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UNITED: STATES 
DEPARTMENT OF ! T}~, ~ INTERIOR 

BUREAU: OF ~ RECLAMATION • , 

RE~ORT OF MODEL STUDIES OF,THE SPZLLWAY AND STILLING BASIN 

CHERRY~ CRE~K. DAM.~AND ~ RESERVOIR , /COLCRADO, ! " :. ,i -I . 

I -INTRODUCTION ~AND~SUMMARY-:: ......... .~ ,~ ...... ~,~j.,!-~ 

Introduction 

.i. Purpose and~:~oope of model -studies .... ~ • " 

The p u r p o s e  o f  t h e  model  s t u d i e s  o f t h e  : s p i l l w a y  and ~ s t i l l i n ~  

basin, Cherry Creek Dam and Reservoir, Colorado. was :~to verify :the 

design and, by adjustment, develop a 

ture. 

Two differentJdesigns were ~submi~ted for test~j 

• struo- 

FOi-, ~the pur- ~- 

i 

pose of this report, the one shown onTiEure 2.will ,be designated" 

as the ori~inal design and the successive ohangeowill ~ be~ 

as original design-A, f~&ure 3. The:other:deslgn, asi~showni"~ " . . . . . . .  on:rlg,.. <~ i,.. 

ure 4, is designated as  t h e  alternate~~design andTthe~:suooessive 

changes  a s  a l t e r n a t e  d e s i ~ ! A  , -B,:and~,C, ' :~ '  , .  ' i , :  -:,~ 

In order to expedite ,the :%eating and havens ~m- 

p a r i s o n  between the designs, a : l , 6 0 ~ h y d r a u l i C  o ~ ' "  . . . . .  ~ . . . .  m de=: of ,each~.,was ~_oon- ~, 

struoted in ,the laboratory .... Frum thei~tests it 

establish for each ofthedesi~s~the~correct 

of crest and size of notch required to produce,~a prede%ermlned~he~d. 

discharge curv~ at the weir; to determine a suitable shape ~or the 

spillway chute; to design a satisfactory stilling:basin for the~:an- 

ticipated variation in tailwater; and to deter~nln~ i:tbe dlf£erenoe, 

. 
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i f  an~ ,  i n  the  scour  i n ~ e d i a ~ e l y . . d o w n s t r e a m  f~om ~the 

The t a i l w a t e r  e l e v a t i o n s  a t , t h e  s t i l l i n g ~ . b a s i n ,  

discharge, and t h e  ohar&cteristloa of ~ ~ad.~l ~ o .  

established by the U. S .  ~Engineer/OF~iOe, "~r Donve ~ D ~ s C01~O~a~O . ~ ~ . 

2 .  A u t h o r i t y  - 

This  p r o j e c t  was a u t h o r i s e d ~ b  

Aug'ust 18,  1941 ( P u b l i o ~ N o . ~ 2 2 8 , ! 7  

r e a d s ,  i n  p a r t ,  as  f o i l ,  

eSEC. 3. Tha' 
for the benefit of 
tire floodwaters a~ 
and a u t h o r i s e d A n - t ~  
the stabilization of 
as s p e e d i . l y ~ a s m a y ~  b 
n e n t e ,  u n d s r ~ t h e d i r  
eupervision~ofthe~C 
theplans in the re8 
and s u b j e c t  t o  t h e  o 

"Missouri : 
t h e i m p r o v e ~ e n t  
for  ~ l o o d  c o n t r o l  8 " 
thereconm~ndatlons 
Doc,~ment Numbered4 
session, is approve 
$ ~ , O 0 0 , O 0 0 f o r : ~ t h e  
o f  t h e  p r o j e c t ,  ~ 

m ~ /,. 

3. The definite ~roJect plan i • ~ 

The definite prcJectplan (initial ~d~velo~men~)p~ovide,~as 

follows, ~:~ 

( a )  Comple te  f l o o d - p r o t e c t i o n  f o r  t h e  ~City o f  D e u v e r b y  

the  c o n s t r u c t i o n  o f  a r o l l e d - e a r ~ h  dam, .':lneluding~ian ! o u t l e ~  

c o n t r o l  s t r u c t u r e  t h r o u ~  t h e  dam near  ~the r i g ~  .'abutment! . ~  

. . . .  "@ 



over f low-sp i l lway  canal to  pass:,_the~spiI!way.deoign:flood~from 

the  Cherry Creek Basin intol the~:Tollgate~Dreek~Basir:~and ~:~thenee 

through Sand Creek A n t e  the:South~:platte~Riv~ri:a~i::a l o o a t i ~  

downstream from Denver. 

(b) The dam will:~be eonstruotedi~in such: 

~Min~ available ,to irri~atlon~ and ~o~he r • ~ter-use :.-intersects 

85,000, acre-feet, of storages-oap~city.,~ , = ~ /~ ,. " 

(o) The d e f i n i t e  proJeot~ p lan  ., w i l l  i n c l u d e  ~ ' " ..... 

tlon of the  dam toi.ltlpleepurposehei~ht,,,:imt:iit w i l l i n o l u d e  

only those  features~ 0 f : t h e  cur l  

necessary t o  aooozmoda~te f lood 

o ther  wa te r  uses are'developed. 

. General ! . ~ ,: . 
• !j~! 

The proposed mul t ip l e -pu rpose  Chorry~ Croeki,Dsm~:andiRoasrvOir 

i s  loca ted  near  the  s i t e  o f  the  existing,Kenwood~D'am: on:.Cherry~ Creek ~,~ Y 

in  Arapahos County ( f i g u r e  1)m a t  r i v e r l m i l e  11 

the mouth of Cherry Creek a t  i t s~ , , Juno~ ionwi th  

uear  the c e n t e r  of  the  bus iness  d l e f t l s t  of Den 

dra inage  basin  i s  approx ima te ly  57 mi les  i n  

t o t a l  of approximate ly  414 square m i l e s .  ~The, a rea  UPStream f~om~,th ® ~: 

proposed Cherry Creek Dam oon~ainJ1386, square-~miles. 

