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I .  SYNOPSIS . 

The determina tion  o f  the best forn o f  pro tecti on 

agai nst sco ur at  the toe of the Wheeler Dar:c boing bui lt by 

the Tenness ee Valley Autho ri ty in the Tennessee Ri ver  approxi­

mately 20 r:rl. les ecs t  of  F lo renc e, Alabana (Fig. 1 )1 has b een 

the prinary s ubject of extensi ve hydrnulic  model experiments 

co nducted by the hydraulic research di vision o f  the U. s. 

Bur eau o f  Roclm!lati on in the hydra ulic laboratory of the Colo­

r ado .b.gri c ultura l Experiment Station, Fort Colli ns ,  Colorado . 

Frorn these experir.:ents , a satisfactory dosi gn has 

bee n developed s uch that the ir:mens e potonti2lly destruc ti ve 

forces co ntni ned in the s pi llway discharge wi ll b e  rendered 

harmless . 

Besi des tho experinen ts on the des ign of tte sti ll­

i ng pool , studi es were me.de on the design of  the downstream 

nos e  o f  the pi ers to iI11prove the hydraulic co nditi o ns on the 

a pron. 

Stu di es were r.1nde to determi ne a gate operati ng pro­

gram that would eneble tl�e o pera t ing e nginee r to control a 

flood  without nee dlessly e nda ngeri ng the structure , and ex­

t ens i ve calibrations were nn de to  provi de dnta for the co n­

s truction o f  a s pillwe,y di scharge dicgram. 

-1-
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II.  IN7.RODUCTION. 

The Whe eler Dnr, ( forcerly Dnn No . 3 of Mus cle 

Shoals) ,  which is located in the Tenness ee River about 20 

nil es ups trear.1 froa Flo rence,  Alr!bn."::ia ( Figure 1) ,  is being 

constructed by the Tennessee Valley rl.Uthority f'Jr flood con­

trol, pov1e r p roduction :_ind ir.:.provenent of na vigation on the 

Tennessee River. 

The d,1r.1 is of the grr:. vity type , c, nd, 'i7hen co;:v.p leted, 

will be about 50 feet high, 6, 350 feet lG ng, �:nd will ha ve as  

an integra l  pn rt of the s truct ure a 2 ,  700-foot sp ill way capable 

of discha rging a naxinun flood of 650 , 000 secci nd-feet. The 

reservoir will be n�int ained at  Elevatio n 555 by sixty Tainter  

gates , ench forty feet long and fo urtee n  feet h i gh .  A s ur­

charge of three  feet is provided for large floods giving a 

rese rvo ir clevn ti ,::n of 558 for the nnxi1:n1."'1 discharge. The 

piers which sepn rate the gates a re five feet in thicknes s and 

. .;rill s e rve o.s m1chora30s fer the ge.te hinges . The s truc ture 

will be provided 11ith a trnsh gnte ne ar each e nd for renoving 

t rGsh which e,ccunulo tes behind the no n- overflm, sectio ns and 

will also be equipp ed m. th q na vigation lock. The res ervoir, 

when f ull, will be about 85 uiles lo ng v1i th a naxir.mm depth 

of 57 feet ( Reservoir Ele vatio n  555) and a capGcity of approxi­

mately 700 , 000 Qcre-feet .  Figure 2 sho�s a secticn and plan 

of tho s t ructure. 

-3-
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The desig'� i /if . this dam, . for whi ch freque nt reference  

was made to Ho use Docum�nt No . 328 1 71s t  Congress , 2nd Sessi on, 

"Tennessee Riv er and Tri butaries , North Caroli rm, Tennessee , 

Alabnna a nd Kentucky" , was developed i n  _the Denver offi ce o f  

the Burea u of RecliJati on • .  The following is perti nent data ob- ·  

tai ne d  fr or:i the above r.1entione d  docur.1en t: 

Maximum recorded floo d o.t  Fl orence , iJ.n bruno. , .  

Mar c h, 19 , 1897  - 465 , 000 s e co nd-feet • .  

Average recorde d  flow for 25 yoers - 53, 000 s e cond- fee t 

Es tima ted 500 ,QE5 year flood - 494, 000 sec ond- feet. 

Minimun tailwater ( Hea dwater Wilso n  Dam) Ele v. 505 . 1 . 

Because of the chare ctoristi cs of the Wheeler Dan 

s i te, the pro blem o f  protecti on ageins t scour at the toe was 

o f  major importance a nd i t  li'ns prir.1-'3.rily for the purpcse of 

deterni ni ng the nos t  effec ti ve ::.nd econoni cal . forr'.l that nodel 

tes ts were 1:12.de . O ther problens e ncountere d  and solved by 

model studies 'i1ere tho des i[;n of  the d ow ns trean nose of  the 

pi ers to give better hydrauli c condi tions on the apro n,  e nd the 

des i gn o f  the i nterne diate trai ning walls to res ist  the differ­

ential press ur es thet night c cc ur when the gates were operated. 

Studi es were nude o n  the crest  to determi ne a coeffi­

cient curve, to o btai n a sati s fa c tory pro gram for o perati ng 

the gates , and to o btai n a di s c hnr ge dingrrun to be use d  by 
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the opern ting onginoer in determining the d i schnrge t hrough the 

Te. inter gntes . 

Stud i es were Cils0 n2de to de terrline the exis t ence of 

an undes irable par tial vacuur1 on any porti on or the diffuser 

s ill . 

The detorninu t i on of the best  forn of protecti on 

against scour at the toe of o. dan i s  rui i::1.portan t  factor in 

the des ign of the structure , because of the ves t  arriunt o f  

energy c on to. ine<l i n  the r.mter floTTing ov er the sp illway nnd 

the destruc t ive action to th e f cundo ti on of the drun TThi c h  is  

p os s ible if  thi s  onorgy is  not properly controlled. .  In the 

cnse of the WhcelGr Dar-.,  the; :mc.xirlur1 fnll is  Rbout 70 feet 

( froe L'lGxinnm wcter surfn c e  et Elev . 558 to water surfac e  

irnedic.tely ups trean fr0r::. the hydraulic junp ) but tl:w quanti ty 

i s  so large tlrn t should e. floo d of 650 , 000 s econc.-feet oc cur , 

tho energy nf  the overf2.llin6 wat er wc-,uld b e  5 , 170 , 000 horse­

power . Th e  proper desi gn of tho apron i s ,  therefore ,  vi to.l 

to the safety of the s truc tur e .  

Unt i l  recen tly, tho principle c f  protecti on against 

s cour bel(Y�i' cluns hns no t been very conplotely understoo d .  A 

c1etormino.ti on for ea.ch i:::i cli vidunl co.s o  by rneans of model tes t­

ing hns rapi dly grown into us e ,  but the pr inciples invc,l ved 

were nc:-t  i n  �111 cases well c ons i dered and the results of tlles e  

tests were , theref ::ire , not o. s  rolinble ns  c'thorr,is o ci ght htwo 

been tho case • •  :.s c-, resul t of those s tudi es by the Bureau of 

-6-



R eclF.lI'l8.tion in connection with the M:. H�.den , Cle Elu:.r� ::md ether 

dams, the principles governing the design of scour pro tecti cn 

have b eon \,o rked out nnd the types of protection cpplicablG  t0 

c onditions at various da� sites have b een classified. Model 

studi es are still n ecessary to determine whi ch of the several 

fo rms that are applicable to the c onditions at a given dam site 

is the best , but the classification of the principles narrows 

the field which is necessary to  study and insures that unsatis­

factory conditions are not overl ooked . 

