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LI%:~ ~/!: i ~I!~ . - .... ~ ~ ....... , , k~ 
~ A b  i n  

~I. ~Ul~l~ ~ . .~ ........ • . . . . .  

.The ,~determina tion ~, of :~the ' b es~~ f~ 

scour at .the too of theNorris,~Dam,,:beinE!~ul±~:~y ~e~Tennessee 

Valley .Authority .!in ,the - Clinch ~. River ~approximatei) : 

@ 

the hydraulic laboratory ~ oi ~the ~ Oolorado ,Agzi~cultural.~Exp eriment ~ .- , 

Stat ion, Fort C ollins, Colora'd o, ~for~tho ~,~Tennessee ~Velley ;~uthor.i~.tM. i~/,..~i~, 

From L~these, experiments. ~,a ,~,satisfactory~design :has ~:been • ~ ':~ ~i ~ ,~ 

evolved such that ~tho ~iiim~aens e~ potentially ildest~c~tiveii~forc~es Kcon- 

tained in the ~-spillway ~discharge ~will ~bo ~rendcred~ harmless. - 

Besides ~the ~:studies :on ~the :'design~:~of ~tho ~,s,ti~lling ~po0i~ ~ii 

extensive tests were made~ ~to ,~idoterminc ~,th~ ~pr0Per~ishape ~ofithe ~ r~ ~I ~j~.~i ~,~ ~,~ I 

sluice gate outlets ~to provide~.satisfac~ory~flow~cond~tions~inkthe/i~%~ 

stilling pool with ~the ~.sluices ~operatingi~ei~ther,)alon~ior ,~Ith ~tho ~ ~ ~. 

spillway gates, " • " , ,. 

Piezometurs installed in ~ the ~ ~upstream~face i~of~:0ne i~of :~,the 

hydraulic drum.gates ~gave ~pressure jdata ~of-,~@alue i~t0 ~the :~deslgn~ . , 

office. Additional plezomstrie ~openlngs ~in 'the ,~spillway~.trainlng 

walls gave pressure data ~other;rlse~not~available. ~ .... 

-1- 
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A ' c ompl ete i ~/• ? .~ :.,: 

hydraulic drum gates' andre study;of :.their;opera _ _ .. ' ' ':~ 

gates in combinatlon,.wlth.~.each,:other and.~iwlth:~the:.!;iSlUice . :.' ::-;~ 

gates resulted:In a?'gate:~discharge!:~diagram~.aid;iai:slutee::an d . . 

spillway gateopeeating progrsm~for ~.use~by-.:.the:;,plant '.operat,:/ • " 

ing engineer. 
"/ ./ ,, ... 

ill. /INT2oDucTION "i ':! :..'::/. ;:!:;/i: -. ' : . " 

. . . . .  ~ Jt e~"dam " ~ f e  " The Norris Dam,-a con~ret d' gravity 263 ~= : '~ ,'.' . -YP , ~ et ~ ; 

high, will provide a.storage reservoir:~rith~i,a,?capaci~<of i.i.: .:.! 

3,600,000 acre-fee~ for/the,,'produ'etlon1.0f,.power,:tthe;:.contrOi, i .: . 

of destruc rive floods and ::the : Improvement :of ~.inavlgation ~, :.~; :~.::~ .~, 
] " j. , ,, 5 

The spillwaY..~..of ~..thi:s ::structure- will..be ~:Of.'~.the .~over' .... )- 

flow, ogee type .wl th - a ~.- designed c ape cl ty ~ of~200,000 : sec ond- 
- " -" " -/:J/'"/- • ,v/' ,." "%.. - 

feet. ~ . . . .  r ~ : "  . • . a 

The: floodwaters, !~with :~a :probeble:~maximum~-~di;schar~e ; 

of 240,000 second-feet :and:.a'~fall;;ofi!246 !feet, 

a maximum of 4,5 20,,000,000 ~ hors e~ower..:"With ,.energy of :.this'. : 

magnitude .involved, such ~ that ;.,the ;foundation~iof i.the :Ldam.?.would """ : " 
. - .. ,. , . - 

be destroyed if these:forces were ! .not , rendered /harmless , ~i.t .: . 

4- 
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such a design It~was deeme'd~advlsable~tolmake~detailedihy. ~ ~ ~,~ ~ ~ 

draulic studies on, a~model ~:'of ',the~:structure :based~':on :the Lilaws ::}:i: 

of hydraulic similitude. ~°~ • ~*~"~i)i 

The design'data ~from whlchtthis 'm6del'~was :Cons.tructed: ..... ~ 

was obtained from the ~design~off,!ce ofi~the•~,U.~S..~Bureau ~of • ,~' ~ ~! 

Reclamatlon, Denver, Colorcdo. i-Frequent ;r~ 

made to the "Economic~Heightl.ofi!N6r 

Hydraulic Engineer, U.:S. i Bureau~0f 

~Debler, 

• _mmmary ~ef 

which is shown l [in Table i, ,~and :,to i House ~Document ~No. ~:328,,~:.71st ~ :i:i : IL 

e ~Tennessee ~Ri~er ~ and ~,Tributa=ies, ~IL~ !~ 

North Carolina, Tennes see, ~l~abhma:,!ag'd :Kentucky,. ,~ Ji ,'~ i ~'::,~;'i: 

I!I. ~p, 

Thel experiments~ for ~the ~,designlrOf the~Norris ~Dam~,were 

which is shown, 

Figure 3. 

together, with ~the Llocation ~of~tthe ~,model, On 

The flow-of ~.=ater ~tot operate ~.the model ~was :obtained 

from a reservolr of 30.000 cublc.feet capacity, :located.upon 

a hill behind the laboratory. The flowfrom the-reservoir, 

-8- 



PROJEC i:- ' i : ":~": . . . .  :~ '  . . . .  ::: 

Permanent Spill~ay. Cres% . " : " : -Elev.'~.1020 .. 

Length ~f Spillway :: ::. ::~ -- 

Top o f  D r u m  G a t e s  ~, ( R a i s e d )  . , E l e v . : . i i : O ~ : .  !':, /.::' :~:" ::.' " 
. , . : ,  _ 2 ' : . .  . ~: ' .  

~mrea of Reservoir i(-Elev, :1050) : ::::::61;254~acr~s ,~ :~ - 

l~o~er Heads 

Tail~ater Elevation 
10,000Second,feet. 

240,000 Second-feet. . 

Top of 
Dead Storage .. 

' : : : : { ! ~  ' .  :::; '120 i t o : : : 2 0 3  i T e e t "  : : : 

?Elev. ' : :880 : " " : .  - " - '  

'.;:i : Elev. :948 ..... : 

@ 

Storage Capaci~y~:(acre-feet) 
Dead Storage 
Power Production : l 

Extraordinary FloodControl 
0rdinaryFlood Control 

. . : . .  

50O ;ooo 
:1;50o;o0o 
. 1 , 4 0 0 , 0 0 0  ~ :  ..... , ..... 
. : ~ . 1 ~ 2 0 0 ; 0 0 0 : ,  . :  . ~ i  

Total (Elev. i 1052) ,.3 ~600,O00 :' : 

Spill~Tay Capacity " ' "  

(Reservoir i: Elevat ion.! 1052 )~ :" :~ L 
Gates Down (Elev. 1020) :205,000~seco~ft. 
G~tes Up (Elev.~1034) .i~7',000:~ec.:~ft.i ,,'i " 

Sluice Gate Capacity . . . , ,  
Water Surface Elev. '1020 • 36,000~sec.-f%. ' :V~I 

/l 

Drainage Are~., Tributary Water Shed , 2 , ' 9 5 0  : 's q .  : m i .  " 'i~i 

Annual Run-off : I, 700,000 acre-feet to L4;830,000,acre-fest. 
O 

Average Annual Run-off 3,300,000 acre-feet. 

Daily Discharges, 330 sec.-ft. (1919) to llO,000 sec.-ft.(1886) 

o6- 
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i. ~ .. • . :-~'-~/!.'i ~ '-;: ' . ...... ,L~ " j.~_,' ,~:~/~"~ ?. :~' ...... ~' , .... ~ 

r ed .'g  teS/ ip s  d.   rou h i  •i aivergi g controlled ,by ~ hand~ope at 

flume into a: concrete'~:~weir :Channel, 

~ i d e  a n d  7 . . f e e t  : 3 :in~ -- ,  

and 13 :feet,.upstream . :.:,. 

4"inch by-pass~valve, .~Sma2 

tity through the,weir :,were : 

thes e '.bY-r.asses. The ;i:head 

..gage au'd a:.Cornell.:type ~fl-oa~t , ~:- -:..~•-:',. 

in.a stilling'~ell~9•!imches,~bv h~ : ':' 

main channel ::by :i~a :pipe,i, :iii'~'~e 

lus tra%ed !in~ :.the :~.fron~Ispiec 

over a two-foot;:C: weir ..~hich~had~be 

metrically, calibrated ~ in :~Its prese~ 
" j, 

~ i  ultura ..... : " ' 
staffs of ,the~ Colorado ; c ." : 

Bureau-of Reclamation . .. ,: ..;.-;-...• " i:.i:~.):;<i'i.,~ii~ ... 

From<~the:.weir ,the water .... 

,. gate 'by means :,of :~hich J;f2bw ,co~ " : " i ~:~ 

the waste Imnk into"!~the:~foreba.~ -. .. .. <~i:/"ili..~,;.. 

channel 6 feet. wide ,- }lS..~feet £8 ~inches ~long and !lO~ leep,. " - . ..;.; 

in : "  " As 'the dlrection.:of :fl ': .: ,model~.was.:at.:.right:~a les ?.to . ..- 

that ,;in this channel, :: baffles :~were ?necessary ~.to' prevent !b.oils 

and whirls in the water :.o~er ~.the'.model .... ~ftsr .expe~imamtation, 

a. s e t .  o f  b a f f l e s  was d e v i s e d ~ . w h i c h ,  e l i m i n a t e d  . p r a c t i c a l l y  a l l .  

8- 
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. - ; ~  . . . . . . . .  

pumped to the : supply.:ireser.voir.": ': " :'~" ~::' :'~"~i: i..,.: .., 

. . b . . T h e . - l ~ : : i d e l  ; . . . . . . . . .  " . , : '~"-- : 
. . . . . .  , . j , :  

.The-model, ::builti'~o~":/a:i,!se61e ~.ralio ,of 

up .in a calibration .tank:;insi'de tthe !labora%or.y, . ' 
. . -  "~:: ~ : ~,. . ' : "  ~ , . '  

relation of %he ~!dimensions :'and ~ . ti:ties ,:of~:~the~m0d01,~ah'~ :' ~ - :quan .... . • 

prototype, are . shown in t.~he ..."following ~:tAble,..:.using the ~ symboi.iN :- --: .2 ~ .- 

to express the :scale ,:rati'o, ~i.a,. }N~= ",72. .... . : - .. 

Linear ':Dimensions. -: . . ,.~.N-:: _. • :-.~. ,72. ,- .... :i,::f.i!;.:.~.:. 

• i~rea L ' . ' . ' : - * :  

Discharge ' :: 

- i ;  ' . ' & ~  , . - .  ,~  , . . :  • . , 
T i m e  . " : ,  : " . ~ , ~ .  ~ . . - : :  ..... , , .  : S . 4 8 5  , . " /  

:The model ,of : ! t l  " " .~ : ~- 

of ~ood, was ilocated~.on top :,the<concrete ne :. ...) • 

side of the approach .. che-~nel (Figures<.4 ~ud ,6 .:en'd,~Pla%e~:l.2A)~. " . 
1 " . ~ , .  . , '  . .  : . .  . .  L .  / . - ,  ~-.~ _ _ 

The upstream face of ~T.~,~ dam:~as formerlYby :th.e.-c0ncre%e ' . w u J ~  

a n d  a P .O-gage  m e t a l  ~ p l a t e  ~ s c r e w e d  ~%o.:a w o o d e n  ~ h e a d e r  - o n  -:.the 

,wall and iron bents :,suppor,ting the model.. 

@ 
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• . MOR~L D3D]~ C02rJT~TI0~. 

B. C(3;I'~TL'n MOI~[L. 

~LOPING APRON TO LEVEL :~=RON ELEV. 810. 
!;LOPE SILl TO ELEV. 819 AT END OF APRON. 
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The crest 'Sec~ion.~piers. an~d ~training walls .wero'~m~de ~"~ 
. j 

of ~. redwood. ~The ,' crest ~was :s~rmounted .i, by mochahicai~ly':operated .~ '~ .... :i, 

gates, made of-ll6.gage~'g~iv~Ized'{iron~,~~simula~ing~hydrauiic~l - 

ly operc ted- drum~ gate s ~L ~ ~The ~downstreom~ pron ~wore ~i of:~ ~ ~ ~ 

20-gage sheet, metdl.:iserewed Lto2~.the ~ angle ~iron~!;:supporting i: 

The powerhouso superstructure ~a nd ii subs truc ture~!~wer.c !!.bui~..t ~ ~:of,-~ ~ 

re~wood and the former 'iweS,~.'covere~.,with ~masonite', LUpon.com- , 

Dletion, the entire,modeliwas~care'fdlly~f~nished.~i,2nd~ipainted ~ " "  

T h e  : r o c k  • t o p  o g r a p h y  i " d o w n s t r  e a m ~ ! f r o z ~ ! t h e  ~ ' d a m : w a  s : r  e L ;  ~,;:,: .'.:~ i ~,~: .. :i,! 

produced, in a wooden :tank 'suppozted ~'on . . . . . . . . . .  " . . . . . . . . .  ' 4-inch ,by ~.4-inch ~. colu_nnS, ..... 

by insertlng ~7-gmge.galvanized.iron,~cross-sectxons ,2ut ,to ~r'COn--' ~ ] 

form to the topography, ~,i'iot:"sa~'d~.t~pmd,~b~et~een~:!~the:>seeti0ns ~ ...... " 

to ~ithin an inch,of.-t~he top~formed;!:.the~"~base ~f6r~,~,the ~concret0-~L .i " ~r' i , '  .=,.=,.- 

a formed of~sandi~ndL',~ffine gravel '~"~" "~ coating. The <overburdGnvw s. ,- : ~ ,. ...... ~, 

The tail~ater was regulated~.by~a~set:,~of.i~ixed':,andlm0vable -" ~.. 

• louvers (Plate 2A and B). r'~] .... " '~ . . . .  ~ . . . . . .  " . . . . .  
. • = 

I I V .  . P R O C E D U R E  . . . .  

a. ~ General " • . . . .  , . . . . .  

The inves.tigations :,on ~the~modol ,of the ~Norris ]'Dam 

are divided into three main subjects; spillway studles, studies 

of auxiliary passages and~archltectur~l studies. 

The spillwaystudles were divided_into: stilling 

@ 
pool characteristics, calibration ofdrumgates, pressures 
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on  drum gates ' "  " " "  ' . . . . . .  " ' . . . .  . . . . . . .  , ;measurements of,~,v.eloci:.ties.~:on",'apron,i,.~di 

of spillway '~training'-w~lls~and~grate <opera'ting' r ' ' ' 

~The studies ;of -auxi'l'iary ~passage ~c'onsl sted ,:of " ' ", 

~The arc~i~tec turz ~i', " 

bridge across .the ~spill~ay i-were .:~C arr~iad .ion :~:~in ,.conjumti0n i,,Wi;.t h: ~- • ::: 

the other~work. . : .... ' "~. "-J< "'/=~.L22:~ I]Z 

i. StiLling P0ol :Charac taris.tics . "L'" :, ' 'AI " ' '~'': :~'~ ~ ...... 

It ~has :been ~montloned ~previousi~ -,,that ~±ho•;demgn,:of. ' 

the stilling .pool for .the i!Norris ~Dom.,L~is ,.of:~".vita:l :;~impor.tnnce::>.to ' 

the safety ,of :the -structure ,duo:~to -:the -vest,amount of energy .... '.-' 

theft must ,be dissip~.ted. . . . -  . ! . . , i~ : ; i  : . ' - , ' i : : , .  ~. . . . . .  : , . . :  .". . . . .  . -~:'~- 

' U n t i l  ~ r e c e n t l y , ' . t h o  ; P r i n c i p 2 e s : ' o f  i p r O t e c t i o n - a g n ' i n s t  " ' - - "  

scour .below .dams has no.t <been :complatoly:~unders.tood,..~'~,'deter- 

r u i n a t i o n  - f o r  , e a c h  i n d i v i d u a l  :cnse"ibM ~means ~.of ~mode:~ , t e s t i n g  ~- 

has rapidly grown ,into .use, ;but ehe.i:pr.~nciples~,::in~olved.~wero , :i!,::/.,: " 

.not in all ,cases :well -considered • and 'the i:results ..of ~these 

tests were therefore :not as reliable,as-0th~ise :might ihave . 

b e e n ' t h e  c a s e .  . ~  a . r e s u l t  o f . " , t h e  : s ~ u d i e s  .bY : the?U.  S .  i l ~ . r e a u  

of Reclamation in connec.tlon with :the CIo Elum, Mt~idden and 

other dmus, the ~principles governing ,the design of scour 

i @  - 1 4  - 



p 'otectio   have  been  .orke  i 

applicable to .conditions at ,~arious.:~dom :slates ~have ..,been ,'classl- . . . .  

f t  ed. Model studies :.are ~sti~1:l-~necessary,:~to '-:determine .~wh'idh ~of " • 

the several forms are :applicable~to ithe .c on di~'tions .aft ~a ~given 

dem site, "but :the classi: 

which :it is necessary ...... !to !s.tudy:}an~ :':insures. ." , <<; ii<•-:!.}~ ,.. 

lined in U. S.! 

entitled "Protection ~ against ~Sc6ur ~below ~overfh~ll :Dams .~ a ~ ~- t!i i:~i~ ~. i 

copy ~of which "is ~attached ~to .th: 

stated, the type~of scour .~prote, 

ship, ~throughout :,the: entire ~rangekof ~dis c harge~ .... 

r ~.~ :~ " rL !<i i "" ~" ~ i ̧" ~.i. 

,the stream .bed, or in o~her -~words, ~,to ~,the:.~rmlatlve posi:ti0ni ~- ,~:.:~ ~ % • 

of the tnllwator -ra~Ing~,.cur~ve .and ~a i!jump.forming !h0ight :{euzr~.e. 

for .an apron at :strean:.bed ~!leEel . This ~is '~ruewhe~her <or ~,noti. : .: 

- f . . . . . . . .  

the hydraulic jump :is used for <the scour protection.. :~The-!tz~pe 

applicable -to the various relations ~of :the .el~vatlon rof the - 

tailwater .rating curve and :~the ~jump-f0rmlng ~helght ~cur~ve ~are 

given in Appendixl. " 

i@ -15- 
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The ~conditions at!Norris iDsm are +.very Tavora~le ~to ++ 

th6 protection : from +scour 'by simple ~:means. i,+The :~ra,ting :~curve 

for the :tailgater ~:+ belo~ ~the!dam : +:++ 

Mr. Frank Camob oil, '~undor the ~direc~Ion.:' of :+Mr,. +'E,+ ~B, ?DeNlez, .::: +: 

@ 

stream bed level .(Figure 5) +~iS ~based .on+~the ~assuml 

all the gates arelheld~at tho~sameielevation. 
.i 

As willLbe seeniby~Eigure~5~.the ~jump~height curve+~: +~ 
l . + " " .+ 

for the apron at : streams+bed i!level ~:is considerably :~abo~e.~e + 

tailwater rating curve ++for al+i discharges. +iThis ~ dam, there' ~ ~+ 
+ ' + -  

fore falls into Class I described ~iin +Appendix ~I° i'iFor+~this :i~+i+!~ i+. 
• + i+'/: ~ 

condition the possible solutions +are ~(vl)~shaping ~the ~bucket ' .... 
+ . 

to threw the ~overfalling stream ~Ifar ifrom +-+the ibase -of +the ~dam 

(2) railsing the tailwater ~ilevel iby,,a .secondary,~dam !(3) m,deel~ ~ 

ening the pool below the +.+dam ~and !(14')Various~+~forms of !baff~les'iL i 

The first mentioned of these ~solutions~wi~th.~he~stratif~led .,+~. 

reck bottom and the very high ~heads ~acting at the ~+Norris~]Dam ,i +~ 

downstream ~from ~the would produce .severe scour ,in !the~+~river ~bed +~ 
+ 

dam and pile up debris in-the stream channel telow +-the ldam + ~ 

which wculd probably obstruct.the flow from the powerhousQ. 

Since a very good solution is possible by another one of~i).the 
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four. methods, ~.thls.:metho~d, which ,would. have: undesirable~re=.~: 

s ecur ed by::means of ' the ~tailwat er ,.weir ~mentioned:~in~:the ~s ec oh'd ~ ,LI ,~ ~.~. ~::i,~: ,ii'ii 

s olu t ion. .. The ;: s ec ondar y ':.weir, ~ v& en ::us ed; *=:muS t :i~b e :!~ h i gh ~ ~n ough .~.:;.~:i !;~i~ i;::~:i:ii ~ 

to produce .the crequired":!tailwater ::ilevelL~Tor il-all ~: ;£::diisC'hargeS~ , , ii", ii.:i ~i ~ 

Figure 5 shows ~tha.t ~. a~:.woir: rrl~.th :'crest-:at !.F_S~e~ e - 

@ 

40 feet high and ~woUld .~require :,tralning~.~aiiS~'HO ~feet~high..- 

along both sides <of i,the pool. ~Moreover; ~,.the ~poolr,would ~ve ~ 

to be of considerable 'length,~i412 ............. - • ,~o. o ~.times :the ~helght ~:of ~the J~~ ~ :,. 

jump as ~ this is i the~.!lemgth._whlch.,~iS ~ requiredtto ~produce~satiS'~ :~J? "~- 

fac tory condi ti0ns ~ where .the • height.~of Lthe ~ s econdary ~:~weir iis 

: ..... 

(as shown on,Figure 5 ) ~ the ~ natural ~'..ta ilwater v.curve~i.s ~nearly:. ~ 

high .enough to~produce-::a~ijumpi:below :~,~the:secondary~iweir':~on=an~..,. . 

s pron at s tream!.bed !l e~e~i, ;'l±~ttle ~in ~.addl.tiontto .:~the ihorizontal. ' " 

apron below ~:the :secondary ~.weir iwould i:be ~requir ed, : ~The i Clost .:of 

~ae 40-foot :.tailwater iweir ..with ~its ~apron ~and ~?70~foot :.retaining 

walls, howe~er, !is .so ~great :..that ::this form,of~proteeti0n ~al~hough 

:@ -18- 
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undoubtedly satisfactory from ~the !:hydraulic ~stan'dpolnt ~would : . . ~ , " : ~ : "  : 

be entirely too expensive . . . . .  ~ ~ : ~  . .~. 

The use :'of :baffles of :the,ordinary ~forms i~t0 :dissi- ii ~,: 

pate the energy of ~ th 

favored because of :the : unprecedenrte~d•:;~velocities iwgi Ch ~•would'~ael 

on them and the difficUlty of ~building!!~th~)iStr0ng ~eno:u~hit:6/~ i . 

res ist t h e  b l o w s  .to ~. w h i c h  ~.t~ey ' m i g h t  ~be .: sUb~j e c t e d ' i . b  ~ :.,The 

large difference in height :between ~:the%tailwater ~rating ~cur~ve 

and the curve ~for h e i g h t  : o f  " i j u m p . ~ o n ' . : ~ m : a p r o n ~ a t  : s t r e a m ) b e d  " : 

@ 
would b e sub j ec ted ~to ilarge ~ ~Impacts. ~ JSeve~-~l~:'fdrms ,~of ~bafZleS ~ 

were tested, however, ~in ~an ~attemp t ?~to ~:s ho ~ten ~the ,length~of~ 

depressed apron downstream. ~Thelbest ~form~of iproteCtlon ~is~ 

secured by deepening 'the pool by~:excavation, ~placlng ~the ~pool 

bottom at Elev. 806, or ~13 ~feet ibelow ~the s tream~bed ilevei. 

For this condition ~the ~depth ~of ~pool L~is :sufficient ~to ~form:,a ~ .... 

jump at all flows. ~The~close agreement ~between ~he ~Jump ~height 

curve and the Ltailwater curve ~indicates that~nearly perfect 

hydraulic jump would be formed in,which ~the energy ,~-ould ~be 

efficientlydlssipa~ed. 

The jump height curve is compute~ on the ~assumptlon 

that no frlctlon exlsts to retard the velocity of the water 

passing over the dam. This, of course, is not true, but as @ 
-19- 
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the :amount- of '~this, frlc•ti On'.wodi'd ~be ~.uncertai'n,:~i.t ~is"~:bes,t: : • ... ,,. 

to make ,th~ .aetion~:sure, ,.whatever ,..its~magnitude ..... ~The..exist--... • : .. :, 

ence of '.. the. fri'ction i~,wi'.ll -provi'de i~a )i.'fact:Or;:~f~ Safe~:i%i~::i!ca~e .,. -""•~... :•• •,: 

predicted. An:,addl,tionalifactor,~:c .~ 

the slope up.~from .. pool ,.bottom:~,to ~ri~er~:bot:tom~ ,:~.~ 

tends .to dell ec t : the~: currents i:upwafd ~nd~raiso- ,~.' 

face at ~that ~point,-~ 

• tailwater ,level. .... ~ " ...... i If ~ the. veloc i,ty~ of ,,,the-~,wat er ~ approachi 

sill.at the end ~of:,the podl'~increeses, ~tho~,rise~,:l 

surface over !it ~also increases:~:.'an~d ~,,tho:~tendency ~!of.lith 

~to be,swept out by ~,the ~fnflowing i~water ,~is ;~!m0rei~str0ngiLY~i,i~ii"i L. ,~:~ 

opposed. ..- . . :  . 

• Tho.~ ac ti on ~, of ~ the :L~p001 ~ '~ aS .",~ sho~n ~:~on ~F, i ~ 

o n  ~.the assumption'.that .%hei~ga~es~'are'~kept,lat:".~the:~ .-~ 

tion. For the~:lower :~discharges ~,%his~is:~not:~so~impor.tan%; 

since the. pool : is ;~deeper tthan~necessaryl,.~f0r ~'t~is C ondi~ti~on ~ ~~ "~ ~ 
..... i 

and s c~e, unbalancing of ~.the ~,.i.gato cdi:scharge ~,uldib e~ pe~f.ssibi"e, -". " 

From this pr.eliminary~.an~lysis ~:of .~.tho ~.conditions, - - - 

the range of: model ~:tests~,was~narrowed'~appreciably. ,Although 

the theoretical ,~analysis, sh~ed, an~.apron, at ~Elev,,:~:806.,neces- 
. i 

sary to form the ~ Jump, ~the ~ first apron :.tried~.was,placed ~at 

Elev. 810 and :~t0p .of ~sill at end of-,apron at ~Elev. 819. 
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@ 
~.Throughout ~the series ~'of ,itests ~on ~,variou s ~aprons., ;~a 

repr es entative ~number ~.of, runs i.were ~ made,!on !!each' il,te st~., ~'Mo~del 

flows representing ;:20 ~000; ;~40,000, ;!~80 ~ ;000 ,;, . : 

200,000 and . 240 ~000, second'feet :'rOn ;the .;.pro e ~were ~ used. ~ 

of ~:tbe ~.two-foot The flows ..were..accurately~ measured'.:,by~imeans ' " ' ~ :~ 

Cipollettl •.welr•andheld constant 

head over -the crest ~vas:~.regulated 

in all except the~first~six = '~:" ~ ; ~'~ . . . .  •" " ~ ' ~ " .... ..~tests, ~,:which~.,were, made before ,°the .... 

@ 

@ 

so as ~tu holdthe reser~oir...at~Elev. il ~second, fee.t ~: , ..... 

with all gates, at~Elev. '1020; ~,1240;O00.,s~co~d-feet,wi'::th~Ll~l}gates 

at Elev.-1020, flo~'divided:~2OO,OOO~.over~spillway~.~nd."~40;O00: . . . . .  

through sluiceways. ~.The last ~:,tests~were:~madeiby" allowingii40,O00 ~ . 

to pass ~ through ". ths sluiceways, at~:all:.~f ~- . ,. 

s econd~feet flow over itho: s p i l l w a y . t o  ~ : ~ 0 , 0 0 0 , ~ 2 4 0  ~ 

with all gates held at. Elev. :I034; ~:120,000 amd'il60;OOO.second" ~ " . 
• . _  • "  

feet with all g a t e s  s e t  a t  : t h e , . c o r r e c t . e l e v a ~ i o n  ~ . ~  ! h o l d  '~ t lm 

reservoir at Elev. '1052; 200,000 second-feet:wi,th~all ga~eS:~at ~ 

Elev. I020, ~ k i n g  t o t a l  q u a n t i t i e s , ~ : o f  . 4 0 , 0 0 0  i ( s l u i c e s  - o n l y  

discharging), 60,000, 80;000, 120,000, ~160~000, 200;O00~snd 

240,000 second-feet respectively. This change was made, as 

will be explained later, to follow the operating program for 

-21- 
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the project :!8'~/:reco~,e~ded i~i~rom.!.thoimodei .'.tes.tS.. .... ' - " " 

louvers (Plate,'2) ~,to the'<correct3heig. 

ing the dam.as ,indlca~ed ~by tthe ~i%ailw~ 

-~,~u o-~u :~h~,.~':~ : -~~'o ~ ~.t~ ~ ~ ~ "~ ~ '~~ " and; held 

at the correct~e. ~oa% ............. 

nected ..to a plez, ~d, d 
. o'~ . 

" " ::i "?, 

the stilling ~pool ,was :'.,recorded ~:pic.torlally ~: and :bY:poln%~gage - ;.- .% 

to the axis ~'of :the .!don. <On ~this:!bar~}.~as "~a:movable - 

t=~ve~e ~the ~length~ or :the, S~; in~y~a~=on _ ...... . :: .:; ranged to . . :~.. ~..p .., . ;):~.:. 

downs tream ::face ..of ':.the :::'d~m :~ O:5.:a.:,~6in t. wel'l i% emend 'r~'i't~O:< e~d .... :i~.of-!~.the ....... ..:~:: 

apron. This :slfde-_mas.:fltted~;.~i%h~a ~ :. 

. " ',.;~i~ii:~ i; , :i,,~,:/i~ii~;~Li: ~,,;, i:: ~ ;i, ̧ • • i :k:: i. ; 
the wa~.er~ur÷ace~on-~*~e~mo~e~: ~ ÷ ^ v  ~ ~ ,, ~ ~ ~v ~- ''~ ' ' .... " ..... "~"~~ : ,.~.the ~,nearest ~.thousand,th obtaln 

o f  a f o o t .  : 'The  r e s u l t s  .~ere '~tr~sferred~:%O::,:t~e:ip~tOit~pe"i~aues : ~,i;; 

for plotting. :~The 40,000, .i80;O00;';~120i:O00 ,. :{;i60",oo0:;!am:d'.i!200iooo;:i ..... 

second-feet,runs ,,were _the..only on~s ~.prof, ile~ ~by.:means :,.of :this .. 

point gate..!Pietures or no.tes,:were,used,as ~rec0rds "for::~the: " 

o t h e r  f l o w s .  

/@ - 22- 
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] 

:,,: .... o I :."!'":;, 

;For :;the i 

a sand '.box ~.somewho.t i,w±'der .~than,i,the I: s; 

'10 f e e t  ( m o d e i )  ~ 

instead Of i, the~-r~ 

" i f  • " '  
either by the iDenver ~ design <office ,.:0r ! hydrau~ij~ ~lab0ra~0r.Y ~sta1 ~:. 

.The . apron as ' ori 

fl at ~. s e c t i on: a t .~Elev. ~:810 " '~ 

slope connected ,~to ~'the :fac . :,~, 

:radius i bucket) ~A ~:detailed~!ayout ~isishownli0ni~Flgure ! 6, .Tes~ts: i ) : 

;~ . , . . . . . .  " . . . .  ~ . . . .  " . . . . . . . . .  , : . . ' ~ i  ~ : i  ~ :;..-~!! .. 

Before ..the. 8 °i .sloe ,,was. ~removed from ~the ,apron,,;a.. ~ .... .~:.:~ . .:.,;~.-. 

-set. of ,. dentatedLbre~ker-,blocks ~ (Eigure i~6 ,:-':,Test,."4).,,was~pla~ed. ::~ 

on the slope a nd~tested . ,. ' - . . . .  . . . . . . .  - . . . ; . ~ >  ,~.. " ., .; ;i~:':.:'~ 

' T h e  : s l o _ p t n g i p o r , t t o n  ~,of ;~he:/apr, o n - , w s s m g x t  ~:removed ;I,~;."::: ,;/ 

the 60-foo,t:radlus bucket ((.F.igure ~6,-!.Test ~5);:.mo~,ed;:;!down-..'.to 
" . - "  : ' . i  • . . . . ,  2 " : "  . !.i:~ . : |  . ' 

connect ~ : L t h , a  :flat ;apron~at xElov.. ?BIO. ~ -~ :i: :~2~ !:, 

.~;iI  ~ . th~ec  o f  . ; f o r e g o i ~  ~ s e t , u p s  "wore ; t o s t e d . , ~ . ~ h  .. 

::tallwater, '" - h0~d at -,.the :;normal elev~.tlon :and .~iso ~.~l:th ..the 't~i;l- ~!:~.~:i 
.~L.- 

water held a~ a level 4 feet above ;nor~ql.whlch simulated 
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@ 
lowering the apron~4Jfeet. ,,.: .... 

