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PREF E 
• ~ . !i~, ~ ~ i .  ! 

The h y d r a u l i o  m o d e l  e x p e r i m e n % s  f o r t h e  des gn  of  i, 
B o u l d e r  Dam,as  , d e s c r i b e d  i n , t h i s  , ! r e ~ o r ~ .  ,~.were~.made i n  ~%he i a b o r ~  ' . 
to ry  or the Col, o t t o   Conin, i, 
C o I o r a d o ,  u n d e r  ~he d l r e  o t ~ i o n ~ o f  ,I~J~ob.E. Warno o k , :  ReBre ~Oh:  ~ 1 ~ i n e e ~ ,  
w~ th  t h e  e x o e p t ~  on , o f  ~a p o r t i o n : ~ o ~  t h e  e x p e r i m e n t  s d e S o r I B e d '  im ~ .... 
chapter VI. These .were..made-~at ,the laboratory :of, theUo: S. Bureau 
of Reclamation, Montrose, Colorado., wi~h.LW. M. Borland, ~BSOOI:a~ 
Engineer, in. o h ~ g e .  • - 

The tests deseribed~UnderJchaptersliV and Ywere condu~oted 
and the report prepared by J,.,N, !Bradl'ey, .~sis~ant .Engineer, ~ v~th ~.! 
the exeeption.of section;4~,.~!ohaptOr iV:~Whi, o~i!-~ns.~,~i~en~.by.s..p~/., 
wlng, ~ngineer. Chapters ~ ~and VII wer, e prepared by Jae Ob~iE. W~nock, 
ResearCh Engineer,. ~ The ~ork.  ~was i.~instigated:iunder~he.:igeneral~,supez..i~ !. ~ 

. ? .~ .~  tuu?~es were :mace :unaoer ~ne .aene~al : s u p e r v l s i o n : : o f .  j,.~I.L. Say'e, 
vn~ex ues~.gn~ ~;ng~neer, ~I ~ent~eeri~ii!~ork of theresa of 
Reolamation was under the .direction of R,~ F,I Wal~er, ~Chief 'Engineer, 
,and all activities ~of the Bureau wet°under the direc~iOn-i.~of~iDr, 
Elwood Mead, Commissioner. ' .  ~ .  . : .  ii ~ 

It is des ired:~o ~aoknowledgei~he~cooper.ation~of the Colorado. 
;S~ate Board of ~gr~ul~tu~e - i(governlug~oard of.~Colorado s~ate.oollege 
of ~griculture and Mechan~oal/~S) i~d the Staff ~o~ the ~,~S,i iBureau 
of ~grioul~unal Engineering Lin iextendlng~ t~e Bureau of Reo~iamat~ion - 
the use of the hydraulic lab or at.or~ ,of:~i..~he ~Colorado A~ricuitura'l :,~, ,.~~ 
Experiment StatSon f.or icondu~,o%ing ~i~e ~e~per.~lJ, ea.ts~Om ithe.~im~deis of . 
t h e  B o u l d e r  Dam s a d  i t s : T a p ~ e n ~ t " s ~ c , t u r e s ,  ~ • ~ ,  .. 

As this-r, epor~ ~ras :&de !possiBle ~y~..~the ,OOO~rat i~e,ot f ,~r~s 
of a number of individuals, :i~ iS desized ,.to iacknowledge:the ac%ivities 

W. J. Colson, and ~V. ~0. Parker ~O jass~sted/in: the Consider ion work 
and laboratory testing, and ~, ~Wo B~e~er ~nd!~J. ~D. McCrum ~ho assisted 
i n  the prepar~ation ,o~ ~his i r e p o r ~  ; ' i~pr~eci~a%iv e, :aok~owled~mezr~ i i s  '~! 
also made t o  S,~ P. ~ n ~ ,  Engi~nee~ i,~ho ~Clau~rlbuted !~0 i:,~hfS~:rep,or~'r, • '~,~ . 
and cooperated in t h e  analysis .of ~ e  ;r,e'.aul,%s,; ~:: !~ .- - . ..~ 

)r " 
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The Boulder ,D~ ~s%ruo~,ures/~,asOu~llned~in~the~l~elimina~.¥ • 
designs far su~passedl any ,slmil~i~stn~Uic~%S~i~e~s~,~ed ~n the ha,%. 
In s o f a~. as it was ipossiblei:iibefi~re?~l 
o areful lnvest~tlon~asi,maae ~iT~s~o ,, 
formulas. Hydraullo fOrmul!aB ~and~Be~ 
question, slnee, ~as is :~,we~l-~nown, ~ 
~cal. Early ~hyd~aul~c ~odel ~tes%s ~,o9 the el&e-channel SgiiIways ~/ 
de s c r i b e d  i n  Books ~ ~%o :.:S, :of  Hydraul:~o:  iI~odel .@Xper~ments ' f o r  :~/~he >!:/ 
De sign of the Boulder ',s~am,, ~having ,given resul~s of great Value °fOr~ 
design .purposes., it ~va~ ~ i, deo~ded %0 tes~ by model  ~ ~other~ featureSi~ '~ !!~ 
This report descri~es-;the ~hydraulle ,tests f, or ~he ~f~ol!owing~: j!,/ 

(i) TOe Junet~:on between ' t he  13"~0o~ '  9 e n s t o ~ k s  .;and.~:the SO&fo-~t 
pensto6k header.. .... ,..- ._.. .. .i .. ::~ . .. -.. .... ~, ~.. 

(2,) The ::hydraulic .losses :an~ ~pressure .oonai~i, ons in ~hs .in, . ~:::'i 
take t o w e r s ,  ' : ~.~..: : ~ ~ -~ " " 

(S) The flow ohsm.acteriSt~:s.,of :%he ~,needle -valves.. in.the tun--/ 
nel plug ~.~.tlets ~ . .~. :...:. 

(4) HyO.r.~u!io ~onditions .in'.~,t.he :river:i~el,ow ~he .powerhouse.:../i~.:~i 

"~ i d e f rom ~ the '~val~d~at i~n . of -~he .f e atu r e 
. design, ~e ce ~e.sts .gave i.r~"onna~on.:whioh .oOu~.d'~ave :bee~ iO.b~ai~e~d::i 

i n  no othc.-..w,~,..~.ono'e~n'ing ~.~%he :.f,.ormation:::,.of.,edd~els::, ...diS~%r~Su~i~n ::of"~i 
pressure,. ~n,~ .~.~ydraul~o.~.l, oss.es:. '~hey '~ade"poss.~ble/~:a'~materieli~/im,.:::i 

, :pr oven:on+, of %.he fl.ow conditions in %he !5O-f~.oo%i'.cionere~e-:.iined ~~il._ 
- %. . " , . . . ,. . • . . . . . .  

nel oelow ~.:e tunnel-~lug ~ou~e..%s~ %he ~:imi:nation .Of:.n@oe.ssox~.i?pip- 
ing and detail, ~nd"%he.formU,i.at~Oh ~of e//::oper, ating--~ipr.0g~m~ f o~~:!~ 
ferent oombinatior ~ " -'- .... • .... " • . . . . . .  

Th,~s re, t  
tory procedure and 
tion and re!~tions 
The design data f r i~ 
rained from the de 
Denver, Colorado. 
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II. ~,TWm IL~BOPC4~ORY .~ND ~GENEP~L-jEQU~PME~T : .., .... 

r :the~i " " ' "  " With %he exoel~ on-,o :the .tests.,on. .i-.1,.:!2o ~m0de,l ,of the .: 
tunnel-plug outlo,t "red'de t n ! t h e  :Montros e ~,l'ab'o~-'tory,, .~imll ;~he :, 
described 'in %Kis ~rep0r% ~.were :conducted. :'in.~the ?hydrm/:llo'.?labi 
of • . . . . . . . .  the Colorado ~rmoul~ral:Exper.iment.;Stat~ion-~at .~Foz~ .go~.lin~., . : r" 

f o r  the experiments Was ~pp l i ed~ : f r om :~ , i resemvdi  r.,wi%h a O:a aoit '  : ;  
of oq,O00 cubic :'feet,, :tooate~ on :~he ~hrl',l-~d~aoent:;t'o %he ' laboratory ,  s: :' 
,The ~low from the reservo:ir,,, ~oontr:olled, ~by:;~h'r, ee ii:2"inoh -'hmu~- opera,ted~ 
gate~/, passed through,a dlver¢in~ ~lume~i',~t~6',a:i.cbn~,~., ~., m,,~,,a~.,, 
19~/,set long, i0 ~fee% ~wido;, iaud ',7,~ ,feet dee=. /~A:bv~ass ~.+., ,W~: ~ ' i 
4-~noh .bypass valve were .located. :.~n .one ."s~ide:~df ',the ~ ' i r  ,channel, ?SS:~ i: 
• feet upstre am from :the ".we'ir... :SmaI~ll, m~.su, st~n~s i~o~-,the ~di'soha~ge 
pass ing eve r the -we i'r ,~ere~made ibY ,varYing i%he. c~fi:ow :,through ,the so " 
bypasses. The head on,the :~we'~r~wa.,,, measured ibyl, a ihoOk gage an~ a -:~ 
Cornel l-type f I oat gago l ~loc ated ~in :a st:i~ll~ing ,wei,l'-~9 inches-iby.!24 

1Trans.. Am. :See..Q. :..,, p,.. ~II54., ~VOI~.:.!SS~, ~t920.. ,. ".•: 

inches and :o 'onneoted  t o  the weir ~hannei~,~by three ;S/4_~in•oh :pipes;. ~ r~" ' " ~' 

The weir channel and measuring weir are i:llustrated:,on iplats I-C. 
The bypass ~mir is on :the ~1.eft :s:ide of ithe Ohannel ~n the photograph 
:oEld the gage well is :on the ~right. During ~he iexperimehts two ~@i;r 
plates were used, a 90-degree ,V-notch weir T6r~di:isoh~!ges Up to tyro 
see end-feet, and ,a two-f oot~O!polle~ti ',~Bir for ~f.'10ws' ~of ~two %O 
eight second-feet. Both we ir~s were calibrated ~n ~he :setting ,shown, 
by the Irrigation Divisi.on ,of ithe U,. S. Department of :?~rioul!ture, 
and vmre checked by the " " " " laboratory ~st~f :of the "U. S, ~Eureau,~of : 
Recl~mation prior to ,the model ,testing. 

The equipment 'thus :far described:was-,:eomm0n ~to :ali 'the 
experimental work :performed. From this ~point,, :~%he ,equipment :~v~ied 
for each model. ~en io~rating either ~t'ho ~v~su~ ,~stoe~ ~u~c~i~ ~ : i 
model., the intake ".tower .model, or ..the ..,penstock ~assembly.~modei,!,.'(iig... " i: 
2),..the 28 inch .~iverger gates ,.were ciosea ,to. diver,t .,the ~.water:: into • 
a flume on the lab0rat~ry~floor-whlch served ~.as a.-reser~.olr;,as .~ell 
as :a ,.channel. 'In this~%adjus~able ba~.~fles ~we, r.e Ins~al~l.ed ~o ~:elimi- 

, h a t e  unde  s_i r a b l e  .c rossN(jur . rent  s :p rodueed  :by. ; the  ,bend : .a t  - , the.!head. o f  
~ne channel. A tank'~lO~'leet !bY .'lO~-~eet :iby 12 feet.:;deep~at'.,the • • 
d~s~e~.e~d or 'this ;~h~nel "s e~ed ias: ~ ~,or~b~ f.0f ~e :~rOup 
,of models Just mentioned. When operating ,the quantitative :,penstock 
~unc~ion model, one dlverter gate • iwas Opened ,and the iw~terl.from.the 
measuring weir was al'iowed to :flow straight ahead ~through a channel 
beneath the floor o£ the :laboratory into the forebay ~of this •:model,. 

O 
S , 
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A- THE LABORATORY 

B- THE:SUPpLy RESERVOIR FOR 
THE LABORATORY 

$ C - ~  ~ m  BOX AND MEASURING WEIR 

THE HYDRAULIC LABORATORY OF 
THE COLORAD(")A~,RIC~.|II TIII:iAI r'?~! ! Irr.lr 
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Q ~ ~ 

V a 

D a = 
D s = 

D b = 
Qs 

• e n s ' ~ o o k / S t u ~ o s  ~ 

Tot.a'l d'i~soharge~, ~seoon~la~eet~g . . : :  . .  . . ~  • . .  

' D i s o h a r g e  ~ h r . o u g h : i b r . a u d h : ,  . { s e 0 o n d - ~ e e t , : . . . .  / i:!- . : - ! . "  . . .  ".'::: ~.~: 

Discharge ;il~,".mEtin'}~pe".:Cbe,1;0W ' .au~6..~:i, o l l ; . ' . :Seoona ,~ee t , .  • , . !  " :  

~ e . a  o . m a ~ n  ' p T p e  ~ab.o,ve u n d t i o n , ,  : : s q u  e .  ' ~ f e e , t , a .  " -" ' . . . . .  ' 

A r e a  ' o f  m a i n  , p i p e  ibe"];ov¢ a u n d { e : i 0 n ,  s g u a ~ ,  e f e o ~ ' .  . . . . . . .  " " " .  " " 

a a  = ~ e o =  ' v d ~ o 0 i S y _ . i n  , = a : i n : : p i - . p e  " u p s t r . e ~ m ; . # r ~ . ~ . : a u ~ 0 t i o n ~  , ~fee% ".i, 
per :sooonB. ; "  " o . - . .  , . . . . . . . . .  

=oan voloeitg .~ini'm~n ~:ipe >beIol, :;;juno:,%~ion, ;'/foet :":.per:iseoond ..... . 
Average dinmeter .,of :r~aill :P'!Pe ~hbov.e :iJunet'i'o~, .':feet.. - .... 
Average diane'tot col ~branOh, :fee~,. ~ " - "  ' " 

~ . ~ e r a g e  d i ~ m o : t e r  :of .main>pi, pe b d , i o w  , j u n c l t ~ o n , , .  2 ~ e e t . . .  ~. " ..... 

Velocity :head, .:fee~... ~ ,.. ": ~ :- ....... . 

w 

@ 
7 

Js = J u n o t i o n  ; l o s s / i n  ! b . ~ a n o h ~ ' ~ o ~ , . :  . . . . . . .  ,, ~:,~, ~:..:::, . 

V.D :: : ' :  " " "  
9 . '  . . . . .  

.R = : . ~ -  = Roynol'ds"'-,number,. ~.. ' " .. 

Vp. 
':F = -'-:= ~Freudo~,~s :number.. g.D " " .. ~' " 

°~ = :Kinomatle ,..v.i.soosity~--i~ , square ..foot .per. :sooond.~. • i:~ ...... 

.O-  O~on.~  7.~.n " :" u = ~J~soluto vis ooslty - t b , ,  ::s_e.c,, 
"., 

:whore :T :is the ,t.empora~uro 'in d0gr.ooS ~ahzonh~i~,. " 

~= ~Densi%y of water ,at ,T degrees [Fahr, onhei~j ~b'-~ -s-°°-;~2. 

/~:  '~  = .Average -velocity ,whore 

' ~  = ' ~ 2 ~ ' d ~  " = . C o e f f i o i e n t  of V2 A velocity-~hero V '= A = .moan ,vo!ocity. 



'. ':F." :'/ '-: " ' "' "" 

. .  , . ' .  & • • 

,~R~ = True vol'oei%y ~he.m~ :',~horo " ~- 

' ~/k '= Energy ;.hemi./;oooffiC~,on~o_ ,../..•.~:,.•: 

= Dlfferenoe~n ~ele~at~en~bet~veen~ ~he Water ~ f / a d e / o ~ S i d e ~  an~ '. 
inside ~he ~ower~;i f, ee,~ ~. ~(mode1')., ii~i~ ,~ • i .,~i- I'~,~ '~ ' i~,/!!~!,~ ~/ 

d 2 -- D~fferenee in. ele,vat i On -~be~en ~%he ~ r.eServoir surfaoe and'C%~e ~-L 

d S -- D~fferenoe ~n~ele~a't~on ~be,tn~een ~]~e. ~.voi~ ~ ..sur~aee.an~ ~the 
reading ~of ~any ~one ~of the five piez omelet ~ring s/A, B;, C ~ LD, ~IL " 
and E located ~below the'.tower ;(m:Odel)4 i .  1 ..-,L~i ,. 

D I = Di~ferenoe in ,elevati~0n ~be~vee~: ~he-~:~r~.is~rfaoe/0utsldei~!and~/ 
£ns~de ,the tower ~.proto~p6).: ~ ' LT ~' - , i, ~ .... 

h~ = Total loss through t~ver.i, .feet •o~ ~atlbrlj 
iheu = :Entrance los s tl~,bugh ~upper ~ate, ~ebi~.i~'~6f ~.water. ,.:. 
hob = Entrance/l, oss ,~hn.oug~h i~lower ga~e,ii~ee~,~Ofi~ater. " ~i•~ " ' 
hpff = ~vera~e :.head :~re~u~ed ~ower ii'~o c~an~e ,dlr.ection•i-Of.flow 

at upper ',gate i(modOl ~-~ ......... -. .... " ...... 

'hpb = .~era~e ~head ~ requir, ed/~insidei•~,~owor-to ~chan~e :dire ct•ion ,,of• flow 
at lov~r gate~ i(~ • 

.Hp "= ~vera~e ~!head ,r, eq edireCti0nii'of.~i~i 
at either, gate vprozozy~po~). - " ' ~ ..... ~i.~: 

h b = Oompoundibond'loss i , ' . . . . .  ' ' • • ' n,, ma~n. heade,r,,d~r~oc~!y below ~ntake ~0~,~r.- 

-.- ' •'" • ' .k" 

" ~ •'~ .L ,' .,i•. ~. j. 
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~mile analyzin E %h~i:d e Sign. of %he/ii~S'~f 0 ot 
bine penstocks., and ~'out"iet: wor.ks, Li% wasreai~zed • "th 
between the SO-foot/headerS..and ~he IS'loot"turbine ~ " ~ 
the potential sources ~Ofexoessive lossesof(:head wh 
reduced and thus -increase .the •effeotiva:.he~On the turbines..-.. L6sses 
of •head ,below the turbine: jpenstocks/would~•r.educe,~ theZ:ii~isoharg e e-apac- ( 
ity of the outlet ..needle i.valves and l any, unneo~e~s.ary lOsS of he ad be, ~' " 
t-~een the r~servoirLand ~,the~ turbine penstoCks ~, wili::'be:refleo%ed in"" .; 
the power output ,at~isu~h time :in t~he future as the:.:t'o~ai:oUt~ut off .--- 
the power plant has)been 'abSorbed by ~he~imarket. :With 'the lon~..~adi. 
us..bends incorporated -inithe design i6f ~ %he .'30-foot.:. he aders~.i pri~c%i- ' ~ 
c ally the .only pos S ibil:ity -of ")d'ecreasiug!:~hehe ad i I.O'S S:i.weui~d ::~.~/%0,: i " -~ 
improve the efficiency Of the.i~jUnOtiOhs '~@~,~en.thei headers .and itur~ 
bine penstocks.,i !It was fOr th'i:S pu~pose~:i,-~ha%~/a ~'~series"6f e:~ens~ve.i 
teof SttheS bseOthjuncti,.ons, qu al!i~ative,: and. :, , : . iquant i~at i~6.... . . . . .  ,sv~r e made 5n model s. .Of, one .... 

• As a prel~a~i.!and qualitati~e/:study~:.a~'modei rep~~ent, i~' 
ing t~he junc~ien he~en . t h e ) 3 0 . f o O t i ~ ( u p ~ . e p  i ~Kzona.:~~eader ~. ~ :i bhe L 
13-f, oot penst ock.,ie adi'ng-i .to .tur.bime ~~ I-!~(~.ig~;/;li.):was.'.bu i ~ til of ~ tr~s, - : 
parent pyralin f~or."observa~ion.~/.ghi~?.ip.~,o-uii~ :jhnbt~iOn: ~si.:Se..ie~i eL.. 
• a s  ~ t  was p o s s i ~ l e  tO ~haVe: a ~  :.~i~i~: o 6 i n t  ! a ~ f d ; ~  ' ~ , ~ - ~ ~ - -  ~ ~  '~. - , . . t  d 

n o  f l o w  t h r  o u g h  % h e  b ' r ~ c h :  to)~l.O0 peroent ' : i  , ~ o ~ g h ~  t 'he~, i .br~eh.  a n d  n . . . .  
. f l o w i n  t h e  m a i n  ,~en's~o6k.-be~,~. .  • ~ _  . , . ~ .  ~": . . . .  :!~,..,, :..• •. ; ,  ,_- . . .  ,.•. o?~ ' 

the discharge-~n thepenstock ~o the flow in the ,b'rauoh :~e 'ends e"," " 
t i r e l  u on t ' " .... .... " ....... ..". "~.... . ' P . " n '. :.:' 

Y P he~manner °f ~°Pe:rati°n davaistr.eam~'":.With~:%his junction : 
as a major ~point of interest,-it ~as desi:red.tO"determine ~.suai!ly. 
the path °~ ~he""water,.-~af~er':-:i%".ihad.en~ered:thebranch for ~arlous~ ' ' 
combinations of-:fZow inthe system, "' ' ::. ." ...i:: :. ~:. .. :, 

Zn the qu'~ita~i~e o~: visual .t~s,. it -w.as: desired to .de-.- !. 
termine the Z.ocation of.ed~-ie,s-~and d~stuzbance.s :in: the branch for " ~- " " 
the varying r~tios 
in the main header, of the .d ischarge i-n"~he":..~braneh".to the ~!idischarg e'~, ' 

. F i l l e r  ~l,o~c'ks ' O f i  diffe~en~ d~ehsi~'is"?.wor~ :use'd": • ( 
to alter -the .physioal'...shape :of ~he june%ion -In..~:-"erfOr% ~o reduce-./.: . 
the .d:isturbanoes .and .hence .the losses. Tests .made f,ori~/~hmis purpose 
are g~ouped .as follows: '~ ' " :. ~.... . .......;. : 

(1) T~ts .o~ the junc~io= ~s de.,si~ned.:..~ ,different incre~ent~ 
of discharge and discharge ratios bymeans Of whioh: :~he form of the 
entrance eddy was determined. 

(2) Tests outlining theeddy for the ease in ~i,oh a deflecting 
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block was introduoed ~into the mai~ ~i~"-"~'~"~':-:;~" ~:L/(;q ' - ...... - " 
. . . .  , ~s~• in ~ an" endeavor tO:'reduce, the 

eddy loss in the branch :even-'though it"increaSed ~the: loss :in the ' 
main-he ader. - • • 

(S') Tests i~ ~hich, 
was filled by a :solldblo, aneh 

draulic losses,and dearea, • hy- 
:,'L 

The qu tita .i   
junction. 'This mode i ~ !)~s ~!!car L 
the actual " .----~ ...... ~ ~v~r~zec.~ron 'so th t ±osses ~nthe ~u~cti^~ --.-~.~ '':. , ,~.:,. ,..--., , ,.:: a 
Incidental ~-~-"-'%~": ' -'~ ,- .... ~ ; ~ou~a o e; evalu a~sa. nmnericallv~. • ,~ 

by..L~he installation of"~ 
s gned~ as,a~:result of /.: the observations on the ,:;: o.:..., "-. .... 

2, !~NST•OCi[ 'JUNCT~ON -vTISUAL TESTS::•, .h.:': ) • :  

~:'::~" e Apparatus -.~. ... .,, . 

The:--model .fo 
of' 1:56 and consisted~: ;ale '  
4. SS- inch .branch int st. t::.. 

dmvnstream direction (: ~".: 

nuncredths of a f.ootin;.~both,the, lOngitUdinal and::,:cir: .......... 
direction, a~ ~'.----" "- ~-- ~:. ~ .... :, ~um~erent"al -•~ .":, 

• • .. P • .-Three .meter • .... ., ~.' ", • 3 ranchos in . ,. .... . .~., ........ • -, : rang nozzles..(,~.',.2 an "- dm~ne~e.r . . . - . ......... ~. . . .. ..... . , ,. d. . ) ~were used • • ...... • . ..~-, ,~ ....... 
brRnc ~ ~- ' -- • ~ .......... :!nterchsngeably~at the.: end ,:.of~.tthe . "~ 

~ .~u ,oo~amn various combinations of"dischar~e.at t i.':" ............. 
~ile smell sto, ~ii- .-~-_;-, ..~-.~..~.--. ~ ., .,,. , ~ ., he. sunction,. ::. 

r ~ ~rv~c--~o re Ulat'e. .... ' " ' : . . . . . . .  
main pi e, A~" ' 8~+.~',,;A,~--~ - -~: .... ~ : the.flowat.theend..Of the-. 1 ° ~l.ez_., _,;,  , ..... ~ .... .... . ~ ...... - 

• U" -~-. "~. ~ns~alled .~wo ranches u t the u stream . ~ _..... .. _. ; .......... p; he..branch from 
P end of the. o.onloal noz.zle:for measuring the:.pressure!' 

at this .point....(fig , tA)& ,The:itotal. discharge wasm a ....... 
laborator . we: .". . ...: .-..... j.... ...... . . e. sured over• the. - 

y mr,, .the .dz.s~harge through .the.branch was."cbm~ted from" 
the observed piezometer ~.pressures'~at the nozzle, and' the differ 
was assumed to flow. '.:,:~" ;:. ,-.:" .... :'... :..- .. , ..... - ence 

.- through. 'the. dov~stream P0r~i.onl of: the:;.main pipe,:.'. 
It was not necess~y to .oalib.rate the nozziesiin.!.)place:~as.~the nKtu~el 
of the tests didnot warr~t float degree .of..a6'cu.r'adyli~!,,.!.i( .. :-:~'.!/:/:~i 

The pa,th :.Of r.~h e ,~'t'e, t.as 'it.ente;red:..~he... bran" .... , " 
by insertin a o01or ~I,+.~ ":i- -..'.. ..... .~, :..: ...... ch:.~as.tfaced : 
. g .. s___v~,,,;...~0ns.~stmng, or .. pot as s iu m "perme~g~td .:..~ 

crystals dissolved.in water,, t~r0ugH alon ".co er tub ..... 
ed t~rough the -nolzz'le ~ ~X.~;~ ,,: '-' g":-PP-- e:.:whi.eh::e~e~d.- 
in the br~nch ~A~-~----~_ ~'#Y. ~/.~ or.an oh.. "!THe tube ...was: mo~ed"~abZ~.:" 

the results with respect to the coondinate...lines on the: pipes.' The 

action of the water in the branch was readil~:./deteeted by'-%his method. 
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B, Results ~ and Conclusions ~ 

the Water flo d fr6  the mai  int0the br  h, • 
there was a zone of highvelooity on*the right-hand side ~ (look~ng 
dewnstre~, on ,the branch, fig. SA) while on the ~left-hand ~ side a 
zone el' relatively quiet,~water fo~ned which, for~L~aek ,of a better 
term, shall be calledt~an_ "eddy zone',, sin0e itwas filled withleddy. 
ing water. When the ~c~Ior was inserted inlthelustream 0f~high:velo. 
city ~ter it wus dissipated quickly by beihg ~o~ri'ed d~ the L~u~e ~ 
and out of the nozzle, ~ile~anveolior ~~,.~.~.~~o~,,~~. ~^~~ 
was much more sl:ov~ly:dispersed. By mo~ing the co!or~ube ~b~ck and 
forth the line of~idema~cation between~the two zones oould!i~$e defined. 
An examination of plate Ill will make the method clear. : • i i 

t ~s found that ~" eddy zone' of relatively qc~iet ,water 
existed in the Stanch for all ~!c ombinati'ons",~,of.',,~dis charge,~, although i 
the dimensions of the zone~de6reased as the.ratio:0f the~Jquantity iin 
the branch, Qs, to the qu antit.v in the ma~n i piDe ~ able the bran0h. • 
Qa, i~creased. A study of ~tHe~iVarious~/run~s,plottedio~! figures~ 4 and 
8 will show the l~mits of ~he eddying zones. The iratio~~s~.will-:in~i. 
the future be referred tb asthe "discharge rat~o.".: .... Qal 

It was thought that 'a lip protruding ~/~to~hei~main.pipe~ 
on the downstream side of the branch entrance mightreduce ~ the loss 
of  .head through the branch ~pipe~ a l t hough  i i i t  ~s~e~cted to  i cause 
~ ~ncrease in the loss i n  ~he •ma in lp iPe ,  ~•/i~Thisr~i~lip, as shown On ~ 

gure ~, was xnstalled during tests i •to 3,~ im~i~sive. Eight:runs 
were made on the three teats, and these are plotted~i~onlfiguree ~A 
and 4B. The •remaining test~i on tRismodel ~erei~ip~rf0rmed with I;he 
lip removed, and are plotted on Tigure~s 4C aud~8. /~A,s~i of the 
conditions under which each rum was~made and the re suIts'i~ob~ained 
• s shown on table I. :~i~ ~ 

.On this table, oamparisons have been made~ ~where~possible, 
between similar runs with and without the lip to determineits effect. 
A oomparison'of tests 2-3, 2-2, 3-3, S-2, andS-i,"~espeoti~.ly~ (made 
with the lip in the main pipe ~amd Ldenoted~by ' le~er/A)',~Wi`th!tests 
4-3, re  eot vely (m dei th l lp  removed 
and identified bythe same symbol.), indicates that. although' t~re is 
some difference in the loc~ion of ~he apex ~of~the edd~ zone for. 
runs of similar discharge and similar discharge:radicle, f~e variation 
is slight and occurs in both directions. That fact would indicate 
that the lip in the main pipe made no material difference in the ~ 
shape and volume of the~sddy zone, or in other words, the head loss 
through the branch was nee materially different for either condition. 
~s it was difficult to accurately determine the limits Of the eddy 
zone, some variation was expected. 
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 estB and 2-1 ( th the lip) as c pared to tests 
4-0 end 5-9 (without the lip aad~denoted by %heletter B)seem to 
indicate that the apex of the eady zone moves down the branch for 
an increase in total discharge wlth the same discharge ratiO. On 
the other hand, in tests 4-5, 5-6, and 8-3 (wlth lip~removed and " 
designated by ~he letter C) where the discharge ratio is nearly c0n, 
stant, the location of the apex remained practically~oonstant ~I~ 
though the dis charge Varied ~ii~from ' ie20~it o .s..70, ,sec ond-feet~ Te Sis ~ 
4-2 and 4-4 ~(Iden~ified by ~he ietter ;D)Have a s Imiiar ,iindication. 

The conclusion tobe drawn £r0m the few runs that are com- 
parable is r, nat the location andv01ume of the eddyz0ne is indemend- 
ent of the totaldischarge and that ~he dimensions of this zone in 
the branch are dependent only upon the discharge~ratio, • ~ 

Consideration give  the possibni  of nnin the 
- • g 

eddy zones with blocks of the same shape as the zones to eliminate 
the eddies present in this region and ~reduce the~Iosslof head at the 
junction. Tests were made to determ~e the proper shape~ of these 
blocks and the results are 91otted on the curves on figure 6 as mean 
dimensions of the eddy:~zone/for any discharge rati0. /!/ The mean dimen- 
sion was obtained by averaging the top and~ b6t%om edge Of ;the z0ne. 
For a given discharge ratio !the locati0n of the iapex may Be deter- 
mined from figure 6A,~ the location ofi~he point far'which ~ the ~ ~rti- 
cal width of the zoneequalslone.half~h6insided~ameter of the 
branch from figure 6B, land%he approx~atei~dimensions fbr the entire? 
zone can be obtained from figure 6C, L~;iFor example, ~o obtain the ! 
dimensions of a filler ~bloCk fora discharge ratio oZ O,30~ follow 
up the vertical line marked O.S0 on figure 6C and read the normal 
distances out to the edge of the zone for each half diameter measured 
along the branch. These values Can i then . be plotted on ~ a simiia~ iset 
of coordinates to those on the branchigipe, fromwhich afiller~i~block 
may be const~cted. The curves ~0n figurei6 apply only for the case ~ 
where the ratio of pipe d~ame.ters Ds~ai s 0~433, the ~angle Of the 
branch is 105 degrees, and the totalangle Of convergence of the 
cone is 13 degrees, i . ~ , 

Filler blocks designed according to figure 6 will be sym- 
metrical, which is not ai~vays ~ true of the ~ddy zone in the branch. 
The actual dimensions of two filler blocks>~r discharge ratios of 
o.5o and 0.26 were obtained ~vith the color gu" n onthe center line 
and quarter points as vmll as along the edges clothe zone. These .~ 
are plotted on figures 3C and SE, respectively. It can be seen that 
the i~side faces of the zones are not symmetrical. Two wooden fil- 
ler blocks were built according to these data and when installed in 
the branch pipe produced satisfactory results, as studied by the aid 
of color injections. Elevations and sections of these two blocks 
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~,~..,,~7j:%...:. • . 

