passing over tho~wolr ~c~st~/foll a greater distance ~to~the ~chan- 

nel surface level, ~hlch caused more ~,t-urbulon~ :air c0n- 

tent. The maximum content in ~this case was~6.7%-and ~tholaverago~as 

2.~%. These contents are~basod on air~,at~a~nosphoric,pressurea~aro 

slightly larger than for the, pressures ~hich ~ exlstod in~ttho .... 

On the:M-3 modol~observationsJwerc~madc by the ~socondlmOthod ~:. 

at throe stations along ,,the ~spi  '~:shown~oz 7. ~Tho ~ii~- 

suits are, n o t  ',ve~ ) ~.indi care ~:$, 

d o w n s t r e a m  e n d .  ~ 

t h e  largest of the t h r o e  and ~only ~i.08%. 

On t h e  M-5 -model .~ations were~mado by ~ the-secOnd~hod 

t h e  l a r g e s t ,  a v e r a g e  c o n t e n t  was o n l y  i1~09~.  
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Observatio:is by :the third method : of the air content for 

200,000 s e c .  f t .  d i s c h a r g e  : n e a r  :the Windows,  ' 
or the side channel avereged 

f r ~  the seven~ o b s e r v e r s  ~0.18% a t  ;the ~upper, 0 . 8 ~  

1.30% at the iower window. The estlmates: by %he various observers dif- ~ 

fered considerably relatlvoly, but in no case more than 1% 

congent frc~ the avere@e. .The poin%:at which, the 1;30% was .°bserved)i 

at the lower Window was very close to the:locstlons a t ~  whichthe 0;~% 

ft. discharge as shown on Fig; 67. "~ero :again'thoagrooment, although 

relatively not close, shows only~about: 0.6~% difference in:air content. 

The fact that the " 
,alr content was s~was further demonstrated :by ~the 

comparative tramsparoncy of the water. If :the water had con~alned :a 
C' 

largo prop6rtion of air it:would have becn opaque, or~.translusont, , : - ~.:~ 

rather than  nearly transparent. 
~3 

i 

The estimates, ::by tho ithlrdmothod, 

highly disturbed portion of the water noar.,~,thc . 

taken near the center of the length:of tho,chamz 

creased as the dlschargo became less, :duc:no.dou i 

at the lower discharges. The quantitie 

and 9.0% for discharges ofi~200,O00, 180 i 

soc. ft~ OCtlvol . This sheba that:a% the dos!g n dlscharge, oven ~:. :~ :i 

in the most hi.e~hly disti;~rbod,portlon., of the channel, the air:content-iis..:~::i.,~. '" ~":: : ~~i 

very small. The air contents at low flo~s are not.'.ilaportant because 

under those conditions there i= ample c~annol capacity. ," 
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The relation be~een .the airc ~el a~d @hat 

would C~cur on the .P~totype '.-is not:wel3 

coslty of the.water is :.relatively greater for 

the model would be "relatively: much --:i.~. ) 

,t,, ont ln 
as much air. Where. o~yorttmity ~has existed to :observe '~ 

• b o t h  ! 0 ~ : ~ t o t y ~ e  
and model of hydraulic structures 

, the flow: ~in the: prototype ~ appeared 
to be ~rolativoly much rougher: and carried 

~. more 'foam ~ and, mi s t. 

In the model -sPillway channels t? .... 
le 8" 

into the channel, was subjected tea pressure 

few foot. In the prototype, howover,~, it would bo~subjected 
• ~'/ 

qu  itj.y : : . . ,  ' :  this pressure, and ,cerise :the same quantity of 

rmlatively.much smaller space In"~the prototype .... Thos 

tend to offset-each other, fan d .tho..model r o s u l t s  a r c  !therefore.:probably 

mot far from those which would result.on :tho i,!orototy~. 

r 

The model 

as finally designed, 

negligible and it was therefore neglected in the" design of the aide 

channel a~thou~h am allowance of about 35% air 

the " 
tumuol transition section ".to insure a free alr~svace, above the water. 

