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:Subject: Study of air In~ect'ion:i, 
Spillway Tunnels , ~Bould~ 

' - '  : • i " .~.  ~'~::./~.~ 

" : -  :I. .l.ntroduction. The spill, 

-was ';first placed in :operstlon on/A 

spillway :was continued ~until ,Dece~ 

.... of .continuous operation, thesvera 

second-feet, except for 'several 'ho 

drum gates :dropped .and :the :maximum 

' ~Ouring a routine inspection 0 

:: .... 1 2 , ,  :'1941. an eroded ~area w~-,~°~~- . . . . . . . . . . . . . . . . . . . . . .  

. : : ' :  netting :the inclined and h~ 

. . . .  ' ~The !hole .,was approximately 

lure depth of 45 feet below 

described .in .various Denver 

to March 1942 :inclusive, -and 

- - It iis the general ,conceneus ~of opinion ths 

~:~ : .... i~tunnel invert, a few feet ~upstream from ~theerc 

~: ~. ~troub!e. The:misalinement actua 

"iii!: . i n v e r t  of ~he :tunnel. With t h e .  

/::i: <~;'~ : "  .approxlmately 1.50 feet per s e c o n d ,  separation ;:~ • _ 

! . . ,  : :. : the .hump ~reducing :,the pressure in .this area:~ ~ . . . .  

.~ .... water. The result was cavitation and pittin! 

, ~ ! . . . . ! : : ' / / : ! :  . * ' ~ E _ r o s l o n  C a u s e s  Y , n ~ , e x , , t  B r e a k  A n  Boulder ' . ] : )am :Sp i l lway  
"~ iB,:::-Keener, ~Er~ineer ing  ::~ews~Record, November 118., ~i9, 

~.~:.:~. , ~S~posium. Ca~i~ation in Hydraulic Structures, 
~<:!: ~ :~.: ~Bu~eau:~.of ~Reclamatioo", Jacob E. Warn ock, Proceedin~ 
i~:~:!~!~": -- :~~. " . :~Sep~mber ~945. ' " . - . . . s  
~ i ~ ' :  : . . : -  ". ' !  : " i .  " 
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as to the initial: action~rel 

rain :. ,That once :,t~,e~surfac~ 

invert .of the .vertical~,bend, 

centrifugal force present'~will~,scale 

impingement,, alone. , Once :~ the-~surface 

proceed rapidly,, as  ,was~evtdenced:::in-~ ~' 

:It a p p e a r s ? t h e r e f o r e ,  ~that::t~~.~l 

~inciden a: reoccurrences: of  i~the 1.1941 - tli~,,~ 

lining as smooth ss possible ~..,:A ::2:s.,, a:'"n 

Savage suggested ':: that~ some :?means :! be:.;~ 

cushion between' the: hlgh-veloclty~va~ 

ondly, that the .same~.air:~would~,aidi~i~ 

sures which may,,,occur~:along~the :~;surf~ 

ments., were, made t " ~ "~:~ : in:an:-a tempt .: to,!?acO~ 
12. ~/rhe model. ,  !':These~ez ~ r i n e n l  

.the,Art~.ona sp i l lway!  t~ei"::,cOn s t e e r  

ing, of: the, prototype:~splllway ~IS:~rShOU 

the lower~verticali~t~ns~rent~i~ " ~~ .~d~io 

2A. The :side-channel~.portion::of ~-~the~ 

; S  

i 

J 

• .. , ~ .,i. I ; ,  , ,,, • . ,~,' 

• : i,i; ' i . . ;~  --  " . % :  ~ ' : ,  ,~ ~ , ' , "  'r . : ' ~  

• ; / r  

provide ~.?equallydistrltmted ~! 

' t i o n .  was~eonstructed- ,  o f  ~.conC 

!.The:,Z,em1~ler::of :the t u n n e l ,  

:~:bend, -. wa s~ c o n s t r u c t e d  .:.vrinci 

_ " : : ; "  . ,  . 