@ 

. 

atthe hlgher~lev~ 

Elev. 806 and the 60~foot?radius ~bucke~t ~ilntaine d 

Tests 6 andS7. ). ,.The ~bucket :~.was ~ next :rc~ge'd ;t0 .,'100~fo0t~radius :~In 

order to provide : a greater :.thickiness ;:of .:'concrete .~ ::i::! ./ ~at ':the .i~toe" ; ~::~'f ~",the~ ' ' 

dam to allow., for ::.possl ble:s cour :,-at -i%imt i:p0int-: (Figure ':6 ,:i::,Tes:~iU~S):.:.:." : ' . 

p the ?:arg u ?:...:..:-:i:.~. I t was hoped '..that :.the )lower::. art i:of :: ~ e :~radi s ::bu~ko~!::~uld ~ 

simulate .the: sloping, apron. :::": "..., .. • . ~, ;.' :" '~ 

The possibillti;es ~.:of:Lthe..slOpi~,~apron:;:..were ;~vory~:apparent, :: 

so the. testing irever.ted its ~:!'developing ia :sloping ipor~ti On ~Of ;:apron;: -: 

from the, curved :bucket: to :.the !flat::apron ~•s o~tion .~in ~ordsr' ~t o -~1m... 

prove the jump .- ~ ; - " :-.-. ~.:.::-i ' ,:-';"":~ conditions :at :.:low :flows, .; reduce ----:excavation~in :.!:the - 

pool-end give ~added ":.thickness .::of :!apron ~next ~to :.the ~dam. '-: .- • " 

Slopes:of:::4:l, :6:l:and:.8. " ' :' ~upp: ' ....... .1-keeping "the er::.tangent :.. 

point of the .bucket ~:fixed: and ~varying ithe 31ength ~:iof:~S~ope--were?~ 

tested for the -- " .... ~ : slo ping ~ portion ~-of ~apron ~(Eigure <: 7., :~Tes ts ~9' lO :and 

ll). Results showed the .4.1jslope (.Test :9)•:most:advantageous :-snd 

it was adopted ~for further studies. . . " .;,::..-, :: :, 

After fixing ::ithe "elevation .:of,::%he. ,:flat .portion "of..::ithe 

apron and the rate. of slope ~for ;~:the :sloping ':por.tioni0f.apr0n, ;:'a. - 

series of t~sts;were.conducted ..to determine :.the possibillty~of :: 

shortening the length of horizonml apronJ.dowmstream or improve 

flow conditions by-additlons and alterations in sills with the same 

length of apron. 
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The :firs t -change ~was ~the ~:~'sl0p e 'of- :the lib'face ~!:6f !:tho'~ si ii 

at the end of the apron• ~The.,.origlnal~slope~was:~l:!:~from~Elav. 

806 to Elev. 819 and the~itop:wfdth,il0,feet. ~.Thisiwas~L'chanRe'd :,to 

a isl:l slope v, ith~a :top .wi:dth,:of~'G~feet:~i(Figurei~7, 
. • . . . . .  L-. 

• " " ~ h : " " ~: With this altered :.si ll ~.at~,:.t o-~end.,;.of":,the~apron,'~::at :: ::-, 

the suggestion of~Mr , Charles ~ H. i!~Paul, ~:an~:auxiliary.,.,mlll.~:six ~:,, 

feet high ~as tested' at. one~:position~:on:~tho.~apron~.:..and:i~an~auxi . ,- 

• gh~was tested!fat pos t~ions~mni~the ' " liary sill~.fourTeet~hi . "F.. ~ ~.:two'i' i- " ~. 

apron. Figures 7, Tests~:13,-il4~~~d '5.~- • ;~ ..... : ~.i ~ sh o~. detai] loca tions 

of these sills. . 

.When' the' tests on~tho~ model .were-.~s tatted -"the data • ~, 
..... . ~ : . - ~. , ~.: .'~ .~on- 

th s el~va tion of .the s tream ~b ed ~at:-ii:the.:~ end., ~f ~::the ~.apr on~..:wa s :!~in- 

complete. 'The sills had:.previouslyibeon~deslgned~,for:an,.aVeragei. . : 

stream bed elevation .of: 819. :--::Data:i;-'s i i' liyi ~qu '~ ~" : . pee f Ca :~r ested :for ~.:tha% ,.~ 

purpose led~to the:design~,of-a sill ~ ' " - , wi th ::a ~,.~ i~: I ~sl0 pe, and ? top ,,~wiJd th : :~ 

of5 feet at ~.lev.~815.(Figure.i.7,~i.Tost.!16}. • " -i .:. ~..!~.:i. : 

A lowdiffuser sill~suggestediby,:G..:j. : " ' ..... .!:Hornsby i:~ s is tant . 

Engineer, U, S. Bureau of~.Reclamation, ~.was : tested~ at-!:two ,~p'0si%ions 

on the apron,, primarily -to spr ead!~the IS e~:ts-~Trom: -.the ~..sl~!uic e ~.opani ~':: '~'~ ":: ~"~ngs :. 

and s ec ondly to aid~ in~ Improving.~flow-C ondi tions ~from ~:the~:, spillway 

This sill was tested, at the UPstream,, positi0n,:.with ithe~main i.-sill~ ~at 

the end of the apron and- at ~the :downstream posi.tion ~'.with ~the~maln 

sill removed from the end of the apron,_Figure- 7, !.Tests 18 and~.19 .... 

show the positions on the apron and the details of the sill. 
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A s ill with a ~ concavo • up stream ! face, ~suggested ~by L J/~ :iii 

Mr. J. L. Savage, ~was testedT at Lthe ~downstream end: Of i the 

See Figure 7, Test~i23!for:details. ...... " " 

A largediffuser sill :wlth~an ~overhanging ~nos e ~ on ~the '~ ~: 

blocks was tested at end ~0f:a~oni~and 
i • • i ~ .... i,/~ / 

Later the overhanging ~ noses ~were ~sawed ~off/an, ~t ested ~'~ :~ 

0 ' ~ ~J at the same p sitions. ~iEure~, ~Tests~5 
• % 

show the details and ~ positions~df ~he ~si:ll before !i~h4!noses w~reJ '~ 

cut off and Tests : 29, :30, . . . . . . . . . . . .  ,p _ ~31~and 32,show the~details and ~ osi ~i~-, 

tions after the: noses of :~the ~blocks:we~% :i~removsd. • ~'~~- ~: ~: 

fus er "' Jwas Sted A Wheeler typ¢~low~dif Sill ~te at ~three 

positions on the apron, ~to ~improve"~flow ;, conditiO~nS. " ;~e i~details 'L 

and locations of Lthis/sill~can ~be:.seen on},Fig~re~8, i~Tests ~34, ~35 

. . . .  ~ ./ • . : 

A sill • with ,constant t0pi,~idth/0f~t3 ~feet~:~d~}~c0nf0rmlng i ~ 

to the elevation -of L~the 'r0ck[line at ~the endLi-of ~the<a~ron, ~thus i 

varying at top •elevation from 816 ~to ~1820,~ ha$1ng~a L+!variable~slope 

on the upstream ~ face :and~La constant~bottiom:wfdth~ofi~}24~feet~was ,~ 

~itested (Figure 8, Test!37). ~ " ....... • 

From the ~rosults~ of the :Ltesting~-on this ~sfll ~%here was 

evolved a set of sills with top~ at Elev, B17,5, •~a~top width ~ of 

3 feet and front!face with ~ slopes of~l~:l, L2:l,2~:lland:3:l. ' 

These were tested at the end of apron. Figure 8, Tests 39, 40, 

41 and 43 show details of sills. 

@ 
-28- 
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The parabolic hump over the sluice openlngs,shown 
,. ~ . . 

on Figure 8, Test 42 v~as tested in conjunction with the flow 

over the spillway. 

To identify the exporlmental data, each alteration ~or 

set-up of the model was asslgned~ to a~ test.number ~ ands:each runof "' 

a test was given a run numbsr. :Inlike manner., each picturemade 

was given a picture number. ~Thus:~i0-B-6 ~isi:;into:rprsted as Test 

or Set-up 10, Picture B:of.Run~i6 . . . .  .i 
f%:. 

' . 4 "  

,~" The flow conditions in each tost't~erelreCorded:(1)iby 

still and motion pictures, (2) by,gages and/instruments :iand L(3) 

by notes from observation. ~ : 

The constl, lction 

sitated the building of t~7o coTferdams at-different ::lo,.a~ions ~-on 

the spillway apron. To prevent siidilig, ipermanent:concrele :keys 

~vere incorporated in the spill~:ay apron, and the:~cofferdamS_lcon" 

structed over them. After these cofferdams are :rem0ved .the keys , 

.~ill remain on the apron. " ~~ i~ : .... 

After the testing of the model~was completed, ~.but 

before it was dismantled, some cone.ern.was ifelti:iS~,ito whateffect 

the keys ~ould have on the flou conditions. They weroinstalled 

at their proper location on the apron (Frontispiece,and Plate 

67 A and B) and visual tests were made of the flo~ conditions 

from the spillway and sluiceways. 

-E0- 
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"~The 

on Figure .8, '~ 

o v e r  the  s p i l l w , ~  . . . .  

..,To ildentl:J r. 

..•set-up of to ~a tte.~ "~an'd~,~e'aeh!~run.:d~: 

a ~.tes t ', was .. given.~ a ~ run ~ numb~z.:. -:In .~1 

was given, a iplcture .~numbez. " ::.Thus ?IC 

:or Set-up ;i0, ;P~~~"I ~";~-~.~;.~ ~ ::.:~ - 

71"~e ~fl 

still-~.and ~ me t Io: 

by :notes ifrom:ot ........... 

~The construction 

sltated ',the ~building::of tt~q 

the, sp~ll~,ay ••apron. '~To :ipreven%.~ Sliding, ~i 

-:U 

will remain 

-After ".the '~tes,ting ri-.Of:.",the ~m0del ~as.ic ompleted, ibu'.t !~ , :iii./:~~::[~i"i:: !,'_:./~iiii!:i 
• i~ ;i:.: "-: .;:: ~.~,.:, ..,- • ....,. ).i~:",:!~;~'::!!i~ ' 

.before :Itwas dismantled; -some ~concern~waS"ife2.t-;:as :to :wha't .':e~fe~~:i~.iii::i?!:.::,.i~?.i:::: ~. 

.the :-keys •would ?have-.on:.the i.flow ,-condi~.ti6ns. ~,Thsy ,were }inS..ta'll ed ._ -.'. 

at their proper location, on .the ~.apron ~(Fr0ntispiece ..:and~P.late 

67 'A. and B) . and ,visual :tests ~.were ,.ma~o .of ~the i:flow, conditions 

from .ithe .~ s pillway • and :slulceways. 

• @ -50- 
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2. ~Callb~ 
. [ . . 

"t 

;".'," : : " %  i '  : :  "' ' " ' . * "  -:: - -  : {  

Prior to ~the.~:aotual ~ca1',ibra~ing ~Of?!,the :"drumigates", ,- ... • : .... ~.~:~ 

a "~ tentative ~ s chedule : of..~operati ~ !~:~.~n~~"~t.i~en~ ~"~.tRd: .I.~:~W L:I . - ; /.i~i! 

gates .to cover ~the Tange.:0f ;ga~ 
- . , .  , 

1034. "These set~ings~ere ~flxe 

1031.5 and 1034. '~.-':' - -" .: ', :..i!~": '~ " ' .... :.i:. ..... . -. ~.~, 
• : :. /.. ' :- '~:7 • -.::;"-%i"':i~.i..: .:: :- ~:: ~~ 

For each~of :~hese cgate isettings ~a:~range:i0f:~i~headr ~:.4 

over the gates ~was ~determino~d. 

i.tenta~'ive : for each gate:setting. ~but wer.e ly 

the minimum ~head ~was f ,~the ~gate~ 
- 7 ::.":: ~. ":.'.~i~'i ..'~ ..-.::] ,'< : .i .: " = 

~the maxim ~head ...~as "that :obtained::~when .'.%he::i,~favatfon ~i~, of .:-i.the "/. ~i ~ ~i:i ~:. -'I::~ 

water surface ~of :::the :reser, Voir !was ,.:approxlma%ely" ......... : - ' ~one..foo.~~ ..... : ' : ¢"~:"~"- ..:. ,.- - - ..::>. .... 

i ¢1%: -.:", ......... ' 
above :the, ~ 5 ' : . . . . . .  maximum,ofElev.~10 2. . . . .  . ...... -_ ....... .........~......- ..... 

- ' ' . . : "',..." : ' :•:.' ~'7' ~::."I:::~'~.Z ~ '.7: :•"7: 
' • .  ' '  " " " i '  ! . '~'.::' ')"- ."~ : .,.i . ~ : .  • : - ' . i , : : : '  

._The quanta'ties ,:~ealt"v~i'th :~in cdetermlning.'..t~.ccrest - :: -~:-:...':.:..: .~. :.i: :~ 

c o e ffl c i ents ~ on- a -model :at e :r ela.tiv~ely csmall, :"!t her efor e., -~:!:. 

e.are was "taken i n , d e t e r m i n i n g  i%h~.::. = 'A-smen e r r o r  ~in,:~.the ~ • < :  :'': : " ~  
- . i J  • ~ " . / .  : : . . . . . .  . : - . : . : . , :  , .  

morel quantity results Jin ~:a.ilarge, error :wh~ :~.the .)resui%s :::arei"-. 7:::': : • ':.!','~ 

.The ~drt~n~£ages:,:on...~ghe }~.res.t~ ! ..... " transferred ~.to ~.the -prOtotype. ' " ~ " : "..: .... 

~ : o f  ~ h e :  m o d e l  -w.ere : " e t - b y - m e a n s  , : o I " a  i h o o k  g a g e  ~n:d !:-i~:• ::,: 7: ,::. .: 

light spirit ,level :to :the .desired ~:eleva~ion :before :th~ ;runs •. ..... - - .-" 

- -31- 
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wore star ted 

',this way ,%he 

de t ermlno d .~an " 

go. -The.settlngs~used.L,,in ~the ..Ltosts,wero:mot %the..., .. :.~,., .-:.~,ii.!: 

@ 

@ 

not deen~d .necessary ito.~sl ~!~ga%es"i ~~-"!!,~' . :~ :~ 

at an-even ~figure ~in :regard~to~el~eva~i~on. • " ' :ii~ >~:~; ; " ~ • 

Representative ~heads~, ~iimeasUr'ed .ifrom ' "~-~ ! ..... i! 

tion of the ~gate were :~run~.Wi,% ~ga ~tos ~set• ,as,~i ~. nearly: '~as i./. os ......... ~~- ~ " 

sible :to the .~s amo ~, eleva~i:onj I ;: iDufing th e ~runs i~a"~!seriesi~Of~read - ' ~! -i:!~i/i 

ings wero .taken :s mu tanoousiY, on i=essu ins 

• the ~forebay :gage - • .~,-~ ......... ~ .. ~..-.., ~ 

~.Tho length :of ~.J.spi"l~lway ~crest ~ ..... ' " ~'~ . ~was ~careful~y :measuzed ~ 

by ~a ,,micrometer ~caliper andi~i~eh~e~ked~.;from .itimeii~O ~ !~Ime ~o~assure - 

constant •condltions. . : 

~AS .the :results ~ofi~the :iflrst-$~tests iwere~.analyZed,:~i~t~ ~ ~~ 

was deemed necessary to test ~intermediate e ~eleva~t!ons -and :~ 

the same careful procedure ..was:if0~lowe-d, ~ -/~<i I~;:<I' - -- .:.~ 

The original .settings-used .were Ele~v~. ~,i020,- i023~51, 

i0~7.iI, 1031.54 .and I033.91; -~he intermediate ~settings run 

la~er were.Elev. 1022,06, 1025,03,1028.93 and i031..~i. 
-i 

_i 
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Check runs ,were .made ~ : :'i , ' ., ' : ' .......... ~ ' ,throughout th e: s erie s :~to ,-assure cons is tenc y..~:. 
"j , . 

of results. " 

~E~ght ~piezomdt er,~,open~ ... ::~ 

drum,gates and ,:com 

These piezometer ~o] 

a manner ,.that ,%he ¢ 

into account, i Ei@ 

k "!~ 

-~ , .  

ings :in the.gate, .'~The :press' '-:. 

on the glass :gage ~tubes. "~WHile,;!%he ~a eve :me~.tlone~ :calIbra~ion-muns 

were in progress, :a :series ~of :'readlngs :on ~the ~gage -itubes ~:,were ~ob- ~, : _~,:; 

s e r v e d  f o r  e a c h  g a t e .  e l e v a t i o n ! a n d  ~head :'.o~er . . . . . . .  . ;  

su!ts were transferred :~o protdt~Fpe:and.iplotted,as:~wil.l~beiexpla'i, ne"d -': 

-4' Test on ~Training '" " ..... " % S ~" ~WeS~Is .: :' 

• Fr.om,.visual 'observations ,of- :the ,.upper .inappe"iOf::i!the: :~Je:t::. " : 

along the training .walls ;on ~dam, ::fi~'.iwas ' -.~ . "- 

felt that these walls - t?be~mo:~'fied i~less 2:yard . -~ -.._ 

of concrete and improve '}'their ,archi'.tecltural:~appearance'~:. :.Upper~ii~.i :: :.i"::..., : i.!-i~":: 

nappe measurements were ,made -,~th' a '~po.int .gage ~reading ~_f~om :~the -ito.p 

of the :training-wall :perpendicularily":,~o~.ithe iiwater .:surface iwr~h i;al':i :" " , 

gates at Elev.. i034. and th~ -:r.eser.voir.:-surface ..at~Elev... "i052; :a~d ,. .~' 

all gates set -s o .~as 'to hold :.th~ .:reser,voir ~at ~Elev. '1052 ,whea.,; quan- 

titles equal-'to 120,000, 160;000 .and.'iBQ;O00 :second-feet were 
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. . . .  • ~ i .... .. .& .... :.::, .... . ~ ~p. totype . 

and plotted (Figure.:33)~along:a .!profiloi.of.!~.the:~trainlng:,:walis~,.:~ • - .:: 

It 'was i.also~;des 

of ~the training .wall. on i.tho 

in the design of -this,wall. :~TwentyJfive.,piezbmoter <openingS:i~$ore " ::: ..- ..::." 

placed n .the .spillway.: side .of ~.the ~%ralnlng ~wal'l~and.<connected:to..-:.:- '.. ~.:~ 

glass gage tubes : by:means: of ~ rubber :.tubing, 

location of the~.plezomstor openings. :I.Runs ~ .-~w,~,-.~,~,~, . ~. 

60,000, ~80,000, .120,000, :160 ~000, :~200 ;000 iand ~240; 000?~sec0n'd-Teet i 
. .. u . 

• .were made and: a series of:,-observationS%made/On ~,the :.gage itubes !for 

each run. The :water. surface ::on ttho i,p~owerhousJ:iside :of ":.the ~,wal'l 

measured with ~ a -point ~:gago. The ::r esults~,were~:Ltransferred: ~to~.pro- - 

retype and plotted. -"> :~: " 

- '~_ ::5. ~Velocit~.!Studiss : ::" ': '~ ' " 

While :.tho~model testS.were"~in~~ro' eSS %he" uost~;n ....... • "-i"; "1:7 

arose:as to the relatlvecoefficient:.of-.::frictiL"on.l.on:the'im~dei:,and . - 

the prototype. ::In .order ,_to. check ithe:modol,results, ~meesur.ements : :-. 

of the veloei:~y on ' the .apron ~near :the ;toe ~of-~%he ,model~4:dam Were 

made with a pltot tube. : :-. ,. 

' T h e  : t ube  was , m o u n t e d  ! i n  a . : f i x e d  : p o s i t i o n ,  on  ~ t h e ,  c e n ~ e r  

line of the-spillway at~a!point:_two::inches ~(model)..downstream~from 

the pointer tangency ofthe 60-foot radius bucket and the level 

apron at.Elsv. 806. The pitot tube was of the.single tube ~type, 
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reading :total shead ~"idlrectly iln ,~feet, :tenths ~an~d ~hundredths., ~iThe '-::~. 

thousandth. froction :of.: a ;foo~ ~ was K estlmoted, ~The ~sta.tic ~head.,was . 

measured bya ~point. ga~ 

~uns of.: 40,  o( :~12o ;ooo ~( I r l  

at EIov. i052),-and200,00OLisecond~ ~ ::,i i .:~ LL~ ! !.~: 

were made with the teilwater::comPieteiy~rem0ve'd~:6r~iniother-.wor'ds ~• -' 

~± t h  no h y d r a u l i c  Jump ~i on ' : t he  a p r o n .  ! '~Thisi,~as 'done ~so i%itbe ! h y d r a u l i c  " i 

Jump would mot  a f f e  c t ~.the: measurements :iiOf-~.thoi~veioc i t y  i: on ~ .~th e i , :~:d~l ,  ~./~'"~,~~ 

as the loss -of ,velocity :~in ~the ~Jump :',was,~not ~,%ak 
':'L vS. "•".- 'i.. • 

the pro to type veloci ty~.was ,.calc ulat ed., i~i-~travers e ~lh 

water surface was made durlng ~each.:run~an'd~a iserles :~¢ 

at each.depth.setting. The~:opening.;~S 

located for each setting. - . . . . .  " 

The prototype .velocitles :i,wero-,,computed~!a~:~the~same~ii~olnt !,/~: L i!i - 

as the velocities ~ere ~measured,~on' !.thee,model ~uslng,~Kutter,s ~-Niiequdl, ,,:,:ii ' ~ 
z 

" i: %_i- /~,~,i: 
to 0.013. ' i '":, '~! !-i ! ! '!!!~ i '':. ! L:.: '~ :i~ ! i ,~ !:" :.~ 

'6.. Gate Opera t ins: PrO.~ram •: : . :, ,.:, : ~ :~:i':•,-.? .:,::, :;i~ ~ ~~:,"::: : :if! 

For the purpose ofdetormin!ng!-a,igate:.!!operating!:~rogr~ 

a ser i es of runs • were made with ~the ~~ gates .::set ~. at.:~different'~.~elevati.ons.,, : 

from .the fixed :crest..All combinations :of cone,:gate:,at:~Elsv~,~1020 .'C .... 

and the ,other two at i Elev, ..I0~4 , were run-:,with ~,the ,re servoir ~.ele~~i0n 

held at iElev, I034 and also~ at,!1082. .Similarly:all,.comblnations.. 

of .two gates at Elev, i1020, a~d ~.the. one ~at !Elev,.,,,1034 ~:,were ~run ~Ith ' 

the reservoir 'heldccnstant ~at :Elev. ~1034 -.and .also~at~105~. Pic- 

tures and.notes were made of the-stilllng.~rool -conditions _'for :each 

setting. 
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~. c ~ a r -  lPas sees .- ' ...-:. ~-"~. , '": 

~l, ::~Sl.la es 

• ~As ! the~ model. ~. of ~.,the :?dam '-was..~io ca.t e'd ,,. over"~a ~c'on., cr ete'~"~ 

wh i ch .was : part ~, of "-.,the ,~ permanent '~: bui Idlng, ;t~he "Sl 

be built-dlrectly "~through i!ithe ~.'dam.: !il~s,tead .;the ':water.~~was !.br0Ught 

under the.. model, through ~.an :eight-inch.!.pipe ~:and ~:earried ::.through%the . 

dam .parallel to ii~s-:.axis.. :i:The'.,.~.slui.eeways~:~erei~o~en~d fout~)i~ofi~),thls 

header pipe~ perpendicular ,~to tthe ~c ~n~ er °'" 

downstreamfface of ~.the .;dam. :Axsingle'sli'de.:.gate~:at ~the": " ":': 
::~an trance : " 

from the ' forebay :.was ~ .th e .only ,°control ~ prov~ ded :at '~ i: :. 

'As o r i g i n a l l y  ins t a l l  dd,~ each. Of "~:the ..e~gh:i iisl u i  ces~ ,mS 

carried through the: model :.with -the i"center.-:}line.i:lev 
o . . . . . . . . . .  

@ 

over the spillway; .:.and with. alli::slui~ces ., open ~a~d~200,O00 ~sec0nd~feet 

over the spillway~ 

In th e;n ext .~ s e t-u p, ~..the :~ c enter .~ lime ,i of 'ithe ~islu i c e i.-.i~a;.,t ms ~ i " °:" 

remained at ~Elev. 865:.and ::the :~:invert :.of ~..the .sluice:~...passages~f011owed 

a parabola '.from :;the gates, and connecting-width the-t ~'~ e~t-~"t0'!ithe 

60-foot ~:radius--bucket a~.Elev, ~82~5, <or ~.JUs,t~ab0ve ~the point :.of 

tangency of .the '60-foo t radius ~'bucket ~and,i~4:1 islope i (Figure :, 2 ).. :- 

To reproduce this on the :,model -,: would l have necessitated.cutting into 

the concrete-.wall, so the invert .of the.sluice was made on:a slope 

emerglmg;from the face of the.-dam.at a point of tangency at the same 
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po Int,.:as :-.the: P; C ,C. of ~the :. pareb61a.:, and ':60-T s ((Figu~ 

Tests :i12 ~ % ou'32 ~i inclusive ).. 'i.The :procedure ::of ttes.ting ~.T61iowea 

closely 'that given .ubovo :.:except.i-~the%varlous .!sllls ~an:d 

baffles~ used.: on ~.the.~ apron :were .~.~" "''r" " " ' ! " '~ "~:" ~also' ..~tested .~ir~.conJunc 

sluicas : to.~ see if :a i'more .:e~en'i"distbIbutioz 

the ~-pron..and s i l l  could~be.obi '' :'- ":~''~ :~ '~ !'~:::"ii~:?::~ii 

for each :,sluice: sc ' they ~Jcould ~ 

@ 

tywe. 

In the original :des Ign,"..:~tho]~§lulcos 
~. :..:-.:~.- ' /..~.i.i~i .: . ,i~ 

the dam in pairs. ~is.~.~,result,~i.:the:ijets.~i~Di~ 

ing pool caused..unsatlsfac tory~-condi,tions. :~:IIt-.was :ho~ 

these conditions ~bY~ spresding:the ioutiOi;s::more 

bucket. Accordingly, !'four,<sluices:,wero!held~wl 

perpendlcular ~ to ~ the axis of .:..the ~--dam/.~d . • i:::.. -.. :~ ~ ~,, ..... ~... . . t~he ~.o.ther~four ~,( one :~'of i~.eaCh 

@ 

The. half plan., on i~Yigure ~ilO i.shows-.~%he.~deta'lls~. Of ~thlsii'~:e%,u.p ~as: i-:.: ~." !. 'i !~ 

to above was fq~lowed -~in :testings%he set u . 

Tests ~ero clso.~ m~e ::on ~.this ,:s et'up : to ..do%erm.lne :~.the ..: ~":i!~ :i: 

pressures existin in .the sluice~ays, when water .,was :_flowing over 
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the dam and none through the~s~uice;openings. To do~this, two 

sluices were sealed from the header end tube :openings Linslde each 

sluice were connected~to glass lgages by rubber .tubing. ~Runs were 

made with flows of 20,000, 40;000, ~80,000;.:~i20.000,~•~il60,0001~and•i .... • .~ 

200,000 second-feet and.a.serles of •observatlons, on ~the ~gage~taken 

for each sluice on each run. -: 

As s means•of decreasing~theznegative~:pressure found iin 

the sluices a parabolic hump•was incorporated into thedam extend- 

ing from the 0.7 slope down to the 60"foot radius ~ ~'~ .... bucket ~through 

which the sluices opened. See~Fig. 8, T~st~42 and Platei54, ~A 

and B. Pressures in the sluices, action of sluicesl, etc. ~,•were 

as described above. 'i":i~ :!::i !/~!iiii~i ~ . " ..... determined 

Various types o f~ hoodson : . the i~ facei l  Of:iith e: dam, above  ~~ithe 

sluice openings were tested on the:model~l Lg 

the parabolic hump. Pressures in the Sluiceways~:weremeasured as 

above on the best form of theselhoods . . . . . . .  

The action of the sluicewayS~was improved~by the~di~erg, 

ing set-up described above, but neither the action~of the water 

flowing over the dam and past the outlets nor ~the general~appear- 

ance of the dam was satisfactory. To correct these factors•:!the 

shape of the outlets through ~he face of the dam and bucketwas 

changed. 

The first change was to maintaln the sides of ~he 

@ straight slui=es parallel to their center lines. 

-40- 
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the .dam and~ none throug !.<.~ 

sluices ~.were ~ sealed!'fro • ~i 

- ,~ ~ , ~ , ~ '  ~ ~ , - ' - " ! ~ '  i." 
sluice were. connected, to ~Elass ~.~gages ~by~'rubberI":~tU~ ~....~.; 

m a d e  with f l o w s ' , o f  " 2 0 "  000 "~0; ~0 1 . / . 8 6 ) : 0 ~  -~ , ..... :/::' ~.,.,;~L.,.. :.,:': ~ "::~'"-"_~ ..... " , -~ 120,000, .,,160 ~, 000.:.. and, .!. ! • ~ ~ .  ~ . .  ~ . " .  ~ ~ . . . .  

for each sluice on each:~run..: 

As~a~means of,.decreas~ 

the sluices~ a~,~A~abolic ~!hump~,wa~ 

ing, fro .the  0.7 s ope idown .to 

which the sluices opened. ;_See~Fig.~8, , -'~ i.. i, -"I~L~" ~,.~-~ ...~ " I~-I~II 

arid B ~ Pressures , ~!'a~cti~6n~i~of)~sluiceSl. ~, etc"~., ~w.,~. ere ....... !~ ' ~ . ~, 

determined as describedabove..~.~..-..,- " ..... iv -i: ~!..:.~ i- ....:. ~, ) . . 

• . . . .  L~' .i ~ ~ii",':i:";" :~" '&"  !'~""" " . . . .  ": '! 

V a r i o u s  t y p e s  o f  h o o d s  ~ o n " ~ t h e ~ f a c e ~ T o f  ~ t h e  ? d a m ~ a b o v e - ~ e -  " " .. 

s l u i c e  o p e n i n g s ~ , , w e r e  t e s  t e d - .  e n  ~,the.~mbdel,:!wre~lOUS~-~to.~ins.t~i~ ~: ~". , .": . " i - 

the parabolic ~h~tmp. ~Pressures~)in~the!:siuiceways.~,werei~measured~.as : . 

above-on ~the best form.;Of ;-these;ihoods., : .~: .-;! :..:~:: :~, -.. ,:~ 
' " • :.:.-2~:=.:: 2'/= "i!~~. = ~'c~:il .. i-. 2 i ' L-2:~I:-LII~- iLi2~:~i~,:ii~ =..L~ 

. The.~a cti on: Of ,;the---sl ul cewaYs i:(wa s _~ improve d :. by :::.~he ,~di~e~g' : :! ~' 

ing set-up ,described: ~above ,~ ,but t nei~ther :~the~iacti-on< of cthe ~:.water ,. - - -, -i::~ 

flowing over ~the.:,:dam and: past {.the ;..outlets :nor~:~the general :,:appear' " : )L '~ 

~.ance of the dam~was:satlsfactory. ~To~:correct ~:ithese ~',factors i:~the.: .:.:" : ' ,,-, 

hap ~d and cket Wa " " ~s eof the-outlets~,through.~he~'face.,of~:the, am: :bu :;~ s " 

changed. ~ -~ . 
' ,}, 

The.~firs t change ~.was ~:to: maintain ..the ~-s~des, of ~the .: 

straight sluices parallel-to-.their .center lines. ~:In the~Ldiverging 
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sluices : the ~:slde.:Tar, thest ~'fromi th "" .... ; " " .... " '~" 
~:., ..... ~ ,, ~..' i7, ~. ": : ........ ~.-.,~..::..j . ~,.,sluic e ~was.,:mado !.par.a-: ::: . --- 

llel to th o.-c enter -i line ..of.,.the..dlverging,.~s i~ . ' :-~ ":; .". 
of.~the...:.~ . 

outlet next to :the:.st"raight.:sluice,:,,was:~ : 

llne of : the~:s~ral.ght" slui:c; : , 

@ 

@ 

a ti on, of :. th e. s lu i ces !.~i, th~and :.~i t hou.t !:the ~'~ SI~ :li~a~iJdi s ch~r~l~:gi::::::: i/~: !:!ili::.,. 131 

tion. This :change showed ~'deci,'de d :Im~rovQm0nt:buti:::the:.s3mnetricai 

appearance .. of~ thee.dam ,was :'distu~bed~ ( . -... 