The proposed spi l lway,  and ~he s t i l l i n g ~ b a s i n  are  ~looated approx- 

imately  1.2 males f r e e , t h e  Cherry• c reek  iR'e!iervoir . The f loodwaters  

w i l l  f low from t h e  r e s e r v o i r  +via: a+ oanal~.to+++t~e spi l lway which w i l l  

3 



drop the water  to  a c a n a l  d i s c h a r g i n g  i n t o  To l lga te?Creeko  , :~The,~low 

i n t o  T o l l g a t e  Creek~will'diseharge:~into:Sand:Creok~and~reaoh~he 

P l ~ t t e  River  a t  a point~dowustream~from~:Donver.  

5.  U esi.,.able oondlt&on8  and: 
measures i n  .the o r i s i n a l ~ d e s i ~  ' 

In the  initial t o s t s : O £  the++oriEi+nal : d o s ~  ( f  

"d isoovered  t h a t  t h e  disoharge,:eapaoity,of:both,~the?.: ~ ~!- 
s t o a t  o x o ® e d e d  t ~ a t  in '  t h e  d e s i ~ ,  t h u w ~ i n d i o a t i n g  

o f  the  s t r u c t u r e  shou ld  b e  deorease~!tn-~,Sis 'e  ~, 

/" 

c ~ 

/ 

i t , ~ w a 8  i ~ 

~r~ / /  

The Flow from t h e  n o t o h s p r e a d ~ l a t e r a l l y ~  

oaused a h~gh s tanding-wave  ithat:~ov, i d e s  

of' t h e  o h u t e .  The £1ow-from t h e  81;: _ : o e | s i v e  

soour downstream. As  a remedy £or those , ' , oond  

the  s p i l l w a y  o a p a o i t i e s ~ , w e r e  r e d u o e d ,  :~the t r a  _ _ ~  

from the no toh  were r a i s e d  and: ~ l e n g t h e n e d ,  and a::s i l l~and?i!dentates  

were p laoed  i n  t h e  p o o l .  : .-~ 

When t h e  model  was: t e s t e d  under t h s 8 e ~ : o o n d i t i o n s  ~i.the ~do8~ i 
f l o w  c h a r a c t e r i s t i o s  were o b t a i n e d j  b u t ~ t h e r e  was~ioonsiderable  :ob- 

J e o t i o n  t o  t h e  s t a n d i n g  wave: termed,: i n  t h e  , a r e a  between ,~ t h e i : o r e s t  

and the s i d e  w a l l .  To e l i m i n a t e  th6~etanding.wave~:the~u~Lrped~:eido " " 

w a l l s  were rep laoed  by v e r t i o a l  w a l l s  which ~ o o n s t r i o t o d  t h e - o p e n -  '"  

i n g s  between t h e  l o n g i t u d i n a l  p a r t s  .o~ t h e  o r o s t  and t h e  s i d e  ,wal l s  

( F i g a r o  3 ) .  Thl8 submerKed the s t a n d l n g w a v e  and inq~roved the  Flow , 

i n  the  ohuto .  There uses no s e r i o u s  o b J o o t i o n 8  to  t h e  f l o w  p a t t e r n  

4 



in this structure, and%he arrangement~of:figure~5,was~consi~dered: 

satisfactory from an:hydraulic, viewpolnt. 

8. Undesirable flow characteristics~and remedial 
measures in 'the'alternate design 

@ 

The first tests with alterna'~e,design A: (figure indicated 

that in addition to decreasing ~ the, capacity, either' training wall8 

or some other device was required to keep~the:notch~flow from spread . ":~ 

ing l a t e r a l l y  and overtopping the s i d e ' w a l l s .  The lsoour of~r iprap 

along the side walls due to this overtopping: is shown Inl 

The discharge capacity of the structure was reduced ,by shortening 

the crest length and varying the notoh,~width until:a,/predetermlned 

discharge curve similar to the one on:figure 12:,was:obtained. ~ ~Several 

attempts were made ,to~ stop the lateral ~ spread:of~the ~notch flow. How- 
. . • c 

ever, as none of these .was entirely satisfactory,, he',center4:notch ,was 

eliminated and half sections of the)original notch;,:were~ I the " 

two ends of the crest (figure 8). 

This arrangement oauseda hi g~ standing wave 

the chute  ich gradu lly Isveled until the  flo,, h a d  spread =to lt e 

width of the chute at the beginning of the :stillin~ basin/(figu~e 9). 

There beln~ little flow along~the ~sides, lOWr:~Wal~S could be~used 

along most of the length of the chute (fi~ure:lS). /Attempts,~toi:de- ~ 

crease the height of the standing wave, suchas using threenotches, 

baffles, or a deflecting ~block~were: not~:Sucoessful, and in some. oases 

they actually made flow conditions in ~the pool unstable. The design 

as shown in figures 6 and 8 was considered satisfactory. 

5 



The su&Eestion was made that the neight~ of~etandin~ wave might 

be reduced by warping the side,walls as shown in~:fi~ures 9~ and ~i0. 

This did not improve the flow on the apron. However, the entrance 

conditions to the notches• were ~improvedi:and there~was considerable 

improvement in the appearance of the structure. 

