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!sY~0~szs 

in thi:s paper men" 

Jr., 

£ 

~arison= :~I: ny~ 

made of s o m e  o::~!::~,e ,eener~l f~ctor ~ ~ n -  

J• 

!i. 

. of the Gr~nd Coulee Dam. Cunc~uslons drawn from :t~ese.ex~a~p!es, and a 

i'l NSF-ODUC~I'IDN i ~ ' :i 

,ll%~ouFh £reat progress hns been:made durin£ ,the last 

use of hydraulic models to aim" -.n~ the des 

there •~h~s been but iLttle progress made i: f 

a model ~nd ~&ts prototzpe. It Is of cons 

ance to ~make ,isuch a comparison in order 

w~Ich the model may be relied upon for quantizatlve resullts ieven If~%ae 

laws of similitude have=been :rigidly fo11owed. In t~ 

structures ~ulS Is of part£cular Value When'applled i 

cients, water surface ~ro1~iles, :eroslon oi' river beds, and ~pressures :on 

boundary surfaces, amon£ others. 9f nearly equal importance iS c~ 

%hat :tellable prototype ~measurements will :furnish accurate aesi~n da~ta i 

enablln~ more economical designs In tho future. ' 

. d e  i n  t h e  

"'L 



• " : . i! 

The:reasons'!~hy ,little ~ : " b :~ p r o g r e s s ,  h a s .  e e n  ,made .,in ; c o m p a r i n g ! t h e . .  ""! i' 

hydraulic ;performance :of a 'model ~and~:~ts prototype may ~be ~',expl~ined by 

a : l a c k  ' of . i n t e r e s t ,  . . . .  ~ p a r t i e u l a r l y : : a f % e r  ~ t h e .  ! p r o t o t M p e . : l s  :i~in : sa~i"r'ac- " : 'i" "= ' 

',~.oW, ..... operation; ",,a ~natural reliance .~:on ,m~. "-i 

!ties o£'. m a k i n g  "prototype ~ measurements. 

~terest Is~no~ ~.beln£ Sho~n ~for~ 

:~leved :that this ~symposium w£~l 

to ~create more interest !but, ~ perhapa~ ~I"~ 

difficulties invoived in ~making:;tne :!com~ 

• Accordingly, -a ~discus~ 

the recognlzed dlf~icultie~ 

ge ther ~ wlth the : me~suremen" 

comparisons between, model ~. and : proto typ, 

the other quantitative.: i'The'.former~is 

quent!y~made. It ~consis~ 

performance of ,some., s t r u (  

:these observations ~wlth ,~ 

 Xesse,ed,i; 
Of/ 

t o -  

• / .~j 

! 

:to.others,, and:leads us no ~further ;. 

tatlve ;~ re sul ts. o f !.the ~ model. . Obvi, 

is ,the'most valuable :since :it zlll : ~: 

between svveral ..quantitative facto: 

..It wlll"also ;begin to establish ~th, 

be relied uPon. I-t :is not ~:.to be.co~ hy 
- ~::~ : : - ~ , ~ .,.. , . " 

is: not ~reliable toga high ~degree~ because :the ~laws .o£ .~i~imlli~ude in : 

thelselves . a r e  ,fundamentaily :sound when used corre.ctl~,.~but it ~,is ~of 

Iluence of :ar~ di~resslous:made in ~conducting .~the :,modelexperlments ~: :i: ~ ~ ' 

!-FACTORS ~l~lNG ~, COMPAHI SONS DIFFICULT ~ • ~~'-: " ~::=:i,:. ,: " 

• . . ~ P r o t o t y p e  . , m e a a u r e m o n t s .  :~The, d i f f f c u l ~ , ,  o f .  , o b t a t n i n £  : a c c u r a t e  . . " 

• p r o t o t y p e  d a t a  ~:is t h e  _ p r i n c i p a l  r e a s o n  ~ h y  c o r r e l a t i o n  .work  h a s  : b e e n  . 

delayed. :Althou~.h :several methods are .available ~for measurln~.~the :/: .": 

• •. ~:flow, the difficulty lies.~not only 'in actually bein£ able :+~ ~pro- 

~>. • cure the • measurements, but also ~in -belnE able -:to :obtain :data - 



.. • .., 

I; 

<-,.,~ppl~cable ,'Zto 'the !particular featur~ 

c o m p a r i s o n  :~ l s  t o  b e  m a d e ; ~  ':',Zn . : t h e s e  
- '  j ,~ 

-change in ~ r~ 

may p,,ss!ibe  

~flood will 

must be ~reY~ 

Is sometllme'~ ......... 

. . anc l ,  e v e n  ~ t h e n  .a , s u f f l  

~ained. Frequently 

fro~ ~o simultaneou 

house. In ~ such • an~eveat ~it i 

is derivedfrom ,only. one sou 

ments, desired may have~ passe 

exists between ~he structure 

o c c u r s ,  a discharge ~measureme , ~ 

ture may!be of questionable ,~v :~i 

:Perhaps ~the~most ~ ,trouble ~is~encountered,'when .tt lls .desired ~to :ob. -~ ~! i! I 

velOc~ty, ~or .point ~gase's to 

- . 2 

![: 

. " /  

measurements be m,,de 

travels ~t !high ~elocities, 

troublesome, regardless of 

would one measure~accurat~ly~the veloc~ . . . .  

the velocity is!~in~exces~ of ~lO0:~feet per second, and the water ~isur, 

face is affectedby air entrai~e! ~:It !~s impr~ctics~l ~to use current 

~meters ..or pitot-tubes %0 measure .I 

obtain %he water ~surftLce. 
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j - .  