To improve the. apPeara"ce:.of.~the::opani~s.:.~an'd~i~r:ther . : 

spreadthe~discharge,:jets, :the:si.des:..~Of.i:.thei.outlets:of ::the::s~ai, ght:i.: : 

sluices were,;dlvergod,~.wlth,,.respect ~.to...~thelr~:c~ter.L!linesi~an.~:amount:.,.. 

such that the:.wldth, of tthe:floor::~at:~Ltho'~.opan~n~,:was :equal:to i:'othe 

floor width at- the: opening:/of : the :~diverging~. sl:uiaeways-: ( :~ ..:: ?:. " 

56 A and 61 C). 

'2, :..Needle :~Valves .. :.. • 

/The original_design,of ~%hei NorrisiDsm~includad~:tw0~ ~2- : '~ ?" 

inch needle ..valves i,. i~nstalled ~ in -:.the ~ river i:.end :of ~tho ~powerho~e:~:: ~. " 
. . . - • ~. ~: . 

and disohargi:g into ths :  ai:r oe: ex  to : the:spillway  tr:1'n:1  

wall. : Thes e .:were incorporated : in .'.:the.l.m0del ~ as :shown .:on the ::ori- • 

ginal design (Figure ii, Test.~lS), .:.Operation di-sclosediim~ediately ,. 

that impingement of :the ~. j ets. of .water .! in :,the :tailrace :'.caus ed :un- 
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satlsfa~tory •condltlons. ~i ~ satlSfact, 

by building, an .apron ::fr0m~2the.: ~xit )~o~f:i.th ':: : ': ""~ '~!:~: ~ •~' :"?::' !:•?:" " 

paving in .the tailrace, ~: ~;This ,: aPron,,,2.40~ 

to the spillway '..training -wall ,-on ;.one ~sld~ 

:on thei0~er " S i .. r:':~ three feet in helght, :. . i: i'de. :i,tudlnal~secti.on.. 

of this apron was "a -parabola.:, .?This ~:parabeia i~.~'s )flat.t6r :ilf~han i~6 ~::. ." ~'::: 

• ~,~ . . . .  . . .i•' ~., • ~• i: •, '• '! •~•... ,• .:• - . 

theoretical .tra j ec tory ~o~:~.~ he :i Jets ;from i~the'~:Valves:, .~:~ ..~. ~X÷~,~.~ i...~.: : 

ab out -, the focus ~ so "as ~.to :rai~ o !;~the :!downstream ;i.en'd ::,in to ~:th'e 

of the trajectory.. Figure Jll;,~Tost.£?17 .... ':..Thls:i..wUs done to.spreed " .i.;.: 

ta ilwater corresponding i.:to : the ,.~combined.~ fio~'::it~,ough ::.the ~v~lVes: an'd ~~ 
• -..~. -.-'?~':":":~ 

powerhouse or ..valv~::~ .alone. " -• ~. ~ . .... - -,,..r: 

The :i firs t apron •~.~ested, i~dicated ~,tho ~poss ibili%~!~i~!Of •::? : ., 

fur ther ~ re tatlng z•the ~dovms tream :end )_upward ~to, cause r more. spreading. 

Such a procedure was ~ followed.. . :~:.:"21 ~ ............... 
J 

'A :.type of.i.Ensign: baffle, on !the: apron :.was :;tes.te'd ~(,Figure-::'.:~i -": " 

i!, :Test 20). The,,.baff].e "tested was .:.verYi!i~effi~ient)-:,~in !the ::dis- " " 

sipation of the energyt..'A.s%ructure...of :thiS:type ~large ::enough :to ~:be:;: : 

efficient would not :be ecomomical or:pra~.tical. - 

,L -k 
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Torm ~a sti~ll" 
An excavation ~was made/~!in :~ o ~' " 

ing pool. BY :trying ~rdifferent ~length l,~:a;more !Saris- 
. ~. .';'~ i" ;~..,:. !~.: C" 

,. " ~'~-~'i ure ~LI. -'iTeet ~-~I') ~. 
f a o t o r y . s o l u t i o n  o f  % h e ~ p ~ o b l e m ~ w a s  ~ o b t a i n e d . , ~ (  g .. , r . . . . . . . . . .  

To further improve ' ": i ..... :"~ :"': ":" :"~ '~ ........... - .... :-~.. " 

.... l:':i(Y-igure " 
in the -bottom:mmking :.possible ~a.:shor.te ..: ...,~. 

Obse"rv~tions ,on.needle :.valves.':were~imadeii!visual'lYi~ena~bYl :~ - 

pictures, t h u s  m a k i n g  thes%udies.more~-q u~li°i~ive'i%h~n:qu~ti't~'••' 

rive. The heads on :.the •,orifices .used i%o-simulate•~,val ves:::were : ' ':~ 

measured by a mnameter. .- <-/ 

Z. 

The powerhouse and ~tailracc 

tial model, but ,were added after ,~the. ........... 

designs included -:three %uwbine:.:lunits -'and ~!draft .-[tubes.~ .~'.The ~power- 

flow was maintained through ~the :powerhouse and ithe ~%ailwater ~held :a 

the height corresponding .%0 the ~flow and ~,vlsual :~observations ~were : • 

m a d e  • 

A later design' of :the powerhouse ~included ~.only/~wo~u~i~-tS 

and some ch,~uges In,draf~ ,tubes. ~These changes ~were dnc~porated 

in the model and testsmere :runsimil~r ~to ~the ~Fmevlous :ones. 

@ 



@ 

.'The ~only ~,other ~ichanges"~iin]~L'.ithe ipoWerheUse ~,were ~ ~ . ~  • ~. ~?..- .... !~he ..remova~l~ - ~ i 

of the needle valves ..and ~th e i br idge i~in"Jfre~ ~O~f ,:~itheir ~exi~ts. i ~, ~ ~j, iii 

~ArchiLtectur~ istu~ies • " .... • 

The : only, changes ~,madeifor: i~purely!iarchTJtec]tural/studle s ~:,~ ~ ~ .:~,!i ~ 

were on the spillway~=~bridge~and ~piers. I :~e~original!bridge ~as ~i~ ...... ..~. 

constructed ,was of ~the through ~russ.~itype.~,:!in iiO0-foOt spans Trom 

!i/ 
pier to pier~. T~Is was replaced~i:by~a~p( nd ~inal~ly, i 

by a plate girder bridge. The ~la'tter ~n~ ges in ipier ~ ~• 

design, which, ~when tested ~produced~,no~undesirable resuI~ts.. ~Tn • - 

~he final set-up ~the elevator~.towers:.at ~each~end~of the spl~lway ~I iJ~ ..... -~ 
• . ?  . • 

were built~ .... ~ ,~ ~, • •,~ 

A r c h i t e c t u r a l  s t u d i e s  ~ o f  o t h e r  ~ f e a t ~ e s  ~ o f i i i t h e  ' . m o d e l  ~ v e r e ~ / ~ I L  

m a d e  i n  c o n j u n c t i o n . w i . t h - ~ t h e  " ' " . . . . . .  " '~ ~ '~ ~ h y d r a u ~ i c  ~ S t u d i e s / ~ i a s  ~in~ ~ t h ~ c a s e  i, o f  ~ ~i ~iL • , ,  
~ ~ i  ~ 

the sluiceway openings. . . . . .  • ~ !~ .~ •~, A~,,~ ~~ 

kk 

I !: • 
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Little 

Jump on a sloping sec%ion-~iOf~iaP ~On'L!'!~but'Sfr°m~'the' ~,~aults ~of ~tes:~s ~: . 
..,. ~, : LI 

made on structures previous ~:to ~th e Iteatin~ ~of=ith __ , :~ 

the ~ behavoir was •.found to.:. sui.t :, cer.tai 

design of :the :Norris.~:'Dam: much ".thought. .,w~,q ~'ible Jscour - 

on the apron atthoitoe of.:the:.dam. 

conditlon .. an additional .thickness iof~apron:iatlit~is~.P °i~ - - " 

necessary.. The :'~lopimg .apron :i'in ,additiOn -~to .~lessenlng i%he ~exeavaJ:: :. : ' " 

tion :~n  the pool:.would provide ::for ~.this~iad ded ,.'.thickness,..~Also :~the: •... 

tailwater :ratim~ .cure.re :and .the ~J~fO~ng !hdight' cur,ve ,!for:re :,: '-~ 
..... ,.'..~ . ~ ' .:- !:,: <:.""i~ : " , - 

level depressed, apron ~tend ',.to ~raw ~.apart ~a.t ,,:%heir,~lower <ands ~.(~. g- ~ . .:...,:,~. 

ure 5) showing'. %he -.pool ~.to :be ~itoo <demp:~at ~low.~fiows,~"ii.Theisiopi~ ': i-i ._"'::.~i 

':the- slop e,.,would :: ~en.d. ,to .- ...~,.~. apron, .by causing .the ~ump :to ~fo~m~on ' ....... " " ~ "~ ....:.: 
. ': . , . . . . .  ~ , .:. - 

bring these %we curves i.togethor~, ,thum:-giving~bettsr.':conditi'ons.~a~t- :"-~!-:i: 

"" ' .?i :I i~ 
., ? 

low flows. " " " .... : '" " .... . 'i'. " .-.~ 

The ;first .slope '.was ~ made ~%o-.conform~to .......... .~'.thes. naturai?i,dip '' " '"': 

of the rock.strata,or an 8 : 1  siope,downstream~wi!thi.a.~le~el(apr°n 
• .. - .. . ~ . ~  . . 

at Elev. 810 (Pla.te >~:'.B),. 'It ~.was .~found ~that .~such~an.'arrang Om°nt':did. . . 

not give a sufficient .length of deep!pool ~for :the ?.formati:on~of i~he . 

Jump at io~ :flows, al.though :.the ,action at !higher .:flows-.was ~fairly, 

good (Plates 3 and.4). The:higher discharges showed the water 
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surface ~low over :~the 

pool .tosweep as,can ~e 

scour below the apron ~was .~nOted. ,'~When ~the~tai~lwater ,~was ~ralsec/ ~- 

4 feet, better ~results::were~ob.tained,:.-~.thus ~gg~ing :ithe ~possibff~i - - 

' v] • "t , • .. 

ties of a sloping ~section :~ of ~.apron ,~wi~.th ~,.the i?iovel ~apron :at~?ElOv,.i.:.. ~ .... J 

" B y .  adding a ~ s et of::breaker .glocks,:ig,t ~the i~oint'~df ~tan-_ L 

gency between ~the:60-foot ~,radius ,~across .~ • - !i: 

the entire .width:~Of ~the ::apron, ~t.~was ~!hope~d;,~ithat ~t~e .!jet %of ~water 

over the dam:. mighta~te :broken~ up ~:suff~iC ientl#. !.to (Chuse ! more :,wa~r 

to remdin :on 'the aoron~and~&~decreasc:':the:,v~lodi'~ies inssing!~he ~ S • i : l ' l ,  ~' 

The results, ;,('Figure~'12 t~~),ishow,,~very i?little;~a~ddi!tional ',watar: ...... 

• retained ~'on the .:apron.and a'very::~:S~ffg~,t. reduc~tion LO~ '~ve1~oci'.ties 

passing ,the s i l l :  'Vezy,undeSirible . . . . . . .  ons;were:.set 

was .less ~scour downstream from ~.the end~of ~the apron ~.than ~,i n ~the ~: z 

previous test ~but ;the amount-was •still appreciable ~i(Pl~te ~5.~A:~.)B),. ] ) 

The benefits derived:from ~the~blocks~.in ~r.edueing t1~e scour ~an~d "- ~, 

quieting the water surface at lhighflows:were:more ~:than..offse.t 

by the bad conditions "at lower ~fl.ows and .-.the ~high ~cost: of :inl.tial 
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installation, 

~:The ~ r, 

at iElev. BIO ~:s how~d.~ insuffi6ient ',tai~lwater ~ ~t :~the 

high flows to iinsure 

i 

Test 5) with :~sufficien 

h 

proved, al,though ~,the ~.iJump ~i.Was ,~drowned ~out i~t0 ~a~,e, 

low ~ flows. ........ . .~ . 

.!In ~ keeping ~,th ~-the :~indic at ions ~fron 

the action• predicted :on iFi~e i5, _ ~ii',!, 

E l e v .  ~ 8 0 6  a n d  ~ c o n n e c ~ e d  ~to ~the!O~. -7  ~ s l o p e  ~by~i~a-L~60~foot ~ . r a d i u s  ~ b u c k e t . i  

The slope upsto !river ~bed~level~s, ~the~s :~ ~ ~ - 

" . . .  , ~ • .  .~ : :~•  •~  .• i.:~ . ~ .:~,~.~,~:¢: ~ : ..i ~ ~ ~• 

w i t h  the :top~ o f  the • s i l l , a t  : .EleV,- :~8Ig;"  .i; . :i,i!; 

assumptions i m a d e  :from~!~igure ~5 

rained at ,all except ~iow ~Jflows 

.Test 6). The -scour ~ condi.tions ~wi~th:~1 

/ " 

serious ~(Plate 7 "A andL:B),. ~ - 

:As soon ' as tthe <drum ~gates ~,on :,the ~crest ,~wereJinstalled ~ and 

in operating ~ c ondi ti on, ~.th ey. were ..used ~in :regula tin._g ~,th e ,~:res e 

voir elevations. /A ~comparison of ,the~atilling ~ppol conditions ~-wi~,th 

gates raised and without gates raised can be:made ~by :reference to 

.;J,: 
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!t 

Plates ".7, ~8, "9 !an8 ~Ji0. '-' . 

~W~th :~the :~radius ~ ~ of ilthc 

f e e t ,  t h e  f l o , ~  c e n d ~  ° g i o n s  : .were .~s 

were ,not "as sa.tisfa"cto~y::as ~.was 

60-foot radius ~..bucke~ i.(:Fig ur°''~13 

sho,,n on ~pl~'.tes ":Ii 'and !:T~2. . . . . . . . . . . . .  

i ossibi:lities-:of-ue The ,,P . ~, 

flat :apron weze)kep~ -iin~mind,. ahd 

the larger radius ?.bucket ,~id ::not sma-=a ....... 

The 8:1 and ;6:~: 

: " . . .. 

. : a p r o n . . ; ,  • . 

apron: at Elev.. ,.~. ~ •.. ;~, ,,,, ..... ,;~ :~ 
' ~ 0 ~ 

conditions .throughout :the ~range J~of :.f]ows ~a~d~much ~bett 

a t  the  ~low .!flows ~ihan ~e±~ther" ~the :~ 

The.4 :'I slope .:was ,adopted ~fOr ' . ' .:.." "~ ... ....... _ . ; ~ ~ 

'..The :restarts of ,changing Ltho ..~s'lope ion ;.the ':face .:of ~;he 

@ 

wld~h ~ean :be seen !.by. comparing_ ~:cur~.es. ,~ma~ea ~,'A'es~:.~w - w,±,~n~au~,. >.. ~; ........ .~:- _ : ~!':: 

marked '.Test !12 on.:~Fig ure i~15:; ?~ess mater.,,was.?h01"d .0n:~the"apron !i . - . . . . . .  j 

J 

~ w i t h  '.the l : l :  s l o p e  ' sZl f l . ,  ~but : m o z e  s ~ a b l e  . cond i :~ t ion  .-of , t h e  ~.iTater , .  
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e 

A~1pI:~ECSO~ 200,000 SZCOU~,~-"r. 

e 

• / 

J . 

B. DZSCItaRGE ?..00,000 8ZCO~-FEE?. 

e 
~ : ¢ o L * ~  11410,000 I I ~ , . I T . . ~ m  O lD .  

OaTES EL~.  LOI~0 

~r]lUll~OJI,TL-q+OpIR£T,Jm . ~ £PRON ELEV.  8 0 6  - 6 0 '  RADIUS BUCKET. 
1 1 1  !BZOP~:SILL :TO~zLzV. 8 1 9  JLT END OF ,L~RON. 
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surface -was noted 'i(Plates ;!13 ~al 

.To effect a~sav.lng,~!il 

at the end Of .the apron, i:the-~top..wos-~lowered 

results showed higher ~veloc~iti 

" i i_. k <~'/ 

ante of ,the ,water ,:surface ~(P. ~e :15)~was ~no~ ~so.~good,:.,;-The iprofi'.lo .'." ,.,: 

• i" shown~as :~.2Test ;~6 :?~ e ; .. : of the water :surface ~.thrcu 

15, and is compared :vrl-%h :.the .:lu~l .slope ~sii'13. '.and ~.th5 . ~.- .slo e .. 

~]-I with .the top :~at :i.~lev.i [819. );::i :. ij! ;/i. : - :::,. " " 

.- The tes ts. on i :the : ~ I  iau x~la~/~i,trapezo.i:a~ "~:si,~i • isug,. : 

gested by Mr.. Charles ~H, .,I~ul:.shOWea:msro ,..Wuter ?~.t~ine:d.:Oh ;the=!:!;: :. ": 

apron .at most flows (Figure!~16) ,::-:.but ;:~is.turb~ 

apron :. (plates ~16, .i~17 .and ~18~.1 ~: ~caused ~a ~-..vory. i: 
. . :., ~ . . ;.. • ",: : ~ ~ -. 

in the .stilling -pool..'.The. si,~iS iwereia:i-So: SubJec~e~d ;~to.-:se~ere- ' ~ ': 

impact :by -the '.w~ter .~flowlng fat !~high 'iveloc Ity.:.~dow~ ~the :,ap ron,- ~are- ".. 

by-making it '~highly probable ~tha~t ;,the ~ .si.~is" ' ~:would :suf.fer' ' ~consid~r-" " ' " -" " ' : ..:: 

able scoun. The :sudden rlse:?::in :iwater. ;surface ,:shown ~on Plate~ 

17C and :180 would ' " " " " . " ~ :" ~, also ;!likely increase -:.the ~uplift ~on -the-apron. '~ili):: Li :" :ii.~:!}; 

The action eausediby :the ..sf.lls :.at ~l w ~f.lows-~was ~not ~.undesi.ral 

as .can ~be s.een from.:Plates .'~16 ."A, ~ 7 i ~ l  :A~nnd , : 1 8  :,:A; "A.:S~,ry :o~ 

sults, however,,-showed.a.goneral:ly :undesirable"ieondi~ion. ': : "' ; - 

'The low~.diffuser ~pe/sill :tested :at ;two ~posi.~ions on _ 

• . 6 4 -  
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~PLA~E [~16 

A. DISZ:&'~.GE 40,000 SECOI;D.F~r"ET. 

0 

B, DISCHARGE 190,000 SECOND-FEET. 

® 
C. DI3C.~AHGE RO0,O00 SECO:~D-FEE~. 

4:1 SLOPING APRON TO LEVEL APRON ELEV. 806. 
i~:i SLOPE SILL TO ELEV. 819 AT END OF ~kPRON. 

~' AUXILIARY SILL 80.7' DOWNSTREAI.I FROU E~D OF 4:1 SLOPE. 



e 

'PLATE ~17 

A. DISCHARGE 40,000 SECOND-FEET. 

e 

B .  DZSO~A£gE ].80,000 SKCO~D.-F~. 

0 
C. DZSCREROE 200,000 ~OND-I,~L'~. 

4 : 1  SLOPING £PRON TO LEVEL APRON ZI£V. 806.  
11~'1 SLOPE S I L L  TO ELEV. 8 1 9  aT Xl~D OF APROI~. 

4 '  A~LXARY SILL 80o7 '  DOlrBSTRF, AM FROM END OF 4 : 1  3Z, OPE. 



~PI~TE .~18 

Q 

A. DISCHARGE 40,000 S]~COND-FEET. 

0 

B. DISC-V:ARGE lZO,O00 SECOND-FEET. 

0 

C. DISCHARGE £00,000 ~OHD-FEL'T. 

4 ~ £CIZZLZ~Y SZLL 414,7' ~]I~I~IST~.~ YRGILZ21~ OF 4:I~8~[.0PE. 
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the apron :In.,'c:o~ 

at-end oT .,apron 

" " . :  L v  

; i  

water from 

operating 

to ..effect ;a :mater:lal .dhamge :~In i~. 

~ ' ~ ~ .  :.~ .~ ) 
~ ....... _ ~  ~ :  . . . . .  

the -water sur, face-:Wt~th :'~the. ~'12 :~i .: 

out the diffuser:sll~ ~'~on"~th~ 

flow condftions ;forl ;the ;two 

s h o w n  o n  . : P l a t e s  ~ 9  : . a n t i , g O . ,  , . w ~ . y . - . ~  . ~ , ,  . . . . . . . . . . . . . . . . . . . . . .  

a~ the :low ,and 'in-termea~a~ 

tions .A and?B, ?Plates:?'19: ̀ a: 

would~be high., :but .a ~savin, 

apron':and thus ~re~ider ~poss~ble =the ,.use ,:of:!%hls~"::"Ne%~of. ,si'l~l ~at • ~ 

little ,additional .cost, .However,,. ~the: !s£;~l'~.did...~ -,...,:: :'... :t° re ~the :slu~ 

p r o b l e m  a n ~  ' . . w a s - ~ h a r e : f o r e  ~ a b a n d o n e d , ~  : :  " .~:,-::, ", ; : ' .  

~It was ~antlc~'pa~te d :by using .~;the :sf,ll ,,i ........... ..... 
. . --~ 

• c{ " 

.face, suggested:~bY Mz. iSavage, ,tha',t ~the snee~;.~o~ .E~ . _  . ~ ~ .  

. • - 7 , 

" " '~ " : :~' ~ups~zeam~amd Limping ;~ water ,.~long ',the ~ap~on~,wo ul~l ~be .turned ~" . • . ~ ,...: .o ~:':,~:,... ~ .. • 

jet. :~ae resets showed .the Jet ,to/~be .of •such ~dep.th~ .Y: 
incoming • " • ..... ' .... '~ 

.the time -l"t ..reached i.the s'i:~ic ~that :it ~.ccmi~lo~elY ;fi3~le.d.~.~he:.~,con,., ! :.. 

cave face ,and for~ied in .effect a .sill ,wi..~h:a ..~ertical:ups~ream 

face. This caused ,.~istu~banc~ ~n .the pool over .the :sill aud 
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i • ' i  , - . ~ i : '  • ' ' • ~  ~ ~ " ' •• ~ 
• i.• ¸ i ¸••¸.?i.i~i!~ ,"~"~ ~ ,  ~ : •  • ~ 

very rough surface -~ c ondit ions ;:iin;~ ~ooi ....as ~can~b e ,~seen ~:on 

• .q~A "~o~le:s,~of ~the ~water ~ surface L%in%the~podl .i ' ~ , 
Plates'21~'and~22. .... ~- -•- .~ .... .... ~ ...... .~..~ :...~,- ,•.~ 

3',~ gu re  ~i8 :"LII~! ' i f  ~~L t~ :,!~radi~ us' ~.~fL~ilthe i~-."+cur.v e ~ ~i'could is shown~-by ~ LTest 2 ~i 

have been ine.reased ~consfderably~s° ~, ,. 
i, 

Jet would strike ' the .!lower '~h~'if of/Lthe ~curve i:the !~Pre]dlcted ~-acti°n"L/~i~ 
~ ~  . +,,i /?, :i<'~~i,.~ ~-~"i~i . :!~.~'~,~.~ i~i, ~~ ~i:/~!..i ;i~ii!~,:V~ii!~i.~i:-il ~!,i~ 

• might have taken pla~.e, ilbut ~!it~is ~,would -~have '<neoesSltated ~a<struc': ~' 

ture of :such: slze ~as ~to~be :unreasonable. :~),ii~: ' iii: i' /~:iLi /~ •:'iii/ :~. 

ution offered~P ossibilltles .in ~hat ~the ~. ~ The,above,sol 0~ .~ , • . ~ ..... .... ~ ~.. 

curved upstream foe e ~ and ~ overhang ~m~ght'!-be iapplied 

i ~ s  e r  type;~blo cks .  ~-Such a ,  s i l l  ~was.., tes~ed%at/~different ,~:  p6s i : t i  ons .  

on t h e  ~ f l a t  " p o r t i o n  ~of ~:apron,, ~hus  ss i m u l a t i n g ,  a ,  s h o r t a u i n g  !of  ~ . ~  , ~ .  ~ .,&~::i 

a p r o n .  ,The : r e s u l t s  were : s a t i s f a c t o r y . ,  I~ ~~no~ther~¢'~cOnd~'~iOns':i°f ~ t h e  ~ i~~i~~:i 

water su~fac e were ,~obtsined ~and i~.the .~veloc ities ~beYOh~!~i~the/endi~of ~: L: 

the ~ apron were ,~very >evenly :~d~stributed. :., • ."~Paint~ ~tes ~S-/'disdl6se~~ . .~ .... -~i~.. ~"i !~ii~!~i~"~~iii~i~i~!~, ,~, ,~.i,~.,<,~ 

that part of i.the ~jet'~was :~..turned~iback~.o~ 

upstream_face of ~.the ~blook ~¢k:us ~i.causln~ ~-- ....... ~;- ~ ~ ..., . ~ :.:: ~ ~: ,"~. 
r, " • ' 

on the apron>ahead ~of the:sill. ~'Anotheriporti°n~L 

pass ed -b etween the ;blocks ~ and ,:~s ,,deflect ed"~.upward.~b~ 

portion-of th'e~ill,~a nd-allowed ~,to ~spread~.due~to .... .. 

area between the .blocks-as ~he-~water.~moved ,upward~ and ~ioutward, ~.. ~. 

The high velocity ~Jets ~flowing ~between ~the !blocks ~.were ~fur.~her '~ 
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B. DISCHARGE 3~P~-O,O00 SEC0~,D-FEET. 
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broken .up .a~d ~the ,velocity ~d~nish~~.: :~:~ iby::.the~effe,::; ~ i;~water i.: " ~' 

spilling off :the '~face ~of ~:thelL~lo cks~/ar~d::~In~tO ,the ~. 

veloci.ty remaining iin :,~e :waterleaf,tar i~,t.,~- .... . ~movlng :-~2 ~ 

@ 

v er y lit t i e s c our ino t e d i and a~i~,tende ncy ilexi~s ted ~i,t 0 i~ depo s i~t ~ mat er i al ~ 

a t  : . the end  o f  < ~ h e ~ a p r B n .  .... .- ..... " , : . ,  ! : i  il.i. ,i~ii~ iii,~_!!: •i.~ ::i:./."i, : ~ 

GoOd ~resUlts<were'~/-0btained:iat i-a~l:.pohi?~ion S ~:of.. ,the si~21-,! : :  

on .the apron, although i.the :'best :resu~ts~;wore ~:::the tap~on :!": 

was shortened, 60 ffeat. .The :: profi'les;~O f::kthe:~wa*ter. ~surface.:.~an~d ~he 

locations : at'.whichtthe ~sill was ..tested rare ~.shown ~on.~:gure ,:19. 

The :.flow cor.dltions : are , ahov.m "on 2~!I 

:. BY ~use ." of :.this ,. si~ll tthe 
= . • 

have been shortened ,'60 :feet ~and ;"better :f~ow~::Cond~ti°ns ,i:ob~a~in~6<l ~.:h.k~an : 

i iiii! 

able. ~ • ' ' • ~ . . . .  " . . . . .  

The~:cos~ ef,.construc~ion t'and probab~lIL~ ':of~iiezo sion~-°f 

the sill were ~i~i essened ~by yremoving ..the overhanging ~..nosos :from .,~the .... 

blocks .-thus imaking ,~.the .,faces -~:of ~th-e ~blockS ,~.~a~gent ~to ~he .?CUz~.e_ ' " i~ 

at thirty ~egrees nl th ~the vertical. The Test~ts :(,Figure 'i?'20ia~d ~: 
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Plates ~28 '.to : 32 ~inclus l~e) 

the apron ,wore :~in ,,-.effect it] 

tests excepta poss: 

@ 

s h o r t e n i n g  o f  ' ~ h e  a p r o n i ~ a n ~  m r a l n l z ~ ~ w ~ o . , - ~ .  ' . .  .:~,, . : ~ . 

of ~the ~sill :~e=e i:embodie'd/,in~.the =:~.very :i:g rav°?pr°babi~llty~°f::'erOai°n ' 

on the ,sill and .the.!resulting.:neeessary.:main~enance',./'i-:.':--':' A L2 ~ 

, ' A : t y p e :  : ' ; ' / '"" ' '" 

:final desi~ :on :the :mo"dol .:.of,-',:the~:Whe . .:./.~<.:i., i. ~;?"~:;..2 Oler 

, on the :Norris ~'apr.on'i~at .~%hreo :dlfferent: ~posi~tions.: - 
type ~as ..tested _- . ...... . .... . • ~..,.~-... "~ .... 

ovement ~ " ' ~: " :" ' "~e?,~n o01 ' ,° .... :~,in ?flow ~ co ndl;~tions ".,in .,P 
The results showed -an~Impr . ~ .- ,.....,.~.. :,.;. 

.. - . . ,~..~ ..~i ~. :.~. , . _ , . ~. ~ .~:,~,- 

f o r  low and medium ; f l o , s  .. a n ~  ~ g o o d ~ - r o s u ~ ~ . ; : : f ° r  s l u i c e s  ~.only.:gp~. ~Ing, 

but at' high ,flows :o~er ~.%he ~ spillway ~.~eryT~li'.ttle ~improv~ment ..,was 
• _.~_ ~::: -- - i':i 

' ' - The !.vel es noticed except in :surface ,:conditions, '~ oc~%i. ,,:do~m~tre.~m.. . 

~.were ~ ~,,o - hi=her~than :in ~o.%her .:setups • 
from i th e end :,.the apron 

Figure :21 :s hews :~the :profiles ,:of ,~%he .?i~ator ~surfac o ,,for.:,~e ~s i!1 :,:. 

in the dlfferont.,pos131°ns" ,:The effect:of; ~l°~erfn~:i:'':~'~'i'W~te~ '~: .~. 

surface over ~the ~slll :pro~du~e s ihlgher-.veloc;i~ pron. 

With the sill at :the end ~ of the apron~:entirely i:~rmn°ved<the ~sUr- 

.face: conditions ,.agreod clos ely %~ith .-.the ~:conditions -,with :ithe .idOl-' i ,' 

~u~er : sill~ at :.the end: of -the -apron. _pla~es 33.".%o ;.36 :inclusive 
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. . . . .  I' d ~'60 ~feet ~-.upst ream~fr°m ''~ 
:show' the : f l e w : .  c.ondl ti on ~ ~:q%~ ' - - s i l  , , l o c a t e  ,~; , ::~i i~i 

the end of r~ 'Z 

-From ~later f~ 

s t r e a m  bed,. a t  . t h e  .~:er/d ~:~ 

with a constant '~top:~.~i:, 

~our of :the 'istream~:bgd'~fOr tth0~~wf~ 
c ./ • 

~idth. was held ;constant~.-at.- g4 ~.fee 

face varied,.:accordlngly, 

<" .: 

center of the -apron.as 

downstream' (Plates :-'37 ~:and ~:38). : ~.,~This ,i-.was ~"~"~ ~d ~:b~ ~:t~e .~o~ ~i~ ~. •- 

: and ~the ~"conseg ' - '~; 
section:at ' . ~ - -~- ~ - : ~-~.~.: 

slope • ~Tho ~ high er• si ii .:sections " at ~the sides ~of:.~ the ~. spillway...~.. ~apron..: ~ " ~.~ 

caused dis ~urbanc es ~ whichLr esu it ed:iin .;::higher ~:water ilsurf ac esi~;: ii!~This. '~' :,!i' 

" . - : . . . . . . .  ' " ~ , " .C  o n t e ~ .  
. . . - .  , : .  , • : : :  . :  ; ? !% '  . con~,ition .is not ;. shown ~ onU~:Figure ~:i.22 ~.~as .,~,the ~soctions ~:are ~oni~:the 

line of apron. " ~ , , , . :  ~ "  : " , " ~  " . . . . .  " • - ~  

:From :the aforementioned :Tieid ~:!dat~ :~:sleva;': :.': 

tion of -.the stream\:bdd..was ::determined'tO ~.~be ~.,Elev.. 
. . . . .  ' ~ : : : ; : . ~  . . . . . .  : ~ i ~ - "  ..~" " " • . . . .  on . . . . . .  - 

• "to s ~at ~tha.televatlon, a.~.C ~..:: 
of 819. :A-set:of"sills .with:their: P ~!~ ' -. ' ~: " • 

nd :.upstream~f~ '": " • 
s t a n t  t o p ~  w i d t h ,  o f  ~ t h r e e  : f e a t ,  a _- .  . . . .  ~.~.:. ,..:,-:::. 

2:1, 2½:1' and.3:l were .~tested. . : T h e  ::results ,',:of :~these ~:tests J.. 

t the~l~ :l slope ;sill ~,was ~the. :: 
(Figures~23 and:.B4) Lindicated~'~tha .... - . .- : : . 

bes~ from :the hydraul:ic standpoint ,,as well : as ~being .less expensive.. 
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to build. The watersurface ~ -- 

to the higher :sill ~of %he :snz 

erosion ,was .noted a~ :~the ~end ,~ 

sluice ,~u.tlets made..:~the~Ir~'OP erat'iOn satisfactor.y:'wi~th":%his sill* . ,., 

It was therefore . ~ f o r  'it i ::~: ..... i : 

-The ,parabo!ic ':hum p ol ~op enIngs :,":' '!i!: 

had ~very little :effect ::on ".the fl ,.can .be: 

seen by-referring :to f£gure :2#i, _ p, la;teS r : 3 9  and :40~::i: 

. T h e  problem,of. ~-designing :~I ,.. las ~compli:- 

cated throughout .the ~tes%s ,by the .mecessi:tY"~of mee%ing:;the require- 

ments of .three fol,lowing condlt~ons,.., 

:singly or : i n  combinatlo~ :(2),spil:lwaYldlecharging 

and spillway discharging into ~he':~P o°l.:'i::~i~'In 'many ~nS%anees:i!~he ~ 

set-up would fulfill one :or :more of ~these rei , ~ ~ ,i: ~ 

be objectionable :for %he ,remainder,.. : ,'i • .... : : ii 

From ,the ~ests ,on :the sluiceways ~maae~'::in :O on:Junctlon ' 

wt.th the .tests of the .:spillway .,operation£ i~h~"",mos.t :satlisfac,t°ry - 

opera.ting c ondi:tions :,w.er e ~ob.~a~ne.d :by. e :s luice,:....,, 

wiys ,as a flood ~flowapproached~ . the .,r~ ~e flood ~ 

flow .increas ed and.'.the. ~eser.~oi, r ~ele.vatlon irals.ed~ al'low ~h.e :s.Pil~- ~ 

way .to discharge wi-'thithe sluiceways s~ill in opora~i, on. As ~he -i 

:flood subsided, the .sluiceways _should ."continue .tb ,discharge ~,unti~l 

• a f t e r  t h e  s p i l l w a y - g a t e s  h a v e  b e e n  r a i s e d  anal . d i s c h a r g e  o v e r  t h e m  

• @ : -105 - 
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?•, Lz :  ,,',~ ,• :•,~ , ' . . .  •. .~ ili ~ 

stopped. Thus :at maximum ,flow :oondi[tions"i~.the ~slu~ceways :.w.ould 

dis charge ~40,000 s econd-feot • and '~.the ~.spi.ll ,way 1200.; 0007s econd-fee. 