The principl es gov erning scour protecti on are outlined 

in U. s .  Bureau of  Reclamation Technical Memorandum #323 , en­

titled "Protecti on against Scour below Overfall Dams" (Appendix 

No . I ). Briefly stated,  the type of scour prctoction depends 

upon the relation ,  throughout tho entire range of discharge , 

of the elevation of tho tailwater b elow tho dain to the eleva­

tion necessary to cause a hydraulic jump to fcrm on a level 

apron at the elevation o f  the stream b ed ,  or ,  in other wc rds ; 

to the relative position of the tailwater ra ting curve and a 

jump-forming height curve , for an apr on at s tream bed level . 

This is true whothor or not the hydraulic jump is used for the 

scour protection. The type applicable to the vari ous rela tions 

of the elevati on of the tailTTator rating curve are given on 

Page 2 ,  Appendix I .  
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The characteristics -1f th e Whoelo r Dam s i t e  from tho 

s tandpoint of s c our pro te c ti on are shown in Figures 3 and 4 .  

'tb e c ondi t i ons a t  thi s si te are espe cially s evorc because th e 

s lope of the r iver bed i s  s teep , the river is Hi de and the 

tail11at0r dep th is , tl:�erefore , shallow. Further r igi d res tric­

t i ons are infl icted by the small range of fluc tuati on of tail­

wat er depth due to tho regulat ion CJf the r es ervo i r  of Wils ,::in 

Dam to a cons tant 0 10-ra ti cn of 505 .  Tho cri,simil des ign o f  tho 

Wheeler Dam, TTi th the cres t ct Elev. 535 , provided for a dis­

charge of 700 , 000 s occ,nd-feet ,1i th o. moximum head of 20 feet . 

The jump-height curve fer an a.pron o.t s tream bod level ( Figure 

3 )  fells ccns idera.bly r,bove tho to.i lrreter curve , and t hi s  dam ,  

ther0f0re , is  i n  Co se I ,  Appor�dix I .  For this  c ondi t fon,  the 

poss ible scluticns aro : ( 1 )  shaping the buck.:,t tc: throw th o 

overfalling s trenm. fnr frnm the bese cf the dam , ( 2 )  rais ing 

the t1::d lwat0r level by o. sec ..:md1.1ry dam , ( 3 ) deep ening the pool 

below the do.m, ,::nd ( 4 )  V',ri ous f crms of baffles .  

A b E� ttor agroemont of jui:np-hei gbt ,md t o.i lw:1 tor curve 

was obtained by us irig 14-foot gc.tes . As u r esul t ,  the originnl 

des ign was ol. t ered by rc,is ing the c rest  elevr. tion s i x  fee t to 

Elev. 541 ,.nd providing for · :  dischc1rge of 7 00 , 000 second-fee t 

wit h n maximum hend o f  14 fee t .  \d t h  this layout a length o f  

spillway of 3 , 500 feet  wr:,s nec essary. Estimnt 0s stowod too t ,  
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although the lower gat es required a longer s pilloo.y s ection, 

and, therefo re, a greuter length of protection, the decreas e 

in cos t  of protection per foot for the lower gnt es almost entire­

ly offset the increas ed length nnd res ulted  in pra ctical ly the 

same t ot�l cos t  on occount of less s e vere s co ur co nditi ons re­

s ulting :md the l ess dept h  of  poo l required. 

Ths principal dimensions required for certain forms 

of protection mny b e  predicted from Fig ure 4 .  To produce a 

s ufficient de pth to m�intain tho jump on a n  a pron at  stream bed 

level for all dis cha rges up to the rrillxinum wo uld have required 

a s econcary weir with a crest at Ele v. 510 .  Bolow this seco nd­

ary weir, t here would be  ,,mother prob lem of pro tection, s ince 

the jump-height curve for the fl ow ov er th e s econdary weir is 

a lso  higher than the nc,tura l tailwe.ter rating curve.. Figure 

4 shows that a depressed poo l formed by excn vation t o  plac0 the 

apron n t Elev. 487 �ould produce a j ump for all di schnrges up 

to  700 , 000 s econd-feet . 

As the tailwc:.ter rnting  _curve is impork. nt in deter­

Dining t he action of the stilling poo l, it wns cons t ructed as 

a ccurat ely as possible.  Up to ?. c'.is cho rge of 318 , 000 s econd.­

feet, the elevation of t110 tc-dh,ater  was based  upo n observat io n  

of actual floo ds . The value of roughness of the river channel 

was computed fron the observed discharge 0 nd tho channel siz e 

as determined by sur veys . The s t ages �hich wo ulG be  reached 
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for dischc.rges of 500 , 000 2n d 700 , 000 s econc-feet were c onputec. 

us ing these roughness vQlues . I t  i s  beli eved thQ t  this method 

gives results r1hi ch G.ro suffic i sntly accur12te for the purpose . 

III .  APPARATUS . 

a .  Hydrauli c  Laborat ory . 

T'ne axporiments for the d esign of the Wheeler D'll':l ·Nere 

c onc'.uc tecl in the hJ7drculic 10.bora tory of tho Colorado Agri cul­

tural Experiment Stn t i on ,  Fort Collins , C olorc.c1o ,  a general 

l ayout of wlli ch , togeth er \,i th the locat fon of the model , is 

shown on Figure 5 .  

Th0 flow of wa ter for tl1e 1:10C:.ol ,ms obtnined from the 

200., 000-g[:llon res ervo i r  e.bovo the laboro.tory snc1 TID.s dis c hc.rged 

by h:rnc1.-opern tec. gntos i nto a c'.iverging flw.:10 end thonc o into 

a c oncrete TTeir chwmel 19½ f ee t  lor.0, 10 fee t n-irls •.c.nc1 7 feet 

3 inches c,oep.  In t:.1e si c:.e of thi s channel , 13 fee t  l!) s tream 

frori the wei r  wc.s n by-p2.ss gate ,:md 2 4- inch by-pass valve . 