' ~ : I  I " ' # . 1 >~ . . . .  L . , "  I ' . r l  , # ~ " # . ~  : ~  

are sho~m as flgures.SD 'and SF~' 'The'~wo'~bl, oeks ~re used l~ter in 
the studies made on,the !~uanti%atl.ve model i0f ~the Jun0%xon ,of=the 
p e n s t o c k  vrith t h e  headers .  " 

: ,  . . . . . .  ~ . - T h e  A p p a r a t u s  ' ~, 

• he ~ o r e b a y  " f o r ~ ! h e  q u a n ~ a t : i ~ e L ~ p e n s ~ o c ~ k  j u n C t i o n  mode l  ~ 
;into which the water spi,I.led: ~af,ter!-ip~Ss'ing : over~the.;measuring .~.ir ~ 
was 6 feet wide, ,.7 ~ee~t~~o~,~ an~ '%~8 ~e -~ ~ -~- '~ " .-" 

' .  • ' : ' , , ' ~ ,  ~ , : ~ -  - ,  u ~ ,  a e e p : ~ t ' r i g i . . x T , . ;  . , I t  served 
as a stilling box, !head:regUmatbr;, .: :and :suppl 7 reservoi:r~,< A"tdoui~le- 

e • set of wooden!baffles :was us d.:%o ,e~:iminate theturbulence.. The. 
same :stflling well rand !h0ok,~gage .was ~used %0 measure the "he ad . ~n ~ 
the forebay as in the_ vis'U:ai tests,' ~ " . . . . .  • The 3/4-inch rubber ~hose lead- 
rang .to the well .was connec~ted to ithe forebay ,of th~s .mo~e1.-. 

The. penstock :junction ~uvest;igated .on .this :model .was the 
same .as used in the{visu~l model..~ "The ~branch,:Timstead.:of ibeing, in-.. ,:~:i 

clined 'downward as Lin~h@.pro%oty.Pe.i~-was.:.ins%a.,l.ied ~or~6nta,ily..on -~ 
the model and made an ,angle of-.105, e -. .... " .... .. . -il .,d gzses '~n.~a downstream direct-ton 
with the main pipe;. ~,he!~model:., ,as ,oonstructed~?..on .a ~scale .of 71,~'38,..~-i ' """~ 
is shovm on figure .7<,"; i T h e  ~e~t.!~p~ieces :Consisted: of ~;~hree-foot ::See-'::: : ' :~ 
tions of smooth ga!~[anized she,et-i,r~on:~',pipe, accurately c ons%ruoted .. :..ili ~ 
and joined ~dth ~bu~ jbints. "P~eoau,ti~on:\was .taken:~0 . ;see that:"all - 
inside seams and jointS were'.sm0oth,i~and~T~ee,!from,:burrsi ~::..The.:.%able 
on figure ,7 T s indioative Of ,the: acburacy:~attained,in;,oonstruc~ing. ~., 
the pipes,, hese .flgures.:are iaVe~agel.values,.~taken !zr-om a :numberilof i 
measurements .made with an inside micrometer-at' the [p0ints~.i:~ilndicated. 
The maximum deviation Zrom.tl~ei'des!gned- diamete r of, I0 inches ~or ~" ' 

0.8SSS foot was 0,001'8 .foot.,or:0~21' ' :percent., and ~he maxlmtun, devla- :- 
tion from .,the designed d~ame~er of-4-~i13 .inches .oriO.3811 Too~'~s 
O. 0009 foot .or <0.25 .percent. : The~:',inside . ,of ;ali ~est; pleoe, s ..v, as ;!: ...:~ 
painted .with ~ t 'n -o  o o a t s .  :of ~aluminum .paint '.before ;the;,'.s~ar% of;tHe ':7. 
tests. A,section of pipe-is -shovm ~in ,de~aii .on-f<i~e.'.: 8A,: ..Tihe ! 

first mode].-consis~ed Of :appr.oximately 'iS feet of~.'S3-inch .pipe L, 
joined to a z~6-foot soction".of"10-~nch ~ii~e...~.. ~'~,.~-± . ~., < ,. 

. . . .  : . . . .  - i  . ~  .. , - • ~ . ' i  " ~ , , . ~ b , . ~ *  ' a i . . u ~ w r i s ~ r e a m , . - l l t l g l e  "" :~i~ 

or lob degrees at a ::point-'l:5 . f e e t ,  .- from the m~Orebay, entr-anOe,. . .;.l~oto-~... -.7 
graphs .of the pipes .are shown..on ',plate.~V, ~s it ,was .~nPossiblel,to 
tale pictures of the model' in place, :Ph0tognaphs.were ~made cut"for /;ii! 
doors ,before ins~allation. ~ -~'~', 

~m overflow box ~th-slide gates in the sides ~vas located 
at the downstream end of the .main pi~pe to control the head at ~hat 
point~ while a 4-inch gate valve was located at the end of ~he branch 
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pipe to regulate the discharge through the branch. A weir box, 4 
feet Wide, 6 feet long., and 2 feet deap,~equipped with s~ill~ng 
baOfles and a 8-inch Cipolletti weir was located a~ the end of the 
branch to measure the discharge at that point, A gage well attached 
to the outside of the weir box was Lcormected by a 3/4-inch rui~ber 
hose 4o a hole !n the box 20 inches Ups%re~ £rom~the weir, l amdma • 
hook gage was used~iin thei~i~ili~bomeasurelthS hmeaG 0n %h~ veir. As 
this weir box dzffered fr6m the standard florm,~it was necessary!~to ! 
calibrat e the S-inch Cipoiiet~ilweir in~ plaoe.~ i~This was ~done by/ 
completely closing the ~ downstream lend of ~he main p~pe~with alblank 
flange and di~srting all ~,ater through the branch and over the S- 
inch Cipollotti weir. ~lhe calibration was made by coup arleen iv~th 
th e 90-degree calzbrated ~-no~o n measurzng welt. The purpose of~ 
the metal cone at the and oflthe'branoh pipe wastoirec0veralpcr- 
tion of the energy Twhioh would :have been~Iost at the end of ithe 
pipe, and thus increase ~he discharge through the ~ranch. ~ 

Rings of piezcmeters were placed atl intervals along lthe 
pipes, as shoval ~on fzgure :7. ,~ ],our plezometers constituted a ring, 
and connections were so that individual piezometer~ icB~Id lSe read 
separately. Each piezometer consisted of a S/16-inch outside!di~m~ 
eter copper tube 2 inchels long With a l/8-inchlbore~ In L/0onstruc- ' 
tion, a I/8-inch hole vms carefully driiled inlthe pipe at the proper 
location A copper tubei~was then accurately placed over ~the hole, 
normal to the pipe, and heavily soldered~in ipiace. The inside ~ of ~ 
the tube and hole was thenreamed to rem0ve an~ irregularities which 
might have developed during the process.~ ~Piezmneter~openingSii!~re • 
of the sharp-corner type and care was taken to remove ~ all Burrs and 
to keep the corners sharp and flush vrlth the inside ' of the pipe ~ 
(fig. 8B). Where piezometers were installed on cones, they were in 
all cases set normal to the surface. As it was desiredto read each 
piezometer separately, the connections were made as shown on figure 
8C. Three-sixteenths inch ~rubber tubing was used for the shorter 
conne,etions, while each ~ ring was ~ g~pneoted to lhe piezome%er board 
by a ~/4-~nch garden ~hose. This !'~/gangement made it possible~ito ~ 
use one glass reading tube to cacti'ring of pzezometers. Each Jring 
was equipped with three screw cl~ps which c0uld be al~ernatedlbe- 
t~-~n the four rubber tubes to ,segregate the piezomater to be read. 

In reading piezometers, iallA ~piezcmeters were read l simul- 
taneously with all others i Closed, In rotation, ali B, c, andD" 
piezometers were read in the same manner With the others closed. 
This procedure was repeated four times during a run, making a total 
of 16 readings to a ring. Observations were made as rapidly as the 
board could be read. About forty minutes were required to make a 
complete set. 
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The 3/~-inoh~hose" - J ' ~  " ~ iwhioh extended from the rings to the 
piezometer reading board Sloped Upward toward ~the board to faoili" i~ 
ta~e the removal of entrapped ~air. Before each run, all piezometer 
clamps were loosened, and all tubes leading to the IA piezometers 
were disconnected to ~all'ow water to~ f]. owl freely! ithrough ~them ,. The 
3/~ inch hoses were vibrated t0 ~drive~anyi~entrapped ~ir t~ard %he 
reading board. Finally, the hoses were ~disconnected f~om:ithe glass • 
reading, tubes to allow water to flow free!y through them. This 
routine fo~ eliminating air required fromfifteen to ~ t~vent-y minutes 
before each run, :but was a~.~eoessary procedure as all ~he piezometers 
were located on a central ~6ardlmaking some ~f ~hei~hose~oonnec.tions 
SO feet long. ~-<~; ........ .~ ,.~: 

To identify the experimental data, each!alterations,or set- 
up of the model was assigned ~aLtest ~umber and :each run of ares%, a 
run number. In like manner, eachi[picture!~VaS ~given a picture number. 
Thus, IO-B-6 is interpreted as:test lO, 9icture ?B Of run6. 

B. Pipe Friction Calibration ,(4-,33'inch B..rlanoh) 

The friction losses in the 41,SZ-inoh and lO-inch pipes 
were determined by conneotTng the pipes ' . t o  the .bulkhead seoarately 
and making oallbration runs i(tests land anoh 
pipe was connected as shown on figure ~7, of ~- 
pipe on the upstream end to give ~additio: 
irregularities of flow caused byTen~ranoe conditions.. IA conical 
entrance (figure 7) was u~sed ~4 on the ~ups~re am lend of th:e 14,33-inoh 
pipe ~th a vertical and ~a :horizontal finextending from the larg e 
end two-thirds of the ~distanoe up ~he length ;of the!. cone tO prevent 
vortex action. An elbow was c0nneo~ed tO the ~downstre~end Of the 
pipe in a vertical plane ~6 kee;p ~he pipe flowing ~ fuli<:iat all times 
and to increase the pressure in the pipe :so that itl could be read 
on the gage board. It was ~necessary, inthe Case:of ~smaller dis- 
charges, to further retard the flow~by loosely ibOlting a:tlank flange 
onto the end of the elbowto procure a suffioientnumber of runs to 
plot a calibration curve. In other oases~ additional ver~i~cal see, -~ 
tions of pipe were bolted~to,%he,eitow~ ~- " ' " • ~ " 

, ~ ~ i:.~,i /~ 

Eleven runs were made on lest % ~wlth idiseharges ,ranging 
from 0o55 to 1.70second'feet. During a ~run, the two head ~gages on 
the 90-degree V-notch measuring weirLwere read simultaneously with 
the forebay head gage at two-minute intervals. The temperature of 
the wuter was recorded once during a run. A run ~s terminated when 
each piezometer on the model had been read four times, as previously 
described. The 16 readings from each piezometer ring were averaged 
and the respective computed mecca velocity heads added. These 
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values for each ring were then plotted with respect to the length 
of the pipe. A sample sheet showingthe imethod for a few runs is 
shown on figure 9. Due to the fact that ithe entrauoe loss effect 
extends some 40 dismeters downstream, the lines drawn through the 
points have a slight ~ curvature but would eventually~ten~inate in 
straight lines were the pipe sufficiently long. The slope of these 
straight lines represent.~the friction loss per foot of straight pipe. 
As the pipe was not ilong enough to allow these lines -~o Completely . 
straighten ou~, it was necessary to draw a tangent to each of the 
curves nest- its downstream extremity. These tangents are shown 
drawn on figure 9. The slope i of each represents ~the S~raight pipe 
friction per foot for a particular ~disohargoland~:waterl temperature .... 
A constant has been consistently subtracted 'iinsome of the runs to 
consolidate the data for comparis0n as the Slopesoflthe lines are 
the major item of interest. These constants/inno way effect the 
s l o p e  o f  t h e  l i n e s .  ~- : ~ 

With t h e  f r i c t i o n  . l o s s ,  d i s c h a r g e  ~and t e m p e r a t u r e  "known i:i/:::i:L 
for each run, the friction factor, f, in ~%he formula hf = ~  was 

computed and plotted with respect to Reynold~number on figure lO. 
The friction factor was computed, i~sing :the equati0n fii-i2~SD, where 

3 is the friction slope (fig.~9) and L is unity.~i it~has been cus- 
tomary in recent years to design condui~ts from curves of this ~..-e 
obtained from experimental resultS. In~ usin~ these Curve.s/it is: ' 
only necessary to know the range of Reynolds,numb4rs thatlWill be 
encountered in the field and the type of pipelto be used. This be- 
ing known, the factor, f, canhe taken from a curve ~ similar %o those 

• 2 plotted on figure I0 for a p~pe having comparable roughness , 

2"The Flow of Fluids in Closed Conduits", by RoJ.S. Pigott, ~ Meohani- ~ 

cal Engineering, ~A~gust i'933. ~ 

As the temperature varied c°nsiderably throughout:ithe series 
of tests, each run was corrected to ' t h e  base" temperature of 60 degrees 
Fahrenheit by means of figure llA. ~The temperature correction graph 
was constructed by choosing ~amumber of discharges at various tempera- 
tures for the ~.33-inch pipe and computing the 1~eynolds',nUmbers for 
each. From figure 10, the friction lTactors were obtained for the 
vm-ious conditions and the friction •loss per foot ~0f pipe was com- 
puted. From this information, figure ]iA, which shows the variation 
in the friction loss due to temperature, was constructed. For example, 
vrith a discharge of 1.8 second-feet, water temperature of 70 degrees, 
and a pipe friction of 0.2000 foot per foot of pipe, figure IIA shows ~~ 
that this friction loss at a temperature of 60 degrees would be ' :  
0.2000 - 0eOOS7 = 0.20S7 foot per foot of pipe. 
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Up .to this ~point, the iIO-ineh ~,and ~.33-inoh pipes have been 
considered as separate ~entitiesi'aud the int~est !has~been solely in ..... 
skin or straight .pipe ~friotion i~loss. In designing the ~model, ~piezo- 
meters Were Iooated~at regular intervals ;in~both ~plpes,.~an~ :piezometer 
6 vms purposely ~lo0ated in ,the ~plane~of the interseot~ion:~Of ~he .center 
lines of the 4.33-inch and~ilO-±nol~pipes,. T~Is intersection has been 
considered 'as the "theoretic al junet'ion'! Of !,the :two ~pipes, and,'~for 
brevity, shall ]~e :referred teas the ,~uno~'iOh",. ~ ~ . . . .  ~ 

To evaluate the 1 os sos other -than :those ~Ohar~geab~le its 
straight ~pipe friotiun, lit was necessary :toJisolate~he frliotion 
'losses above and below the junction ~'in the lO-~inch ~p~pe ~and/!below 
the junction in the 4.S3-1inch i b r a n o h .  " • ~-:.:i~ i~ 

~A s e t  .-of c u r . r e  s w a s  ~ p i o t t e  d ~t o . r e  p r o  s e n t  : i t~e  f z ' i o t i 6 n  
l o s s e s  f r o r  ' t h e  j u n c t i o n  ~ to  i a n y  i p i o z  o m e t e r  ~ i n  ' : t h e  :i"~b~r~i~h ~ p i p e  f o r  
v a r i o u s  d~ ~ c h a r g e s . ,  t h e s e  c u r v e s  b e i n g  ~ b a s e d  o n  ~ a ' ~ e m p e r a t u r e  ~of 
60 degrees Fahrenheit. Typical computations showing ~he :metho~ used 
in obtaining these curves .are included ~in table i~,I. ~From~the column 
titled "Plotted Energy ~at ~uncti6n", which is the :valUe ~sken from 
the curved line at this point on :figure 9,~:~the Oompute~ ~energy~iat ~- 
each pie z suet e r was subt r acted separat el z. The s e ~: ~alue s,/iplus:iiOr 
minus a temperature correction, re~present thelfn~etion~loss Item 
the junction to each piezometer for ~arious~d~seharges ~at ~ ~a tompe'ra- 
ture of 60 degrees Fahrenheit. By plotting the'~values%n .the columns 
marked "Drop to Junction" ~ith respect ~to discharge., .:.the :our.~ves ~on 
figure lib wsre obtaine~. : ~ • . . . .  ~ ~. ~ . 

At the completion of the tests on the %.33-inch piFelv~ieh 
covered a period of about six weeks, a~,set ofoheek runs ~vcas made on 
friction losses in the same pipe. : The ~esults of the ~tw0 calibrations 
practically ooincide, as is evident :from tests ! and ~8 on/figure LI01 
and the same tests on £igure 'LIB. ~ ~ L 

L" .. • 

C. Pipe Friction @alib~ati:on (10-:inch :Pipe) • 

By a procedure similar ~to~that in .test i~,: the 10-inch pipe 
was calibrated in test 2, This ,calibration ~was made,with the PiPe 
in place and no change was necessary in the assemb~ly except ~that a 
straight section was used to ~replace the junction :durling ~the calibra- 
tion test. Regulation of the head in the forebay'wasmade~byladjust- 
ment of the slide gates in tlhe regulating box at the downstream end 
of the pipe (fig'. '7)~ ,Water was always allowed to spill over the 
top of the box to insure a constant head on the lower end of the piPe~. 
The slide gates were used merely to dispose of the ,excess flo~' during 
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the runs of higher discharge. The entrance to the main pipe con- 
sisted of a cir0ular collar. 

The friction slopes shown for a fewdischarces 0n figure 
12 were dra~m to obtain the average friction loss per £0ot in the 
main pipe. ~gain tangents wore drawn to the d6v~st~eam end of the 
curves and the slopes of these considered t11e average friction loss 
per foot of pipe. The temperature Correction curves used~in evalu- 
ating the results obtained o n the lO-inch pipe ~e~shown on figure 
1s, and the friction losses as measured upstream and downstream from 
piezometer 6 for various discharges at a temperature of 60 d e~rJees 
F~hrenheit are sho~m on figure I~. As in the~case of the ~.SS-ineh 
pipe, piezometer 6 at the theoretlcal Dunct~on was used as a refer- 
ence and the friction loss vas measured upstream and~d0wnstream 
from this point~ The friction factor, f, for the lO-inch piPe is 
plotted on figure 10 with respect to Reynolds' number. .... 

A set of check runs~under test 2Y ~as made on the lO-inoh 
pipe four weeks after test 2 was completed, aud t1~e results checked 
the original set. Both sets of points are plotted ~on figures I0 and 
1 4 e  " . ~ . . . .  ~ . ~ • • 

It is apparent froma stud~ of figure I0 tha~ thelil0-inch ~ 
pipe shows a greater surface roughness than the 4.SS-inch branch for 
the same value of Reynold~ number" even though both were constructed 
in the same manner andof ithe same material~. - Theoretically, one 
would expect the friction factor, f, t0~be ~smaller in the lar~er 
pipe. The explanation may lie in the fact~that the lO, inch pipe • 
had a joint to every 8.5 digesters ~, while the/4~.SS_inoh pipe had a 
joint to about every 7.0diameters. 

D, Evaluation~of Junction Losses .... " - - 
• ' t • 

With  the  s t r a i g h t  p ipes ,  c a l i b r a t e d , . ! t h e ~ w e r e  .oo~ueoted 
t o g e t h e r  as shown on f i g u r e  7 ~ d / s t u d i e s ' - w e r e i m a d e  t o  e v a l u a t e - t h e  
loss of head in the junction. Runs were :made us~ing:total discharges 
from 1.5 to 8.0 second.-feet. By, adjusting the ~-inch~valve atthe 
end of the branch in relatioJ., to the/Slide gates in the head regu- 
lator box, it was possible to divert part of the total discharge 
through the branch. For large discharge ratios, Qs • theltotal dis- 

charges were necessarily l~v, while for small discharge/ratios 
practically any total discharge could be used up t0 8 second-feet. 
During a runw readings were taken simultaneously at two-minute inter- 
vals on the two head gages in the large ~ir box, the forebay head 
ga~e, ~nd the head gage for ths 6-inch Cipolletti weir. During the 
same period of time, each piezometer on the pipe was read four times. 
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For the purpose of these oxperiments,~ junct~-On losses are 
defined as follows: " The Junction lobs shall be ithe sum of the pres- 
sure drop plus the drop,in .~nominal velocity ihead,-lesslthe friction 
loss between points upstream :and.":downstream from lithe Junction suffi- 
ciently removed to be free from effects caused by th e junction. In 
determining the fr~otion loss, pipe distances were measured to the 
center line of the intersection. The follovting equations express 
this definition (fig. 7A). .... .,. 

Junction loss chargeable tothe ma~L~pipe: ~. • 

~ ' g  .) 2g - 

J u n c t i o n  l o s s  O h a r g e a b l e  t o  b r ~ u o h :  . . . .  ' . . . . . . . .  

Js = IPx ÷ V~ - ~ -  

- -  ÷ ii '2g , .  ::hr. (x-IF,.') .... ,:~ 

Rather than choose .a .single piezometer 'f.rom which to 
measure the preasure .head .above the j'unetlon~ ~ the' average of ~piozo- 
m~tsrs 2 ,  S, 4, ~ ,and 5 w~s used and is ~denoted as Px. The location . , 

Pie~o~,eter St~e~ f~.om 
of P~ is ap~o~,~tely 7.o feet or 8.4 di~e~erS up 

L; 

' • • . , ', i . " 1 vl, 

Although energyl losses determined in accordance with the 
above definition are subject to an error in the order cf O.OS ~ ~ue 

to the use of the nominal velocity head instead of that integrated 
over the section, and due to the subtraction of friction losses to 
the center of ~he intersection, the definition seems aprac~ioal .one. 
The error involved, however~ .should be kep~ in mind :in interpreting 
the results. 

The tests on the lOS-degree junction ~re ~diVided~into~two 
groups. Test S was a normal pipe junction, where, as in tests 4 .to 
7, inclusive, the physical shapeof ;the. Junction~ •was .... modified..by 
filler blocks in accordance :w~bh :t;he earlier visual.i-~t~sts in an at- 
tempt to improve the hydraulic efficiency of this :junction.~ .~ ,~ ;.  

T~n~-s~. runs were made on test ~ ~th discharges t~rough 
the branch ranging from 0 to lO0 ~percent of the total. The to,st pro- 
cedure was the same as in the C:al~ibratiOn :runs exce 
addi 51onal piezometers • pt for readlug ~he 

and-the small v~ir gage.. A computation sheet 
for one of the runs on te~t 3 is sho~ on table IlL From the computed 
energy at Px, the energy at each piezometer do}~mstream from the Junc- 
tion was subtracted independently. This method tends to eliminate 
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piezometer discrepancies. The differences in e a c h , c a s e '  represent 
~ipe friction plus junction losses. With the discharge knm~, the 
pipe fr~ction for the main pipe .for. a temperature .of. 80 degrees 
was obtained from the curves .on figure.14 and the pipe, friction .for 
thn branch was secured from figure liB. Thetemperature correction 
cui"vos on figures IIA and , l S  were used to c o r r e c t ,  the pipe fr:L:otion 
values for temperature. ~With the corrected.pipe, friction subtracted, 
the remaining loss is thatwhich was charged to the junction. Th~.s 
is the procedure foll~wmd ontable~.'III. Junction. losses ;~n the~main 
pipe were computed in terms of .the. velocity head iupstream from the 
junction. Junction losses in the branch are .expressed in termsof 
the v~locity head upstream, fromthe junction!and al.s0 in terms of 
the velocity head in the branch. - - " 

The results of the j L losses for test3 chargeable 
to the main pipe plotted withrospect to the~Jdischarge ratios are 
shmvn on figure 15. On 2igure ~SB, the discharge ratio is relnted 
to the junction losses obtained from each of the individual do~- 
stream piezometers. The separate piezometer curves (fig. 15B) are 
in close agreement, vriththe exoeption~of.niezometers 7 and 12, 
which in most cases were .disregarded when drawing, average curves 
due to their undesirable 3ocations, ..The curve~or test S (fig. !SA) 
was obtsi.n'ed from the~average of the. individual piezometer curves 
on Ci,~rlre. i 8B. 

'L" The average results of the junction, ilosses 
• ~.~,~e branch plotted with respect, to ' the d is caargo irati.os, are shmvn 
on figure 16. On f~gure 16A, ithe junction, losses !are in terms of 
the velocity head in the branch and on figure 16B they are .in terms 
of the velocity head in the main pipe upstream .fr6m the ~!junction. 
The separate .piezometer - cunves, for the hrahoh-Q~re ~ in good i:agreement. 
In computing these jun0tion losses, the straight~:pips friction 
charged to the branch.~was computed 0n~..the .assumption that the branch 
pipe extended in tothe center Ine.of the ma~n .- piPe , :- ' .The reason 
for this assumption becomes apparent.when .an attempt is.made to:..de- 
sign e junction in a large pipe"line, from experiment al data. ~' 

For 0 ,all : ho . low g0os the 

and within the limits of experimental error no::"loss is found caused :; 
by the intersection of. the branch in "the ' line . although . the di~neter 
of open!ng is more than ]~i~allf that of the main-pipe, The ~ results. 
6n figure 15 verify experiments made .by Professor D,~... Theme3! on small 

'~"Hyd'r'aulic Losses in Pipe Fittings" by Prof. O.-Theme. 'Transactions 
of the Tokyo Sectional Meeting, World Power Conferencej Tokyo, Octo- 
ber 29 to November 7, 1929. This article has been translated and in- 
corporated in the U.S.B.R. Tech. Memo. No. 325. For a more detailed 
description of these experiments see "Losses in Obl.~que Angled Pipe 
Brmlches" by Franz Peterman, Mitt611ungen des Hydraulise~n Institute 
der Technischen Hochschule ~nchen Bulletin i, p. 75 ff; and Bulletin 
2, p. 61 FF. These articles have been translated inthe "Transac- 
tions of the Munic.h Hydr~u!ie Institute" and published by the Ameri- 
can ooozo~y of Meo~,nical h~ginec, rs as ~llet~n No. 3 .  
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e 
b r a s s  pi! ,e  in  the i r .ee l~ot  t h a ~ f O r ,  i~:sohar, g e . , r ~ i o S : , o  f . l ~ s . s  them " 

s tream Crom t h e  j u n o t i o n .  ~Thi's ,ga in  in!~he:adii~s : p ~ ' l y  d u e  .to ~ h o  : 
m ~ o r  i n  w h i o h  ~'he.,~l:oss , o o e f f . : i o ~ e n ~  . i W ~ e ~ , d e t e ~ i n e d .  and  . . p a ~ . l ~  :~" - 
due to the pressure ~reaCt~.'on f.rom.~he ~water diverted :i~%o. the i~r~ch, 
It is, of course, "not~a~gain ira,energy, ~ . ..... 

the ;brannh ~(~g,., .'~6~)(;'~w~hin :r.easOn6b,ie :iI :i~t s ,by ~ss~.n-g .~.that i :~he 
entranoe to:~he !branoh is:;~.an.i.ord~na~.ishaz~e~ge~ o.oni~emi ~pipe.~en, i 
tr~ce,, .The a@e~.~e "~e~O~k iina~.oatB.s :@hat!i~he '~en~r~oe iloss .~or:~ 

. .  

e 

@ 

This value is not 'a ,.oonsto~-.f, or. ~e~',l .conditi, ons of f.l.~,-!but its • 
preseno~ beoomes ne !li ible . " ' " " ~' '-; '~ " g . .g ..... .....a s ~ho .nat~o.. of,:.Qs :"incre~°o= 

"be • . , -  r , . , : . . . . .  . 

• • . "  , j 

d-- '=0.,15 +-' " ' 

j2g . " :2g . ~(Ii')., 

Expressing ehe entire"loss 'in eerms of. ,the.i,veloeity •.head " 
in the br~noh, the :prooedure !is as follows: .... - -.:- 

~ ~=~,'qs v' ;ia-qa 

' a 

: ~. - ~ ~. ; ~  • • •  ~ / .  • • i ~  ~ • . ,  
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I 
Sub st ituting .this value in ,.e qu at!ion /(~Ii:) %he ~-~unetlon . ~io ss ~.e oe.Cf icient ~: 

• 4 
-- ', ---. .~'---, ~ (20 

• " " ::.i'o~'!,' ..... 
By 

............ - .... , - ...... . - "  " ~ S .  '. • i~!: .... /' ~" '-... . 

.... . ,~, ' ..•..i/• ~ 

ind !,~he if O,l- Although .data .are<meagre~T.or ~.the i~puzp.0se ~in m 
i owing poi~t 'of intere st :'.is .tit e~.. ~:!n .the ~isu/al ~itest c";on!.e~]~e ipyrh-, 
lin model, it was stated !that ~ ,the ,~olume :of ~he " ...... 
brnuch se,,~mod to .be .~ndepondent ,of i.the dlseharg~ 

the disehar,~e ratio-xr-~. ~,Thoma makes,a ~statemez 

@ 

has been plotted .the variations.-in ~the ~loss,~eeffio~ents Tor~idi, ffer.., 
ent values of Roynolds',number,. 'i",The..nurves ,,on f~gure ii,7,~shov¢-the. ". 
junet i on ,i o ~. se s in -,the br anoh~,~i,t o ..~ary ~.only with ,:the , d~s Oil:argO rat ± o 

-- ,and not with the •total discharge ,'or 'Reynolds'number. .~Th~ Curves 

figure 17B show a-s:imllar :indi.0atlon f0r ithe junction losses in 
the main ;pipe ibut .the ~points are .more ,scattered due "~'0~,i~he CeXaggerated 
seals of-;the Eraph. These results ,agroe-,with Th~oma/',s .w0~k'iand with 
the visual tests inlwhioh the :eddy.~at :the ijunotion .'appeared ..to re- 
,,earn t})e :same sxze f o r  a g i v e n i d ~ i - s o h a r g e ' / r a t ~ i o ,  i l r o g a r d , ! e s s ~ : o f : . t h e  

E. Reduction ,of/Jun,.etilon,:Losses 

,An ,effort was made-~in "~tests 4 :to,cT:',.-inoluslve,. ~to it.educe 
junction losses at .d~isoharge,~ratios.,~of ,0~25 :and ~Q;~50,, !~. In:,teSt .5,.a 
deflecting block-~as installed In: ~he main pipe,. i~i~n tests ~.~Gi, "~ :t~d 
7, wooden .fi.l~lel. blocks made/;to-~th e saree size .and .shape ,-.as <,the .eddy 
zones enoounte:~ed .in .the .pMr, al,in model .were .A'ns~allled~ " ',In. -~the ~br~anoh• 
pipe i~anediately below the junction. 

For to~t .5, the deflecting. ~block shownilon 'ligui-e ~8E ~w~s 
installed in ~the main pips, as sho~n~ on f~.gure 8F. T . • he block was ~_ 
made to represent as nes/-ly ,as [possibl~the ~,l~Ip that extended :ou~ " " 
into the main PiP~ in the prelimina~.y t~'sts on .the ~py~alin mode.1. -"" -. 
The results .from the s'ixruns made on %his test-are plotted on .~ / 
figures I.SA, IGA, and 16B. This block produced no improvement in 

4:2 
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the junction loss coefficients in either the ibranoh or the ma~.~n 
pipe nor did it.seem to produce staydetrimental effects for.~the. 
lower discharge !ratios. ' 

[ 

The f!iller block shown ~cn:f±gure 8Dwas desl ned fro 
c u r v e s  o n  f ~ , . . . .  : ' , g ~.  t h e  

i ~ u r . e  G , f o r  .a  d i s c h a r g e  . n a t i  o o f  : 0 . 2 5 . , : ~ a u d : ~ w a s . . ! i n s t a t l e d  
in the branch .PiPe in the :leoati6h shown on :$igure?8F:.$or~..test~:4.. 
The results plotted on figures .15A; &6A, and 'IgB're.veal :tl~at ~,%hio 
block failed to reduce ithe juno%ion "i0ss coeffi,~en'~i,~ibu%.!.,ins%ead 
in~rease~ it as compared~v~h testiS :for all discharge ~ :rat~.o~.. 