At low dischargas the air content mlght be aP~roclable but thls,wOuld 

mot control the channel size. The coz~itlons were favorable ! 
for low air 
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content at maximum ~l~w8 however, as :the spillway channel~had a ~rela- 

tlvely large cross section and ~the drop of the water~over';the~cres¢ ~:~ 

was small. 

For designs at other dams it will also • usually be economical 

to ihave::a low drop,but ordi~rily a Smaller e.hannei cross s~c~ion will ~ 

, be ~ed, because the deslrability~°f:'smOothTlow~down~ the chute will. 

u~aally not be so important as in ~the :ease of. the 'inclined tunnels,at 

Boulder Dam and smaller charm@is will'be cheal0er, ~ :Wi%h~a smaller 

channol,~ ~; section or grea~er drop, the: air i content will~probably be 

higher. In designing spillways whore ~the air, content will be great, 
.... i 

it will be worth while to assume 

ncl, with a small alr content at L l, 

and increasing content down Cho spillway. ~ :r 

Flow in the Spillway Tu~,~e)~s 

Because of the posslbllitles that :~ 

sult fr~n the flow of the wa~or through the ~ 

essential that careful:considoration~be givoz 

Boulder Dam project. For the 

in each spillway the volocltN 
? ,  

ma~ly 173 foot per second, or nearly 120!~l~s pot hour ~- 

resents an energy of i0,560,000 ho~o power in each tunnel, ~or several 

times that at the falls at Niagara. 

; ! 
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To connect the inclined tunnels~:with the ho~ zontal~diversion 

tunnels involved a bend in a vertical plane With a ce~ ~ral ~le of 

abou~ 50o and the mosl; 
advantageous .alignment ~for the! sp£llway -tunnel 

on the Nevada side i ~ ,_ _ ......... • 

anglo of 32 ° 15'. Tho actions~of i,tho .water in 
/passi~ :around ~!theso bor, ds 

could not be predlctod without model s ..... 

For tho vortical.,bond it was~desirablc 

radius, as long radii 

length. A :radius of 

tio~l tunnol 

seemed to fit in bost,wlth other,:'condi~ions. 

given aro~moasurod to the *center 

made on both~vortical~.and horizon 

=o lon   ach. At ,th ,Color do,  grioul al C, 

did not pormit an exact"duplicatlon of.the ontiro ic! 

~unnol and tho dis~anco botwoen 

one was thoroforo shortonod 

laboratory however the full lo'ngth we 

The close agreament between :the actio 

no material, di scropancZr ~as ; , involvod 

1:60 model, 

i ~ i 

Flow in -the Horizontal iBend.:.-':]:~n r~'P~'.li~ ~'i!~,~" ~ .:: 

I n  o r d e r  t o  -dot~rmlno whnZ :the " a c t i o n - o f  ~the ,wa lx:~r wou2d b e  

in the horizontal bond in t he  spill~ay tunnel on the Neva'~ a ~sido';:of 

the river, sovQral models of different do@roe of ~curvnturo :,'ere 

4,3 : 
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exp@rimented upon using models with a 1:60 scale. The first of ~these 

models were made with one of the curved sections of ~the pyralln !tube. 

This had a central angle of 22~ degrees and a radius , Phese 

dlmsnsions did not.agree with any plan~for ~the ~tunnel, but served ~to 

show what the action would be In a bend~of ' short radius. As the water 

entered the bond it ~tonded.~'to preserve Its original dlroction of motion ~, 

but, being restrained by the wall of thO' pipe, was~forcod up rapidly, 

crmating a velocity in a circumferential direction which was sufficient 

to produce a centrifugal force largo enoug ~st of the ~ator ~at 

the outsldo of the pipc for a complotc rovolution. The combination of 

this circumforontlal velocity and the longitudinal velocity caused the 

water" to take s sI~iral path around the outside of ~%ho pipe. Near the 

bend. mos~ o'f the water soontod to.be against the .outside of the-~pipe, 

but further downstream ~i~'ii~ : "  ~ . ~, ~ 
loss followed ,~tho~o-utsldo and more Tiowcd ~long ~,~, ~ 