Buell ad just::::.o:nts o f  tte c7.i scharge qur.mti ty t:ir ough the we ir 

were r.ic.de by varying tr.Le flow thr ough those by-pas s es . Tho 

head on t:: .. e woir was o bs erYod by fI hook ge.ge 3.lld a Cornell t'Jp e  

float gage.  The ge.ges "ore loc2tec: i n  2 s tilling ,ml l ,  9 inches 

by 24 inches , connec ted to  the we ir cLo.nnol by n pipe . Tho weir 

settings rmc' weir r::re  shown in the fron tis:p i ec e .  'l'he ····.oc.01 

disch"1rge i n  the case of the Wheele r nod el was r.1Gcsured by two 
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different types of weirs depenfing upon the qunnti ty of wnter 

to b e  mensurec and the type of e xper i�ent in progress .  For 

all vi sunl tes ts , the two-foot C ipolletti weir was suff i c i ently 

['.C curnte , but VIhen experir.1ents r equi red very small quanti ti es,, 

as in c alibra tion vmrk , the 9O-degree V-notch .1eir was used,. 

Froc the i,eir , the \,nter pas s ed into a s tilling pool 

end thence ir:to the flu,J.e., three fee t in width , in which the 

r.1odel was construc ted .  Thi s  flume haa a gl�ss panel i n  one 

s i de to fac i l i tate visual tes ts and porrrl t photography . The 

head on the crest was regulnted. by T'1inter gn tes an d measured 

by s. floa t go.ge connected to an op ening in the center of the 

three-foo t flUJ.:1e ., tr,r ec feet upstreru.'1 from the nod.e l .  The 

taihm.ter was regulatec� to the proper l evel. by a spill gate a t  

the dische.rgo Emd of the three-foot flume . The elevation of the 

tailwater was CTeesured by a flon t guge connec ted to an opening 

in the c enter of the flunc a t  o. position ,::h ere it was no t nf­

fected by the jump or the d rawcown ov0r the tai lwater gate. 

Profiles of tlie TTater surfac e  anc er osi on were r.lecsured by a 

point gage.  Plnte I shows the ga§es and. type of rec or d ing ap­

paratus for s etting tho Ta inter gates . 

B. The Mo c.el . 

Due to the exces s ive length of the dOJ:J. and the 
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PL.A.TE 1 

A, HOOK GAGE . B ,  FLOAT GAGE . 

C ,  POINT GAGE, D ,  BAR GAGE . 

INSTRULIENTS FOR . EA.SURING Q.UA.NTIT IES ON roDEL . 



quantity of water required, a c cmple te model on a ,;;orkable 

scale could not be built and tested in the labnratory .  It  

was not deemed necessary , however , b ecause of the flatness 

of the river b ed be tween banks at the dam si te and the 

nature of the tes ts required. Therefore , a ffi'.::del ( Plat e 2) 

on a scale rati .'.:J of 1 : 36 ,  throe feet long , representing 

108 fee t of the protc typo spillway was usod for all tos ts 

perfc rmed by the res earch s taff of tho U, S ,  Bureau of 

Reclamation . 

These  s tudies were bas od on  the laws of hydraulic 

s imilitude . The relation of the dimensi '.:Jns and quanti ties 

of the model ond pr()tc typo are shewn in the follo.:rtng table , 

using the symbol N to express the scalo rati� , i . e. N equals 

36 , 

RATIO OF PROTOTYPE TO MODEL , 

g,uantity F0rmula Value 

Linear Dimens ions Nl. O 36 . 0  

Head Nl . O  36 . 0  

Veloci ty N0 , 5 6 .0 

Area N2 1296 .0  

Discharge N5/2 '7 7 7 6 . 0  

Tine N0 .5 6 •. o 
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PLATE 2 

A, LOOKING UPSTREAM. 

B .  SIDE VIEW. 

MODEL READY FOR OPERATION .  



Prototype Full Model Frncti on 
o:f Moc.el 

Length , ft.  6 , 336 l '7 6  3 

Gro s s  Spillway,  ft . 2 , '700 · 75  3 

Not Sp illwo.y , ft . 2 ,400 66 . 667 2 . 653 

Height,  f t .  5 0  1 . 389 1 . 389 

Gate  Leng th ,  ft . 40 1 . 111 1 . 111 

Nunber of Gates 60 60 2. 390 

Fall , ft . '74 2 . 05 6  2 . 056  

Veloc i ty ,  f . p . s .  69 11 . 5  11 . 5  

Desi gn Di scharge , 
Seconcl-fee t .  650 , 000 83 . 59 3 . 327 

To expedi te tes ts on tho c�esi gn of the s tilling pool , 

s o ns  not to delay c ons truc tion , the f irs t mo del bui lt wi th � 

wooden unders tructure covered wi th sheet  netnl was usod for 

Tes ts 1 to 66 , inclusive . 

The s ec t i on was bolted to tho floor of the three-

foo t flume , wtdch  hr-..d. been previ ously user.. fo r similar models . 

The r:.odel 'i?as lT,sde vm ter-ti6h t by s olc.cring the cne.s to the 

flm1e lining. The nprons nnc. buckets were ocde  of gal vanizec1 

iron t o  faci l i  te.te fas t eni:r-.g the base of the r.:odel to the 

floor . Pi ers of redwooc1. wers faster.ec1 to tho cres t by s crews 

through the c overing into tho uncers truc ture of the mor.el .  

The gates were mac'co o f  heavy gal vanizec1 i ron rolled to the 

proper radius and placet in an arc-shaped groove in the p i ers •. 
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Al though the clesicn of the c:.mrr 11as changed fror.i tine 

to tine C.ur ing the period. of preliminary testing ,  the same: 

nod.el , wi th only the cos t  cri tical dic.onsi ons changed , was us ed 

throughout.  The r.ios t cri t ical dinens i on in this case was tho 

difference i n  elevat i on of the cres t  and apron.  

When the general form of scour protection for the 

toe of the ":,hoeler Dan hac1 been det ercined , the design Lael 

b e en s o  na terially changed that i t  was necossnry to replac e  

the model b efore Qeking inves ti gati ons c oncerning o ther parts 

of the s truc ture.  

Becaus e of  previous exporionco wi th tte d i s torti on 

of wooden ::2oc1els by s wellinc; fron c on. tac t with wat er , the lea s t  

anount o f  wood pos s ible was used. i n  the cons truc tion of tho 

second IY!.oc:.el ,  which ,ms uset� in Test 67 , et so!i;• Redwood was 

used in mo st coses , b ecnu s e , when prop erly tree.tcd i t  was 

leas t affe c ted by noi s tu.ro . 

Thr:; bnse o f  tho noc.el was a frar.1mrnrk of five angle 

iron bents JTI(;lL.l'.ltes. on c llmmel iron and ins talled in th e 

sa::10 i:1anner e s  tLe first r.o•:3.el . The ups tream ':lnd c.mms treru::J. 

faces , of gal vani z0c: iron , nero f&stened to tho b ents wi th 

s cr ews . 'rhe roC:.wood cres t ,  troctec1 wi th hot linseed oil , 

vms fas tenod wi th s crews to the tops o f  the bell ts . Smoo th 1:mc', 

viat or- t ight j o ints b e tween the cres t and t.ri.e  f aces were r.inde 

by rabbeting the cre s t  enc fastening th e odges cf the gnlvan­

i zoc!. i ron ,ii th scrEffis into the rabbet . Pi ers �ero nl so r2ade 
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of redfmod and wero n ttachecl to the crest by ,mod s crews. 