~hlother-attempt was made in test 6 to improys' eondzt at the 'unct.~ -- " i . . " . : :  _ ~ • ~ i "ions 
0 9= 3 .. on by us&ng a fl!ler block .for ,adiseham"e i~tio of 

• ~ ' ,  o ~ e O l ~ L  O " "  " ' ' . ' g - ' :  " " ' ] -. are Jas.exerclsed In , " ' " : ' ~ . . . .  "- . block i'] th ....... ~: .... , .; . .obtalnlng the :shape,.of-this 

more accurate thmn the one used in test 4..~The~:6u~es ~on~ighr0:16 
actually show a small improvement over .test~ 3 Tor discharge :r, atios 
bel'ow 0,22. Due to the restriction. Of smeathat these:~blor, ks offered. 
in the branch, the junction losses Ohargeal~le to the !b.rmloh ~ould 
be expected to increase 'fOb discharge ratios"above that .for which: 
they were designed. . . 

I n  t e s t  7 ,  t h e  f i l , l o r  ~ b l o c k  : s h o v m  16n f i g u r e .  SD . T o t  ;a d i s .  
charge ~atio of 0.,50 was used, ,L:~nen:o6mpared~wieh.i~t4st;Z .on ,~ figure:, 
16, practically n o  change in the jU~n6~,t ion i o s S - o o e f f i C  ' ~ " n t ; , i s  not~oe' ab e. p to   soha ge , 
sl~gnt im roveme ~~ ÷~ ^_A~,, : ...-....~.. :, .... !tlocx.~showc a"-. 

P n t  . . . , ~ . , ~  ~ u ~ , ~ c ~ e n ~ . . w h .  v, :  ; . ,  . . . .  ~_  . .., en :~oompazed::wzth to~t 'S f o r ' "  " 
 'atios of less  ' ove::this r • - .  

Io~se~ increase ~ ~^ ~-. =~:, q.. ..::~ .-, .. at~o, %he .junction 
, ~'" ~'~ u.ranu-?.~m~"e-,~n.t:he.main .pipe (flg", .Igfi),~.. 

the losses show a decrease 'foz;";'lischarge ~atieS ..alCove 0~50,:; :.:.': ...": .-. 

&~mming the results ,ofthe aho~e .tes.%s:,:-it".ean :be::.said t ]~at 
in the majority of cases the filler~blockS aCtU::ai ~ : 
3unctzon loss coeff.' " . .~.. ..... . ....... !3..d~d.deerease.~the - 

zc~ents for d~,charge ra'~zos : u n d e r : , t h a t  :fOr' "~ieh 
t h e y  were designed. It was of course expected-~hat:.the June%i0n 10ss 
wou].d increase for values greater than the desig 

ned :.~atio, : ~he ira:' 
provemont, contrary to expectations, was .s.o smal& ..that . " t h e  honerit 
derived from filler blocks of this type woU!d,,hard!y .be.weft!,-:the ex- 
pense of installation. It is suggested, howewer, that:£0r. penstock 
installations, ~mreLthe.discharge ratios for the b, ranohes ~dii re- 
main practically construct and power head at the turbines ~ is~t a 

finer bl.oo!:s may t? :be of .some , . .. 

in t,~e Penstock design. • Y Y " e :been incox, pprated 
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F. Investi~ati_on_of Static ff~essuresat :IO_,5-De~ree ,Junotlon 

In the design of thin-walled piped, the maximum and mini- 
mum pressures developed ~at junctions ~m.e :qui~e ,Impor.tant.~ It was 
to doterP~ine more in detail these ',pressure 'conditions that additional 
piozo,metzlo oonnectlons were installed in the mode~l of~*;he ~.3unetlon,. 
 iez o.,:Leter plez ometer rin s  and :lS', er e  pllaoea'i'.( fi s. 
end 18) in ,the sectmon of the :brmach ummediately:ibel~ow.lts :iv.tersec- 
tzon wz~h .the maln pipa. Ik~rzn~-test .~,i',these :we~e ,r.e~ad::slmu.l.tan- 
eously with the .other piezometers, ~Three:of.:the.iipresst~re'i~~Utlets : 
in piozometer ring6 were '.'.%leo read., • "the f.0ur%hl-.o~tlet ~r)~eing eliminated 

. .  , t • " "  . r ,  - . ' :  ~ .  . .  "Z~ " i '  " ., by the .installation of the junction o~ the ~branch.~pmpe.i . .~.-; ' .. 

The prescure at oach~of those-,points wac ~related. ito'~he 
average pi'essure condition at piezomotei" ,ring ..6, :measu, re di~durin~ .~pre- 
vious runs ~rithout the branch insts-lle'd. The ~drop"in 'pl-essure:~be- 
tween each piezomc%er and piezometer ;r:ing 6 ~.,was .:expressed in terms 
of velocity head in the ~.min pipe:upstreamfrom the junc::.tion ~in 
order to produce dimensionless qUs/~t'~ities, .This.'.rati0:.:of dr0pin 
pressure head to velocity ~hoad is ~plotted againstl):the " ..di.sgharge 
ratio on figure 18. l~ it:iS ipossibl~ ~in.design!toTdetermine~qui~te 
accurately the pressure at ;any.~point ~in ~a,.straight'::pipe :line, -iVfilich 
is not true after a junction '.is installedl, ~the ~pressure obtained ~at 
ring 6 (without the brancl~ .connected ) ~was '~used as ~the .reference pr, es- 
sure in these experiments. ~-, 

A s iight inere as e ,in .pro ssure .,was Tound ~ at :pie z ometer, s 
6A, 6B, and 6C '(fi,. 18J due :i~to .'.~he introduction of :the :junction. 
For discharge ratios up to O.20, adeoided:inorease is shovm ~at 
piczolnetor 14B, but for higher ratios, .~the ~pressure dimil~ishes rap- 
idly. For the lower ratios:,: ~the gain in:,pressure/indicated :bY this 
piezometer was probably_ ~c~ised bY impact, w~hileTor-~the ~larger ratios,- 
the lo~s in pressure -may be attributed"to~turbulenee ~and ,complicated 
ed,ly formations. ~i , ;..~. " ~:  

As an .aid in .visualizing the ;pl:essure distribUtionS in ~a 
junotion of this type, diagrams of ~the actual observed~pressure in- 
tensities of pio~o~aeter ,rings i~ and.~l:5 f, or a-:lew-runsi0n"test 3 
are shovaq on figure 19. The :pressures we~[e me6sured in 'feet.of water 
above the center of the pipe and iare plotted ~both vertically andhor- 
izontally, using the intersection of the .,two axes ~as.~the:ireferenoe 
point. The circumferential pressure at :piezome.ter ~ring i15 is quite 
uniform in each case. The pressures necorded-at ring ~.14:, .howe.v.e.r, 
varied greatly with the discharge conditions.. Considerable varia- 
tion can be noted in the pressure distribution for the extreme cases 

where ---Qs = 0.151 and 1.O0, 
Qa 
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G. Tests on a Ri hi-An le Junction 

As previously mentioned, experiments of a similar nature 
have been performed by Professor Dr. -Ing. Theme and his associates 
at Munich, and translations of ~heir work have ~been used . for refer "~ 
once in d~sign of pipe Junctions. Thls was espeolally~the ease in 

designs clothe Boulder Dam penstocks. ~Th ~ ' the early stages of the c ~' em 
was some question as to the validity~of applyinE Thoma's datai~o ~ 
such extremely large penstocks, /particularly in view of the fact I 
that his experiments were performed on relatively small brass ipipes%, 

4"Losses in Right-Augle Pipe Tees by Gustav Vogel, Dip. Engr., 
Mitte~lungen des Hydraulisehen Institute d er Teohnisohen Hochschule. 
Part 1 - 1928. This article has been translated and incorporated 
in U.S.B.E. Tech. Memo. No. 2 9 9 . ,  

In an effort re. make ~a definite check on Th~na's experi- 
ments, two tests were made for the determination of junction losses, 
using a 3.49-inch branch pipe connected t Othe io-In0hmain pipe at 
an angle of 90 degrees (fig. 20). In test i0, the branch was con- 
neot~d directly to the main pipe, while in test Ii, the branch was 
joined to the main pipe by a cone havin G at0tal oentralan~le of 
13 degrees and ~a length equal to 2.1D. The ratios of ~he diameters 

S . . . . .  ~ . . . .  • ..... 

Ds/D a of 0.35 ~ and the proportions of the cone ~sed wer~direotly 
comparable with two of Thomats experiments. .... !~ 

Before investigatin~ the junction ~losses, themi31@~-i~oh 
brat.oh, with an extr~section of pipe upstream, was oonueoted to 
the forebay bulF~ead~and calibrated.~ The procedure was the same as 
previously used to ~alibra~e the ~o33-inoh~ranch. The~friction 
factor curve for t f, from this calibration is plotted with respect 
to Reynolds I number as test 9 on figure 10.~his curve falls below 
that for the 10-inch p~pe. Twomonths later a check calibration 
(test 9Z) was made on the:aame pipe under the same conditions and 
the pipe friction was ~0und to have increased considerably. It was 
later proven that this second Calibrationwas in error and it was, 
therefore, disregarded. FrictiOn loss curves plotted against dis- 
charge fortest 9 are shown on figure 21A. These curves represent 
the pipe friction from piezometer ring 6X (fig. 20A) to any piezo- 
meter in the branch for various discharges at a temperature of 60 
de~rees Fahrenheit. The temperature correction curves for the S.49- 
inch branch which were used to convert the pipe friction losses to 
a constm~t temperature on figure 21A are shown on figure 2lB. 

The calibrations of the lO-inch pipe before and after the 
tests on the 90-degree branch are indicated as tests 2Y and 2Z on 
figure 10. Practically no change in friction vms evidenced in the 
10-inch pipe throughout the entire set of experiments. Calibration 
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curves representing the: pipe friction from piezometer BX to any 
piezometsr in the main pipe for different disehargesat a .tempera- 
ture of 60 degrees are shown on figure 22. :~: 

The test procedure for de~ermi'~ing, junoi~~n_i, losses .in - . .,: 
tests is and ii was the s as in test/s ex0ept-that~the;additional ~ • 
pzezometer ring 6X was Used as the reference.~/point '~d~px ~in tests 
I0 and Ii now represented the average readings of pieZbme~ers 2, 3, 
5, and B rather than piezometers 2, 3,r4~ and 5.:Piezameters on 
ring 4 had been damaged and readings fr0mit were no:~longer included 
in the average. 

The runs on tests 9, I0, Ii, and'9Z unfortunately were 
spread out over a period of two of the warmest's~nmer months, as 
work of greater importance made it ~nesessary to complete-these tests 
as circumstances permitted. The .~ollowing sohedule'shows the?cal- 
endar dates on which" the various runs were made " 

• L X ' ' ~ 7 

Run No. """ Date Pe'rformed :I ..... N'' .... ' ~ " " ' " ~': ' . at~re~ of Expe.rlment . 

• and Initial friction C a l i b r a t l o n / 2 ' 2  
I0 1 to 8, incl. '7/27 and 7/28 :!'-.900. branOh;: without cone 
i0 9 to 14, incl '  B~B and 8/9, ",:.. 9 ° " " " ............. ' .... O. branch,: wlthout: c0ne:~. ' • 
l0 18 tO 18 , inc l .  9"/2 / ' . '  O. 'branch, without~cone" i 
11 Al l  run~ t o  9/7; i n c i . . :  90o-brano~;:[with..cone: ~-.:., " 
9Z All runs 'i9/.'.B and Finallfriction calibrati6r 

, r , : 

| 

oratory calibration tanks. COnsequently they were .' intermittentiy 
submerged while other experiments were in progress ;iin~the laboratory. 
This c end iti on and the wa~we ather' were ' cbhdu o iVei?t~0 ~the pr opagat ion 
of algae growth and the f6rmation of rUst spots in-the ~plpes, Tests 
i0, II, and 9Z showed that as:time advanced zthe friction In.t}ie r branch 
increased ~hich was entirely possibleL~due t6the above:f~ctors. -:.~ 
Strangely, the lO-inch pipe, which ~s subjected ~to the?same condi- 
tions for a longer period of time, showod,ipracti0ally no~:change - in 
pipe friction• . . . .  

It was assumed that the Junction losses obtained'for runs 
I to 8, inclusive, of test l0 v,~re probably correct as lthese runs 
were coz~nenced within four.days after the test~9 fr~oti0niealibra- 
tion. It was also assumed that the resuits:fr~m test!:il were presum- 
ably correct as the pipes were cleaned previous to these runs. Junc- 
tion losses for these runs are plotted on figures 23 and .24. 
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A Check on the results of tests lOi~and -II was!made ~ by 
another method. The pipe fricti.on~for the 3.48-inch branch and 
the lO-inch main pipe was obtainedfor each irun ~ by, pl0tting >the ~" i!: • 
piszometer readings plus the corresponding veloci~ heads upstresm : 
and downstream from the junction and drav~ngaverage ilines renresent- 

f • • , , . lng the rlctmon slopes through, the :points %o the: jun6ti0n~ ~i T1~e dif- ~" 
ferenoe in elevation of these line'S at the ~junct'ion represented th:e ~ 
losses at that'ipoint. By this me~hod, the ~ junction losses ~and 
straight pipe friction ~re obtained simdltaneouslp"fr0m the s~e 
runs, thus eliminating er..rors .produced:iby t}~e changing i~pipe fric- .~ 
tion. The uheck method shmved .~hat ~ runs 1 :%o 8, inciuSive, ~(test 
lO), and al ! .runs oiliest l! ~re.reas6nabiy.lcorrect as computed ! 
from the test 9 frioti0n.ca!ibrati0n. By~ithe che6k~method;i:all 
runs on te st 'IQ fell approximately ~..oni~.the-.'!s~a~ Curve, Cleaning ~ i/ 
the pipes previous to test ill ~,evident!y redU~e'd .the ~pipe _friction 
to agree with the test 9••friction oali.braticn. LThree ~eks' elapsed 
between the completion of teSt'.ill .and the~!SecOnd friction Calibra- 
tion (test 9 )~hlch-afforded ample opportunity for the pipe .fric- 
tion again to increase in this length of'~ ~:Lme,-vrhich it'did ~, The 
check method definitely ~mdicated that the'i friction observed in ~cal, " ~ 

e I ge to be applic the junction loss ibration 8Z was to ar ~ able!~in ' • ~. ..... 
computations and was therefore discarded ~ ~":~ 

b~ a result of this investi ~i gation~ i runs I to 8,: test ~ i01..:- "~ 
(.~thout',, the cone) .and..all runs on :test.il (~th ti~e •cOne )~ are..plo~, ~. :~ 
ted in three forms on figures 2S :.and 24. .Ei~.re."2$ shoWs~~he:j'~n6. " ':: 
t:~ on loss measured, in the br~nch :interms of!'the velo6ity:head in .~,~ ~i 

"u " "~ " " i'~i the main pipe upstream from the 3 nctzon and '~gure 2~A shows %h@se 
l~e losses in terms of velocity head in the:branch,:: The junctio~n 
osses measured in the re'air p~pe expressed in-~.terms-:of %he velocity :~i 

head in the main pipe upstream from %he junO%ion are exhibited/on • 
figure 24B. 

J . . . . .  .', • , , • ,/, :' 

%,,,. , . . 

Thoma's junction loss coefficients for an exactls( Similar 
layout in ~,:hich he used a 43,millime.ter ,smooth brass pipe.'wi~h, a 90- 
degree 15,millimeter branch .(,with and without cone) are :plotted ion 
figure 23. These results are considerably higher than those obtained 
by the Bureau on larger pipes which would i ndicate:.that .viscous.ef~ 
fects in small junctions as well as in shall pi.pes ~'appreciable. 
Although this incident does not .constitute •definite proof, i~'indi- 
cares that experimental data on small junctions for small values of 
Reynolds' number are not especially applicable for computing losses 

" 1 
in large penstocks where large values of' Reynolds~number are .involved. 
Thoma's work dealt with Reynolds:numbers up to lO0,0OO, while the 
Boulder Dam penstocks involve Reynolds~ ntunbers as large as 80,000#OO0. 
Considerable recent data are available which indicate that the ten- 
dency is for losses to decrease with the use of larger models in 

5.5 
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I spite of the fact that " in :a. mode l of givensize, little chl ngevin, the 
':~loss coefficient is ,0bservedfor varying.'veio0itieS. If. ju~n6tion ' 

• ,, i . . . .  , .... ..... ' ' "i q'",, 

losses in large smooth penstocks such, as.th0se, at Boulder D am~lwere, 
computed on the, basis : of /Thoma' s. expe~rime~cs",i the~existinl !: ] ossss . 
would undoubtedly be sc~ewhat"le"Ss t:}mn ~he Computed loss, s. ii 

Thcma's c u r v e . f o r  t h e  3unctzon,  lo.~s eoef~&czen t £ £ r = t h e  : 
cone installed, is unquestionably in error as:.' a:fewTou6h computa- 
tions -~ r l l l  , s h o w .  The - a d d i t i o n ,  o f  ~ h e  c o n e  s h o u l d  produce J a i l ve r y  
n o t i c e a b l e  • improvement  i n t h e  e n t r a n c e  ' c o n a i t i o n s  t o  t~e;,, ~rs~_ch, . ,  
The B u r e a u ' s  e x p e r i m e n t s  show t h a t  t h e  a d d i t i o n  o f : a  c6n$11r~duoed t h e  
3 u n c t l o n  l o s s  c o e f f i c i e n t  t o  tapprox3nmate ly  c n e - ~ h l r d ,  of, i ~ s  i o ~ i ~ i n a l  
value. ': • " ,!,~ e, 

As a z•t~uer of inte.rest,-it .is pos 
junction losses for the ~ layouts in tests I0 ,.-~ 
degree of accuracy,~by a method ,similar to th ~ :~" 
~ e s t  3. i~'ii,. - "'~ " " :i!~ i :: ii!i 

; o •  . . .  : { ' f  t /  : . . . .  - 

The l a y o u ~  i n  t e s t  i O  , ( w i t h o u t i ' 6 o n e )  -,,r~l.t be" c o n s i d e r e d  
. . . . . . .  " " ' - '  ' .  , i - [ ;  . 

first. For an ord~nar~ sharp, edged<~ipe entrance leading ~r0m a<: , :,,~ 
quiet reservoir, handbool~s !sho~:the entrance loss ~o be approxl- : ~,,:[~ 
mate!y O.o s ,, In the 'case, Of a junction; various condzt~ons~of ~7~ - . " • , :  . . . . . . . . .  , .  . , ~  - , . ' ,  . ~ , ,  " < .  ~ ; .  ~ : , Z ~  

flow exist at the entrance to.the bran0h,: and:an additional ,loss 
• . . • ' , 7 ' < , ~  ' ! ~ .  

with~the which is i~n the v~cznzty:of 0.8 ~a, shouldJbs~ combined .il .r? 
• - " . . . . . .  , "  ! t  ' i !  ~ '  : " - Y  

entrance loss. The total ,Junction !0ss~,then.:as compute6 . :/; 
branch is -" 

- " V ~  j = + ' 

s :2g 2g . . . .  

. : .  ' , .. , . ' ,l~, ' ~ r  2 " ~ :  ' 
1 > ' ¥ " ' The second t e r m  is a variable but is approximatemly 0.8 . , ,a ' .  ~ 

for the lower values, of Q~s .where it is ,effeCtive (fi~. 2 3 ) . i ,  t .,~L~ 
~a ' : " '' 

For larger values of Qs ' "  ' ' '! " :~ ,this term is negligible compared to.~he 
Q a -  " • - ! :~ 

first. Exp. ress:ing this •equation inii~a more practical form ithe~.-Ljunc- 
tion loss coefficient for the branch is : 

Js 

Vsf/2'  ' 

~ere ~ = 0.1216. 

2 - 

= 0 . 5 0  + 0 . 8  I sJ 
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Upon substituting~ different values/of . .in. the~ above .. 

equation a curve can be obtained ~whioh~will.a~pproximate the one for 
test I0 on figure ~24A. . . ~,~ 

The junction lo~ss~i fortest ll (with the c~0ne)mayibei~esti. 
mated in the same manner by,:!substituting the proper ;coefficients~in 
he above equatlon. Upo~i~comparlng ~tha~entranoe:%o. the branch ~, in ~ 

test II with test 3, one~i~o~ild exp'ec%i.the entrance for itest :S to be 
s light ly s ups ri or to thatii-' in. testill.. "Thlerefore ,.!":it. seems i~i o~ic ai .il/ ' 
to substitute the follow~g~coefficients "in .thei.lf~onnula:~..--~... i,i~ : ~'...~ 

~i i ~L ::~ ~ : " ./ ! ~° • 

• "" " ..i - ,..z:~. ' :"~.. i .:~ ~' //'.) " 

in the ot e re ~ ~ ' ~ " /~:. Expressing this h r'. ~un, the junction loss. c0effi%~ent .... 
becomes .i. ' ' .~ ' ~/~" .... - 

Js Qa 2 ." 
= ÷ 0 . 5  i , - ,  . " : 

equation ~'~ill .be found ~o practically coincide ~thi%he~Sur.ve , f.or 
test Ii on figure 24A. ~ ~ , .  ~ ~ -  • : .~ 

H.~ !nvesti~ation of ~Static.Pressures/at Ri~ht-An~le Junction 

Piezometer rings 3S and ~$4 .~vere installed in~ t~ei~ branch 
near the junction (fig. 20) for the purpose of ~ studyingfthe pres, 
~ures in that zone and were read with ~he ~ other piezometersi'during 
tests I0 and Ii. The drop in pressure between eachlof these.i~piez0- 
meters and the piezometers at~.tH'e~Ltheoretical Juncti0nare ;plotted 
on ~'igures 25 and .26, respec~i~ely, The difference-in pne~hre~, L:. 
expressed in terms of velocity head in ,,the=main pipeabowe"%he ~..junc- 
tion, is plotted with respect to the .discharge ratio, ~!n. both tests 
l0 and iI, piezometers 6XA, 6XB, and 6XC,~how a pnessure above the 
average obtained at ring 6X ~ithout the branch attached. A slightly 
higher pressure ~ms developed in the main pipe for test 10 than re/~ 
test ll. -The curve for piezometer 33B (fig. 25) is quite similar to 
the curve for piezometer 14B on figure 18, although there was no in- 
crease in pressure developed in the first. The curve f.or piezometer 
33B on figure 26 shows the effect on the pressure at this point pro- 
duced by the addition of the cone. An increase in pressure was 
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registered at piezometer 3SB for discharge ratios below 0.40 and 
only a small drop was observed for ratios above this value. ~ 

• ' ' i 

- I . . .  • 

ii. Velocitl; Distributionlln the Main: Pipe 

At t h e  conclusion Of the experiments o n " t h e  qum~titatlve 
model of the pipe Junction, n studywas made of the velocity dis- 
tribution in the 10-inch pipe with the branch removed. The pitot 
tube (plats VA) was mounted near piezometer 6 or approximately 18 
diameters downstream from ~he pipo entrance and traverse~'~ade in 
both a horizontal and a v~rtical plane passing through the center ° 
line of the pipe. Five pitot,tubs readings ~re made at eac h point; 
sho~m on figure 27A. ~ ,~  . . . .  • 

The actual velocities measured at the several points are ~ 
plotted on figure 27 for six,dischargesi~ Isovels representing points 
of equal ~locity were drawn ,and the areas between these lines ob" 
rained by the use of a planimeter., The nonuniformity in the veloci- 
ty distribution is probably due to the unsymmetrical entrance con- 
ditions to the pipe. • " 1 ~ j~ ~ - - "  1 ~ 

~ /  '%- . 

/ 
. Total area of pipe ' 1 ~ 

~" ~ " = l ~ o t a i ~ e ~ v e l o O i t  h e a d i n  i e 

~I'-- Q oral discharge in seoond-feet 

@ 

The coefficient of velocity in a circular pipe iis expressed5 
• m 

8':Branch Losses in Pipes by the Momentum Method,by Ralph W. Powell, 
U.S.B.R. Library. 

= V2 ~ , where V is the m~an velocity inlfeet per second 
and A is the total area of the pipe in sguare feet. If the areas of 
the annular rings between the velocity contour lines in the above 
sketch be denoted as al, a2, a3, etc., and the mean velocity in each 
respective area be indicated as Vl, v2, v3, etc., the numerator of 
the above equation can be expressed as 

$ 
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(Vl2h + v22a 2 .+  s2as t-..) or ÷---)  

The mean velocity, V, :in .the P~pe . ' l ie  equal..,~%o..i'~: '~"- 

A • ' ..... " .... ii, : 
@ i ~ 

.I + q i .~'+:--- :..,:: 

- :  . . . . . .  . A . ~.,. - .  .~ 
o , ,  

, T h e  denominator o f ~ h o  e ~ ; a t i o n " i . i  :- ~ ,:....i,,...~.,.~. "q2.~." ,::: "~"i:." : 
. ~ -  ~ .~nen s.mmpl . which " :  i' 

headCan a±SOin thebe pi~e..expressed as 2g; I~/h, .where :HV !iS. the to.%al-,~e~.velOclt~. : . ;  , . ,..._ .. . 

Substituting t h e  ÷ n u m e r a t o r  a n d  ~ d e n ~ i n a t  o r i n t o  the origi- 
nal equation, the result is ~..:, - 

, The experlmental values ~ere substitute '.>" i" ........ 
equatiou for the six ~ - - ~ - ~ - - .  ~:~-; '  . . . ,_ d ~n,~hek;above . 

' ~o~n~ges..mnves~m~a~ed an • for these disoha ~ ~ --~ ..- ..... d it~,.was found that- 
. . r ~ . ~ , , ~  ~ a ~ u e  o f  ~ .  : r a n ~ e d . f _ _ _ - . . ~ ,  ^ ~ _ , , _  • _ _ 

as ~n.~icated on figure 27. ~ -'~....~ "~,.~.uA~'.~o.l.0S~, 

The energy ~head correbtion faot0r6 expressed.a 

.where ~t- = v e l o c i t y  i n  each individual a r e a .  bound '~ • -- 
V mean velo " " • .-L . . - • ed .by msovels . ~ 
_ .  . c ~ t y . l n  p ~ p e  ~ n  'feet n e t  s ~ . n ~  ~ - ~ . , . . =  . . . .  ..,,, ' ' ~ ~. . .  
pipe in square feet ,,~ -----~-;, ~, .: _e__.~.~, .~.~;~ i.~..~ol;al area .of .:.' 

• ,,~ ~.~,,pu~acssl. nfA,Sz°r ~nc ,six . runs :-- sh0wn .,on figure 27,.:. 

,o,.o d.o,.o. '" "0' ooooo,,,.,o. 
• ~ h i c h .  ~ v e r e  t h e  a r e a  :~Of./the..ilpipe 

and the cube of the individual, velocities at £s0vels'.i- The~!.n~uueratbr 
of the above equation was then obtain6d b ..... lanime 
under the curve. • The ~ .... ~--~--~ ' . ' y p . tering,the area 
total area of the -----~- ~- .... s Procured bY multlplylnz the . .i: 

~-~ uy ~ne .sum of the cubes .of the indi.viduai 
velocities between iso~els. The velocity head coefficient~o~, ranged 
from 1,020 to 1,116 and these v4ues ar e shown l isted~Undsr:the separate 
runs on figure 27. The ~rue vo]6city head is then@~Hv" ~ere H v = 
total mean velocity head in the pipe. 

The Junction~loss results would have appeared slightly 
6 "V " " , 

elocity-Head Correction for Hydraulic Flow",' by M. P. OtBrien " 
and J. Ff. Johnson, Englneor~ug News-Record, August 16, 1934. 

~S '" 

.@- 

J~  



different .had the true velocity head been usLed!.in ith~ ~ ~oompUtatio:~s '~. 
rather than. the mean veloolty head, • i as i in a: short i pipe Such as this, 
the coefficient varies as the~dlst~uoe,~~own',the: pipe.i"!:It is I evident, 
therefore, that numerous measuremen%s~:::~vou.ld have been required to oB- 
tain a true interpretation .of. the vel.ooity oonditions:throughout~tl~O 
pipes. The results of-these;experimon~s to ether ' " ' . . . .  ~. - . ... ' -. g . With "othors.i ~ndi, ' oa~e that the v I . . . .  ' . ...... ' . -,. ..... e comfy head ooeffmoment :for agiven:.pinedeOr~n~,- . 
v~n an..Increase ran .Reyn.oldst :number.,. '.and.: that f, orL ,a: givSn::Re.~dl-ds, .: 
numoer %no 'coefficient.decreaSeS":aS.::.~h?.~:isize: of :pi:pe incrbases.,.ii .~ : 

lit was l reali'zed.-~a~-.iaddi%ibnall ~%udies ..o'f~the veiboity:::. 
distribution .~ould :~have ~,been~.,iUter6sting~. . and!::~perhaps ~alt~ablb;i.bUt " 

fY,the requirements of!.this .par%:ioular;':prOblem':w~re no%-~sUdh as t o jUsti- 
and the time limitations prohibited these'~:additional~studies. . , 

Furthermore, such "additional work would have :required :a:imater~ial ~re. 
finement of the apparatus. " .... " :.- .... ...,. 

J.. Summary and C.onclus ' ~ " ~ ' .. ions.on Jtmcti~ 'Tosts " ~ - 

The fore,orang 5ests ~y be stum:.arizod ~s follov~: • 

. . . . . . . . . . . .  ..,~,~,*--,-,-,~,.,'-,,-,...~Au.~;.:,~n.r~ Jtmo~;ion l O S S  deore~s~,.l as the s ~-^ - ' ~  ..... " " -  

;~---J .... • ~, ~ u  u~ ~ne Junction increased. ,Tho~lar or loss in-: 
u . ~ ' - ; u . l ; , O 0  D , , 1 " 1 8  S . . . . .  " " " . '  . . . .  • " ' -  ~ '  . . . .  g " " - Y ; I ~ ± l e r  ~ u n c t l o n  :L . . . . . . . .  - ' ~  , . . . . . .  . • . , . . . . .  
and to ~ ........ _ .__v ., ... :. ~ ,~-~z-~). c~uo ~O:VlScOUS ,effects "' 

u~u ~aoo ~na~ Z~e s:~ra~.ght Pipe:friction is seldomto scale,~ 
although the jlmctions maybe geometrically Similar. It is,.thero- 
fore, logical to assume that the gre&tost:ideviations in the ~junction 
losses occur for the small sizes. . . . .  " 

3, ~hO addition of a cone oonno_ctin4 ~ a r!~l.bl,anglo.branch~with 
the main pipe reduces the junction loss oooffioiezit to approxi~toly 
one-third of its ori~imal value. 

In conclusion, it may .be. ~'mll tO emphasize ~ o  fac~ that 
t~°efn°r t "°i%~ 0 dXd p ~ oni~ " C c o s.vere Performed fcr a sPecificpurpos e and 

n ' , colszizu'be a ~onoral study of the sub or O~ " ' 
The results of these tests may prove of value for a smmmla~ 
the .c so ~ I n f u t t ~ e  

~hich is ~lthln the limitations of ~hes~ expcrimsnts, : 
The majority of the graphs have been :expressed SucJ~ that the values 
arc d~nensionloss, thus it v~uld appear %hat .the same ~ulues indi- 
cated by the graphs apply for both modsl and prototype. Strictly 
spoakin~ this is not entirely the cass, especially on very small 
models, due to the factors mentioned above. It is expected that the 
Junction losses in the Boulder D~un ponstoc]~ will be slightly loss 
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from tho .fi,~%-in~ ,~j~.~..-^~:.~:.-.±-~,- ,'~ . ~ .ups,~o~m :~nd do~s%~o~-.;! 

