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PREFACE 

The idea of applying the 'theory of superelevation to 
curved spillways was .suggested by-Raymond A. Hill, Consulting 
Engineer, Quieten, Code :and Hill .-.Leeds and~ Baruard, Los 
Angeles, California. This idea ~as suggested ~by ~him *.while re- 
tained by the Salt River ~Valley Water" Users Association-of 
Arizona in the capacity .of Consulting ~Engineer on designs made 
bythe Bureau of Reclan~tion~ 

To .date, six designs of curved a~ 'superelev~ted spill- 
way channels.have been prepared in the spillway section, division 
of dams, of the Bureau of Reclamation under the direction of 
D. C. McConaughy, Senior Engineer, and .u.nder the supervision of 
K. B. Keener, Seulor Er~er. Particular credit is dae D. A. 
Dedel, Engineer, D. Y. C. Birrell, Associate Engineer, C. J° 
Hoffman, Associate Engineer, a~ A. W. Garnell, Junior Engineer, 
who severally contributed mmch to the development of the design 
theory. 

The Im~dels of the Bartlett and Valleclt~ spillways de- 
scribed in this memorandum ~were designed and tested, and the 
data analyzed in the h~draulic laboratory of the Bureau of ReclA- 
mation bythe writer under thedlrection of 7. E, F~rnock, 
~,~ineer incharge of the laboratory. All laborstories are 
under the supervision of Arthur Ruettgers, Senior/E~neer, and 
R. F. Blanks, ~gineer. All design work isunder the supervision 
of J. L. Savage, Chief Designing Engineer, and all work of the 
Bureau of Reclamation is dlrected ~by R. F. Walter, Chief Engineer° 
The •activities of the Bureau of Reclamation are d~ected by 
John C.~ Page, Commissioner. 

All the materiel, text, data, equations, figures, il- 
lustrations, etc., are the ~prop~rty of the Bureau .of Reclamation 
and .may not be reproduced in whole or ar~v ~part ~,without the 
written permission of the Bureau of Reclamation. 
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Subject: The flow of water in curved and superelevated channels at both 
suhc~itical and supercrltical velocities. 

i. General Theory and Develoument of~Formulas. This dis- 
cussion of theflow in open channels, curved in plan and superele- 
rated in cross section, is divided into three parts. The first deals 
with flow at subcz~tical velocities in channelswith parallel sides; 
the second concerns flow at supsrcritical velocities in channels of 
parallel sides; andthe third concerns flow intapering channels at 
supercritical velocities. 

In these developments, consideration of the effect of friction 
will be first omitted," then later added. 

The assumptions made are: 

I. The energy gradient across any section normal to the center 
line is horizontal. 

2. The discharge per foot of channel ~ddth is constant. 

The symbols used in this discussion are defined as follows: 

v= velocity. 
h = velocity ihead. 
r = radius measured from center of curvature to the point 

considered. 
p = the h~irostatic pressure. 
q = the discharge per foot of channel ~dth. 
z = elevation of any particle above the datum plane. 
w = the weight per unit volume of the fluid. 
a - the angle that ~he tangent to the water surface makes 

with the horizontal. 
g = the acceleration of ~ravity. 
C, C1, C 2, and C 3 are constants. 

From the first ass'umptlon it is obvious that 

v 2 + _2._ ~ z = a constant. (See Figurel) 
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~ ,hoz'i~onts.l piLne s is  eons~nt, ~so 

Di~fertnti~in~th~r~speet t o  r ,  
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B~ the cha~e In pressure aeross ,a s ~ r m m  tube is 
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,:T~kix~ %he ',,log o f  ~'both ~ e~des ,  
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D i f f e ~ e n ~ i a t i ~ ,  
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+From +.'khe seoond ++,assw~tion ++At :follow :that 

' ~ q + - , ~ a v + -  ~(1 +- +~'a)v,.--id +-,~v.+-~.c~ 

B u t  ~fr~n .equa%ion ' ( I ) ,  ~+.v'£" ++,+ ::O 
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Equation ( 8 ) ~ : ~ y  _be der£v+ed~also ~frcm-a ~free+b +o~anA!Msls -++of +a 
~ l ~ r ~ i o ~ j .  ~ !~he~ ~qua%ions / ( , I )  ~.and!i(2) ~ ~ y  :: be : o b ~ i n e d  ~£~o~ 

. ~+e<+.,u,,~i,~ ~ ( . z ) .  . . . .  

:~2. :Subo_ri~i0ml?~low. +;+.The +:applloa%ion ~of ~ h e  +aboTe L~heo+ry 
and e q ~ % i c n s  '%o ,i:the ~ e s ~ g n  o f  +a~ obanne l  'iin ,whieh +ithe - f lew !is  b e l ~  
0 r i % i e a l  ~.Teleeit 'y: mY :be ~ l~ lus~ra~ed  ~$n ~.an~ example.  
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Speo ifleatlons o -  P ..+ohannel, 

!+'Wid~h.,,of~,ehannel ~ , . . . . , . . . . . , . . - . . . . ° . - . - , - ' .  : :~O~eet .  
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~o~8idered ..,,.o,.®,....,..,.,..,...,.......,- " / 4 . ~ : ~ , , / . ~ e o .  

:: ~ r ~ r  + ~ d l e n ~  ~:at +s e o t i o n  ~: oons ~de~+ed + . . . . .  ::ZOO .~fee~. 

: O~itieal :deoth :under '~these :.eonditlons :ils ~ ~'~2:~:~. :-The. 

i 
-j-+ 

S: 

• . able :to .:~m31ude,,.,more :points. 
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'~Vc :-':Tel~ity, at, o e~ter )I~, 

r e ',- - -~ r~dlus ~'at ', o e~er ~ line, 

/do - ~ cdep%h:~!at-:o en~ e r  i line. 