the bott~.,, until about 8 die, m0tors below tho~bond the splralmo,tion 

around the outside of the pipe ceased. Plato 123-A is a view of this 

bolld taken ifro~ the concavc sldo, and :shows the abrupt lo~,'orlng of the 

water surface at thc inside of the bond.as tho:;surfa;co rose on 

side of :~ho .bond. View ~ shovs the spiral.motiOn 

around .the outside of the tube ~do.wnstroan 

The bend shorn in the contract 

of 32 ° 15' and a radius-of 819 i ft, on ~the cont¢ 

was constructed of-10" steel,pipe, ,In order t~ [on ofithe " 

water might bo~obsorvod, the wall of the plpo ~las cut ar;ay ;-;ith an 
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acetylene torch, to as great am exigent as possible without permlttin~ 

the water to escape. In this he water also tended to pile up 

on the outside of the bemd~, but the radius of the bend was greater with 
! i • 

respect to the velocity and the wator was not forced so high nor ;so 

rapidly upward as in the one proviously described. The circumferential 

velocity thus produco~ was much less than >for the 150 ft. radius ~bend 

and was not suffic~ent~ to give a centrifugal force largo ~nough to 

keep the wator o~ t~e outside of tho pipe. The water rose to;near the 

top and then fell-toward the bottora of tho pipe at tho same tlmo ;con- 
e 

tlnuing its motion in a longitudinal direction. The water which fell s 
i 

had however a component of flow across tho ~pipe whlch tended to make 

~he water pile up On the opposite !side of ~thc :plpe to a certain exten~, 

but much less than on ,the outside of the pipe; The action was the~o, 

fore first to rise on the outside of the bend and further downstream 

rise to iosso  extent on the other side the pi o, ;second 

r i s e  o c c u z T o d  i n  'the s ' ; z a i g h t  p i p e d b w n s t z ~ ! ~  bo~ndo "-:.:JThis " 

a c t i o n  w a s m u c h ,  t h e  same a t  a l l  d i s c h e ~ g O s o  : .= .  

I n  oz~or to determine the d t r o c t i o n ~ - o f  . the  c u r ~ n  t h e  

b o n d s ,  t h e  i n s i d e  of :~tho  bond was c o ~ t o d  w i t h  t h i c k ~ W h i t o  l o a d  p a i n t , : . .  

and . b e f o z ~  i t  had s t a r t e d  .to dry,,  t h e  w a t e r  ~.w~s p e z m i t t o d ,  t o  f l o w  f o r .  

a short time. This caused the soft paint to take a streaked ~form as 

shown on Plato 123-C and D. View ~ shows the rlso of the suzTaco on 

the outside of the bond for a dlschargo of 200,000 sec. ft. View 

D shows the suporolovation rosultlng from a flow of 140,000 sec. ft. 
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An attempt was made to record the direction of these flow lines, but - 

the result was not entirely satisfactory. ~iguro 68 shows the main 

direction indicated by the paint streaks for the various Sypes tested. 

In order to try to improve the conditions of :~flow in the bond, 

one with a radius corresponding to 1600 ft, was built. Thismodel was 

constructed of wood and cement mortar. The conditions of flow are ~showa 

on Plate 124 and the direction of the stream lines are shown in Figure 

68. The action in the bond did not seem to be improved by this increase 

in radius. From observing the action on the 1600 ft. radius be~, :i:t 

was thought that bettor results .-Li~ht be obtained by using a section 

of longer radius bcnd below a section of 1600 ft. radius. A model of 

%his form was constructed, with the dimonnions as shown on Figure 33. 

The action in thic bond (Plato 125) did not 'indicate any improvement 

and it was decided to adopt tho iS19 ft. radius boD~ in the construction 

of the Montrose laboratory. 