A 

i, " 

o 

C . ¸ 

~. , . .  ...... ~ ,., ~ •• ~• • L .......... ,~i,,,i~o. ,,~,;•. ~ ;•i~i~ ' ~;! 

The futility of ~usin~. pitot tubes , w a s  realized in C0nnection with 

the •Grand Coulee Dam, :more .:'from .the '.troubles.of mglnt~£n£n 

merit , t h - n  _f.rom the m o bemeasured...D~rimg 

const~ctiontwo st~ 

fastened to'bronze b~ 

s~illwaybucket_:..~ach - 

tubeswhosestatic ~nd 

to .hydro s tatlc pressure .cell s similar ~ !ii! 

age pressuresIn earth• dams. E~ch ice! .!ilii ~ 

panel' in agallery at a hit b ~i 

throu£h the dam. Toprovide check measure 

at each cell and connected by~;copper tubin 

lery. In spite of all" the precautions " , 'ii 

. "<[ • . J: 

not only failed,.-bllt ,some ~61~ the a] cells ~were 

ruptured-during the attempts to,cl~ o.feared 

that debris in :the tailwater):has p] ~e pitot;" ~:i¢~ 

tube opsnlngs and imay zhave .re assembly from Impact ~ i ...... ,~-- ;~' 

!! which may be .,even nor i:.i.:!! I 

first time in June 19 ~ 

measurements can ~be t Ji ~ ".~! 
ning had been-made an 

arrangement. .lit 'was .... i~i"i" 
adequate, so the salt! ~.:.~. 

electrode plates, whl. .> 

way section of 'the de| 

to measure-~.he ,water surf,~ce for ~th~ n " ~~ ~- "~i~ 

-spillways ~at ~high darnel or in .o~her ¢ "L~I ! 
Difficulties are-also encountered who <"~ 

large outlets under h-~gh heads "because •o f :i ~! 

o.e  .i - . . . . .  ' 

of any instruments.wha.tsoever.. Lack of ~eces.s also ellmlma~e 

• ~ urements, particularly if .previous preparations ,have no~ ~been made for -',~:~ 

~i< installin~ the:necessary equipment during construction, .... ~ 

I 



, ~ .  :•7! " 

.The success with which other.,me~surements can .be ..made !in the " -o- 

field, :such as pressures on boundary surfaces~-~t-~ 

~erlflcatlon depends "L' 

prototype,.it is~. : ~ 

!̧7:̧ 7 

I 

experiments and .durin ~ thede 

, • provide ,for ,quantitative 'mode: 

the imsxlmum, :an 

' :cial :instrument 

As a resul~ :of : 

The success .of :any plannin 

:st~nces under :wnlch t~e labOra%~ 

performed under :conslderable .st: 

'-'L 7," 

:, ~:~. 

:cause ~of this constan~,-:rush the modi 

desired range, ,thorough 6~ecks ..on ~ : 

adequacy .of" the proto.~rl i: 

if  80me rlo - .men,u, "iPeriod . 

..; ~t a structure never previously testedby a model it Is of.~icOnsiderL i: 

. . . .  . . . . . . .  t ; 7 ; , .  

i : :  of Io,m as .am academic study, and 

"~ , n e c l a m a t i o a ,  " b u t T o r  %kie pr imaxy . " 

.:i, tions at an exis~t~n~ struc~u~.e. 

The cost of takln~ field measurements will be ~reatly reduced if . 

,plans 'provide .for the installation .of equipment ~duri~ construction. 

I L/II 
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Snde,%he ~ proper r arrangements ~, 

t h e  m e a s u r e m e n t s  w i l l  b e  sm~d.] 

s t ~ c t u r e  its~lr.. ~e:~O~st o~ 
relatively .high :and in many cl 

Propertles.of', the-model. 

comparisons are attributed ,to 

them must be traced .directly:_: 

C~ 

course, that the 

dent sine 

on the .p~ 

. > .  

,n: made, # m e  

,~.-. becau se .it- is usually &mposs£ble:to se c, 

~: !,we&n ,~odel: ~d  :pr permlt rigoroUS' similitude be 

:model surfaces:being too :roU~.~. 'Durin£ experim 

modeLs.o.f" sluices -in the Assdam 

: :  a surface :roughness commonlY/us 

! -  ' charge within t~o percent. Wh~ 
ii:!i ::' roughened' with sand, :however, 

~ cent. From.measurements on- fi~ ~--.- ::-- - _. 

. . . .  ways, Eisner 27showed that there was a definlte 

ficient of dischar£e with ~ the scs 

the boundary surfaces was: believe 

effects of viscosity ':being almos~ 

variation between t h e , ~ c 0 e f f i c i e n t -  ~- 

hess, Eisner predicted t~e prototype-- 

comparison %o extrapola~im 

'~ much greater error 

ch~'.~e~: studles~i~:sm~ll er~ 
: .  <,: : ' ."  

,-not -.., 

t d u c e d -  .. 

i~ sca 

!::~iii:!: ' l.The Similarity of Motion of Water :Throu£~ 
dels: Experiments ~Ith:io~els of Sluice, -- :-- ..... 