This arrangement was selected,as ,the !~!final design. It was 

"superior to the original design A;f] oeonoml 

viewl~oints. The difference in energy 

baslns of the two designs is clearly in'fibre li. 

m B 

I 

II -MODEL~TESTS 

7. Preliminary consideratlons 

A thorough study of the original~design (figure :2) wasiimade 

in an attempt tO anticipate its hydr=ulioperformanoe~:befo~ethe 

model was sonst~aoted. Conclusions, baaed upon previouslY'field and 

laboratory experience, were that the:stilling, basin/was~:too~,short 

for the existing entrance conditions. Followlnga:computation~of 
b 

the hyd~auliccharacteristics~throughthe,!spillwaychute, the stilll 

ing basin was lengthened 28 feet to obtain~a~desirable hydraulic 

jump and sufficient energy:dissipation in the pool. ~Thecrest::~cross 

section was also developed in the laboratory from prevlous:experi- ~ 

~ental data. ",j 

in the initial development, although the spillway and the still- 

ing basin will not be constructed, a canal fFom the reservoir toWest 

Toll~ate Creek will be excavatsd to elevation 5598.00. In the 
" f 
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o u t l e t  c h a n n e l  b e l o w  t h e  s t i l l i n ~  ~ a s i n  ,wi l l , : : :be~exoavated , to: . .a  s l o p e  

of 0.0015, be~innin~ a t  elevation 55~7. ~Itwas~plannedi'~that;any 

additional depth obtained would resultl/from:retroKression. ~Two tail- 

water elevation curves=were submitted ,to ~the hydraulic laboratory. 

representing conditions ~both bef The 

outlet channel in themodel was:built:to,represent conditions ~indi- 

cared to exist after retrogressi on i and!,with .,al bottom ~.wid.th~:mach ~ that 

the tai lwater in the model could(~be, loweredi(to the ~ required ~!elev&- 

tions. Otherwise, the model of~the~iorlginal~desi~n'-was:oonstructed 

a c c o r d i n g  to plan. 

A sketch of the alternate design as submitted t o  the:hydraulic 

laboratory is shown on figure~4. Thesame !design~of stilling basin 

and outlet channel was used in both models, The~ orest~cross section 

was developed from previous , l a b o r a t o r y  d a t a : a n d  is s h o w n - o  n figure 

9. A comprehensive study of the: sketch and computation ~o.f :the~h~- 

i . 

draulic characteristics through the~chute 

could be made that would :improve ~the hydra 
L 

and aZ,o ,,=ke it -,ore economical ,  o , , e r - a l l  of: e  ohUte 

was r e d u c e d , ,  and a new f l o o r ~  s h a p e  ~was d e v e l o p e d .  The b o t t o m  w i d t h  

o f  t h e  a p p r o a c h , o a n a l ~ : w a s  r e d u c e d  f r o m l T O : t o  7 5  f e e t .  T h e : m o d e l  ~ 

as it was first constructed is shown on fig~es 5 and 7A. 

8 .  Initial tests d i~n 

The model was operated with flows o f .  from 5,000 :to :45,000 :second- ~ii': i: 

feet (figure 13). There waa a fairly even distribution o f  flow over :::.;- 

$.t . 

J 

1 



the lower part of the apron~at :all discharges., ~At~'-the~hiEher,:dis- 

charges, the water paasing:',through the notch ~:spread ~and ~:01imhed ~th~ . . 

chute walls 3ust above the stilling basin. ~ .... ,, 

The entire head-dischar ge curve "fell belc~:;that :~shown :oni!fiEure 

12. indicating aurplus~oapacity.. The flow:over:the sections ~of~the 

crest parallel to the lon~itudinal~axis of ~the:~chute was @onelderably 

l e s s  t h a n  t h a t  ove r  t h e  s e c t i o n s  n o d a l  t o : ' t h e  l o n g i t u d i n a l ? a x i s .  

The depth over the crest varied 7from a,minimum~ of ~approximately~2.5 

feet at the notch tea mlxlmum Of approximately~!9 3huts 

w a l l s  f o r  a d i & c h a r g e  o f  4 5 , 0 0 0  s e c o n d - f e e t ,  T h i ' s ~ c o n d i t i o n ~ w ~ s d u e  

p a r t l y  t o  t h e  drawdown in  t h e  w a t e r  s u r f a c e  t h r o u g h  the~no t@h!and  

partly because the flow of theapprcaching water~.was,i"not'~normal ito 

the axis of the crest. The efficiency,of the 'longitu~dinal:!iseotions ~:~: 

was r e d u c e d  t h e r e b y .  ..... ~ .... 

An imperfecthydraulic Jump formed in the stillingpool. ~The ~ :~ 

Jet of water from!the apron was diving under the tailwater :and/flow- 

ing along the'bottom. Consequently, .there ,was insuffioient~,~ene~gy i i -~ .... 

dissipation and considerable ~soour !immediately ~ downstream ,from ~the ,,, 

pool. 

A very high standing ~ve ,was formed in the side~ohannels:~ust 

be low t h e  c r e s t .  The c h o k i n g  a c t i o n : a c c o m p a n y i n g  : t h e w a v e  ~ave ~an 

impression of insufficient channel capacity for the ,:water p~seing - 

over the crest. 

~_. Revisions 0 f original design 

Several changes were suggested in attempting to improve the 

8 



<..z~:-  

h y d r a u l i c  performance:err the ~struoture=,Cfi~e:3).~' ~Sinoe~,the exten- • 

8ions of the downstrez~nen~s ofi,,the:orest serve'as,trainingi~,wall~, 

it was thought that by ~ r a i s i n ~  :and:~lengthening~them~,the~tendenoy:of 

water to climb :the ~ohute walls ,oould~be:,eliminated.~: ilThesei,~;wallei~were 

• • ' J L  

extended~ '~,0,5 £ ~ e t  down ~ h e  a.oron-~aIld- 81 sped ~, f rom ,the :.ore st,, e l e v a  i on 

at,the :no'tch~ to a::height of~.i6.25 feet,,at,',a':~polnt!, I05 feet,~;b61ow,.ithe 

n o t c h .  ThLts r e d u c e d  the:latersl~low:,and~minimi..ed~,the tendenoy~:o~: '  ", 

t h e  w a t e r  t o  c l i m ~  t h e  c h u t e  w a l l s ,  i:The f low:  p a t t e r n . :  on~the : .apron  

w a s  a l a s  i m p r o v e d .  ~ ,  .... - . . . .  ~ . ~ .  