In Figure. 25, Test ,44 made ~.under ~,theae-condit"io~s '!(IS ~compare'a:itO 

Test 43 .,.made ,with the sluioewaye closed 'tmtil ~the ;s.pi~lq way:idIB:Cbawge. ~.:::~CI:! ' 

reached 2 0 0 , 0 0 0  second-feet, i!e}~cni::Opening ;-tbe!~slaiceways~ttn:~ii!:~me :"... 

maximum capacity of ;PFt0i000 second~feet ~,was :passing ;the ','~dam.-/7~Flo w i 

condi tions for ithe ~formor condition ~are ~shown ion: :PlatO~l". ' ~ , !i-~),iii'ii~,.',) ,i ,):: ~ 

All ',.the. ,,figures-::roferred i :~to- in :~,the :;foregoing i'cLt i.:~. 

sho~ing the profile .of ~ater~surface ,were ~made,::fr°m'd~ta:°ti!tglne~d - 

by moans of the point ,gage-previously; :des( . .  /~i~ncse~sect:i6ns.:~.:,:,. , :~ 

show conditions on 'the center ?line of-~the.,;apr, onl,and:::are::~plo~te~i, i 

from a reference' datum at'~?Ele~.:~Bo 6- !:/~i~e :cur, veg!!:show_~,comp~ ra~i.ve'/::/:: i; 

results and, most of 'them are ;glottdd-:~in <conjuncrtiOn ;mirth !,~ho 'ihur.v~4~:?" 
- " . .  . i - ' J  " . " . , d ,  • -  

of  the water, surface when i,the :,24::,i }sloping ~apro n !~0 Lthe,.. level 

"i~';1 "slone ,:si,~2%.to .'Elev,~ ~819 :at ,~<the::<ond ,.of ";,!' apron  E l e ~ .  806 ,  a , , d a . ; . ~ .  , ..- -.. -. I~C! 

the . ~ r o n  . a . ~  used. ~is , ,as .done ,~to :ibta~'n,a:,.. ~ibas~s :of:i:Compa~i':q0'~'% ,,  ~ 

Check runs ~made ~from ttime ~.~o "~time :showed ~'~res ttTts ,of .:J;he..~i.)~ :.~ . , 

s illing pool to be :very~consis~ent, - .  : "  'i' . . - •  " - " ' ~ " : '  

~L 

@ 
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'2. Galibragion ~:gf!Drum G~,tes~ :;:,; i",. :: ' ~.: 

iln the: or, igin~l ::analysis .~": 
- ~L.~ 

spillway i,d~umi:gates; ithe ~ fo~nula ~~ .. ii;~. 

of the ,~,~,oeffidient~ C "was .: comu~ted 

~I0 23,, 
L and H andwlth 

1031 • 54 :and 1033.91 ~ respe c~ively,. ,: ?4When i.the ~;v~Lues :( " :.< 

ted on cross-section~.paper~againsti~the~ 

a~eare a ~  _ :',very .'~er~a,ti'c, ~ so :i.that :.~ic~ar~ .-: : : curves 

tried in an effort to straightentthe ~)da,ta. 

produced :a goo~ ate ~ eleVatlon~i! ::.~D~~Ticu~tyi~:~as . ~' ~i~"~: ~:;: - 

experienced in thls ~:method ofi-analYsis ~:due'tt0 i~e :sh0r;t::~a~e~:<df :. ii i-:;).~ i:,,i{~ 

values of coefficien"~ C .at :. some ,,"ga~e'~eleva tlo: 

tremely cliff icult ~to i;rea~ ~alues <from :~ho 2'log : cur~es ~to on ;,'cr~0ss- 

section . p a p e r .  "~ "i:[,:!i:"if;L",i~i.i)i' .ii:i[i ::!Lii'! :::: :'! : / :  .: 

A summary ;:;0f ~theke~results ~are ::-sho~n iin ~.~ble ;2:.~.:):i[~,C01~ .... 

I and"2 i, ldenti the"r , ~,,_o___',L~ ate (eleva~ionlln,-' 

feet (prototype) above.~sea~level ~datum, .. 
/ 

the elevation of,.all ~t~hr.ee gates ~:of ~-:the,~ .......... .- ..... - ..... :.~ 

-the fixed crest . . e l e v a t i o n  : o f J ! l O 2 0 : : w h e n } ~ t h e  i i g a ~ e s . ~ w e z o  . - c c m p i : ; . t e l y  :" " " : ";:'::,: ,% ) : "  .. . . . . . . . . . . . . . .  , 

lowered. Colunm,:4 ~-shows :the ;discharge:r.ov.er:!~he igates ~,0f ~,the rm~'del . . . .  
v " • "<'!! ~/'L ,/' 

calibrated as measured with a two~foot ~Cipollat~i ~elr,; previously ~ -  ---- - 

i n  p l a c o ~ a n d . a  ~ h o o k , g a g e .  R e a d i n g s  o n : . a - i ~ o a t ' i g a g e ~ i n  i t h e : s a m o  ';:. 

gage well served, a s .  a ' cheek. ~ Column ~:5 ,..gives. , -:the .~average ., 

"Iii- 



L'. 

1 

0 

, " ( . : . ; ' ' ,  . • 

/ + . . ,,- :; -., ., • .- 

): • 

• , ., ), 

v. 

i 

t ~  

--,41 ,;~ 

,~,~ ~! 

. , : :  - :  . . . . . . . .  . 

; : .-: :./. ;~ 
!. 

~ i ~ I ~ i ~ ~ . ~ , @ ~ , ~ ; ~ , ~ ~ ~ . ~ ~ ~ , ~  ,. ~ ~,, ,, : ) 

~=~I ........... " ................. " "  
: : :  : ..... :'i ~*~. : '  :**i ~-'~ ...... : .... ' ~ :  : '? i 

. . ~ :  ~ ~  ~ " ~ " 0 o 0 o 0 ' o  o o0- ' "o w - ~ ~ - ~  
i ~ : ~ . .  . . . . . . . . . .  . .  .............................................................................................. 

: ; ~ i l ~ ~ ~ ~ ~  o ° ° ° ° H ~ ~ ~ H ~ ~ ~ ° °  ° ° °  o ~ ooo~oo 

~ e ~  " " . : .  , J { ;  

: ...... : :~:~ i ~ ~ "  • * :i~{ ";:'.:'~ • :" : ~- : 1  :; 

b 

• ~ i ~ 

;~ l ~~ 

• , I M  - • 

. I I M .  - ' .  . 

, . , • . '.," 
• , : , .  .> 

: :~ 

r~V . .  

I • • • ' r  ' " -  ; . " ~  '* ' '  • ~ ' ," ' ~ , ) )  ~ : ~ , ~ '  , -  " '  ? "  " " -  . . . . . .  • ; ~' " • ; ~ ~ ' ' ~ , ~ , '  " ~ : ~  ' , " " ~ L  J ~ ' j  ' /  t ' 

o * * I Y O ' P l . i - l e i ~ i ~  * s i ,  i t l ~ i . i " l . * i e i ~ i ~ l  t~l,l~i)t,i~lqi*i~i~e-I)i~i"O.'l+li;i*tJl*l~ I ~ i ~ i  ! i .  * , l , ~ e .  ! ! . , 



@ % 

• / . . ~  r . .  i •  ' ~J. ~,!~! • ~ii~il ̧~ .ii iii! ~r~ ~i~i ii~ ~ ,~i,,~-~ ~E~ 'i~i ¸~.~,~ ~ ~ ' • 
observed head over :~the i m0del ~crest. : ~LT~is ?head ';~.as ~measureld !lifrom 

the highest point Of :thelgutes ~to "the water~ surface ~at ;:a ~po'Int " ;,~ 

three feet ~upstream',from ~the ~face of .the model dam;'an~d 

in the calculation of .the., coefficient ~.C :~In .the-equatlo:_ 

@ 

~ r 

fundamental ••equation Q .... ~<: : " . !, - o . - , - " .: ~.: :; 

* o :and .~slopcs :,of ,~the :-~straiaht ;91:ines > were obtained from uh ;intercepts 

through the dat a for each gate elcVb.ti0n, :,Very: 

sults were producedby 'this ,method~and'~t0 ;fur~ther:.ijust~f# !iit, i ad- ~ ~ i: 

di tiongl runs .were. ma de=< ~i',,~tl~ '':~''' ' g:;t es ;!sot,.,,,,., ..... .~at~_ ~EIo~:'... ,. 

' 'A ~dedided: advantage, f : 1028.93 and 1031.41 respectively.. 
A~ .... 

method of analysis :was ~h~t :fewer ~.runs -. were !requlredr;:~ to'~'~fixlthe~:. ~.: 

position.of a particular curve.. :. ' . " "-,. ,~:~ . ~-i-~ 

After sunn~rizing-the ,;data obtained :~r6m~:i.the2}IQg ari:tP~nic Ii 

. ~j. 

nlottir~s, tt was :found th:~t the v~!uos of'Kin ~and ~n;.must ~be Ifi.xed ~, 
_ .[,,- . .  , 

q, 

@ -ll~- 
%'. 
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with grea~ 

due to th~ 

and the Impos slbilltyL,: of ilnterpol~.ting 
• ,/i, "..~ i 

of accuracy. ~,.- /.-.~ ~~ i~ 
: ~. / :_!i~ii .:, :~ ~i ~ ., ~/~/ii. ~ ~ 

~Trial computations .us ing ::~tho :leas.ti.~square 

adjustment of ."observed/data :~pr~ 

of error such:~.that i, it:v, as.i,a 

• ~ 1 T i e "  , 

d,uta. . . . .  

..A "dis cuss ion ~of. i:.the ?:least ~squaro:~me.thod: Of_ ~o~justing. : i~::!. " 

experimeutal data :has Jbeen,~vr.i~tten ~_by.. Mr.o, 

Engineer, Bureau of .'~-icUI~ur~I ~:ginee~Ing, !Depnr~tmont ~of . 

Agriculture. .~e methods :sot~for.thi:iin !this "P::'~P,or have ~boen- . : 

Tablo No. 3 g i v e s  t h e  suzn~.ary ~Of rosulte~of~smo~o%h" 

ing the data by.meuns of :the.method~of~least:~.squores.-~ %::!~-~ 

Columns ,1 andS2 idcntmf~s..the.tests ~m.. :runs..~. ,.. . ~ ..... 

Column 3 gives the gate .elevation ~dn~.'pr.oto-.tYPe;ifeet, .~:sea~lev~el ~ .., ~.,~ 

datu~.o, as -deterrlined-.bY averagi~ ~.the. elevations., of~:.~:e :-highe~ ....... ' ~'-:: 
• . .. ,~.. - .: ..... 

part of the curve of :the gatefc, r ,all three:gates .ofilthe:-model_ 

. . . . . . .  ~..,.hen . t h e  ~ith reference ~o the :fixed cr~st elevation :of~1020. I ~- , -.:o 

gates. ~'ere completely ?lo~ored. Column.4 .shows~:averago .observ.ed • 

head over-:the model .crest measured ~ at all :times :fro:..u .~the Jl'~ghes.~ 

portion of the curve of 'the gate %o the water,:~iurface-.at..o 

-114- 
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paint  throe foot  u p a ' ~ e ~  ~ron tho~'rnco of :~tho :nodol d~n, 

Colunn 5 sho~= thoquanSitY~aI'wotorPaaslng~ovor~tho~°d °I~ :: : .  i 
| 

g o t o ~ ,  o u l o u l n t o d  f r c n  o b s o r v n ~ i o n s  of  ~:thO ~head I 

t 
two-fo0t  Ci~olXot~i  woir ,  . . . .  .~ : ~ :  :i~ 

0oI  6 s ve= tho-ool0g or :v iuos 

z o r o .  T ~  l o s  o f  a nunbe~  l o s s , ~ l ~ . n : u n i ~ y : ~ s  "tho c~inua c o -  

l o s  o f  thor  number.  : r k ~ . . . . . .  

CoXu=n 9 shews :tho 1o~ of :~. In  Ine~ancee:.whoro ~:@ . 

In l e a s  th~n u n t g y ,  tgu n i n u s  c o l o s  is:shoyn~'u~-oxplrAn0d .... 

r, bovo. Colu=n 8 glvoo ~ho s q u ~ r o o f : t h o  ;vnluo.glvon~ih oo i ,  

vsluoo in cel l -ms 0 nnd ? . . . . . .  ~ ,_  . . 

G.",'~oz~ c~ Cho so~ :olov~tlon; ~ 'A~ ~ho :bo~to=/of <ouch-of ,these 

~roupe tho  cu1~*ulcti~uo .for::tho ~uluoo of:K~:'and~n :~ :for~:itb~.t ..... " 

~ .  : ,  " : ;  ! ,  

6'o~o olow~,Ion cro  shnwn.  ~ .~ . 

~hn ~ l g o b r ~ t c  sunm o f  :the c o l u n n s  w o r e  u s e d  :~o. £or.~ 

the nlsebr~Ic suns. Solving the ~t~c ~qu~tions, !the ~vclues~of 

n o ~  A ~re  o b t a i n e d .  S i n c e  A i s  t h e  :1o~ o f  KmI~n, :with  

known v o l u e  o f  L m o b t a i n e d  by m e . - . s u r o ~ n t  as  d e s c r i b e d  above ,  
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a value ofX m was obtained. ~ese~values~ef~Em ~n~n~:E~roi.~.~le.:~ - 

most probable values ~f~r~itho sorlcs~of observations, ,:~ ~:~ ~:-:~ 

It will he.noted that~eomo runs~were~omittodifrom 

this ~ble. As deserlbod/in .iAppend'ix:i:~ZI, ~.rthe i~perc~nt ~.of :~devln-: ~.:~ 

tion of a single observ~tion,c~ ~:be/obtalned. ":If '~this ~ ~ ~devin-~ .... . .~./. 

tion exceeds a certain'limit, ~os~set 

it is reasonable to bollevo~that ~ithe 

C 

serles. The deviation ~nd itheallOwabie~:doviation~,~ore;,ci~l, : '~,- 

c u l a t e d  f o r  each run .-~d : if :..the : d e v i a t t  o n  exceeded :.the I ~lOw- 

able, the run was emitted.from :the :final..calculaticn~and~a~.iso. 

from the .table. ~:~ . . . . .  ~ "~ " " " -~. : ".::i~ 

An explana tien of the !!laws ..of ~hydraulic ~.-slmilltude~ ~ ~"~ 

and the tr-.nsference cf~resultsifrnnmodel~to~pro~otypeii~is ~ ~ ' 

given by Alton C. Chick in. Yolm!R.~Fre~ian'_s ~"Hydraulic.~I~bor- 

a¢ory Practice',,. Page~796, . • ~..;, .~ i,i~/,~,, ./i /i~J ,~/i-.~.~ ~ ~ -~i .,~ 

.. in~. .£.s. .. ...... . where Qp = prOtotype .qu=ntit-y ~ !: i, .~". ~ ..... 

Q~= model quantlty .In ~c.f.s.. ..... ~, ....... .~ 

'N ~-: scale ratio of.,mcdel ~(iin.~this~case';72), ~ - 

In the case of the qunntlty~ef~,wator..[flowing over. - a .l dam ~ 

% C21 - 

For  the model 
~, =:Km~Lm. Hm n (3) 
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From (:l) ~n~ (3) 

Equating (2}.amd:(4} " " ' " " ,.. :,.1. 

where 

but 

L~ = N : ' ~  . : : .  

Hp.= N Ha 

Subs tituting these :,values .in ~'. [ 5 } ~;:; 
. .-, 

Divlaing through. byi: l~n N: Em n --...: 

. . . . . . .  < " ' - .. .: - : . . : ' . : . Z ' ; . ' .  ' : ' , "  

.'Era..= coefficient'of::dischargo,:bnt, the::im6del:; :.: ..:':.'::-::::!.:.:-: , :  ,~ , .  

:L  m,..= .length of <crest : .on;: , the m~lel " ' . . . .  " 

= .length,of .: crest :-on";the :l~r0tot~e ..... :,: . - " 
- : ' :  : ~ , . ,  . :  . : 7  :: " , .  

,. '.,<:. •..7:•::,- • . . . .  

' * • ' " :  ' i " 7  • 

. '  " : - :  : : . , . ,  < : : ' : ' ! [  

i 

..' . , ,  , ~.: • . ;~  

:"X~;Nn:=~ ; 2 " " . .  : : .X [  - , : .'.", - , ' .  " 
. . . .  : 

a ~table of values for~proto.type,~:K~ana:n,,.,~ere,.obtained.,,~,,Thls -.!: 

table is shown: as ,Table~N .~,4.,,,.,,., , ~ ,,, • .... :.,~ ,,, : .... ,, ,--~'~'- ........ ~ 

v a l u e s  -of,.,,..p : wcre ,::~ a l c ~ i n . t e d ~  us i n g  E q u a t i o n  ,i:6 :< a n d  : 

the values, of~E m nnd: n .:from':Table .~No. : 3. !The,.values of n 

are the same ~hether model • or-pro.totype. Table)No, .'.4-gives " ' " 
.< . 
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the calculated results. ~C61umn~:.'l ~giv.es ~:.ths.~.olevotion ~=of: ,the . .... 

gates. Column '2 gives .the .'values-, of ;n ~.taken ,from ,Table ~No. ,3.... 

Column 3 gives v~,lues of": " " ' ..... '"" ~i ~ ...... "" " •" 3/2~minus ':n.. :Colmm~:4!gives~pro~uct " ". 

of values in Column .3 ie~d iiog:~°Of:)}72:w~ich!iS ~:.1.85733~ 

umn 5 gives the .values :.of!£ ~ -.,..~_Column:6~giv.es .%he ovalues(of - 

Km taken from.Table 3- and: Column.:7 ~.gives values :" 

type coefficient .for ~.the :LdS 

from Equation6. 

!plot.t ed ~:~.on .,.C r os~ ~The -, results ~from 

section papor~Kp ,vs Gate i.Ele~tion, ~.-Km tvs {.Ga 

vs n and nvs.Gate "' " " ' " ~ " • - ~ . . . . . . .  ~-"~:~ .Elevation., ~These..curves aze ,sho~m ~on .Figure ., ,.~ 

26. " " " " " ','i" "'" ~'" 

These .,results :show ~.that"a's~~.the~'gates~nre:'.raised~t%he. i.: .~" ".. 
,',•i •I~ i '-~"~:~ ,. :::::~:.:,: i.. .:..: :~ . ~: '~ 

prototype coefficient:of .:dischargo:~increas&s iand:~thelimodel .:: i"!-: '." ::i~ 

coefficient decreases, :Also ::~s~%he{gates ~are~:~raised-:%he':~n - 

decreases ~for beth,model .~-~d proto~Pe..- ~ : :... :{ ::::~,.,.,.-. ~/ 

• All -~.the cumves -on ~,thi:S ~ plate '..are ~ilnterdepend ent~ I ....... " .- 

For instanc,~,, if ~the !proto%ype.:coefficient~cur.ve ~is ~change~...:., ..... 

slightly, then :the o ther :three : cur.ves, mua~"~be ~changed-accord'- - 
, ..jq.q • , 

Ingly in order for :.the:given '.v~luos ~:to ~check. :'~ll ~.the-:~plotte~- . 

points are not :given ~tho. s~e .~eight.on.,the ,curves ,as !there. 

ere more observations on some-than on.others. 
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.Values of.~,E~ and ~'n '~were .~'rea~d ~from ~these :~curves ~for .... ~. ~: ~ ~'4~ - 
r ~  . . , . . . . .  . . . .  . ~ . . . . . . .  • , ~ . . ~ .  . . . .  

e a o h  ~ f o o t  . o f  ~i g ~  t e  i e l e v o ~ i e n .  ~i :~ ,By  ~ 

equati°n~Q~=~I,~LHn;', i~and iusing.~dlfferent ~v~luescof ~H,:'i :> : ! ' ' ~~ 

a discharge i.ta ". - ~ 

Column i gives i!tho ~ head ..~over~.~the ~gates iln ,~feet ~. '~...The ~ ~""~ success" ~ ..... :: . . . .  " ...... ~ 

live :.columns rshow ~discharg .... 

/ ~ res ervoir elevdtlon,!respe C tively ~for:~he !gate~elev~tion ~giv.en " ~" 

at the : head :0~:i: ' . ~  . . . .  

Thi~ ~tabXe~.was,.compiled •:~o~£u~hlsh:ma.terial:~:,:for i :~i~o. : : ! :  !.. •:-•:. " :, 

construction• of Cdischarge~curves. I:T. cnly;a'is~f~icient.i-:,'~! +j~; 
- ~ .  ji ~: - ; " - . - ' : ' ,  ' ,'-i:" " ' ,  - ~ ' • ' , " ' . : ' , . - :  ' • ~:~,5',, 

numb er of poi~.ts ,.were c~ iculated ~o :!~ix ~.~he .~!curw.es-;:: /A~(llti o~dl,"~ ~j~ :'.:.!:~:: 

points :~.~y be:calculated ~rom~the.~va lues :,~i,von,:~a~ ;the ~head-.Of " " ~ : " ': :~', 

the colu~.ns. : . . !  ,~. ~,~ . . . . .  - ~  , ~  - ~ -, . ~ , ! , : : . ~ - . .  . . . . . . .  ~. 
. - ,  . - •  . . ?  " ,  

be scan th.a t "for :any ~. given elevation o f  ~ gates, and 

over ~the gates "the quantityi~passi.~.~can :be ~re~d.direcJtlY,~.?.%!]~s ~i : ~; 

diagram, is ~ based on ~ havlng: all ':the gate crests ~.at :~the ~-~mo ~ele- 

vation, as it ~iis ..expected ~,t~ha~ ?the :.~ gates ~will ~,be J~so operate 

However,. should ~the ~ gores ~be ~. a~_somewha.t ::dlfforent ~.levels, • /~!~/~ :~ 

one-third of thc~sum of the discharges ~token ifrom ~thecdia~ram " ."~ 

for the three gate--elevations.mightl.be .used, i!f :,the gate 

crests differed.only slightly in. elevation ,the noan crest .~le- 

vatlon could be used. No study,was made of "the discharge ~i~h 
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. .  . . . . 

. , ,  + + ~ +  

+ 

- i 

" t  

+ +,lS~fmi:ll I' ' ,  ! ' : ,  +~ ;5 -'~ ,'+! ,:i" ' : :  ' . ' 1 +  I M  i ~  + • , i  . ' ,  ,; ++4 ~ + . ,  +J ~ ' n  t ~ 

• r: ' ' ~ ' . ~  ; ' 4  ~ .  ~ ' = ' + ~  ~" '* 'm ~ "  " ~ 0 '  ' 

n"~ '  ~ o ',,..~.~. ~,~..'~ +-n ,+~ , ~ . ~  ,,.o ~ N . . . .  
,. ! ~ + , + ~ o ~  0~0 

t ,. ,.-,, 
] .  I1 ' .  ~ '  " '  '+l.q a,,.,l "~,.,ql ~ml ~ ~ , i : ~  i,,,,I + . i  o,.l ,~ i  ,~i  +a.,l, +:' .1'  

= , ~ ~ p  ~ +. - . . .  . . . . . . .  

++++ , , . + . . .  
+ m" + "  '+m " "  " °  "+ + "  + 3 1 

+,'-+ + "'m+~ I" ' +  m " . +  m o le...,,~ +o ,~  .~, . ~ : .  +, + , +  ,:++: . . . , . 0 . . . , , p + + . : + . , ~ . ~ ; +  . ' + , + .  

"'~' : - ~  / ' " ; : ~  , " * , '  '~+""~ :' :5 i ~ ,:~Ii : ' r  :i .~. , ' 

" " ;+;a~_ ~;~ 
.. , . : ~  . . . ~  , ~ ; ~  

. . . . , - , ' .~ .~  
• II .I~ • 

. .. + m ~  

ill 

. . . .  ' " + . . . . . . . . . .  ' " ' + ' l ~ P  ~,~ % ~ '  .v . '  

~ , . , ,  -,~ , , ~ + ,  ~,  ,, ,~. , ' . ; ! r ,  ; ' . . ' , , , ,  ,~, . . . _  ,++.,+',/~,~,~" . , 

- ';'":*~I'~''L" , ; ' : '  .' :':':~" ' "  "':+'~;~"'~" :'" ' ' ' . . . . . . . .  " '+ . . . . . . . . . .  + ' " " ' ,'," L .  ~ /  . - .  +;,~, :'.~ ! ' , , :  ~ .  , ':, i ,< '.,,+ " ; . : . . : :  ~.,:..,~',.',:~,,.t',,!'. . . . . .  

e 

+ + + * +  + + + +  ............ 

' ~ .~  ,.5. ~.~C~ ~ . ~  , "  ' : ' , - + . . . v  . . . .  ~.,  

!+ 
:ii 

" ~  ~ ~ , ~  ~ , ~ o , , ~ l l  ~ , ~  e.  ~ 

,+ . ~ . +  .- 

• . i ~ .  ~ . .  ~ : ~  , •  , ,~:y.,~'~;:  . ' .  , . . <  , ; ~. ~ . -~  

• ~ "  ~ . + i f + .  

_ : ~ . .  



. . . . . . . .  : :  . . . .  i :  ; ,  
, * , . , , , ,  

: : : : ' - : : "  ~ : i ; i , i ! i ~  
, , o . . . , , ,  

i:;!~:]i!;i!: : ! :  :i . . . .  

: i i  : : : : : :  

' t . . . . .  

' : : ; : : ; ' : : t : :  

' :  ' i "  : . ; ; . i  

: i i ( ~ i : i : :  

t - 1 1 . ~ ,  o . . .~  

i : : i! I - ;  
. h  

~k;!Z!ii~i 
b.~:! ::;:~ ".i ~ ! 

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

,!o.. ~:o. 

. . . /  . . . . .  , - / . . .~  . . . . . . . . . . . .  , , ,  . . . . . .  
• . / I . : : ; / . .  : :  . : :  " ! ~ - I - - ~ , ' ~ - ) ' . ' : :  : : :  

"" " ~ "  : : - " - :  : : q  : : : : ;  : : .  : I = : "  : ; = : : J * : : : ' , ~  : : : :4 
. . . . .  • . . . . . . . .  4 . ~  - . o  ~ : 4  / i :  . . . . . . . . . .  I . . . . . . .  : t  .... : ~  ~ . .  : : .  

• • . . " t  * . :  ; " " " I * *  t . . . . . . . . .  * ' I , "  ' " + ~ t . : . . . .  " r  7 ' /  i t . . . . . . . .  , . . . . . . .  : ~z l~ ' . . ,  ......... 

: I :  " : : :  1 !i1 

, , . . . .  o o .  • ,  o . . ,  , 

: t ' : '  . 
....... ~ - ;  .~" : : ~ : . :  

~'i : : h !  

: : /  : : : "  : x : : ! : i : : : : l i : :  : : ' : ' I :  . . . . . . . . . . . . . . . . . .  ; " l : . . . . . . . . .  , .  , , ! t  ~ 

: : i ; :: :~  ~ ' * ' : ;  ...... : ' . . . . . . . . . . . . . . . .  : ! ~ ! ~ : "  : i  

; I i ' ' '  . . . . . .  ' ' 

, .  . ~ . .  . :~.  . ; .  ; . . . . . . . .  
, . . . : ; : - ; : "  : . : . . . . . .  • , .  . . . . .  . . . . . . . .  . 

~ - - ~ : .  - t .  . . . .  . "  , : : : : J  . . . .  : ' : " : ;  

" "  . . . . . . . .  I : . . . . . . . . .  ~ ' : ~ :  I • ; t ~  
- . . : :  , " ' t '  ' : : I t ;  . ' : t . * . " : ! : ' ~ :  ~ ' -  , '  . . . .  : . : ; I . . : : : :  ; : I ~ . ~ t . : !  . I " - 
"-~:  . . . .  " :  . . . . . . . .  ~ ' "  : !  ' " : l ' :  . . . .  t '  " , - . .  : : '  ' *  ~ '  

~.~. , ............. , I . j: 
' ~  ' " ~ ' - ; ~  : : ' " ! : : : : : L :  . : J " - ~ ' :  . . . .  :: ~ 

p T , ~ , , ~  ~ ,  ; i  ~ ' ;  C , - ' - ~ '  ' ' 
~ ~ ; . ' , ; ~  

. - : , ' ~ . ,  * '  i ,  , . , . ~ - . ~  . . . . .  ~ . . . . . .  , . . . ~ . . . , ~ . g . . . _ ,  , . !  . . . .  ,, , • i  ~ ' : , , .  7 ~ t ; ,  : : , , :  ~ • ~ . , .  : '  , ' '  " S I . : 4 :  : ,  , ~ . * - ~ '  

~ : : '  .... , ; ,  . . . .  1 . . . . . .  : . . . . . .  T... . ~, . -  ~ . . . . . .  t '  . , I . . . .  ~ . . . .  ' . . . .  i t ~ 

:.[ : i ~ , ,  F : : ; - . : ~ ' J ~ ' : ~  " :/ " . :  ~ :: ' :i ' ~ ' * ~ "  ~ ; ; : ; ; ~ :  , , ~ i ;  ~ : ~ '  . ~ . " ~ * ~ - ' . l .  " ~ ' ; ~  } g i ' ~ * ' ~ , t ~  . . . . . . .  : ' ~  • 

FIGURE: 2 7  

. . . . . .  : ; . . . . . .  , 

~ j  ~,'4 ; r . [ :  .:; :~ : : : ;  : : ;  ".. '~..i :T. : : .~, :  ' - . . . . .  : , , : , ,  : 

. . . . . . . .  ' ; '  ~ " . ' ,  !J . . . . .  . . . : ; ~  . : : : - : . ; . ~ : ; ; :  

- .  t .' r . . . . .  , , . :  ~ .  ............ ;? ii!~ I :: t::: ~ :: " • ' • , j . . . . .  t ~ z  : X . ~ .  : : , ,  , , , '  I 

- !  

" i  

; 1  

. . . . . .  ~ : : : . , ( , ' ~  . . . .  7 ;  .r t ": ~ ' . . . . . . .  . . . . . .  -: , .: * ' . . : , .  ~ ,  ; ~ : '  ; I 2  

~ ' ~ '  . . . . .  '~I " ~  . . . . . . . . . . .  * . . . . . . . . . . .  .... ! :  :~ ! ' ' : i  " ~ " :  '~' '"~ * ' "  " ' ; " ' " ~  ":;'*~' : " : " . . . . . .  : r : : : r ; :  :,t:l::': : : ;  ;:;r! :" ~::::: ~i t 

: ~ : : t  i'ii: ZE" ]L ; :  ~i 

• ... ~L--TZ~: Z ~L:!!  ii:u_:'~:~ !.*-iiiiL~. 

: 7 - ~ , ~ , / , , / ~ - ~ ' ~ - ~ '  . ~ , ' z . ~  . . ~ - ~ , ~ : ~  y 

• !~ : . . : ~ : ~ '  ! i  . . : : i l i  , 'L! !. . . ~ . ,~ .  
,-~UB,'~'I '7" 7"£ '0 

i ' ' ~ [ ~  ' " " ; " ~  ' : . . . . . . .  " " : ,~ I , I : ; I ! :  ] ! i i :  : : i :  . . . . . . . . . . . . . . . .  : i=-~-=,,-~-o' c.~.=;~,,,,,.,,ov=o : . ,  , ! ~ ~ - .  - - - - - -  



@ 
~ - 

/ /  
q 

gates ~t widely, dlffe~ing ~elev,'~.ticns. 'l.t :is..prdbable that.~:the 

first of the two methods described .i.or'' .gates: ~a~ .unequ~i;"e_ie~{ . ii,~ 

vations could b e  use c!-~ith suffici~ent--accnracy:~Itii.._ang.ibmut-~: " ""~"~ .~,,..~, 

extre_nely different gate.~settings. ~ ::,: • ' .- .. . 

v, ' ~ J :  " . . . .  .-; . . .... ~ ~ "ii... .~:.. : ..'; :-i::~ 
T h e  r e s ~ t L l t s  .o~ t h e , . c c e f f i C i e n t  : , t e s ± s  i - s h c ~  ;'~tha~t. ~ t h e  ".: ' : ~'° 

spillway ,will discharge the~ quanti,t~ ,a.tod-:,in "the';prelim~ ! ::: ....i 
~, • ~ . . ,., 11 : .... ;~ 
/' -i :"'~, - . - '- . • :. :_' .:,O}i'".,:;-~ ; . ~-: "~' ',' • . " 

inary c ~ilcula tions, and :,h~ve ;a.~-smal&,,margin " o f / i ~ s a f e t y :  'in the/. ~,: ~ . ,. .;-..:::~,! 