MO e ~ " . ~. - - ~ W-~+ Proceedi~s: ofl the Ins%itu~on of 
4"H. E. '' d~rS% ; ~  Dr:" : a ' '  = " , ~ ' ~  V: ~ - - : "  . .... "'~' Ii " VU ~ 9  . 

i::::: - - ~  ':~ " :Civ l l  Eu l i~eers ,  :'LOndon, ~ : Y ° l ' ~ l ~ '  J .~3-~, , ,  i * ' . - , - - ~ ' ' " "  
- " " b F. Eisner, ~,, :,.: " - _ " ' : . . . . . . .  : _ .  . . . . .  ~ . . . .  U.. .4 , ,1  1 D l ~ l l s e  A Y " _ _  

It is-important to realize, therefore, that the:rood el frlcti°n~. " " i¢~ S Se SR ~ ~ ~" " ~ r ~  " %d " p "" "~ %" ~ 

. , . . . . .  . - ,~i~ i ! / 
are too farce, and that a correction ~ouldLbem~d' t o  t h e : ' O d e I ~ : d a t a  

• before estimating any Corresponding prototyp, 
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< :ii<i " 
• , : - I  . ' ~  , 

; / i  i n t r o d u c e d  by s u c h  ,fluid~ : forces  as "c~pl 
• . , . . ~ . . i l  ~ ~ . . . . .  . 

• , i n  .t e 

:' .... ~: In ',:any ev~nt.:it :is :wezl ~ito kno~ = i the :,req 

; 'i,i ~.to : a p p l y . ! t h e m , . a n a L ~ o i ~  e f f e c t s  o n : ~ e  
• i ' . i " " .  ' '. ~ , . ' ; ' 4 ' ,  . :  . - 

,: : . -..In reg  n~rbl ~)a): ~.~e rood e l  =,da'ta .:i~ne:y :' 

--  - c ,  

2 " " " :  

~i!: " :.!::.4: i' 

sD~c~ 

" >  ' ! . ' /  ,' " " 

r .. ? 

be determined I', 

'sim~l'ar,, becaus( 

in ~accordance w: 

- 2  

] "  

~ ' , .  

Since it :i: " ' : "  

field as in ~le laborato~.,..instruments ~should be:.ava~lable~£or . .measur-': .  :-',"<~ 

:l.ng %he ~ dlscharge, :<:pressure,.,, ..... on bounets~,/!surt=ee S i ! ) i a  ;;.ater'~)surrace@" ' "  . . . . . .  'M" ~" ' .N' ,  =' " .e~eva~ 
g l e n s  snd:.:prof±~os.,.., i~4d:iocl.t~.,.. v i b r a t i o n ,  :a£'r-.dem'tt:nd,:i~b.s~:!movemen.~ ' and..7- 
-for photography. :~:Keeping, ~ 
~ D .  ' : i g ~pratotype me . . . . . . . . . .  

A1 thou£h ~t~e ~:£n~ 

basically .slmila=): !.%/*e "pro 
t < 

tremen d~c)u s r e  r c e s :an d .be c 
::.!: ~ 

""L:  ' ' 3" 

met~#rs.~ 'ipitot !tube :or pitometer :traverm 

floats:, ,~d by~,the i.sS~t~i.~eCtiOn.lmd~o, 

.depends cln ~the accuracyi::irequired, 't~e is! 

of ~iwai#er~ ~and >its',veloc£~v, - Accor.dingl~ 

the  ,~Lisch~ir£e measurement c a n  :~be",made a t  ~isome O ~ e r ! p l a c e  i~here a- more 

i!" . " 

J~ 

.,-, . ~i" ~ . . . . . .  IT,-, ' " " : " 
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+ 

+ 

: + •  

meters + w h e n ? i n s t a l l e d  ~+i'n';ithe cc 

+ :+++:i 

s : ; a r e  o 

P . . . . . .  , 

dams. ::~f. aecm 

~:" ~-In mo st of i~se.~me~hods :a 

+will be the 's~ :si 

s i n g  r a r a t i n  g ' cur~[e ..++at tI~ e,. pro  

model :!tests obvloua~:y defeats ,t 

Pressure. Piezometers, ~wh 

pres sures : on boundary Surfaces, 

~posIJ~Ions :those on '~ 

:eters fin two .o di 

~ s  offered as sul 

p u r p o s e  .~ 

:--:.! +". ' . i P i e z o m e t e r s :  :Lu.theseLou~ets:have ':!be 

, :, zontal,dlame ter s. Each .iopening :~ cons 

+,.+ 

t.:5 .r 

the+ \conduits, w:i~h '~ .or~ifice-end 

surface ilnIng, ~a: +i/16,'ihCb iradi: ~s ..... ..was'+: 
~- .. .. . :. + . , .... i : 

all ?burrs ,were :.remov, e~.: A+:s~ortL:,~eng~ 

-connects ,each plug to :~.:: +e~el: ~u~egi0n 

l ~ + i~:.: 

O. 035~inCh -~wall,, soft 'icopper 

eaca:plug are-~connecte~ :by 2i 

::..,.,.:.. S.n-an :inspection gal~le~ bel, 

/above ~the ~o~her,, ~-~are :made ::of r 

1/.8-_~-inch : .brass air/ /~coo~s p l a c e d  ln:,r~ 

- : to  ~ i~ake . c o n n e c t i o r i  ~w~th ~eaeh p i e  zome' 

u r e  .l~ine :at  o n e  .end and,-.to '~ " b l e e d e r  ~pipe:!, " " 



,end, ,whiCh, .:in: ':.tU~, i::~s "~' Cormeche~!~i.~5 : 

.through-~a: bypass~:. ~: ':~:: i i!:i~:::: 
r . . . .  

;} 

Z 

k ,. 

! ! I̧: ,'' .:::: 

.! . ":i?: ! 

~plate ~iset! I 

.durln~ c¢ 
I~ 

..... ' merqury j:~ 

factory ;b 

Countered. ~Commerc~i~l=: 

~A i~luidpressure ~scale :, 

:~: '. sa~isfactory~: ',:in high he 

;aria  .it in ,.one-fourth ::of 
w~th :~2~is ~instrumeat, ' w~i~ 

....When reading piezOmeter~,pre~ 

:copper %ube .gr£d .mountedr In 

~hb -instrument .... .,1~e 

der, 

~t/~e 

p . . . . .  
L . 

thebase. '/":~.Th. e ..we£ 

wh~le " i~re ::readings .. 

and • an ~iosctttograph~msy ~be.~use~d, ~ iibut ~he 

pronibit£ve in- many < ass s :unless: .it ~£s a 

menta,.:~Thls~method has:one advan~ge-i.!in 

.In :sLsklng:~any ~p~essur~ :measurements ~e~£~:er/i On 



a 

'~ :Y;- " ,7. 