As a means of ~ raising the head-disoharEe curve. ~the:~oreet~seo- 

t i o n s  were moved toward ,, t h e  ', c e n t e r  o f  t h e  o h u t e ~ t o o b t a i n J a  ~notoh 

bo t tom wid th  o f  12 f e e t '  ( f igure,3) , .~,~The~ sect ion. :~ o f ~ / o r e s t ~ p a r a l l e l  

to the longitudinal: axis~ of~ the shuteiwere~,ehortened lO:~eet. :This 

moved the  s e o t i o n s :  no rma l  t o  the :  

f e e t .  The r e s u l t i n g  head-diso~rEe,~curve~agreed:~ifavorab!yJ:~vithLthe 

c u r v e .  T h e  d e s i r e d ~ d i s o h a r g e  ~ourvei~-havin required 

the 

the 

b a s i n  to  

D 

depres  s i  on in-  the:~ approach  f l o o r  ,was f i l l e d  ~wi' 

disoher~e curve. " 

A row of dentates and~an, end~eill, were ;built in, the ~Itillin~ • - 

break  up~ the  ~ ~et:: f~owing .along the- ,bot toml  (f!gures~!i3~ and 

13) .  A ~ood h y d r a u l i c  Jump ~was: c r e a t e d ,  t h u s . d i a s i p a t i n ~ , ~ o o n l i d e r -  

able energy. 

(figure IIA) 

Scour ing:  .was~, m a t e r i a l ~ ! y  r e d u c e d ;  ~::but~:.the • scour  ~ p a t t e r n  

shows ~ h a t  .the s e c t i o n  i m n e d i a t e l y  ~b~low~.the :.basin ~ r e -  

qu i r e s  r i p r a p p i n  E. • The scour  pat tern ' :  was_ o b t a i n e d  :.bY r e p l a c i n g  ~:the 

r l p r a p  w i ~ h  f i n e  sand  and  : o p ~ r a t i n g  t h e  m o d e l ~ w l t h  ~ t h e u m x I ! m a  

9 



d i  8ohar~e ~ o~ 45 ~ 0 0 0  s e e  e n d - f e e t  ,.Unti 1.:.the :~ohanneli,,had,: s t a b i  l i s e d .  

T h i s  r e q u i r e d  ~one hour~and~ f i ~ t o e n ~ n ~ i n u t e s o  .... - . . . . . .  ~ . . . .  . 

The b e l i e ~ , . w a 8  e x p r e s s e d : t h a t  o o n e i d e r a b l e  ,eaviagi~oould,:~be 

e ~ f e o t e d  by making t h e  : v e r t i o a l ~ w a l - l s  o f : . : the .  8 t t l l t n g ~ i ,  basi,  n :tM 

h e i g h t  a s the  ohu~e ,  wa118 • :: t h o : , a d d i t ~ o n a l ,  hei~Kht:; '. r e q u i r e d  ::~o~,be ~.~,ee - 

o u t e d  b y  s l o p e  p a v i n g  from,:the' , . tops .: o~ : t ~ e ~ b a s i n  wal  ls~;-on~.a~,2 i 1. ," 

e l o p e .  ,With t h i s  a r r a n g e m e n t : l a r g e  v o r t i c e s  :were~:£orned~:~bel@w.,;,and a t  

the sides of the stilling~basin. :The:result~was~poor~ energyi~dlesi, i! : , : " ~ "  

p a t i o n  and o o n s e q u e n t l y . d e e p  s o o u r ~ b e l o w . a n d  to~:~he,,~sides:.;,of~:,the, 

s t i l l i n g  b a s i n .  ' No f u r t h e r '  o o n e i d e r a t i o n : w a s ~  g iven  ~to th i s .~ i type ,  o f  

design~ and the original vertieal:.w~lls,i~wre~ rePlaoed'. :!The:i~el .... ~ ~: 

was c o n s i d e r e d  t o  i n d i c a t e . e a t i s f a @ t o r  p e r t o r n s n e e ~ e x o e p t :  . 

f o r  the  hAgh s tanding=  wave ° in:- t h e  s i d e  o h a n n e l s o b e l o w ! : t h e  ~:ores t . :  

The 10 s 1 s l o p e ,  a t  t h e  ~upper~:. e n d : o f . t h e , : o h u t e :  f l o o r  ~was e x t e n d e d  

up t h r o u g h  ,~the,- s i d e .  c h a n n e l s  .reg.,the f o o t : ~ o ~ t h e  er l  ' 

n o r m a l  to', .the~ l o n g i t u d i n a l  ~ a x i  8. of.', t h e  '~. o h u t e  ,,~.,.'co: a] 

s t a n d l n ~ -  wave. As this o h a n g e . ~ . w a s : , , o f ~ -  littl 
:.:~ :", ,~, . - . _.. ...... 

was replaced. -., :.,, .:, i., 

The warpe d walls of L: ~the ohute, were ~,repiaoed~by ~ straight, vertioal 

walls set in s u o h  p o s i t i o n s - : t h a t : - t h e M  o o n e t r i c t e d : , t h e ~ s i d e ~ @ h a n n e l  s 

(fi~ures 3 and 14). :This: @hangs, resul,ted~ in~submergenos: ~ the:stand- 

ing wave. A smoothers:and, a more; even,~distributlon of fl~,along:the 

• ° 

apron was a l s o  o b t a i n e d .  , , I t  oould' ,be  8een~.that~the~;ohute~walls~.would 

have t o , b e  r a i s e d  o o n s i d e r a b l F . ~ t o : p r o v i d e  . . s u f f i o l e n t .  f r e o b o s ~ d o . ~ F i K -  

• u r e  1 8 i 8  a ' w a t e r - e u r F a o e , p r o f i . l e  a ~ o n g  t h e  o h u t e  w a l l s f ~ ' : a  

!, 1 0  
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. . . .  1 • % *:'+A ~ + ~ +++ + '  ~ J ;  ~++ ++ +~ + L ++ * J ~ + .+  +~++~+ " '  

d i a o h a r ~ e  of. , 4 5 . 0 0 0  s e o o n d - f e e t . ~  . D u e  +to ,+the ~idif~ioul~¥+i ,and, : . the  +.cost  + 

o f  c o n s t r u c t i n g  t h i s  .destgn+~in~the,:i~fl ) . 