.~Item NOo 4 ': is : ob~almed "fr~.::~q~a%ion :i:(4), 

- ,C 

r:'O~ 

.am 

.> 

amd 

-~m~-~m-=~.- e :,'r ..-ii 

::~n:.:i~:.No. :,:9. :.the superelevatio~ .:is 0%he dis%anoe i:~ha% 
~ .  p o i n ~  :.on : t h e  ~' o ~ e l  ~ : f l o o r : : i s  '~abo~e ~(plu.q ) <:or: b e l o w  ~ (minuS)  
the : floor.:el~wati~a ~at ~.~he -o en%er :iline. :, 

the, suPezelevatlon ,:ooours ~:en.~%he:~Ins£de ~:Of ~%he -:out.e. ~ich ",'.is .i%he 
reveree :of ~the,:condition .obtained, ~as-~will .be ~sho1~, :~hen.!.the ~ flow: 

~': occurs,~:~t :a~ velocity~:above ~,that < Of ~'.o~l~ieal. :~The ~:.%heo ry ::,in '~ ~he~>ab o~.e 
design: has :'not:.been.~v~rified::in~.,the~la~orato~ye ~lni?che i:experi~e~tal 
investi~ion ~:on :.the ~, approaeh~oa~al ~Of-::the ~. Green::Mo~utain ~:Dam .iBpi~i- 

: t i o n ;  :%he ~ e q u i v a l a n t . : o f  :: f o u r  ~ f e e t  '..:~s ~ r i ' e d  : in, i~the.~model  ~::aud ~ f o u n d  \ t o  
:~:df 8turb i:,flow~,oomdltioms .,,:d~wm.:,~he ~:ehute ~.~:,:more !tl~n: oacurred :~wlth 

:: a ,:fair.:~es% +: ef ~,:.%he :: theory. , F.igure ~!5 :~glves ~;a :oc~par.~eon :of :~he i f l ~  

:am~er: li~ -: Im :able ,:o~itioll* 
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S p e o i f i o s t i o n s  ~,o~ ~ o l ~ e ~ t  t ,- 

W~'dth~o~obmmtel. ,  , , , , , , , , , , , . . . o , , . . . o o ,  ~ .  :Tee~, 
;,l~L%us ,:of ::eem~v ! l i n e  . . . , . .  , ,  . . .  , . , , ,  • "°'L:~'l~O O0 C£ee~:, 

-5.0 :~e~t. 

:Orlti~e/:'dOp~ !,~er ',~hese~:~u"~i~ion8 ,wcm.:d ,oocur :at 
::8,68 : f ~  ~" 

. . . . .  - - - ~ " - ': ' " - ' ' ~d :- --:Z 

• I :8 :|" ?| ~i  :~',: ~ 

:2 ~i~/~x ::,/, :Io20: )I.091 := )1~00: 7 

:@ ~::YelooStThe~d ,:~ : ':20.18:- *,18,86 ~. 1 ~ , 9 9 .  ~11.92 ~. ~10~28 
8 = ~ e z ~ r , ~ L t ~ ' : l O 0 . O 0 :  : , i00=00.  ~::100~00: :lO0.(~O : :  :10~3,00 

*,7 ~:~.  8 ,  ~ele~r, ,~i= ~'79,85: : 8 5 . ~  ::~;86;01:- ~88~08 .~: :89;72 

p l o t t e d  ; i .  :£i&~t~j ~ ~a s :,:sol£d ~'line8o : : S u p e ~ p o s e d  :£or ::e~sy ,~o=pp~ri- 

:4. ~ ~ : S ~ ~ - _  ~:~la~ion. ~!.~o ':re~l~i,~i- 

: l ~ e  :at :'I 
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+++Let~t~onm ~mus~  ~ l~mo  ~+be + " 

~Is~+le~. :+261s~:i8 +rotom.'Ol+ !i~ 

, m ,  e~a+Clm,?:+++Ive+.+mg+ble:~i~kegra~a+i +so ~'~.,kie : p m m e d u m  

+q~er,~po~s i:s~e :r+cam~u~ed,,~An +a ~m~m~er +m~m~l~r+ +to L,~the 
?~ iz~  ,+ oo~+Io~s. ! : + w m ~ ,  +from +~hese + o o m p u t a + ~ i o n ~  • ~ a :.new 

i++mm+m~h +(+)+~a+ + + . o r ~ + e S o  +:. ++mooCh ,,++mmm i 
+~he ++s~m +.mmmme~:~. +a .+smooth ~:eur~e ++,~s ~+plod;~sed . 

j<+ ~ + 

. + 

~ e ~  ~ ,a~Ju~ta~t  ~ a o c o r ~  + t o  -!~o+!+ Andioa~;ed.++e~zreo~$oas.'~zomt ~i.+~ol + 

+7 + + + • + + 

i +' " " + " "+ 



J ,  , 

~plllmy .h~e ~en,e ed, ~~% ~s neeesm~ry ,to .. let ~,~ho 
• !lo~i~Li~al .:.pro~lu ~t~ro~ ::,,~he ~poix~s:at ~eh"~mpU~. 
~ " . . . .  • : f o r  : e ~ c h  : e r o d e  

• ~ h e r s ,  I~L~ . ~  ::.points :were :,used ~:Lu ;:~he o c ~ p ~ : ~ : i o n ~ .  ~::~ 

is-~eonoawe ,:or :e~m~x, :~respeo~ively, ~hen :~he :profile :on ~,the 
,eenter ~line~, must ~be :revised :unti:l :these ~-.e~n'd1~ons :are ::e:imi- 
:~ed,or:~he~r~:offeet ?.mi~imi~ed. ,With.~ithe ~revised ~oenter 
:li~e~ ".the ~:Et~re :o(~' uta~ions m~st :be i:repe&ted. ~.~ 

:abo~e :o~tli~e ~iz~i~ates :.the :,prooeau~e ~fol:lo'n~ ~ :i~ " :~-"-:::~:: 
-~the , s o - o a l l e d ~ e x a o ~ " ,  method ,::of..:'~esig~. :Z~'~.~his "~exao~:. :=e~hod, 
however, the .deS'l~: a~s~es :.t~ree :~ondi~:o~s"-:~o ::be ::.~rue = : ::~irs~, : , 

w ~ l :  :be ::either more: or :ileas ~s~erele~a~1o~ :~a ,~e~ry : ind~oa~es .  
:BeeaUSe~of ~i,%he~e ::~fae~ :and "boeauao '~he,,~e~u~a~ions"/~n !the ~sO- 

:.wtd~h:.'~s ::2,66 ~'fe4~;j ! .~e ~diseharKo ~I50~:.0(X)~.,seoond,~ee~. i~nd ,the ~ x i -  
-:.veZoolt~ : a p p r ~ e 1 7 : 5 5  ~ee~ :per ::seoom~.. ~c, 
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D i £ t e r e n e e s  ! i n , ! F e e t  . of  ~Floor ~ E l e w ~ i o n s  ~O~t~ined :by ::Two ' M ~ h o d s j  
~Approxima~eu i ! F l o o r ' i ~ s  :"B:to~"'~iYloor ~'Eque~s Di~ffere~ee 