. , .  ) .; ;ipiezometer .c 

. ;. , : ::tO:have a.:ih'.t 

. ~.Ing ~insl 

or Sa~s:! 

Research. ~t~- e ' 

:a . 

-" " ,'¢I : - , "  i" ." , , ' ' , : ' : . "  

~ae water -surfaces .are .rel~ti~ely:' 

.aci~ually no- deflate ilWgter ::surl'aC..i 

• structures, but Only)~a ~:mass ,of~?spl 

ii ! ~,':;:,:,: 

es may 

,a ~systemof cables ';~ manlpui~i 

i s u s p e n d i n g  :a  :~plumb~bob~:: £rOm th~ 

.on 'the training w~s:, 

:,been-~aoe .of ::.,~ae ::,f~i 

~the pressure should ~be avoAded :becausei~of the~effe6t~iO~ I 

- ' " ~ " ,i d~r~ectly assoc 

atscher~ee ~, • Ca~r,~nt : : , ~ r i  

s~t-inj ec~on me~Od, ant floa~s. A!~thoUgh ao~e~h,~t ~i 

r t a u t ,  a e  

-, ,. - . 
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• . . +  

, ,  " :  !+ -,::~ ,- ,.,s .+ -i+ii + 

, ,, , - , > , ; , , <  , - 

qulred for...model, 

,~ . + +  

> V ~ b r . ~ o ~ .  i + + ~ t +  ,(~+.4,.,  

+++-..,' ~ o c c ~ u ~ r i n ~ ' . . a t  a p r o t o t ~ p e . : , + s t ~ (  

m o ~ e l -  ' t ~ > .  e s + t a b ~ s h  a ':rrela~'ion' 

whale ~ec% '~.=e-,v~br~t~ons ma~ 

r'i!':~'~ 
) a r e  

:able ~,welre ,or +dams i~,s +: 

. r 

~Canybn Dam";in ~d~ho~' " "  

,v~t 

p r e s s u r e  

+, .,+ + 

t ~ u t t e r  ~o  

• .~.+ 
7 < 

k 

:shaking ~ a b l e ,  :Les~ :corn 
' + :  ~-> L • , " ..... 

)e";,~to rel,leve.-ne+, _ .. .+_-. .  . .+ . + ~  : -  . . . . . . . .  ~ 8  

!!/;"?+" ' + - +.  , 
. . . . .  + , , + . , , . .  + + ,++  +. +..+ . , +,+ + z , t  :++.+~ 

" " + " " " + " " " -. +:.. \ I  !',~"i,~'~,. , 

des V e r e i n e . e  De~%~Che~nl 
.i: '! ,,?,:.i,+ ' : " - + p p .  ' i ~ 0 5  <~;i + + .+i +. - 

+ . + - . 

; ? ~ : Y i i . ~ - : i ' ~ " ~  ` - , : "  ' : : :L . I : : :  . : . . " . . . .  " + : " " ' " ' " ~ ~ ' . + ; ;  : + + = " + " ' + + : " - - ,  ~ i +. : : 5 '  S . . . .  " = ~ ~ : ' : r i ¢=: + q ~,''+i ; =~ > . . . .  

r t+* ,+ '++  ,'+ 

three/" 
;., <7 ' :': 

. ]  

/:,!? ,~ i>!!! ~... 

+~ " • 

~ "  'i, ~ " ~ ' : ' ( ~ ' . , .  

i . ~ , /  

i~/~ ~ - . /  

i 
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r % -  " 

- . ~ " -  . . , . ~  

.tube could be Inst~lled ,in '~the 

a rota~eter ,may:betu~ed for/,mo 

'Bed,:~movemen~, ~ T h e  . s c o u r  

:,tures 

v~ew 

~pictur~ 

:of' frao 

studied ~uniess : 

should :include .~at~ :±e 

~h~ . ~ e  , ,  photo lens atta :.:,bo: 

movin~-plcture 

EXAMPLES :07. ~QUALI.TATIVE AND QUANTITATI,VE>COMPAR!SONS .: 

.l.:rri~ati¢ 

tures :as d~ve~ 

Opportunities 

The .:primary." concern iat:~these::,s~ruc.t~! 

~ - " " canal :.dO~s~ream-by :.usin~ ,~a~!hy. raull 

~.":~ - possible. Consequent!y, it =is :!~suffl ~ 

-.: ..... .. i:comparis0n:..io~fi~.any erosion O.ccurr~ng. 