, o r o s s  s o o % i ,  o n ~ .  ~ o , s  : , . - : - ; :  . .. -~%Y. . . ' . . . . . . .  U%ton,:om:Lsts..~.~:~.%h. . . . .  o . . . . . . . . . . . . . .  s~Voo~ : 
• . - . ,  a ~ £ ~  ;-la~i~:. ,aorini .- . . ..... - ............ -'.:: 

: a ~ m  ~ .r . . 1,1 :.t .- ,,..).. r . a . " ,~-ion, a-,corn '1oto-. los ............. , 
, .o~uax, os %ho s , ' ., -.- .... . . . . . . .  .....P .... ~ . e . . d o ~ o r m i ~ -  - 
. . . .  Imul  mo o  . . . . . . .  . . . . . .  . . . . . .  . . . . . . . . . . .  . ..... . s ur.omom:% ..... ,. . . • .... ....... . 

. ,of ~wo Pmozometor~,o'~Ole,~±io~: .&~ _,~. ~, .. :.of ~ .mooa~.~elo01:.~.heads, .,:..:. 

O 'SOJ~O to%~l iOn=,~'",of::,,l,:O0.~ ',"~ :' , . "..., .... , d.e~e~;r-in 
• .-~' ' . .~ ~ ;~.~ wor.o, s~aiEh~, - 

B- ; ,Erx, or~s . i n  .~ho ! : ~ n  ,.V, e l o e l . ~  H o s a  :' : ~ .  '~ 

~ h o  r a t o  1 0 f " , d i s o h . ~ r g o  .•ira i ~ h o s 0  ~ t o s % s ' ! - . ~ s - ~ a S "  " " ' 
mhloh .had pr.o~iouslv ..be0n 0 ~,~:-~::'=~ . ....~ urod. by,::~oirs ~r" : : ' " "~ 

• ~ ' "  . : ~-a-.~a~,~U~l. , ~ O i ~ o % r  -" : '  - ' • ~,h~t :absolu~o o~ • • " ",":~ . .. • ' . 1.oal!y....It is r ~o h.~' ' :'"~'!; 
• ;r o r s  :In ,'%he dms,oho~, . ' ¢ ' " " " ' '" : " ' . . . . .  ~ % $ " ' " @ :;1:'" : 

merits ,did not o' " : '~ " ,go.as do,~, rmdmod. %he m0~sur-" " " 
" ,. ' " X O 0 0  d O ~  . . . .  " . . . . .  . .  ' . . . . .  e ~ ' "~ :. #= 

O ~ I ~  O f  O . . . . .  . . . . . . . . . .  " ,': , . . . .  " 
no .~or.oont. From• ~ho .~ir.,:...tho. ii~/:"- - . 

~l.~J~o" nooxl ~:::. " " . ' • . . q "pmont- uch ,~. ,ore ~our ~,~s ~I ...... ~ . . . .  
s~z~bili:zo,. ' ' - .... ., . . . '~owod :be~,cco ..o~oh .... %. ost. £or 

r o s  o ' " I " " " "'' " I ' ............ " . . . . . . . . .  ¢ m 1 ~ Z  boJs ran. 
. , ,o~d ~.oll-s . . . . . . . . . . . . . . . . .  , . . . . .  m~, . , • . io !.y, ob .b . • - . . . . . . . .  

' . ...... r ~ .... : ' :' ~ '  " i 0  . ~ m a t  m k. . . . . . .  
moore o.lev~tmon :(. -i~:i "~.~:,~:,, ' ,~. ~-- ... _ . .on. of .0,.0~-5 .~oot :from,! ,%ho -- 

. , . . . . . .  : . .  , O , O ] I G  O.T." . 0 0 .  . . . .  . ' , . . . . . . .  
av~a o dlsolmr~e .... :-~::~,--^ ...... .......... ~.; oh run,..%horefore,....~0:.,....:. 
~ o ' o ~ ^ ~  . _ ~  e,- ~ ,  . ~ . ~ : z r ,  om,. .~no m e o ~ ' : ~ o f . . , ~ h o  ~ir : r 0 a  a ~ . ~ - - ' . ~ :  .~:~::~- ' 

o.orroot c. I L  : 

Ho~e~er. , ~n  \ o b s o ~ v ~ , % - i o m ~ l  ~ r - ~ ~  - - -  : ~ _ ~ a ~ . g  . . . . . ,  .ss ~ 0 . . 2 - : p o r o o n t o  

.in ~he ,~o~i .hoad on %he a p p o a ~ = % U S o  AsS : ,~ho %o~a~l " 
,wl%h .v, o t o c £  h o a d  ' " ' . ~ '  , . hoad as 3 " ~ " "":: 

• . - ~ s~.O£ one foot and ovor ~ " • " . .: .... .~."'. .. " 
,.~tmom .bocomos .~ ~ . ~ : ~  = ~ ~ - .., • o .oft.or for a a" :~o. o~ - ~":::~ 

. .  ~ . . m  . ~ . & ~  U o O  b o r r o w . t :  , . ~  t .  . , ~ _  ~ .  - - _  ~ . . . . . .  ~ • 

• . . . . .  ~ r  .. ~ - - -  - " - " "  .-* ,~. .urn r . n o  ~eory~.~ +~ - :: 
, r ' ' - . ' , . . - : -  ~ , . , v . .  ~ . : , ,  - ' -  " r " - -  , .  

P ob~blo orror in :.%he :~olo.oi~y hoad .due .to f o ~ o l m y  f l u o t ~ i o n s  i s  r o -  
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ducod in invorso proportion to the square root of the numbor of ob" 
sorv~tions, 7 tho sixtoon roadings made on oaeh piezomotor ring ro, 

"'7 For a dotailed discussion of the applicatim~ of tho theor,y of~ 
least squares to the interpretation of orrors~ seoR0o~: ~the- 
~tic s of Engine ori~", Willin~ and ~ ~ ~ s C o.; Baltimor o • .... 

duco this error to 0.~8 by'= O,2 percent of h v. 

Repeated ocallper measurements ~sh~vod~that the din- • 

i per cent -~ meters o. ~ne pipes didnot vary~m~ei~han 0.003 inch 0r 0! 
for the 3.49-1nch branch. Thls errorwould onus0 a-~e~tion of approx_ 
imately 0.2 percent in the moan velocity head. The previously' men- 
tioned error of 0.5in the weir disCharg0 is/equivalent to an error 
bf (1.005! 2 - 1.00 o r ono~Percentin ithe mean!volocityhbad. ~Com.' ~ 
ining .those with the 0rr0r caused b~ the forobayJTluctuati0ns ~, there 

is ob~nod a ~robable~total error ~ t h e -  m e a n  voioci . . . . .  ~ • 
0 Z + '  ~ . ~  • , ~ ~ . . ~ . . . . . .  t y  head of ~ 

~ I) £.002] + (.002')or only s!!ghtly xn OxcessPo f one porcont. 

Although in accord v~th the usual practice, ~the; mean ve- 
locity head ~s used in this report for the computation of l~lnotie 
ensrgy head, it is Imovm that bdc~use of ~tho nonuniform distribution 
of the velocity, the )~netic energy V~uldilbol fr0mtwo tolnine per- 
cent in excess of this for Ro~0ids,~inumbors bet~mem 50,000 and 
1,000,000. Furthermore, the corrections may be touch,larger do~m- 
strewn from fittings bblow ~ichcontractions" Oflthe~Str6amhavo~!beon 
produced. Information concerning the magnitud@: of 'hhis corrocti~ 
at the location just upstream from the junction in the lO'inch pipe 
tests (approximately 18 diameters below the entrance) is given in 
Chapter IV, section 3-I of this report. It ne0d only bo statod here 
that the numerical values of the losses givonLin~this r0port hay0 boon 
computed on a basis of mean velocity heads. The error involved in 
this procedure will be further discussed subsequently. 

C. Errors in the Determ~nti~cm~ of ~ the H " '~ydraulic ~ Grad~,• • 

The determination of the h2draulic grade at any point v~s 
subject to the follovdng errors: . . . .  • . ~ " .....  

(1) Fluctuations in the headwater elevations ~. 
(2) Fluctuations duo to turbulence. 
(3) Errors in the mechanical construction of the piezometors. 
(4) Errors due to lack of parallelism in fl~. 
(5) V~ious errors duo to capillarity, temperature, entrained 

air, etc. 

With regard to errors (i) and (2), since approximately half 
of the tote.1 Iressure head on the apparatus vras transformed into velo- 
city head at the entrance, the effect of reservoir fluctuations on 
the fluctuations in the pipe piczometors might be expected to be re- 
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"duood ,ono-hn~If, j, il~ig u~!o..,~ia.~,::7 ,~n di., a% o s 

'~n.%ho. :r, os orvo±r .%~s '~bio~:~Oi~O2S. i~Oot,~ 

°I 

// pioz~neter fluc'tu~ti'ons ,:for IWt0 ,d"i~l~er 

foron% Piozomo~ors.:ame ~iP~o.~-ted ~on:figu ~ . 

. . . .  .., -- a,u=o~ ~a. zoas:onS%']o oonolusioncal~ 
pears %0 ':be that '%urbuioado'/~S~gos were ,of.r,0la ' " 

' . Fou r  r e a d i n g s  : o f  : o a 6 h  ~ i o z  o m e l e t  : . ~ r , o  " ~ k ~ n : a t : . , a b  0 u t .  : ~ o m - "  
m i n u t e  i n t o r v ~ . l s  . d ~ - n ~ i  ioRch:, :~n.~.~: !:~:Th0 . : i . f i u o ~ " u ~ % i , 6 n ; i - ~ r r 0 ~  ',:f, o r " . ~ h 0 .  : sO t .  

, of r e a d i n g s  f o r  .a s ~ r ~ : , l o : : p i o Z o m 0 ~ i \ = o u , l ~  % h o r o f ~ " : b . , b o - : O i . . ( 3 0 8  = i 0 , ; 0 0 ~ . :  

p i o z o m e % r i o  g r a d e  a s  , d o ~ ' , ~ J ~ . - C ~ , < ~ ' " , . -  : " ~ ~ r r ,  o r ,  :. : o f  -..~ho " 

tmons on'!y ~muld be O,.002~foo%'.. . " . i -~:.. "'. 

Duo %o sligh~,r, ou#~noss ,at,tho ~odgos 0ftho iop0nimgs or 
nonp~rallo ~i. sm :. of fl,~ .(,orr or, IS",-), mos% :pioz omo ~or~s nxhibi~o d i~ Osi- . 

• ng %he oor.roo~.. , Dio~._om~:~,~,~ , ,,-,., ........ - : '.: .. loa~.~y ,head. . . . .  AsS, .urn-"", 
t h e . m o a n  , o f - . t h e  r e  ~, . . . .. , . . .  ....... , , . . . .  g ~,.on r m n g  %0-bo. - . . . tha% o 

. u r  .Pmozomo.~or ,s ,  each r . o ~ d  ~ fo  ' . : • . . . .  . f 
. b o e n . m ~ d o  o f  % h e .  r "  " " . . . . .  " . .  , . . . .  . u r  ~ i m a s ,  ~ . , s , ~ u d  ~ s  " 

• ..vn za%~,on o f  %h ..... ...... -- .... - ; ' ~ , - . - ,,, o ,~'nd,~,vlaunl . ' • • ............. . - , .. m o a n .  : F o r  . t h i s  - • ...... - . _~....... . 2 ~ o z  .C~o~ors-.- . f r~om ~ h  , . • 
, . p ~ r , p o s o  t h e  : o x p o r i 3 ~ o n ~ s  r~C ]~  , % x  ~ L E i ± ± ,  " _ _ .  ^ O. .  ... 

.~ion losses in the 'lO-inch' ,,s,.~maigh~ 'pipe "'~,'e~o .'Us :~ - 

-18~ng, ~Oasod4~ , andOn52thOdi ~ i o z  omo~o~not~,~, , ~ ~  ~".~ . . . .  . . . .  ~x__~- uz- ~ " - i - ~  ~ " "  ~ ~ . . .  or_ .;. r mr~...s':. . . . .  6.5-. ' ' :.,10 ° d "  - '%he a n ~ l ~ s ~ s . ,  ' .  and.. . i ` l , .  " l o c a t e d : b e -  ... 

~',-~,~r..oam i~?~om!:~zno::'.roundod in~'ko,, , : ;1.~ : ' 

.v~ro utilized and the. ',diffor, onoes ~r'om.~ho ,moan io o , .... 
e a c h  r u n  f o r  o a o  " ' . .  " . - .. • P z m e t r i c .  l o v e  ' , • h rzng ~or.o ox r . . . . . : . .  , . . . . . .  I .of 
The "- • . . . .  . .. P ,os.sod .~n-',%or.ms',of. , • . .... dm~rzbutmon o , . ....... ~ ..- ....... • ..... , -.,thevolooi , . 

f %he ,mean or~ ..... , .... ..... .. ,. %~ .head_ 
• . ., . r . o r  i ; o r . -  .. , • - . . -  . • . shovm on f . . _ . . . .... . ..~.~ho ,,~.tolvo,, iozo ," ", " .:., • ~guro,28C,. ~ ,Th~ ' .  • . .. . , . . : , .  . . p _ .  , .mo%or,  s m s : . . . . . ,  

mozor duo to ehn ": , ,. '~nelo..atodjpr, obc~bl ,or.r,.or £or .as', • .. •--;..,;, 
.. me ..... nmoal ,dole 'r '' " -- ~ ~ .~. ...... :.. !, " ' -mn~l,o 'Plozor. 

ve'looi.~ head e u~i "•'- L : ..c%s,,ms O..O`l :h~, ,, 15 :,por.oont. .Wi~h: a m6K~ 7' 
• , q .,~o 2,.5 .-_eo~,~, ~ , .,- .... .... • . , --~-,:: 

~i÷~ a rin~ oon%a-'~"~~ ' ' .' ,, .., no .o.orr,.o.sipond~r~:~erro r is 0~0, ,"-'' 
.. • • . ~ .  z n ~  ~,our m . . .  . . . .  • . . . . .  , : . 2 . 5 . f , o o t .  

foot- ' . E , ,. :P o,zomoter.s, ~ho~ .obab~ ' " " • .......... 
• ,v~xoh ms compar~'blo ,..%0 % h o ,  . :" 9r . , e. ,orb.or ~s :O,.DI2 . 

• , ,0._002 foo~ oausod by'~noadv~%~r fluct' 
.u~tions..Although ,%he :Or~.br duo %-0 meohsnical ,dofoo,~s o '. " 
e%ors ~may :appear l~r "o r., " • - ,. . - , f %he pioz,om- 

,g.., ,  P ovxous .work on ,tho,~suboo.o~8 indicates ~ha~ 

H ~ .  : 5 4 - 1  - 1 9 3 2 , .  

i% .does not exceed the limit of ~praoti.cal aoouraoy. 

In connection wi~h s-~- ^~ ......... 
4) there is roas . . . . . .  ', "~","~ y± i~traAioilsm in the flow err " 

• un ~o ooilovo ~n&.~ wa%er e ~^--'- • ( or 

an impor, foc,%!y shapod mouthpiooo p~ssos through +/%0 soJae phonomona of 
' , , ~ n ~  a pzp.O s~stom thro~h 

y" 
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contraction and e~au~-: _/..:~_ /, • : : . : ; " 
~r ~-.~a'.~.,.~nose ~experi, enoed 'by a free Je%~ ~sSui 

from an orifice. ~n~-~h~e ' Str~.~ .~__ : :. . .- • ~g 
' ' ' ~ ' ~ :  ~"p~ ~experm'mBr~s .'on :3 .'4'9-. !~ 4 . .33-  

and 10.±nch ;p'ipe s., :.~i.~;h";.p~oz;ometer s" tooat .ed ;S .~5; t~i~;;".7 d~i~.%er;s h i  ~ g  
the pipes.. ~lhe experiment1 ,~ata ~ndioate -~ha~::p6Eh~s ~ Of : i:~and :]~i h 
pressure an~lo ous to ~w~V .... ~ '~ .... "g 

g • es occurred d~vas%ream from ~he entrahce ~ at 
intervals of ~om ;6 ~to 8 diameters. The ampl~tude ~ of the ;ressur 
deviati-on was 'about one ,nerce~ .~~--~--. ~.~.~i':, . 'i c. ~ ~ :P~. .... e<.; 
. . . . . .  ' ~- ~ - .  ~ ~ u  . v u ' , ' u c m % - y  ' n e a a ,  a n d ' i t  ~ s ~ ~ n ~ .  

Y p I n  a ~eng%h of :even 5 0 , - ; ~ d i a m e ~ -  . ;  .^~,~:,- --:,......:...-. , : r  

mmental data ~ s  =or conclus~-ca ' ± t " ~ ; s  est~ma,ted t h a t :  ~ h e ~ e  ~ : d  , a / ~ o b -  

able error from T~his o~use ~in the orderl ~of :0.7 ;per,oent*of the ve,10ci+~. 
head at ~e-upPer end an d :0~2 !percent of the Ve~1;oc~%y:head~at~the ~i~ ~, 
er end,. 

No :attempt ha, s 'boon ~made ",to e~al, u~%e .err ar s due %6 ~emper- 
atur o. entrained air:, and capi;lla~,y,, ef~e cts (,err or5)~..In c omparis au 
with other errors it is believ~d %hat ~ese may be negiectod.. : 

D. ,.E.rrors in!.;0b.~n~ng,-~-~,rEy:Gradn'.i /ii: " . ! , / . I , ' : L  ' 

For any .given run .  the ,energy:grade a t  ~ y  piezome%er;r~~, 
~as determined :by ;~k~ng :~he ;imean Of %he l e '  SenEnate r~ - :=~ -A  ~ =~±!i,~ ": 
four PlOzon%o~ers ever . . . .  . . . . . .  . : . . . . .  - . .  - .  .~ . 

a p e r z , o d  , o f .  p p r . h ~ p s  . . ~ O . n n m n u % e s  a n d  a d d i n g  : t o  . i ~  
the mean velocity;head far the ,samo:peniod,.~ ::!~ho probable error in 
result v~uld then :be .as ~ O l I o v ' ~ - -  ; '  :.~-' y~; '  :~ ..:. ' - - . . . . . . .  - 

. , ,. .... . .duo to :s~udmn ressure ' I" 2 
+ m e  . • -. . . . . .  .' . : , .: ...... . g P ! , wa~os ohamoal orx.or .of ~ me'zomoter2 ~ .... • , - • :, 

• . • ,. ....... .P • • -£1uctuatz~,.error 2 Assuming the fluetuat~,cm erx~,,~^ ~^ __:- ~ - . .., ....... : .... • ' 
• . .', ~, uu ~uu . u ~ A  ~0 or~ less-.t " "' " .... for heads . . . .  . ....... ' ...... hart ,0o002 h .of one,foot:and over ~h. • ....... , ..... ~.. .... .,.,,,, v 

grade at any ~iezo~^- ---- ~' o expermm~n~al err, or ,~mn %he~ energy: 
~ . . . . .  ~ :~-~n 6 z,or a~.igi~n~run :becomes ,,,~. , 

For velocity heads of three feet or-more "this :error ,amounts to :;0.O2 ' 
foot. The vari~ti, ons .,of ~%hi;.S~;~gnitude ,rov, oaiod<,b~ th0 plot of onor . 
grades (fig.. i~ ) a r e  =,common:. ,:iiThose errors "~6 ex~'~'~"~';, ^=: ~:': ! gy 

. . . . . . . . . .  ~_,,.,y ~W V~OSe l~re- 
viously .mentioned :as rosulting~::from~imaco~raoi0s !in; .th0 ~woir measure- 
mcnts. 

E. Errors ~n Dotor~nina%ion::of Losso.s inL-:S.~ai ~Pi, ,: ~ 

At the start of the experimental program it v~s contemplated 
that the losses -in straight pipe roquir.od ,by the oxporlm~n~al proooduro 
would bc obtained '."on~o for. all" by tests for this .sole purpose on a 
straight pipe as long as the laboratory facilities would permit. The 
following apparatus -v~s availablo:: 

(I) 3.49-inch pipe: Entrance ~-9.dogreo cone with 16:1 entrance- 
to-throat area :ratio; calming length, 58 diameters containing 6 piozom- 
etor rings; end length. 14 diameters with ~ piozomoter rings. 
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(.2) 4.33-inch.pi~o: Entrance 2g-dogroo:-cono With ....... : ' • I0: I .:en%~aace- 

otor rings:; end long~h, ~ "18 '::d~tor s :~th S;pioz'O~t~:i!rings.. " 

v~ 11 vrith radmus ,equal t o  O.4 - ~ %  ii:.:0f/:ip~po; o n ~ n c o - t ~ i ~ h r  0at.. area 
r a t i o  :2 : 1;  c a~n in~  l o n g ~ ,  36i!~i, m n e ~ o r s . . . c o n t a i n i n g  ::'8 ~piozOme t ~ :  r ~ s ;  
end length,  16 d iamonds with!!;:~h~.oei(ipiozome%or r~gs. . : . : : .  . . . . .  . :  • 

_. ~ ,.~,~ ~+: ~qua~ acc~.ac~. , .  ~o . : .d i s tLuo t imu .be t~0n  

A cord~g  to...Nikuradso, ~ e : ~ o l o c i t y .  d i s t r i b u t i ~  ~s ~ a r !  
uniform at the throat of .a-v~ll-roundn:a ~- ~~u__'__.' ~- ~ : _ . . . y 

, . , . • . - ... - - ~ - ~  . . . . .  ~-~noo..v~ose::snape i s  
such that no contraction occurs; but for, Smo~hp!pos,-'!~e diS~ibut_io n 
changes into the typical velocity.profile v~hin a-distanco of from 
25 to 40 diameters downstream. The onorgy:'l~Os~sOs~L.during~, hhis transi- 
tion must bo very small :~ud:~y:~o::.qvo~ 10SS .thah: in  the portions o f  
~no pipe subjected t-o ,normal flo~,. ,.": ~o!~.,C~e~gO ~iin,ivolocit~)idis~ribu- 
rich• however, results .in a ~iCon~or~,si.dn:!:~of~p.~en~'ial i:to"kimotic~, om~rgy. 
The hydraulic grado~ine.~or:~i~h~sl.lcaso~i.~.~hor.efj~r.O,~tends. ~o"%ako~:%he-" 
fo~mf ; f t~o fa} lmn~ c urve :f:. c oncav 0 :.ul~..~..~d~ :.:~steo per:. a t  : the .  ups ~r cam c u d , . .  " 

n-.ng zn~o a :s,~razght. slope :.doscending. t~rd': the~outle.t. ~-~ ~- 
If., now, the entrance .conditions .ar.e.no% ideal .s0~t~at:a tendency to'- 
vr~rd c o n t r a c t i o n  ex is ts ,  ~ e  ikine~.~C:~ en~rg~;~Et ' "the Contac ted /s6c~ ion  
i.s much higher than ~,~uld be ind iaatod: .by th0~ ~ calc'ulEt i~ni: from the ~ ~:: 
moan velocity- corrected for normal:, distribntion~;i"~:!Th~~i:~tic: pros.sures 
would show a dr op f~ om the a'jbs olu~ o~tramc O ~- to.~O, vo~~cbnt~ac 
follov~d by a sharp rise: and ~ Subso~uont'~rad~i'::~ '~ ,~"J%~-~. "' 
smelt subooct to fadzng osczllations. .:V~'io e X P e . . r ~ o n ~ l ,  moasu~iOmO~t s 

~.m on u~ .~nzs .con~rac~ion, a~fd'..sho~.r ..the:.: shar.p~riso. • and sUCCOed ~.~.-~=rO- 

mug nominal energy g/ado,line, isko.vm..~ho.same ~ar.iations.as .the moas-. 
urod pressures, and :i.s. th:us too low at the firstPoint~ nm~ be: too 
high at its peak, and:may oscill~te about the tr.ue ~rado-linc with 
diminishing--amplitude thoroaf.tor.. 

It is evident,..therefore, that"to Obtain ~ o  normal loss 
in a straight pipe; either the prc~:sure drop .must be obtained at a 
location .sufficiently distant from t~he entrance-that the velocity 
.distribution is nor~l.and the hydraulic grade is a straight line, 
or the ~ruo value of ~he kinetic energy at-the measured cross sec- 
tions must bo kn~m. Unfortunately, in the Bur oau~s tests, the length 
of pipe v~ich could be accommodated v~s limited so that only 14 to 
.15 diameters at the dc~vnstroam end ~ould be considered as having ap-. 
proximately normal velocity .distribution. The measured energy drop 
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i n  ~his ! . en~ th  a p p r o x i m a t e  d ~'.0.2~ h v o  S i n c e ; i t  has  boo n shown,that, ~ 
~ne aoo~on~aAsWror in t h e  meanrosul~s of a sot of roadi s on . . . .  
single pie~omotor rin~ is of ~- '-~--. ~ ~--- - ng , a. 
. . . .  - . ~ . ', ~ u  u ~ o r  o r " u ~ o o 5  by,' f o r ~ a - s i n  Io co~orm~nation of hho friotio- - - - ~ "  " " - " - % " "  ' -  ' g ' 

~A uuozzlolon~ xTom the dro b , t~ rin ~- • . . , . . .  ~ .p otw~on 
g~, the accidental error zs ~,x 0.006 h = 3,7~orc6n% 

~ v _  =' 
of the 

calculated on a basis of the moan volocltyl-,corrocto d b tho, ar ", 
trary factor, ~ is as m u c h ~ , , . ~  ~ ' ~ & ~  :~ . • - '  " i .  y b~! .~ 
+~ . . . .  . . . . ,__~ _ _~ _ . i ~ : - ~  . - ~ - ~  . . . .  , . v a ~ c n .  i s  zae  r a  ~a o~. ~ 
"~'~ ~A~A'Io~A ~talUOS 'Of ' ~ / " -  ' ~ - ~ - - " ~ - - ~  ± ' " ' . - -  ' ' , ~ , -  ' - - /  

%~.~'~ ,~.~Au~ UrAO, ;pos SIDI'O error may be as 
m u c h  a s  ( 0 . 2 3  + . 0 0 8 5 ) ~  ~(:1 : ÷ I " ; , O 3 " ~ h v ' ~ , . O . , ~  3 h ~  . ,  " o r . 6 . . 8  o r c  ' . 
the energy drop. O,~Shv . . . .  ~ P ent .of. 

F . :~  Entrance Los~so~ ~;~ 

During the tests for ifr~ction los'sos in.straight~inos,__ 
advantage was taken of the opportunity to moasuro~tho nominal on- 
trance losses am.d their rate of dovolo~nont, The results obtained 
from this series of observations and their maximum deviation from 
a mean are as follows: 

.. u - 

(I) 3.49-inch pipo o n t r a n o o ,  
(2) 4.S3-inch Pipe on, ante, 
(3) lO-inch pipe ~ ontranco' I 

. . . . . .  [• : 

percent 
percent 

'/ 

The accumulative percon~gdOf-tho~to~ui/~pparont on-..,7 . 
trance lost. at various diameters below the. entrance is shO~,m on~ ,~ " 
figure 29. It is noted that, ~ovonat :30 diameters, only 95por?~6nt " 
of the total ontranoo loss • has occurrod.~. ~- ,~ • . :~-/~z~i~- 

Since this .da~ ~w~s ~obtained from ra~uS~.inoso to~al,.. 
length ~was limited, thoro is zoason~.to,_boliovo~ '.~ ,. 

that .the determina- 
tions of both the entrance .losses and the s~rO/~ght ~pipo, los~bs in.i 
cludo Aargo porsis~on~ errors. Thus, if:only: five porcont~i~Of a, :. ~ 
g i v e n  e n t r a n c e ,  l o ~ s ,  assumed  t o  b e  O.;20~h v ,~Occurs~ i n '  t h ~  ohd '" 
2 2  diamotor~ dovmstroam from-the 30-diameter point the s 
pipe loss determined from %b~.~ , ~ - " ~ - -  -~-- - ' . '  " / t r a l i ~ h t '  " 
-. ~- .  _ _ ~  ^ _ ~  ~ _ , ' . . . . . . . . . .  ~ w z . A A ! n a v e  a p e r s i s t e n t  ' p o s - ~  
• ~vo error u~ ..u.oo x 0:20 = :3.'~. percent. This offoot~comblnod ,. 

O.~S x ~ • 

16 
v~ith the fact tlmt the entrance losses v~ro much hig~Aor for the 
lO-inch pipe than for the ,8'@9-inch PiPe. may acco.ur~t for the high- 
or straight-pipe losses indicated by the lO'inch p~,po. 

In those tests the difference bot~on the strai@ht pipe 
and entrance :ioss is distinguished by c.onstruct£ug a tangont t ~  

the hydraulic grade line at a point about 40 di~ur~ors bolo~ tho o 
entrance. The straight pipe loss in the upstream 40 diameters is 
thus 40 x 0.015 h v =,~0.60 h v. Since thc accidental errors would 
be Practically the same fraction of hv ro~ard.loss of the pipe sizo~ . 
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muchand sinoO,as 3.TaSporconthas bOOnof shown, :.tho" :=ocld0n~al : error .mmy.lamoun%: %o:..aS" 
by,, .tho aooidon%~l oft.or .in.%ho d6.tor~%ion 

of tho cn.tranco loss for %ho 4.33-'inch pipo, 
.tranco loss is 0 . . . . . . . .  for v~ich:~oi'%ot&i, on' 

,.ll .hv, .mmght amount, to ..; :0~03,7 :X 06~0h ~ or' abbu " 
• ~ , .~ . .='. ;' v 't :~0 

,@ 

@ 

,G,. 'Branch Loss Errors ' 
T 

Although absolu.to valuos :of %mro not r.oqulrod'to sat- 
isfy tho m~jor purposoof .thoso ~osts ~'~s to ~05'to.~m:iquRli.ta~ivo 
rosults f.or difforont .typos ,of~h~anoh coxlnoc.ti, ons - : . ~ . . . '  
roductio~ ,:~.. • " __..:.. ...... . . . ~ c~n,t .~i~g0u"h ~ho ~ " 

- acczdon~l orr, or~ b i~o " ' :- ' ~. g 

orod suf~'ic~n~+. ,.~.-- . ~' 'y- • .po~mtmon .of roaa~.n~s ~'~s coastal, 
......... • ~A~£~.O :ronmq~.__..__~ ' " " " " " ~ ,.'. 

~any czrc~nstancos undor v~mch ..... a do.for-:-= 
ruination : f  tho truo valuo,s of theso ;lossos is impor"aAn.t:.:", I n  a closer 
anRlysi~', "~horoforo, tho ~follovdxng.:~porsistont. err ors must bo':consid-.' . orod: . . 

:(i) Errors in moeax..vo10ci~y-hoa.d. _ ' " . : : . ~  .:~ . '- ~ : 

:~).) ErrorsErr°rs .dUOin %hat° ~nogloc..ta~+~.~2~.. ,of .0norgy..hoad.... icorrocti~ fac.tor:,:--.- 

. ~ • " • ~ ':~ . . .i ~ , ": 

Whoro tho absoluto valuo ,of/%he/ioss..which~' is ,to bo dotor • 
small, lack of co - : ' • , .. minod is : 

n.tr.ol:,of ~hoso factor s introducos largo or, riots in tho 
rosult and is probably rosponSlbl0 :for much ,of ,~0: ap~ron~:disCr~opan. 
czos zn reported expormmonts. Consmdor the,,fol!mv£ng ~ ~,,m oxnmplos. 

(I) Figuro 15A shov~ %ho, .ooz~molonts of junction ioss: in tho 
main PiPo causod by divorsion into "%ho bromoh in~%orms of,tho voloci.ty 
hoad in tho ~min pipo. T~0 oqu~tion:~by.mooms of which ~tho..o0officients 
v~ro oxporim0n.ta,lly do%ormin0~ may.~b0".~wi~.t0n . . . . . 