~, !:-iiYheair_: flow~.waa measured 

3 ,  Record  o f t e s . t s ~ i n . / . t u n n e l ~ r a ~  

;~tbese~,tests was . to  ~deveiop ~ a r : , m t ~  i.Or ~ 
• r ' -  

f l o w  b y . n a t u r a l  neans ,  _Into ot~er~,uords,  

:;. :: ?.i.;i:~,:! ¸ ~ ..... 
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~Fera~e i.:.pe the 

~ . ,  -As..:it .'.~s::des~xed ~:not :"%o i inter~e~i..with % ~ 'ilifl 
a~more~2~thaa:neoessary,~the first::~ie ' " ..:.. ' ,'. ".. ,X::...: .. xper imezz~ a ~we~e.2pe 
~ tum~eZ:::tr~,It t o n ~ . h e r e : , v e l o o t t i e  s were~ n6~::bxces siva, j 

":eoe~omioal ly. in- 

~:~ 
:.tlal:.l~cessure must : exist :.to :ore&to ~t hi s ~'fl~'~ 6~ia' :'"' 

'" .ir .:i in:.:: 

: a o o o ~ p l t s h ~ t h i  e. a i r  flew, s i l l s : a n d  other . i ,~deVices .were~ 

:' f l o o r  'of t he tunne 1 ~tz~ns It lan'., to ..:o ause i:ithe !jet :~%o ::, Spr i: 

pressure immedlately, downs~ream from~!tP~ ~sill~us ~.::prodl 

uous..!iflow :.: of a ir .~ from: the :a~osphere ':tO ~-.,.t P~/:.ispa c e ii.~de~:~ 

A~ .P~  :Of i t~ S i l l s  :,,and ~ clevloes:.:.~d r:it~/i.:ioOat~o~'~:~ 
:'were~Imtalled are sho~n.'i~ ~ .... '~" ..... section-?on :-J figt, re .: 3 . . , , : T ~ e b e  

~ . s t l l s ,  ~ . s i l l s  .with dentates, and.i"~devioes ~:incorporati~g.~oz 

~:%Ubes. ".lit _ i s l e v i d e n t  f rom'  the ~tab le :on :i~ior~ :q~:~.~i~.. 

p o s s e s s e d . ~ m e r t t : w h i l e ,  o t h e r s  ~did :.'not.- The ~_.table 

~. peroem~age  ~ o f  alr' to w~ter ~for ,~t~ s i lls..~m~d 

~h~Nver.:~the . a i r  ~in~low~..was 

: ~::~ter,:~dlmoharge. The best:.r, . . . . . . .  

.-~ ' @o~:) iz~,t ton:of  si l l , lO-=e~nd-lz~:Ln,  whioh .oase.~?i~/, 

: : ~ i f t o e s i l o o a t e d  in :the f l o o r  ~imme diately 'dow~i~i 

slll. '~ The ~:'results -.of. thiz desl rn .f.~.-:~ -...~.-~ ...:-~ 

~o.:.~Ows > a:./; 

• - [ 

they 

 own ::as'te,t ?za -on. n re L.,  zz.. on the. :m 

res~s :Irlth :..the : : lo l~r  ::-a ill :removed. - The ,ou~s .... :!16~show .. i: 
the e l f  s o t  ~__  

~ag~ the-!lower :,el I I upstream.:..a~d.:~!downstream " , 

' ~: from: the -posit i o n  s h o w n  On ~ ~ r e  i~3o " 

~The, o r i f i o e :  i. . . 
arrea~ment:~sadvan~..~ous ~for-the m~asurement...of 

~ h  :,Irlde ~ e f ; ! % h e ~ : t ~ i t i o n  i n .  f l u e  

~.:~,~i. ,̧ ~: 
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:,on tl~e '-5..;,In'::~IY1-s::oa 

':~ area, ,~of the~air . , ; ,gaps  :~adJ I 

oo~ -of air ;for::a~'water diecharge ::Of.%O.",OOO:,seoo~.-~ee~ire.dud~g!i~;::i4 

t h u s  : i t :  was.: no  : : Io~r  !:.possl~: 
mont .in: flgure 5 !:produoed :~:~e 

t h e  t ~ a ~ s t t i o n  s e o t l o n ,  

"tr~sitlon~:remlned entrained;in~::th~ :~:' i"". l!~ay;_t~.l ~,'~:: ~ :""::": :: 
.... , . -,h:@P 

.toot :.:dl~e~erive~ los: .bend :.as :i:shovm%in:nE~e %;:.:?TEe~.:.~re~:~de'i:! 