" :~ " .... structures ~In ~use-..itoday are !based .on 

.... .,.,, o f  :year:e ,  so  .:.that-model..• s t u d l e  s have 

. . . .  • 
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.7 

i'.; ~4m., 

>- 

" k 

The :prototype. Because of a gradual ~growtn-~;n 

Sunnys~Ide !Main/Canal ha~ to ibe ~ncreased ~n capaclty._ To malntain~: .... :. ~!a ~!!~!: 

proper gradient in the canal, 23 ..check .drop were Inst~lled ::;at Anter, 

~ere built durin~ the period 1907:191~,~ were 

• " S ' --- decreasln£ in .size downstream a •.the dlscharA ..... 

due to deliveries. Each structure ~consists :( re 

basin divided :into bays by concrete plers which ~are 

brackets. Byplaclnz flashbos 

drop in water.~surface .st ,the~ 

:maximum to 7~ inches :for :~he .mlnim-m:-~wlth a ~maximum :d~sch }0 

/_ ,Ji 

developed . i n  tne can~l ;immediately ~'!~,i 

uutil -~ 

:some. c i 

.%~is :scour was ,assigned to the ,hydraulic !of ..~the l~ureau~:of ., " -,;; 

Reclamation, Denver., :Colorado. • " "i;' 

Model tests. •Since the drops " 
.was selected ~for study, ,and 'a i 'to ,~!i,~ :.~ii~; 

.initial tests in ithei~labora%o~':demonstrated • : 

...... ~. e~ ̂ .,:'I'~.A~ +.~ ~. ~ ~r,~ ~ Scnur -existlnR ';:i i 

surface, .standln£ ,wave s developed ins read ::of .a. mo re ,ef~IcZen~ .energy 

ities proceeded,do,ne~ream ~in '',-the centerof ?the <can~, ~er b odu i 
" ~ roded • the, large :return eddies ialong " " ' I::~ " 

.A satisfactory solutlon~ ,of• ,%his, -problem ~was no.t .,readilY• :apparent,. . .~ • 

for-not-unt~lmaaY designs :had ibsen '~t' 

would ~completely eliminate the unfavo 

of addlnR curved training •~walls in-the entr~-nce~'to .%be:~roP%';ex%endlnl 
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i '-},Z:~ '<'' ' ' ' ' ...... " ......... " ....... ' .... ' 

v" 

J L  

i'...i" : 
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vertical w a l l s  iant  " , ,  ~<~ 

; :pool ,  and~plac.tnt,~.. . ' " ;  : i  
concrete ibasin~ ~to : ..... 

: p r o v i d e d  ~energy , d ~ s s i p a t ' i o n  : ~ f f i e l e n ~ . , t o  , e l i m l n ~ t e  :%he ! h i ~ h  ,, mzr~'~c;"~z il } :  .,, ~: 

h a d  , c a u s e d  s i d e ~ e d d l e s  i to  ,scour . , t h e , , c a t m l  b ~ s . .  :,! 'iii:i ' :  
. . . . . . .  . . . . . . .  },••,, 

Comparlson. ~A ter t h e  '!protbtype i h a d  been ~re,v~sed,/~obser~a~one: 

th.~t prod:) e:ted iby ,the model " " 

o f  t h e  m o d e l  a n ~ ,  ~ i o n  i-01i! . ' idebr~s"at ~ z e  ! p r o t o : t y ~ e  - 

t h e  stilling poo, ,~,! 

, a ~  . .  

~studies i ~ n . i , .  / " " ". ms- . .~zven" : , .  

.'in clearln~ t h e  .,.,~., , ,'!.~;,, 

.correlation iis .mor( 

t h e l e  SS, :.this ! S t u c ~  i: :": 

a r e  a n  e x c e l l e n t  t o o l  f o r  t h e  h 

relied upon !to ,.a , .h~£h  ~- i 
c! 

T h e  p r o t o t y p e .  S i x t y - 1 0 2 - 1 n c h  d l a m e ~ e z ;  i o u % l e t s b a v e b e e n p z x ) . . v i . d e d  

.in three tiers ,of ~20 each a t  ~he .no~ ~comPletedGrand COulee :Dam"to ..re- 

has a b e l L ~ m o u t h  , e n t r a n c e  

d ' ' . . . . .  ~:  ' " > {ii terlz£n,~tes-.in .an. elbow and cone.at, the, ownstream lace'.o: 
- ~:/? 

Closure ,or each outlet is .made by a service gate :and .:i-. 

partial gate openings never .being used ,with iring-se~ ~'~' 

Except ,.for a part of the lower tier, each outlet has -."'~ili~ 

> i iiii 

.1- 

i~'; . i :  ¸: '~ ,! 
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. . .1 , . .  

,~a nd .~ e l  evat::[o n 
/ ~  . . . .  _ ' ! ~ .  

example, shows ~' 

i 

~ach 

~for: 

~:} " ,,ring 

i0 :n -- " ::!':'~)i' 

' ; i /  o n  . ~ r i ~  ~ ': 

- Mc on ' t h e  !. o u t - .  

l e t s  .o~ 
S .%0 a~r ::.~.!~ 

ii ; ~ ' i .  the~ioutlets.-:~the ielbow, and ,~cone ,, .and !. . .,.~: ~ • .-,::i ~,/.. 

" . i m m e d i a t e l y . : . a b o v e  ~,the ~ of : ,~he:;~upf ier  ~a 

:~.i~ model ,were <concernec essures ,:0 ~i 
!::i ;~),, ' m~sured iwith water a n d  the 

~ ..}.:~ 

.~-:~ ~ h e a d s ,  o b t a i n e d L  ~ n e  m:Ir°m . ,weir  m e a s u r e m e n t s .  :ij!'i: 
.data •:from ~the intermediate outaet itests wiLl;be . u s ~ l -  ~:, 

:" 'for ;comparing with :,the !prototype. Some gesbs .~ere made ~in"~the-'~aborato~,/ :, 

" .~,. ~ ?;" a " o 

- ~A"Distlnctive Feat~ s of (Grand ~CoUlee Outlet~; '' :h~ Jacob E. Wa~nock::: :::2,; ~i:,~ 
,:),,!i,Q " : C i v i l  ~ i n e e r i n g  e PP . :DecemSer I~Ig~G, : . ,779-7~. / >.--:,!>2::, 