>, = =.o,12 ;: : i  
%'~aoro %ho symbols and oxporimon%~l ~luod"~ound fora Roynolds' numb., 
of' ~-00,000 and for s disch~rgo ra,io, .~of 0..6 arc as f.oll~vs: . • • 

• = coofficiont of junction loss in ~torms of V 2 
.a 

(Px-P~ drop in hydraulic grade as a fraction of '¥rfl ( = -0.64) 

KI = ooofficient of straight pipe loss in forms of Va 2 (= 0.018) 

m = length of pipo in dlamo.tors bot~on tho branch~nd tho 
dovmst~'ooa, piozomotors 

(= 2S) 
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. • • . • • 

K 2 = ratio of mean velocity head bol~., the branehlto .... - 
t~mt above 

. . . .  ( " ' 0 ' 1 6 )  
0.12 = (i-0.16) - 0,64- 0.019 x 0.16 x 2B 

If the difference in truekinetic energy heads be used for the 
first term instead of the : difforoneo of moan velocity hOads,' the 

first ~rm becomes .v.. . (1.12 .- l.OB x:.O.16) = 0.95 . 

and 0.25 v~ich is 0.II hv in excess ofrlthat roport0d On figure 
15A. This is a 90 percent increase. 

= 

In this omunplo, /the energy correction factor upstr6am v~s 
obtained from Prater tube measurements ~ilo that dovmstro~%m rms osti~ 
mated from data of Nikuradso. "':It may be soon, h~'~vor,, that in eas0s 
~'~oro the d~'mstronm velocity head is ~ small:as comlnred with that u ' 
stream, Icx.~e errors may ~bomade in~iboth-the friction loss and the' p 
do~'mstream one rgy correction factor ~tith0ut changin~ ,%/~0 're suit. 

(2) sh . i . . •i : i 
. m the oooffmcments of .the. juncti on less .in 

the branch in terms of the velocity head in the main pipe. Usin the 
same equation as ill (1).for Qs_= O.,B andi:i-Ro.Ynolds,n~b~ '~'o~ °^ 
the terms are: ~ Qa . . . .... ..... * ~,vvu 

1.7 = (l I4,,7.-o.o145 io,2 " 
- -  -9.2 ÷ 14~,.7 ,~-5.8 . . . .  

A~ain if t - ~" • ;:;... 
1.08 and he energy corr_octmon factors ~or velocity distribution,are 
= -8.6 or ~'u° respectively,: the firs~ term becomes (i,091:- 1.05X i0.2) 

a correction of 0.4 h v. ~Thus, "~ho true 10ssi s 23 ~rdent 
los~ than the nominal loss as tabulated. ~In~00ntrast te ~.o ~iovious 
omamplo, this case indicates that the energy correction factor upstream 
is of small importance in comparison ,vrith:that d~i~stroam. On the 
other hand, if a por.sis~ont error of ÷i0 percent.decors intho: straight 
pipe loss of 3.8 by, %he junction loss vmuld be incr0asodbyi23 percent. 

H. Errors Duo to ,Chan " :Strai ht Pi' o Friction 

Fir&ally, mention •should bo made of errors duo to change in 
the s~raight pipe friction during the tests. DofiniTn evidence exists 
that beginning in the middle of July, as the v=tor vmrmod, the friction 
los s in the 3.48-inch pipe, v~ich vms then under tos~; increased Iab out 
S0 p,Jrcont in tuvo months, AStor cleaning, !th0 loss approach0d ~ 

Along ~ith the increase in pipe rou its cO: - gimal value i 
loss v~s doubled, g]mess, t h o  ontran 

a phenomenon s~,~ilar to that found by Thoma in his 
tests on bond losses. The increase in roughness apparently %:ms caused 
by a gro;-~ of alga o in the plpo ~mlls. 

It is evident that if ~Ic roughness of a pipe changes under 
test that measurements of straigh t pipe losses must be made simultane- 
ously ~'~th the measurements of fitting losses if largo errors are to 

"A 
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bo avoidod. It is poss~blo ,"" ' • ~ . . . . . . . .  +~h~% ,.i%~in~, los sos ,ozo 'only applicablo 
to plpos of simil~r rough~oss,, .... ~,,~ • ' ..... : , >  . . . . . . .  

I .  , Oo~olus ions on .Err.o~s 

From a study of tho orrors in~%hosO tosts, it is thought that 
tho follovring conclusions .or o ~v~ran%od: 

(i) @~oro only qu~li~f~%i~o ,conclusions aro ~o,b'O ~d~a~m from 
draulic tosts,: oxtromoly~ .... l~rgo. ~.orrors m~y bo in~roducod . . . .  if •%ho rough-hY" 
noss of the pipo .cho_ugos undor' test, 

(2) Tho sizo of ~ho aooidon~l orror f~ ~ ~ ~• I''~I ~h o:"~onor~, ~ t ~ a  do /a~ a 
givon ring for a singlo run;~.a.~s ~.rgoly icon%r~'llod;:.by tho moc}~nical 
orr or in thu .givon .pioz.omo%or~ .If .~n f, ut~'O..%os%s,~::':.%ho i~pioz omotors -• 
aro pl~ood in.~ spir~.l 'around~:.tho pipo ,ovor-a, Ion~@h :Of..:about 8il.dia_ 
motors, orrors~duo to pross~o ~vo.s .v~.ll .bo :oliminntod,..~horeifluc- 
,ttk~tions oxist simi,lcr tb.:,t}~oso found in thoso .~%0::sts, iif piozO~tor.s 
aro road to %ho noarost 0..01 iof ,a fOOt and %ho ium~bor of roadings ro- 
ducod by ~ono-.half, thoro v~ll:.bo no.:approci~blo @han~o;.i~i ~ tho accuz~cy. 

,, • • ' "; • •" " " . . . .  -: /.'[ -t 

• • • • ' ' • • - •  ,it~z to " ~ . o  

• ' ; g . P±po loss,.Is ,do,torm~nod, i.a ~comsidorablo iu- 
croaso in tno accuracy ".of'an Oxporimont ii~s possib:.lo:;, . . . . . .  " 

(4) ".V~or o quantit~~i~o : ;~ossos-:or, o ,,s o~ht,i, orror.s .in ~hO~ onorgy 
corroction factor and ;in~ho s~%rai~h% ..... 9i90 lossos ~dl•l Irob~b;ly~oon. • 
trol tho accuracy. ~Tho Onorgy:~oorroci%i~ factor iS~of:p~rticul~r im- 
port.rico ~o~o~antioi~atod~!ios~so.si~ o~0~ s~.il ~ d  thi:s ~is ~ pr,ob=b!y, re- 
sponsiblo for many iof tho' di'~.~C~opancios .in .oxisting da~a, ',:~, 

r . 
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.V. INTAKE TOWER AND pENSTOCK ~SE~mLY 

1. INTAKE TOWER HYDRAULIC MODEL 

Ao Int'roduction. : 

h~ ~vater for irrigation ~nd ~power~.purposes ~will be con- 
trolled by the four intake towers adjacent to ~heups%ream face of 
the Boulder Dam 9. .iEach of the intako~ towers is provided:~wi~h two 

9,,Hydraulic Valves and' Gate S!forl B0ulde~r Dam'! by P. A~ Kinzio, -" 1 
Mechanic~l Engineering, voI,~756, July 1934, pp. 387.414 .~. 

i • . ~'~ ¢ ii,~. , .... / 

cylinder gates, 32 feet in di~etor, ltho lov~r.in the base of Lthe / 
tower at elevation ;898 and the Upper at elevation!f045. ~These gates 
will serve to control %he flew tl~rou~h the SO-foot steel penstock 
headers that extend~ from the basoofe ach.tower to:the turbines in ~ 
the po~r plant and to b ith'er:ithe.:oany6n.wall outlet works~ or the 
tunnel-plug outlet ~rks, ' ":!' '" ~ .::.. " .. - . , 

willTh: closure :o~,:/~the '.upperi: and,.. I ower..:gatea in any .... one _ intak, 
tower p rmit the unwatering of,the steei '~n:Stock and all ~it]s": 
appurtenances, for the purpose: of inspection: and maintenance.- :~/ 

To determine"the hydraulic action of. these towers and con- 
trol gates under the various conditionsL of .d ischargel .to :which they 
may be subjected,., a model of one of 'the'~:%Owbrs on a/So ~'~of Itmo 64.. 
~t h°ncto~U~:dd" !pla~e-VIi ~ an~'- t ested!i ~n ith~.i .~ydraUiic :.~;boratory.- "" " 

" ~grioultural Exporimen'~.-.StatiBni Fort Collins, Cole- 
fade. . ":. "i. ~' . i ~ :~i ' ",.'.. : i ' 

By means of this model. The distrlbu"~ion of/the:flow:t:hrough 
the two sets of gate openings:~:wus .~determ~Od/:meth68S Of rsd&Oing:.: 
the entrance losses-studibdi.iiand th e nooessity.of air vents below :: 
the iovmr cylinder gate :investigated. , . . ...... -/ .. ~ .... ,. 

• .,, , . " . . . . .  

B. 'The Apparatus .... i.. " ,. 

The model consisted of a complete assembly, of the upper 
Arizona 30-foot penstock .he,~der, intake tower, and branch penst:ocks 
leading to the turbines a~d 'needle Valves:i (figs* 30 to 33, inclhslve). 

The intake to%~mr and.the Surrounding topography was..loeated 
in the 10.5- by lO.2o'foot tank, as Shown.on flgu.~!~2, The inner por- 
tion of the tower consisted of galvanized sh.~.e%-metal cylindrical 
shells, accurately built and carefully soldered together with but~ 
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Joints, forming a true representation.of the .prototype in deta-~l 
tuud .dimension. Two inde~mnden~S.y ~operatodcylindor gates were iu- 
stalled in the t ower, similar to those in the prototype. ~ iThe g ares 
vmre made of 12-gage semuless steel tubing with.the lower out~ide 
edges beveled sl~fficiently to insure~.a-al.ose fit wi%h~ the baseplates 
and for~, a satisfactory water:seal !(fig, SSA and B)..~The gates were 
raised and lowered by-three :small r0ds attached to each gate ~he ~ 

" tl third points on the circumferences. ~herods from.the l~ver gate . 
converged into one main r0d.@hioh extended up the.oenter of~tiQS tower 
to the hoisting apparatus.i.~Theupper end of the rod v~s threaded 
to permdt raising and ~lowerlng ,the gate by means of a small' crank in 
the upper part of the t~er :(fiG. 133C). The: rods ~o the upper, gate 
w~re connected in a similar ~,anner :tea sleeve .over the main rod 
leading to:the lower Gate,. This sleeve Was'~.als0:throad~d at the ~ ' 

upper end, and was .actuated by .a second cran~ located- in the upper 
part of the tower.. . . - . ~ , 

The lov~r portions of ~the gate entrauces,were maohineg ~ .~. ,~ 
metal plates, the lower one forming abase plate ,as weil, i::The ' upper 
portions of the entrances~.'vmre molded using a mixture Of: beeswax and ~ 
paraffin Ifig. SSA and B)'.'.~ Witi~ the exception offerhe piers.and pier 
spacers, which wore of wood., and %he gate entrances, which were of 
wax and paraffin, .the.tower .was constructed entirely .of metal. :The 
piers and spacer blocks ~ere .protected ~ith t~vo coats iof:al~in~ 
paint to alleviate as much ~as .possible any swelling of itk0S~- parts 
of the model. The topography ~.around the t~ver v~s constructed from 
contour maps of the canyon ~all. at thedam sits, and .consisted of a 
lea~1 mi:~ure of cinder concrete' Trash racks (plate..VIB~ were in- 
stalled on thetower ~during a .portion of the tests. These.were built 
to scale, but due to their miniature:size, there is :some doub~ as to 
the advisability of .re ymng too..;c.le~ely upon the .resul.ts obtamn~d 
with them. Smalledges and .burrs~wi~ieh were practically~:imposslblo 
to remove, surface .tension, and ii:traces of Erease and oil:. on.the racks 
all probably had their slY,oct .upon %he ',results. ~ The ra~ks-:i(182 feet 
in length, prototype') v~reconstr~ctod 10f very thin~ strips of sheet 
metal set-vrith the thickness of the metal normal to .the direction of 
flow and held in place by.cross pieoes'to: v~qich the:strips.:~re " 
soldered. Upon completion of ~the various parts, the tower was assem- 
bled on ~ts base plate andbolted to a ~.orresponding plate located 
in the floor-of the model.tank to which the 30-foot diameter-penstock 
header was connected. In making~alterations in the model, it~as 
only necessary to unbolt the .upper plate from the lower and remove 
the. intake tower as a unit. 

@ 

C. Method of Ausl~sis .of Losses ~ Tower 

To analyze the losses in the int~e tower, a rin G of Riezo- 
meters was installed in the base at elevation 890.0 (fig. 3S)o It 
w~s anticipated, and later oonfir~ode that the vertical 90-de~ree 
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@ 
bend in the :penstoak L header immedi.ately :bel;ow the tower wou~d ;pro. ~ 
du~e an unbalanoed,effect upon the :flow-in,;th'is ~porti~,on of i~,he lacticl:, 
causing a variatlon in pressure at the four ,pi'ezome~ers~. -L~S~the ~- . " 
losses to be measured ;in.the ~model~were ~smal'l,, ,~averaging th61:rlead.~ 
ings of this ring [:of~•p.lezomete~s•wou~d~have ,,~b~en !.ina0ourate, ~ ,F~,I 
thormore, the o 0mputa~on of ;the veloc~ty :of i: %he water leaving ~he . 
rover would ;have ~been ;in error ~due~to the unequal ~velocity ~di~str~,b u- 
tion in this ,region, Toavo~id ~oomplioa~ing-~he~loss oomputations!~ 
with these sources of error,, thepenstockS.header was diso'onneo~ed .... 
from the base of the tower ,and :a s~r~igh%:sec~on :of p~!pe t~ee feet: 
in length connected :in its ;pla.oe ~(~ig,:S4~),.. Whe,L,l.ower ~end of thlis : ,: 
auxiliary section was fitted !~W~th~La~l,~ge,to i,which orif~oes o~/d.~ ~. , ~:/> 
ferent s i.ze "were fastened"-.t o ,regUl)~t~:/~he : dis"charge..~hr~i0ugh %he~ ~ow~r. !~ ~;/~i 
Five •rlngs of pie z cruets r,s de signaled 'ias IA.Lt o IE,, in6iu S ive,~ ~: ~(fig..~ '34A)", Li- 
were installed ,at 6-inch intervals ialong ~he auxiliary Seotion-of . .~ 
pipe, Each ring consisted offour ~iezomet .......... ~" ........ ~ . . ~ ,~ . • .~:~ :~,p,zo~a :~u ;aeg~rees -apa~,t, ~ 
connected with ~rubb@,r hose to a ~single~glass :manometer tUbe...i.~ ~ ~ : 
average value 'for ~the pressure ac the base of the towe.rl ~:at ele~a~i ~ ..... on 
890.0 was computed-;from these five ~rings-,of ~piezomete~s~ bM ,adding 'the 
pipe friction c omputed f~om ~eaci~ ring %to"~ele~at~on ~ 890.0, :9orre spond. 

r@: 

@ 

pre  . . . .  f i v e  p~ez r i  b ~,o .......... ' 0bse.~edi.~ ssures -at the ~: i:~ ometer ngs, e w~.the '''~'~:' 
tower are plotted on ifi re .SS.'for i,a- w~:runs~-~with botH s . ":~ 

• >-\.; 

xngs Aand ,~ :are oons~stentwith the other three, rinz ~ ao~earin ~ ~ 
n o t .  t o  be e f l e o t e d  ~by t h e  ~lower g a t e ,  .:and ~ring ;E no~ = :baling~.~influlG~nced 
oy ~ne orifice. The data ~for each-run plotted :;as st~iaight,~,~Jlih@~i; , ~ ; 
thus readings from !all five rings ~v~re-~'used , in.the 10ss~io~pu,tati0ns. -- 

- ~ . . . .  , ± 

Two siphon ~piezometers :we,re instal.led, in the Oent.er ~f ;~he 
tower (fig. 3~A~)~, one midway :between.the,~upper and lo~ve~ get.os, a~d ". : 
the other about a foot above ithe -upper gate~. Each consisted ,~f~i,a :'! 
piece of 3/16-inch copper tubing.ol0sed ,at the lower ,end b ~ dr~ "n 
it to a point as .shown on ~£iGu~o 34B,'~ ~Ive ;S/S4-ineh heY~eS~weWlr.eg : ' "  
drilled in eachtube e "' ..... . . . . . . . . . .  " " ,, P r . pend lou ta r ! ,%O~he  ,wallsj and ~the...~two~p~-ezo. 
m e t e r s  ~ e r e  s u s p e n d e d  v e r t i c a l l y  i n ; ~ h e  c e n t e r  o f . t h e  ~tower.. 

. . . .  F~ 

In all tests, one or ~both ;gates ,were:~alw~vs ifully open, as 
they are intended to ibe so operated on the ~prototype. Th~se '~'ates 
are provided for unwatering purposes and .not as regulators. .[~ha %ota~" 
discharge was measured over the ~aboratory 90-degree V~notoh,,~weir, 
the magnitude being determined by the size-of the orifice below the 
tower and the elevation of th~ water surface inthe model. LThe modei 
discharge ranged from 0,15 to 0.90 second,feet, ,which corresponds t6~ 
approximately 5,000 and SO, O00 seoond-fee~, respectively~ ih~.%he 
prototype. 
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Tests were made !t~o determ~e iins~'e"s::%hrough~'t~e"~to~r :~ith 
and with out t rash r.aoks, 'with ~ e'i%her '~!thoi,~ppe'r;:.!~e: :l,ower~ ~ or-~ Oth 
gates open, andwlth a range 'of ~iseh~r~ 
total loss throughthe tower (fig. S4A) 
sion •. , . . . . . .  

d S ~= difference in elevati, on ::bet~veen-~he-"wate'rr .::su rfaoe .~i/~he ': 
reservoir and %he ~,ele.vation~.of.~'..the"~water surface :inthe. 
manometers connected ::t,o piezome~%er~i, rings A .~o. E, " inclusive 

--V~ = velocity:head .at ele~ation .8~0 ~..!i~i!i~ ~ : 
2 g  - ~ ,  . • . . . . . . .  " .... " 

hf (A-b) = p~pe .f.ri, ction from .ele~ati, on ~890t o ~.Piez cme~ers!/'~Iow, :"" 

The ~p~pe friction .was: c6mpu~ed • using the~.cmnb~hed o~serva- 
tions at the piezome~er.~rin~s ~belo~:~he ~'0wer. T:he'~i%~esdi~sii~!!.~re ':~ 
pl otto d 1 og arithmic a1 ly.~on~ figure'.i~iS6~'/iThe • ,tot all I 1 oas throug'h the ~:~. 
tower, expressed-inl termsl clothe v~~odi~y.:he:ad:!in the//~r.at ~ eleva- 
%ion 890,0, is ~plotted :.wi~h .respea~i~t0~aeynolds,'number~i~ratheri'~:than ~ 
the model discharge, .as .ira the~.f.ormer,~i~hetemperLatUre 10f..;:~~e".water 
could be included wh~le in:thei, atter.~it ~ was impossible'!>%o"~ci6nsider 
this factor..During the ~,tests:, iehe'~i~t~iperature ' ~of~.ithelwat'er ~i~ied 
from .3 S to 50 .degrees Fahren.heit. i :~".The :~el.ocity .and diameter. 0f:,the'i/ 
pipe us e d t o c ompu% • Reynolds r. numbs r !waS ~in! i all ~, c.as~s. ~at.!.exi stlin~ :. : 
i n  t h e  t o w e r  a t  ~ e l e v a t i o n  ,890,0'~" '  .~, : ~::: ." :!:~:*iil, -~ ; 

I t  v~s desired' to.. o;xp=ess-:.,thc"~modei/:i~ses..wi~h %~:spec~:.to 
the p2ototype .structure a~ ' . th is i~S ,i•one ~f~ %.he :u!timatie,:~,bj~ot•!.~es 
in performing the mode.1 exper'~men~.s, : I t :  ~, has! ~een i;cu:s~0~y::ihi:~he • 
.past to convert from one .to -the ' other ~means:.iofLFr.oude'.'s,~aw, l.bu~ 
this is .not .a ~valid .method :.of conversion ~...when',smaii ~imcd.eisi~IW~:'ilused 
and visoOus effects :are appreciable.: ... :In perrOrm~ng"~hls~ ~r~ : f .e r , .  
it is assumed ..that trhe losses expressed ~in terms [of.veloc:ity head": 
a r e  t h e  same 4-n .model  and p r o t o ~  f o r  t h e  s a m e . . ' ~ a l u e  o f .~Frouds , : . s  
number.. With viscous effects .-present .in the model, it can ~.eadily 
be seen that this assumption ils ~ot entirely correct. 

.- Reynolds~ law, on the other hand, considers ~iscosity ~ 
prototype ~d model, ~at is independent of the force of.gravity and 
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consequently ~centrifugal effects. If the model clothe intake t,ower~ 
were exactly similar to the prototype :in dimension and roughness for 
all heads, and ~csntrif~gal/effects were::exac~ly similar, it would be 
possible to extend the :modest curves us:shov~ on figure :$8 to proto- 
type values :of Reynolds!:number. This ~oul~ beta similar procedure 

f ~ -e ' ~ " . -. to plotting the. rict~on lactor, f, for closed conduits against 
Reynolds' number (fig. i0), In ithe Llatter ~case, ali s~raightbircular 
pipes are similar except for irmghness, and Reynolds'number offers: 
the correct model-to-prototype conversion. Inth~ ease of the intake 
towers, dissimilar centrifugal effects resulting;from geometric dis- 
similarity also enter into t~he problem ~s0 that ~he~i~e~noids t number 
interpretation is not directly applT~able., ~ ~ ! ,: i i 

Up to t/~o present time, little successilhas bee= ~attained 
in expressing the relationship of hll ~physical f,actors in~.amauner 
v~ich would permit accurate extrap01ation. At the ipresent time, : 
therefore, t o correctly interpret ~prot otype losses Trom models, it - 
is necessary to resort to either of two methods, i~(1)~.tlci~build~0nc ~ ~.~ 
model large enough %0 reduce '~isocus effects to a :negligible :quanti- 
ty, or (2) to construct T,l~r0e or more ismalle r models ~0 ~different • 
scales. /m the first, the;transformation could ~be madeidirectly by 
Froude's law. In ~the second, the data ~rom three or more models 
could be plotted with respect to ReynoldSlntunber, There/~6uld i/~e- 
suit three or ....... more sets of curves .(.one sot forl each mode1~)/on the , 
graph instead of continuous cur~e~ ~as Shown on .figure 3G. Each would 
resemble the set preceding :it, ;but would ~befi;atter and located lower 
on the graph. Lines represonti~ similar :~hoads 0ould~be drawnz~hroUgh 
the three or more sets ,of curves:and extrapolated to ~include ~}~e de- 
sired prototype range. 

As only one small model..~as used for the intake ~owsr ex- 
periments, the model-to-prototype onv.er.s~on, for lack of a better 
means, was made for this and the following ,experiments byl ~the<use 
of Froude, s law. ~Due to.viscous ~effects in the model, the •corres- 
ponding actual losses in the prototype .will undoubted.1.Ty~be smaller 
than those indicated ~by the ~graphs. ' The actual am0un~.,!of ~deviation 
can only be approximated bY ~plo~ting the ,data by the~j~o methods 
sho~ on figure 86 and interpolating ~between the r.esults, : It can 
be stated with assurance ~hat the actual prototype losses will not 
exceed those obtained on ths model ~en~he .conversion is made ac- 
cording to Froude's law. 

t 

E. Trash-rack Losses 

The loss in head through the trash racks, with the different 
gate conditions, is represented by the differences between the three 
pairs of curves shown on figurineS6. These differences are plotted 
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separately on figure 37 and show the trash-rack losses directly for: 
the various conditions oflflow. 

. , !.> 

It is suggested that ~ only reasonable reliance be pl'aced 
upon the results of the trash-rack tests. As~stated previa~si~°,::the 
racks were constructed tO scale :and exhiblted ,a commendable piece of 
workmanship, but due to their minik~ure ~ize, Small imperfections, 
surface tension due to natural:L?causes as ~ell aS ~thatl due t o  traces 
of grease on the r ac~s or. oil in the~water probablyl produced a cambi- 

of effei~ts upon :t.he resultsl, i;AUother difficul~y waSl that it 
nation,#as physica.lly !impossible t0: construct the %rash-'raCk ib:ars in. ~l~e ~ 
model with a degree'~of roughness s~milar to the pro~otype,~ ~. '-:. 

Two lengthsoftrash.rackwere used in the above tests, 
(1) a rack 182 feet in length extending continuously o~er both gates, 
and (2) two racks 50 leer'in l:ength, each :of v~ioh~protected 0no gate, 
A detailed inspection ~0f ~he p0i~s ~ fr0m./~whi'ch the lines were dra~n ~i~ 
on figure 36 shows that-the total ~losses..thr0ugh the t~ver for the 
two lengths of trash ~ irack were-quite '~ anal0Gous for the ; same conditions 
of flow, which indicates :~hat .above a certain ;length, factors other 
than the length of the !racks idetermine the losses through them. ~.', 

During the ~,tests,~ the : 0nly~_place where :tr, ash ,d011ected on 
the racks .was directly i-n ~fronti~of the gates. The:.:remainden of the 
racks ~ere continuously clean. ITzash racks are ~urther disous~sed in 
this report under~ the section ~"Intake' Tower Ele otr£c- Analogy Studio s. !' 

F, ~ Gate Entrance Losses 

The entrance loss thrm0ugh: the Upper gate is the difference 
between the energy ihead at the ~vater surface ~ of the reservoir and ~at 
the bottom of the upper gate. The tnash racks were rsmovedbefore 
the individual losses inthe ga~e tower were measured. 

The entnance loss through the ,.~ppcr:i~gate~ (fig. 34D) was 
computed using theequation ': 

.~ .u,L I., ' , , i .  ~"~c 7 " - -  ' 2 ' ~  

.L. 

where heu = entrance loss through the upper gate 

d 2 = difference in elevation bern,leon the water surface in the 
reservoir and the water surface in piezometer 48 

hf(45_u) = pipe friction from piezometer 45 to the bott~n of 
the upper gate 

V 2 
= velocity head at piezometer 45. 
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entrance loss-through ~he r, lower gat~!.:I/is the difference The 
botv~en the energyhead at the water su':rfaoe of~t~ reservoir and, at 
the bottom of the lower.gate. This loss (fig. S4D)wasl computed 
~sing the equation " 

V2 .... • 
heb = d S - hf(A.b) , 2-~ 

whore hob = entrance loss through the lower gate : ': 
z 

d 3 = difference in elevation betn~en thewater surface in the 
reservoir and the water surfaces-in piezameter rings. A 
to E, inclusive 

hf(A-b) = pipe friction from, elevation 8 9 0  to the piezomoters 
below 

V 2 - . 
2g = velocity head computed, at., elevations.. 8 9 0 . •  . , 

.L 

The curves on figure 38 show the entrance:losses computed 
for the two conditions of flow. These losses are ~ expreSsed in terms 
of the velocity head computed:in,the tower at elevation 1890.0, and 
are plotted with respect to Reynolds, number for the m0do~l'!::c0mouted at 
the same point. - A n  addition~l scale has been sup'erimpoSed~i~n!:this 
graph so that the entrance losses~oan also be. expressed~in ,te'rms of 
the prototype discharge computed acc0rding %o Froude's law' The 
entrance conditions to the lower gate are slightly superior to these 
at the upper gate. It is evident from the preceding explanation ~:/" 
that the entrance loss curve Tot the lower gate, shown on figure 38, 
is %he same as that for the total loss curve:withoUt trash racks, 
sho~;m on:figure 36,: as in ranco loss ~s the total 
loss. Inthe case of the .trance loss is smaller 
than the total loss throuc .... ~..s necessary to ded'uct 
pipe friction. ,~ . : "  

In this analysis, it was necessary to make tuvo assumpti ns, i(]. 
• that the velocity Used in computing the Velo~ity}~sad in theltowe: ° 
was ccanpC~ted in each case by dividing . . . .  the dischar. . . . .  ge by the cross-sec- 
tional area of the tower. It is kn0wr, that the velocity distribution 
in the tower is of a complex nature and that the: coefficient 01' velo- 
city is somewhat above unity. This is probably the greatest source 
of error in these computations, and it is estimated that the differ- 
ence between the mean and true velocity ~ead dces~L~ot exceed 8 percent. 
(2) . It was necessary to compute the pipe friction in the tower in 
several instances and this was done by reference to the ~ curves on 
figure 10. The pipes from ~hieh the~ curves were obtained were 
similar to the inner portion of the tower and rauy error that might 

91 

L 



, ; , "  

I," ? 

" ; + ,  

. ' . .. ,+ 

,T.+++: ,. 

-If. 

i!ii;?+ 

!;!.+ 

. . '~ , t  ~ 
;.! . .g:  

r. ". 

+" , .  

~ .  i+',j '+'..% 

P, ,. 
.t.+~ 

f. 2;" 

• , . . . 

. . . .  . t  . .  

, j , ' .  .~, . , + +e~,~<++;+ , ,  , ~ '%  +, ' ; :  +,+ 

FIGURE 3 0  + 
I I I  . . 

i 
i 

+..;" ; ' '® , , l+ i  
'+~+'' :, ,:~L.: l j: 7 . . . . .  i ' 'J + + " ~ 

+,-  i l i  l i  

• +;~ii  i 

• w i l  
• Jr '  ~I 

• - l i i  ~ , 

, ' j ,  + ,  

4? : m . . . .  ,'; 
, . ' 1 ~  i 

' ,  .7 , ".w ~ '  

".>'i,+ :, ~ 'L  ~+ i  < 

- - - ii 

, .  ,, 

¢ ~  , i+ ,  ..... 

y i +i 
8 - +  • -: ::~+, ++.?+~.+0 :., .~, ++; 
0 ?,, ++ , +'f;'7 ~,~; - -+, l i ~  ' .].,. - ;  

,, +,.+, ! i~_, , . .  . +++ 

{ , 0 ;  I&l ;;i~ ,,,:o+ 
: O " i O  

"+  : . . - :  7++ ~j+, . . '  ( i r J  ~. ;,_ + .. 

' J,' ~ ; L ' 0 : w 

; ; 0  ; ,  Li.I 
]~ :m~ "++, _o+: 
.+,'.+~J, ' : .  iF..': - - : : .  

,' W i ~ I  +~ ., 7 ,  

, o  
,..,: 

o .  o d d .  . o  d ;  '.,'~ d 

~z/~^ 

~ 8 + . , +  ++(~++ +:z ++++,,. + ,,,.: ++ 
• 0 + ~ ' + + : o .  " +~l i  " 

~ +  ++::~++~: -<~ ++' +-;o. o + ,  
;i ++++:< . .... 

+i • .<It ++̀ ~ 
-.J 0 X .  ~ .l::l ,+. 
o.  +.: r,-+'m m 

+ ,  + X ' + :  , ~++ ~.... + + 
" 0 : . 0 " :  + ILl+i,..: + ' ~  . 

I l l  - -  t , d  " 

+ 6 -  i - -  



F 

e 

arise from this •source is :small ~oomparcd to the total losses in the 
tc~er, as in no case did the length i of pipc leons~ered in the fric- 
tion computations exceed 2.5 feetlor 5~3 fl~ame~ers, It is well to 
menti6n again that the prototype•losses as :shc~n on.the graphs are 
only approximate. ......... • ........ 

G. Head Required:~to CHan~e Dire~6tion of Flowi ~i 

As water enters the ~ateslin~neaziy a ~orizontal direction, ~ 
a definite force is requlred to :produce a #ertiaal acceleration, ~. 
measuring the pressures directly above ~snd below :each igate, it was 
possible to compute the magnitude !of;the force acting ~within the~tower. 
It wa~ originally intendedi,to Obba~the ~ihydrauli:o losses :througi~ ~ ~he 
tower by observ~!ng, the difference in?ele$atlon ~of !~he water s~irface 
outslde and v~thln the towoy,. ~The~ existence of this force, •however, 
produced a rlse in the water level In lthe tmver~ and made this method 
of c o m p ~ l ~  impracticaL;, ill; ~: . . . . .  