Galvaniz ed iron Tainter gates �ere rolled tc the proper racius 

and supplied ,;ri th hinges to sir:mla te the oper-'.:!tion on tho pro­

totype.  The aprons tes ted on the firs t model were used and 

were ins talled in the same manner as previously desc ribed. 

When the model was completely i ns talled and ready for 

operation, it was carefully finished wi th emery and g arnet 

paper a nd painted wi th extra bright aluminum paint to pr event 

rus ting of exposed metal surface,  swelling of wood surfaces, 

a nd to improve the photographic quali ties . 

TV. PROCEDURE . 

The des ign of the Vi/11eeler spillway from a hydraulic 

s tandpoint involved one  ma jor problem wi th a number of sub-

di visions . 'l"he ma j or prob1F.1m was to determine the bos t  form of 

s tilling pool for dis sipa ting the vast amount of energy co n­

tained in  the overfalling wa ter wi thout cau si ng damage to the 

dam or surroundings . The following is  a n  outline of the pro­

blems i nvestigated by means of the model : 

A. Type of Scour Por tection. 

( 1 ) Four General Types . 

a .  Shaping the bucket to throw the over­
falling s tream away from the base of the dam. 

b. Rnising tho tailwater l evel by a s econdnry 
do.rn. 
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c .  Doeponing the p ool below the dnm. 

d. Vnrious f orr:1s of to.ffl es. 

B. Interr.1ediato Trnir<inc; W,,11 . 

( 1) Differe ntial Pressures, 

( 2) Usefulness. 

C .  Pi er Studies. 

( 1) Desig1 of Downstream Nose. 

D. Crest Stuc.ies. 

( 1 )  G,1te Operating Frogrmn. 

( 2) Discherge Coefficients . 

B. .  First Iv.:odel. 

b .  FinD.l dosign. 

( 3) Di schnrge Dic.grm11...s. 

c.. J'i.djo.cor.t g1-} tes disch8.rging. 

b. Ad jscent g::, tes not disc ln rging , 

The f our types of protecti on f Dr C�se I condi ti or.s 

wor8 811 tested :::nd in sor.10 cns es comb ined in order to il-:,provo 

the condi ·cions iE the stilling poo l .  Many rnnj o r  forms T,Ore 

also tested v.i th u number of different shGpes. 

For the study pertaining to sc our protection , :::;ravel 

was usod to s i1:rulate the river bod dormstrocr:1 from the apron. 

I n  previous nod el studies in tho lr1born t: ·,ry , sor.1e c onsider­

n tion has boc n giYon thi s sub j ect. Conclusions wer e th8 t tho 

si ze of r:nter ir:11 shoulc°c c.op0mc. upon the scnlo ratio  of tho 
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model end on the charcc teri s ti c s  cf the r iver bed ,  i . e .  a 

larger nnterinl  woulc1. b e  used for o moc"!.el ,,i th a scal e  ra tio 

of 1 : 20 than one wi th a ratio of 1 : 100 . Also  larger mo. ter iol 

should be used uhen the river bed was solid rock , the s i z e  de­

pending upon the degree of hardn ess . No fixed ra ti o hos been 

determinoc'. ,  but tho s elec t i on of  the size  end character i s t i c s  

o f  tho ma ter ial is  l eft t o  t h e  judgment o f  tho tes ting engineer 

11i th the c.bove only as a guide . However,  it r.ras kept in mind 

that if satisfac tory conditions could be  obtained wi th r.ia teri!ll 

representing a r iver bed , . compos e d  of loose nateri 2 l  such c.s 

boulters anc. gravel , a certa in fa c tor of scfety was taken into 

account ,  espec ially in the:; cc. se  of the Wheeler Dru:1 s i te where 

the r iver bed i s  presum9bly of solid rock wi th a lamim ted 

horizontal s trata fnirly well b onded tq; etho r .  "iH th n s ec.le 

rat io  of 1 : 36 for the model , a gravel con taining some fair s i zed 

s tones was used . Even wi th the s i z e  us ed , it  is b8li evec to 

give r.iore s evere condi tions tho.n wi 11 be encoun teroc: n t the 

dam s i te .  

The s ize of' the gra vol wus ob tai ned by e. s creen nn­

alys i s  of a representat ive s omple e.nd is sh:)'ffi1 by the following 

tabulo. tion : 

100% passeG  a 2-inch mes h ; 98 . 7% n l½-inch ; 91 . 9% 

a 1- inch ; 81 . 8% a ! inch ; 7(Jl/o a ½-inch ; 5 1% a 3/8-

inch ; 37% a No. 4 ;  28. 2% a No. 10 ; 15 . 1% a No. 20 ; 

7 . 4% a No . 30 ; 3 . 6% a No . 40 ; 1 . 2% o. No . 50 ; 0 . 55% a 
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No. 80 ; 0 . 21% a No . 100 ; a nd 0 . 08% n No. 200 . 

Each  test wo.s given  a nurr:ber, v1hich was chrono logi-

cal in nature , ns was ea ch run cf  o. t e st .  P ic t ures wero g ive n 

e. lett er 8 lso of chrc no logical nature. That  is , for photo­

g ra phs the number was such thet  it could be assoc iated. wi th 

its proper tes t  anc: ru n. A picture ,:i th the nu...'llber l-A-2 is 

interpretec. as Test  or S et- up 1, Picture A of Run 2 .  In eelch 

picture the nunber was placed 'ilhere it co ul,l not i nterfere with 

the photogra phy. 

Duri ng the p erioc': of test ing s e vera l  rc..c:ic-:1. l  chm1t:es 

in e.es ig n  were no.do by the des ign off ice, 2 nd it is na inly 

to c lsrify this report that the following ta ble, wh ich outlines 

tho des ig n condition s ,  was prepa rer:: .  

Cond . 
No. 

l 

2 

3 

4 

5 

6 

Max. 
Dis ch. 
Sec-ft . 

7 00 ,000 

700 , 000 

700 , 000 

733 , 000 

650 , 000 

650 , 000 

C rest  
Ele v. 

535 

541 

541 

541 

541 

541 

Des ig n Conditions. 

Max. Contro lle� Dos ign  
W .S. W. S. Head 
Elev. . Elov . Fee t  

555 

555 

557 

!557 

? 

558 
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555 

555 

555 

555 

555 

555 

20 

14 

16 

14 

? 

17 

Length 
Net 

Spill 

Tes t 
No . 

2050 1 & 2 

3500 3-26 

2865 27 & 28 

3000 29-32 

2880 33 & 34 

2400 35-81 



Nlliilerous mi no r  changes we re made o n  the model during 

the period  of testi ng and a lthough each is gi ve n  in detai l on 

e nsuing fi gures , the record is  not c omplete. To cla rify  the 

text the following outli ne was pre pare d. 

Test No . 1 - Design Condi tion No. 1.  

Set-up :  Level De pressed Apro n a t  Ele vation 484 . 

Variou s  pool lengths wi th e nd of pool pa ved on a 1 : 1 

s lope to Ele vati o n  498 ( F igure 6 ,  Test· 1 ) . 