.... ~.!~' ':on .the . lo~er-  o u t l e t s ,  ~ but(ino ,;piezometers w e r e  :!~insta~i~ 

and s i n c e  ~the':npper .... 
, , , a t e  . , t i .r;  : - a d d ~ ; £ o ~  , t e s t  s ,Were ~not ~ r e q ~ ~ : ~  :i. '~' ~' : : :  . '  

~av~ ~been .! ~;~roto~ype ~%eets. ~Twenty-~hree I,test~~i) " 'i~a~ 

, ~ m e d i a t e  ~and ~,eight ~,on :~h'e,~:' upper ~:ou~let s .  - -  ' ' '~:-' : '" ' ,L ,' ~L 
~r~nged :from ;.28 'feet :~to ;23~ ~feet ~for ,the 

~!:'; : :33 'ifeet ~.to iI33 i feet  :for ::the upper  <out~e 
~presauree-,with !~he ?fluid ~pressurei::scale:~ I ~:th~ ~'ese~v°i~ 

,.~•• -temperature ,¢.~a~lw,t er ielevation ;.i::~:.~ eChargeil; , ~a~ ithe !:;n, 

:i/i open -: in ?:.each :~ier ~.Were :..recorded.: ',To~ ~ke :c~m~risons...~i 

 ili/ 

. • ;-,. ,;, ~,:,~ 

the  ~-ad-Jac ent~:ou~let ~51W ,,, and '~h 
not only ?.confo~ned i~.~r~th-~the ~!labO: 

l e  

" be]imouth : 
that-!.press 

• given ~on ~'£igure:~5 :~is: inte~ed ! 
draul~c gradient ; 'Bec&use~the 

~""/- ~ -  ;and proto type  ~headsshown~are~not  ~compara0±e' ~upon 
!!ii.!:~ ...-.~-.. !it,.would :seem ..desirable ~ilf0r itheih,ad~!i~O~ii~greei '~i~buti~ 

/:.:;.. i The~•i.reason ~for~thls iils:~ev~dent~ifr~•:flgu~e ~8, i;,whe~e 

!i~i!;~. fglc~ionlos,es~were ~ p r o p o ~ i o n a t e l y  greater, iLCons 
model  ~-pressureihead~::!are :~caled :!:to :Lthe.protOt~e ~bY 

~i. wi~l be i:lo~er than ,:corresponding: prototype ivaluee.: 

' . - / .  ."i ̧  ,.•:~, • ~  . 1 /  "•"~ ,he ,mode ,-~: :- • ~!! 

~" . . r  

. . . . . . .  • . . . .  : ! 
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~ynOl~s~ number as the : p ~ t Y p e :  :~ThlS ~ 

h y d r a u l i c  m o d e l s : b a s e d  .on FroUde, lS ~la~;:i:, 

extremely ih£gh :velocities :,Teguired !%o '~,~col ",,a~Pe ~:,:: :,i 

~xe Sii£~s 

~Notwlths~ 

5 indicates a 

ients. Where.-, 

appear to : be • 

this the followin£ discussion:. 

Pro s sure :_drop In. bellmou th. 

uae, i~ 

':-To mako :!a~more v~id iComparison'~than 

, : ~ e  ~ono , i n  ~ f i £ u r e  ' 5 ,  t h e i p r e s s u r e , ~ : d r o P  ~ n  !'~he ibe~im~u~ 

lyzed. :By choosing 

ferences :in frictlol 

:comparable :~heads ar, 

curves -have been. dr~ 

"d -rWhere !H !is :-~the head <a H - ~Px -and .as abscissas . x , 

i036~67; P is ~the pressure at any pleZometer ~in~he belimou 

~o elevation 1036.67 as ~ie datum; ~,Ell i~is i%~e 

piezometer~, ~ number ~ll, referred !to ~the :!same 

from '.'the ~ face~ o f the ~ bellmouth' i, to ~,~y~ii!ple zo~ 

fro~ .the i:face ~of ;the ~ bellmou~ 

~,bot~om Of figure 6. Values of 

::!i 
, , . ' q  

eliminates any "small i:d£fferences between the !loca~tion ~of~i~piezQme~rs,!~iin~ ~ ..... ' :" "~:~=AA '~ :::i:/ 

the:model or prototype. '~Two :of :the:pro%0type ~tests~>were,'~mltted~/ilf~m~ i 

the diagrams .so iae ,not :to ~ conAuse ~%/:em ~. ~-th :me 

points, ibut :all ~of t/~e model ~v~lues ere ilnclud 

,at %he!piezometers in ~the bellmouth ~ere ~all ~positlve,liabove s~ 

did,~not~,exceed ,a,lvacuum of i0 ! £ e ~ t . . o f  ~ ~ except :for ~low -heads, -.and %hose ~ ~ :" 

:" i ~ 

" " ?- i 

'!/; 



c 

. 3 

./o: 

~:i~:i:i.,~ ' 

The , p r o t o t ~ l ~  ;curves :~illustrate 

- cent, .is practically ,oonstant 

~of ~the =head, This i'e ~not tr~e 

average ~, ~uee" of".the .model ,at 

.prototype, .Rea'sons for the:,idi, 

~by.• ~'pe~me,ta~.-.error,,~ i,i~ir rere 
" i n  ~the m o d e l - a t  lower  'JRe~q~olds 

Experimental errors..iare !-p 

:model : 'piezometers,  'even %hOuxh 

:properly.. Nevertheless, ~any m 

and i n  !the piezometel- :.openings :~l'~.ve 

care .'.haken" to ."in 

experiments., .moreover, .were .made under conelderab~'e;,,!, 

de~i~ ~to kee~ ~ah~,.d :or ~o.St~uct~o. ~£~i~the ~le~. ~i 
customary..close :checks on .the data :.co~d not::be ~de 

would h a v e  ~been under,,,a more ho~ ~prOC"edure.~:"i:The:~i 

condit'~ ons :refer .to ~he :absence in::%he:~.labor&to~:(.of 

stream from the bel~imouth; ~.however :it 'Was.~iobeer~-: • . e r ,  

on the bellmouth :that the:%rashrack.effects':we~e~:: neg 

Evidently .the differenees in frlction:~piay: i:a:~.~m 

a :comparison is~.confined ~o the be~th :alone. " No 

the  ....: 