, .~ • .. • .: ..,.. :., . ,: .~.~ . . .~ .._, ,' :'~!.,.. : '....;: -~:.:~ 
form ofaC~itlcnal, dlschorgo. ;-,. • ::.. - I- . . ":" - .~ ..... ;; "~ 

..i 

@ 
. . . . . . .  :- .... _ -" 'dl~ ." ' ~ . "'" '.;",".. f .... :- : ..... to-show the results &n:a._~ore conven~iona'l :forL-,.,.,he.,~v~lues,..e. . ",~ 

C L ~ , / 2  " ~ i n  l'e,:,~2 1 , ;  . . . .  ~ed C i n  t h e  f o _ ~ u l a - Q = .  ~ s ~ s h o ~ .  ,~,Tab ~ ,~ore .  p l01t  _ !~ 

aginst reservoir :ele~ati6ns. .In orr~er -,.tO..:ob.tnin a ,~oo.th~c~,ve. ~ i-": ... -.;. :'i 
. . . . . . .  .. . ; ~.. -.. ~~ il > : "  ." !~/!. ~,:;.""!".--/i~: .':...i i, ..../.:, "ii;:.-..~,i! 

through these 6bser.ve6 :points-on ~ 6 r o s S - . Q e 6 t i o n  ip~per.,,' ?espodial-ii: :~,%-."% ~ i ." ~i:;::~;!i 
' " ' . . . .  ' ;  " , : : ' " " ? ~  " ; . .  . : ' ,  . - . ,  ' . ' .  ; L  : : , -  , C  " ,  • " . '  : ' ;  

ly when ..there-,,ere .only four.or !fi~e~:::obSez~::~iOns., :vn~ues":-ofi.... ~.~.:#..i: ". .,i:~:;! ~ 

C for each curve -wore .calculated? :/For each ~obse~,ved..~gnte ~ele- ' ' : " ' i'::!i!!i 

vat i on, value s • o f .!the .~.~ead .c o~ver i~g :;the ;~ obs erred .::;~.ra nge iwere - "" " 

assumed and values .of.C ca.1.cul~'ted:by:iu~eL-of;:.tb.e~form~:a " .. ~ ~., :; 

which ,is ~derived-as ~fol~lOWS.: c = K~ ~.~-31~ - . . . . .  
" i 

li/ 

and 
l, fl 

Qp z ~,Kp.T.p Hp n (2) 

. :!i 

:ti 
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,@ 

gates ot~rYdely.differing elev~.~ij~ns. ~ : : / ~ I . t  ~iS"~.pr0ba~i:e.!(th~t.~ithe i ~!'-.: : .  :~ .  

f rs ::of j ' :  

va~i ons.~ c oUI~ ~be ~ uS~ec! :~iWltll ~suffi cient ~-ac Curac~ 

'~The ~re'sults ~of ~th~](~icc~fficient ~tests"~i~shcw I' 

sp~llway will ' . d i ~  pat~ .... 

f:sd~et in ~the ~ inary caleulations "and ~ha~e:~a :sm~ ~I~I ~margin ~O y ~ . . . . . .  ~-" 

form of ~, ad~it±cnal ~ dischargo., / ....... ~. ij:i! " %/i,~i :- 

,,:A/discharge curve;:for ~sp21~'~aF ~,was ~tl~O ...... 

m~jor requirement .~of'(th~ ~coe~fziCi"em~t~e~erimenti~:',i!~ ibut-i~ini~<drder i ...~, • ', 

ire ~show the :of ~~ ,~~ 

C in thefformula~:Q ~.Ta~ie:~ ,. 

aginst :reservolr ~ elevations, ~In order t~o,ob~itain ~a - smoo.th~.c~ve 

cross.~ec~ion ~papez.(es!0ecial.:....:. :. ~. 

ly ' there/ ~only ~our " .... " ' : S .-.values ~f</~ii~!(~).i: ~- • ~waen. were,~ .~ : or ~f~ve ~obser, va~tio n ., .:, . . ~, .. 

C for :each: cur~e ~wero ~dlculated, ser~ed)gnte:~6ie~:~i i:~,, ~/.: ~::-?/i~ 

vation, values Oflthe .i:hsad !~covezim~g,~L~he~obs, er,~ed.: ..... • ~range-, were 

assumed and :.values..::of,~'C ,~ ca!cul~ted~iijby~nse.. ,:Cf/=~.tb.e /fos.mnl ~ " o,.. ~/:~, :~ :i , 

C = :Kp~Hpn'3/2: ieh ~is ,denived as :~f6~ows : : .. .=. . . . . . .  

• r~:/~ ~/:~ _. _ : 

.@ 

a n d  --  

: I ;n . . . . .  

- 1 2 5 -  



. • ,. 

Whenc e, '.dlvfding ~by ;Lp 
c 

..... <C 

f , t ]"  
~2 

?~tor -- (3 

alues ;O:f ?~.~ i:an~:~m ~were ~ t t 6 . k e n - ~ t i - c m  :ithe: :;C 

@ 

and pass'~through~the :observed , : .... 

is no .way Of :interp61ating res 

those observed :directly., . :: ::~ . . . . . . .  . . . " - ~:! 

By .:the abo~,e.method •culves .showlng., O ..~la,te 0 .a~ains.t .~ . , : .  

reservoir elevation :for. gate ~::ele~~tlO~S ) of ?I02Q.,-~:IO22;~.<S'.~c ..;-.~ : ' .::~. i,. ' .::<:~ 

were :plotted : and- are ._shown <on~Fiaure:~291 ~ ~Taese :cur~es .were:~eon, ::; ,:: 

structed ~to me 

J -b 

of ::the "crest :s action ~:~'n~d ~th~ :~6h0r 

very rapidlF sas .~the'~g~tes ~are ;-~al sad 

: : A l l  results were very :'carefu~!y ~che~ked :and ~Jae :pl:ottod 

c~es. sham 'the. final amalyais : o f  ~t he, data. ~; '  

sea,ion }increases. ',i<i:, - '!~ 

~q 
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@ 

:%otal 

0 

:the gates were set:~for tthe 

why ~the ~measured ~pressu~, 

~.~ions ,.other :.than .:Oven ~fe~ 

were converted :%o. 

7~. ' ('~the ~scale :ra'ti 

s~an~idlly .less ~h esd~.ts~ 

• erred :by ~his simple ~means. -~i !!:~~','-.:., :.i- ._-~--_: ..i~..:.,.~!'.~i..i: -: 

:Plottings ~ Of ~the :~resul~s ~a~e ~S~o~ ~ion , : ~ f %  " --- 

31 -and -3~.."~Thes e ~c ur.ves :show '~ho':::posi~i~on"~Of~~'th~ iE : " " 

-:%otyp~ 

~ Li, ¢¢ 

d a t a : o b t ~ i n e d .  :More .:@ ~g~ .. , . ,  r :: . . . .  

• at: pra~!ticaLly :theii~rs~m 

~showed, ,consistent :rcstt~ta~ " " • - 

" " . .~It ~ :wi l l  ?be .~no~ed~on'. ,~i&n~rc ~3Q,~Run !"53!i~tha.t.;ithe £p~.es-  :.:~:i! :i ii~:.. ' :-:: 

sure :iis ?below :atmospheric ~tor : : d l i  N o  ~p~'ez0me%er~,;:~bu~ ~the':i ~ !.ii:~•i... : " ..' 

"head  : f o r  : e h i s  :,.run, w a s : a p p r o ~ ~ . ~ e l y ~ : ~ l S , ~ p e r c e  n t  i~m0~e ..than %he%":~i:. :::::i!.::",' " ,  :"  ':?i!i: 

'des'igned ~hea&. - ~At the ~designed ~heed t(RuniS~)~, :~the ,,pr.esaurlo.~iS: :.•~:i •~, .... 

.,~elow ~.a~mospheric, on ~o~ly ~e: ~.th~ee :downstream piezome%ers:and 

~.~hen .-only ~ .~small-amount., On .Figure-"32 :~the :Q 'for ;Run .11, u,ms 

approximately 120,000 second-feet an~ ~for:Runl2 ~.pproximately 

il60,000-seeond-feet. 
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4, STests~ .... is ~" " ::''' oni~Tra inln~!~,,Wal ~ .- ........ . 

::The: results~iof ~the :i • ~ Y 

• ing walls ."of ~.the ~spillway ~scc ~ .: ::.~ 

el svatl ons < gIvon" are -exact ::as : > :". 
: ' , " ' :>: : . " .... " : . . . . . . . . .  ~::i :..~::: :i~"i ~ 

converted :.to . prototype. '~Thei~sl6pe :of .!,the :,top '~ Of ;"tho J.trainlng.. :.:. :" :~ i:..-i 

wall was determined from~the~.modsl. " ~ "" < ' :"~ :!/ . . . . . . .  . 5 

@ 

The point:'of.intersectlon':of ::.thesloping ::.training~'~ll"::.wi:~:4the :- :-:: : L.:":i/i:: 

horizontal .wall':could~'be,moved,:closor:!to.:ithei:}d0~nstream::face:k:'- i. - ,, 
; , ., .,7 , ,/, 

of the dam, ~thus:mmklng~ a=.steoper ~:slopetthnn :>that.,:giv.en,.and <, .... ' :~.... 

a :fUrther: saving, _i I: :.>:~,'!:" ~:" ~ ~,~ ~.. .,- .,,~: . would result tln 

~o~ results .:o~ -,~h~.~:~assurs.~.tes ts :!.;n i;tho. !:~ini~ ': ...... "" 

wall between .the spillway ~ and"tailrace =.:.were ~ ~shown .:~ .: ~' :!~"~ 

~ J 

on Figures 34, .N.~.and 36. '!iThe :~.locations,rlof ~:the gplezomtor ,, ,.-,. -.,. 

openings as i.they. ~ere:installed:iis..:.shown<on!Figur.e~36:. :': i-• )":.,:. "~:,'i !'.: .:::' :' 
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can :.be .:~ead,;.at 'any; elovart!on,: 

~At :;high"l:~:dis C harg e, , 

face of ithe _powerhous e <:exte: 

overflow: dam. !For',. 

water~ f lows. over : th 

, L  

:race into '-the ,still ~. ~ ,/,i!! 

a depth • of ~.ten !feet, '!This;aCtion iis i:!Shown'~.to i.be~ia :mmXi~ ~.h.t .i; • <~,~~.ii;-i 

Section.i~IV, :Figure?35, !~d:ither~ ~!i-Si~~d~isliEh~i:n~.g~;~i~r~.~=essuze 

near: the "~top-..0f the. ~all. ;.iThe~water. ~ A{irfac'e~ini.-,:;he ~ tiiiing- i:: 

pool is ~ high '-.enough: at ;, Sec ti on'~V"ttojm~.ke :~.tha ~ eff~c t fnegligi~le.'? i;:: i: -,/':~•',i'!•~,!~ 

There i is, :l~owever,, a :flo~ over i:the~wal/~:and.~into ~:the ~s:tilllng ,~ '~/~ 

pool i from .the .:front .edgecof,~,the ,~powerhousei~"~to~:,the {end :;~oT~.ths-;S; .-.%:9. 

a p r o n .  . - " , . . . .  ; , ~ : , : . ,  ~, • , ' , : ; ;  - .  i .  . . . . . .  . . . .  :.. 

.depantment :: immediatelyuupon :..completion?~of ':the •:tests :for tthoir/ .,, '. " 

guidance in..the design ~of :th e :,wall. . . ... ..:.:,. ~ :.: .:/:.i" " 

:. :. Measu~e~_~nts ,:.of. ,t2:e ..veloci •ties ~.on the ~ apron ~of :.the . . . .  • 

model were made ~for comparison ?with :.the "computed',,velocitles .on 

i 0 
-13g- 



prototype ~.,~o ,~determlne ~,~the;~:magnf~tude,:of !,the ~error ~whlch"~'~'~ ~, ,. ~,~:.~• 

~results :f 

~the ,~ sa~e 

sulk---of i 

• wi th ~: tho s 

,~differenc 

i ~ i o s s  ~ s  : t o  

~ h o r i z o n - t a  

@ 

although ! ±~t ~mlg 

neither tho ~law 

" : ,  L " - ' , i  

i toly !. k~n own :~ it ~ 

, into ,the -cause ~, of ~.~the { 

~,tion~Jof veloc i~y ~due !..~ 

~ sho~, however, ,that ~th 

,.~elocities ~,is ~not ,~sufficientL~t0:i~causo:~ d0ub,t ,uS ~to ~hB~ s ubs,tan.t±ali :. -~k- 

• "accuracy , o f  ~,the~model ~tes.~s.~ - ~ - , ~  . .  . . . . .  ~ . . . .  ~ ,  

.Tablo ~6 ~ gi~es a summa-~i on,~of ~resul~ts,~of tthe ~eloci~,y 

• studles. <Column_l giwes the ~prototype ~ quantlty ~in, socond-feet. 

- . 1 4 0 -  
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COlU~IP. ~, the i t h e o r e t i o Q 1 0 r r  . . . . . . . .  

second; ¢ o l u ~  5, the v e l o c i ~  

tag  ¢ o  the  v e l o c i t y  l n C o l u m n  
t 

i n  head ( f o o t  o f  watoz.) :as oo~.putodi i f rom ilthe: prOt. , • 

IO~¢t~r 's  f e r u l e  w i t h n  = O ; O 1 Z ;  ~Col :~UrS,  '~the :me~surgd~ f r to ,  ,~ 

converted' ~" 

to p r o t o t y p e .  C o l u ~  6 1 g i w s  ~tJ~o~not ; v o l o e i ~ y ~ ; i n ~ f e e t ~ p e r  !i ' o 
C~ . . . .  

second o~" di f f eronP .e  between-spoutlng ~veloclW end::loss :of ~' 

Column 9, thenet velocity he,measured:by ~:t, he ~p:tgot ~,tube ;:: I " 

Column 8,  tile d i f f e r e n c e  between Colu~us:;3:and :/~. :!e.:~f~,~t~of ~ 

• i : • • •• 

w~tor ; Colunn' 9, the measured ,voiocityi::ho~d:~in £;~,0'~ ~,f: ra+~r 

corresponding to the velocity~g~ven ~Lui~Col~'~7.: :: ,0L~ese:(Values 

5 because the actual water surface as.measured cn~'.tl~o mo dol =' 

was used, Instead of the calcu!~ed:water~s~cface, ~ini:computlng 

the theoretlc~l volocity~he~d. :~This~differsnce:!is }less ~then . . . .  

0.5 porcon~ of the values Given so,does:not ~ffeot ~,thei~resuits ~ • !~!~ 

materially. " :~~: 

6 .  G e t s  O p e r n t i n ~ P r o ~ r ~ m  = ~  

~ . o  r e s u l t s  o f  the  ~ t e s t i n g  ~to d e t e r m i n e  a g Q ~  s p a r -  

atlng progr~n show that when the gores are at widely different 

elevations the conditions in the stilling pool are notsntJs- 

- 1 4 2 -  
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faotory. The ~.Jets ,from.lthe , ' " . " ' - , , ~, ~ . . . . . . .  ~ g a t e s  ~ a t  , w l d  e l y .  d l f f e r e n t  : o l e v a - .  . . . . . .  

t i o n s  c o m b i n e  o n  : t h e : r o l l w a y : a n d ~ s e t : ! ~ u p ~  , ,--.. 
J 

thewater enters :the ,pool. r ",:ir.FOr {instance, . . . .  [ter ~ga:te ~ !. 

up and 'the :two outside gates ~downi ~th6 ijets i!fr~.tho'~,Buts'ide/2 ~ 
• . . • .  ,'~ ~ - - . . . .  

gates spread .~in~ under ~the.~Jet :from-~the een.~er ~ga~,te:~bOcause:!ilt ' 

s trlkes farther ~'down .on ~the ~roliway. ~ ~itThis 7disturbance :~is ~ i~i: 

c a r r i e d  d o w n  t h r o u g h  t h e : p o o l .  , :~ .~ . - . . ,  ~-~i:~:~,:~ ,~ ,~'~ . . . . . .  

In testing for an ,operating iprogram, f~the:j!posslbi 

of some irregulari't-y ~that: might ::6ause ?onoi:or ~more'~.Of;:iLthe -' gates i--! 

to become !inaetlve was  conslaerea.  Insr: anc' ', on:i: Plate ~42-;~.: 

a n d  B i s  s h o w n  : t h e  a c t i o n  ~ w ~ . t h  ( : G ~ e S  i ? l . ~ a n d : ~ 2  ~a . t  " "  . . . . .  " ..... ~::~ ~_ :.:~ : : : i .ii: .!i ~i~(;~i.~.~,, 

and Gate 3 at ;i020 !(Reservoir i. or. ~I :~ " i'. ::~;i 

either Gate '3 "dropping ~from~some ~causei-.or)iGdtes':l, a~d~:2 :.b~e~::": ' i • ;..i 'i/'~ 

coming s tuck , i n  • an elevated ~pos~.tion,~:~i'~~The i~resul'~ts i:Show:.bad " ~ " !:;! 

condi tlons ..in the ~ pool ~but ,,not ; ser~ Oust.enough ~to i:"ca~e.. ~ialarm ~ - ~..: 

over the safety :.of the..structure, ::.~Plate,~:'.42~C i:and .~D ~show ~.re, - " ~ii.~i 

sults with. Gates 1 and "3 at ~Elev~~/1034":aud ~Gate:~2 at ;Ele~.";il030. ' - 

Plates 42 to 47, 'inclusivs, ishow~::the~.res~.-~wlt~"~" ~-~ A"m- ---- -~..~-~ w 

blnations o f  gate ;openings v, hen ~:the ',reservoir .:is :/at.~Elov., .ii034 
:} 

and also at Elev. I052. 

The most undesirable condition resulted %vhen ~the ~.~tail- 

water was at a minimum, the ~resenvoir at :Elev. ~1034,al~I/gates i/: 

at Elev. 1034 and-one of them was suddenly:dropped ito ,Elev. ,1020. 
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This a.llowe~ ,, approximatlely .?18,~300 ?sec ond~fee,t ,of : wa:ter ~to 'rush 

into ~.the .pool..iltl 

apron and "onto t h o  :.~ 

which prevented :the 

The tailwater" very xqui ckly.{buil% :up .:sufflcien'tlY: :~ ' 
# : 

the Jump. .. 

,As can ~be .seen ?f~om ~;Pla 

more und es irable, c ond~t ions :were ~cau~ 

f r o m  t h e  p o w e r h o u s e  ,was . c o m p l e t e l y  .dc 

and gate nearest ~the powerhouse ~were .comRl'etel~.~ ~, - 

condition results because %her.ei;is ..more i i area ,~ in ,  

it turns toward the powerhouse ;i . . . . .  

l a r g e r  w h i r l  ; i  s ,o f :mor s : s e v e r e  . i : p r o p o r ] t i o n s . - ,  'When : i the"iga~e '; . . . i!  ::i:.: :ii., :i!i;: 

nearest the :p°werhousecis :o.ompleteiy"(~o,m~and:.~theii?Otherl;~o . ~ , •  

comple tely rais ed .the ..~h-irl 'b eyond '~the. end !.of 'the .:apron.: can " 

turn both into the :tailrace ~and rd_:~the.,?right.iba~iiend:~!~,s :: .,:. 

s ome~hat dissipated in , . t h i s : ; . d i v i d i n g  iprocess i ' T h i s  : c a  uses:~less: ": 1 

undesirable conditions. .... : :" " ...... ': " '- .... " :.i 

c. Auxi,liar~ ..... -,~-. - . . i ~ 

~i. Sluices " - " i;i~.,i 
- j . • . • :}: 

Wi:th the sluices ~level :~hrough ~the dam ~ond :'center " - :: ~~) 

line at Elev. 865 the Jets .from the ..sluice :openlngs ,fel~ into " : !i!~ 

@ 
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the pool ~near the to e of ~,the :slope i:and ~'~caused Serious L :disturb- 

ances. The jets~,from ~he i~pairs ~of ~s~ices~ comb in 

back the tailwater ~and 'forming ~ae .i~il 

Jets falling into ~comparat~ ~ii~ 

tho apron wouldlhave cause( •i ~ 

The floors of ,the ~sluices,,at the~openings~were.also ~sub~JOcted 

to very severe ~impact iand !cons equen~ly. ~a ~high.~..probabi~l~i.ty~~of~ i. ' / ! ~  ~ ~i~i~i 

being eroded iby Lthe -, action ;of,.~the~,water:~flowlng~over~!LthelisPi~ll ..... 

way.. This condition was phztiaLly~ramodied!by~i ,, 

tors above the openings of ~the isluices L!On the ~downs~treamiface i . 

of the dam. ~ • • i~ ~ .... ,~ ~i J' : iiil 

t i o n s  ~when ~ h e  s p i l l w a y  ~.~as ~ o p o r a t i n g l J a l o n e .  . . . . . . .  LThis a c t i o n i l c a n i . .  ~ 

be seen en •Plate ~II,C. ,The ~set L~~up :r~as'gon~ai~ly ~ver~ i-unsatiS-~i: ~ ....... L~! 

factory even L~with~the .-deflectors ~abowe:,~th~ ~6pcnlngs. i~ ~/•I~,- i~ .:i ? 

By changing-the ~inverL.tS ...... • " "~•~• " " ~ of :. -the ! sluic es :it o.~f O l l o w  ~a "" :! 

parabola from the ;~valves :;tOiii~tho".:~faceliof::.:the~L;dam,~.:::.ith: e ~exiits~ ". 

were lowered .thus-,allowingi~the ~e%s~o:siiide~into..!the.lipool ; 
- . • - . - • .-. , / j. 

rather than .fall .. onto .the .surface of the ~waten, ~.Condi.ti.ons " ' 
O 

were generally impmoved .but .the 'velocities crossing .the :si:ll - ..... i,: 

were still very .•unevenly.-distributed ~as can ~be Seen if roe .Plate ~"~ 

48 A. A good jump was formed ~here ~he .~jets entered ~he ~pool; ~: 

@ l_ 
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but uns table .~ flo~v c ondl.ti'ons ~.wor.e ,~caused i by ~'.~the ~iw n~~ ii,~":,i ~, / .... :: ~ ~~' ' 

the ~ ' • ' " "  : ~ . . . . . .  , , .  - ,  . ,  . .  . . . . . . . . .  ~ . , ,  • . . •  . . • , j u m p , ,  f r o m . . t h o , , s i d e s .  , •  ~ .  ~,  : . , • . . , .  ~ , • : . . ~ , . . , ; • •  ~ , ,  ,v~ ~ . •  ~, . . . .  ~ ,  . , ,,. • ,;~.: 

w ;condILtfons~i'th ,the:;,~spi~iway i:opera'.ji~:iie, i~ne ,,i ;:~! 

was. improved, and ;.tho :pos s i~ill,tY ,::of ~:orosion :!on ~he ~f.loors ,'.o'f" ..... :. ,,: ,, j~,:i, 

the slui cos 'at ~.tho ~openings'J: was 
L • 

impa c t :on the "bo.t tom )i of ~{it he :: Sluic es 

'plac ing ;deflectors Jon ..the .;face ,L of ):t] 
" ;;:~: . ~ ~ ii~:" ~ . ;• ~•k•~ "~ , ~•: ../!:%,~•% ~' , !: '~i . ~ ~,', i ~. 

openings. These deflectors,- whemmaded.the~-.same~.Width.~ns !~.the ' i ~ '~ 

sluiaes,:increased ~ra~her than~de~reas~d;~~,the~impac~t .......... ~onu~the .... " " " ' ,; -L 

sluice.floors. 
i" 

; .. ..!,.- 
it was found ~.that a :deflector ~oxt~n~ding ,;over ~±Wo ~sluices:~an'd~!'."/~- 

. . J 

half the ~idth :of.one sluice~beyon~d :ithe~:slulce.;'opening~on,.eadh-, : 

end, the impact could be ..,.reducea ~ 

Plate 25). .~The :results ;:of .the~'~te ~,tor , 

showed very :littlerposslbility.:'~Of ~eroslon:~:en .°the ~floor~;:Of'tthe/ -: 

s l u i c e s ,  a t  . t h e  o p e n i n g s ,  a n d . . ,  

c onditlons :~i th ' the spillway, operating :alone,., ,'ilt ~ was ~no ted, 0 

houever, '~tha t.a pressure .:-less ~:than r a~mOsphe~!c?was ~.:se t:~up ~in " 

the sluice passage.at.some flows. :This~.was:measured~as:wi~ll ~: '° 

be later ~xpl~Ined. - . . . 

,The-chief..objectlon ,to ',this sset'up,was ~.that .,the ije.ts 

o 

from the.slulceways combined.,and:resulted ~in .t~o,.maln ;jets -, 
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@ .: i.~ ,: ' .i ~ ' 

crossing the sill :(Plate~'@ - "' 

were separated, as +canibe~ 

back flow. There ~,were:also ~b~ck:~flow ~area 

ing ~all. ~: ;~ ~)i": i . 

Test 18, at the toe~ of ~:the'4:l :slope ~it~was Lunticlpated~tth~t ~ 

the velocities, could :be:moro~ /distrlbu : % . ~! 

of the pool. The results ~are~shown!:oni!Plate*48 iB. ,JAs ~can.bo '/~ i i! '"i:!' 

seen, the two high ,velocit e S(~stfii'.~ .,~ory~l:ttlo 
: -  . : ~ . "  . .  ~ . ; i ~  : : , < :  ' • • : . . . .  

added, impr,Svement ~ was -a ccomplishe'd ~in ~ifl ow: condl~ Ions:L~i<:th tth0 ~ : 

spillway operating alone. " . . . . . . . . .  . . . . .  - - : -  " • ~ , .... / ,~L.~ 

This ill ~as, next ~ ~ested~at<a ~poSi%i6n:!3~L~feet 
. : : . .  i :  ~ : i i %, :111  ;.~:::,:,..iii~'~i~-:.~!:i:.~,~ . . . .  - .  

downstream .from •the :.toe ..of i~tho ::41 iii ;sl opt. ,j:~WiithO~t:i:th e im~i:~ 

at the end of :he ~ apron. i.:~ne, condi,,tions.w~,th tthe~sill ~iat~ithls • 

' " ' .+i " < ~ ~""  ~ ~' : "~ ~ ' ' ' :  ' < q 

position were worse.as:cani!bc~s ;:.:~JOonsidering~--~- " -. 

that such a structure mould ibe.:~eXceedi;nglyi~expensive,~i%:.WaS : -  - ..i!:ii : 

abandoned. . " . :~ ,.- :i:~i'!" i'>. <:/i~,-i ~. - " ; 
. :.-: i i:i I, .!.: ,,, ~:.:~ ::i .:! 

The ~results ~Ith ~the sluices ..dis6har~ing ~into :i±he ~ ~. 'iii-i. '~: .... 

-pool wi th the curved upstreom~ face:sill-c:t ~:the ,~end of ~apron ~are ': 

shown on Plate<48 ID. They were substantially .,the :same ~ a s ,those :ii. 

withthe~.~.l. - - ~2- slope sill ~.~.s shov, m on~Plate48.~, ' " ~. 

Plate.49A shows ,th6 results ~ith~theslulces.operat - ~' '" 

ing and the high.dlffuser sill with oTerhanging:nose ~placed 

at the end of the apr@n. Very little improvement in conditions 
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® 

w o e  effected.wlth.~.thei~sill-:in.!thle.post.%tOn ~~''  ~ " ~  " " ~ - 

shows the results ~wl,th~ t h e  is ares ~sill~;moved :! 

Conditions were :slightly ~,im rov~ ~ -±~:~" 

s h o w s  t h e  r e s u l t s ~ r ,  i th~the . : : seme ~ O : . : ~ . i , , ~ , ~ , . ; ~ ~ . ~  ' " " " :  - 

F l o w  c o n d i  t i o n e  were ~ further i i m p r o v e d  ...wi. 

b e a t  r e s u l t s  ~ o b t a i n e d  ~ by  ~t ~,.. he use~of ~.thie ~slll.':ere~shown : ~, ~.'.. ~ ~"~ " '  '~ .~.  

p a s s e d  ~.the sill . the v e l o c i t i e s  ..~were ;well~.broken ~,up:!~nd~.very 

s v o n ~  d i s t r i b u t e S .  : ~ i e  , : s in  :would! ~ave, oeeeredi~ ~:soia~ian ?i-,, ~: , 

t o  t h e  p r o b l e m ,  b u t  i t  :~ ~ s  ~.hoped~.th~t-.:~n:.e~en~bbtter.;2~ondi,tionl; .i.' !.- i! 

might be ob~elnod bY slmpler~means. ~:~:: 
,. L 

P l a t o  50: shows '~:¢he results ~hen ~the~~bove :sill',~;i.th: 

t h e  o v e r - h ~  - r e m o v e d  ..,wus u s e d  ~ a t  :~.the ~ end ...of ~the~npron.: ,cnd~:50,  

60 end gO fee% upstrecm2frc~ ~:the ,~ end :: of i;the;apron. ~~Those ~resul'ts 

s h o w e d  no  noticecble 'ch~nEe ~fr~n !the ;previous :~results, 
. o 

Plato 51 ~A: shows :the openings of i~the ,.sluices :.~ithino:: . 

dischnrge offer one sluice of osch ~p~ir.lhed~:been diverged~:from : 

the other, .The results of !this Ch~nge,.were :very~satisfnctory,. 

The Jets f r o n  t h e  sluices~were:ivery evenly~:dlstrlbuted~ccross ..... : 

the cpron as shown on Ply.re 51 I B, ~ith the sluices dlschcr~Ing 

.? k,,. 

-15@- 



i 

0 

0 

o 

o 

0 

*¢ 

0 
~:~ 

g 

o ~D 

d 

• I 

[rJ 

0 * 

0 

1 ° 
1=4 

0 

q.0 H ° ~  

o o  

e )  A 

0 



O 

I~0 
0 

- 0  

g 

0 

~3 

0'~ 

~ a,"O 

0 

0 
m 

. i  

i 

t ,  

/ 

• ~i~ ~ 

J ' j  

O 



@ 

into the pool when the~tailwater~:was.~lowergd~'as,:,-muchLias;pd~sibie.: " 

The flew eondi~tionswl'th ~normal ~tai:iv, uter ~are ;'s] 

51 C and D. 

From ~the ~ s~an~point ~of ~:sluiceS/discharging.~!aione/i/:,,~.{.,'i ,,:/,.. ,"/,i ;L;.~i!!; 

ve y s tisfactory,, but vwh~n ith this set-up was r a ' ~ • 

._ .~ r ¸ ~L. ~..~i' - ~ . ~,~}!rl I, / k-.,-. ..... 

sluice, this water stri, king ~$h:e:~{bottom ~was/,~rned ~Of, f-~at~an % / .... ";~ . • 
. I~'~- / ~ i  - :~ '  c '-~ 

angle ,because :the ~slulce opening :was ~not ~para~,lel ~tB Vith0L)l!ino 

@ LThi s ~c ondltion ", vm, s-~Tpar, tly ~.Corr.ect ed ~ ~by ,,p. 

flectors above the sluice :}openings {(Plato J;60i{c -] . t~ei/~i6Ction ..... ; ;  ~ i C:.,' .. 

of the water flowing .. o ver ithe-spi, llway }Wi th ".the ;LI:siUio es~}~icZ osed/-,.~ %1. 

is shown on.Plate 133.A. ~-.Some ~dis~urbance~ ',caused Lbyhtbe~Lde - 

flectors was still noticcabie'~h~an.~water ~flowed,:over.~the;Spi1l ~ . . . .  

way. A bettor solution ~to.'the ;problam ~as.~neeessary.- - -~.. ~- 

Plate 52 A: sho,~s ~he ~flor:/condi[tiOns wi, th itho cs~me ' ' 

set-up :so far. as the sluice.~ays : ~Tere ~con~cerned, ~:but ~r;i~th\tho 

Wheeler ~typo of -diffuser ~ sill < at .~ the >end i of -apron. ~.. L~Tho ~:r~esults.- 

are generally the:sa~ as :in the above ~tcst. •. ~ . .... 
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H 

A. AT END OF AltON. 

i 

B. 601 UPSTRE£~ FRO~ END OF APRON. 

c. 90, UPSTREL~ FR(I~ Z~D OF APRON. 

4:1 SLOPING £PRON TO LEV~T. APRON ELEV. 806 - DIVERGIh'G SLUICES. 
LO~ DIFFUSER SILL{~iXELER TYPE). SLUICES ONLY DISCHARGING ~7t600 3ECOND-YEET° 



diffuser si~l ~60 ~f~ 

-results ' showed _semi : '" 

" more-, ovenly/dis~rib~ ~ .  ' . . . .  :~i! .~ .!:/'~.~: - 

The .~fl ow ccdndi.tions~wi! i~si,1~l~90 
..... - i!.:: 

feet :upstream :from i,the.:'~end-:6f.'~the ~apron ~'are.~shown -: on ..Plate~ ' .52' ~.C." ' " ~', " 

~ These :results ~:are:~very ,good:;,~'th .,siaicesi:(,disChar~ing ~eiOno; i.bu;:.'" 
.:+i 

when ".they ,were closed ,. an'd ~.t~e:s 
!.~'. 

c ondlti ons ~ were: no t ,:,s uff.fc i entl: 

.Plate ;53 .~?A .shows ~.the ~fl0w:~co~diti0ns ;with ~;the"(variabie :' :.:.: .... .:. 

section, sill -at ":the end- i. Of }~apr6n. :"i iThisl)s~llihad ~,very' .:.ililtt ~el;:0r ii:~: :~i~i i)i:)/!:,i!::: . 