The purpose o f  this test was to determi ne the le ngth 

of poo l  necessary to form a satisfactor y j ump on  the apro n. 

The results s how a mi nimum length o f  pool as wel l as 

a mi nimum de pth is requi red to form a satisfacto ry jump. Al­

though this desi gn was satisfactory from the s tan dpo int of 

hydraulics a nd erosion,  i t  was not recommended becaus e  of the 

undesi ra bly dee p exca vati on necessary at the toe of the dam 

a nd the excessi ve quanti ty of exca vated materi al. 

Test No. 2 - Des ign Co ndition  No. 1. 

Set-up: Le ve l  De presse d  Apro n  at Ele vati on 484 wi th the 

Rehbock De ntated Si ll ( Figure 6 ,  Test 2 ) . 

The pur pose of this tes t was to determi ne the most 

satisfactory posi tion  of the s i ll. ThG d esi gn condition was 

c ha nge d before tho tes t  1�s fi nis he d-

Test No. 3 - Design Condi ti o n  No. 2 .  

Set-up :  Le vel De press ed Apron a t  Elevati o n  490. Three tri­

angular sills suggeste d  by Mr.  S avage ( F i g. 6 ,  Tes t  3 ) . 
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The purpose 01' this test was to determine the effect 

of the sills on the jump . Al th ough the sills aided in the re­

tardation of the water , their acti on was no t sufficient to al­

low a reduction in poo l  depth. I t  IDuld have been necessary 

to lower the apron to produce satisfactory conditions. 

Test No . 4 - Design Condition No . 2 .  

Set- up : Level Depressed Apron at  Elev. 490 wi th Rehbock 

Dentated Sill at Various Positions (Fig. 6 ,  Test 4 ) .  

The purpose of this test was to determine the posi­

tion of  the sill to give sat isfactory conditions and to deter­

mine i f  the pool depth was sufficient. 

The test prov ed that the sill necessitated consider­

ably l ess excavation, but that tho sill depended largely upon 

direct impac t  for its action . It  �as indi cated also that a 

slightly deoper pool would improve the conditions at  the higher 

discharges. 

Test No . 5 - Design Conditi on No . 2. 

Set-up : Level Apron at Elev. 498 with three triangular sills 

suggested by :Mr. Savage ( Fig . 6 ,  Test 5 ) . 

Same purpose as in Test 3. 

Same results as in Test 3 .  
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Tes t No . 6 - Design Co ndition No , 2. 

Set- up :  Level Apro n at Elev . 498 with Re hbock De ntated Sill 

at vario us positio ns ( Fig. 6 ,  Tes t 6 ) . 

The purpose o f  this tes t  was to determine if the 

poo l  de pth was s ufficie nt to ob tain s atisfactory actio n with 

sills at vario us positio ns.  

The test showed that t he apro n was not s ufficiently 

lov,. 

Tes t  No . 7 - Desig n Condition No. 2 .  

S et-up: Level Apro n at Elev. 498 with Seco ndary Dam and 

Triangular Sill ( Figure 6 ,  Tes t 7 ) .  

The purpose of thi s  tes t  was to determine the tail­

water elevatio n r equi red below the seco ndary dam and to deter. 

mi ne the ac tio n of the s econdary dam. 

The test showed that the s econdary apron would have 

to be lower ed s lightly or a third dam buil t to form a poo l  

below the se condary dam. 

This set-up was not reconnnendod because of the initial 

cost and because i t  wo uld offer difficulty in co ns truction. 
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Tes t No. 8 - Des ign Con di tion No . 2 .  

Set- up :  S lopi ng Apron a t  Elev . 490 wi th a n  18- foo t ra di us 

bucket; 4 : 1 s lope and a trian gular sill  (Fi g. 6 ,  

Tes t  8).  

The purpose of thi s  tes t was to determine the proper 

elevati on o f  thu apron to gi ve satis factory co ndi tio ns .  

The tes t  showe d that the apro n  pro duc e d  goo d  cond i­

tions i f  lowere d s li ghtly. 

Wh0 n  the apron was lowere d, ho�evor, i t  require d too 

deep an excavation at  the toe o f  tho dam. 

Tes t  No . 9 - Design Condition No. 2 .  

Set- up :  Samo as i n  Tes t  8 except tri angular sill remove d 

( Figure 6 ,  Test  9 ) . 

The purpose of thi s tos t  was to doterm.ine the neces­

s i ty of  a s il l  at the end of  the apron. 

The tes t  prove d  that a s i l l  reduced  consi dera bly the 

le ngth of ap ron requi re d for s a ti s fac tory jump co ndi tions . 

Tes t No . 10 - Des ign Co ndi tion No . 2. 

Set- up :  De flecting Bucket wi th 20. 7- foot  ra di us and a 9-foot 

hori zonta l lip at Ele v. 495 .5  ( Fi g. 6 ,  Tes t  10) .  

The purpos e  o f  thi s  tes t  was to determi ne the eleva­

tion o f  tha buckot require d to gi ve bes t  res ults wi th normal 

tailwater condi tions . 

T he test showe d unsta ble co ndi tions and excessi ve 

eros ion near the dam. 
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Test  No . 11 - Design Condit ion No . 2 .  

Set- up : Deflecting  .Bucket with 19. 2- foot radius and l ip on 

10 : 1  slo pe to Elev. 497 ( Figure 6, Test  11 ) .  

Same res ults as  in Test  104 

Tost No . 12 - Design Condit ion No . 2 .  

Set-up: Same as Test 11 , exce pt ra dius of  bucket 18 feet with 

li p o n  7 : 1 slo pe to Elev. 497 .875 ( Fig. 6 ,  Test 12) . 

Same purpos e as in Test  10. 

Same results as s hown by Test ll t exc e pt eros ion is 

dee per and farther downstream. 

Test No. 13 - Des ign Condition No . 2 .  

Set- up: Same as Test 11 , except ra di us of bucket 17 feet with 

l ip o n  5 : 1  slo pe to Elev. 499 ( Fig. 6 ,  Test 13 ) .  

Same purpos e as in Test 10. 

Same res ults as in Test  12  exce pt eros ion is farther 

downstream. 

Test No. 14 - Des ign Condition No . 2 .  

Set- up: Same as  Test 13 ,  except rad ius of bucket 13 . 2  feet 

with lip on 2¼:l  slo pe to Elev .  504 (Fig.  6 ,  Test 14) .  

Same pur pos e a s  in Tes t  10.  

Same res ults as  in Tes t  13 exc e pt eros ion is farther 

downstream. 
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Test N o .  15 - D0sign C ondi ti on No. 2. 

Sot-up : Same as Tost 13, except trajec tory-shapod apr o n  

extended downstream from bucket lip ( Fig. 7 ,  Test 15 ) .  

The purp ose o f  this test was to stabilize condi ti ons 

in  the bucket. 