a b a n d o n  + i t  i n  +favor  o f , - t h e , a l t e r n a t e  

l O .  + I n i t i a l  , t e s t a ,  o f - + t h e ~ a l  terma,te+ t . . . . . .  ,. ,~ 

was  Ot ~ o o n s t r u o t e ' d  " The m o d e l  o f  t h e  s o - o a l l e d , ~  ~ a l ~ o r - ~ t e ~ d e s i E n + + ,  + n .., . . . . .  

a c c o r d i n g  t o  t h e  o r l g l n A l ~ . = s k e t o h  :of  C l g u r e ' . 4 : b u t . a c e o r d l n g ~ t O ( : . ~  : 

r e v i s e d  l a b o r a t o r y  d e s i g n  o f  f i & ~ e , .  5 . ,  ",~',Tho : £ i r s t ,  , t e s t s  .w i th : i ! the~ :de -  

s i g n  on f i g u r e  5 ~ showed ~ a t  a t  a l l  ,i: f l o w s  +~T~he d i s c h a r g e  ~from '~,the 

c e n t e r  n o t c h  s p r e a d  + . l a t e r a l l y . ~ u n t i l  i t  i m p i n g e d  o n ~ t h e + w a ! l s + a n d ~ d o .  

~leoted do~ the chute (figure~:7) Ati~he+hlgher ~disoharge8, the s' 

l a t e r a l  c o m p o n e n t  o f : v e l o c i t y . w a 8  , ~ s U £ f i o l e n t  t o  c a r r y  ~ h e  ' ~ f i ~  ,~oT.er . 

t h e  w a l l s ,  .thus,+ r o m l t i n g  +in s c o u r  o P + . t h e + ~ a d J o i n i n g ~ + r i p r a p .  T h i s  +is 

e v i d e n t  f r o - .  a c l o s e  i n s p e o t i ~ n  ~of~fi~ure~+7,m ++ + . =  : 

I t  was  ~ l s o  f o u n d  :that , t h e  + h e a d - d i s o h a r g e ~ o u  

a b l y ,  l o w e r  , t h a n  t h a t -  a n t i  o i p a t e d  ~in ! ~ated  ~ , t b a t  

t h e  a r e a  o v e r  - the  n o t c h  pa n o d , . m o r e  wa t e r+~  than~  was,  o r i E ~ n a l l y  

assumed. As a :result, +sit,was n e c e s s a r y  , to  

crest length+until the desired ~condltions++were ~o 

+ a c c o m p l i s h e d  b y  m o v i n g +  t h e  , s i d e . w a l l s  ~ toward  the+~oenter+i.and ~ a l t e r - '+  ,i + + 

ins t h e  approach channel ~to satisfy~the new requirements. ++The .i.shape+, 

the curvature, and the locatlon,of ~the ~or~eet~re~alned, uno~ged.- 

II.. Revisions o f  ~:the + a l t e r n a t e ~ d e s i ~ n  ++ + + • + 

To reduce ~he +,lateral flow and thus eliminate the ~unde, slrable 

flow over the chute walls, +two schemes were tried. In ++the flrs)t 

one, training walls of varlous + heights ~were ~iaeed~=at: each~elde of 

11 
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the, notoh and "' extend od ~.appr oxlma te I y;. 120 ~f set ,:d~tream.~ : .~ The:'~ i 1"8 

produ red- t h e  d e a l  red  :.re su i t  s :~ at ~ 1 ow flOW,. 'bU~ ::.~at: Eigher ~.:d~ sOha'~':~es 

the r a d i a l ,  flow fr~a:the:erest:was~defleoted"by..the:::tralninE::w&ll8 : 

t o  the  ohute  w a l l s  where::-it formed~a'-hig~i: if in'  

s p l a s h e d  over  , o n t o  the ~riprapped:  b a n k s ,  . . . .  

The seoond,a~,tenq~t,  was more : - suooess fu l : .  I t  ~oons i s~d ' :Of : . , r~ i8 ,  

i n g  the  apron t o  w i t h i n :  f i v e , , f e e t ~  of  the.:'top of,',~,~he:.~!erest.,and~'~bxteDd. 

~ng' the  n o t c h  through: the:,aprOn-<as :shown on ~ g u r e ' : 1 8 ' .  T h i s  p r o d u o e d  
. . . . . .  ~. : ~  

a f a i r l y  even  d i s t r i b u t i o n - o f  floW~iaoross,~,th e- lower:par~.~of::~the,:i.apron 

at all disohargee. However, there .was~:~still a'.tendenoy~:for ~s~e~of " 

t h e  water  p a s s i n ~  t h r o u g h  the",notch t o :  spread ~ l a t e r a l l y : : a n d - : o l t k b  :.the 

walls near the ~stilling hasin, The..apron~oould!ha've;~been~iiraieed '.i' " 

still more and the notoh extended-:~o ..the-::sti lllnK:pool,.::::thus:~eXimi. 

nating the slde-wall ~fin entirely. However,~!:in~:the:~.inltial~ develop- 

sent of the proJeot,~the oanal~from:the.reservolr~iwill~be oXOava~ed 

t o  e l e v a t i o n ,  5598~,00, .?With' p a r t  ' o f  t h e ~ a p r o n  ~.at". thi ,8 , / e l e v a t i o n  ::or 

h i g h e r ,  a o o n s i d e r a b l e  :por t ion  Of' thei :~ ,s truet~  

b u i l t  on b a c k f i l l .  As~. t h e r e  .was c o n s i d e r a b l e  

t u r f ,  t h e  o r i g i n a l  apron .was~::replaoed~,.and ,nO~:fur~ther ~tests;i:wereii~Udo 

in that direction' ~ :.: . : .~:,- ~...,~" : " 