,, J, i i ,i |i . . . . .  m, r , ~ I , II 

:~Differenoe --An ~ F l o o r ; ~ l e v a t i o n s  
ii i ~ i i i ii ' ~ 

~': .,~mldl -::! ~ ~Z~st~e " ,~ ~ ~Ou~slde ~ :: ~: .:O~.~side 
::S'lm,~t .o~...: ; ' .1t -1.t . " ~s : ~ e r ~ P ,  oint. . :s  ' ~ a ~ e r . ~ P O i n ' t  ;; " : .  '~'1~1 - 

I..00 ~s- ,*O.OI~ ~z ÷0,~01 :': -~0,09 :z 

;2+00 .~: ~ - O . l ~  ~ . :+0o02 z . ~ 0 , 2 1  :.: 
2+50 : - - 0 , ] ~  ~ . . ,  , e ) .O~f  . . . .  .i: , -O, ,PA. :: 

'3+50 ,z -0oI0 ~s ~0,02 .~ . 
:~z ~ .  ~.s ~+0.04 " :z ,-~.0~54..~ :~: :Z 

:0 
-o 9 

~ ~ 0 5 0  r 

,'0,~59 
- , ~ 0 , ; 6 4  

-0~68 . .  

- 0 ~ 9 :  - 

o~ :~e ~lao~" method :Is ~,the ~Ba~le~-~ :8p~llzmyl ,an ;iex~le ,~of ~•~e 
. seoond'~method :~is ~ h e " V a ~ l e e i t o  : e p f l l ~ y .  ~General ~plans  .~and ~seo-  
. t i o n s .  o f  ~•bo~h ; , . ~ 2 1 1 ~ y s  ~are ~ g i T e n  '!in ~the = a p p e n d ~  
pho~ographs ,:of ~he ::Oriels, .~er ~:surfaoe ;.prof~-let 
d e t e r m i n e d  ~fran i%he ~mo~delso ~'~ 

~In, o . o n n e o t i o n  ~ . % h  : studies ~of .~_the ~ ep~ll~ys :.by , .use ~of 
..-models, :it I~ould i~be-no~ed- that i~,the~i:assump.~ion'~ims :.kade i~hat )2f :a 
:model ~:aou1~ ~be'~:'designed ~by ~ l t o ~ t i ~ n  ,..of ~he -~heo~.~,~d i~IZ 4the 

a l s o  !by :the ..same ~heo~i~emd ~ i t ,  i~too. ~muld.:~:opers~.~sa~i#faot"orily.. 
:To : ob~in .~a: model :~wh~eh ~!~s 'i~bo~h ! !geometrt~I ly-~and/dyns~oa,  l i ty  - . 

o f " d ~ e  ? p r o ~ o ~ o : ; a n d  , i e l so  ~ h ~ e  \ a o r r e s p o n d i n g  v e l o o i i t t e S o ~  '~To i s a t i s f y  
.~he i:l~%~er :condi t ion.  ,i~he;ooef£1oli~s-~of .roughness..!i n i ~ e  ~ ~iS~.zue- 
~ u r e s .  m~st i b e ~ r  :the ~ f o l l o w i n g  : r e l a t l o n s h i p -  t o  .~mch. other . i  
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-,-.velo~tty ~ c o r a ' e s p ~  !%o ::,%he: pro~,-o~.~pe,:~loot%y.i!for ~va~!Lous ,model 
:a ,d  !prototype : , r o U g ~ s s  ~ . v ~ l u ~ ,  . . i-~i/ " 

; S ~ l e s  :Of-~-Mo~le , R e q u i ~ t ~ .  No r,~r!otion :.Cor~eo~Ic~ 
~for '..Var, ious..~Rouglmess :Values . . . . .  :" • : ~ '  

• /// 
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~ P r o t o ~ p o  ~, , ~Value ~of ~Model ,n'  
:~. . ,' ~;S ''r ~.0 " ' ;,',S ~0;010 ~: 
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i~cmi'itlils ~ble~i±% .!~; ~: evid~% .~%hat ,;(Wlm -; 

.;fao%or, ;~he s~le ~- re:~J.o ~Is .rather ?lowo : . . . . . .  1 

~-.Of ;0.014 ~ s ,..'-as stoned ?:1 

: s l ~ e d  .disoh~rge ..£or %he ~pro%o~ype ~s~;1 .7~O00 ~,s.~ond-fee~, iche - - 
requ:Lr~l~modei .:dtaohar~e :.;'-for ~ e  i~oa~od:;;.:eoa~ue ~r~iO-wo~il~d .~be " 

I00 :and :~red~!l~.T5 :*soOond-fe~t 

,-. [', 
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i ~'~ "4- 
.. 

' , L . .  " 

~ i a  , , ~ s ,  .%0 :~=or~.eo%i~ t h e  :model :for :'!frtoti-on, Sample ~o ~ u -  
i.~at.~$ons ~for : ~ e  ~ r ~ l l ~ t  . :SP~II~y  : f o l l o w .  • 
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It will be seen:in Ti~ure ~6~of the appendix ithat ~the !i 
aurved part ~of t~.e spillway ~starts at station 2+50~with an A.R.E. 
A. spiral on :the center line. This spiral ~oontinues to ~statlon 
4+00. Beyond ~this point there are 25:feet Of~6OOJfootlJradius 
curve  and from there on,to the ~e~t. the :radius of the ioenter ~line ~. 
i s  .500 f e e t .  ITo ~s imp l t f y . . compu ta t i ons ,  ~the ~wal'ls ,o f  t h e  sp i~ l lway  
were assumed vertical throughout; and !in ~the ~spir~l ~pa~t of ~the 
eham~el, the radius at any ~point :inca ~cross section was taken as i 
the r~dius of the sender line plus or mi~s the distance from %he 
center line. The :radius o f  ithe spiral at~any point o f  ' .tl~ center i 
line was ~computed by t h e  ~formula ~ 

where 

R x -radius o f  spiral at any point, 

~ -:length from start ~,to point x, 

R c -termi~l radius of spiral, 

L o - total ilength:of spiral. 