~no ..effect on ~.the ;flow ;;from ~tlie :~slulceways. :..~'"... : ... , - ~: . -,-:~ , : . 

The .,.various, sloped:i~.,ups trea~ sted ia% i.the 

end,, of the s pillway, apron ~:had ~llt.tle ...or ~no .~ieffec,t".~On :!the :!dls- ":.::~ ii :II' 

-charge from -the ~:sluices ~~hen~:opera~ing :a~one.~.,:~.;i. i " - :: :: ::' ~:i 

.The ~p~rabolic i.hump. '~built .-over-'.the~ ~:siUic e ~ openings~:!.to 

reduce :the disturbance !sot ~UP Iby.~them,when :the ~spillway:}~eS:: , .... : ':.~ i~.,:,:: 

operating alone end t ° ;reduce ~the .negative ?pressure 5in }.the ~sl.uice .. ~:..~.:. 

p a s s a g e , s  showed .very? , l i t t l e  ~e f fec . t iveness .  P l a t e  ~:54 .'A ,.and !B . . . .  

shows "the appearance of the oponings-w~'th~.no~flow through.sluices " : 

or over spillway. ~It canlbo:seen-::that :the length.of the openlmg 

through the dam.was materially ,increased~by-.thls ch,~ngo. ~Thls 
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PLATE B3 

• • ~ ~/~ i~/i i ,ilii ~i~!~ ~I!I '~ i!i ~ ~i ~ ~iii iii~! ilili ~ ~I~I i!~i ~ ~ !!i !i~ 

/:i : :i~ ~i ̧  ¸' 

i 
"i;i 

J.. DISCHARGE ~7,600 S]~0RD-FEET. 

O 
4:1 SLOPXNG £PRON TO ~ APRON ELEV. 806 - DI'/ERGING SLUICES. 

VARIABLE SE~TIOI~ TRAPEZOIDAL SILL AT END OF APRON. 



r 

O 

• B . ~  TIEW 8 ; m w z J O  REOFLT~ 0~ ~. 

O ~?~IC,HUKP OYER SLUICE OUTLETS. 
4~i~ ~T~INO JLI~ON~T0 LI~EL £,zROIT XLEY.~ 806 -DIVERGING SLUICES. 

• I~|I~SL01~ SILL TO ELEV. 817.~ AT END aF J/~0N. 



~ . ~ ~. . " -~ .- ./ . .... ~ L'• ~ ~ 

the water ~flowing .over :.the:sp~llway%to,~catch ~in ~,,the, ~ .... 

• openings more ~than~wi~th ~previous • 

excessive disturbance ~in ,the ~pooli~and 

of eros ion .~ in ~ the slui ce~ openings~ ( (PIe 

.pressure ~~In L.the ~slulc e ~passages ~ was Sin 

creased. ~The ~change~showe~d ~worse~rath~iilt~.be~t~or.i~.donditi~o~Lj:~ ~;"~ ..... 

.Previous ~:mention"!~has ibeen~made~Lof'~pressures !in ~the ~• ~j~.%.' 

sluice .passages, i Measurements~.were~.m.de ~'.Of ~thsse ~pressunes~ ..... '. ~ ' 
' i 'L ..... j 

to determine ~.thelr~magnl.tude ~and~.whether ~nega~iv.e or ~posi'~tlve.?~ • 

..This :information -was des Ired ~ y, :..the-deslgn.fdepartment ~o ,~assi:at 

in '~he "design-of ~the control'•,gates i!in :&the:isluiceways, ~ .~ ._ :: •i . : .. 

The results •: Of ithese ~~essure :" i :: " Jm~asur_~ne 

connection ~wlth :Tests .37, 38' and:~'42 ?•are :given-in'~Tablo .7,. • : 

Column Fl gi,ves~tho.~pro,totype~guanti.ty~flowing<ovcr . ;~! i~~L! 

the spillway in,second-feet. ~ :Columns 2 i,. 6~i~d-~io ~sh~v .~ ~~ ~_ 
. . . .  , • " . . . .  .. i.- -~ ' ':~ e ,~L. ~ 

pressures in !feet ~of water':as ~determined~b~r :~the ~in -~.ii 

the s~raight sluices ~.and Coltmms~'~, . . . . . .  "-~ ..... ~ .... " 

converted ~to prototype ~for ~tho ~thrc,s -. se,t~. ~ups. : ~Columns 3 ,~ ~7 ..... ~. 

and ii show ~.the pressures in ~feet .. of ~wa~er ~ss ~detsrmlned ~by ~the 

piezometer in the .diverging ~sluicos ~.and ~Col~mns .i 5, ~9 ~and ~13 

L 
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show t h e s e  ",values " " : . . . . .  ' ' " : ~ ' : ~  r ' - -"  ~ ~ : : r  ' "  "" I ' ' : a '  " "  =" 

converted-%o,.:;prototypo.. : ,.~ • • ,:~:- .: . ...... 

T h e s e  ; r e s  s :show : a  ~:com a t l  ,: : ,.:: . . . .  

pressures il n ;the :slulue ~passages ~', as':~,the 

The, negative ~pres3~ 

through ~he sluice, 

wi th  t h e  : " " " "° . . . .  " " : ~'' r : ~'' ; r  

splZl~a~,•:but at ithe ;'same :tlme-::i 
:r,: 

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

t h e s e  g t e s - w o u l d , h a v e , t  ;- . , . 2 .. ,~•. ,  • : . .  . , ,  ..... ' 
. . . . .  o - . b e ~ , s ~ r o  e r - ~ L t o ,  : " " '  .., : . . . .  . " ,  " . , •  ~ • ~Ithster~ ,'.tho _ ~ P ~ . e s s u r e . . .  ,'/:. 

P r o m ' a  . : r e v i e ~  : o f  ~the : ! . : r esu l t e . , .  ..... , ! o b t a i n e d - :  ' ~:~fr.om ' := :: ':-: " ~ % h e  , : s ~ l U i e e  •:i ""'::",'::- :i•i:; :::/: 

tests and .a study.-of tthe::results ~of "-the tp 
ress~ . . . .  , , i i ~ t ~ - . ~ a s ,  .• - / . ~ •  ".•~ .i~i:!:'i • 

: - :  - " " . . . . . . . . . . . .  - • Z L  

decided :to change ,the <operating iProgram ::for.ithe:cmodel. T~ .: : , , i '  '-! .'.:":,.~.i~: 

change -was to ~: allow :the: sluices ;:to:i discharge :itholr)~xl~ 

way came •into action. /At ~:,the~ maximum i:dlschargo:~of•i~P~lO, ' .... ~!i~% .~•!:~~.~.•i. ..... •~ 
..... .:. ,- - .,000.-~:.- ,.. : ,. :i{ ~ 

second-feet, the -sluiceways ,would ;be ~dischargi~igi~O 

f e e t  a~d the-spillway '200,000 s e c o n d - f e e t .  ,:Thf~'iipr, ooe, dur,e~,i~o~d i : 

greatly reduce the probab~lit~ .of : oroslon ,on i.the{floors, ef:"ir~hc " : 

slulceways.at the openings and ,would .. oliminate '.%he :necesSlty,of ~. ;: 

@ 
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! iii i ........ 
deflectors of any .type ~°owOr ~the 

The rmsul~s 

operation very ,desl ra 

up at the openings of,~th, ~:~iTo~el ~--- - . . . .  

this the -openings. of -the srei~di~ 

spread the jets ,ifrom ~.tho aluices ~moro~and ~cause~ie ss!idiS:~urbance~;: ,: ~,' !;, 

in the flew conditions ~of ~,the~spill~ay ~ater.,..-.~;,The ~appearanc e ~, ':"" ' " 

of the opengings ~after changing ~are ~-shown.~on:~plaLtei55~A~,,the . :~. 

~flow conditions :with .the~sluices.~operating~alone~on;:Pla.te~55~B. -~ 

@ 

@ 

the water '.from ~the ,~dlverging ~sluice~wa .ire- •. . ,. 

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

To improve ,.the ~appearance~!of'~i%he ~sluic e <opc • ~ 

op cnlngs o ~.the ~ s ~ralght ~-slulc es ~,were~!~di.vergsd ~to ~.tho ~ same ~bottom~ ~:~ '~ "!. 

widths as the.diverging .... .... " ~:then,iappeared - sluices. ',~The~openings ,. :; 

as on Plate- 56 A. The 'flow~.. conditions :~w0re :,no~$ ~'ehanged ~per-_ ...... ~ ~ 

ceptlbly as ,~ can ~be ~seen ~from~Pla.te ~56.~D, ~is ~design ~has ibeen :.~ 

accepted as final . . . .  .... ...... . . .... .... 

Because !half ~of the sluices come through ,.the ,,dam ~per- -- 

pendicular ~o the axis and the ,o,*~her four are..at.-an angle :to ~the 

axis, different conditions .existed ~in:the;pool.whau different .... 

sluiceways wsre operated singly,.or in~_combination .with~others. 

This necessitated the determination_of an operating program for 

" " - -i 67 - 
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~B. ~DL~EI.~Z :57,000 S]EOZ[D-FEET, 

O DIV~GI~G SLUIC~ ~YITH OUTLETS DIVERGED. 
4:1 BIg)PING APRON TO LEVEL APRON ELEV, 806 - DIVERGI~IG 3LUICE3. 

I~:i 3LOPE.SILL TO ELEVo 817.0 AT ~]D OF APRON. 
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, . :: , . g.~ o m b i ~ : t  i o n s  ~,i:~ave :: :~ho 

boot flow o o n ~ i t i o n s .  '.The -:slui;eewoyo 
• ~ 

right,  lo1~in~ dovmst~eum. ":Open 

1, 3, .4, 6.and 8,  if.:Sivo~are-.noodod 

if s i x  are.needed; i,: 2, 3 , 4 " 5  

this pro~rom e~'o sho.u on 57 :and:5~, 

o p e n i n g s  ns .  t h e y  :wore : c h . n g e d . ~ . :  - ~, ~. " " ~:.U ,~  

:2 .  ' ;Needle  "Wolves . - . . ,: -~ ..... 

T h e  f l o w  o n d l t l o n s  with:.water.dlsch~rgi~~fr0m~e-- . , .  

two 7 2 - i o c h  needle- .valves  :as ~originatly:::dosigned :ere ::sho'.vm--.on-~.i ~: .  :,. 

] P l a t e  62 A and :B. -These ,:condi.t. lonB, es ~,ha,ve :'been ' m e n t i o n e d  > ,  

before, wore very unse~Isfoctory, because ~the~Je:ts ~s~ruck ithe . 

s lop ing  port ion of  t h e - t a i l r a c e  end.wore .def lected ,upWurd~ " " 

This condit ion would no t  .allow a jump ~to,fcrm~iiand!i~ho->hig h 

VOiOCl t i e s  c o n t i n u e d  downst roem,  stru-.~c .the !bonk~of.  ~ e  ~ 1 ~ e e o  ::~ 

excavation and turned back .toward the powerhouse :formlng ~en ~ ,. 

eddy, which carr ied  . s i l t  end gr.-.vel and depos i t ed  i t  inth~e~ ~ 

teilreee In front of the :draft tubes. ~:.xcessive .scour would 

- 1 7 0 -  
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PLATE :~ 69 

A. NO SLUICEs ?HROUGII DAM. 

O 

B. ~ ' ~ L  SLUICES. LEVEL INVERT ELEV. 860. 

O 
C. ~AR£I,LKL SLUIC/C3 - ~£RABOLIC INVERT. 

U0 D I ~ L ~ O R S  £BOVE OPENINGS. 

. A P A C E  OF SLUICE OPENINGS. 



~!CIO 

O 

A. P ~  SLUICES - PAR,LBOLIC INVERT. 
DEflECTORS ~30VE 0PE~II:~GS. 

O 

B. DIYERGINO SLUICES - PARABOLIC I~rERT. 
NO DE~'LECTORS ABOVE OPENINGS. 

O 

@. DITERGING SLUICES - i.~O.!C IL;'~=:~. 
DEFLECTORS ABOVE OPENINGS. 

£ F ~ . ~ O E ~ O F  SLUICE OP~INGS. 



e 

~l.. PJJIABOLIC ~ I~ ~ OVER SL~F/0'~ 0FEBINGS. 

O 

B. 01"IEIIIIIOS OF D X ~ 0 I N O  SLUIOES DXVEROED. 

e 

• , .  . , .  . . . 

• ' .  - : . ~ "  . ,  . . - .. 

q~ ,, . :', .~... . ~ • . ~ . . . .  :~ ~.:'" . 

C, 01'HI/10S OF BOTH STIU.ZOHT ~D 
DIV]~0XHQ 5,TJ~O]IS DZVlt0ED. 

~ - I~/JtABOZ,IC l l t ' V n T .  

~ 0 E  OF SLUICE 0P~IRG8, 
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have occured near ~.the ~end ~:0f ~the~ 

would: have afi'6c rod = th e s a fety :~0f ~tha:t L~wall ,and:/~!the :~spili~ 

apron. • • ~ . . . . . . . . . . .  

The results ::of ~'Jthe ~first ~:tra'Jector" ~ ."~L:I: ..... " ~ere ~not ~."i!~-. /i~ .; 

satisfactory and ithe ~apron~was =.raised, igiV~ng i.the:ilr.esults ~sh0~ ~- ' 

on Plate 62 C~andiD. ~These~condi~ions,,were~more~sati: " ' 

but a good • Jump ~ was not ~formed an d'-',an~i~,eddy~similar 

c o ndi t ion was~ noti c cable, .causing ,.debri s%'~.to ! be .~ depos ~%ed ~.! in "1 ~ a'~ "~ ~ ~ ~.~ LL4 ~" ~ ~'' 

front of the draft '.tubes. ~ " ~ " ~"' "~ 

E1e-flow condf~tions.using ~tho.iEnsign i.baffle,:on:thel ~- • ' ~ :~. 

apron are sho~n ~on ~Plate .:63.:.A~ and ~B. ~ ~The:ibaff~!e !had J:.very:~li~ttl.e - 

or no effect ~in slowing dovm ~the~watez. . .i ,, ...... • 

The flow conditions ~with~a ~90,foot,.~length.Of/pool ~ .ii. 

at the end of.the:apron showed .very ~go0d ~resultS~(.Plate~;63.iC <i 

andD). The pool:was or~ginally~'built .width ,%he~ i~.!.,thec~ieti.c ~ ..... ~ - • 

length and depth ',necessary ~to ~form !:.the ,.osump, :negl$9- ~fric t~0n . . . .  

on the apron. As was predicted, :the~i~jump~formed,veryi~welliand : ~ 

little ~trouble was • encountered ~ with ~the eddy 'c~rying :debris 

hnck into the ~tailrace..,The-energy-...was ~well .- dissipated ~in ~.the- 

jump, :but ,.the pool~ seemed longer <~than inecessary ,.and .:for :'~this 

reason..was shortened to the 9G-foot ~length. :- 

The rosul'~s indicated ~that a shorter pool~of less 

depth might be used to effect a satisfactory .jump, The condi- 

: @ -177- 
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....... ,~-ii;:i•,i • 

:tlons:,.uslng~s ':60~'foot ~ool~-wi,th~a.~l:l:~:SibpO~at'.Uthe ~downstream - ,/:: ' "-' 

end were not' as~satigfaetory~'as '~the :iresults~;wi!th-,the .~Ionger 

@ 

commended" ' " " .... ' ' , : ....... ' ' : :~ ~ " ~:' ': " ' .... :: ,.with,~poss Ible ,.,modi fi coti ons ,.but :as.:~later.~:plan s ~for.;,~the ~::. -- • 

pr o j eo t .: e l  imi no t cd ~ the .~:n e edl e"~vdlve S -~ 

,.unnecessary. ~: 

No quantitative:studies 

ouso 
o • - 

~onditi one ~from -, 

.the powerhouse were, made:but~no%und0Sirable,:con'ditions.~were~. 

observed, in .:.the "series, of ~..tests ~imade;,!:On ~,thd'L~spiliway..:, ':~Pia,~e: i ~ ,,. ~: 

65 .A ,shows the :~ flow, conditions ~,wi'ith~-~i:..the i:£I "~ 

powerhouse ~- opera ting i alon e ;:at ~ a ~ flow/0f-~:5 ;~ 

Plate 65. B. shows ~ • . . . . .  : . . . . . . . .  ' ' ' • ,.the.. original, design: of. :.the "powerhouse~:with, : " :i -~ " ~ i i 

:no flow. , Plate ~'65 C ~and ~ D ~-show~:.~di'fferent~:,views ~of ' • "~ 

erhouse. " ' . . . . .  sig de n of the pew _ ' . . ~  . ~  

" ~d.~Arch±itec,~ural~StUdlds~: ~ ..i . -! .-~i:-:%1 ' ,,: 

The !results ~iof ~,the ~architectural ~studles.~in~ connec- ~,-:~ :~ 

tion,.,with the~slulce opauings%~ha~ebeen:shown. ~.The~,~ppearance~-: • : 

of the. completed ,pro ject ,,'.was ~ kept. o ons ta~tiy. "in iimlndL~.in i conJ~mc-i i , . 

tion with.the~changes. " " . _  . 

Plate 66 A shows the i general appeoramce%of ~the~model 

with the first bridge design. This bridge across the spillway 

@ .17o_ 



PLAT~ ~6~ 

A. SIDE VIEW. 

O 

r" ~ 

B, LOOKING UI~TREAU. 

® 
SHORT STILLING l~O0l AT E~D OF APRON. DIFFUSER TYPE SILL AT END OF POOL. 

TRAJECTORY APRON FRO~,~ VALVES TO FLOOR OF TAILRACE. 
NEEDLE VALVES DISCHARGING S,~00 SECOND-FEET. 
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wa.~ built from~n ar.tist~,s conception :0f :.the ,-c 

and appeared i .i: / - ...... :~,./"i ~.. 
somewha t .ou ~ :o f: proper tion ": ~h on ~pl~ ced -.,:a eros s ::::ithe" .:. 

spillway. No :nictu~,~:~.-~+,.~-~,~ ..... -i,.~ ... ~: : ~': 

the through truss bridge, i •-. •..:::~ - , _ . .•:. 

Plate~:66-also shows .~ ' . : ~ -  .... ~ .......... :.the i~plat e!gi rder ~brfdge~acr oS S . ~ 

the spillway• crest. ~This ibridge ~!iS:much~more~. ,~In.!keeping ~.~wi~thl ":/~ 

the other :features.: ~-. ~ i . . . .  " : - ~':~L- 
o f :the .--d~ ,~and ~ add. ~rea ~iy .~to- ~t~he :~ pp ear- 

a n t e  o f  t h e  s t r u c t u r e .  ~ITAe ehange.iiin . -..: .. !i:... 
~design :ofithe./d0:mstresn: - 

face.of the piers :.to ~support ~t~is :bridge ~,was :benefi.cial..ire ::%he:": - . 

aeration of the .:::Jets ::'from ~i!the :: gates i'.whem•:~ith 

.... i ~ ~ .3.: ~:~i:::: :.::~:~ ?: ~...: .:~, "8 ): ~i,~: . ~ " " ,%.:. at their maximum elevat: on~ and ~-was : as_:good-:as.:previous...:-aesigns " " 

at lower elevations. . . -. 

Plates '..67 ~and 68 show..,the general ,a ' : ~ i -. ...... / 
. ppearance ,.of-..the 

model in t he  ~final .design :.and ,should:.glve i6.:ivery/good ..c0nc'epti0n": . -/%:. 

of the comp~eted project. . . . .  --.. ...... . ~.~ ... :...- 

Plates :59, :60:and 61 ~-show::.the of. 

on the s luice outlets ,,.as T egards :to appearance.. :LThes s ,c~ges : 

were made primarily,:for '~mprovement of :~low conditions :with 

appearance as a., secondery consi~dera~Ion. ". 

@ -:83_ 
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-~SUMMABY;,:'AND<~,ONCLUSION " ~., " / 
i l  . . . .  .. 

The s ~ii ing ~pool~? for.~.tho .i:s pi llway -Is..of.!. ampla~ d linen-~, .... 

 aeslsn < slpa, tl.oz of sions and satisfactory ~to~::eecure.sthe~ s i- ~,the. 

energy contalned iin ~the ':water ~flowing :~through)~th0)sluiceways~:.... ! 

and the renge' of ~flows,:up ,to~and,sll~h . .i0OO ~Second-:;~-' , 

feet over the spillway, :No ~:6ad:Con~i;•tionsiof)~flow~!,,.~ilL~:r~salt ': , 

if the recon~ended operating~progr~m;Is '~followed"~s ' "!9:L, ' 

believed the t no extremely : ser ious. c ondi~tl on .. wiill '•'result, )If ,- - - " 

in the ease of an •emergency., '.this program ccanno"~.~.be ~f ~.]/Iowed• :' .~"-..: 

While the approved co dltions ;,produce,a :.satisfacto~ycond~,~ion 

of flow, a diffuser :type si~ll ~produces ~worthwhile :~improvemont " 

end might result in •some savin:•~:in ' :vemsnt-~dL%raln:in :>"~i:s • 

The pool is amply secured. agaihs~'~sweep:ing ~but ,::eve~iif ~PoSs:i-ble,::i:,: : 

retrogression, of :the, stream:bod !lowers ~the:j~ailwater ::somewhat L 

below thaZ predicted. ,, " .-.:" • )" /:~'i~:•J~%' !•)/::~' I ~;:~,9</i 

It is :recommended (that ;the/smalier / ~fiows ~be ~'disch °~-~; : :• " 

t h r o u g h  t h e  s l u l e e w a y s  .,by . o p e n i n g  . , f l r s t , r : .No .  ,.3,.: , . then<6, ; 8 ' . n  :__i!.:.! ::i 

4 ,  5 ,  2 and  f i n a l l y  ',7 : I n " t h e ~ o r d e r m s m e d .  {(.Ntm~bers ' i n c r e d s i ~ g  ' : ( i  

from powerhouse). The sluiceways • should ~:be ~leZ,t .: open ~aS ~the ,.' i~3,. ~. 

quantity that must pass .the ~/dam-~increases.land ,if ':the ~flood ' 

' rises "to such proportions it.h~t ~.the ~-g~tes>must~.be ~.lowered, ~al.l 

three gates shouldbe'.kept at :the :same elevation (if ~possible) " " 

until~they are down>In-pos~tlon.as~part.cf the permanentcrest. 

This program insures no serious results being.effected from .the 

passage of a large flood. 
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The discharge.cur,ve,.prepareE.ifor:.itheispli:l%~y:,can"... ~ .!~:-: . 

serve as a reliQble,.~our~.i:of ,:informa.tion~to ~the ~opera~ting~en i~:- 

eer as .reg~rds ~.the amount:of.~,water i.paSs:ingii..the idam, :~The'resul~ts 

i o h:o~ '~tha~t :.the .qd~t:ity:~•for•':~.~hich'::the ~,. : i../: of the - calibrat on • als ~s i~ 

,% spi'llway was:desiigned can ~b •~ ' sed~.t ~struc~ure. ~d , .,-, 

a margin of ~safety-allo~ed. . ." .>..... .. , .i"!ii:~;~ii~- ~. ....... 

the gates ~eerate,,na~ural.ly ,'i)~.~' al~l.~fl0ws. .T~is.~l:imlnates ' 

any necessity -of "air ~pipes ',.under;~ he ~ga~es %to iia~i!t ;s.uTfllci:~ilt '' ..... ' .... 

air :for :~koeping ,-,the ~ are~ ~.undor ,±h0 Sets'iT~n ~thei g~tos at L.~ " 

atmospheric ipressure w'hen '~.the .g~ ....i 
• . .... • ,~ 

flowing - o v e r  ~ h o m .  ' . . . . . . . . . . . . . .  ,. ~,.,, . . . . . .  

',,The pressure'>studies ~on :tho~dru~n.~gat0S sho~ed-a:'low " 

L 

head raised:somewhat above ::,tha~ :for '~w~ich i:!ithe~c rest,,~as des:igneLd..~i - -., :i:<!i 

As 'this w.oald be a condition .0f-.very ~.remot:0 ~prob~bf, li-~t~,, i the :: ::. .. .iil. ~ .i: .;': 

crest-design can be oonsidered ns;efflc:i6n~ ,..: ,... -. :-- ":. :.. .... ".,,,:, 

• . ":,"~. . ~V., . --.: 

~he .results :of .the ,:studies ~on;t~e ::apron .;,veloci:ties ,: ' :: : i; " 

sho~ .~hat c!ose ..agreement . of .~the~:model and-~pr6totype vel0cities-:~ : ~~?.;ii:i~ :i 
• ...~. 

substantiate'the:accuracy of tho,modei tests :and .li.ttle doubt :~";":;~ 

should ,remain but •that the model ,.veloei~ties are acceptable ns 

relative to the prototype, 
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The ys:~incorp0rated:i ~he ~s~il,ling~0ol •• ~•~ Shear?ke n : " ' " -~ " 

apron for construction :PurPoses" wiil ~cfiuse:n0 }h.~rmful~effect : .~:, ~:' 

on the flow condi:tions. ~.They.::.were rolaltiVe~:so~:smal,l.;the,ttheir~i!i . . ,  

effect on the flow .condi~tions .... ..... with ~the,.. .... . : 's :'ii'lwa~ :0 ea,a:t~n~ ~: _. .was: :i:.~ .. ? - , - . . . .  p y , , .  p , < . . ,  i- 

not perceptiblei ::It :was ,,no.t:iposS'ib~le:"~to~;-note~:anyi,:e£fe;C:~::!~:,in,the :~ 

flow from .the ,sluiceways ~exeept when"No. ;3 ,~0r';No. :,7 :aILulee:~was 

@ 

wave, being-scarcely .notlceablo, ~would iCaUSe~no ~bad ~condl.tlons . . . . . . .  ' • ~ ~  

in the stilling !pool and ~probablY~could-~not~beidetected on ~th~ ~ '~i" 

prototype. - - - 

Studios ,made ~bY :means~of . . . .  ~motion ipictures i-~throughout~ ~ :~;~{:~::; 
the s eries , of .tests -have ',borne .out ,~the ~resu~ts~hS~iisBt i~for~h~in ~: 

the foregoing dlscussdon andi~have'ibrought ~to .notice !some~condd- 

tions that otherwise might ~ha~e ibeeni~ovorlooked ........ • 
/, 

Although ,the experiments ~doserlbed~.il ;0Z~ were~ 

primarily ifor. the purpose of ~devol0ping ~,the ~besLt ~designs ,~f'.~rlithe • ']]] 

c onditions existing at LNorris Dam, many of ',the ~conclusio~S }:eahhed i~/.ii.i:i:!.~i,~ 

will be of value in ~,the ~,,design of future structures. 

!iii The •operating ..engineer of :"the ..proj ec.tLwlll find much 

valuable.materlal ~in this ..report ~to !be •used ~as ~a guide In~.the ii:!i~i 

operation of the pre~eet. " ~ 
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A great :Real :.of- ' 

best method of ,p~otecting- 

scour resulting from the }h 

i!' 

•j 

ing over •them. .A ~F..reat -va 

tered which .has led t many :different :~solutions 
• . .!/ ~i . ,  " . .  ~:' ~ , i .  ,. , .  

• " . ~ • ", L ' "--'r 

which are w~doly d~sporsed~~.through .engine, ,. 

study of those articles ,az~d -~tho i,rosu~,ts ~o~ " ":'~';" 

• v , •  i i  " ies on dam-sp111wa, s/':pe:~Tormed ~by ~the ~U.~'~, ~ 

Scour below ~dmm.~ results .:'from ~tho ~orosi,v~.Lt~powor ' ,:Of ~tho'! ...:';" ")i T~,/,TL" : 

water which comes :.into contact wi~th',~he s,troam')gottom :WhLilo:~movin~ : , 

with the 

Protection is~.affordod 'byiroducing ",tho,",,voiociity~of the ........... *- ~--~.~in- ....... ~- ".. ' 

suring that ~ho ihizh ~eloclty L:fioWs do•mOti~c~uo';:;inL: contact ~vrlith:'~tho ~iilTi 

bottom, .-or are .di~ertod ,to ~por.tions .of;;'.tho'~bott~n~Whi'ch:'.will no:ti0n, ... - ,~ 
. . -.. % 

d~uger the structure. 'Usually -a ~combina~ion ,of ;those ~iis usod:." .i:- 

Onmany dams in the past an :~ttemp~ ;has ~boonJmade :to TOdUCe, -: ..... ', 

the velocity of :the w,.ator passing ,over them ?-by :having ,the .wa:tor,.fa1~l , ...... 

do~m a series of-step~ on the face of tho.,dam, diss~patlng-its onorgy 

by contact ,~ith the successive stops .and roachi~ the !bottom with 

insufficient energy remaining to seriously erode :the stream'bed. 



I 

Probably the ~:outstanding 

*Trans., Am. ;.Soc; :C.~E,, ~p. 

the watersupply;system~of';New.~ 

suits on this damlhave~probabiy 

O 

conducted model '.:tests, ~ wi.thout : ~'Ded:: {~ '~!"i~; ' ": :,: 

weirs is apt .to be~:different~fr~ 

**Civil ~}Engineer, p. , 6aS, ~-Vol. :2~, {:Octoboz Z I. }" '. :/':''i, .?~f.; : " -){ ;: -} / , ...2 

principles 'of other:forms cof,!prot, 

stood, "this form ~ seems :}to~bo }less 

doncy ~ is to dissipate .the -.energy ~in *~ some :~form,~ Of ~s,ti~11i! 

divmrt the high veloci,ty~s.troam:.so.~hat:iit,::doesinot:~.cc~0:.;into,Con~ac~i.L . :,: 

with the .bottom where d.damage ~wi-ll:~resdlt , : '.;i }.. :~' .... . . - : 

~Tho 2Four :4 ~, 

t 

The : rues t ~ importa~ 

toction should be used is ~ther.do~ ~, ~:s~~o 

of the dam and ~its ~rolation ~tO' :~h0 ~:dopth.:~uirod ~to }f~,~t~01{'~y_!. ; 

draulic i jump. " i ..... L :'. ' ..... .:" 4;:i" 

;; :}'. . , : 

"~n ~.tho most porfect-~formi.of i.h~vdraullc ~,. ~"., i;:/ -. , !jump, ~stho..:energy <of::" '~' ~.'ii~" _ . 

the high velocity =ater :~is.:dissiPated,soxthoroughlv 5in..:intornal :ira- " ' ' :,i i 

pact that little energy remains to~:bo .used UP ~in .eddios~amd boils ! 

dov~stream. In the case of:acdamwith.a ~oll-formed jump.at its too, ! 

2 



. , - . /  • " • • , • 

, ! 

• , ... 

the veloclty,-.Of '!the ~water " 
c~ 

little ,-scour Of :bed : o~'~ ' ~ ,  

whenever possible, % 

as the .protectlon~re, 

t o  a m i n S ~ t n n .  • ' / ) . ,  -- . , ; ~ , i  ~' : : ,  ~ "- : / i ! :~;~ ;, : ' :: • ~:, ~. : , ~.!,~, , , : ! i " : :%- i .~.~-~, / I~T / "  ' .  

i • ! ~,.,~:• . i l l  ;•,-!••~• ~ ~•i:~ i ' ,i; ' • ~  
f o r  the hydraulic !Jump, dn ~a ~hor~ zontal ~channel, ~ ,, ,~, ~-~ 

of rectangular section~isi_D~ 

.c 

are the •depths upstream .and ~u 

V I and ,V2 are the- ~ : ' . . . .  ~corresponding ~v6'loci~ti~es. ~ 

i~Figuro i~i, 

1 The-~voioc id 
I 

-i 

i . ifrlction)~ 'oi 

~H 

- '"  ~ , \  ~ ~ . . . . . . .  ~ 1 " " '  . , : , , ; ~  . , :.. 

, : -  ~ ~ / 1 7 ' ~ 9 , ! f Q e - t i i w h i c h i i s  ~ t h o : h o ~ g h t  ~ ~, 
" ~. , . ! ~ " : '  ~:.. " i~ , ' .  " - ~ • 

of .tailwater ~equlred to .:form~ a ~orfect ;!jump ~a~ ~t~e ~,toe ~ 

.The ildeal, condition would belie ihavo ~a ~tailwatc 

height above ~the-river bed for each discharge that-~it ~would~:form a 

3 
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.,the ~: over- perfect jijE~!0."~for .the depth 'and ",,veloci:tyi:whi'ch ~wodld>:"O'cCur '!In" " 

falling- stream at tthe .toe ,:Of:ithe ~!dam:'~for ~.that ~di'sehargo - .,.~m~ i-h~ ~ ~e- ' ..... = ,,, 

of the r ~ailwater, however, ;i's :'c'ontr611~d':by:tthe ,?condi,~ 

stream channgl do~mstream:from'the ~: • ~ " " ~ " d a m  .and , t h i s  . ldeal.~,, , . , , . , . , , . . ,~., . , , ,  . . . .  

never exactly attained. :Frequently '.t~Ystage-dlscharge ,or3ta~lwator 

rating curve " a t  the ~'downstrOamiiside:'of ~the '~'dam ;is ,:as :~shown ~,: 

825 

820 

815 

810 

8 0 5  

800',i' 
0 

4~ 
0 

0 

0 
,-4 

I t - i  
.......... + . . . . . . .  1-" . . . .  ~4- 

I ' °~Y'i- 

. t ~ ' r X  

/ 
/ 

- ~form 'i the 

I , "" - 'q" 

@ 

" , , . A-B. ,This ,.shows ,~that .for, 

/ -i . . . . . . . . . . . . .  .~ I- I .>. 