Flow in Vortical Bends - 1:60 Scale 

In general,, the condition of flow In'the ~Vor~ical bondwas 

quite satisfactory for all the radii of ~b0nd so!ected. :The Condition 

for t h o  bond of 150 ft. radius is shown The upper sur ..... 

face of the wa~or ,~as ~onorally smooth. There ,was a tendency for a 

small part of the water to splash ,upward near the center of ~the ~pipo 

and form a ridge ~of detached partlclos of water moving down ,the ~ihori- 

zontal pipe for some dlstanco until t~y settled . d o w n  to ~ho level of 

the remainder of the water. Plato IR6-B shows this eonditlon for,~tho 
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PLATE 124 

A-DiSCHARGE 50,000 SEC FT. 

B-DISCHARGE 100,000 SEC. FT. 

C-DISCHARGE 100,000 SEC. F'r. D-DISCHARGE 150,000 SEC FT 

F L O W  IN 1600 FT R A D I U S  B E N D  
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I~mi  o f  200 f t .  r a d i u s .  T h i s  a c t i o n w a s  l e s s : p r o n o u n c e d  fore ,  t h e  200 f t .  

r a d i u s  b e n d  t h a n  f o r  t h e  150 f t .  r a d i u s .  > P i t o t  t u b e  o b s e r v a t i o n s ; ~ s h o w e d  

a m a n  v e l o c i t y  e f  1 7 2 . 5  f t .  p c r s e c ,  f o r  the~!lSO f ~ .  r a d i u s  ands ]  

ft. per sec. for tho~200 ft. radius, indicatin~slightly~,less loss for 

the longer radius bond. 

It was desirable not remake the radius of the vortical bond 

larger than necessary as this Increased the Oxeavation inthe tunnel and 

tests were made to determine whothor the flow/condltions wore ~improved 

by using longer bends. For this purpose a lO-inch rubber pipe was 

used. The ssmc length Of plpo was experimented on fin !each case and the 

voloclty of tho~wator at the end of tho~pipo was observed w~th a pitot 

~ube. With this pipe, radii of 500~ft.,:468~ft.:and~5821ft were 

tested. The avera~to~velocltios air, the ends oftho pipe for these ~ . 

radii woro 138.5, 140.7 and 137.8 ft. ~por second rospoetlvely. "Those  

results indicated that there was Pr-~ctlcally nodifferonco in'the 

velocities at the end of the pipe for the!varlous ~radli ~of ° bend and 

t h e r e f o r e  t h a t  t h e  loss of h e a d  and c o n s e q u e n t l y  t h e  l n t o r n a I  d i s t u r b -  

sauce, was t h e  same i n  e a c h  e a s e .  A s  a r e s u l t  o f  t h e s e  

w a s  d e c i d e d  t o  u se  a vorti 'e '~Ll b e n d w i t h  200 f t .  r a d i u s ~  o tv ' nn .  

~o flow in the I:20. model ~ vortieal~bond ) was v o r y  " 

similar to that intho 1:60 mo~el, the same :~tondcncy to s~lash upward 

In the center o~ the pipe bein~ noticeable. Ullfor~unately, it was:not 

posslblo to Ept photo~aphs of the flow in the tunnel model at ~ontroso° 
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Wlth the final deslgn~,spillway~model there~was no sPlashing~of ithe 

water out~of the windows in the 'top:~of :the vertleal ~,bemd, a,t~:any, dls- 

charge, indicating a very satlsfactory'eondltion of,~flow 

tion of a peculiar condition of flow-::in leal bendwith one~ of 

the preliminary models, is glvenon page 45:,ofBook:~l. 

The nature of the flow in the :1:20 scale horizontal :tunnel 

for the M-I, M-3 and M-5 models is shorn onl Figure69. The radlus,of 

the horizontal bend was 819 ft. Thls shows the positlon of the~water 

surface at various points alongthe horizontal tunnel, as observed 

through the windo~s in the top of the tunnel 
C 8ASOS 

these are visual determinations, but the w8t, 
tively 

rough and it was possible to estimate the moan position of the surface 

with substantially the same accuracybyoither vlsual or measurement 

me thods. 