From the  r e s u l t s - o f :  the .  prev ious~  . t e s ~ s i  =it~,appeared::,:that :-the ! .:~/ :.: 

d e s i g n  oould  be made workable  i f  the--notoh-~:wa8 d i v i d e d : a n d - h a l f  : s e e -  ~ 

t i e r s  p l a o e d  a t  t h e  end8~ o f  , t h e - o r e s t  ~t-~h.:!the'..~ohannel ., w a l l  f o r m i n g  . . . .  :/i~ 

one s i d e  o f  e a o h  n o t  o h .  A e o o r d i n g l y ,  t h e  o e n t e r ~ o p e n i ~ , : w a s ~ : p l u g g e d ,  

12 
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: • • 1  rl ~•~ ~ 
• : • •  i~ :•  • • :  !~ k ~ i ~ : •  

and new n o t c h e s  w e r e ~ c u t ~ a t  ~each :~end ~, 

a r e a  was ~ s l i g h t l y ~ m o r e  : t h a n  ~ t h a t  o f  ~t~ • 

tests with thia/.~rran~ement revealed i that~iat ~lowi~dlsoharges '.,~the~e ~ 

was a p r o n o u n o e d , c o n o e n ~ r a t i o n  o f , f l o w  i n ~ h e ~ o e n t e r ~  o f i ~ t h e  ~aP t o n  

which c o n t i n u e d  ~ i n t o  ~ the ~ s t i ~ l l i n g  b a s i n .  ~As ~i, the ~ ~/' 

a s t a n d i n g  wave~ forme d ~,~in i ~he'~ c e n t e r  .~Of ~ t h e ~ a p n o  

c r e s t  and s p r e a d  g r a d u a l l y ~ : a s  i t  ~ a p p r o a c h e d i : t h e  '/. •ii~ 

c h a r ~ e " r e a c h e d  t h e  .maximum"Of~:~45i;O00~ ~ a ~ ° n d ~ f e e '  : '~ 

p l a c e m e n t  o f  t h e  f l o w ~ f r o m ~ t h e  s t a n d i r  

t h e  c h u t e  w i d t h  ~ as'~it~ r e a c h e d  t h e ~ e n d  

a s h e e t  o f  w a t e r  o f  u n i f o r m ~ d e p t h a s ~  

t h e  result that t~ere was~little=~vement of~the~ero~ 

down stream from~ ~the~ stl i llng ~basin. • There~ ~was,~ve~y;i ] 

flow along the ohute~walls ~exoelxt~inthe:~ia~edlate~vlcinity ~:~Of~-the~ 

n o t c h .  T h i s  w a s  ~a d i s t i n c t ~ a d v a n t a ~ e ~ a s  ~ i t ~ s  now~pc • " 

~ l l s  o f  c o n s i d e r a b l y :  l e s s ~ h e i g h t ~ : t h a n i  in:~a~7~of  ~the f - - . "  i r'~ ~" "~' ' H ~ . . 

It was. suggested that,:.thr~ee0notohe s,,~ one ~at sash 

height of the standlng-wave,'~nd~i,.obt~in .a better ~distribution~o~.,:~he 'i . 

flow on the apron~at:Iow, discharges.~,Wi~h<thls~ arrangement ~ai~st~ ..... ~ ~ ~ 

ing wave of the same~ hei~ht~ as! before~waa~fo~med.~n~:e&oh ~8~de ~of ~-the • 

c e n t e r  l i n e ,  i n  t h e  a r e a  b ~ t w e e n ~ a d ~ e e n t  ~notohe s .  ~ As t h e s e  ,w~ves,. 

s p r e a d  ~on-..the a p r o n ,  ~ p a z t  o f  ~the f l o w  r e f u t e d  t o  t h e  c e n t e r  l ~ n e  o f  

13 



the  structure to:~form another.;at~ng~wa.ve:,~and~-~the)::,r~t~eri, tra~eled,: , :  .. 

to  the aide o f  the~ a t r u o t u ~ e ; a n d  Overtopped ,:the~wa ! : ii:!/ 

e x p e r i m e n t i n g  and' a d J u s ~ I n ~  :of r the  ~.~,lle~:.&nd;the:~'xng . :; ~ e 8 ,  

~ a t t s f a e t o r y  ~ l o w . o o n d i t i o n s ~  cou ld  ~, h~ve.~.been::ob~ained..::~:However,:~:it~. ~ 

was obvioua;0that  i n  o r d e r ~ t o ~ o o c ~ p l i s h ~ , t h i s  the:;,:cen~er~notohii, would  ', - 

have to  be o o n s i d e r a b l y , ' s w - l l e r ' : . t h a n ~  j ,  :.Thei~pOss~bi~ ". 

lity o f  clogging by' debris::oau~ 

At thie~tlme~it u a s ? s u g g e |  

i n  the  f l o w  ~ t t e r n  ~ i f  ~- the  ~not( 

walls. The e e o t i o n s ~ b e ~ w e e n  t h e ~ n o t c h e s ~  

form b u t t r e e a e 8 ,  : thus S ~ t e e t i n ~ £ a v o r a b l  

The no tohe 8 w e r e  ~ moved l O  ~eet  t o w a r d  ~the~ c e n t e r  :il~ue~ 

The s tanding wave  was n t a f £ e o t o d  m a t e r i a l l y ,  ::but ~ a n o ~  r ~ f i n , : o f  ~r . . . . . .  ~u~#~  ~ 

k 

L 

water  -was ~ formed~ b e t w e e n  the  ,no tohes  

t ended  . w e l l  above' the  "top, Of the,~ w a l l  i ~The~ scheme ~ i w a s i . i ~ O n e , d ,  " 

and t h e  n o t c h e  s-~were i r e t u r n e d  :.to ~.their: former ~ p o e t ~ o n 8 . .  

A t  t h l s  p o i n t :  the  ~ a l t e r n a t e ' ~ d e s l g n l  I w i t h ;  notohe  e i~at ~the.~ ends  ~"Oe 

the crests, ws8 aocepted~as~the final desi~nj and the ~ 

proceeded  tom~lcs refinements:i~to 'improve-~he~:~appe~rance~:.and~to ~ourve . . .  . 