::~suring ;devioe ~-..shown. on:. £i gure  ~>~B. :;:This - o o ~ s l  steal :.o: 

;r: ' . 

'C', 7 - 

.:.. ' i !:postt to.~ 
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, j  

collection of, the: water~Tlow£ng:,o~re'r!::the.:spout:i::~-f_ 
w a s  c o m m e n c e d .  A run:usually,-ro~fiired,:ten~:,,:~:i;'~_. - - , - -~ - -  

air was t r a p p e d  £n"a gas~'"chember,..whiiei:i~he:;.,~'t'er"": 

tare flowed over the spout :of~.thei::'~t:er;:con~sini 

ten-minute, interval, the :"P °sf~io~ :of.:~::~.~',~'~' - - . - - -  - - -  ~:!o;'nti: .... 

ured . a n d  the chi .Computed: Wh~:i;:.: 

o v e r  the s p o u t i n  the:.:same~::per£odi::Oftime;,was~,i~ 

measurement s : : the  . rat £0 :: Of; i air 4: toi~wat e r :iimt h~ ? . ~ 1  
determined. . - ~"'i 

5.. Reoord: of.: tests,~.om vertioai::;be~a:;::;ilThe./..fj 

tests 

: '  ': ,.i-;:.;.~:/.i;': . 

rangement, shown on~ f i g u r e  5~j.iiHeas~q ~,.. ~nts~,'~wer~'" ': " "": 

s:reoow 
any case Visual - "~ "~ : " • . ob ser~tlons~ co~irmed::~, the Be:,: i 

vi sible .: in: the-,~ vert iCal. bend w~s on:~%he.li.Tsurfaoe 

these~ Observations, ;'further:., attempt s:~;at.':ai-r:i:int2 

tr~usitlon, w e r e - a b a n d o n e d  :: ::: :!ii':-':::" :~: :;"!':"::: 

As-an alternative. a .  tri~gui:ar~{sil,l,i~enci~C 

t l o a l  be=d-  as : .sho~n -~u.:.te ~ . : ! l p ~ ' i ! f . i ~  ~ii~-i;! . i . i !~ ' ~,p 

neotions A, B, and~..C.: for~i~~riods~,Water::idisoha~ge 

shown on the::,same fi ~ ,gate. ,For~:~ d isoharge s,ii!of, i~!, 
feet::the air:. content~i at ,~ sam . e:r.!~A~w~sii:O 0hside~b 

c h a r g e s ,  the a ~ v ~ c o n t ~ a t : : d e O  :sed~.r:.apid:ly,:~. !.Theill ' 

~: a tr,oe o[:: a£  r.:was.:measured:~ a t : !B i_:,and!:,~::atr.:.i:~O~i, 

:;C. :The  - v e l ~ i o a l : b e n d :  a t :  t h e s e  ~ iO¢i : t i e i s~: .ad i"  " r " 

i n  t h a f i ~ t h e . w ~ t e r , :  ' ...... ~ :  ' "  -' : ~:: 

b e n d ,  .while-the a i r ;  or:  l i g h t e r : : ~ f l t ~ d  '~ : " ,~:~e~fdZoec 

i : :  !:i:il/k i 
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-". ,.+ ;-D" ~ i ' t "  ,-L!'~:;, ' , : r '. .... 