The test showed that hydrauli c co ndi ti ons were stabi­

lized, but tha t tl10 jet c lung to the apron and deep er osi on 

occurred at  end of a pr on .  A satisfac tory c onditi on was ob­

tain ed by l oweri ng the apron, but again deep excava ti on was 

r equired near the too of the dam. 

Test no. 16 - Design C on di ti on N o .  2 .  

Set-up : Same as Test 15 , except triangular sill e t  ond of 

apr on ( Figure 7 ,  Test 1 6 ) . 

Tho purpose of this test was t o  reduce er osi on at end 

of apron from that in Test 15 . 

The test sh owed tha t erosi on was slightly reduc ed. 

Test  N o .  17 - Design C onditi on No . 2. 

S e t-up :  Dni eprostr oy type bucket with 12. 5-foot radius and a 

9-f o o t  lip on a 1 . 28 : 1  slope to Elev . 495 ( Figure 7 ,  

Tes t  17 ) .  

The purpose of this test was to determine whe ther the 

set-up w ould be satisfac tory, and, if so, a t vihat el evati on i t  

w ould give satisfactory c ondi tions wi th n ormal tailwater. 
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The tes t showed minimum e ros ion and sat is fac tory 

condit ions , however,  deep excava tio n  at  the toe of  the dam was 

s t ill required. 

Tes t  No . 18 - Des ign Condi tion No . 2 r  

Set- up : Same as Tes t  17 , except for c urved ap ro n  extended down­

s t ream from bucket lip (Figure 7 ,  Tes t  18 ) &  

The purpose of  this t es t  was to reduce the roughnes s 

o f  the tailwa ter s urface . 

The test showed that  bad condit ions were i ntensif ied. 

Tes t  No . 19 - Des ign Co ndition No . 2 .  

Set- up : Level depressed apron at  Elev . 490 with three 3-foo t 

tria ngula r si lls o n  apron (Figure 7 I Tes t  19 ) .  

Same purpose as in Test 3 .  

Same res ults as i n  Test  3 .  

Tes t  No . 2 0  - Des ign Co ndition No . 2 .  

Set-up : Same as in Tes t 19 except 2¼- foot  sills (Fig . ? ,  

Tes t  20 ) . 

Same purpose as in Tes t  3 &  

Same res ults a s  in Tes t  3 .  

Test No . 21 - Des ign Condition No . 2 .  

Set- up :  Same as Test  19 1 excep t s ills l½, 3 a nd 4½ feet high 

( Figure 7 1 Tes t 21) . 

Same purpose as in Tes t  3 .  

Same results a s  in Test 3 .  
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Test No. 22 - Design Condi tion No . 2. 

Set-up : Same as Test 21 ,  exc ept 4f-foot sill removed (Figure 

7, Test 22) .  

Sarne purpose as in Test 3 .  

Same results as in Test 3. 

Test No. 23 - Design Condition No. 2 .  

Set-up : Same as Test 2 2 ,  exc ept sills. 2z and 3 feet high an d 

closer spacing ( Figure 7 ,  Test 23 ) .  

Same purpose as in Test 3 .  

Sarne results as in Test 3. 

Test No . 24 - Desi gn Condition No . 2. 

Set-up : Samo as Test 23 , exc ept trajectory shape between sills 

( Figure 7 ,  Test 24 ) .  

Tho purpose of thi s  test Wds to make tho second sill 

more active. 

The test showed no differenc e  in the action of the 

sills. 

Test No. 25 - Design Condition No. 2. 

Set-up : Same as Test 24 , except traj ectory shape shortened 

( Figure 7 ,  Test 25 ). 

Same purpose as in Test 24. 

Same results as in Test 24. 
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Tes t  No. 26 - Design Condition No. 2 .  

Set-up : Deflecting type b ucket  with horiz ontal apron at 

Ele v. 496 . 6  and breakers ( initi al type di ffuser s ill 

s ugges ted by N.r. Horns by) ( Fig. 7 ,  Te st 26 ) .  

The purpose of this test  was to s tudy the a ction of 

this type s ill and to determine its feasibili ty. 

The test showed that this sill offered some reducti on 

in exca vation and aided in the formation of the jump , but 

not eno ugh to b alance the cos t of the s i ll .  This s ill h ad 

the advantage in th at it did not dep0nd up on direct impact 

for its acti on. 

Tes t No . 27 - Des ign Condi tion No . 3.  

Set-up : An 18- foot radius bucket with 4 : 1  sloping apron to 

Elev. 48? with a 3-f'oot triangul ar si ll at end 

( Figure 7 ,  Test 2 7 ) .  

The p urpose of this tes t  was to s tudy the a cti on o f  

the sloping apron in r elation to the formation of the hydra u­

lic j ump . 

The tes t showed that, whi le conditi ons w ere not as 

good as desired, t here was a pos s ibili ty of obtaining an im­

provement by lowering the apron .  
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Tes t  N o .  28 - Design C onditfon No. 3 .  

Set-up : An 18-fo ot radius bucket with 5 : 1  sloping apr on to 

Elev . 487 .5 ; breaker blocks and 3-foot sill ( Figure 7 ,  

Tes t  28 )  ·• 

The purp ose  of this tes t  was to improve c ondi ti ons 

wi thout l owering the apron.  

The tes t  showed insuffic j_ ent improvement . 

Tes t  No. 29 - Design C ondi ti on No . 4 .  

Set-up : Same as Tes t  28 , ( Figure 7, Tes t  29 ).  

Set-up : 

Same purp os e as in Tes t  28. 

Same resul ts as in Tes t 28. 

Tes t  No . 30 - Design Condi ti on 

Sarne a s  Tes t 27. 

Same purp os e as in 'I'es t 2 7. 

Same results as in Tes t 2 7. 

No . 4. 

Test N o .  31 - Design C ondi ti on No . 4. 

Set-up : A 27-f o o t  radius bucket wi th 4 : 1  s1op ing apron to 

Elev. 487 and 3-fo ot trapezoidal sill. Rock on 

3 : 1  sl op e  fr om t op of sill to Elev. 498 ( Fig. 7 ,  

Tes t  31 ).  

The purp ose of this test was to  further devel op the 

possib j_lities of the s l oping apron . 
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The test showed some improvement,  but indicati ons were 

that i f  the apron were lowered, better conditi ons would result. 

Test No . 32 - Design Conditi on No . 1. 

S et-up : Same as Test 31 . 

The purpose of this test was to determine a coeffic i ent 

curve for the f irst model ( wooden understructure) .  

Test No . 33 - Design Condition No . 5 .  

( Obsolete due to informati on from th o design offic e 

being incomplete ) .  

Test No. 34 - Design Condition No . 5 .  

( Obsolete due to informati on from design office bei ng 

incomplete. Superseded by Test 35 ) .  

Test No. 35 - Design Conditi on No . 6. 

Set-up : Apron wi th 4 : 1  slope tangent at upper end of 27-

foot radius and at lower end to 18-foot radius . 

Hori zontal apron at Elev. 485 . 0. S ill wi th 2 : 1  

slope to Elev .  488. 0 and top wi dth of 3 feet. 