The heQd r e q u i r e d  t o  change ~the d i r e c t i o n  o f  f l o w  at t h e  
upper  ga t e  ( f i g .  34D)~with t h e  I, ower ga te  ciosefl•.was ~found e x p e r i -  
m e n t a l l y  by ushlg the following equat~on,~ •', ,~ ~ :. - i  ' i ,  

where hpu = Hydrostat red to ichange 
the dire o__e. •~: ~~ 

fl 2 = Difference zn elevationbetween the water surface • in 
the ressrvoSr and t~he~vmter surface in piezometer 4G. 

d I ~= Difference ~n ~eievation ~between the ?zater surface in 
the r servc~r ~and :the Water surface in ~he tower. 

hf(4G, u) = P~pe friction ~rom piezometer @G~o ~the bet%ore 
of the ~upper gate. - 

The head required the direc ioo f ow 
t h e  lower  ga t e  ( f i g .  o 4 D ) ~ i t h , # h e  ~u~per gate  c l o s e d  w a s  ,co ,Fa ted  in  
a similar manner, using th e equation ..... 

whore hpb = Hydrostatic i head in feet of water required to change 
the direction o~ flow a~ the lower gate. 

d 8 = Difference in elevation bet~veen the water surface in 
the reservoir and the water surface in piezometer 
rings A to E, inclusive. 

d I = Difference in elevation between the water surface in 
the reservoir and the water surface in the tower. 

hf(~b) = Pipe friction from elevation 890 to the piezometers 
below. 
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The head requirea to change the direction of .flow 'at the upper and, ~ 
the lower gate, expressed in terms of the vel0oity~ihead,~iis -- plotted ~ 
with respect to Reynolds.' number for the model ~ on figure 39, ~ ..... 

.A'. :consideration ?of the principles Of: incise and m0mentumi / 
provides a means of deriving theoretically the'!force required/to/ ~ 
change the direction ~of flow at theEateS / I~ h is:n0t~,possible to i :z 
obtain a rationaY theore~ical ~soluti0n fr.~the f0reeS~ aetinglentire "~ 
ly within the tower .as 

indefinite. ~mobher logical method:~of a%.taokiis available, howeve~i/.)i 
which is ~ased .on..experimental~ data. ' ~~. ' .... " • ~ ~ 

-A free .Jet ,of water directed against a / f i a t  <plate exert~s~/a ~ 
total force on the plate In the"d ire ~tion ::of %he main jet equal to. 
that given by the following express~0n: 

g • 

• .r 

where F = Total force exerted on plate,, ,~ .... ~ 
w = Uni.t. ~weight of ~:tater, < ~.~ ~. - ~ 
A =.Area ~of .main jeti.,.,-;< ~i ":/ - ~ ,~ ' , "~ii 
V = Veloci~y measured injet; ~ and '.< " ' " 
g = 2celeration.of gravity.<. " ....... ~ ........ • ." • -~-: " 

B~ analogy, if the.d~reotlon of~f!ow is r.eversed'~i~':ater 
is assumed to flow radially.inward ~oward.:th4 Center ofa circ'ular ~ • 
plate and then turn downward away from the plate to form a solid column 

~take . as in the case of the tower, the same law is. asSumed %0. apply 
Professor l~ H, G~bson shows ~ the bulb of pressune ~developed on (a flat 

10 |I I . . . . . . . . . . . . . . . . . . .  lydraul ios and i t s  Appl~oat~ons, !by A. ,H. G~bson,Pp. S68and ,371. 

p la te .  The analogy with the in~ake:,tower, is  ,i l lustrated~~ on ,f igure 34E, 
If it were possible to measure the pressure at a number.Of Points :. with- 
in the tov~r, at one of t~e gates, ~he pressur.e dist.ributionmigh.tL 
very easily resemble that she"on figure '~3~E.I !Fr~iexperlments~i'~By , 
Gibson it soems reasonaSleto i~ssume, that l  the/~mximum ~essure~ihead < 
in the center of ~ the tov~r isi~pract~oally ~the:.:~elo0ity>headi:~iile/the ~ 
pressure at the inside f.ace ~of ,the to.v~r is approximately 0.56 .h ,. < ~.< 
By integrating the pre s sures acting On ~individ~al 'small ~areaS:~WiEhin 
the terror, an averag'e pressure ~head .of O.82.hv is obtaine.d%!ii! ~.is is 
the average height at .which the water must stand within-the ~6wer in 
order to deflect the entering Jet.s to adirection vertically~do;rnward. 

) 

The component in any direction of the total ohange~ in momen- 
tum between two points per unit time is the .c.amponent of forcein that 
direction required to produce this change, if-the velocity of. the 
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water at `the ,edges of `the ~pressure ~ulb,i~ ou`tside of 'Shoe 
assumed to be parallel ,to ~he ~direction :of ~he ii'in%ake .~( 
iz ontal~)., the ver`tioal..oonponen,t ~of. the.!m0men~".iiof~t!h~ 
z~ro.., and the 6Hange of momentum iper un~t.tlme.~or':,%~he " ̀to%al..f.'0r.oe:' 
~n `the ver. ~cal ~d.mrect~on required %o :produoe';~this oh~e betuveen ., 
the p o int out s ide - :`the :% 6wer.:,ana ; a,po iht i. wi .hln  ̀ the ',tower ":i=:`the-ver- 
tical jot •below the :intake is, '-~ . ,.- 

: . , ! 
• " F = , w A  .... , 

THis expression is identioal.,Wii`th .`that f.or.:~he~.:`total :pressure on a 

'~; '?i : ' '%" : • " ~ :  

'~ I f  i t h e  :pres  s u r e  , d i ~ s t r i b u t  i o n r  equipped tO,~. , p r o d u o e  ,the `t o`tal  
force, F, is assumed %0 .be /s~,Tar,.~o ~`that~af the:Tl:a~,~plate., ' then.~i ~ 
the max~um pressure :head Lis! .VZl and the:.di.str~bu%~i,.on :Li~ ~ a~ s~hc~vn o~" 

figure S4E. With`this dmstr.~bution, %he average.:!p~essure..,head-,within 
the tower should be b ' ' . . . . . . . . .  " :a OUt :i:, ~': " .' ::-.o ..... ' " 

This theoretical value :has been plot`ted .,on:Ti~u~e-$~:.,t6gether :wit!h :.: 
t ' " . . . . .  " '  ' "';' ..... " "~ ~ ' :"' ' '"" ~ he actual values obtazned ,on--the.model.. .The .agreement is,~reasonably 
close and indicates ~hat_.the ianalysi~: is a.logioal, one:,, :~Er, om-the ~ . ~. 
point of view,of structu.~al desi.~ ~ . - ~  It~i.s ,Of":in%ereSt~,%h~~:iSubStan -~ 
tial upward reactions exist in the,converging intake~pas.sa~es :~'ilch~ 
under some circumstances, might require structural; ;pr, o.vlsions ,in.-..,the 
design. ' " :~ ~ ~'i. .;i::'. " '-.: - ~"" 

To d ispl.ay the  nfon ation .obt ain ed on '~t:he:.m~de1:ii:in.•:a! -,mo~,e 
praotical form, ~he .model data.were transferred In`t6. ~r, otbtype~..value.s 
acbording t o Froude,s law .and :a~.e shown .pio.t~ed .on .figure ,i:.40..:'. In~.~this 
case, the average '.head of .~ator 'requirea insi~et'he..tower'.-toi-lc:hange 
the direction of .f,low of the ,water .en~ering~ is ipio~tediiaga~n's%i`the ' 
prototype discharge. Those curves .apply only f, or ,.the.~upper and lower 
gat.~, operating.separately.. ...... .: ..~i-..~ .. .: . . 

,H, Distribution of Total :Disohar,~e . .; 
iP.as~sin, g T h r  out~h. ,th.e: :U.~pe.r.: .iimd • .,Lo~r:::,..~ate:~:; :. - - .  

It was ,desired .̀ to de`termine what .portion ,of-,the ̀ total :.d-is- 
charge passed `through ,each ~ate :~vhen both ga`te.s were Tully..open, 
The piezometrio drop, d2, :(i~i.g..3~D) :be.are a definite .relat.ionship 
to .the discharge passing,thr6ugh-the upper ,gatei~:".'The pieaome`trle 
drop, dl, also shows :a reiationshlp `to %he discharge .throughthe 
upper gate, ~d the two .se`ts ,of .data when :plotted logarithmically 
with respect to `the mode~i discharge result in two .~tralght lines 
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(fig. 41A). Using these relationships, it was possible to eom~Ite 
the discharge through the upper g ate~when both ga~es':were in:~opera- 
tion. In other words, the pressure,drops, ,d I and d2, a0nt£nue:~o be 
proportional to the discharge"~through~the upper gate:whenlboth gates 
are in operation. They will .be much Smaller when both gates ~a~e ' " 
open, however, as in this ease the~total-,,disoharge will be divided ,t 
between two gates instead of one. Forruns~in~whi~h:both gates Were 
operating, the discharge through ~the upperi~gate~..was read •"from figure 
41A for value.s of both -di and: d2,1:and ~he :tuvo a~er.aged .for leach run, i.- 
This average value was ~hen considered'::as ~he !diScharge i t~mough the 
upper gate, while the r~emainder of :the total dlS oharge:f1~ted, through 
the lower gate. The curve on ?igure:41B:showsthe pe~'0e~i~age..of:the 
total discharge flowing through each :gate. The distribution of flow 
is expressed with respect to ~Reyn01ds~t numberi:oom~:ted for the total 
flew at elevation 890.0 for the imodel,! anda second: scale above the 
graph shows the "approximate distr~ibuti 0nwlth -re spect t o the tot al 
prototype discharge. Figure 41B indicates that the:flmvthrough the 
upper gate will be approximately 40 percent of the..:tctal, regardless 
o~ the 1.ake elevation and .magnitude .of the d~schar.ge provmd~ng.'~he 

.!- ~., . ~ - . 

lake elevation is .above the upper gate. 

I. Relation of dl and D l to:~the:Discharge. ;, ~ 
• ,°. . 

~s the difference in elevation~of, the ~.~ter ............... surface .~n" the 
reservoir and inside 
charge, this. relationship may .have a ,practical ~alue.~i.i:!~alues of, d i 
have been plotted wi~h respect to Reynolds!t-.number camputediat'~ele- 
vation 800.0 for the rood,el for the upper, the lower; : :and both gates~ 
open, on figure 42. The drop,~dl, is the Samei.for elther~the~upper 
or the lower g ate operating. .~ . . . .  

Although the  d i f fe ronoe"~in  ~ e l e v a t i o n , ,  d ~  ~ ( f i g .  :~34D ~) con- 
sists of the gate entrance .loss plus a small portion of the v01o~:ity 
head, it is a linear measurement and :byFroude's ~iaw can be con~rted 
• into .an appr~oxi~.'ate pro~ot.vpe ~alue -by multiplying :lit bY the model 
scale, whieh~is 64. Thi!s drop on,tl~e model, dl, wild:Be designated 
by the symbol, D1, when converted to the prototype. '~..Cur~es"Similar 
to those on figure 42 are plotted for the prototype~on figure 43. 
This relation may pro.re useful ~'or .measuring the discharge throug h 
the prototype intake towers. The "'value of D 1 could be~ obtained by 
installing two float gages, one on the outside an~ one on the inside 
of each tov2r, and the curves on figure 43 used~!~o determine the aP- 
prox~aato discharge flowing through them. 

@ 
The relation of D I to the discharge has been plotted on 

figure .i~ for both, with and without the trash racks in plaee. ~t 
is felt that the curves shorn for the condition without the racks 
are essentially correct. It has been previously stated that ~,he 
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t l t  

friction loss through the model trash racks was excessive i'due ~:to a 
mmbcr of factors that were physically uncontrollable. /Therefore, 
it can q~itel definitely~e staged, that the"6urVes on fi~u~re~43i~f~..i: 
the model trash racks .4nstallod are hig}~er"than wouid.:be :~,simil~ 
curves made from actual results on the prototype..,:... . , . ~, . • ., 

It would be possible to actually oalibratethe~protctypo 
intalce towers by the G~'bs6n 'method~ at~the/itime that':the, ac0eptanoo 

- m 

~"Pres sure s in "Penst 0cks Caused by .the .~Gradual i CI osingof,/Turbine 
Gates", by Norman-R,' .Gibson, "Trnns., .~. oo. of Civml_Eng~nec~ s 
vol. LXXXIII, page 707,. . . ,-":. : . ~: 

u u .. . • m n 

tests are made on the turbines. ]Tith the information alreadyiavail- 
• able on figure 43 only a lfewpoints v.~uldbelnecess~ry to establish 
a calibration curve for the prototype.intake towers.. ' .... '.' 

It is recommended "that .a~. least a portion.: of ~ the.:: foregoing . 
experiments be repeated onl the .'pr0totype intake~ towers.in the i~turc, 
after the appurtenant, struotures • are -in i operation, to establish ia 
check of actual results against :those obtained on- the model, ~wh~ch 
should definitely determine ~ ÷~he merits ~ .bf!a".m0del of i:thiS:i/~3rp~.,i:i!.Tho. " 
experimental equipment required 'would be simple: and: ine xpens ire ,!~iand 
the testing would requirea relatively.shorttime. 

2~ THE I~ENSTOCK ASSEMBLY 

~_ ~ ..~%Q.Apparatus ' . - " ~.- 

At the conclusion of the •tests on:the intake t o w e r , . . ~ . t h ~  S- 
foot vertical section of .straiGht .pipe below-thet0w6r 'was:r~moved ard 
the penstock as:~embly model, constructed on a scalel. 0f.l:64:i ~:C0nneoted 
in its place (fig. 44). The • assembly consisted of"-~ccurate'; butt- 
Jointed, sm0oth,i .sheet-metal. pipe,.c ons~ructed s~larly(tb :that "used 
in the penstock quantitative tests : ~i~xce .pb~!for-a)90,degr.ee' 6-5/8-inch 
d~;~eter ~ ert~ca I bend d~rec~.~y bol~ i the :tower- and-:a :40-degree: hori, 
zontal bend of the same dismeter loc~ed"aJ~short.idistance downstream, 
both of which were made of t ransparen~ pyralin !~pi~e. ~ .The! four tUr- 
blne penstocks (figs, 32, 44, and pla~\~ :Vii)wefe~"2-V/16:inch0s .in 
diameter and were connected to the pen~ook header at a developed 
angle of 105 degrees in a.downstream: di~otion as shown. The six 
1-18/$2-inch diameter branches leading t~.the canyon wall ou~lets were 
conmected to the do~mstream end of the pe~st0ck header box by-a :r0- ' 
duction manifold. \~ 

\ 

The discharge through each turbine broth ~s controlled 
and measured by a sharp-edged circular orifice wi%h~-~-~ddiameter of 
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PLATE VII 

AR~MMTEY 

B. CALIBRATION OF TURBINE ~ ~ [  VALVE (~IFICES 

C . 3IZ I~.E~3.E WLVE3 IN OPE~t~IO~ 

~0DE~ OF ARIZON~ PENSTOCK LOCaTeD IEEAHE3T THE RIVER 



,~, • ~, 31 .'/! >5' 

0.76 or 0.875 inches. The flow through the needle-valve branches was 
controlled and measured in a like manner by orifices ~tha diameter 
of either 1.006 or 1.250 inches. Thehead on the orifices was meas- 
ured by a piezemeter located in the branch immediately~aboVe 0ach . 
orifice. These orifices were calibrated by weight in similar posi- 
tions previous to the penstock experiments (plate VII'B). The rat- 
in~ curves obtained from the :calibration runs for-thef0ur sizes of 
el-if ices are shown on figure ,45. i i 

Piezometers for measuring the pressure intensities were 
installed in rings at intervals down the main~:header (fig, 44). ~A 
ring oonsi~ed of four piezometers and each was connected ile an in- 
dividual reading Glass on the manometer'h,oard. 

B. Investi~,ation of Pressures at Base of :Tower 

In the original design of the<intake towers, air vents were 
provided in the region below the lower gate (fig. 31)to relieve any 
negative pressure ~;~ieh might be created by the:conditions ,of fl0w. 
A question arose as ~4to the necessity of these vents and piez0meters 
46 to 49 inclusive, (figs. S3 and 46D and E) were installed to -~ ' ,s ~.udy 
the pressure conditions at that point, 

Tests were made with the upper, the lower, and both gates 
open and the dleferences in elevation, :d ~, be~veen the water surface 
in the reservoir and the water surfaces! in%he f.0ur piezometers ~Tere 
recorded. These differences, converted: into/prototype ~-alUes, are 
plotted against the discharge for the individual piezometersT~or the: 
three conditions of gate opening o " " n flgure 46A, B, .and C. For the 
upper gate open and lower gate closed ~fig. 46), t hedrop, d, recorded 
at piezometer 4~ consists of the following: 

L" " '' 

d = hf(b_ u) +~g2 +" heu ~+ihs 

where d = Difference in elovation between the,~vater surface in the 
reservoir and the water surface in piez0meter 46. 

hf(b.u) = Pipe friction from piezometer to b0ttcm of upper gate. 

V-~ 2 = Velocity head at piezometer 46 
2g 

heu = Entrance loss at upper gate. 
hs = Drop in pressure at the p!ezometer caused by irregularity 

of flow anrl suction effect. 

The curves for piezometer 46(fig. 46) were replotted on 
figure 47 for the three conditions of gate opening. In addition, t-~o 
other curves have been superim~osed on this graph, which indicate the 
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maximwn approx~e discharge ~th~ • can be obtained with all nee'die ~~i 
valves oper.at~ng .an~ .w~th all :.needle :~alves ~.and turbmnes ~operating '.'.- 
for ifferent elevations ,of ~he ~#ater Sur~aoe.:in the .rese.rvoir.. From 
these two sets of .curves. the pre'ssure :at .piezometer 416 !may: :be :0b- 
tanned for any par t~cul, ar .dis ch~ge-.. P.or !example~, with the "wa'~er - -:i~ 
surface in the reservoiir :at..:el~(~ati-On il200!.aud.~a discha~.ge ~of .aPl>rbxi-- "~ 
m.ately ~21, 000 seoond,feet .throUgh :~the~:i!ioWmr..igate. (fig,:i:.4~:)•,i ..the )rater ~ 
surface in piezometer .46 ,expre/Isse~ in:ilpro%o%ype :would~)i,l-Stand: .ati.:~2:.f~ee% --_ 
below the reservoir v~ter su.rf,~'aoe, ,or' .e~le~at'~on..!'l158 /and a:ipressure ;.iii 
of 288 feet ,of water would e~st ~at ~thms "nmezometer....'.i ~.or::the.:s~ne ~ ''~ 
dis charge .pas si . .c/,.. ~'i 
meter ~6 would ~.i,000 ~!~I 
se c ond-feet flo piez ometer " 
48 would be :at er three 
piezometers ~wou ts i~~is 
evident th at ~a and .air ~.. 
vents are unneo ...... 

whe r e 

l' .' n" . 

f ' " ' .' ;~i ' . ~ L. ' .... 

h b = Combined •bend los~ . . . .  : " :~"<:"i ' ":. ' ". 
d x = :Differ~noe-:~n .elevat~ dn' between ;~he ~-ater'..!surface -ii~":the " 

Jrese.r.yoi.r :and-the i.a~e.rage~.~;ater, :surface elevationi in; ~he 
manometer tubes :connected .to piezomoters 8 tO 12j in-: . 
clusi.ve (figure44~).. ,',% .... ~ ..... ' ~' " -' ~ 

V2 = Velo6'ity head .at ,.base iof: ~o~r..:i(.eleVation:890). 

hf = ~Pipe'.' friction "from piezometLrs 8, ~ i0., :ii~, and"~T2 to the 
li 

downstream edge of the .horizontal bend, and 
h% = Total loss in intake tower., 

A better velocity distribution existed at piezometers 8 to 12 so these 
were used in the computations rather than piezomo,ters ~ to 8, 

The 'combined loss for the two bends expressed in ,terms of 
tho velocity head at the base of the t~.'~er is plotted ~vith respect to 

i0~ 
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Reynolds', number ,.on figure 48. As ~.the .line ~is ipractica'l!y ihoriz'ontaL , 
the loss !_in the u.pr0totype :woul~ not ibe .expected ,to di:Dfer ~mu6hTrom 
this value. • " 

: 

~,D, /.,Tests ,on ~.the iPsns.tock .~s sembly 
"¢ b. 

Tests ~wsre ~made on ~the ..complete lipens%ock~as sembly:~during 
which the .~ischarge,, i, head,, ian~d~.,piez~ome.ter ~readings .iwere 7reo'orded,~ :'. (,' 
F r om t he s e, t e st s .the '." ene r gy ~he ad ~ah .!e ao h..~pie z:6met e ri.~ringi ~i(!pr, e 9 Suns, 
head plus me an velooity ihe ad!) ~was ,c~6mpu~~ed is/idliolot'ted :as: ~i i~own 
the penstock-as pos~S~iSla,. ' ,The i snerg.y !heads-~.,~ T.ew ~runs ~iare ~hovmL- 
on figure 49. .The ~l~'nes indxcate :aigaln' in ~energy ,head.~mn the mazn . 
penstock immediately ;downstresm ~from --:the ~Tir st ~ ""unc.t'ioh.3 A gain ~n 
energy head :is eyiden.t ,at :the next junct'~on,.~Bu.t less ~ %han~that a.t'i .i 
the 'f.irs.t..The .~h:ird juncti-on ~show~ :;a-:..slight~ilgain :!iin ~energy ihead~i!~n 
rues ~ oases .and a ~loss was ,roe orded; ~a.t the ,£our..th, ./Th~s ~ga~n ~was 
usually recorded !even.when ~here ,was ~no :f.low:thr.ough ths::3~a'n6h, )It 
will be reca!led'i.that ,simi:lar resuT.ts ~re :obtained~,on,.the'~pens.tock 
junb.tion quanti.tative tes.ts descr'ibe~ ~in :chapter .I~, ;sect±.0n:i~-3Di. ;~h~:is 
apparent .gain .Ts undou,btedly due .to :an .er.ror in ~c omputing %he.!!i,~e:i06:i~ 
head. Due to the irzegular ve'loCity diS..tribution 'at :these:'p0ir~.~, ~':y:~ 
the ~mean veloci.ty :hea~ should~ibe~iincreased~!by mul~ipl.ying ~itl.iB~\.,!~: ['~-: 
velocity .head coeffi~Cientl, ~..~, .~wh~ich .i'presumably il:i~s-.wi.,thi~n .~he > 
~limits of .1.O3 .to I.~15 and probabiy-~var:ied..at~'each junc.tionwith each 
condition Of discharge. : ' .... 

_Curve s representing ",the a~.e.r.age.~Jreoorded ~l.oss .or ~gain ~in 
energy head in the main pipe .at junctions.:l, i2,..andL~S"in terms of the 
ve i oc ity ,he ad ab eve each ..junction. are . P! erred :~with .::respe ~.t ::to 'the .dis- 

t 

Q~_~s on ~ifigure ~50, -,To~com~are.,the cur.ve .,..obtained for charge ratios 

,junction-i .with ..the !results Ob.t~i.ned from..experiments on .the ~larg~ ~pen- 
stock model previously .des cribed:;in :chapter ,I~, .~ata ~fr0m -%he :latter 
are also plotted on 'figure .5Q, .The::indicate~ gain ::in .energy at ~,the 
first junction agrees.:f:ai:rly~well ~.witl~-~.th e curve i~.taken £nom the ,~larger 
model up to-.a discharge ratio ,of /0,35. 'Above :this ~ratio, the :points 
are few and soa.ttered :and :~it isildi.f..f,ioul%i-~to iattemp.t :a..companison@.- " 
The curves :for-junctions :2 .and .:3 are-~Is:6:,nnreil~iabie -above' :.the:.&dTs- 
charge ratio of 0.35,. .The :results oonf.i, rm ~those of :~homa, .whose 
work was on small pipes, with respect toil:the roe ortied ap.parent:~gain 
in energy head in the main pipe downstream from,the junc,t~ons, .~aud 
indicate that ~thi.s gain is due ,presumably ire .an erz0r .in~compu,t, ing 
• ~he velocity head ,and not :due to viscous effects :produced only in 
small pipes.. 

~n attempt was made to obtain the junction losses charge- 
able to the branch but the number of piezometers was insufficient 

k'- 

to secure accurate measurements. 

As an interesting comparison, pressure gradient.s for the 
same runs shown on figure 49 are plotted on figure 51. There is a 
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decided increase in pressure at each turbine junction which i~ due 
to the reconversion of a portion of the velocity into pressure head. 
As the number of piezometers was/l.lmited, it was only possible to 
plot those pressures down to juno%ion 5." 

E. ~ Needle Valve Calibration . ~i 

As the energy head at the six needie ~ ~alvos' vms!Toundi'to ~ 
be practically consist for~an equa~ ::discharge:J~hroUgh each valve, . 
it was nossible to plot a set of Lcurves giving the loss from the res 
ervoir to a point. . immediately above the needle ..... valves for any dis- 
charge and valve combination (figure 82). The friction loss is 
plotted against the total discharge through %he needle vaives for 
one to six valves operating regardless of the combination. In other 
words, the loss for any discharge is i-practically the same for valves ~ 
I and 2 operating as for 3 and 4 or 5 and 6. To use the curves on ~i ~ 
figure 52, it is necessary to comply with two limitations, first , 

that there is no flow through th0 turbines, and second; that the 
needle valve openings are the same for anyone discharge Combination. ~ 
Without these limitations, bhe variables would become so numerous /!~ 
that plotting of the results would be~impossible. The curves ~ f o r  ~- 

three and six needle valves operating (figure ~ 52) were obtained'fr0m ~:~!i° 
the model experiments and were'ic0nverted into ~ prototype ~alues ao- ,!'i~.i:i! 
cording to Froude's law. The remaining curves were obtainedby ',i! 
interpolation as experimental data were not taken for these c0mbina- .;:~ 
tions. As friction drop constitutes the major. , portion of these ~ ;:~-:,~-~ 
losses, the extrapolation from mode! to prototype could more aoour- ~ ,~:~ 

ately be made according t o  Reynolds' law; but ~ insufficient ~ data : ~'!~ 
prevented the application Of this method, The values shown by the ~'J~! 
curves are therefore approximate, With the Ar±zon a canyon v~ll out- ?,~ 
let works discharging I0,000 second-f Cob with six Valves opened;the ' . , i ;~ 

s~e amount, the friction loss from the reservoir it0~any one of the ~'i 
six valves would be 13.2 feet, This discharge thr0Ugh any five valves .~ 
would encounter a loss of 16.0 feet,and thr0ugh~ianyTour I valves, 21.8 ';'~ 
feet. - ~: 

The curves on figure 83Awere plo~ted fromthe a ion .e 
figure .52. From these curves, the require~ pressure head in feetof -.,j 
water immediately above any needle valve in operation Canbe computed ~ 
for various discharges through any eombination,~providing each valve 
in operation is opened an equa l  ~amount and-no flow;Is passingthrough :! 
the turbines. Referring to figure 53B, the pressure head at any 2~" 
needle valve operating : 

v 2 i 
h p  = h E - ( h f  + ~ "  + 820,0) 

~.ero, 
hp = Pressure head immediately above the discharging needle 

valves in feet of water. 
ll0 
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B'~DIAGRAMMATIC 8KETOH OF PRE88URE.HEAD AT:NEEDLE VALVE8 
•EXPLANATION 

hp = Pressure head above discharging needle,valves in feet of water. 
~ , ,  Velocity head in branch penstock leading to needle va ve in feet• 
.hf = Total friction loss from reservoir.to needle valve in feet. 
h¢ = ElevaTion head tn reservoir in feet above sea level. 

~ ° "X"  
.~ hf  

+hp 
.+L".oo-. 

+ • + 
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: :.+ • • • i  i:: :i : 

• suR,,~u O~+AEOL,~UMt:fON 
• +BOU LD£R ~GANYON PROJECT 

80ULDER DAM ;HYDRAULIG-[XP+ERIMENTS 
-PRESSURE .HEAD,FOR :DI&OHAflSI[ 

THRU ~GAN~rON .WALL NEEDLE ,VAI.VE8 
NO FLOW *THR.U ~TURBINE& 
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h E = Elevation head in reservoir in feet above sea level. 

hf = Total friction loss from reservoir to needle valve, in 
feet of water. .... ~" 

-.-V2 = Velocity head in branch penstock leading to needle valve 
2g in feet. 

820,0 = Elevation of 'oenter Of/needle: valves labors sea level, ~ 
...... • • 

V lues of ÷82o.o): are plotted  against the   otal ' 

• . , - , "; ' ' :m,' ' " I discharge on flgure 53A for,any needle valve combination. ;The pres- 
sure head L~mediately above 'the needle :valves if of a particular dis" 
charge and valve Combination canto obtained by sUbtra,~ting the:Value 
given on figure 83:A from the elevation of the ~.~'ater zurface in t, he 
reservoir. For example, the ipressure immediately-UPstream •from the ~ :-'.i:~ 
needle valves for a flow of I0,000 second-feet tl~ough six valves .~ 
with the reservoir•at ~levation I180 Would be /334 feet of.water, or. ::!~:i 
for this same discharge through'four needle:valves,:the pr0ssure above '~'.~: 
these valves would be 308 fo:~et of water. ..... ~:~ 

Pressure gages wi~.i'-probably be installed above the Proto' . ;;.i~J!:!"~ 
type needle valves as a means of determining thedischargelthrough..- 'J:~ 
them before the '%urbine:s areLiglaced in'operation, One gage'In each ~,i~ 
outlet house would be suffiC'ient ~pr0viding the ,~alve to'which it:was ;~.~ 
attached was always one:of i~he combination ;in-operation. With th0 ~i~ 
adjacent valves open the statue amount, the pressure at each would-be , 
the same fo r  .a l l  . p r ' ac t i ca l ; , cons ide ra t i on . ,  By Oporat ing the v a l v e s :  ;,~,~ 
aooordlng to the diagram .sh~ I- :on fi•gure 53A, i~;i:sh0uid; be pos'sible -i!~ 
to obtain the desired ~disdhargo through the valves with reasonable !:'ii~i 
accuracy. ' ~- . . . . .  

It •was not possible to make the surface roughness in ~i~e 
model penstocks to scale ~ so the friction loss in the mbdelwa~ ..... 
probabl~ somewhat ~higher than the~corresponding fric~ion~in,the pro- 
totype.e Th~s means that.the pressure 0brained from figure 53Awiil 
be slightl~ lower .for a given discharge than that.whichwill actually 
exist on the Prototype; !t:is immaterial whether the flow:is through 
the upper, the' l~ver or both gates of the:intake.tower as the losses 
from this source are practically negligible ~vhen compared with the 
total loss through thel.penstook. - ' '. , ,:•; 

The above procedure offers a method for measuring the flow 
through the Arizona canyon wall:needle valves before the turbines are 
operated. This 0alibratio~ will not be correct when the turbines 
are in operation. A method previously described in chapter V, sec- 
tion 1-I offers a'method for measuring the total discharge through 
each intake tower, and as it is intended to instal-I flow measuring 
devices in each turbine penstock, the needle valve discharge will 
consist of the difference of the two for the condition in which both 

i; 
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turbines and needle valves are operating simultaneously.: The dis- 
charge through the tunnel plug outlet: worksLoan be:determined in, the 
S ~ e  m e l l n e r  e • .~- - 

Flow combinations with b0th turbines: and II needlel xu~Ives 
operating were tried on the model but the Variables v~re so numerous 
that there was no way of presenting them in a 6oncise f0~L:in this 
r e p o r t .  . . . . .  ~=,, ,  • ' ~ 

F.-C0nclusions :~:~.: ='~ . . . .  - ' -  ". '''~ " 

It is felt that the method employed in'analyzing~he modei: " 
results on the intake tower and penstock assemblywas accurate ~nd 
the results dependable insofar ~ the model da%ai~re~:conoerned. ~ : 
It was desired, however, to extrapolate~thomodS'i~iresults to apply for / 
prototype values as this was one of the objects:In performing the 
experiments. With a single ~nali model Of this typei~it is i~ot poe-~ ~ 

sible to accurately interpret the conditions that will prevail in 
the prototype. ' ~~. . 