The conditions of flow~i:in the tunnel~fo r,all thr~o of !~those 

models was practically the same. ~In the horizontal section upstream 

from thQ horizontal bend the~wator surface was usually level for all 

flows. At the beginning of the heri zontal bend tho .water surface rose 

at the outside of thobend and dropped at the 

the middle of the bend roaching a nearly vortical ~ 

Passing the mlddle, the :.water ~surfaco dropped back toward a:, horizontal 

position, and did notswing ~on~over ina spiral, ~In general the:re 

suits in the i:~ model were veryi~similar toi~hose obtained on the 1:60 

model. In all cames~.on-~the final a~dseml.flnalj~modols [M-3 ~az~"~-5) 
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therewas amplealr 

tinct pulsatlon in t 

at times the pipe was completely 

has been described in detail on D 

Thevelocitles of~flow 

measured for a wide range 

were made with a pitot~tube with 

top of 

for~ co: 

shown~ on !'Figure 

e~ 

ch 

ion 

observed by means of a mercury manometer. 

135 ft. (prototype dimension)doa~nstream from 

thc end of the pipe. The volocit 

larger discharges, •on account of~ 

for the larger flows. The:result ~ 

; a  ts 

imate average velocity observed (i.e, 

ties] for 200,000 soc. ft. was 174,4 f 

cal bend, and 134.7 ft. per sgc. attho end 

rcsponding co~rputod velocities woro:~173 and !InJthls~ 

connection it should be noted that the frict --~ ....... model 

wore relatively higher than they would bc:in 

difference was corrected for in the model by,: 

model tunnel s~o~per. This excess 

soc. ft. discharge assuming a v~luo or the:wood = 

pipe and n of 0.13 for the concrete lined prototype. ~For lower dis- 

. . . . . . .  Im 

c o r ~  

charges the friction effects zn the model ~ould be lov:or than in the 

prototype. 
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when analyzed quant 

the results on the I 

arilyfor the 

unusual condi~v 

reached will-be ~. 

Ing are the m~: 

side channel s~ 

shapes will be--disc ...... • - 

I t  :is be~ 

results obtained on 

t o t h e  r e l i a b i l i t y  of  lLvdmul ic  

method of-solvi~ camplicated hydraulj 

The ::,experiments, ,which ~ wore 

si~s ,or~modols, s+,o,70d ~:such closely c s i  zos 

t h a t  the value. 
arativelF :small m~dels .was 

emphaslzed. :It 
........ "~ur models wore,so much oasler 

and cheaper :.to.construct and alter.., It is :concluded ,therefore th~ 

the greatest efficiency in mOdel:testlng can bo~,obtained by makl, ns~,:th e 

first toste on small scale models, :wlthou~ &rear proclsion of.dimensions, 

and as the doei@ns:boc~me mere ~rfoct,. the tests should becarrled out 
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on larger, more 

work as compared With!previous o] 

Dam will rarely be mot, ~ " 

The experiments 

i ty of the Hinds* method 

* T r a ~  

Were 

of the 

the csnservation of linear mox and it ~ 

dosign of theso shill= .... ~ 
= "~J~" ± ~was !found: howOvor i that 

to co  to the  sul s ,by this method 

ical depth, and that 

r 

could noz always bo relied upon. Guido 
vanes on 

the channel bo~tom reducs the s: channellnoc¢ 

ponse of constructing them Would probab bo groat 

affoc ted. 

:S 

ODJS 

If it is nccossary~J~or dosirabls to secure a~rolal 

flow in the spillway channel this ma dono b~ 

section of flow or by the introduction of baffle 

oxisti.ng at the Boulder Dam tho lformsr method 
proved m o s t  

Will probably bo~bettor in most casOs. P15 

Channel ,i !~ • In ths 
g ~os rise to a shallo~v depth of flow in~ths~c 

water surface much higher on the opposlto side of the welt ernst. This 

Irregularity of surface is llkoly to producs u-~doslrablo roughness in 

the flow in the inclined tUanol or chuts below the spillway pz~)per. 
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Better conditions con be obtainedb~., uo~n~':' 

nel. ~Since the depth of flow iS u~ lly I ~of a 

s desired, ~t 

the control section at the dov~nstream end of the ovoITall 

,. - -. 