In the Ba~lett spillway, Re ~" GO0 ~feetj Le -150~feet. The :radius 

of the oen~er ~line ~at s~ation ~+00 !is ~hen 

~.600 • i 1 5 0  - I ~ 8 0 0  : f e e t .  
] ~ + 0 0  " 50  

The sides and the quarter-points were o h o s e n  as the ipOints atwhich 
remake ~omputations. Sections at~50-foot intervals ~on the oenter 
line were investisated. Within%he reach:of the spiral, the lengthe 
of elements along the  sides and quar~er-poln~s ~weredetermi~d by 
the equations g 

a~d 

where 

T'X ~T'o a = 
- (z z R 0  ) 

: L ~  =~the total length :from~the start of the spir~l 
~o ~the station under co~ideration~ 

• , I I  



--L" 1 - ' : t h e  : , ~ a l  : . ~ l e n g t h . : f r o a + ~ . ~  : the ,: s ~ r t  ,:Of ':the : = p i r a l  
~,~o ::.the ,,.previous : a~tions, 

L e =~he: . : to~l l i ; le=~g~h~,of  :,the : ~ i r ~ l  . 'oelrCer ~'i ine ~o 
,~he' s~tl~ ;_investigated, 

_a .-~e.di~nee from ~he-ee=ter IA=e to the element 
w~der .'oonsi*der~ti~, 

..'~-~.,, '/~he :ZsMSiu8 ~ :~;he-:oe~or .:~liue :: at ~the I~ati~ 
oeaIidered, 

The- oc~u~tic~s of :.~he 'le~s o f  ::eles~s :be~en:.sta~lons .?2+60 :and 
$+00 are : a ~ e d  :.in :table',V. 

I 

C ~ t a t i ~ s  f o r  !X~n~Itudinal :Le~th~-of  :Slememts 

Inside Outside 

I~e~ := ~t~ll:~:" := Point. ':Oenter.,Line, ~Point :.: ,Wall 

.. 2 . 6 0  ' ,:85,00 

a/z,R e :, o , 9 7 s s 9 :  ,o,geszo, I 

l~ .= ,:0 : .0 = 
-I I * I  | 

&L 

50,00 -: '50.59 : 751.18 

0 : 0 : 0 
~*I - "= 

= 4 8 . 8 2  s .49.41 : ~50.00 := ' 50 ,69  : ~.51.18 
| :I :l '| ~= 

uii i i i i i i ~ i [ Eli I ill I II 

C~u~atlc=s were :next .=~de~ alo~ :the .:oozier :line .;as/i£ the 
. . . . .  ~]~L~nel~w~re : s~raAg~t. ~evation.s ...of ~e !-~tc= ~:~re : t ake~ ,  from.!the :*pro- 

i posed  lo~i~~p_r~_ £11e.~a~.g..,the .oen~er :line, :~as: shown ,~in ::figure ~6 o f  

~,, .~;he/£ollmrlz~ ~quant£ties :at ~d~at L~tic~ ~re .:known= 

. ..- L: " : 



• . , .  + . + + . . / ,  ++ +. ~ . • . . '  

• B o t ~ n  = e l o ' m t l o  n +a+ ++a+50,, ++E b - ~!17~7 ~ 

V e l o o i ~ y ,  +++,~- ++49 + 129 

Yelo~Ity; he~d. ~ : + -  + 3 2 , ~ . 6  

~ e p t h .  ~+~d =' ?20.945 

]~_Ulio , r a d i u s .  r-'- + I 6 . 8 0 4  " 

~L~er~ ,gr lD+di411~' l~ I, !~EeG. , 'm ~+1795.80 

Wid+~ +of + ohonnel~"+W ' -  170 +feet  

D i seha r~e  ; f o r  +deai~n,  + Q = +175+000 + seoond-£ee~  
Disohar~e,iper.;+fgok + q:,-l~O~+9 s e o o n d - f e e t  

P r o t o ~ r p e  roughness ~ifaotor. n ,= OAOI4 " " 

The eomputations -~ifor sta~lon ~73~00 +are igi~en in ~able VI. ,~,whioh 
repres en~ s ~he :s olutlon ~by ~rlal of i~ Manning ! s formula. ++An ~alter- 
nntive +,,s oluti~ is Eiven ~ by a ++ oomb~ation ~:of +Bernoulli ' s :and 
Manning'  s +:~forn~las. 

2 

+ E b I~.~l~o ~- 1795.80 " ¢ 0 .  

,Xn a d d i t i o n  ~+to ~the above ~:defined symbols. ~V ~iis #.he 
velooity.at ~the °station-~under ~oonsideration! '~V o ~Is ~the~velo¢i~y/at 
~:tho ,adJaoent upstream s t a t t o n j  .~and Hfo, ~Is ~the ~ ~tion ~of ~head 

l o s  sea - , ' i~a  s~ation'+2+~O down ~+through +i~he ~adJaoent  ~ +ups~ree~ ~s+4~tion. 
The ,-- &bove + equat ion+ oane o f  o o u r s e j  be - so lved  ~bY New~ont s m e t h o d .  
;but the ~rlal~solu~onm ~as '~represen~ed ~by ~,~able ~X. is ,~ore ~si~plo 
and~ fa~ter. +;The ~pro~edure ~ i fo l l owed  iis '~to~ass~ue ~+a depth:at ,station 
~x. ~cmpu~e the oorreopondin~ ~e~er~y~i~dien~ ~ and ~hen ~readJust i~he 
a s s u a e d  'depth + u n t l l  ~the, o~p~e~ ~energy g r a d i e n t  ~at ~station ~2+50 
(~hloh: e~uals. ~:the +_~ler~r ;sra~enti,.a~ ~,s~tion :,+x .:plus, ;ZHf (£r (~  
sl~ion ~:2+50 ,dram !+~hrough : slm~;ion x) ,~ approximates the ~.aot~l ,:ene~r 
~ d i e n t  . ~ t ~ t i o n ~ 2 + + 5 0 .  C a ~ u t a t i o n s ~ a r e  ~ r e f e r r e d  ~to t h e  ~ e n e r ~  
- g r ~ d i o n t .  a t  2 ~ 5 0  so '~J~t+, .~here w i l l  ~be no - c u m u l a t i T e  e r r o r .  

1 3  

.~. +.+- 
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TABLE 'VI 

Hydraulle Computations Along Center .Line df Channel 
Station 5~0 

l - _ _  i I I I I I 

~No=, , .  ,Item..., , , . , ,_  ,!Tri,al~ ':No. l [ , T r i ~ l .  -No. 2 , T r i a l  No.~ :S. 