The ex~crapolation:from model to Prototype~ has,':in the for:o- 
going graphs, beenmade according to Frontiers ~ la~w"f0r:la01k bf a : 
more accurate and definite method. As!a result, the losses,: as , 
plotted with respect to the prototype discharge,are larger ~han those 
nat will actually exlst on theprototMpe. !t~is predlctedl that- the 
losses in the full-size structure will i~probably range f~om 5 ! tO 20 
percent less than those indicated by the graphs.' iFor ~hiS reason, 
it is advisable to refer to the prototype values/as sh0~ on the ~ • 
graphs, not as absolute, but iapproximate values.: :~, 

S. I N T J ~ Y ~  T O W E R  ELECTRIC'~ALOGY s T u D I E s  : ~. ~ ~i ,, • 

A .  :=~ In~roduo.%iion :' : " :: " :~ ~?: " " ' ' 
i 

T h e  electric,analOgy me~o~ previoUsly~used i n t h e :  a n a i y s i s  

of problems of-see[age ~kr0ug'h e arth °.: dams ~and: Under mas onry::dams :~0n::': : 
porous foundations Z was applied:'as;a:means of: determining the direction 

12"The Flow Net and the E eetrxc Analogy by E. " I " ~ ' =  " . . . .  W:.: La~e, F. B. Camp- 
bell, and W. H. Price, U.S,B.R. Teeh, Memo. No. 388, orlCivil 
Engineering, October 1934. 

of flow of water entering the intake tower, and incidentally~i , to 
study the merits of the method itself. In this particular ~oblom, 
it was neeessar~ to obtain a certain amount of information ~om the 

• hydraulic model before the analogy model could be properly s~t up. 
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i " ' of !a ..... shallow glass):tray: $8 i..inches :~ ~.I' The apparatus cons sted / " ' ' " 
long, .18 inches wide, and 3 incho's deep equipped, with a leveling ~° 
s c re~.v at each corne r.. A..radi ali.sest i6n .of ithe t 6wer :.const~ot~ed of ' !' 
redwood on a scale of l:100'i, was :.'cemented ~bVthe. bottcm.of.:tho~.~:tray. '~ 
Copper plate electrodes ~wers plaoed:,in position int~e~.tray and.a . '~ 
solution of sodium ehl, oride was used as a conductor.:ilA drawing ~ Of' . ~ 
the apparatus is shown on fi:gure 5~ aud a photograph of t~e~i~ray in" ~: 
a vertical ,position •is shown..on plate..VIlll T~:. current.used :in the .-. ~ 
experiments was obtained from a .l.lO-volt, 60-cyolesource.. D~. in- • . 
serting a bank of l.~mps.:in :,series :wit h the. apparatus,", as shown on • : 
figure .54, the potential acr0ss (the-:ele0trodes.. was:reduced:t0 about 
20 volts. On one ..side of the. tray, a high-resistance ~wire , one,.meter 
in ion~th, ~as strotchedon"ia.me~er ' Stick and:'cOnn@ctedih,:~par~llel 
with the circuit to constitute .a"~eatst0nebridge. A spring-was 
attached to one end of :the ilhlgh-resis%anoe ~vlre ~to keep it/tau~ ut ~ 
all times, as the.. current raised the tempe~atur.e'~ of the wire~ and 
lengthened it. A metal %err,.tna! on : one . .end of:the meter~..stick:mad0 ~ i::: 
a continuous contact with tHe stretched.-wire and:~kept .the length)con- 
neotedin the circuit at exactly one meter,-regardless..of expansion 
or contraction. A circuit was established. from,(a ~slid'i~-contaot" ' 
on the high-resistance ~ire '~o the !iqUid :c0nduc%or BM: ia:wire, which 
had o oflneoted in series ~rl%h it la se~: of head]phones., and.~ha(:probin~. .' 
pencil..All connections in -the' apparatus were'..made:with"heavY)copper 
wire of very low.resis~ce~: ,.. ' " " "~. . .iJ. : . ~ zi . .. 

• ,, , , 

The radial s e0t ion ..of : the t~r.-~as.:re~resented,by" S'etting -"i 
the tray on .a slope'with the. e!e~trol~e a~.zer0. d.e~h on the.o~nter 
line of the tower, a s  shovm:in .section A-A,':figu~Z54~ . The".variables 
in the experiment were.the .ilength/0f ~.he triashracks, ..~he: gate c0mbi- 
nations, and the positions..:of t}ie:, electrodes,. ~ T}~e"apparatus.:.bnfi~' 
ure 54 represents .a ,scot-i0n of ~the tower ne~e:s~.it:he .river:~ilwith:bc%h :':~ 
gates ..open. .The long ~elee~zode::was ~co~eotedii~.:t0~!.6ne'(:side. 0f.~the"~/cir. 4'~ 
cuit and the two..small electrodes ':in..:the ~ t~F:~'~reconnocted to the :~:i 
other ~slde The lines resembling cent.ours ~ .r.epr.esent"points"-of equal ~ ~'~° 
potential. The purpose~ of. the apparatus:was.:.to-..determine the posi- ~IZ.;. ';-:~i 
tion of these lines f~or ;different percentages of %he.total potential ...... ' 
drop .across the electzode.s. ' ~- : 

~: . j! 

The position of amy particular potential, line was: determined ::~. 
by set:~ing the sliding contact on~.the resistance wire at the point: 
giving the desired potential?dr6p, andmoving ~he probing pencil about i'-i 
in the salt solution until a:point was reached at which .the, absence ~ ~ 
of a hum in the head phones indicated that no current was flowing 
tltrough them. To find the position ofthe potential line represent- ;~: 
ing two percent of the drop between electrodes, the sliding contact 
would be set at a point on the resistance wire representing two per- 
cent of its length, or two centimeters on the meter stick, and the 
probing pencil moved about-inthe electrolyte until the alternati}qg- 
current hum in the head phones faded. This indicated that the probing 

I?0 
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peno:il ~as 
two percent ,of %he ~ 1  ~dro.9-~a6't 
be 1 c o a t e d  . in  a s ~ ' i l a r / , w a y  :~wi~h" 
e o n t a o t  u n t i l  ,a .su~,f~e'.ierr~i~number 
line. O t h e r  ipotential ~tine-s .-,~voUid :be :'l~ooated -in ia ~simil, a r  .:marmot,, ~. .- 

• ., . . E, ' . . . .  -. ' , 

.C..:" '.Tes.%S ~on ~a JSe0'.~i on :,:of :~,0wer .~eatea~ " " ~ . . . .  ~Neexes.% ,-%he'" '" ~ .v .a r  .:. - " 

The ~inSt te"%'s :~.were :ma~e io~'":"a ~zad:~.al :seO%i'on ,of i;%he .tower 
l o c a t e d  : n c a r o s t  ~he ~:'iv, e r  ~.wl~h ~he./e!~leo~.~odesl/ih ~ h e  ~pos.~i~i6n-s i sho~n: " 
on :f i ~u re  5 4 .  ~ The se ;~e St s i ~ e r e  "maEe;~i%h!~h~ee ' ,d! i f fer.ezi t  ~; ~eng~hs~ ~,of 

in¢ equipotcnt~'ml."~ines , ~ e  sho~:::~6nii~i~u~0s"::55:~d 56~. : . "~" : ! , . " i . ' . . .  ~ , .  " 

upper gate was: 61osed .an'd .':the'~,.t.rash~r.a6k :len~hs;~.!ver~e..:50,...fee.t;an'd .:306 
feet., rehpeeti.vely., the. c;o~resPon~in~":e:gu:ipotenti~al ...lines,:~p~act;ically 
co ino iae , ,  .which indicates .~ha~ 'L~ho- t : ta~  p.otemti-~:i;a.riop:~ibe!~.en .e.t6o~ 
t r o d e s  ~ r e e 4 o l o s e i y , .  "..This ,means : t h a t  ~!he : r . 'es is tmnoe:~o: i f to~vZh~bugh 
the 50-foot ,rack ~vas:.no ,,g.rea~er ~iian that :thr.ou~l!,i<the[ ~306~,oo~ !,Za6J~.,,~ 

• h 

Te s~s l . : and  5 i 6 f i g u r e S  ' 55  ,and 56 ) ) :were  ,made •,.u:naer. ~hei~sam4: , 
c onditions.., except ,that.-.~he ~io~.r.: ~ate .was .olosed".and .~hb~:iU~per ~Kato:" 
open, ,Again ,.the potentia,l ,2:ines show :a,..very ml, ose :~-~r,.e.ement., which - 
ind ic  ate s t h a t  .the :~oss ,vtas : .no ~reator :through :,%:he ,;50.f~o6% ',r.ack--~hsm 
t h rough- . the  :S06 - foo t  "~raok. . , - .  .. " :  : - ." , . -" : i . . . :  -~.. 

: : -  : • ' :  : "  • . .  i : " 

of.the tower ,with ,both ~gates ,:open;', ,'~.The potentiai.!::.'line!s' iwith'J::~!he! ~wo " 

acreement ,of .the potent ia l -  ri:,l.ineS i s  :no% r.om 
one ,to five ,percent because ,~the ~points 
difficult to 'locate ~than'.~those:Ior,',~he 

.The e xp0 r imen t  S ~ ,~h~S. ~ex. ! i nd i c :a t  e. :~hat-.W±th' .~h6.~n/e.kS Tr .ee 
from ,tr ash, :a .leni~%h :of 50 re.et-~in:f:r~ont • .of :e,aoh-..¢'ate.--,.'Would :!;~6~i~de- 
sui'fioient rack :ai~ea~,on .~he ,r.lve~ :.side ~iof~the it,Owe:r~ :' ": .:i :"::'.:" " ~!.. 

-~v~e.re ~made..,on.~he :s:ame :zad-~al .:, 
section of thet awer v6~th .a :182'- "foot.-.t~ashir, aok'-.~as~.,:.in.~he ~inal,de, si~n, 
The.se, ,hc~:e.ver, canno~ .be ,dizectly. :compared :~with ~he %e.s%s !previously 
dese'ribed, .as -the ;posie.ions :pf. %he:":eleetzodes-.were..-.shif.ted .and the 
til.% .of :the tray was ehange~., T.hey..are :.included in t.his report as a 
ma~er of' .record. 

12S 
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O 
_ o f  Tower ~ o o a t e d  ~ea~e~ ,the C ~ o n : ; i W ~ i l '  • 

,the upper gate ,olos:ed%~ us ing %Wo'::50-f•oot raaks:•andi::0ne~!-.sO~T,~Ot;:ir~k. 
r e s p e c t i v e l y .  'show ;a!,di f ferenoe i n  :-:,the posi%i,Ons;~',iOf;/%~e ~po%~en%~al/\~, 
1 "  S , . ,  . • • • " .  : . '  • " • . . . . . . . .  . . . . . . . . . . . . . .  F , ~ ,  " ";,7. • n e .  '~h~s ~nd~cates t h a t  
trodes for the 50-foot raeks:?~S:iETr6a~er ' ,th~:~h~% for ,the::iSo6,foot i/ 
rack° The increase i s  c lue: to ~he)ne~ ~da ry . : oQnd i% i :bnS :wh ioh  i ~e-!, 
duoe the  area ,of approaOh ~ud:dhang'e:~he'd~'ec'~i:~'~,ofr:~th'e . f l ow ' , t o  ' t he  : 
gates. ~ ~th th~.s decrease !n ~PPrOaoh'area~:thererm~s~;be!an~ncrease 
of velo c it y ,t o maintain a COntinuity of flow. i i~S~/Ve116ci%y~ is ~ropor- 
tional %o potential •gr, ad ien t .  ?~h6 ~:rad~ent mu•s~ •increase i as•i,~he t rash:  
racks and g:a,te openings./are ~approactie•d.; 'Th•]s:'~ncrease ' ~as~: i 'ndica,t~d 
by a redu, ct~on i n  t 'he d is tanc 'e  be tm.eeh elquipbten'~Lai :~ines. iLi~ic!0se~y. i 
s paced pot enti alline s i'ndicate flOW :~c Oncentrat ~ons i~/likewis e h iEh 
velocities. : ~ ~ : :' : • ' i "  ' i'L ' ....... i :~i' .i ~ 

@ 

replaced by the two ~50-foot racks~)i '~'-~ " .... ii ; 

Tests i:~th bo~h, Hates 
open, using two esPectively, 
There was lit'tle tential :line:s • 
for the two.setups~. ~ ~'Thi.s could ~o.gicla!ly ~.~S expected ~as;:'the ' s ameL/ 
discharge .was Ld i~Ided :between theL ;twO. gates and %he~i~ffec~tive, r.aclki~ii% 
area was doubled in the ,case Lof ,the~..two ,~80-f00% ;racks~,~: ~,With ' one' gate 
open, flow could occur onlyi..thriouGhLone.:50-foot~;iraek.;~.;:il/I .... 

the upper and ~ lower 'trash::raOks".as " 
finally designed. The se res~it,s, • however ~, Oannotl, be dire~c~ly~'c~J~ " 
pm-ed ~'~th the others ~as the.:~tilt Of the ~;~ray was 'changed~ and 'the : 
pos i t i ons  of  the  e lec t rodes  s h i f t e d .  " ! ' ' ' / ~  ~ - ...... ': ~ -  ~ .  

The losses,shm,m :by t~e .second. se~ o f  :.e .xperlmemts a r e  ex-~ 
o e p t i o n a l l y  h igh. ,  as f l o w  c o n d i t i o n s  ::are n o t  ~ tr, u~y : r g p r e s e n t e d . .  in: 
the .experimental setup, :all water:::~as assumed. ~0 fiow d ~ d  On. the 
canyon-wall side of the truer, ~hile ~rtion ~ill 
flow around ,the tower. ' ~  

. . . . .  j ?.• 

Flow nets have been drawn for tests ?, !0, and 15 .(figures 
56, 57, and .58), According to_hydrodynamics, ~he flow l~ues should 
cross:the potential lines at right angles. 'The volumes bounded by ,the 
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flow lines may ~be .considered ~as ,~z , i  each lear an equal 
quantity of water, i~ 
~as sums d that %he "v61,( 
inside t~he tower~ ~.E 
~'~i'oh, if revolved:,•!~ 
lines were proJee%e.d ~ 
line s. 

e 

e 

In -~he ~WO, 
constant in ,depth, :~ 
bears a constant ~ra%i 
the average velocity- 
For the f low ne%s .dravm £or.~tests ~. I0~ -' and ,15 ~:(f~igU~ res. 56,. ~57,~/iand • 

• "toned b a ~Ohird d~me~sion. ~ ~he:stresmtu~oes lu the ~ree-~' 
dh~ensional net ~have ~no par.allel~ .si~es":sxld i/it ~is/'~o~:.possible to ob -~I 
rain ,the v e l o c i t i e s  d i r e o t l y  f r l o m t h e  ~ieRmth or  ~relad~h.-~of~the :re~o-/~ 
tarries as •in .the ~w~-dimensi,~ 
the flow lines in tests ,7, ~ I0, 
tion of flow. It ~is ~poss~le ., 
,these three-d~imensional nets 

There are eight .stream~tubes ~n~test ~ ):eac]~ ~ .... ,i 
earr~/ing an equal quan,tity ~of i~a~er_. /The.i dischs~ge ~throu~h ~each ~ube 
is equal to one-eighth of ~,the!to,ta~ id'Isc~hs~e~!fl~:~intO~hisi:/i;i~i.~ :/- 
r a d i a l  ' segment of  t h e '  ,t ~ver~ ":;ii:~Are 34F!shows!;a:~pOrt!ion. 6f/.ia~; s,trei•am.~"~i. 
t ube  i n  a ~wo-dimens~onal  ~ne~., ~ n d  .£igu~e :s~G, ~ a p o r ~ o n  Ofi~a ~stream 

v a l u e  wh~J l e  i n  ÷'•~he s e c o n d ,  . i t  . i s  a w a r ' a b l e '  I• The ~velgci~y~!~at i i~ ~~i~ 

t h r o u g h  t h e  s t r e a m  t u b e .  r i l f l , t he  ~ e l o c i ~ y  i s  ]mownSat any i~oin%:~:~in:~ir:~ ~ 
t h e  ~ w o - d i m e n s i o n a i  n e t ,  i t  r i s  o n l ~  n e c e s s ~ y  ~ o / m e a s u r e  w:~o  ~o~%ain 
÷~ . . . .  ~^~÷~. ©÷ • ~-~. , t h e -  noinb I n  t h e  t h r e e - d i m e n s i o n a l  n e t , ~  d ,  
which  ~s a v a r i a b l e ,  b u t  i s .dm~rn~,a t . . a I1  p , . o:~:: . ' ~ * "  -- r '  

sidered in computing ~,he veiooi,ties. ; i~- ~ ~ : - ~:" 

1 

129 

The gre crest s our.ce ,of error~ • in obtain ing~ vel Oclties !i-n: ia~ ~ 
three-dimensional flow net of ~his ~type:i is.not in the compu.~at~on, 
but in the constFuction of ,the ne~,. ~ It is ~usu'ally neo@ssary .to mak • 
one or t~vo assumptions ~efore ,a,ttempt ~n5 to dr~aw~ a ,net, stud ~.af%e,~i~ ii 
these .are made and..the net ~ Zco:~nenoed~£,t ~s S~ill necessary~,to i~use 
a certain amount .of jud~en5 ~" as the po,tent~al ~ lines ~are the!~onlYl defi- 

nite ~uides, • ~ ~ 

In test 1'5 (figure 58)~ t.herle ~e Sev en:.str, eam tubes ,enter- 
ing ~he u p p e r  • ;@ate~and e i g h t  e n t e r i n g  ,the lower~ e a c h  . ca r ry in~  an i/.i 
equal d~seharge., This would indicate that 47 percent of~the flow w~s ~,~-!-i 



Q 

pass ing%hrough %he 'upperi~Eato iand: 8S .ipe~Oent ~hroughi%he .lowor..~ ~On 
the opposite,~siae ~ o f  'the 't &Vet,, ~ ~ e r e  t ~ e  -area of app~oaoh ~•s hotel r e -  
ctrioted, the proportion of the t~t.al flow ~hrough the ~pper ;gatel .- 
should be less., wi~h the ~re~u'It ~hat a ~greater percentage of'.tho!:"'/.~ :~!! 
total flow should, pass through %he lower Gate,. :"To Obtain the oorrect 
proportzon of flaw through •the upper ,~ate,~the e;~otr, odes iin~,t'ho~.!itb@er ....... 
were s h i f t e d  ~by ~ r i a l  : u n t ~ l  ~he/ilin~io,a.ted T~: t :~ tough'~ea 'oh ~ ~gateii~iil;~i~i/ ~ :i,i 
agreed with ~hat :measu~ed on the.i~hy~r'au'l~o",.imo~eli, i~,l~he.~above resui~S ~ .,:.i- i 
show 'that the ,eleotrio,ana,~Ogy. me~hod .~ appi.~Ca10'l~ji~orl ',:oertain :,Ph:~ses "~' 
of the "ihtake tower ~pnobl~. Oons~i~ara~le ~m~,.6rmat~h ~;oan'~.be ~:ob%alhed 
from the f~law l'ines regomdlng.~rash-rao]¢ areas ::and Obstruot£ons %0 

E. :Conclusions :on ~lectr~o-~r,r.~c~,y Stud.rues :!~;,~ 

he outstand~ng ~ad~autages' in~,:usIng ,the ~olectriC-anal.ogy, " 
method, Where. applicable., "is j i ts  :sim pli~.~y.,~.i,ts :sipeed~in -iob~ainin~ 
resu l t s ,  and ~ts low c o s t ,  It ,  is  impor%ant~i}~ovmver'~ i~n:intlsrpreting 
the results of ~a study of,this nature ~tO~!kee~?in m~indl ~he i~l~i~it.ations 
of the method,. The symmetry and pr.eoisi~On-,of t'hei-~e .... ~"~ sults. :e~e.l,a t~np. 
tatlon to e.xtend the method fat the ',exp'ense-.o£ f;actors::~hiohli;~hrmot:.~e 
oons idered in the :apparatus. :-/~ :'.:"~ ~ : ' • ?! :~ :: .... 

" ~ i -~• .. .:~ 

i+. ~J .?; L ~ i , 

• /" : "L 
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~FI. TESTS ,iON: T~DNNEL.PLUG OUTLET "1 ~ :]:' 

I' '''~JNNEL'"PIUG ~(ILT, LET,MODEL:: . -'~ ...~ .' .~i :.: ...... •. ' ,' " 

It ~s i:~ended'%.o .discharge .-'oll,.~..of the..surplus wa%eriat 
the oulder Dam throu~h,%.he;mee~le *~,~:ves.:rather~ tHo_n,%o "permit 'i% " 

to f low over %he :spmll~ays,..-... ~hms:.iis no:ass S..~ ..s mno!el.-8,.000~:O00. ~..aore- ::. 
feet of..st orage; ~s')'%o :be )hel, d li~ :.re ser~".f"ob):fl0o'd': o0ntrol, :.an~ lilt'or ' 
c an be .dis oha~ged :~.er. i'%he mpillway.s 'only:.~hen %his:~~s~aoe ~ ~s.,~ .:~o_.i:a ::! '' 
i o~.ge ,ex~en~ Ti~!ed,• The n6edle:~.,v.olvO S.~ .w'ilr at.: ~Ime~ $ -~.h~re•foro; :'. Q 

• . . ' . , , :- : - .  •~ ;~ ..3: . ~. ~ . ~ , . .  .... 

dis oh~ge-~la~,ge .quantitles .of ,water :over ~long peb~ods,o~.:.. • ~.Thls will be- 
poxti cul,ar!y :,true !o~t'e~-there se~voir ~i:S :?iv st ~illed ..stud b ef.orei.~ t'he ~ '~:.~)~ 
power demand requires the f~ll ,stream flo~. ., ~.~ .~,~ 

The needle ~alves::.in %,he~,canyon-.wall ,0utle.~,.works will di:s- .!'i 
ohar~e into the open ~ir,i,.while-~Hose i,n the'~.div~.si.on ~unn'els :have ' - ~: 
been iooated ~a ~ons'iderable,dfst.onoe f~om ~he, tunnel-outlets ~t0 effeo% '~ 
ap.p~e o iable e:oonom~ in i~he .o b st ,of.. the .s teel~plat'e outl0t :.pipei~~nd • %o .~!i 
avoid t he .di s advt,,age Sof large-~ntit ies ~iof ~8~ray: in. %he .. ~.i'o ±nity . i~ 
of the ~p~vorhmse. ,~ud :%h0 ,high :vol~a~..~svritehing Taoiiit~.~s. ~ ~.~ ~: : -. . ~,~ 

" . .~-.....Sines :tho~i:noO~tie. ~ve.S~:'.~e 10Cated"a .60n~o~able:.iai:st:anoo:~. i:! '~.!ii 

the o ombined .~a~.soh~ge :of the: is:ix ~al~.s. :In:.:e ach tunn01 WoU~:.d ~:b.el aS:f ~. :...".-) ~j 
m~oh as ~.i~.•~00 seo.~nd:~eet .~rlth....a•.mo~imum::,.he ~ of 454•,feet~\:~he :emergy:~ • • 'il i 
of the ~water ~would.~.eaoh:l~,lO0~OOO-ihorsepow6r, ;and:great'.',ci.~reisi:meo, • ') !:.'~ 

requi.red~ ,in ,each ou%'l~t .:"(figs:,'.:58 'i~nd.~60')~: .e~ach Val.~e ~:bo- .~gL~ apable "i ~.. :' .".~ 
of ,discharging .a maximum ,of ,-$!;6ff0. second-best.-at"a~..~10ci~y:.:i)d'.f:".ab0u~ ;" : .!:;.!~i~ 
175 feet ~e.r :seeond~, :-::~t :Is...important..t.h~t:"tho :six .val~e.s in ".eaehi~::~ ~! 
outlet ibe ar~.~ged:.so..~h~c the.,.Je~:s ~vi:l'l.-mo~ibe .oonoe~rated.~..dt!:~%/e :~ ! ~': 
• po£.~ ~d:•:so .~hat ais%urb~noes,:iff the ~dnmel ..will•~be av0ided,~s .:f~vL~ ~ 
.as possible~ " : :~ : • ",._ . , • .... - . . 

It :~as:):-'.~:.£i, rst expo oted..,%ha% :,tunnels:.~ould:be• necessary:i '.'~ 

¢: 

J 

@ 

An .extensive :serle s of tes~s:.~woz~iconduoted - : 
ent model soal.es ~c .determine... the ae%ioh. of %he.i~e%s: from., the needle -:. 
valves in the tunnels ~nd:-t.0 .determine %i~e feasi~i'li%y of~~ir "vent " ..~. 

• - 7 .~ ;%' 

tunnels,. The action of %he three models-was very .similar o~d..%h¢~ne~ . ..!~ 
suits of the -tests .,permitted the selection of ,an ~rr~ngeme~ tha%-:"i '. 
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c nical noz.les :that produoed . 'sm0oth:::  j g ~ s . : ; . h i = ~  ~ a ~ e  ~: ] i e e l : e  

cation a s , ~ o  the .action'::or :the aeta" as 'a~pir.aeorsa ,:7 However,-:ehe~ ::. 
impact of...ehe..Jets :i'n % he:"5o-fOot di:vers:i on !:::i~inne T and ~.ehe re SUit2' 
ing turbulence .~vas .unsatisfactory, ~:~ T~e~ fiow. Conditions. in ~he. ~. .~i ~ : 
• tunnel ~&th..:%he:..origin~l ,desig'n" .i.pl~. 9g'. ~aJD).~re. such3~hat:.a.i{ !,: :~ 
large f in ~io~med 'in;-the .~nter: 0f:'the tunne'l :and? ~ew~ve ~.on,.ea6h~., - 
• .side ear.rled upthe si~e .~rac~i~.~l.14, ~ ~=':~^~ ..,~v i" - . 'i 
p cture ~he ~ct.mon ,that.could occur mn-the prototypg:~.~here a-' dense ,, 

s pr~V would Be fo..rmedb.y, the.mixgur~e of air. ~i~d water;..i:~,'..:':.,~: ::.. ?,.::?: . .  ; 

• . : 8 1 i g . ~  change,'made":'j~:the.'-::~,:~la.~ ~ e  +.~:. ; . c a , 2 '  ' . . 2 , £ 7 2  -" , 

. with releml.on to the...center. :I in.e ..of the 50-f.oot i:.di,~ers{i0n ~ i  
produced ~mu~h be tter, £!ow..conditi ons ,(.pl.&te : 9E andF) ..:"i~ .~he::.~ngle s...- 
and spacings of the .v.al~es in .the most" satisfa,tbry,.s'!~%"-Up .i.n the" 
ini%i~l tests on the 1:I.08,2 model wene "as i-oll0ws: 

i 
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A. O.RI('-I~IAL .,"ET-UP. 

PLATE @ 

B. ,~".'-T...., .-:" .... ,',':h P] E."~.~'-'~. .. CO~,'DI TIONS. 

C. FLOw O0,"DITIONS WIT}.." O~IC, INAL 
DE c./ON. F. A?T~0V :" .'T",~i". :~:~: CHIGINAL 

DE., ~. CN. 

Tr~'N~. PLU~- CtrFLET 1:106.2 ~ODZL DI.~HARCE 23,000 ~P~C. FT. 
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iD.is%an•oe ,Of' 
~0enter,J~ine '~Sma~:~z 

? " , ,: . 

- ; . . . . + 

~ ,~,,ereenoy ., ~.~ ~...1.. :,_....: .: 
Valve " ~ ' . . . . . . .  ~' ............. " Sa~ e S ~ OVe . ~ ~ S V  "'r : , " . . ,., "r:' :. ''':~ ,,#:'.'~ 

:Number '~T ' ........ " ' "  '~'. " ..... ~" " ~'" unnel ~:Invert i" .-Gates ,,~.: .~, .Nor.i:zont~I',.- 
• '[-' m 

-2 .~and :5 ,. 20.,~18 :,.,~.eetr:. 
.3 :and .~'4 " ~21)i'28 ifee't: 

.{ 

"~-= ' T~'e ~er.glo 61,:'~angie 
~.ul~rard ~wzth :re%at20n %o~:the 
.merit obt ained .,was ;.~s.o~i~eno ou Z~ 
,t:inue the .~ s.tudie.s~:i!~'n'i.a. Sim'i~i 
the. details -of-'the ~pr, oto '%V,~ e 

'.b U" ,, 

, .. ,'. 

il 

-. -". he ,~ets i~rom-i~he ~ i: 20,':m6~e~ .:needie" !,~alve~%we~e~ i.r6tt~h.er!~ ' 

the ,mod6i needle Val~es ~be ing ~ ' ':~rOn":Vr.~a~ ings-Wi~h ,ia ih•i'g~e~r =.~degr, ee ,i:iof: - : ;~ 
~roughnes~ .in ,pr.o, po~i:on ~han ~l~e p..r,o%0~pe, o"i W~t~.,~%he'~p~e'se~: ~S~."~te ~i 

m6del, valves .:appearea .:~r.om ~visual .obser~at:-i.0ns ~t.0ible .~.qu~e-~simiiisr : ~ .. <;~; 
.to :tnose ,from .~l, arge ,need/e::~v~l~res-,nov:~,'inSt~,led~ian~/in lio~elr, atlo~?; .:. " :"i 

the original positi, on ~0f.tho .~mz..vc~=.~wns~.,e~rem 
.By ,:ad:justing .i~he .position of ..~he ~.needle ~..v.blves 
flow in .the .tunnel .. .~ .-mmproved :tplate~-~) an 
closely ~.with ..those ,on" .the i~: I06,.~. :~modol,-. ~he ~positlons!~:.df~-the -~%Ive:s 
.vrith the ,most satisgaotory set-up !on-%he ji:-:20 :modbl.:.w.e.r.d."~as.':.Z.ol'.iows.: 

m 
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il i : 

@ 
D i st o .... Valve'!!i   :ini i  e1 i6n 
Gent or'~ Line .!: ." ~: to:!'.Tu~el:i~i~..~n%e'~s'~i:,i: " 
of.~nergeney.-, .. or... ' . . . . .  
Gates Above., 

Number Tunnel Invert .. :, Gates 
- -  | 

1 and 6 '25feet ' 16. feet" .~: 9°~35,,38" .0°"D0,~oo ". . 
2 and 5 25 .feet".~ ' .161feet. . 2.."30' 27". '~/:.20.~8,~,56'!,;. 
S and 4. 25 feet ': " iSfeet I ° :2,' ~i" 4° "9,~'~. '~::'~'~:-'~ 

e "" The vertical angles indicate that';those, v s were ,~.mlted ..~. 
upv~rd with relatign~.tothe .center line 0f. ~he .tunnel. - ;' , ;i., • 

In the most "d~66~ra~le .se~.up,,'.,the!jot?S~6f water fall t0": 
the bottom of the 'tunnel :at 'different .i coat i0ns..s o:that' the ao~id~ , 
is not concentrated at ,any ,one point. The .'.jetS .combine iaud fl~w. ~: 
along the invert of-the tunnel ~n a: smooth-stremm with/~rprisihgly 
little turbulence, leav~ug a free~ air-spate :of about" 85: percent of - 
the cross-.sectional area .of ~the t~Di~el mabOVs the 'surfaee of the fl0w- 
ing .water when only the tunnel-plug outlets are'discharging. '/: This ~ 
action is not changed-by completely Closing !the c0ver..0f:the tunnel i,~- 
trams ition.. -~ .... . ~: :., ..: ,i.~ .... 

During the :.oourse ..of.the experiments on;both i.the"-l:106,~2 • 
and the 1:.20 .models, :considerable data-wero: 0brained,. Eightjdi'ffer.- 
ent set-ups were s~died in %he ini.tiali%.es,~s 'i:-of: the :1:i06.2 "m0del : 
in the.Fort Collins laborat o.ry and ~ l~/:on .%he I:.~.0 mode I ".at the/~Mont- 
rose labo~atory.. :More.or: less. oompl'e%e .data weretaken on each.: sot- 
up with the idea .that it might . be, .%he most satisfactory... In.this 
report only the initial, semifinal, ~ .and" .final..set-ups~i'.::.are " discussed, 

After a s.atisfaotory set-u.,p. :was found.'f ori all .!, six needle " ~ 
.valve s operat in~..at ~ Ii' capaCity,! .~'~udies w~re !made'. .of.the fioWl o cO- 
alitions ..in the tunnel' with different combinations as~ iilUstrated ion 
plate 15~. Very poet.conditions pr.ev.ailed When. one, tWo/b~ree,'iior 
four ~alves on .one :side -~:~re discharging, .while ~ood~e.onditions .Pre- 
vailed when either :the.tw0:center..or four center~aives wer~ dis- 
charging~ " ' " " " '~' '~ . . . . . . .  