,:.: %hey 

..~'; 

C' i '"  

relative roughness ~of :the m 

: Reynolds :numbers, 

.ably more -within :~i~s range: 

.model ,tests ~were :for. :rough 

nearly smooth ~flow' : : Final ! 

a ..laminar .:subia~.er , to:a t u r  
the rood el, -~thus .Influenclng 

l.t :is ;~reasonable .:.to ~assume, 

. ' , e  - 

accomplished ..a.t ;greater .velocities i(.higher.!ReTnolds numbers) , disregard, • ~ 

~ s e d  the . . . . .  . . . . . .  - " i ..... - i  " ~Lds ~ ..on :acsie oof:%he model. " s ~beenl ' ~~:i:, ' 

~:~he :model i,data-as .ana :~zed ~on ..figure 6 :would have.been: more oonsistent ..- -!;. ::-, 
" " ' " ' ~ .- ~ .... .~ ': " ' :: " ~;-::.-~-~,~,/ :,..; ."?:,::iF..i:: 



-•-, 

:and would ?have approached~: . . . . .  :the .;! 
',15 ipe~ 

dra~ 

.~gnn! 

i n l  

;be, 

~g23- .;~33 ~ :.,: i 'i,--::~ 
t o  e l e v a t i o n  :I02L start ,of  ::'~fie:!!,elb; 

en d ,of _the cone, z 'pressure :at i:a~: 

-~-efel~ ed to the .same ,datum; :,d x ,.Is ithe d~Stance !;~angl,;the:i: 

from p i e z o m e t e r  23 . ; to  plez 0met er/33::i.i as" ~ha'wn::iat"::the ~b0tt 

,ihaVe ~!beeh :i.,( :As :in :figure.6, "two Prototype. !tests h . o~t~ :;?!for 

all*:model test s:are shown. "The !!heads,, ,h0wever,  ,are..: '" -erei 
1021.67 'instead ,:of ,elevatlon !036.67, a~,!)*sver~ge! center 

.drops have been added, ..The ~reason rot :fiegst£v ::  :o i:fiate: i 

pressure drop on .the :cro~m is !:to an I ncrease:.:~n:iPrese 

,gpiezometer 23:, thus :.-making :.the numerator ~negative}ini:the : 

~Although not shown on the 

: a s a : good .average between 

.model ,and iprototype. ,'This ~m 

:FiEu~e 7 :shows !the ~.data 
a ~ m o s t  , e q ~  ioonsfS~ 

Reasonable a~reement 

.indicated ~from ~~,the. mc~ 

:f rom~ t he ~!field, mea'soremen~:S'. 

,~ / s e e l q  

i s ,  ab 

r e a d i n g s  were :in e r r o r .  

( 

: . . . .  : -:-numbers :In : .the,model.  . • :..:-: ,.i ii: :i.: ":~: . . . .  - 

@. " . I n  computing t h e  model  : ~ t a  f o r  t h e : J e l b ~  ,nd  ,.-c0ne; i t . .was"e~dent. i: i l j~:  

.: f r o m : t h e  , .excessive.  d i s p e r s i o n  ::of .,the : p o i ~ ! ' t h a t  :some o f  , t h e - ! p r e s s ~ . . :  ' :~ ' " 

:i-_ To adOust :.,these, a _curve Of head,: v e r s u s  .@re,ssu!~, 



.k 

'? :, ,. ~:.., : 

elbow, P2 ' 

~or ~are :not ~proper ly  ~adJ~ 

, c a u s e s  a n  ~error i n  ",the 

One ~'of _the 

"were noted. ;By 

it was J~ound ~.t!~ 

~one plezometer!!.' 

~then 

:S stile 8 ~, a 

?. 

t~a gro 

~essure 

',7 

plezometers a r e  

~that O n l y  ~one p 

'~-Since ,the i' 

the berth:, 

,prototype ,:frlCt 

• ~t o be ~considera~ 

prototype :curve~ 

for the ~bellmOu~ 

:might ~dlsclose S-more~va!id metb 

son isindicated,on 

%0 ,~take in .~o account ~ii~/.rating curv~ co~r~ected 

" " " and- prototype .~fr.~ct, ion,. ~To make :.ithisicorre 

to ~eetimate -an ,average ,frict:io~ !coefficient 

: coefficient data~ at ~ ,Reynoldslnumbere as lhigh--as :5 x ii0, ! 

it was:assumed :that ~a-value ,of D.0085 ,for ~the Irictlon~ 
b 

~reasonab!y ~accura_te, The medel-.fricgion icOefficient s .:! 

-: : J:. :?, were then :computed from :the laboratory ,pressure ~tes~s"~ 

reliable 

r 
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. . . .  . . [? , : ,;. 

' e Since'%he ' ' " :  . . . . . .  ' "  " ' " " '  ' " ' " ~ . . . . . .  '.model ..f~ic~ion is. ~too ..large, .~he ..model. ,hea~ s, . , for- . .: 

:i~i:( 'i~ ...... ,~.gi~en .' d±s c 

i.'.i':/: ~y ibe scal 

figure 

..... " were ,computed ~J ,plot~ed...,:on......, ...:, . 