1 ~:Assumed depth, d' : 19~39 : 1 9 . 4 0  , :: 19,41 
:S .sOorresponding veloeity, "..~: :5~.069 -: 5~,041 ~s 5~*014 
.3 :Veloolt-Fhead. iH~ , .43,786 : .43.740 ~ s 43.696 

4 :Vel~olty:-at p r e v i o u s  z : : ' 
: s t a t i o n ,  'V o : 49,~'Z29 -: -49 ,129  ' 4 9 , 1 2 9  

:5 :Average-velooitythrough~ : : 
z 51,073 .s | o u t  reaoh. "~r a Z 51,099 i 51.085 ,! 

6 s~ydrauXlo~radius, r z 15,788 z ~'15&795 .s 15.80~ 
~7 s ' ] ~ f T ~ u l : L o  ; r a d i u s  ~ t  ! p n e -  ~: -: : 

• i t  ~IOUS "iS"~tl~O~.dpr!'riD. ~ ,| ' 1 6 . 8 0 4  :: 16,~80~ ,.; i 6 , ~ 8 0 4  

8 ~ lUS : :S  : iS  . 

.z :16,~296 : :: ' . :16,500 :z 'I6~,I~0,$ p~ 

9 : ~0 .010964*  0,010960. <0,010957 

1 0  : : 0 , , 005611 :  ~:.0.005606= t0 , ;005602 

' ' ' 0 . ~ 8 0 1  

14:,Z(E O ' ' 
: e . ~ p u t e d  ~E,G. at. sta. ~: : .s 

: ~ + 5 0  : 1 7 9 5 ,  857  : : 1 7 9 6 . 8 2 0  : :1795.~785 
15 :Ae%ual .ener~y.~radient .: : : -- 

: - a t  : s ~ .  i~.2@~0 ' :~=1796,"80 ~s~1795,80 ~ 1 7 9 5 , 8 0  
16 ;~Differenoe In~:EeG.':~s ~s ~s : = ~:~ . t0, ;57 +o.~o ' - 0 . 0 1 5  

S ' !  
, , e i i ! , ,  

~The .next ..step :in ~.the computations -Is ~t6 ~assume the ~,energy ~ I 
gradient a o r o s s  ~a ~ : s e o t i o n  i re  , 'be E .hor t zon ta t .  ~e~d o ~ n p u t e  ~the ~ , ~ t e r  ' 1 

s u r £ a o e  ~ a n d  ~ b o t t ~  ~ e l e w a t i o n s  a t  ,~he i s i d e s  , a n d ,  q u a r r i e r  p o i n t s ,  a n d  I 
then the transverse ~,water .slope :.at %hose/pointse Table '~VII i-11us- 
trates , t h e ~ e ~ u ~ ' ~ i o n s  &t s t a t i o n  .3eO0. i 

• . i! 

14 
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Floor Elevation Commutative, As su~ing a Hori= ~tal !Energy ~ Gradient 
 stat  on    s+oo 

. . . . . . . .  l ~ d  . . . . . .  :1 1 I : e :~ :l Outside ~1 
~ luaide ~rter- ; : .  ~Center t '  quarter- :=;, Outside 

I =~ .I1715~00 :=1757.50 .=1800.00 ::.1842~50 ;,18~5.00 

(R/R~) 2" ~, .".1.1016., :1.0489 <: ~1,000 :: 0;954~9, ::0,91185 2 I 

3 ~ ' r x  s 4 8 . 1 ~ 4  ~-,: :,.45,~8~2 , 4 ,5 .695 ':  '41A702 : ~'~9,843 
! ~g ,:= = II = 

4 =li~x.,+.Z~2 , -:,~.414 "..: 46~I!Z., ~4~.975 , .41,982 :: 40~12~ 
,~  ;:ll | : I  :1I 

5 IW. S..elev. :81747.586 ;1~749,888 :r1751.825 ;:!1755,818 +i7556677 

6 = ~ = .6.9~79 := 6 ,7699; :  '6.:6102': :!6;4577 ~ ~6,~121 
= ;I : l  I ~1l -; 

7:$~ =,~.~8°~0395/,e~...... | :18e'49~ ~': '.18.958, : ;19.410 : '19,868 ~= :20i327 
| 

= '.= " = ,= ~I : 

8 lBottom..ele~r, t1728&89~ :17~0,7~6 =IT~2,40 ~=.1756.9.~0 ::17~6:~0 
t II 'I ,:~I ~= 1 

9 ITan " ~ -  2 H,..~/P~= " .~ 0*05613 = 0,~05216= : .:0.04866= ,:0.0451Y(: <0i04?..27 
I :I " ~l ~I I I 

ii 11 ~ i I I I I 

In stable VII, item-Z : is computed from equation ~ (2) ,and becomes 

.H~z = Hve (.~°) 2 =  where ~Hvc :'.is ,~43,695 ~ (value ~ frmu :table .VI). i and~the 

last Ltermls :its,2 ~init~ble VII. It~ 4!in,table VII is ',taken from table 
VI (ite~ 12). :Xtem ;5 iin ;%able ~ ~Ii ;is -found .by subtractimg ,v~lues ~ of ~item 

'from .%he energy gradient at.:~tation 2+60 i(l?96.so)e l~em"7, table..VIl, 
is deriTedlby CLTab!X~ eq~tiQns (2)andi(4), the general:form of which 

. ~ . , .  , 1 1 / 2  , s '~ ...... 
i s  d x .d-,e ( ~ -  . -~x) " Iteml:9" . . . .  ~able ~,VII, .;i -equation ( ~ ) .  -. 