+h + 

• -enoourag~ug alr~ meat . . . . . . . . .  

trace of air ,was, oh, 

/'C • 

A d d i t i o n a l  :a i i l s  were then  L u s ~ a l l e d ~ l n : ~ : , ~ h e  

r~peat the a~eationlprooess at interval, the :invert, 

• ~n~s .and results are shown for.tes~s':2~ 

d e n t  from ,the ' r e s u l t s  : t ~  - " : "  ~ 

m e r e l ~  e x p e r i m e n t s  made-,~ 

sills entrained air thro~ 

.hlsh-velooit~.  flow would h a v e  'oens%ituted~,.~an~ 

1~ion. The si lls would add to ~:the :;problem :, 

proper a~d it is doubtful whether~'devioes of 

chored suffioiently to keep ~t; 

In.an effort to~ overcome 

c o n s t r u c t e d  'in the t~el .Im~ 

• as shorn for-test;23, Cigure~:8. !~The :results, :O~irthe 

thls design to be ineffective. ;: ~ 

Sl~oed over three-fourths the cirou 

Alr.,was supplied:through a.~square 

each dentate. Prom visual observer 

out  -~he bend: giving the ~ i m p r e s s i o n  

On the • eontrary~  :r:.%h e,:l~a s u r e m e n t s :  s 

~per~ent o f  a i r  ~ s  measured  o n  the  

Because  o f  discouragino~ r e s u l t s  :.and ~the~laok 

ile only-a ~. / 

~ted.:. at': sampler, .  ~. ' ,  

on:f igure < 

. .Was 

: . ~ '  ' ' . . 

. . . . . .  Q . . . .  v 

i n  c h a r a c t e r .  The p l a n  f o r  a r e a t i o n  :of ,t he ;Boulder  ~:Daz 

de~rloes c o n s t r u c t e d  o n , t h e  t u n n e l  inver~, .%o:aAd ~iu<l~.eventing.:,a~:~eoo. ~ 

:eurremoe o f  t h e  d e m a ~  e n c o u n t e r e d ; I n  '1941, ,~does-not.  s 

T e s t s  made on d e v i e e s  .i i n  . t h e  u p p e r i t u n n e l  t r a n s i t i o n  ~.t 

~ l£zLted-amount  o f  a i r  c o u l d - b e  ~in.jeote d : into  the  .~ f l o w  - a t  . t h i s ? l o c a t i o n ,  

b u t  none o£~his~;e~Lr. c o u l d  b e  ; d e t ~ e t e d  o n . t h e  i n v e r t  o f .  the  v e r t i c a l  

! bend ,domwtream.• 8i~t3akr ~ r e e u l t s  were  : ob~aine~, whe~ -a i r  w a s / J a r ~ d u o e d  

2" 
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: ' % -  

:into the flow at ,the ~beginnlng 

.T~ air, in ~this . c a s e ,  did ~not 

~ . • ,  . ~  % ,  • 

•" "2"' 

L.[ . r a p i d l y  : r o s e  %o '.~he surfaoe ~.a .s~ 

-,.was. aeration ' thro  u g h o u t  :,the ,ve~  

~iis needled %hreugheu~ ,'~he , ~ e r ~  

':in : o n e .  section of ! t h e  bend~,~ril'l 

o f  . ~ h e  :damage at ~otlw r ,dO.~o ~ ,  , ~ , ~ = .  

It is ~iffieul~'".to ~'estimate*.the .aeouracy:':,i 

17•: ̧ 

,f 

• o 

measuring the .air ~supply ~to ~thearranEemen" 

precise, The volumetric ~mea,urements of air ~i;Lu.i~ 

. . . - ,  

The model r.esul~ :~o;pro~ :-,by:. 

rots ,lle ini%h. :fact ~t ',tl~ ,vlscoS~ i iei::~ 
.:same 'in both .model :.and ~pro~o~.pe.:, : and.:.!~t2~a% ~ent~ 

tlm ~surfaoe ,will ~be muoh,more pr.'0mo~ed ~!6 i'~,.t~: 

factors ~been to seale :,in tl~ .:~ , ' ~  

.imore favorable., :but .:this is :not ~:oertain ~as.:ai:.:~n~b 

v o l v e d .  I n s p i t e  o f  :~he . . inaoouraotes , ' . : i £~ ' i~o~d~b  

,:m~_del ~.:r.esults-':~o be. many.t~:mes ~be~ter.,for i~.~ ::leer 
• . :..' /, .'~: i,~. :: 

,to be ~feasible~. " 

i'low,, i::i 

:~ '-::!., ,/- .... . .... ~, !~?~ ::~i/i 

" ,:~ i. :ii ̧ 

. _ . . 