0i~6 ) the  chute  wal la ,~to  c o n f o r m  more~.nearly-~to~the,!flowpattern/(fi.gur .. ~ ~ 

IS. ~Finaldesign , ~  .... ..~ . .~ • ~  

I n  -~the arrengemsnt/shown,~on~figure,ii,6,,~ the , /ourvatur .e  o f ~ e ~ e h u t e  !~ ~ / -  

walls w~a eaeedt.tho entrances: to. the notohee~were~,.~etreamlined,, and 

, the t r a n s i t i o n  above t h e ! , c r e s t : - o o n a i s t o d  ~of ,plane ~sur£aoe8 . ,  , T h i s  
r 

change d i d  not  a f f e Q t t h e  f l o w  p t t t e r n ~  ( f i ~ u r e ~ 8 )  ~or ~the~:~head~dieoharge 
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In t h e   oond t r i a l ,  . trian l  b l o c k  12/feet  i u s  

on t h e  c e n ~ e r  l i n e  iof t h e  a p r o n  w i t h  t h e  ~ apex  a g a i n s t  tjhe ~ores t  ~..to 

d e f l e c t  t h e  f l o w  f r o m  t h e  c r e s t A n t o  t h a t  f r ~  t h e  n o t c h e s .  T h i s  

r e d u c e d  t h e  h e i g h t  o f  t h e  s t a n d i n ~  wave  c o n s i d e r a b l y .  ~ o w a v e r , ~ t h o  

r e s u l t i n g  f l o w  i n t o  t h e  ~ s t i l l i n g  b a s i n  d i d  n o t  p r o d u c e  a s t a b l e  J u m p .  

So t h e  p l a n  was a b a n d o n e d .  

I t  was  s u g g e s ~ d  t h a t  a n  improvemen t  i n  t h e  f l o w  p a t t e r n  c o u l d  

be o b t a i n e d  by w a r p i n g  the  w a l l s  f r o m  a p o i n t  i n  t h e  c a n a l  t o  8 ~ o  

p o i n t  downs t r eam f rom t h e  c r e s t .  The model  was r e v i s e d  a s  shown~ o n  

f i g u r e  9 .  The re  was no improvmnen t  i n  t h e  f l o w  p a t t e r n  on t h e  a p r o n  

(figure I0). However, the entrance conditions to the notches were 

improved  t o  t h e  e x t e n t  t h a t  t h e i r  b o t t o m  w i d t h s  were  r e d u c e d  f r o m  10 

t o  9 feet. 

Thi s  s t r u c t u r e  p r e s e n t e d  a mere  p l e a s i n g  a p p e a r a n c e  t h a n  t h e  

15 
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curve. Therefore. the design was consldered,satls~aetory. Hwever , 

two more attempts were made to reduce the ': height/0£ 

~ v e .  I n  t h e  f i r s t  t r i a l ,  four rows~of..'haIf-elliptioai,~b~fles~wsre 

p l a c e d  on t h e  a p r o n ,  e x t e n d i n g ,  f r e m ~ t h e  foo t~ , . o f - tho  ~ . . . .  ' crest t o .  a ~ p o i n t  

75 F e e t  d o w n s t r e a m .  T w o  r o w s  were  p l a c e d ' i n  l i n e  w i t h  t h e : l n s i d e  

faces of the notches and the others:were placed parallel ~to them and 

I0 feet nearer the center llne of the structure. The major axes of 

the baffles were placed in the dlrectlon ofTlow through ~ the notches, 

L • 

and companion rows were spaced such that the openings were staggered. 

T h i s  scheme a c c o m p l i s h e d  t h e  p u r p o s e  t o  s o m a ~ e x t e n t , ~ t  ~ i m p r o v e -  

ment  ms not sufficient to w~rrant thelr use, 



previous arrangenant, -~and ~.it-~was seleetedas ~the final~!~d'eaign, "~The 

head-discharge curve is shown on,figure"f2° -The resultlnE scour 

p a t t e r n ,  a f t e r :  an: e q u i v a l e n t  :' p r o t o t y p e  f l o w  o f  ~ 45,000.8eoond-£eb% 

for 1.25 hours ~in.the~model, ~i8:~.ahown. on figure 13A~. ~' 'The~aeour ~.tea% 

was no t  c o n t i n u e d  f o r  a g r e a t e r  p e r i o d ' o f  t ime  b e c a u s e : t h e  c h a n n e l  

bed i n  t h e  model had e t a b i l i s e d .  

O 

III- RESULTS CORS 

1 4 . .  A n a l y s i s . o f  the  r e s u l t s  

The h y d r a u l i c  pe r fo rmance  of o r i ~ i n a l d e a i ~ n ~ A - w a a  s a t i s f a c t o r y .  

However, f rom an economic v i e w p o i n t  i t  did n o t  compare f a v o r a b l y  

w i t h  t h e  f i n a l  d e s i g n .  The d e p t h  of  w a t e r  on the  ohn t e  a t  t h e  w a l l s  

of the first design was conaiderablydeeper:than.that~at.the~walls 

of the final design, necessitating, higher walls ~over~-:a greater length ~ 

(figures 15 and 18) .  
/ j  

O r i g i n a l  d e s i g n  A a l s o  r e q u i r e d  a g r e a t e r  l e n g t h  : o f  c r e s t s . t h a n  

was n e c e s s a r y  o n  the  f i n a l  d e s i g n ,  due ~to t h e  u n f a v o r a b l e . : e n t r a n o e .  