Rock on 3 : 1  slope to Elevati on 498 (Fig. 7 ,  Test 35 ) .  
Same purpose as in Test 31. 
The test showed that the depth of pool was insuffi-

c i ent at maximum discharge. 
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Test No.  36 - Design Condi tion No _ 6. 

Sot-up :  Same as Tes t 35 excep t sill wi th 1 : 1  slope to Elov ,  

490 and top width o f  4 fe0 t (Figure 7 ,  Test 36 ) .  

Same purpose as in  Test  31. 

Tho test showed loss erosion, but worse hydraulic 

conditions .  

Tes t No . 3 7  - Design Co ndition No. 6. 

Set-up : · Same as Test 35, except sill with 1 : 1  slo p0 to Elov. 

488 . 0  and top wid th of 6 feet ( Fig.  7 ,  Test 37 ) .  

Same pur pose as in Tes t  31. 

The test showed results practically tho same as in 

Test 35. 

Tos t  No . 38 - Design Condition No . 6 .  

S e t-up:  Samo as  Test 36 exc opt with horizontal o.pron at 

Elov . 484 . 0 .  Sill ,7i th ll : l  sl ope to Elev . 489 and 

top wid th of 1½ feet ( Figure 7 ,  Test 38) . 

Same purpose as in Tes t 31 , 

Tho test showed satisfactory condi tions a t  all flo�s 

below 650, 000 second-feet. Wi th a d ischarge of 650 , 000 second­

feet, the tailwa ter was barely deep enough to cause the hydrau­

lic jump to form. · This design was ton ta ti voly recommended as 

a general type of scour protection s ubject to further develop­

ment. 
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Test No . 39 - Design Condi tion No . 6 .  

Set-u p: Some as Test 38 . 

The purpose of this test was to determine the tail­

wa ter elevation at  wh ich th0 hydraulic jump faile d to form. 

The results are plotted on Figure 2 6 .  

Test No . 40 - Design Condi tion No . 1 .  

Set-up :  Crest designed for 20-foot head wi th Tainter ga te 

raised 9 feet.  

The purpose of th is test was to obtain discharge data 

for Tainter gates. 

T3t3 t No . 41 - Design Condi ti on No . 1 .  

Set-up:  Seme s:i.s Test 40, exc ept gnte  r0.ised 1J feet. 

Same purpose :.,s in Test 40 . 

Test No . 42 - Design Con�ition No . 1. 

Set-up : Smne as Test 40, exc ept g1:, te raised 3 feet .  

Same purpose as in Test 40. 

Test No . 43 - Design Cond i tion No . 1 .  

Set-up: s�me as Test 40, except gute raised 4½ fee t .  

Same purpose n s  in Test 40 .  

Tests 44, 45 1 46 and 47 , 

These test numbers were earmarked for addi tional 

cali bra ti on tests s imila r to 'l'ests 40 to 43 inclusive. 

Before they could be m.adc, however , the first model w:rn re­

moved. Similer tests were made on the fincl .r.iodel . 
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TGst No . 48 - Dos ign C onc L�ion No . 6 .  

Sot-up : A 43. 5-foo t rn.c1ius bucket R Hh 8 : 1 sloping npro.n .  

Hori zonkl r:pron Qt El8 v. 484 ; S ill  v:i th l½ : l  slope 

to  Elov. 489 ,md top ·1,idth of l½ fee t .  Rock on 3 : 1  

s lop e to Elev. 498 ( Figure 8 ,  Tes t 48 ) .  

Tho purpos e of this test wns to B��k ,., ad.di t io�n l study 

of the us e of ::. sloping ,_pron to obto.in  sntisfr c tory f ounc":i ti on 

cond i tions c omb inoc1. r;i th sc.  tisfoctory hyc.r0.ul i c conr:i  ti ons , 

p�rticul2rly ni th G flo� of 650 , 000 second-feo t .  

The test  shmmc". th,� t c onti tions wor0 so:.::ewhnt im-

proved but the excevr::tion r oquiroc1 '.l t the too of tho :::nm was 

too c:eop to r.1eo t the T· equire:r:teLtts of tho G,3si gn offi c e .  

Tos t No . 4 9  - Des j_ gn C orn�i tiom: No . 6 ,  

Set-up : Sarne as 'rest 48 except 7 7 . 6-foot radius bucket 

( Figure 8 ,  ·rest  49 ) . 

Same purrJos o as in 'l'es t 48 . 

Vv11ile the hydraulic  conditions in Tes t 49 were no t 

as sati sfac tory as in  Test 48 , they were superior to thos e in 

Test 38 , and th8 requir ements of the design off ic e as to found­

ation c ondi ti ons were satisfi ed .  The 77 . 6-foot radius bucket 

wi th 8 : 1  s loping apron and hori zon tal apron at  Ele v .  484 . 0  was 

adopteG as tho final design w i th the si ll lay- ou t s t i ll sub j ect  

to change . 
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Test No , 50 - Design Oondi ti on No. 6 .  

Set-up : Apron with 4 : 1  slope tangemt at upper end to 27 -foo t 

radius and at lower end to 18-foot radius. Hori­

zon tal apron at El0v . 484 ; pavement on 1 .: 1 slope from 

end of apron to Elev. 498 ( Fig .  8, Test 5 0 ) . 

The purpose of this test was to determine the feas­

ibili ty of paving the rock excavati on at the downstream end of 

the apron instead of cons tructing a sl oping si ll. 

Hydraulic conditions were rough bu t the jump formed 

on the apron at  all discharges. 

Ted No. 51  - Design Cond.Hion No . 6 .  

Set-up: Same as Test 50 , except pavement slope was 1½: 1  

( Figure 8 ,  Test 51) . 

Same purpose  as in Test 50. 

The jump did no t form on the apron at medium flows. 

Hydrauli c condi tions were smoother than wi th the 1 : 1 slope 

when the jump was formed on th,, apron .  

Tost No. 5 2 .  - Design Condi tion No . 6 .  

Set-up : Same as Test 50 , except pavemm1 t slope was 2 : 1 

( Fi gure 8 ,  Test 5 2 ) . 

Same purpose as in Test 50. 

Same results as in Test 51 . 
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Test No . 53 - Design Conditi on No . 6 .  

Set-up : Samo as Tost 50 , except slope of pavement was 3 : 1  

( Figure 8 ,  Test 5 3 ). 

Same purpose as in  Test 50 . 

Same results as in Tost 51 . 

Test No . 54 - Design Condi tion No . 6 .  

Set-up : Same as Test 50 , except slope of pavemell1it was 4 : 1  

( Figure 8 ,  Test 54 ) .  

Sar.1e purpose as in  Test 50 . 

Same results as in Test 51 . 

Test No . 55 - Design Co, d ition No . 6 .  

S et-up : Same as T0st 50 , exc ept pavement was parabolic  in  

shape ( Figure 8 ,  'l'est 55 ) .  

Sarne purpose as in Test f,O .  

Sa.me results as in Tost 51 .  