Oomput~tlens.:are~next made  b e t w e e n  stations ale~ Ze~Itudi~l 
ele~aents-loea~edlat:the sldes~and:q~rter~pointe, The veloaity heae,s , ,  
energy gradlents, etc** are: oomputed, ~d i~-.n~ v~lues o f  %an:¢ at 
each point,~based o~:the new,values of the vel~ity head, are~found. The 
value of t~u ~at the center line does ~ot cha~e, Using that v~lueand 
' ~he: new values .o~ tan :~ at the ~ , q ~ m r ~ e r ~ p e i n t ~  :and ~sldes, the , . t i n t e r  ~sur£aee 
.elevati~s are.oom~uted by!the ~e~hed~outlined below. Referring Sto  ~lf!g'-Q 
ure 7, it :~is evident %ha~ IAH : is ~he dlffere~e in the ~ter surface 

: 15 
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elevations: betwee~ points !i and ::2 ~:and~ also equal ~to ~.-~e difference 
:in %he '.values ~ of ~.~e ..veloolt~ .heads :at :the ~itwo : points = :Further:, 
~or@~ 

. A s s u ~ t ~  ~that~ ~.~he . ~ m l u e s  ~'of : t a n  ~ a I and,~%~ ~2  are:known, ,we ~:then 

h~Te :~wo :al_qu~,~tons . i n v o l v i ~  ~hr.ee ' . . ~ o ~ m ,  :To ~. sol~e-:'for-'~the 
value, of . : ~ :  ~ I ~  must,assume',one , : o o n d i ' i : , i o n ,  Th~e~.'are~:%~o ~:OhC~ises. r 
aw~i lab le :  :~ - s%,  ~o-.assume .%he~ wa~er sur£ace ,%0 :be ::compOsed ~:o£ 
par&hollo ..curves : b e t w e e n  % h e  ,.points: under ~investi~ation, ~in :w'nioh 
':oase~'a I '~": a ~; ~|eoond~ ~o:assm~e ~e . : ene rgy  ~g~dien~ ihori~on~l, in 

:whloh~:case .'e~tions :~ (~) ~and ,: (~) ~will : hold, ~and ~:an ~..expres ~ion/for 
We iratlo. ::of..a I., %o ~ :can ~-be .found/.,in .terms ::of :R I; . a~d ~.. The 

'latter ~' assumption is -.used in :.the ~.derivatlon i%hat ~ follows, 

Frcm.equltlon(3), " 

~2H 

I 

: F r o m  :eClUa~ion (2) i 

D~ 

OF :~"h 

: r 2  : : 2  i:2 - I I  , , ~  . . 

~Thereforee 

" - . k  

:c I c I 

2 ~2 :5 -5 

1 8  

i i 
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;2  ̧  

,The ~%~r .!-sur-f~oe ~-ele'v~:~£ons ~'a% ,%} 

-'.~hese ,:.polngs ~.,~ '~;t'ound !.by 

1407 

" ".;~I,09 

';TABLE i.l~IlI • " 

~eLlues ~, of .. ~ . ' C  o r r e s p o n d ~  ';,~0 ?K . 

)~ :¥alues ~of' ;:' " ' ....... ' ' ' : " = :-¥&lu~e~o~ 
,n~ " • 

~K .:= ~%1 

/ - ~II 

.-.. ;'!i,03 . ::= 

';0~98689 
::0~9~419 
C0,;9612~ 
,';0694889 
,:0=93708 

~.= C0~90~t8 .; 
: :  :0~:891~-. 

.... .;z.zo .: .:'.:~z : i : o ; a s o s 8  . , ' 

points :;:end ~ i a e ~  fr~m~he ;w~eer ~,urTa~ 

• ,in ~.the ~=lon~i%udinal ~ e ~ e m ~  ~.-60n~u%a~ions, ~...%he ~la%~er:may;be 
in-'..three.:.~!ys ~ /firs%, L~/~.t~,ia! ! ~',~.bottom:',:ele, 
..vationl .~s~o~.. !plot .~sm~o~h:.ou~ .~!uee.-:of ~.~an ,.a 

in~ o-hannel: ~a%h ~.as ~bz~is ~, :.~/cln~ '.the- i:i ~:s (un~er 

2 

:oaleul~ti~ms.~.~re.~~T~dium~il i~s .:close~agre~ent ~,~s MeSir.~ ~;is 

: - The,abc~e-pr~edure ~s-~l~u~ra%ed :b ~ e o  : " • 
- . : -.- . > ~  ~ • • ." .....: y.:a~p. I. :. c~,pu~a~%ions 

.~.Th~e ,p~.o~.: ~ :s~o~e, ,:'~h~ ~ .~r~ .%lon  i::~or ":~oees-::£,~iO.%lon" ii~n :. 

.... /: 
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revision of the bo~t~n~ elevation ~s~ Ide .by :trlal, instead of::by 
oorreetions ms ,:~ndleated ~ by, pio%tln~ ' e~ves of • tan- a found 

in ~ahlesVXI r~,,~d X, or e~r~uti~ ,new values of AH /frc~ the 
val,ues of~n ~ ~rc~ ,table VII. Itlis~'evidenttha"~ the order~of 
computations mu~% be from ~:the center line prosressively ~,eutward 
sinee ,~he ~H for.the outside pch~s in01udes '~he ~AH for~he 
quarter-points. (See ~ b l e  XX) 

The~fore~eID~ illustrates the:manner in which the .bottom 
elevations at e~ch seetlcm were computed for the Bartlett spill~p 
~nd also how ~he compulsions were ~de for ~he hypothetieal pro- 
tetTpe structure, the values of which reduee~dlrectly ~to~.a l~100 
scale model. As p~vlously pointed out, the above ccmputstion~ 
must be repe~ted for e~ch section, working progressively .do~stre~mo 
Also~ wh~n~"ll o ompu~tions have i.~en completed, it is ~neeessa~y:~to 
Investigate the Ioz~itudln~l profiles through ~oh, of ~he cross- 
sectional points de, ermined, I/ ~, ,profile~aoes not' sho~,a pro- 
gressive,, decrease in ,~levation ~ upstr~em to ~dow~stream, or if 

profile indicates a ,radius of curvature in the ~vertioal plane 
~ii enough to result inzn~appreei~ble ohax~e In.force on a pri~m 
of ~ter frum~ by.static ~to ~r~er or 'less ,~ h~dros~tio, ,due 
t o  centrifugal fer~e, i~ will'be~n~oeseary to revise~he center- 
line profile, and~ repeat the entire.:se~ -of emnputation~ until ,a 
satisfactory design is o ~ d o  