~en the tests on the I:~0 :model had been completed,-the 
results were ,checked by duplicating the set-up on the l-"106~2:model 
as shown on plate 14. 

D. Results on the 1:60 Model 

.... >:~:: Neither the 1:106.2 nor the 1:20 model had approach con- 
ditions similar to the prototype (fig, 60), Both had been built with 
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• ~ ...... :~ . - - " - i 

i. ̧, 

B 
a co=coted to, e oh :nooaio Ad to 
supp-y. ~'ne :manil~old :and 'emer~en'0v ,ate,--:::-- '~ ", "Y~" 
the smaller model beeause.of zts.: minute size and because, of ther:l~-e. " 
l~inary nature of the testso I~"had not .been.~Lneerporated in the. 
1::20 model on aooount:..of the high.oost~o£"e6nstructien. ~. AS a re- 
sult, a ~ model :on a: scale ofii.::60 ..(piate~.-liS)was constructed ~nd. 
tested in the !~or~ :CoS llns "laboratory.!tO :.study: the :ef~eot.-Of~i.%,he -.~ ' ' 
manifold and':~.ergonoy~.ga~es...on ~hO fiow conditions, " ;. :~ ~!~ 

• The most:satisfactory :SCt'U'~ derived f~^-. :'.'L,. ~ .~ :-., . 
tests was first studied (plate.i.16.).amd .indications were';that in- :::~ 
provemen:t could Be aoeampl ished 11~ fur%her ; : ad jus tmen t  of the hor.i.." 
Zont el :oj~d ~r.tioal-angle s,.'AS.,a :'re S-~It'," t~e' : foli"~n . 0 ombinatiOD. 

Distance o f  
canter Line Spacing 
of '~mergenay ; of 

Valve ~Gatos Ab o~.e Emor.g.enoy 
Number ~umnel Invert .Gates m u ~  _ _  

• V~lve ~ g !  er . i~' ./~e'l~t~e]~ . 
:':  unnel;Ce ers . . . .  

Horizontal ' "  _ _  ,. . -.. ~ V o r t i c a l  

1 and 6 25 f e e t :  1 6 f e e t  ' g ° SO," - : 0 o 00~, ' 
2 and 5 :25. f e e t  1 6  . - f e e t  2 0 - 3 0  , 20 
3 and 4 25 fee~ .... ~ k 1 6 f e e t  ! ° 30' : :2 ° 50' ' 

:-The ,~'ertioal angle: indicates an u.~vard: t:i!t of:-~the!valvos: 
It was recommended that a beveled washer ..be. inserted ..bet~een~the " ' 
inlet flange of the needle valve and ~the flange of;..the ~conduit lin- 
ing to provide for %he adJ~stment:of %he!"verti.eal e.ud horizontal 
anglos. . . . . .  . . • 

In  e v o l v i n g  the. :c o r r e o t  p ~ s i t i o n  of t h e : t u n n e l - i a  o 
needle valves f ~ o m a  h y d r a u l i ~  s t  and no~int • , ~ : : : . ,  J _ :  : p § :  u t ! o t  
sider the mechan " ' '  ; " '  ' '  r ~ . . . . . . .  L ' ' ~ ; # '  ' I 4 " ' Y '  n % 

the ori-inal ::: 
_~ ~.L~L, aAi ":or ~ne need le  .val~es::.were l e . v e l .  i n  the  - 

Sa11~O p/.sn.e with", t h e i r  'eelT~:er '.iiD:6s SO :fee~G ~ , e ~ :  the  ~ n v o r t  ' ~ d  
• '5 f o o t  above the  c e n t e r  l i n e  .of::the .5eLf o c t : t u n n e l ,  and::spaoed w~:th 
a d i s tance  of  16 f e e t  be t u r e e n c e n t e r  l l n e s  o f ; t h e  emergeney ~a tes ,  

The dists~uoe ... of !6 feet between cen~er::lines of emergency 
gates wus the min~nnum beoo~se of %hemoehanical difficulties of 
assembly. In certain tests, very good hydr:aulic o6nditions inthe 
tunnel ~re obtained vrith the ou.ter ~valve s inclined dOWnward, but " 
that was objectionable on account of the lifting reaction conditions', 
and Lu the recommended design practically ~h¢ same hydraulic action 
was obtained by inclining the center valves u~;.ard, thereby ellminat- 
in~ the objectionable reaction. " " 
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O 
E. Tunnel-Plug :-Needle LValve _~eratim~."Program ;. 

Since there will"be a. tOt{Ll,,of %welvo needle .valves. in 
the turme 1-plu~ outlet s ..in tunne~"i2* i~'(.Nevada) a~d "imPel 3":. (~i:zona), 
it wac believed to be desiTabl.o~ to*determine~'the bes%iprocedur~ in. 
o ponin£ thee e valve s to ,.obt din ~the ~os~:;s at~ sfaetory.i flow Oonditions. 

The good ~low eondltlOns:.r:In the-I: 20~mo~el* With: two and 
four center valves discharging. ?(plnte l3E,'/amd ~I*F;~ were Chocked on>*, 
the 1 : 6 0  model ( p l a t e  . 1 8 B , .  "C~ i  . a n d ~ D ) , . : - ~ ,  .~, T h e : T i r ' s t ~ - O " C ~ b i n a t ~ o n '  : ~ s  i 

bination of valvcs:.l • .  S , . . ~ . •  and . . 6  Operating 'to~ether'wa~ triedi, and " " 

found to be better . . . .  " ' ' ' ' ~:' . ~  ~' . 

Other coz~inat~ons~ere;:;stua~;~ ~ d  ~the o~'~n foil g. order 
of oporatin~ the neodlo valves ~in tho ~n~e.l-pl~g. outlets, is. su~-.,, 
gested (th@ .valves in e ~eh ou~let 'are numbered ~s Shown., On"figure~i60): 

a, One tunnel-plug outl~ " • . . . .  , -.." ; ..... 

i," -open two eenter~ , C " I ' , I : /  . . . . . . . . .  

2.. Open t~1o, o, uts~de Valves ," : ' 
t h o r  % w  Vai s':*(8 and I i  3. %en o O. ve '~ )-""" '" : 

~!  " ,~: . . .  .. , .  

~. Bo~h tunneI-plu~ outl~ts !i~,e~k~On,:. .' L ": ..... :.~ 

i. Opentwo..:cen~er,: vai~6,S'.on Neyada:Sifle::.:('N-9:,:,an(L/}i-:io) 
2. open two 1,center ~L~'~Bs ;On "Arizona.,side"(A-.8 .m~dL~A-lO) 
3. Open ~ve outside :valves ~cn::)1e~+~d~ side ~.7~d ~12 
4. Open two, ..ou~side ,. valv, e s on/,Arizona.side (~Tand A-IP-) ,:~ 
5 Opeu ~vO remainin ::"val..Ves "on i~Sva~a:side :~': ~N-B ~oLud N-I f )  
G. Open ~oo ~em~ni, n~:,vai~es on,, Arizona side",:(~8.,icLnd :A-f1 ) 

The procedure of "" "~:'" " '"'' :~' ...... ' ..... .cl.os~ng thevalV, es :should be ..the~ r"everse 
of ~hat of opening. .... ,.. " '' 

_ F, Coeffio lent of..9i schar:~c.. ~. f: .~ee dle. Valv6s ": 

In the do.sign Of.,the nee, die val,ves forthe c~_uy6n-v:all and 
tunnel-plug outlets.• the discharge waseompu~ed:us.Ln'g the- equation " " 

• ~U ' * 

vlho I" e • .Q = discharge quantity, second-feet 

C = coefficient of discharge 

~ = nom.Lual area of dischomge outlet, square feet 

i . . .  . - - ~  . . . . . . . .  • 
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IV't 

......... ' : ...... ' "~'> , :' !i~.:~ 

~ .'.; 

j.y. ' ., . . • 

.., .... ., .... , :-,, !:," . - . . ..,., . , .,%, .. _ 

.pressure ,he.aa.. ea .at iy:,:a o  e valve ' a 
• above ~obn%er ,line:):,i-:::~0e%~ , " 

' ."; ..... ~.."r '''~. '",.'" .~ , ".~'.,.v.~"' : , .  :~ . . . . .  .~. ?v.,. • ....... ' 

" : '. ?" ',J": ~ : ' ~ : ; ' " : : ~  i ~ -:~'"" i..:'" ~" ::~"~,'~ ',~:: .:'~c,'.';~'.:!~ .'. ':" = ' ' "~3-: -; :- "Vuj :,: 
'. ? ' J ":'.°" ' : :  ~,"H.'-', "! :~.~i?. '.t~ : .:. ;,::., j:, .-_..;~., . :. ~ ~ ,";i" 'i ~'" ~ ti: • ,1;.'" .:,' ': : ", ;. ' . 

'f" i~ ~. ~: . : ,:.!'.'i,., i: "~:~~-.~:: "',I, :~ .;~,~,,~.,.i.~,., ..... ...~ ,, ,.L., .i~: ~ ;. , . . . ... 

,D~,wson,. ~!'-HY0x. , ~ ~ i b : s '  '" ~'~ : .,TSS_,T=~' 'J'~" 

J. • ~ ' ,  . ~  " , . / : .  " . - ' - ' .  . .  . } . . . . .  ; ..,< . . ' . .  , , ' . .  , ' . ' .  c ." ~ ¢ - A ~  ~ - ~  +. ~ , , .  ~ a , ~ . A c a , ' ,  ~ a ~ t  t , a . . b  ¢ 3 ~ a  
~e.O~lOnS,,.mn ~wh~,oh-,ease~i, :'. :,~,~ i-;-~:.'._.".-~.~ :' . ,': ~":..~:~,~-:":,.~::.~'.::: .,,:. ..~ "..q.o . 

• = ~ , > . . , . •% •. , 

j--, 

'~ 

.. s io.s,s, ,than ~he-.,~hooro~:i0~al~ve~,!ooity., , ~'T..o,~o orre~.~i~,~ 

~ '~ ~. ~ ',¢¢ , • ~ , - ' ,.% - %. ~'. ~' . ~ . ~. .., ..7.. "~.- ~ ' '-. .,~. ~v% ..-'," .~ 

_ . j  : 

0.,72 5 .in '~he : ~ e sign ?)of . ~o. i ~.ai: 
on the ~nodel of .~.~e ?..~u~e~p~u~ 

~he /~ontros e . ~  a o . o r ,  a ~ o r y ~  . . :  , .- 

.mero~:moJmometer ,~s 0.enne.~ed .above eaoh-~ai~e on .the 
model %.0 register t.he <R~essur e head. The :.moJ~ome%er ....,a~s""r,e~d ~' aimul- 
~ne ously wl.th"the'~e~d on the ', 12-£o.ot shoxp-.ores~ed s~ppross'ed ~,veir, 
used ¢o measure the fl.mv %hrough the .model.__ 

.-. - 
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_ •-~P.O sen ~,ti~o :. ~ns ~,or '!. ow, ~.me dxum, and h ~ g h  -;-head s:.,.~vore 
so! e o ted frown .tests ii:~..i and .I:~i. ~'O-"ddtermine'-:',~e•: - coeffiolent of dis-:' 
.charge. ~Slnce ,~ho.::,e:i~eri~o'n~ i~nee.dle . ~valves. we~e .:o'onst'~cte:diin" " 
the full open p o s i % t ~ n ,  :~he/-~a~"a"~-ill:iapply:.only,:to :~th=t' oond~%ion. 

. . ~ ' ' , . .' ,~ .'. . . ,~.; , . :.,v,-......' ' : ' zA~. a.'.~..u.~. :DII' ,.~:.rz(~ 'on " 

table I~ arc pl, otte~ on :f~.g.ure. B!,~,": ~,''.', : .. "~i::!.) "~ .:;~ .." . " ""..~ " , 

. . . . .  " " '  " ' " " : " 1 "  " '  ' ": " I  .:i ' " "  , . . " ~ ' - ~ . . . .  ~:::., , ,  

"~," !TABLE ,/~ ~i" ; . ,.~T " ., . 

% 

:,•,:.•:i:i: : 

',,, .'- .) 

..'0° ~3~8 ~.~: . ~ ..-.., 
" - " ". A! 

:One 
models of the 
immediately, a~ 
in the tunnel 
acting as aspi 
.excessive cost 
objectionable 
high .vel, oo ity. 
the powerhouse 

The ~mcdel on a :i:20<.scale .at :Montr.os~e>~s~ comDlet~ivi:~.en_ ~ 

. U . . rang ne ads on the ..v.~l..~es 7: %he ~acu~n~:oonditio~s were~i dg%o~ ,:~ 
mine dwith ths vent.. :open ~id" ~,rith' the vent ':~ OIDsod, i~i. i~.~i;:. ' ~.: 

,With the improved, c onditions~ the 50-foot tunnel ob- 
tained .by %he ,adjustment ~.of.~ the positions:, of .the needle valve ~ .~:. -. 
a l~ge .Snaoe v. " " ':~ " r" ' " .... "' " ':as avcil~blo bot~veen .%he ~er surface 'and the-roof 
.of the :tunnel to supply the :air needed to replace ~at carried away 
by the..Jets of 'high veloeity~.w~ter. ~en: no. sir was supplied, by an 
air yen%, .under normml tail-water conditions, the ~ir in the .tunnel 
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c ~roulated ,moving dowmstre mm':~noar ' ~the water ,surfaoe. and upstream me mr 
the roof of the tumno"l~< 

the~ro'sorvolr  ,~a% 'e',le~%"~,o=: :t~t~,~'.,oz,!.~he<;S'~lway;.£ates , o o m p l e t e l y "  

t a i l  ~ater at :the ;di~,{izsi~ntgumhe:l .port,ax,s ;~;,Of :leZevati~h";$69;:(fi¢;!62 ) 

• , " : , ~  I ' . .  ' , i  " , ' ~  , ' : ' .  " ' - ~ " , "",:~' : .  ' " , '  ; , "  . . . . .  . , ~ . "  , ,  • 

d~schargo o f  ,12'l:..'560,:se.oond-~eet from:i%he,.:,~t,le~ ,w~jz-ks~ : t h e r ~ : . ' ~ W : ~ l  . -:  
be ;a ,segment :of t h e  ~uKue',l';,';ap~.6xim:£toly ".:61.S: ~e6%" ~ ¢ ] ~ . * i % h  ui::~ro~s. 

sure ore,areal .tE':~ho ~unne'lo:' ;~T.he,.:~r.op6s~ed.,.air ' r e a t  ,~.='s::%6:'.be,l'o .fee'b 
±.n di~eter, :or . ,. 

-It 'is 
gradually ~ezo~ed ~I 
'and ~he lo'ose.mat{ 
tailv~ter ~t ~h6'!] 
?fiSh this ~p~ss.ibf] 
available for .'ven~ 

hence h 
I n  :such 
outlets 

• river ele*atic 
,show that a s~ 
up ~o 7 0 . 0 0 0  ... 
inst,all a~ion ~,~ 

.e 

",t. - 

to 130,000 sec 
e o.~/s equ e~o e ,, 

slight increas:e .of/•,~acuum~,jwas. ?noted ;.,wi~h -~!'~:increase of 
he ad On the ~ waive s, ~bu,t"-t~e 8mount was .s o. s~i.~ :~s ~i t6::i~e !. he gllg ible ~, 
The :data •plo~ted on figure 63 are from tes~on the imodel, Us'{ng~.hea~ 
oor~'espond.~g t o  3~O,i-,to ,~,75 f e e t  on theLpro~,o~-ype, i ,  ¢":":.~i!:-,.i. : <i:' 

" " " ~ <  ~ ' ,  " ' ' ' ' .  : ~ - .  " ~ L . . '  " - . i  i ,  ~ ~  

The change of tail water<is the oontrOlling factor in~th~ 
~ormatlon of the vacuum. Nhen the tail water is low, t~re is suffi- 
cient room ,above the ~vater surface in the tunnel for the air to flow 
into :bhe space around the hlgh-velooity Je~s aud replaoe that boin~ 
csl:ried away, In that case, ,there would be very little demand for 
air tb2ough the vents. As the water reaches an elevation in thc 
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@ 
tu:mel wher.o. :~he .'spao6"'~bove 
of two ~hings.~ii:~ooO~.' .~f 
of ~he vacuum.vrl~l ~beir, apidly: 
bound air w'i~l'~ .~be ..;ino,reasedi:,.,-~ 
demand, f o r  a i r  :.v~lilib,o " o U p p l ~ . b y  ,i% ~an~ :t:he.~aou~.~v~tl,i . :n0.~ ~. bo ' ,.:. 
in0reaeod,. i n  ~he:i:fi:,rst~.o:asel, .:as.i'.thp :i'air:,sp~6oi!,in:::the :~u~ei '~ido-:; ' 

3- 

@ 

nov, t ?  the " ho b t 
face v~.ll :b 0" .moving ,in %he. smne 'dir.oo~;i:on":ao~i-%he ~rate~, .:~nd ,a t  ,Lho : 
some or sl ; igh%"ly l o s s  ' ~ e l 0 0 ~ y . ,  ~wh~lo ' ;%he..air  ~ 'ne~r~b~  :roof:.:Of ;,the,;.: 

The .outward flow ',~i'J' 1 ~be ':~,~h~e:"-iaSt ~ %'0 / d i  S:a~e!~: .  ~'s ' t h e  ~ater ."~sur-"i i  > :::'. 
fade .approaches t h e : i t u n n e l  .:rb.of.ia~ii.~ho ,,por~ai~,;..ilsinoe :.t~he v o : i o o : i ~ . ,  ",~ :, 
.of t h e  w a t e r  is.h~gh,iand:w~eutd/%~nd.~!t 0 dr.a~;:.the;~3ir :,.out r ' ~ h e r  ,thau.-; 
l e t  i t  iu. As ,a : r e ~ l t ,  t h e  a~r;  :demand .on ,~h'e ~nts'.~uld ' re 'aeh. ;a  ;. : 
maximum just :before '~he Water .reache d".~he .top' of..~t~o :i.~e!;. As " : 
the tunnel is oomple%ely T ~l.led,)~.;he/.velocity. Of -~,he :~i~ater wili::be -" 
dooroas0d .and: %hore,WO,...ld .}bo:,::~aii.:r.es~il.5.1n-g ...doo~{ease in.',,~ho ~aouumi...-:_ 
This theory  was o~lly~;subs~:~i.~tod:~by;i:model":obser~ation,~ . The 
me s t .  d anger  ou s .  p oin. t  .i,~he n Zd~.v~,an " ;~he ! :- tai~Water :ii s ia~ i,o r :,very.~no ~e '~ .' 
t o  : the  t o p  :of ~he : i t~nno t ,  .i ,~".i~: ~'' : :.:. :... .~ ./..:~:. " " ~ "  ..... 

of nod e i s i n  .o orme ot ion :  wi%h:.~ho".~O0 ve IOPmOnt: ,of. :a": ~aOu~'~/ox~d i~  s .,, : ': 
ro ult=t  rreot . yet:,nof.sufT~C~ont~y.~.,~Se~'ioped;,~0: ,be ~abso-"~': 
lutc~.y 0ertal-n,- i t  ~,w~s" de~idod-,%0: £..0rm :%he"::junc~i,6n":of:' the ai~,: :~un-! 
nel i n  t h e  oonorete: l i n i n g  is0 that .  ,should a ten'ate .,oon~ingenoy. ar~se 
that ~ho a i r  : tunn:ol:s d id  i~pZo~.o :toi~b o no oa~s0ry.,.:~.~hey.~ o ou.ld::be" .-con-..  
structed -.without d~,f ieu,i- '~y .:.~d':"..~t.-no ;gri~ter':.:C0S~~.%hon:~he":!.original 
installation. ' - ' ' ; :  ! " /  i'.". ~':. ; . " . ' .  .~-,;"-i-: ~:" ' / " : : :  : " : "  

.'2. NEEDLE .,V..AbVE;I/hND"~EI,.~RGENOY;GATE MODEL': " 

During the :.cou.rse o~ oxperlmont~s on the Ii.60 model .in 
the ~Fort Ooliins laborat.o~y. ~ho .effect ~as. :studied of cclosing ..the 
p~r.adox emo.rgonoy g.ates~ith ~he !needle .,val.ve.s .completely ,.open, • It 
was di~soovorod tha~..~vhon the P~r.adox.ga.tes were nea~ly clOsodl, a 
surging of tho jets ,from the noodle va!vOs ooourred., _as shown, on 
plate 18A. -~ 

To fur%her ~ , s~.ud3 .this phenomenon, one of the needle ~alves 
used on the Men.tress-i:'20 model of the tunne-plug outlet ~,~s mounted 
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floien,t len~th,:~f ,a~proadhi:p~p~,.,,., ,. • .,.,,~ . ~- .:,:.:,. . . . , 

'~he ,:su:rE:~u~ ,ior ~pu-ls at'±bn,,on ',the"l:20 :model'"was ,re .r~.A,:s IMP,"-", 
far %0 :tlm 

detail .on 

o ondition s 

cycle in a 

motion p~Ic 

o omple,t Oly 
olo,~od :I,o~ 
the ,center 
v~ould ,oolI 

appr, oxim~t 

vibratior, 

end of ~,the 
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I N  ,~lTq~R iBEL~0W.i~0U.~ERi . ! 'D~ " " ; "  .-:.::,I 

-~ ,~  . ~GDEL ... - ' ' . . . . . .  .- 

r i v e r  :ohanne)l :be,l:ow/~he"-;pro~esod :s:It.e ,~Ou'~d-;be.:of va,~ue ~n ~de.term~n, .... 

• water .surf'aoe "ele.v.a~i'dns :-~.~n Le.ront/~b'f'i":%he ipov~r, houseis:.i~na .;h:~nod:"t~ :. ".~::.: 
effect o n  .:%he":,.op~a~'~mg :head .!0f.":~hg.:i:~i,~.b'in"oS.;:-:".i : :, : . ' .  i:.!": ..' '.. ' .' . " ":'". 

.Unfor:~umatel, y.j':~he ~urgeno~.~:.~:or o%her..:more ,de~: dme.s 
~and ~lie 'laok, of.,Zpaoe !~n." ~he".ii~ydr~Ib: '.'~ab o r K t ~ O . ~ ' i m a d e  !~:.'!ne Od!S:S: ' .~. 

'is be~l:ieve~ ~o :.~he :~ 

'.,The .result., . . .  "~ 

: "'',::,7'~'.: ::'.::'~i.' " ' ": 

oonst~uotoB :in :~ 
.vms in~r.oduo~ ~ 
u . p ~ e o m  ,end : ,o :£ 
:in "the ~o0Rdu'~ts 
:.T.er :moRsurlng t] 
..V-notoh :weins ~w 
s ide- ohom.ns!! :,S~: 
%he .oorzeot ~hea~ 

• _::: 

,T, he ,:diaph.r_~m ori~ii.c 
in plaoe-'ib.y ,oompomison.:~'ith,~?~ 
.me asuring ~ohannO~,o 

v~..re :::~oal:i:b.r.a~.ed 

The ~ o p o ~ r ~ p  , h y , o f  ~ h 0 . : , r l v e r ~ b ~ . d  , ( p l . ~ % ~ . : : 2 0 ~ " ~ n ~ s  :~ons%r .~ .o~o .d  ..-; 
, in  d e t a i l  ~.by t h e  f u s e  o ~ , : : a o ~ . ~ n i z e d - i ~ . o n -  au,~ t o  ~ o n ~ . o r m : ~ o :  . ~ . h o : . c r c s . ~  - 
se.o%i~u.s .of :the .river ~nd.f.as~oned in .~he~w.ooden tank :ho]d.i~n~ the 
.mode'l# ~he spaoc be,tv~oe;n %he ,c~.oss so.o~ions ;.wRS :£.i~lOd ~.~th dRmp :sand 
to ~within:,.an inoh or t~o of ,the top of the ~met~l and _the roma~mder 
of %he. sipao~e-.w~s,.~i"l~ed .wi~h oonc~.e~e, into ~hi.oh -'.~ho ~oonfi~u~%ion 
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of the river bed was,detailed~by• h and~ 
sectigne as guld~s and~the~dstai;l tope 
The bottom of the OhPa~neli~S filled~ s. 

elevation of the movable river bed. Stop, leg~§~ adjustaBleL in hei~h% 
v~re placed at ~he lower -end of t}ie ohannel :to::hold the bed matorlal 

• ~ e ~'ower:,end to-regulat~ ~he~i~eleva. ~ 
tion of the water • surface ;to':any predetermined i~le'$a%ion. ~::Be%~n. :~ 
the stop-logs and the regulator, a~s~m~d b~xlwasbuilt to~trap~the/:!ii;/ 
majority of the sand~eroded from ~he ~river ~ bed t6 prevent~~ its~Lbci~g~ 
carried ~te the~laboratory r~oircuiating system. ~ i ;~ ' .:~ 

~hvo gaging ~tations iv~r~i:~inS~tal~ed ~on the " • .. ... ...... .... ~ .... model for re u- 
l a~ng the ,~ver flow and measuring.,the ~slooe of the w^~-~-~,~-~-g- 

' , • ' , ~ , ~ w s a ~  @ ' . . 4 , 4 . - 4 . / . & f , . 3 1 ~  

, ~nown a~ the upper • section, Was•~instaild ~ ~_^__..=: ±. ~ ,• 
, ,~ u u  ~ , * u ~ u z u  u r i c  e l e v a -  

t i o n  of the Wntor surface directly upstre~n fr~m~.%h'e ~poin~ at;which ; 
the jots from the ~canyon Wali' outlets• will ~ impim$'el on the~river~ banlc, 
while the other station, i hn{~:~ as %h~ Ic~;er Section;~was~iocate'd ~ 
sufficiently far below the~ portals ofthe spillway/tunneis . to avoid 
interference .from the tunnel jots ' ~ :': ~ 

Con dition~ Tot Fl'~:i:. Cc~b inat i on ~ /: .... ~ 

o o n d i t i  one o f  t h e  r i v e r  b e d  v ~ r e  ~ e c o r d o d / b y  L~three " ~ d i f f e r e n %  _"mothods :  

' ( 1 )  Point gage r e a d i n g s . w e r e  made i~a t  ~ t h e i s t a t i o n s ! c b o v e  ~ •"- •: 
below the outlet works• to record the effect of th ~ " • .a~,d ,, • . . .  ~ L ~ " .~ ..~ ~ ..~. ~. e antlcipatod.: o ' e o -  
tot aotzon ~r.oduooa by the outlet works~dlscharging into the riVeSr . - 

at an angle. ~ l~nese data have been ~conso l~ca~ed ' "  ' and~tabulated in 
table V where any flow comSination ~nd its aot.io,n, cs.n be determined 
a t  a g l a n c e : ,  " i T h ~ : ~ a t a  i n / i . i ~ the . co lum~s  e n t i t l e d ~ . -  R i s e a n d :  D r o p  h a ' ~ e  
been plotted On 'figure.,e~-~a~st!. thb totaI .fiow/in ithe ri~er~!fo-r o~V 
specific run. Throe Conditions~ Of ta i i  ~'atbrleZevatiOn/were: used, 
namely: normal, I0 feet below norma!~, ~and 20 feetbelow~inormal. In 
all of these tecta; the lowor/gagin~ station was~ us ~ .... 

t "  " ~' : •  . ~. . . . . .  . ~ ~ ,  • . . . . . . .  . e d  a s  a c o n t r o l  
and  _no.gage heig~.~ t for ~ny,given: d i s c h a r g e ~  w a  s t h a t , ' o b t a i n e d  fr~om~ ~ 
t~c ~-a~.ng curve (f~g. 6 6 ) ~ ' i c o n ' s t ~ u c t e d  frbm :in s ~ the .... .~ . . .,.. .. ....... :gag ,g made prior to start of the construction ", . " . -~."- . • °~ ' .. ~. • . 

. • .  T~ut discha~ ge-elevation relationship is referred to as !'no.-mal" ~ . . . . .  : ,r . . . . . .  

(2): Pictoriai observations ,mrc madewith :: st ill and motion::. 
picture equipment of the conditions for each typical flow oombl:natlon, 
A portion of the still Pictures ~ have boeu included as plates 21~%0 "- 
~2, inclusive, to Setter illustrate the rssults. ~ 
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A. ~OHE.&L TA/LWAT~ 

B. TAiLWATE~ i0 FEET BELO% ~O~LAL 

0 
C. TAIL~AT~ 20 F ~ l  ~ ~ O I  MOHMAL 

DXSC~ARGE 
PO* I~Ot~X  15,000 B ] C O ( ~ - r ~ T  

CANTON WALL 0 ~  21,000 S]~O~-JPJ~I' 

~U~D.~r~ OOZ~TTZO~ IN ~ Z 1 ~  ,Brr.OW 30U~Zi i  
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DISChArgE 
PO~E~OL~SE 15,OOO SECOnD-FEET 

TL~I,"~L PLUG 0V~LETS %6,000 SECOND-FEET 

C~A~EL CO24DITIONS I14 RIVER BELOg BOULDE~ DA~ 
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(S) Visu•Lal :obsorvatiOns•:were::madeL~:.:by:"~He Obse~.v~r :• and •: r e o o r d e d  '~ 
i n  t h e  form :of•: n o t e s  On.:oaChJrun,:~; - Those•,:~eal•••primarily/wit~h: ~ h e : e r o .  :~ 
s ion in: the river :bed :and•~:~rith thei~ floW.conditions:.:ih: t he. river,•._... " . 
They have boeh ~digestod:..and• 'oondensSdiL.fcr: the~shi~e""::bf•,•b~e'~it~':~i~d i.i 
are included in this-.• d 
e xpl an at cry -and".oro s s- " ' ' :: 

,In'.' analyz ing 
shown on table V,. they ' ', ~ 

( a )  Equal inflo~ '~:!; 
12 to 1'5, i n c l u s i v e ) , .  ~ .  ~ 

river 

river (run Ii ?and: runi 

The d:at a:fr~ 
all throe conditions 
normal, and ~20 feet be 
group. The dataf:nomth¢ 
tire purposes:. .. 

In t able .V, t: 
they were actually ~take: 
in the order Of inereas 
works to allow comparis. 

(b) L a r g e r  q u a u t  
( run 10-and  ;runs :1~6 (.eo: 2 7,: ;::inciii ~ ive~i) ~ ii%i?i ::::!•:!. -:".-: 

(e)  La rge r  quant i ty . ,  .of :watar.~::,~f~om t~e. : iNevada : s i d e  ! : :  J I:L::!'~'~':~1. 

or both sides of the ri~er:. ~ • ~ . • .... 

, ° . 

I t  ~as  exp¢ ..... •-~ 
fiod, that re~rogress~ on:::would :.occur: such .that .the<; m0~ablo:n~aterial':: -" ' " '*~'~i 
in t he ri~or bed ~v6Uld ~:b~:i::.~r:i~spo~.ted!!/d'~S~"ream:i~i~d:::ai:~new ~d'is~har~- '~ . ~; 
°l°vati0n relationship. !:~'..ou!d!irosuli~, :: ~i~In s. S:: " " ~ 
retrogression ~as iudicat0d 0n'~th0 i:~lSO:]no " " i:!J.. 
v~th the information available, to::move the irating curve d~ :as a: ?i~) 
unit lO and '20 f~etl,-.respectivsiy, i'preservimg:.i%S ~ brlginali s:hape~;~ !: - "~:~i 
Actually, the rating curve for ~ a ....... 
foot may have a sl~ightly different char.acteristiC!shape~,?~d~Pendin~ i-:: 
• upon the c?oss section of the nonerodible material in ~the:~S~er: bed. ' .! 
Furthermore, there are two variables at work which have a .~ndency :~: 
to counteract each other a n d  effect the tail-water!relationship! 
curve. As the river retrogresses, the slope will decrease and the 
velocity in the cross sections will decrease for a given quantity~ 

17Y .... 

i~::r . 
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