sign it to provide the dosir~dchannol depth. This may involve across 

weir in the channel, simila~ nr Dam ~11w.~o • 

A smoothing;out of thc flow 

bymoans of baffles. 0f ~hc 

~-bo secured 

baffles shown on Plates 71 and 9~, Book 2, and :thocopl 

on Plates 36 and 37, Book l, on ~tho roar wall:so:creed :to 

best results, although other forms gave nearly as £ood 

shown 

would no doubt prove expensive ~to construct and ,bettor results 
i,\ 

possibly bc obtained by an equal expenditure ~in channel ~unlar~cmont. 

This could bc determined for any ca:~o •only ibymodel frosts. 

Awe offset in tho~.,'all 3u~t do.T1stroam from ithe~u'eir, which 

makes the side of two :channel at this point ~ continuous with itho side 

% 

of the cff'cctivo crest section of the c~'. " he u~61r, 
Book 2 

as described on pazc ,5/should ~bo incorp ll.dosigns~ 

The factoru in a sldo cha~mol he Io:: air 

content are small drop in the water passin~ over ,'tile weir ar~ i¢ 

lcnco in the spillr;ay channel. At the upper end of the spill~;a~ 

nol, v;horo the drop is smallol ~, the :air con:ont ~,~ill be loss than fur- 

thor do-;nstroam whore the drop is lart.or. For the ,discharge for which 

the spillway ~tas dosiznod, the drop over the z;cir at the upper end is 
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~LUy. small,, : a n d  :themsfome ~.the 

the obamnel flow Is,ccmparativel 

a~r t h a n  if :it :is v e r y t u r b u l e n t  

( 

at t h e  u p s t ~  

quiet, Jr.:is 

~cesaitatoeonsiderationin dosi~jmi~,tho:,cha~nol scct 

d t s e h a r N o s  : th 
Atlossor 

gX*oator fall , .......... ~anol c a p e c i t y  .:is 

aguilablo Inxlor .those :.eonditions, :the extra : a i r c  Ontont 

P°1~mnt. ~othor.factor ~hich ,wil l  ~load .to low a i r  con~ont !Is :groat 

depth of the ~ ,  which will:cause -hl@h proasurc .onpart of the o 

• raimod air and thoroforo t h e  a i r  'bubblos 'thero ~lll :bo: ,ccmprossod 

into smaller sizes. I n , d o n :  

e ~ d l t t o ~  favor hlgh~:,air:~ c o n t e n t s ,  1 

air c o n t e n t  assumod, ibo~nnln6 with : a , sma : l l o r . , emoun t  at ,Olld 

where tho fall is small, : i ~  inoreas: 
, as :in- 

In~ s p i l l w a y  : f o ~  using gates , .  as  i n  :the .: S t o n e y  g a t c . m o d o l ,  

d i r o c t i o n  :of flo~. ~ d o ~ t r o a m  

f r m n  ~ho g a t e ,  where t ho  w~ror  i s  movlr4j a t  a v o l o c l t y . n e Q r , o r / g r o a t o r  ~ 

t h a n  the critical velocity, slnco it is difficult to ch~o :the direc- 

tion of flow ,~or those circ~tanccs. The ch~nzo can r~adily be made 

upstream fr~ the gate, whore the velocity Is helot, thc critical v:luo. 
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A large wide ~ 

as a c~aratively 

the gate openir~ with ~the gate~fullv~..~ I~MI_~. ~ 

qb. 

the ga~e sill. The water surface 

however is hot one-thlrd :of 

nearer ono-slxth of the head. ~. 

A= 
The experimon~s on~tho flo.~ ~inthoLbonds 

radius of the vertical bend ho~botto~ ( 

tion did not have anlmportant off oct unon tho~cha 

around this bo~. In the hori 

caused a spiral flow around th( 

occur with larger radli. 

It, was-found !that co~idorab 

i~g tho plcrs bot~con .the drum gates, 

which ~id. prevent ~tho ga~o fr~n funct aE 

rac~or of the 

0 
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