~ 8 in the appendix ~ves a ~oo~parison,between th~ 
aotu~l ~er surfaces ~s d~ermined by_~ 1: lO0 :~seale mo~el: and the 
theoretical ~ter surf~e~ | ~-also, the v~locities as~ de~el~mlned fran 
the model, and as in~leated l~theory, The sections sho~ infig- 
ure 8ar~ for ,the~ o~iginal ~model ,before it ~e decided ~to Incor- 
porate a bucket ~t-the end of the lined, section, as ~sho~n in figure 

of the &pp~&'~:o 

Figures ~9 to II, inclusive, show th~ model~in operation 
under~varlous oonditi©n8 of dlsoharge. Figure 12 shows 'theflow 
pattern on the herren:and sides for ~he designed~disahargeo The 
flow patterni~di~tes cross flow_on the bett~ toward the Inside 
of the curves This condition :is to be expected h~oause the channel 
~s-desiEned~ for'%h~ ms~n velocity .in a vertieal p lane -and  beea~se 
the normal veloolty d$~tri~ution:In ~he vertical plane~indie~tes 
that the velocity on,the Cloor~ is  ooneiderably below'~the aean value. 
Could, a similar pattern h~vebeen taken along a surfaee passing 
through • points ofi~m~um veloeit~ In ~ the, vertical pl~ne, o~voss 
flhw to the outside of the curve woula no d~b~ have beeni~io~. 
Th~e points ~re bro~h~ out to illustrate the ~inherent and in~ur- 
~ou~ble cbJeoti~ble property o f  curved, spill~ysS namely~ that 
the ~ ~ill~y will ~ operate oo~letely • s~tlsfaetorily only wb~n the 
actual velocity at,, ~u~v~ polnt.~grees with ~he vel~cltyused ~in~ de- 
ei~nlng, the spillways.at tha~ point. 

~5 



TABLE XI 

Oompu%a%ione for &H 
8%,tlon 5+00 

= = Z.=.s-t"cte ++= Outslde: 
= Inside = Quarter-:= r~t~eZ'" : Ou~+id~ 
• = Wall = Poln% .a Point .=, ~iI. 

• i ,n 

.m2,. Ri q ~ ~ ,. ~ ,- Ro 
t- 1757,5 .=,,,, .1800.,0 t-_1842,5 =-.~1885=0 -_ 

~ , - %  ,'+.%~ ,-.+~ ' ;- P,.oq 
,- 1715.0 ,.-1757.5 ,= 1800.0 :-+,1~..5 

1.02478= 1o02418 : I°OZ~61= 1.02507. 

al = = : 0 , 9 6 8 0 0  0,96877 0 , 9 6 9 6 1 :  ;0°97021 
= 

I '~ll l  

- - .  i i  _ 

i i i 

&2 
r 

. I I - -  

42,6 -~ "= &It 20.9045 20.915 : 
_ __ j i 

=,+.: :  ~ ,=,:,..q . , -  ~ , ,  ,+o - -  ' = , ' , , , . , =q  ~='~+.,,.,,+:".o 
0 , ; 0 5 2 1 2  =-0 ,04 :855  : :,+,. 0+;1~599 =-  .0o04~-51 

, , , m l r l r  

" : -  +.+e.n 0. t : -  +.,an O t q  ~= %a 'n  c"o :==+ "M'n:° 'oq 
"0am. 0.3.== . 0 , 0 5 6 0 6 : ' = 0 o 0 6 2 1 1  = "  0 ® 0 4 8 5 5 1  =' 0104529 .  

i - i 

a I "tan o I + a2  T~n ~2 ; 
,,AK x' AKIq + J+,E-.+j., ~A%q ,=/AHoq I" AHoq ÷+AHo 

, 4o4~549, g;I~782 ,,= -I.~9302,= -.3.85~56 
- -  I : .I tt 

= TRIIL 'N0, 2 
i i | u ' 

I II R O, ~ '.I 

~ =  " , - ,  1800~,0 , = 
. . . . . .  I l L  I ' , " ~ - 

R + = : "  ~~lq ' = 
! , ,  : . ; " 1 7 S 7 - 5  t . . ' + 

. . . . .  i ,  

' ~ ' . X = .  = :1 .~4 ] .s .  , .. . .. , 
, i | i ~ i 1[ 

&l I := l : ~ 1  _ .  = _ 0 , 9 6 8 7 7  = , ' , ,  = . . . . .  

.~.~/Cz~ + ,,_-,/,~ ) -  ".'z =' ,~21'=+87 :' ,' 
- - i  i | i • 

+.+..+ ...,,_+ ..,,.f, 12o+ I+ =, ,' 
. : .  i J i i i  i i  i 

' t i n =  ¢ Z  + " ~ ° ' o  : = 
I . , = ' 0 , 0 4 8 6 6  = = 

. i • i i i rR II ~ - -  . . . .  i . . . . .  

' t m z  = " '= ~n. olo + : : % • 
= ~ : = 0 , 0 , 5 2 1 2  = : 

- i i 

. . . . . . . . .  " . . . . .  i , .  + ' % q "  " -, " ,  ~ '='z + "z .ram op+ = + ~ = "  
. . . . . . . . . . . .  • = , , ,2+ . .18 .80~,  _= .. = 

:Z6 



_-- . . . . . .  / 2 

5. Fl~at Supercrl~Ical :Velocities in ChannelsTapered 

'~ple of the ~urved spillway with parallel ~lls ~esigned by the 
so-called "exa~t"~methode .The discussion that follow~ deals with 
curved spillways which are tapered in plan and designed by the so- 
called ~appr~imate" met.hod in which ~the simplifyimg assumptlon is 
made that the energy gradient across a ~ seoti~m iis~ horizontal,, ,The 
Val!eeito ~ill~y willbe.used as?anexample of this~,typeo In 
this ~ase it ~s necessary=to .use,'t'wc ~pirals On the,oenter~line, 
one from the start of the curvature and exte.ndlng down to themid- 
po~ and %he second free.the ~ midpoint down to the tangent. After 
%he desired location of the gate structure~mnd the downstream 
tangent part of the spillway channel had been located, the twin 
spirals that ~uld best fit the ~topography were located on the 
center line, Then, by a~cut-and-try process, twim spirals which 
~ould approximate ~the side ~AIIs and q,Amrter-points, takin~ i~o 
aocommt the desired %~per in,width, were ~volved. Making the assump- 
tion that the discharge per i foot of widthis constant~i, across any 
section, the energy gradients on the center lJ~e~are computed for 
all stations as if the channel were straight. These computations 
are similar to those of~ble VX. The~.~t ~ch statio~the radii 
of curvature for each desired point ~in the.~oross sectien~are computed 

fr~n the formula~R -o ~-P~ " ~ o where R ~is the radius of curvature 
L 

at the point. Rs is the terminal radius mf the spiral. :L s is the 

total lau~th of.the spiral, ~amd :L is the ler~th ~ from~the start of 
the spir~l ~ the, pointconsldered. H~vimg these data~ the rater 
surface and bertram elevations for the quarter points, amd.~the, sldm 
walls are cmmputed,by the,.iformula whose developme~ ~follows. 