.: 0.0095 :, i. ot ei. o t 
~i": a s : c o m p a ~ e d  [!i.~o i a n  "Te s t i  

, , - . . ; . .  ,,,.used ;for the prot : 

,.': . l y  .,eight 'dimmer ers , d o w n s t r e =  

• "~" " ing reaches ~being .used: for:"/%h 

• . .:not..:a :sufficient 'len~ h- 

:i i'.[ ~. 0 n ~i~ure ~8 ;.wher e• the ,upper ~,~ 

..: - . T - 7 ,  -~ . j"  . . . . .  

" :  . 

~reach .  ,.)..i[" :.ii~:!i I .... "):~::.: 

The, ~i, scharge:SigiVLe'nib~.[~ 

prototype friction ~factOrs~ar~ 

prototype ,pressure :~measurement 

~orifice. The average !pressure 

:abled :the ~ .valueS" :of ~h e :to~be- 

Tour iplezometer, s :at.:tbls :point 

entrance and-,at ,the i~insient"~.be 

I.'.y ~:.downstr,~un , b~s:shown ~in:.!sec 

: be~outh :at tthls point ,. [and ~a 

the -'iori~flCe :formula :i~ 

Cp ~i 

~h 

oef~icient 

7 

head on the bellmouth reduced.?byi:t~ 

.Curve !D ~has been obt~in)~:::!fr~ 

gagin~ ,mile ;downstr~ 

-.posslb ow ~of .~he/:Col~ 

• d . i r e c t  ' method  • First. 
i;!':'(i ~ !:i " • : before ,the ,water ~surface. in i.the.. :...-..,., ... .,:reserv61r ..m 

~'" ........ :lets. Thle~was-accomp,~. ehed otting ;el 

,;i)?iii.: 

a r a t i n g  . cunve  ~ s  : . o b ~ n e d  ~for ~!one 

) 

e ~e~ 



.... " ++ :ii 

+. +? .+,: 

. :~'i":: + ,.~i ~ 

/+ : -( . + 

L : "  

•, , + . + , + + +, , ~ ., + :.: /+ / 

++number, ),;~"!;: ,AS ;SOO: 
' . . . . . . . . .  ~ -~ .n , l . ' a " r : ~ , , ~ , !  v ~  '+', i . l , l  . . ~ i ~ ~  

" '.;. ~ing, : it  ~:~was +possible :tto ~obt~n !i~the:disc~ 

" +the sch~ge/c'on 
++~++ 

,," ...... , +:Subtracfing +'this,value,::~+Omi++t~ne +ma 

~e +: by ~/the ;+number :+"of ~'intermediate-, ou~ie 
i~ili! +,o~e+(+Out!e~ ':as ..shown ):~ . + +D, 

++ / w ~ l , .  d i  'C harE+ +:the s=e+++~O+~nt,  ++am 

+ O+le+s r~l~" ~"0+: ++++C; + 5+~e .eftec+i' 

D,  :would +:ag~, 

230 feet to 50 !feet, i:i~he "~r:ect~imod, 

+percent  .tO 2i.:percent :less :~h~ i~he . - p. ot~ 
' .  , ,  - L , • 

..~he ~,:be~lmouth I(C " ' , ) .  while :the icbrrected ~m~ 

'+to8 perc ent [i ~+:: i:. ;~: - .  
. - L .  ++~+ 

.~une, num.oe r -~0~ra~-: 

r ;the iower:~ou~l e~s, 

..... i '~'i .? 

:The, agreement :between -~the 

~++:: .comParison +-.is :.~sonably. 

iil I ...... + . .>. : + ,: . 

:~i;17' + ~,the :p~essure  :dno]p +~in' the .  

:' .+'~ + ..in 5 :.percent; ?~he ~prees~ 

:+the ~,mcdel ~ e ~ t e  i:of ,+,the 

,.++ :show :!that ..an .. .::+., , .+. 

,.be 

+ . 

++ ,, 

.?C. 



+ + H  

i~r ~++ k,~:~+,(. :+~ :.~ .++,~:i+++~+:r ~ ~,:~++ ++ ++:~+ ..... ~ !1~:+:yi:::: + i! ~ 

• + 
J,~+' 

: ~, • C 

r . .  

. . . .  : . ,m I <+,  
+k 

: ¥ T o f  s e v e + ~ , . p r o p o s e d : + : +  

, :+~,+ :  .+ . .. ',~:i~! ~, . . . . .  ~' ' , :  

To ::he~ter a e o o m p l i s h  . m ~ e I ~ o t o t y p e  oompar~sc 

+ . . . . . . . . . . .  +;?~d+,&:+~+ + 

+' ~:" " e m b l e s  :a +st~ficlent r a n g  , ,i:::+++ 

+' makes certain +++hat ' + • ° ' +  +:+ ++~+~' •' ::+ ,++: . . . . . . . . . .  . . . .  +- +he :.+n?tments req~i~d:::i+i++:he:+ +,• , , , ,<  ++ . : 

+ + +  ..,, + P r + e r l y  l o + a t ~ i S L m . i + + H O r a t + d : + ,  ,:'+,:,;';'.: ': `+ ::̀  :+`:+: , ` , - + , , : +  . . ..+. aS +a:,~+++:;of+the+: • 

Thus, + :t he tea sons 

i ,  

+ - 

+,, ,  

i:: c ~ i s o n s ,  -the +chief+ one :~be~ng:the ' . i n a b f  

" c Ondult s. ~&t the+correct .range ,of R~oldS 

~?The q~li~,~tlve .and 

+ + - the ~stress .should ~bei~i~aid . o n  

' - e  

,OnS 

",4 + ~ il "! 

~ Thei:material~used f o r  ~hi~ diseuss~oti ~epre'sents t h e  effo~Si!iOfi~:~/~-::: :~ 
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