. . . .  i o , O d S -  = 20  ;o~'o ~ ; ~ 3 o , o o o - - i ;  -,: 
Discharge in; Second-~Foot ' 

Fia~rc 2. i:or t~han.!.~ha:t~rQquiroa !.to : ~  

at greater idischargos ~tho ~tailwatcr:::height:~is?~too:!,lo~v, :~ ! 

The relations between the.positiOns,of ~these :curves ~fall 

:/-ezn :fourlo±i i----ow'nC,c-a-ses I s : " •" ' :~ ~ into 

Case I - Jump height curvealways~abovo~tho .tail~vator~rating,eurv~. 

4 



. , . . - 

: o .  . . . . . . .  , 

Case 2 - Jump :height curve :always ?,below ~,th6 {ta'i;l~vater !:ratlng. ~ 

ourve. 
O 

C a s e  3 - Jump ! h e ~ g h t ~ e u ~ r e  ~ a b O v e  

at ?flow ;discharges 

Case 4 - 2Jump height curve • 

-7 

The best form.of :protecti°n~bel°w~'a i 'dam~'~ep-e~ds-'larg~ly~upon~'which " -  : i J, ., ~,G~, i .. :. •~":" 

of these conditions~ex~st ~'. 

f"  , : .  

at the head, of a ,, rapids ~:or:,~sudden !/dro~ 

these conditions ~the " ~ ' . . . . . . . . .  ' ' " " . . . . .  tazlwater level ,~l s _low ~.and :jles s ~,-~than ~.the.~he zg~t ,. 

The first class~frequen~ly, . - . . . ~ :  

• ' ~  . . . .  " " :~ '~i.:i~i~ 

upward curving •apron ,Is :frequently ..put ~on ~uhe fdam:~hich,~throws ~tthe;~i,~ . i :  ' -  

. . 7  

n ,  

it strikes the stream bed,some,di'stance:away~ 

.Here the ,energy is •dissipated~:.by :impae~ ,,~of ~.the zwater ::on :~.the ~rivor 

be t tom and ad J acent, ~later, : and al.though ~ some :: s c our :take s ~,place :~i~t 

is too small ~and ~.too far .fr~n the:idam ~,to endanger ~:,it. -One,~of ~,th0 .,~ 

earliestexamples of t,his .tYPe of dam.is the.famous}Holyoke!Dam:on 

the Merrimac River in Massachusetts (Plato ~I-B),.. Others are the 

L 
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• . . . ,  - , , . • . . . .  

Conowingo '~ and SsLfe i~Harbori!dams ~On :ithe"2~squ~ ,., " -~ 

*Engineering, News-Record, ~p,., •~127.,:'V61 i ~I08, Year ~1932. ~ •':i. i~. ~ !~ i f ~ "'?;~ 

l-C and D). ; 

, At', the~ Bull ?Run ~ Dam**-~'.~ Or :ith, ~ (--sup-L" " "i'~ ~:' 

**Trans., Am. Soc.<C. E. ~' ~'- ~ ' ; ~ ~:~ :~ >~': , p..487, :Vol. 9o, J1929. .... : L'=2 < LJ 

. . " ' %  

ply (Plate 1.E), 'a.wide ;he: ",.2;. : 

de~lecters at the downstream'edge:,w~zch':dzrected~the:?~def:lected ;, :",'. 

I 

inoering News-Record, ~p. " IgQ,  \V01. :98, ~Yoari!i927, ~ :;~ ~. 

Experiments ~ith a model~of ~his dam++ have shom~:that piers ~would 
, , • Ji , ,. ,z . 

++Wilsonova Prehrada r~t !Recc ,.Tenni~sseo, ,Alabama,-U..S..,'A.-~-.-.~,,ntonin 
Smrcek. 

~* " " t  

~ ~ ~!~ • 

not cause the jump to form on the apron with the tailwator de~h 

6 



available. - " • ' ' 

• When ~the ~tailwater~ depth ~Is i'nearly ~sufficlent !to ~cause ~he ~ 

Jump, baffles or: sills ay,be,:successfully~used, ~but~they~often~re,i:~ 

ceive so much impact ifrc~:drif~t ~or~ice!that/~they~are~expensive ~t0 ~ i 

build with a ~ su~fi~ciently.!strong~,Lanchorage.~ ~BaffleS~ori~lers ,i~d0 ~not 

dissipate as uch energy :as mlght~. 

not as effective, as t h e  'hydraulic ~ 

~Vo!. ~9~, ~November ~ii, ~!1926, 

of the use of baffle piers~,with a low-,,tailwater~leveliis in,~,tho~Gatun 

spillway on the ~Panama, Canal ((Plate I I-H)~. ~ !:This ~spi 

to discharge as much as 140,000 ~second~fec~wi.~h~a:ifall~/0f~nearl 

feet. At the •toe•of ~ths ogee,soctionitho,water~i~imn.~n~,~~ i- ~i i"~ 

agains t the : flat ~faces ~of o~thc ~baffle ~pie rs ~(and ~ muchLof ~it ~is ,~thrown 

high into the air, roachlng ah~ost ~as !hi~'i~a~!~i~cvation,!aS ~the ~iWat~i.,~ ~ 

above the wator  fans  !io  l' ii t jhas 

**Trans., 3m. Soc. C. E., i,P. ,!487,, ,Vol. :i93; r~1929 ~ =~ , 

Engineering News-Record, ~:p. 800, ' ~ o i ,  ._97, !Now, !~lli ;~1926. - . " 

Hydrauli c ~ laboratory ~Prac tice, ~.Fre eman ,~!p ,• ~!506, 
International Fm~,ineoring~Con@ross, ~pp. ~46_63,1~Voi..,~iI ' ,~  91o .... - • , 

nearly as groat aveloclty~as it~-had :~at the ~too.~of r~he~d~. '~Whe 

• principal, effect of these i~baffle 'piers ~therofore "~is ito distribute the 

Impact over a largo area rather than i~to dissipato,the~energy of the ~' 

water. 

"Z 



If the tailwater/~level:is ~not~.hlgh ~enou h ~to Term .a~.per-... .i-:'~i 

fect jump it may be raised ~by ..bui~iding ,,aiilow ~secondary ~dam :bel6w ~ 

the main dam with a..sufficient height/to'i~cause '~,the 0~formi,~at.~i ,! ~ ii.-i 

the foot of-t .... .- .... ~ :~'~~, " .'' .:~, ~: o .:.~/-:i .... J' .. ,i .......... ~: .!,',~ !~,. 'i he •main •dam.,.for-all~condf,tions ~of~.dlscharge.•.-Thls~ .•~:,~: ": ~ 

.~ i - ~ ~-",.,~ ."~ ~:~i ~: ~ iil.i.-~ '~ ~,i:..:.~ ~ - 

d !for: ' " ~ ...... '~ '" " :~- " method has been extensively use '~ :,dams<on,:eax~th:if0unda%Ions. . " ~- ~.i~:i 

Plate l-I shows a form:,developedi:ohy ~ he•~Fargo.!Engineering<Company~.., ~ . . . . .  

This method has also been ~.used :~for/a:~rOck.~foundatiOn ~at i!itho~:,Martin ' . '!- ., :,:.!~ 

Dam of the Alab~na Power :Company.~: 'The :dimensions~:requiredilfor~.such " :~ -.~i 

a pool-are shown by the, exp. oriment s ~recently,~.publishCd j*" i II,L;!'::~: i~ : i - ~, 

*Proceedings,. Am. Soc. ~'C. ~L.E., ~'p, 'i152Li ~!Nev..~ ~i932.~. i .%i~ ~. LI i ~ : 

v "" ~ ~II~ ~:- " ' . i~:~i~:i !~ i ~::,~ ~i .~ " j ...... • 
Another.method ~hlch:may~.bo !,sultablo:~ln:some ,:,casos~is.~to - 

. - . ]':-. , . - : +, / . " 

. . . .  ; . .4. 

excavate a pool just below the :dam .,to:.provide.~a~.dopth~sufflclenti!fori: 

the formation of the jump..&!In ~.this,icase :~;tho ~,tailwator ' "~":"": ": " 
• ~!levol i!is-. ~:., ~~/. 

'~ " " • :!;: . .... ~,- i-~i ~ 
not changed, but ~tho depth .required ~.to:~f0rm ~the iijump ~!is~pr0vi~e-dliby ~ ~-ii 

the lowering of the channolbottom~rathorithan~b ...... : - : Y i~ral.slng !,the :.water .~ . :~. 

surface. This method was uscd ~in :+the :,-Wilwood iDam**:!(Plato !I_K)I.~:: ~: : ,~ :/i'iii:il 

**Engineering. News-Record, p .  660, Vol. 99, ~0ctob0r~27,-.1927. ~": ~ '~ 

On rock foundations where the ~tailwator level ,is:?noarly~high:enough 

to cause the jmup to.~,)rm, experience indicates thatif no ~protec- 

tien is added downstreamfrom the bucket .of the dam, ~.tho bottom,will 

be scoured out until sufficient depth is provided topormit the Jump 

8 
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t o  f o r m  a n d  n o  f u r t h e r ~  s c o u r  ;.wi~ll ' i . take i p l a c e ;  
i 

2 L  " /  " = 

*Civil Engineering, ~.p. : 527, '~Vbl, 1:1, ~i1931. :! ~: . . . .  
D 

4 

i 

~Class; 2 r ,  " " " 

Dams in :the second ~;class~: are ~apt ~toi occur:where,!.tho :~foun- . . . . .  ~ "; 
i 

dation rock : is: at a considerable ~ depth, ~i:iand ~ where :'&he ~:ta~lw~t0r~sur-, ' :~':~; ~...~/!?~ :J:~i~;,:,:~ 

face is therefore higher ~,.than~necessa~r~;.to ~f0rm :the~ i jump. ~:This ~case ! =: 

will be more frequently encountered.in?.the~ ,i~past, 

due to the exhaustion of ~ the . supply :~of :. f;gooc ~thoso ,. 

circumstances, ,if an ogeo ~dam~'with: conv,~ntional'~bucket iis ~iused ;: ith0 1 

water flowing down the face • of:the:-~:dam~"dlves'under :the :tailwatcr~ahd:: :: 

t r a v e l s  a t  h i g h  v ,~ loc i ty , ,  a l o n g " d i s t m ~ c c : : a l o n g  . ~ h o " b o t t o m ,  ~ ! f o ~ i n g  

only a very imporfcct jump. ;The moro~nearly~tho~.tailwator::dcPtS~: ~ 

corresponds to the depths, required : to: fon,~ ~:tho' ;jump ~, ::.the ishortor '~,th0 ~, 

distance which the:high volocities~ extend =::downstream..~A-~'peffoc%;(.iJtu~P 

could be formed for any dischargoiby,buildingm',10vol~:apron?boi6W " 

the dam to give just the correct !depth<for ,:tho~:formation::of ~.tho.,"Jump,- 

but this apron would probably not?:bo at thc:-corrcct,ole~ation~for:' : 

other dischaz'gos. By, ~,~king :.the apron,' sloping, the'~.various depths ~ " 

r e q u i r o d  f o r  thc  d i f f c r o n t  f l o w s  can •be ! p r o v i d e d .  iThe h i g h ~ . v o l o c i t y  - : 

stream flows dovm the sloping apron until tho-'~depth below :~tailwater 

l~vol is roached at which thc jump can be formed for that discharge, 

and at this point the jump occurs'. The advanta~cs of 'the sloping 



p 

apron havebeen pointed out~by•{:G.~•,Gale~.Dix0n. ~'~ • ~ " ~•: 
~..~. ~ :.}.: ~ ~ ~,~i:/;-:~":-i ' ::.-,:}i• :..• %~i,, ~ ' ~'~ :.:/ :' ~ <,~~ "; 

*Engineering News-Record, I.P • L 696, ~,Vol. -~,i00,/May,3, x1928. ,:'} ; ::7 :~'i:: , .  - 

The ':'formula given 'abovecdoes :"not!~:'exaetly cap~ly tto .iij~ps ~:on :: 

a sloping- floor,slnce, the water~enters ~/the~Jmnp/{in,,:a::idirectlon ~,some-. .-~ 

what dfffferent from : that in~.which~!~it ~;f.lows ~:awa~:i":~w~iie :;the:?fo~u[a - i" 

assumesmotion in the same,.:direction, xThe~formula:~,for~the~formation .... 
0 - . .  :: - . . - 

of the jump on a'~slopinc' surface bhas ~been~;~dev " ,~=, .~.-~'~:,~,. :..~,~.~ .:~'** 

**Trans., Am. !Soc.: M. E., 'iSept .:-Dec:. ,~}I! .er ~ HYD-54~6. ..... 
- . :, J. 

'~:~••- i / -~ •.'• i,,~• ." ~ • Y. •i • "~/~!::'. }•17•~ ~ • "-/, < " 

A Ljump:~,formed under: favorable ~condi{t~ons'~is~{~intimate ~.. 

relatively uniform mixtureiof airand ~i-waterX-~withi~ai~:,whiLte~iappearance ; L I " 

and the velocity ~is reduced~,within, a/comparativei¥1~!sh6rlt ~dist~ce. ~L. ~ 

As the jump •becomes i less. perfect '~the~i.mixturo:!~s~not~L~SO {~ntlmat~e::a~ ~ :~ 

the velocity is~.not so rap~dly~rOduced, ~l~t~ii.scquestionaBie~If~a:per .... • 

• • : .•• ' 

cient.. ~i~perimonts :-on : the' model ~ of ~.the (~CIO ~ ElmmiDam ~.sp1~llwa* ~ witH 

floor slopes of ls l horizontal to/1 vertical,.v2:il, ;3:1 and![4:l,,t:showed 

progressively loss.,scour: as the :slope ..was flattened. " - 

Probably : the. outstanding example ,of the use :-of ~:~tho/slgping 

apron for dams in the second class is ~the Madden Dam~(Plate l-L) :now 

being constructed to store water for the Panama Canal. This form was 

i0 



developed as the~:resfilt . . . .  :;~ .... '~ : "~'* ' " of ~ extensive..model ~.tests .... . .... :~ : . . ,  ~ .... . .... 

*Engineering. News,Record, l.p.~:~4~, ~,Vol. ::.i09 ,.~[932.:.... ::..., ,....,::- ~:.:,~>~..~:,.:.., ::<:.• .... ,,,' ~.~ 

The :•he i~lh t, of .~ the ]: na tural i~tai lwa ter ;:iand ~ t he'i~]umD~).i, he iEh t / , ~: } :: ~~:.~ 

curve for :an al ~' 

ing t h a t  t h i s  ~ 

determined~, by • 

tion was msde ~ 

required ~ for ~the ~ various, idischargos ,~i~ ~i Jur~ 

the upstream edge :.of ~ the ~'apron,: ;~For~:oach~:fonu.:~a,~curve i~was !i~plotto d ~ 

of tailwater level requirod~azai,nst;d~scharge~over~tho,dam. ~,The ~ . ~  : 

agreement of this :curvo-~with ~the ~t 

best apron devcloped.islshownon~F 

sloping apron: may require ~large ~volumos ~'of ~concreto ~but ~in<ths ~case ~ 

of the Madden~D~ this was.~of•~assista~uce~in~roslsting-~eazthquake~e£-~ ~ ~! •i~ 

fects .... 

In the model experiments ~ for ~, the "Maddon~ Dam. ~another~form 

was investigated which•requires ~less concrete and, wouldprove advan- 
5~ 

tageous in certain conditions, lit ~ may be-called the~-high~bucket 
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type. 

= ,  , ,  ; , , 

T9  . ; , ' t  • - 

I t : con'sts ts ': 0f ~:the ,: ordina~v ,:curve'd ~i~uc 

1 

of the bucket :than'~the~upper:surface~LOf ...~~!,~ 

the end of the~bucket, ~:any:•water,:whi, ch•!,:mi~ht ,be~:en ~top~of::,this ~she~t L : ~ :~,; 

is  swept• away, by friction' with~ithis ;she at:iand •!.the:'~u~per -" 

the .@,heet is~b01ow~,the ~tailwator~icVoi~:i ~i.~A~:prossuro~is~:~heni~¢ 

on the under• side .of ~this i~ sheet ~beYond'~ith~ i~ilib~!of 

shown by<, the arrm'~s :~i n Fi 

stretch beneath ,the ~ shce.t~, 

velocity Jot is ~deflectod ~upward :~by ~thos~ ifO~CeSr!1i-- - 

which may carry it : even !higher ~than ~the ~,tailwate~r ~ 

it falls back a/ter:the.npward motioniis ov6rc0m0 ~- 

this~ r, ater falls on :t0p, of the •deep ~.tailwater itt:;~oos ~ne da~ 

the river bottom, the uonly~ scour ~0n ttho ~5ottom~is • t~ .... ' .tha .'due%to " -:'L. 

the u p s t r e a m  flo',ving ~:ator o f  ~.the .eddyi i~ ,hich~:fO~s .-benOa~h ~ i  ' " ' "  .~ he ~h~gh • . 

velocity sheet. This condition:of~flow~occursi~:at~flodd ~i~imes,!on 

the dam ( P l a t e  :l-M) o f ~ t h e  :'rdcentlyJcomplete'd~Dnie~ros~rey,.powor ~.~ 

p l a n t  on the  D n i e p e r  :Ri~er  !in:' R u s s i a , *  i~,For :somo;vhat . !higher ~tai~l,~: 

" ,? 

*~ineoringZ News.Record, .p. - 877,, ;Vol. L'I08, :~June ;.23, 1932; • ., 

~I0 • 90, L¥ol. ;~i09, i,July ~21, ~1932. 

water levels the path,of ~the:-hi~h velocity sheet-tends :to become 

nearly vertical and part,of :it~falls back into the~,,valley- along 

12 
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:°•'~ ' ' ~ ...... ~ •~ .... • ,•••• !i ~ • ••• i•: • i•:• •~• .... 

the face of the ~dam, as-:sho.um o .~This.racts).ss~a~:b~ako .~ . 

on the high-volocity,~sheot :and i:,t ~:doos .~no.t ~s:~O~l ~ ' ": ':~ ':":" -:-:; " ? :~ so ~igh..~ :: LTho'. • , ~'..'~O.! ',on., .-.., ,' 

orgy in this :case :is ,vew,~.thoroughlv:,~dissipatod..,:wi:thou.t-::!a~%a6]ci.~n~.,!!,). ' - :....: .:,~ 

%he stream.bed. <On ,the :Madden !Dam:mode. 

whi ch .~7ould give ;:these ' ' '" ~ ccondi%ions .:~.-for,~a ~ 

was do%ermined :for the :entire ~rango ::of "~ 

heights wor~ ~plotted ;against !'discharges ~:and:.im.orc)~"oun-~,,~i%o.::-ii~•~. 

imatoly parallel 'to. :the :tailwator . . . .  i~rating dcuzvo ..... ":of.~%hoi )~~iivor : 

of~.3 feet in tho b ~ " • ..... ~ . . . . . .  .... /. ..... uckct .~ ,,ould ~brlng ~.the.TB.: curve ~Sinto ..as 

Thus with a bucket :at olevation.~S5~thC rA :condi~ticn Woul, 

all:dlscharges whi'le at olevationi93 ~th~iTB ...... ' .... " "~"~ ~C ond~ti on "!~7~oi 

at all ~discharges. -- : 

..For the condi:tions .-at :the:':Madden,D~m,.:~..~vhero i%ii 

• .'-j . 

the river bed material which o4.as :suffici0ntS.y:f~ine .ito'rb.c 

the back eddy.,-these relations wore-found it6<bezunstablo, 5~ 

• back .eddy carried ,.the :fine material ~up. Ltoward ~tho ~buck0.t .and ~,.tonded "~ '~ 

to build up a bar ~thore, which ~cu.t off the ~back .prcss:urc from ~,the 

tailr, a~or and caused the high volocity..shoo.t ire ~f'lowmore-nearly 

horizontal. In this position the high velocity sheet tended %0 

L~ L 
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. . . . . .  - -  . . . . .  [ ' - . - ,  . - 

...... : carry along :;width !ft all the ;water ~[::in :,the <eddyLhe'low i~%: ~:an~d ~bU~i,llt)~hp 
.'2( ~ -" 

'ii 
:ailow pressure area ca.t 

• . . i  

T h e  force , ~ O f  :the taflw~ 

the sheet, anddeflec't~ 

struck :~with,a " " . . . .  ~ '~ : . . . .  ~ ; ~ • ~ . . . . .  " • : '  ~ : "  , considerable Jimpact..~ Witth ~a :bottom ~cor~pose~ ~of. sol:Id 

;rock -or material; of .too/large i size~i~0 ~be ;me 

this condition would ~not~occur. i-:~;, 

;It iis ~be'lieved ~hat ~.theseJflow~cc 

of scour protection ~below :damsi~orthy of~.,.se~ious<consfdor~ion~for ~i .... ~ ;~il il 

the condition o~<deep ' ~i>~!;~ <~;'/~iii 

ante is not ~:as ;satisfactory :as "~' 

apt'on .but. they require .much 31es~ 

and if the condition ~C can :be ~avolded~<they~.!br, ing • 

,r. . ~.~'i • .~":' -•i ¸ ~. " ..... ,,, . / 

condltlon ~would,~bo .io.Js ~llkol~ ,toe,occur. I ~ It ~is-, I~j- 
T 

not necessary to have :,only ~.ono ~of>~he ~t~ >> 

throughout ,.all discharges, • as ~:ono :.might 

• the o.ther !forhigh,ones. This :wi~ll .of.ton !permi~t :the imatching ~of. i-: .:;!i~!; 

the river ~tailwator ~curve when !i~t ~cannot ~be< done ~wii~h ~.oi~hor, one i~> I~I ~',~ ~?!~: '~iL ~<iii 

alonm. _;:f~ " ~ . . . .  : • ~ • : '  - 

'~ 'The conventional ~bucke~ v~h relati~o!y ~short ~horizontal 

apron may be satisfactory ~for,Class ~. ~condi~tions ~if ,~the ~ump ~hoig~t 

curve (based on the .apron level] ;i-s not too ~far below ~he ~tail~Tater_~ 
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. . . . . .  ~ ~ , . ~  . ~ ,  ./.~. u ~ , /  ~ 

rating curve, since ~the :" 

on the slightly ~sloping i 

fect Jump i be ~forme~d. :-If 

great, Lthe ,depth i;causing 

on a steeply ~sloplng ~suE 

the dam and ~the .~jump ~be~-~ 

The th~r~case 

..... / 
! 

for all Tlows fore,which the ~natural ~:~ailwater ~dep,th ~ia ~ .......... 

It may need a secondarY apron downstream ,from i~t for ~i~ 1 

Just a second dam. The depth re quirod may ,also ~be secured~!by~depres , /~ i 

i i sing. the .apron, p1~ferably by sloping .~i~t.~do~,,~.w~rd in ;a.'downstream 

15 
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¢ 

d i r e  c t i  o n . . . ~ n i  s :' me  t h o d  w a s  ,-(ise• ,-on "the ~,rep ai ,  r ?0f l  ~;~he ?.H~iton'iiDam J * '  
, : . . . .  u , . 

*Engineering News,~ . p .  130, ,Vol. ~IC Janua~y.~i28, 1932 . . . .  i . 

I I I  

This third ~caa 

piers or : s~ne form .:of. -denta~ed ,.S~! -;near ;the.-~en~ ~of.:~ the i'apron,: ~as : 

these tend to break'~up~'ithe.::hi 

also to raise the tai~lwater.. 

tion of ' t h e  J u m p .  They':would ~also ',be~:a~vantagoous ' ~at :~../ ~,,: -" 

since then :the ~ depth ~of ~tailwator..?is/graater ,~than,i:reqt. 

t h e  jump a n d  t h e  n a p p e  , , o v e r  ~ t h o < c ~ s t  ; t e n d s  ~ to  tdivo:~dOvrn:i~,~oi".:tho !bo t ' " ; : :  . 

tom of the river . and .;flow .'along :the iapron~at ~ '-hiEh wdlo'ciity'iaS ::~provi'-:. 

ously described..When this cOndi:ti';n~occurs., , ~ t h c : : ? s i ~ l ~ s : i 6 r : : p i o r s / a ~ o  :.,:~, 

useful in 'breaking .up :this' d0structi~0 curreni~:..~ '~F6r?iowiiint~:ake~d~ ii;[ 

it is ..not uncor~mon .to ihavo the !iheilght~.of .i.taiiiViater.i!ati!~hi~h~fiows/S~ - i ~ - ' i "  ~ - " -  " ' ~ ' ~ ' - " ' " "  - ' "  - " ~ '  - ~ " -  

ficient to submerge .the ont:ro ~da,m. ~In:;:such,eases ,.the.drop.~at -the.. , 

dam is slight and protection-againsti.~theS~o~high•:~flows~~is.~n6~pr0~lom, i~":ii ( ,.-..i - 

, ,.'Class -'4. -, ., ~'~ ~,,. - • - 

,:~ ...S~I ' " {" ' ' " : " '~i " ..... ' ' " ' '"";: 

i~e fourth ::ca~o, .where. ~.the".~al;~water.ig, ep:th:.'.~.@s !:suffiCient.,. :.. ' .; -..~ 

at low flows but too :small at ~high :flowsi,:.~can~(b'e :solvod ~by.:@ncroas L~ 

ing ,the .-depth. of.. ',taiiwater. " " ~'s~fici°n~lyi :: ~. i: ~to :cause .:.~he: Ju~r~ ,.~o ~.~rm .::. :.. 

f o r  : . the m a x i m u m  d i s c h a r g o  , : c o n t o m p l a t o d ,  i o i . . t h e r  ~by ia ~socond~:'?d .e~.. i~i12~2;~;.i!;.: 

or ~e~u excavated :pool. Wi_th ~thoso .of :the ~magnitude -,roqui:rod :,for ~tho ,.~. 

:maximum flow, the .tailwator--depth vmuld be more .than suffioient to 

1 6  
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cause .the~ ~Jump ~to ~ form ..on It he ~Tapren ,~ at:~the~lowerL~f.lbws ~bUt L~tthi s ,~. con- 

dition would ~probably, not!be ,~ob~J ~-. ~ ws..~ •'. i:~ ~ ~< • ~i~ ..... . • -~ ' 

Effeot ~of-~Ohanges "iin !D~n ~Crest ~Length ~ 

To make '.the ~foregoingianal#slsias :read,fly 

as possible, it has been~ ~unlfeE~ly>! ~- ..'~i 

distributed ~ ever a:'fixe~ ~fer 

dis charge there ' woul~d ~be ~.afixed ~cond i~tien .~of < over~iowi .~and ~.a ~.fi.xed r.. 

tailwater elevation. By Lthe-~prePor/selec.tio 

ever, it may be possible ~to ~secure ~a~oloser.~ 

tailwater rating '.tuNe ~an d ~the ~ijump hsightqcu~ve .:than iS is6cured~by ~ ~ i~/. 

an -arbitrarily chosen .~lencth. ~If ~the ~;f~irst ~, 

a Case I 
-L 

/C 

crest length, .which ~:will ~cut <do~m ~.the~ , 

mad consequent ly  ~lower ithe iJump ~hoight 

condltion can be :i~rovod ~by,docreasing :the ~c: :.~ .,.., 

a greater discharge por Tlineal-.:foot~,of::crost .t 

height curve. Such ~ changes ,may :resuit ~2.in:)iincroascs ~in ~the,:iCost ~,,of 

crest gates ~ or other features of ttho..dam .bu.t ~.this2might ?be imUch.~mero :-.i-:i 

than.offset by the rcducOd cost .:of bettom,,protection,.sand ~the:possi .... -.~. 

bilitios -of :!such, a saving justify ,a ,study, ef .;this :phase ~~whezo':tho 

circtumstancos ~pormit .a choice :of ~crost~l,~ngths. " . . . . . .  
r 
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The . f o re go i ng, ana Iys i:s ~i ha S -:~a i s 0 :~ .bee n.;:~ s imi~ ~ i~i e'd :i~bYl i~a S s~ing, f:: 

that the flow...'of the stream,was•~,uni~ormlyi:distr!ibUt'e~iiiover'::~the~en~i re~ ~ 

crest l e n g t h ' , o f  'the,  dam. 

the flow can be concentrated,~and~at'-ceztain:~por.tions~0f :~the'dam:~.the~- - 

flow will . be ;greater ~than~"at i::others. ~,To ~be !~ .~o- ~ 

~nt~nn ah~Sd be designed s o  , t h a t  '~t~.t ~'wfll.~.be 

however, i t may~ be ,assumed ~that Teasona~le ~Jud~nent i~wd~li!i~ibe '-use~d~in 

operating the gates, ~and~sufficient !~protoction S ~So~thht ~no • 

severe damage ~would ~result i, with ~the~undesirable~cond~,tions~ac~!n g . - ~  - " ~  ~ 

for a limited '.time, such~as ~might <occur; ,~ .~ 

~ ~ ~ ~ ~,.~1 i % ~b~ ~ ~ ........ ........ ~ " " ~ ~ ~ ~ ~ ~'~ ~ ~r ~ " ~ ~ ~ 1 ~ ~ r L ~ ~ 

-.11 

of operating partially ~open, "~in ~'~order ~.~to ~i~distribute~[the~ws~er~u n- ~i~ ~-~-.> ~j~ 

~'~ • ',::,~i! !i~i c',' • .- ; i!! ~ 
iformly .over tho .crest ilnstoad ::of~e~ft.tins ~OgiY ~'~:~enti~l~ ,:open " 

or entirely closed condition. ~!::,.: : .-_- .... 

• Protection ~for ~geirs ~:of ~Indian-~iTypo .... 

:The foregoing classification applies ,principally~to~pro- 

tection ~below~ masonry :overfall-idams-•.of ~.~he ;~tYpes ,'commonly ~usod :!in 

t h i s  country, .  F o r  the  '~broad,,weirs.w~th,.~sligh;ly,sloping~aprons 

frequently used in ~India. and ~Egypt, ~a somewhat different analysis 

is necessary. The oldest .form~of this typo of ,weir consists ~of a 

18 
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pile of loose rock, with or without masonry, dividlng;~.~alls .i, havin~ a: 

sloping upper surface paved with :hand-laid..:~r0ck.<or ~masonrY~,::~aS .~sho~m 

on Figure 7. After : " " - 
pa~In~ over ~the :Cr.~st/Of a:iWei~: ~'of this -,type :~<~ 

the wa~er flows do,~'n the sloping awron, un~iiii~i!.%,ii:encou/nters-.t~e ~i.ltall :_ • ..... 

water, and at this point a hydraulic juz~~is :usually~fo~aed, To ~p1'e- 

vent scour, this Jtu~p :should fon:i farad, enoughfrom the d0wnstre~m,en d .... - 

of the apron that the turbulence,of thc~jump does:not.reach~to~,tha: 

unprotected river bed. To secure qthis,~result may:nccessf.tate, the 
. - . : r • 

extension of the apron below the natural •level :of the".iriver bed. 

It is necessary, or at least desirable,-to~ .ave :the ~peint :whore ,the 

jtur.,p occurs move up the apron as .the discharge ,,Increases , since 'this " . 

provides a longer lon~th .of apron".to a~':o~caro.~of the-greater~tur_~ ' - " .- 

bulence of the jump with the larger .flo~:s. iit is also,an,advantage 

if the weir is entirely dro~ncd out :for very/~high~flo.e;s, since this 

eliminates the combination of high discha~.~o and iifall w]~ich iwoUld 

produce so much destructive ener,~, Those condibions sxi[:stiat .the .~ 

Rosetta weir,* ( "-fi~.;uro 7)which }is at the hoad of <the~dolta of the 

" - - _ , , - 

• Standing YJavo ~,Veirs, bv ~. D. L : : .... . 
• . -~ ~uNchcr. " 

Nile. The surface profiles show that the position,of the jump moves 

upstrem:1 as the discharge increases aud for a flew of iV0,000,000 

cubic mo~ers per day the jump is entirely drowned out. A].thou~ for 

many dams of this type the maintenance cost has be,on hi8h, when con- 

19 
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• dltions 'ere ~.favorable ~i~t :imay ibe ~very ~low, 

*New Reclamation_:~Era, ~p. ¢189, 

downstream t from ".the-:.weir; :'w~fch ~!iowe~:d 

tailwater ~epth are rather ~iLmi:.:t~d , (:ir.% ils " -" 

ditlons having: a :?low. tailwater :level ::and ,ctwo ~.comple:te ~fa/lures !:al;g::. '/ 

believed :.to .have ~ been :;duo 'to. Ltai:l~vater . . . .  " " 

draullc ,:jump ".occu~d ~:,too :near ~to :.or.;:below::.~the:" 

choice :of the:dam~leng.th,"as~previously~discussed.. :: - ' ' ~!i/;::~-" : : " ~ 
. . . . . .  . ,.~ . . . . . . .  . -.:,~: ':/~-::i, ::i!" t! :; " : ~ ~ 

- 8msiiOf ~.this type iin:~.Indl, ~, 7Most. of '.the ~-rocent d " • ~. , 

p 

-L 

this kind~ also, -although :it !is .:complicated :somewhat ~:bY ~noeessi!%y ,iitho: ~ .: 
• " ..L: / -, . 

of having :su~fic lent !.tailwater depth i to ~cause i%he: ~jum~ ':to :.form:.:on '. 