The development of the formula;for computing the water 
surface depends upon two assumptions: first, that the energy 
~rtdient :acress.a section is~horizontal~ and seQond, that the ~mmter 
surface betm~auvertioals may be considered parabolic, From the 
latter assumption it follows~that the ~tamg~nts tothe water surface 
at verticals I ~nd:-2 ,(figure ~13) will interseot~at the :midpoint.of 
the :interval between the verticals, or at~b/S from either one. 

F r ~  the figure 

a~ 

'K ka HI , ÷ 
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'-Th~s .mo~ho,1 of  .'ecm~pu%in~-:.the ~ter s uTfaoe :a~1.-"%he :b~mm 
elevation~ ~a% :,.the/cros~ ~e~oti¢,ns ~ s  .'adoPte~ ~by ~the ,~¢~ igners la 

' : r  : 

: r@ , 

"? '  

start ,o~ -:the, spira 
' o e ~ e r  llne ~Oeour 
Thus :the ...s%art :o~ 
oo~urs a t  - s ~ t l o n  5+9~.'~8~ ,while, ,%he ; o ~ n t e r - l l n e  .ep'i:ral ,s.~ar~s :~'a.%':: 
.sta~.ion 6+16~2,~, ,.a~a ~he :ins:Ide ...~i. .pira,l .e~rts..:~at~.s'~ion :~ .'::' ' 
6+81,:~I. :. ;'at. s~atiom~:7+O0, ~the ~adius iof- ,~h,~Inside ~II :"api'ral ::~Is 
aoout .~..TS0 :~¢et~ ,fo;~ :the--'os~te~ .: llne i~ i~ .:I,0~.0 ":fee~.~ '~md.fofthe 
outside ,,~II..:it .:is. 819 feet"..-. v_n an ~o:~i~a, ry ,'our.s. :~e radius of..:,. 
cu~m~tura •,~t the Ima'id~/is loss ~than ':that. at . ,the .ou~side~ ' Here the 
reverse :~s .true. Zt is .:e~ident %ha% !:u~er thi~..:condi%i~n ~h~. ... 
v~Iooi~y ".he@~s ~t ,,varAou~ points '.'.in.~a..~ros s ,~se~tlo~ figured :by .%h~ 

that the.m~hod-:uso~ in oomputin~ the":~a~:loue el~tl;ons #or, ~ll~ito 
,was d e v z l o p e d o  _ , 

£ 

An +the ,verti~ plane. Figure:lS++hows+oro6s,,sezti~ , ~ , e ~ s v ~ . f a + e  ~ 

.~ter :suttees + a+ :the :various :sections+. iThe ]fi~l: bottom el.e~ti~ns .!'+ 
.~ • i • + a t  ,:~aoh s e o t t o n  ~ r e  s h o w n  i n  ' s o ~ i ~  . t i u e s l  . h e  o r ~ g x ~ l  +,~nd . ~ r s %  . . . .  

alteratioms . are  ~shown..&:~ted~ iDeviation ~£r..cm ~he ...theo~etloa-I ~ ' .~;~r 
s u r f a c e  l ie  , d u e  i n  * p a ~ ,  a t  : loa  e t ,  , to  t h e  : d ~ s t u r . ~ m ¢ ~  LO~US e d ~ t h e  
piers• .at ~the:ores~j and ,~thle :ieffect .:is ma~ni~Aediby;~he ~cGnverglng 
.~lls. :Where p~ot!~!, ipiers~;~should be ~elimina%~:and",:~he ~ra.te :~of ..:~ 
oo~,ergen~-~de as ,.e~'l as ,.possible. :,Yam .the a p.P~endix. In.,fi~uzes 
!6 to Z0-:are 'shows 'pie,t~rea of transition No~ :S ,wiSh:no }flo~, .::o~e- ~ 
, .qu~r~er# om~-ha'l~ ~hre~-quarters..~and full: designed diechar~e..~ " :" 

',Th~ h~dz~ullo :~tures..of ,.%he ~des;i~n:-of .~urmed':.chamnels::. ': 
• .wlth..para~lel :.,~11.,~ ~for bo~h Subcri.ti ,o~i ~ad.auperori~ioal :~ve1~citles. 
h~v.e .been :her~ treated ::in ,.oo,~m.lderable .detail,~.:~nd th~ ~desi~ io~ " ~ /. 
ourYod sp~11~ye~"-tapazed-:In:plan!an8 ~vimg ~euPerc.ri~0~l velooi%i~. 

° G. emma. 

/ ; . / r  

i';: • 
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View fro~ Downstream 

View fromDownstream ViewfroF Upstream 

Figure 9. Variovs V~,ews of the ~odel, No:Flow. 
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Vie~w of Various Ccm~bi~tiome Using ~wo Gates Opera 

Vie~s of Opera~ic~ %vi%h ~e C,a%e Open 

FiE~'e ii. O~r,~%ion with Various @a%e C~bi~%ions~ 
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Vi~wfremUps%ream View from Downs%ream 

View frmn Side 

Fi~ur~ I 8. Views of the Model of Transition No. 3. 
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View f romUps t r eam View from Downs%~eam 

Vlew from Side 

Figure 17, Views of %he Model of Transition No. 3. Designed Discharge 
of 30.000 Seoond-Feet. No Crates Used. 
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View from Upa~rea~ View.~ from Downstream 

View from Side 

Figure 18. Views of the ~odel of Trans£tlon No. 3. Three-Quarters 
Maximum Discharge, 22,500 Seoond-Feet, All Ga~es Equally Open. 
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View from Upstream View from Downstream 

V i e w  from S i d e  

e 

FiEure 19, Views of the Model of Transition :No, ,..3, _Half Maxizum 
Disoharge, 15,000 Seoond-Fe.e~,, All Ga~es EQually 0~en, 
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Yiew from Up~rtree.m 

Yiew f~ca Side 

Figure  20 .  V i e w s  of  ~he Model of  T r a n s i t i o n  No. ~ .  ~O~Quar~e~!  ~ M a ~ i m m  
Discharge p 7,590 Seeoz~-Fee~o ~iI CeaSes Equally Open, i | 
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