In the longitudinal aeotlon of the crest the water flowed diagonally 

to the crest axis, eauslu~.an appreciable reduction in :the ooe£fi- 

o i e n t  of d i s c h a r g e .  I n  a d d i t i o n ,  the  downa t r eam p o r t i o n  s u f f e r e d  a 

r e d u c t i o n  i n  head due to  a d r a w d o ~  i n  w a t e r  s u r f a c e  i n ' t h e  a r e a  be -  

tween t h e  c r e s t s  which a l s o  c o n t r i b ~ t e d  toward  r e d u c i ~  r theover-all -:~. 

c o e f f i c i e n t .  The width  o f  t h e  n o t c h  r e q u i r e d  t o  p a s s 1 1 0 , 0 0 0  second-  

f e e t  a t  e l e v a t i o n  5623.00 was much l e a s  f o r  o r i g i n a l  d e s i g n  A t h a n  

f o r  t he  f i n a l  d e s i g n .  Th i s  ~ s  due t o  more f a v o r a b l e  approach  con-  

16 



d i t i o n s  above  t h e  n o t c h ,  more s l o p e  i n  t h e ! d o w n s t r e a m / a p r o n ,  and ~ t ~  

fact that critical f l e w  o o c u r r e d m d o w n a t r e a m ~ r c m t h e  n o t c h . ~  i n ~ t h e  

f i n a l  d e s i g n  the  c o n t r o l  s e c t i o n  o f  the  n o t o h w a s  &t , t h e  ups t r eam 

edge of  the  c r e s t  and c r i t i c a l  f l o w  o c c u r r e d  b e f o r e  t h e  ~water~reaehed 

the  apron•  

With both designs, a suitable h~draulic Jum~ 

s t i l l i n g  b a s i n s  and v i s u a l  o b s e r v a t i o n s  d id  h o t ' i n d i c a t e  a n y r d i f f e r .  

enos  in  p e r f o r m a n c e .  However,  a scour  t e s t  r e v e a l e d  ~ t  o r i ~ i n a l  

d e s i g n  A scoured  much m o r e  s e v e r e l y  n e a r  thin p o o l ~ w a l l 8  t h a n  d i d  : ~  

final design(figure II). This might have been : oaused~ by the oonverg. 

ing  c h u t e  w a l l s  o f  t h e  o r l g i n a l d e s i g n  which c o n c e n t r a t e d  t h e  f l o w  and 

reduced the effective width of the pool at maximum dis o~r 

At the early stages of retrogression ~ in the ~downstream ohanuel 

leading into Tollgate Creek, thewater surfaee willbe~thirtyto 

forty feet above the stilling-pool walls at maxinmundischarge. Thls 

c o n d i t i o n  w i l l  no t  p r o d u c e a n y u n f a v o r a ~ , l e  ~ n d i t i o n s  a t  e -  

ture if sufficient bank p r o t e e t ~ e n ~ i =  p rov ided -aga ins t -~wave  action in 

the vicinity of the structure. As retrog ses and:the 

t a i l w a t e r  a p p r o a c h e s  the  t o p  o f  the  s t i l l  _ , a v o r t e x  

w i l l  form on each s i d e  of  the  p o o l  a n d t h e r e w i l l l b e ~ c o n s i d e r a b l e  

r e t u r n  f l o w  i n t o  the  s t i l l i n g  b a s i n .  The v e l o c i t y  o f , t h i s  r e t u r n  f l o w  

i s  s u f f i c i e n t  t o  c a u s e  s cou r  and a lou~h ing  of t h e  b a n k s .  I f  t h i s : i s  

to be prevented, protection must be provided for veloelties of approx- 

imately 12 feet per second. 
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15. Conclusions 
i m ,, 

(a) The stilling pool for the final design, as sho~n on,figure 
! 

9, is satisfactory for discharges up lt~ 45.000 second-feet In,combi- 

nation with the corresponding ~ tailwa~er ~elevatiom ~figure 

19. ~ • 

(b) The final design (figure 9) is superior to t~at shown~en 

flgu re 6, from an aesthetic viewpoint. There is no appreciable dif- 

ference in their hydraulic properties. 

t h e  pool  a r e  l e s s  conduc ive  to  s c o u r  than  t h o s e  o f t h e  o r i g i n e / ~ d e .  

s i g n  A. Any d e c r e a s e  i n  t h e  ehLnnel  a r ea  i m s e d l a ~ e l y d o w n s e r e a m  f r o m  

the pool will have a tendency to increase the scour. 

(d) The variation ~ in the alternate design, as/sh~mn~on £igure 

16, cou ld  be made w o r k a b l e .  I t : w a s  not  . c o n s i d e r e d  p r a ~ t i o a l / f o r ~  

structural r e a s o n s .  

°~ ° 

(e) The t h r e e - n o t c h  a r r a n g s l e n t  c o u l d  h a v e , b e e n  :.Rde l a t i s f a o -  

tot 7, and the height of ~the standing wave ~could have been ~ ! 

but the narrowness of the center notch would,have presented a slogging 

haaard. 

18 
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FIGURE 7 

A. Model arrangement B. Discharge I0,000 C.F.S. 

C. Discharge 25,000 C.F.S. D. Discharge 45,000 C.F.S. 

ALTERNATE I]ESIGN A 



FIGURE 8 

A. Model arrangement B. Discharge I0,000 C.F.S. 

C° Discharge 25,000 C.F.S. D. Discharge A.5,000 C.F.S. 

ALTERNATE I~IGN B 
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FIGURE i0 

A. Model arrangement B. Discharge i0,000 C.Y.S.  

C. Discharge 25,000 C.F.S. D. Discharge 45,000 C.F.S. 

ALTERNATE IESIGN C 



FIGURE ll 

A. Sco1~ after flow 45,000 C.F.S. Original Design A. 

B. Scour after flow 45,000 C.F.S. Alternate Design C. 

SCOUR PATTERNS. 
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F I G~W.E 13 

A. Model arrangement 

B. Discharge 45,000 C,F.S. 

ORIGINAL ~ESIGN 



FI G~E 14 

A. Model arrangement 

B. Flow conditions w~th disehsrge 
of ~,000 C.F.S. 

ORIGINAL T~ESIGN A 
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~mz le 

• A. Model arrangament Bo Discharge I0",000 C.Y.S. 

C. Discharge 25,000 C.F.S. Do Discharge 45,000 C.F.S. 

SECOND VARIATION OF ALTERNATE EESIGN A. 
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FIC~ME 17 

A. Model srrangement 

Discharge 45.000 C.F.S. 

VARIATION 0F ALTERNATE IZSIGN B. 

B. 
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