.the -apron "wi,th %he, gates in .~a v ~a~.%ially .:open ,,:condltlon. To ::secure : ' ' - 

'this it~may ~ be :necessary "to carry :%he <.apron: bslov ~natural :bed ;:level. 

20 



Yf the :river carries touch,bed 

puting the iposition ~ ~ ~ '~ 

river ~level. 

. . " , ' .  

. ~ E n o u g h  i h a s  '~L.b~ 

~tance 'of :the 'tailwater 

One Of the ~first steps 

term~ne .the .tailwater ~ 

levels ~fora wide rang~ 

~i "i~ ~bu~t~fa~ly,'s'a~isfac%ox.y~'::.~su~lt.qli! -)~:I~:~'~ - method should be used.~ f:poss~ble, • 

may be. secured ~.by- determining ~the ~tai'lwater . . . . . . . .  " ~ ~ ~ • ..... . . . . . . .  i eleva~ion,~for .~various~:.:. .,- 

discharges '. by; means l o f ~ backwater ¢ curves .:for !..these :<filows .'. i~i..~'!Since ~the .i~!L i~: 

water levels at downstream~.pOints!~tor:~thes~ " ~ ' "  '~ ~ " . . . . .  

also unknowm, the ~ curves ,.'.may 

enough ,.downs tream ~from ~,t he £:d am:!.t ~a~i~the ~e r~ 

tion.will~have~ disappeared be~ ~' " ' ~the . ~ .. 

f a r . u p s t r e a m ,  a s  ~ t h e  d a m '  ~I~ i i ~ a t  ' t . ~h~ iS  ~ i S ~ i i ! t h e ~ :  , 

by assuming, somewhat 

at the ~lower,-en'd of %he::.stretch~iandii.f~:both:asSump~ions)gi~e~r~,~-.~ii:~:ii~i.i-~,2: ,i~ 

ti cally the, same ~.elevatior., at .the. damstte, tthe~error iin~roduced:tby,%i!.,,! ~:,;!::: 

an incorrect ~assumption ~is ~negligiNla. • -i . .~ ~ 

, o  
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. . . .  i i - i~i~,~i i~i i~!  j ~ ,  - ~ ~i~ ~J . ~ . L  . ~ • ~. ~:~ . . . . . . . .  ~ x ~  ~ ,  

!.Laboratory ~.zExperiments,,. JNecessar,v ~ ~ ~'~.~, :~ ~ 

iYt iis not '~the ,~inten~ion~of ~th'is ~.ar~icle ~to,~give ~,the L,~i~res- 

~slon ithat i hydraul~c ~i~ab6~rato~ ~test~ ~I!~-±'~-~ 'i ~' ~ ~i~i. ~i,i/ j.~j..~i-i~ ~!~!~,~ i ~ 

the best fonn of scours, protection ~b¢ 

made _on ~all ~important structures !!and b~ !~ 

in the improvements ~which 

the design, entirely~asld 

raske ~posslble. The ~inton 

'the lines along ~which ~the 

effort~ may ~not ~be was~ed !i 

• j 

• ~ ~ ~ ~ ~ ~ ~ ~ ~'~"~' ~!~iJ ~"!.~J~/. ~%~i~J~ ~ ,~ ~ '~ /~& ,"~'J,. L~!I' , ~,~ ~, ~ '~ ~ 

~• ~ ~ I ~ 11 !L!z~ ~i~iii~ ~ ii~/i'~ir ~ ~, k- ~ 
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l}[eoessary?... .... , : .... 

.~Y ,is ~not the .~In~en~ion, of ~ts,'~ar.tlcle '~,t? ~gi~ve~:~the ~,impres- < .' .~ 

sion ~that ~hydraullc laboratorY.:~ests~,arel}~unnecassaryi:,in~iwork, lng~.t'-~ .. :., 

.@ 

make \.possible. The ~inten~ 

the lines ,~along,which-~the:~ 

effort may not '.be .waste~d'~i 

[ 

l L, 

.. , i 

-,.c; 

, A 

...;7 " 

0 • • "~ ~i'~ "'i W 
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• 3 ;  

~AII 
the ~ problmm< Of 
the :. experiment 

• value~of, any.~m 
',tlcns ~i,t ~Is.~po 
-the ~; ll~i ts ~ r eq 

.Jr 

' . i .Th e ~:,| 
be ~:found :by ~th~ 

' the :'Fr enc h~:mathemat icianal~ge~'dre ;~ I~ !1805 ~,~< i.?l,t i~,2takes :ii.~S ir.b~ :~ii:/., :.i: - . 

series ~of ::observatl.qns. t:tha:~els ii~th ~ ~s~~ofiimei:!~s qua~es".~idf j.i,t~e:~ 2~)!!! .:, .2. 

': and ~'.w orked ,::ou~t ~-t he ~ pro C e~dur.e i~-,Wi, th6u t ~ap~tl,,.{,~O~.~.~!~iwh~..i~.~;~__~_,.~.~,.~,,~ 
'meth0d~_~ga~e'~thei!mos t ~.probabl, e.~vAlue";iil.il.ii~,ti!isi,:iinte~esti,~;{t-0 ~.nb.~ :.-;::~ ::.: :~i..:, 

. standlng~,the ttheory ~.df/exponents.;~i~}imeth.dd.:~~f_~.~u"s.'ti~g,~obS~r~-?/~',:;:!?." i: 
:!vat ions ~ had .~,i pr evl ous ly, ~i l n ~ 1 7  714 ~been~:~!de~@lope~~.$bv.: -~.c e ~,.L ~'b'ut ~ 'i"~:ii • ~:: i 

. near ~.:the ~.truth, ,-howe~er, ;:because :~he !~.assumed ~:that ~:.th e ~ mos,t ~robable : 
value ~,was-~..the ;~value ~that ~m~de-~th'e~,a!gebraic.!i,~izo~;~th e,~res~dual,s . .. 
z e r o ,  !and  ~ t h e i r  sum ~ r e g a r d l e s s ~ O f  ~ !s i :gn , :a~m~im~: i~  ~ ~ ~ !ii ~ i~:: ~!/~ ~!i: ~:/i 

,errors ~an 
~.praetlcal 
i,has.ty~ r es 

chance ~in 
Ltheir ~ erie: 
• uncle ~of ; 
engineers 
i large.--nu~ 

unfavorabi~ ..~ v.~,, ~.~, w~- ~mo~ ~.c z~z'er .~ITom-~heir "~es Pe c ~l~e~iprobabili~ 
ties ~.'oeyond .~ a .c eztaln .~limi-t ~in!.~excess'~ ~or ~'defect,.~!and ~:~,~,the!ilpr~obab lli~ : " 
ty-of ;:.keeplng.i~wlthin-~thos.e '~limi'its, .~howe~er '~. small ,~can~-be~i~de ~as ~ ..... 
-near ~ certainty "as ~ we ~please :by ~,taking ~a~: sufficiently ..~largemt~ber.::~ - ~ 
of .trials ~" -- - ~, ~ 

• ~The ..mathematical probability of ~.an .e~ont is the ,ra~i~o 
", Of...the :number .of .ways iin~:,which ~.an ~eTont :may ~ ha;~pen ,:or ~fai:l tto ",the 
~otal :number.of:ways in :which it~may occur .if each occurrence is 
equs!ly probable, Thus, ,in fllpping~a coin, -:~,here~are :,two:possl- 
,bllitles; .It may be cipher a!hoad or a ~all, but it can be a head 



@ 

or~: a :tail.~.2 

!is .i in ~:O1:the 

, ways ,:than ~..c 
indivi dual. 
two a cos -,wl 
.event ~.is -.th 
] 

chance, ' and ~th, 
of : . : the  ~errors ~:.~ 

This ~law, appli~ 
~.-t~.ve ~:. errors, , . s I  

tthe i':per s onal ,:: e (  

- [ 

• : . - . J , . " 

j, 

.''L 

application ils 
.:'form.. given, i.it., 

::of :observations 
~tude t, to :.the-:to~ 
o f  ,~accuraey.. 

"~To :: OV 
ffamous :mathamat 

• experimental ~.er 
.: f o r m u l a  ~, y : . : =  ~:k~': e 

:k .:and ~-:h ~ a r e , ' . o o n  

"t ions. .Bo th ;' i~ 
:: creas es, . : a n d , - . : a r  
:~data. 

: . ! T h e  ~ n 
: formula L is ~sh ow. 

X . - - - ~  ' t  " - ' ~ l . . . . '  .... " ~ !  o ' "  " " ' : ' - ' ;  " ' " ' - "  . ~ - - ' E - - " - ' - - - -  " " ~  ' ' " " ~ ' " '  " "  ' ' ~ ;  " " ' " " . . . .  " ~ " "  : '  

• " t - -  ~ - - - - - - m r - -  . . . .  - ' ~ ' - ~ " ~ " ~ - - - - ' ~ - -  " ~ - - -  ! L 
which ,.the. ordlnates ~.y :,r.epresent ~.the'~ probabillties ~.o£ tthe - : : :. ' - , 

:.errors, :.x .', • . 



',the ::y-a±i'.S 
! i s  :.zero, 'i.) 
common , .~ large ~:errors;" ar.e .~'~la t 

: ror s ; c a r e  ~ . e q u s . l ~ y ~ ! o  o~on ;i.-'i~i~id~, ~ 
in ;:wbi'b~ ~the :..error :~.i~S i:~z ero ;:':-:::'.',i~! 

. , ] .  

.,.Yr cm:t i t .:,we ~..e an ~;c o mpute: {..the~pro ba~ l.e ~.~e,~r 

• o f  :;. least.~.;s.qua~es C~,gave~the~imo s% ;Proba~iJe 
• servatlons . ,~'. i:" " . ) / , ~  ~,,~-: ~-~i:i:~::!.)'.:~i:: : %:~.!,i~' : ' 'i::i~'~!:~.:': ' 

. . . i  

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

:6baB1, 

~is .:- .,." 

p a a /  • . . /  . , ,  

its:~as !likely !:td~be.;~emoeed 
..the :. e~ror.~ ~s ,~i-.: 

i: i~tii~is tthe)value ~df:~,.~T.when 
culus :;that, :~regard~ess ~iof 

I ~ - - - - -  ~ " 0  ' ~ 0  ~ 0 , ' .  : ~ x X ~ , i ,  B "  . . . .  ~ ' "' 

probable cones, ~then' :-.:-:-.i.::-. 

' 3  ' c / }  i . 

i .  ~ ) ~  ."," ; ~ - ~  ~.'L. . . . . .  -, " , , , - : . t - . ' , " . , :  ''~ '-:: " 
" : c  ~ , , :  , ~  ; . . ,  . , , -  I . ,  : ' : '  

.Su st~tutln~ :~.th e ,~=equa~tz on ~r ~,. ' 

' ' . . ,  " ' . " ' , :C  " ~C..~','.~,:. /,,~L.':-~.~" ~ ' T ' I ' " : ~ : : " " . . C . . "  ' - . .  : . ' , i / :  C E - ' ~ ' ~ L ~  ' I ~ ' ? ' ~ ' '  - ,: : " 

i s  t the i r  x~n~mber... :::'~Butii:t !iS C~..pOSsl, ble{td-!f±nd'~the ;~/tmuei;~:r'g:,i:;!-Sd :~ 

:V ~.i-s :substi-tuted !for >x din t~he ?.equation ~ '-.the ~.~m.th~at ~~l~sChav.e;:!:.'~,, 
prov.ed, ':to Ttheir ~:owni:;Satlsfaction 
error ~:of :~a !:single ~.~observ~t~on,:r:oq. --. 

teas oning, :~thoy _.also ..= Show. ,,tha.t tthe ;orob a~le ..terror .::of:!,the ~!meaxK, :r~which 
:is::d~Si.g~at~d: by~r~.~:equa~s.~sX~/~i(n~),?;~:;:xi~]~r67.45~`>2."~: ~(;"~::~°!! ::.:~:~ : : : - 

:!Thls !is i;the !.'simplest ~fOrm,,iof ';.the:r probable~.~or;:equa~tton. 
..It ~ap~lies : only =:to ;~dimee,t ':obs e~a.tions..,-of ,:iequai i:,~eii~t~~n ~a)si~!~ 
• (~quanti~y. :.For ~:_o ther ~;~yp.es :'of :-ob s er~at ions, .(different ~ formulas rr..e- 
~sult.~:.which L~ill~hesgi~mn~aZter-~deseriblng tthe ddlff.orent tty~pes)o~:.) - . 
• observations. 

3 
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conditioned ~.c 
ed ~ by.: ~ iEor  ou 
~ we~:measure ~:th 
Ite~relation~ 
trl angl o %~the~ 
:the~ sure, of ~h 
~degrees. Si~ 
i00 percent ~ 

,Obs 
and ~ the ~,nume~ 
the ~,wei~ht ~o~ 

"I 

/ ~i ~ i~. ̧:  ~.~. 

'i/l ' 

~! i  ~ 

e 

where the ~ terms aze ~the ~ same ~as !ib efor.e: :exc ep t ~ that ~ n' ~i s ~,:the 
:number,[[of ~.conditlons. "~The '-probable ~errors'.~ of ~the ~unknown.~are ~ rotund 

as before. 
! 



" " ..... ..... ~ ' . . . . . . . . . . . . .  !of? ~For all ityDes ~ or,,: ~ ~: :~ 

the function Z:: f 

:~R 2 : . ~  .... 

~:(d: 

It is the method:u) 
8 rectangle when itl 
case .the formula ~roducos).tO:... : :.:.!:.:i :...: . . . .  :.. .' : : ?.~ ...... .. .. : ?/..-/:-.i~,~.. ; 

l! 

~' The fundame ~ 

sta~ed, is ~the !basis ..Of the iproof ~of ~the ~,method.'~-of:i~leas,t~squaros,: . ~i: 
or that the cos t L probable ilv~u~e ~iS !the"value !.tha~i ~0s ~i~th~e ii~ !~io f 
the squares of the residualAia~r 
the arithmetic ~ mean gave ~:the :most 
dl rec t measur amen ts ~ on a s ingle ~Lq~ 
squares !it :can ~be :shown thst ~thiS:~ssump~on was correct.- : . ~ , 

The~ arithmetic 3 quaze ~ ,~.- . 
adjustment. .The"~followi. ' " " 

October 26, 19~, :'Mr..L~Parshal " " 
opti cal ~ evaporlmeter ~used ~in 
suits are given~in c61umn ~l<, 
the optical scale ~readings :in,hundredths ~:~s 
the evaporation :in ~inches, 

The; mean value ~of ;the :constants ~ as 
their sum and ~!dividing ~by ~their~number ~ is !L0. 
the .principle of :least ~squares; :iis~the'~most 
constants. _~In column :2 ,, of ~the ~tabl6/are ~,gi~ 
_differences ~between ,.the ~indi,vi~ual ~:,values 
mean, : and i~ column~3 -are ~igiven;:~~he ~equare 
their ~sum. If any ~o~her ..,value ~had~.been ~,te 
the sum : of • the ~ s quares, o f T,the :new ~resfdua] 
than ~I0013. .. . 

error of any of 'tha,_observations:~may ~be ~ computed !,,by :substittU~:ing '. i 
it- :the .formula " . ' ÷,:,~ i, ' . ~": -~ " ' ' ~ . " ~:"'!~':, 'L 

~.~. " :l%o-Jl 

which gives r : O. 6745 ~,/i'0013 = "22..6 ~ or 
I0 .-- !i " - 

t 

r = ~ .0..000000226 

5 
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The iprobable ~i'error i:of.i!,tho .~mean ~Is-'ob'.~ine~ !by> subs'if furL 
ing in itho !formula ........ ->,. ........ .~ ~'i~:: ~"i~">~~~:">' ~ ~' ~' " ~>i..//:i>!~ ~ .... " " 

r - . . 

This ,vdlue ~when ~ added :i~o ~'~% he ~ m 
gives the usual ~.~orm~iOf ~expressing ~.the~ 

ioiooo0ooo7 
' ~ . !  . ~_ : .i 

It will '~be~ observo d ',,that ~ono ~of tthe 
2of Table l.lis,much:~largor !.than . . . . . . . . . . . . . .  

tion arises whether ~thls ,observa 
the fundamental ~ equat ion ,IY ~--'~K ~e • , .... 
ratio of the ~largest permissible ~resi'dual ~to the i~probaSl~e~error ~fOri : 
different ,i 
of the values. In ~this~case:~tho~ivaluOi~for~ten ~obser~vatlons ~is ~2~91"~ ....... 
and since 2~91 x " 22 ,~6 , , : . =  ~ 6 5 ~ 8 ,  ,which ~is ~less ~than ~the ~residual !~, i~the 
first observations may ~be discarded, i.For ~v~lues~Other ~than >:~I0 ,~Seo !i 
'Appendix. , "~"/ /~ ~ . . . .  i ' - ' "  ' ;  

As "> pr oviously-" stated,.: : tho, ,ar i ! thmet ic  imean ~is i t  ho>isimplOS't ' : '  
form of the •least "square-ad'Justment, ~bu.t ~unf0~t~atelY ~i..t'~can!b0 ., .:":-. 
us ed only in direc% obser.vati ors -:~on ~.a '~slngle ~quanti'ty,..: :-~Ifi,:~..the ~ob-~": •.-.-'i-:! 
servations are ,indirect, ~a",,:.-difforont iproce'duzo~must iibo~f61i0wed.' .... '. "~ 
Take, for example, ~ Rating f.#106 ,...on ~ a ~ Lietz', current 4m0ter ~ ma'd~~-Sep - 

• - . " . .  ' ~ . , ' ~  , ~ , ~ . . . .  " )  " . 4 " i "  tember 18, 1915. by .,.Doke. and ,Parshall. : ..,~s s.h0w n ~.i n ,Table .~II ,~.Iten : 
observations ~,wero ~mado~a~:~:v.eloclties::;ranglng.!from~i0.423 t~01~5~5061.' ii < 
feet per socond' ~It' ~i ' s ,~o  ~>i tha t i :metors  ~ oT '~,thiS/itypO"~haV'e ~ i!s.traight 
line equations _of ~%ho .>form~i.~V~- ~a :I~R i_.,~h, ~Whero :.~~i s-~the "ivoioci'.~, ..~: 
R the revolutions-~per :-s eCon'd,: i.'and -a~ an~:it. ~cons~ants ~.that ~~St:~be' 
de termined . for eaeh ',met~Cr.o. .~By :'-subs tituting ~ any. ~t~o iS e.tsi.i~f "~c 0rres. 
pending ' values o'f :,~ <.an~ ~R-~fram~Table .ill .".in ~the,~oquation;~i~.~,we igetiii!two 
equations with 
braic.->mothodS ~:for ~a and ~:b.. i!Any .?0ther'~itwo"SetS .of.:obse~atiio~ ~Wi)ll 
also give values ,: of -a .',and i-b,, uhich ,,wi~ll ,..d~ffer ;from ttho %fi~st%valuos 
obtained because ,.the .~0bs or.rations <are"~not .'.free ~froza ~err0~Sl.!i~:!LTo :/" " " 
find the mos% <probable ~.values of..a Jand b "for L~the~sories.~of'~!obs0zva- 
tiers !is the province-of "the.method <0f ~least ...squares.. L ., . .~.... 

The proe edure '~is ~ as follows-: ; Substitute ~:all ..the.:obs.erlved 
values ,in the general equation ~J:- a~R ,~-.b. ~Equations I '!.to ".'I0 " 
result. These-equaticns ,are :called the observa~ionequations.:and 
are always equal 'in :number ',.to. ~.the -number of observations. ,..'Since 
there are only t~o unknowns, .the problem is to reduce the number "of 
the observation equations to two. By the.method '.of .leas.t.,.squares 'It 
has been shown "that this can be done as follow~: '.Multiply each ob- 
servation equation by ~/~.~e coefficient of the first unknown in the 



..'.. 

. , • . ,": ~ . " . 

,Callbr~ioz 

i 

, ; 0 0 0 0 2 6 3 2 "  ' :-' , " , , ~ 7 . 9  """ " ~ -  ~ 
: 2 5 8 4  

; 2562 , 
2546 
:2543 
2542 

" 2 5 3 6  

°o534 
. 2 5 3 2  

:2516 

: ;:-31 
: .''jg 

i ,;+21 

1. i Mean • 

-. 0000255 3" 

The probable .error of-an :obServati6n:-'is ~i 

r=O. 6745/'I/ 

I 

The~mean :is ~hen 

0.00002553 -~ .,000000072 ~ 

7 
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T ,~A .~B ~L JE -~II - "-. ~, .., 
~Rating :,/~I06 • • • 

vu-~u~:vu,, ;,~eas~;.~squ~re:i.. :,. ,, . ,.,,,.-...: :~-:.,,G .ra~hl c .:., . . . .  . 

R ',V -%V 

Point I e I { " " " "  ...... ..... " .Revs s c rFt ec :~,~ seo,~Res "du~l~.Resid..~E sec. ~Resi'~.,~R~S~d. .,: 
-..(i) (2) . (3). .  . . .  . , . .  

1 ..~146 ,,J4~ 

; 264 , J6f 
3 . ,  64J~i il ~ 0~i 
4 .664 ~:i ,613 - 

5 ,.751 ii.818 
6 .: 984 :2.360 
7 1,454 :3 J455 
8 1.490 3~637 
9 1.912 4,522 

L :'" i0 2.744 ;6.506 ;G;~-821: . : % " ~ 2 4 ; : "  , - : 5 7 6  L.? ~:, . . . .  ,,..:,.:.-, 
. , , ' %  . ,~ : ' , .  , • 

• . . . . . . .  , r  " " "  . . . . . . .  ' ~  " ' : : - "  " . . . . .  ~ ' "  i :  ~ "  : " , .  " -  - " i , .  " ~ " , ~ : ' - : ! ~ .  -~'.:"::: '.~ 

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

r - ,  O. 6745, '~ ' ,  .. ,~.v ~, . =-- '!:0:"6745 ~'~t/': i ,.;16~0., .,,- ~ 9 j 6  ,:or ,:*:(J.;,£)096"i :i{-:.-/. 
. :n.-,q ........... .:'i "10-2. . ,: 

Observation, equation: ' ..,:. ., ii:: 

_.666 = .,254 :a:+:b {(2). :./;: "::: Li169;~'~- : ;~065~a:~:-:,.25,/~:~br,i"(~12:)%'-!.i--.!~.~ .... "~ 

1.613 ,= .,.664 ...a d-~b .'-,'.(~)..::'-, " ,,]":'07,1:i:::~:i! ~,i':;.Z~l:,,a:,.~ :.;:,,~6~14;.~b,(I,I@I ..... ',:,:i,, - .- 
1 . 8 1 8  "= %751 . a . ; + ~ b : ~ , ( . )  :'1.365;:r== ...=~564 
2 . 3 6 0  " .~984 .a , :+ : i : b  [ ( 6 )  " ' ;2 , ;322 :'= ~'.968 
3 . 4 5 5  "= 1 , ~ 5 4 . a - : . l - L b  ~ ( , Z ) 5 . 0 2 4  - - :  ;2 ,?114 
3.537 .'.- ::l.490a.*ib:ii(8..') :: ? • .:5.;270 %:.:P-;220 
4 ; 5 2 2  : : .  ; : 1 ;912  ~a.~.t.-~:b ~ { ( 9 ) . : ; :  : , , ~ 8 , ; 6 ~ 6 -  : :  , 3 ~ 6 5 6  
6 ~ 5 0 6  - ,'2.-74z-= ~,.a ~:l.-,.b -!(!10) . t 1 7 . . 8 6 2 i  =_- '.7..,;530 ca ~'~.;-,2.'7"d..,~-.-. ,'-'.~.~;"-V~;, ~" " ' " ' ~  

., - -  ' L "  " . . . . .  " - "  

.91'1 :: ;i0,810 a ..., ,~i0 ,b ,,( ) 42j197 ~-= "i.~;.7;~8 ~a ;+ ,i0°8i0 ',b ;'i:B)?.::: . a 

:Normal equation !No~al equation -" ., : - , 

Solving (A) and ((B) 
a - 2.340 

-b == 0.061 ~:and V := 2,34.0 !R +:0,061 
Graphically V.= 2. 329 :R ~@ 0.075 

25 
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equation. >Equationsll to !~20~result. ~,~en;multiply~each~obser, va- 
tlon equation~by the coef~icfent:of"tthe.~secondiu~o~.~:~!'~Sinco ~Ithe :~ 
coefficient Of ~,the second unknown~is"~l"~in ~:each~caso, ~.the:new..!e.qua - 
tlons will be tthe :.same~'as :~equatlons .~l.'.~to~.~lO,-~:al~hough !in:!Eeneral~:~!. ~r . ....... 
they would be <dITferent. ~LF~ch~ sot ~iof:!10 i:equatiens~i~is ~then~adde~d~. '~ 
Equations ~(A)and ~(B) ~result. ~,These ;equations ~aro/ca~led~the 
normal ~equations and 'are-always i!equal~in mumberL'~it0 ithe ~inumber '~: ~ 
unknowns. ~The :solutlon~of 'these ~,two equa~iensi~Eives i~He ~mo~% ~pro- 

. ~ In ~.this ~.caso ~a ....... 2.~40 ~and ~b ~..0.061 bable values of a and b . . . .  . , ............. • 
- • h e uation of the meter is ~thon ~,V-- ~S.340~R~-~0.061.~ : • ~nd t e q •.~ ,,, . . . .  . .... , ....... ,, ....... 

In • eolumn, 4, ~Table ~ j~l ,, ;arc ::shown the %vale oiti o s <.compu[ted 
by this ;formula. fin ,v61umn :~:3:are .-!shown i.tho ~corresPonding!:obser,ved " 
values. ~.The differences ibetWeen :,the -,.two.~sets :of:'~valuss ~8re% the : 
residuals. 'These are recorded:iin~:column<5,~and ~theiri~squares iln: 
column 6. It is from ~.the,is~t~onof i:~these~,values i~ha't:.%hespro- 
bable error of a:single ~.ebser.vatlon~iis~!hompu ted.~:~~L!In ~thls i~case T%ho 
probable error is given;by &the ~formula .. . .ii ::i ~! ,,i.~ .. ,. - -..~ -..~ ,. 

...... r ::: ~,0 j6745~.,~ "~.v ~ -.: :: ~. %.:/.:. .... .:.,. ~ ;::~:.i: . .i 

where n is .the :.:number -of obse~ations !.and ,: q.~.the inumbor~of~unknowns. 
Substituting .:the .~values !for i:n, .q, ..~ azid!~v .~in ~,t~llS::'.fermula;~gives ::,:? . 
_~ 0.0096 as the ~probablo:orror iin:i::a~single"',.~veloCity.:detormina:.tion~: ...' 

As ~previeusly ~pointcd ~out,:tthe ~c ~ 
known %0 be V : aR~ b. i~This~is~evident 
are plotted on rectangular ~coordinnte !Pep, 
is to determine the equation~dir0ctly ~frum~the~plot. ii:~By:~his~mothod 

For practical purposes, ~hc solution 
~in • gives a formula :tha.t gives ~mors cons tLewn ' 

Table ~II, column:5, ~he least ~squcre :~formula gives ~ilerge ~residuals 
for the highest o.nd ~lowest v~locities, ~while ~itho ~graphical ~formula 
gives a small residual ~for th~ smallest vol0ci%y ~nd ~. ilargo Tesidual 
for the largest velocity. This moans °that :.the ipreccnt of ~error ~is 
large for small velocities ~and small,for largu~olocities:when ~tho 
least square method is used,. ~;hilo when the graphicalmethod is 
used "the percent of~orror is~kept more nearly cons tnnt for al~l velo- 
cities. This is necessary because large errors ;~ould otherwlsc .re- 
sult in measuring a stre,'m, particularl~,~when all the velocities are 

low. 

The method of mklng n le~:st square adjustment just de- 



scribed applies• ~0nly~ito/~i~inear !functicns. ),Tra~ 

-/ / 

'As • an ~ e: 
take the free<~flo~ 

: 6 ~t 

Q - ~4 W ~ 1 " 5 5 2 ~  % .:~/~~.  ~.,_~ }J~ 

Q 

o ' - ,~/a ~w ~.;;-i. 5~4 

._ . ~the ~,ex~one~ts :agains..t/~the :~lume,~sizes ~on'~og ( .. :.,,,,:~ 

0 

J/ 

The :equation ~n i=a~ 
readily ibe put :in 'linear :~for~ 
of :the equation, i~eni~log~n ~ 
logs .of the observed:',~alues:;~ 
equations i ~to.6 :in tTable II,] 
Since :there ~are :~two ~nnkno.wns 
be reduced ~.to :2, and~.slnce ~t~ 
may be ira ado ,Jin :the ,same ~way-~as fin :~the jiaS t ~ex~l~e~,.~i~,~e.~.~by ~zn~ti_::. 
plying each ~equation ~by :~the c0effici:ent ~of.ithe~i%~s~~,iU~ow~in~i~itho~-~: 
equation ~thus ~formlng :6 ~new ,oqu~ti~ons u',hich ~ 
form a. normal ,oquatlon and then ~by-~multiply~ 
equation by !the coefficient of the~;sec0nd~unkno,,-~n~in ~the ~equa~tion:~ahd 
adding to -~form ~the ~ s uc end ~normal o~uation. 

_In ~this example .the :coefficient of 10g .a :is :one ~in each 
case, so the obser.va~ion ,equations :l ~.to ~6 mill-not :be _changed bY 
this operation. Mnltiplying by the coefficients of the second ..un- 
known gives the equations 7 to 12. The t~o normal equations -formed 

l0 
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.,.T 2A ~ B :2L::~E ",~I~l-  
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5 ;77815 11..592 

The ;F.robable error.,-of.~ any,~exp.( 
v." , 

r = 0.6745,~ ~v ~' '" '.:: (0; 

0bsorvation equations.: : " " . . . .  

: O . ~ e ~ =  :~o~,~ :+;k ~! , .oo0o0)~:  - 
, 1 9 0 8 9  :=  . ] l o g  :a i+ik : ~ : t ; ~ ' 3 . 0203 ) i . "  
.19451~= ;10g a .+~k ;!i(.j47,712): : 
. 1 9 7 0 0  - " )og  a vf  qc,  ~(,;. 8 0 4 0 6  

- ;20194- -=  l o g  a -'.t~,k i(,~.-7;7815):: ,. :, 
,206~9 

i .17A47 

00000 
,.05765 
.09280 
Jllg00 
..15714 
_;18630 

.~61289 

' ,!( 9 0 3 0 9 ) ~ . . : " ~ : ~ ( 6 )  : " - =  :.;lo 5 n ,'F !'k ,; i 1 U , , ";: ~" ( ~ ~ 
l , , , .... ' : . ,  . , 

: : = 0  flog , a  ~-(Ok " . .  ~: : . i  

:= "i ( . . '30'03)" 1 ?log.:a-~'}.k" !(.~:09122 ) i, : :. i(I'87~Ii':: 
= ~ (..,.¢7,712)' ::-'log ~- .~ -k  (( .~22~.C~):;< .'"(1 g) 
= ~ !,: 6 ~ 0 6  )' i;a0"g-" ~-i4:?ik i.~/(.; 3~s9):' i  ~, (:,((,16) .... 
= ,:!-' 77e18)  ::;log .~ , : k  :::~(>. 60552)i: i<(~]'~)' <: 
: :  <1%90309)  ',lO6.:a;:~.~rk ' , ( ( : i8i557.);!::  ~((!!2).: (:' 

-: ([ 3~06~45);log :a t',k '!(: 2~104041 

~Soiving ~('A) • and !(-B) 

ik .= D.0242 

. : . . ' , .  

• , • . ..,~., . ., . .< 

re): ::!i 
" : 

((-BI ~No . . . .  

. , - .  

a := :i. 5 25 

I i  



head Ha. 

r = O. 6745 ~ ,~~',v~ -- :~th e ~,~iues !,Tot ~i~,v~,, ~n, and ,~q ..... 
~n - :q  ~: !i ~ /~ i i  ~I' 

r = 0 . 6 7 4 5 " ~  r 32  . / ! ; z  ~ : : ~ 1 . 9 :  : .... 

that is, the probable error !in any,:exponent•_ ^,~:!is::~: 

from the portion 1.522V~ 3' 026~. are: given ~,in .~.q.olumns :~8 ,- 
with their resldu~is and squares ~,:in :cc~lumns ,9"and~lO 
the sums of the squares of ~the '~we ~sets,Jof !~residuals 
though the difference is snr, ll, ~the i Llo:'~st ~squareTmoth°d !gives <the ~j:iiii~ 1 

better fitting equation. 

In the ex,~m~les~g ires, ~all the ~observatioh~ ~weze~iof~e~u~l .... 

~'So ~far in the discu ssi°n:n°ihtt0ntion~!hss boeni~'~gt!~°n~t°~z . . . .  

c o n d i t i o n e d  observations .tln.c. ~l s - ' - - . . . .  . . . . .  ~ ~ r  

condition~ such as, that e sum of ~th0 angles ~.of a ~plane "triangle :~ 
must eotml 180 degrees exactl~r. ;Adjustments of iti~is type~are~made 

equation :for an unknm'm in ~terms of ~ithe 
by solving e~ch conditioned substituting these'values ~in the~:0bser~va- 
remaining unknowns and than 
tion equations. The~normal •equatlons are then formed as ~boforo. 
BY this method .~e got ~the solution of ~,ll the solutions exactly 
satisfying the conditioned equations t1~ut make the sums of the souares 

of the residuals a minimum. 
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