TGst No . 5 6  - DGsign Condition No . 6 .  

S et-up : Srune apron as in Test 49, except 1 : 1  slope pavomont 

from end of apron to Elev. 498 ( Fig . 8, '11est 5 6 } . 

s�me purpose as in Test 50.  

Same results as in Test 50 .  

Test No . 57  - Dosi�n C ondi ti on No , 6 .  

S et-up : Same as Test 56, excep t 1½ : l slop e pavement 

( Figure B ,  Test 5 7 ) .  

Same purpose as i "' H Test 50 .  

Sr,mc results 3.S in Test 51.  

-42-



Further tests on sloped pavement were not made be­

cause the above did not di ffer from tests on the 4 : 1 sloping 

apron . 

Test No . 58 - Design Condi tion No . 6. 

Set-up : Same as Test 49 , except 14-foot diffuser sill 

( formerly called breaker blocks) ( Fig.  8 ,  Test 58) . 

The purpose of thi s test was to make further develop­

ment of a sill layout as outlined in Test 49 . 

The test showed pract ically no erosi on and the si ll 

gave entirely sat i sfactory results, but obj ections were made on 

the grounds that the sill structure was too lo.rge and cons equent­

ly too expensive . 

Test No . 59 - Design G���� tion No . ?-=-

S et-up : Same as in Test 49 , except sill wi th 1½: 1 slope to 

Elev . 487. 0 nnd top width of 4. 5 feet ; pavemen t on 2 : 1  

slop e from top of sill to Elev . 498 ( Fig.  8, Test 59) . 

The purpose of this tes t  wns to study the action of 

the pavement in con junction with the 1½: l sloping si ll .  

Thi s  pavement did not allo� o. natural re trogression 

of the river bed to produc e stable hydrauli c  conditions, o.nd as  

a result ,  the jucip would not form on the apron for r,1edium flows. 

Test No . 60 - Design Condition No. 6 .  

Set-up : Smne as Test 59 , except slope of pnvemant was 3:1 

(Figure 8, Test 60) . 

Same purpose es in  Test 59. 

Same results ns in Test 59 . 
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Test  61 - Design C onditi on  No . 6 .  

Set-up : Same ns  Test 59 , except sill  with 1½: 1  sl ope to  

Elevntion 489 ( Figure 8 ;  Test 61). 

Some purp ose  as in  Test 59 . 

Sarne results ns  i n  Test 59. 

Test 6 2  - Design C onditi on N o .  6. 

S et-up : SGille ns in Test 61, exoept slope of p3 vement was 

3 : 1  ( Figure 8 ,  Test  6 2) .  

So.me purp ose as in Test 5 9 . 

Same results as in Test 59 . 

Test 63 - Design C onditi on N o .  6. 

Set-up : So.me ns in test 49 , exc ept ni':.b. a 5-foc t d� ffuser­

type sill with curved ups tro�.;.m fac e  ( Figure 9 ,  

Test 63) . 

S:,Ine purp ose 3.s in Tes t  58.  

C onsidernble impr ovement ov er the l½ ; l  sloping 

s ill  ws.s noted. H owever , nddi ti or.al improvement s ·::rnmed 

p ossible. 

Test  64 - Design C onditi on No . 6 .  

Set-up : Some es i n  Test 49, except with 5-foot  diffus er­

typ e s ill with vertical upstrenm fs.c e  ( Figure 9 ,  

Test 64 ) .  

Samo purp ose a s  i n  Test 58. 

Acti on  TICS similnr to Test 63 , except th�t the si ll 

was sub j ected to more dir ect impnct TThich was objecti onable. 
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Test 65 - Design Condi tion No . 6 .; 

Set-up : Same as Test  49 , except 5-foo t Rehbock si ll n t  

end o f  2pron 3nd 3 : 1  slope from Elev. 484 to 

Elev . 498 (Figure 9, Test 65 ) .  

Sc.me purpose a s  i n  Test 58 . 

This sill depends upon direct impac t  for its a c ti on 

nnd requires more excavati on for the S 8I!1e hoight of si l l  than 

ei ther the di ffuser or the 1} : 1  sloping si ll. 

Test 66 - Design C ondi tion  No . 6 .  

Set-up : A 77 . 6-foot  rJdius bucket �i th 8 : 1  sl oping apron .  

Hori zont2,l '.l.pron a t  Elev . 484. Sill .:i ith 1J : 1  slope 

to Elov . 489 . 0  and top ·.-:idth of l ;,5  feet.  Rock on 

3 :  l slope to Elev . 4 98. 0 .  In termedic te trr. ining 

wall, downs troc.m from every fifth pi or, wi th top at  

Elevation 505 . 0  ( F igure 9, Test 66) . 

The purpose of this test ws.s to obtain desi gn dc!t::1 in 

the tro.ining ,1e.ll s.nd s tudy i ts acti on under extrer.ia ga te oper­

ation condi ti ons. 

The walls fac ili tated the foruo. tion of the jump on 

the apron for extreme operating condi tions of 2djncen t  sets of 

g�tes and showed no undosirable erosiv e condi ti ons , except for 

mr1ximUr.1 disch'.1rg e. 
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Test 67 - Des ign C ondi ti on No. 6 .  

( First Test on Socond Model ) 

S et-up : A 1 . 58 : 1  sl oping apr on  tangent at the uppe.r end 

to a 77 . 6-fo o t rndius end at the lower end t o  a 

15-fo ot radius wi th b ottom at Elev . 480 . 0 and P. C. C. 

at Elev. 482. 0. A 7 . 5 -f o ot rudi us t o  Elev. 484 . 5 .  

A 7. 5-fo ot d iffus er type s ill wi th curved ups trec.m 

fnce .  Rock on 3 : 1 slope fr om top of s ill at Elev. 492 

t o  Elev. 498. 0 ( }fi gure 9 ,  Test 67 ) .  

The purp os e of this test was to  study the ncti on 

of the diffuser s ill in c onjuncti on wi th the GUYv ed rue:ket 

plnced at a l ow elevati on� 

The test showed J110:re s a  tis f.'lctory c ondi ti ons tho. n 

any previ ous set-up, but wcs not ad opted because the depth of 

excnva ti on required ',7as not s ;.ti sfsctory to the design depart­

ment. 

Test 68 - Des ign C ondition No . 6 .  

Set-up : S r:-.ne as  in Test 67, exc ept v?i th 9f-fo ot diffus er 

s ill ( Figure 9, Test 68) . 

S&me purpos e as in Test 67. 

S r.me results as i n  Test 67. 
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Test 69 - Design C onditi or, No . e . . 

Set-up : Sm:ie cs Test 67 , excG pt ni th ver ticnl upstro�J 

face  of  the diffuse1· sill and slightly cl oser 

s pacing of  diffusion cha::i.bers .  

SG:i.--:ie purpos e  r.,s in  Tes t 67 . 

Sane resul ts es in Test 67 . 

Test 70 - Design Co1:di tior;. No , 6 ,  

Set-up: Defl ecti ng type bucket ,,i th 125-fo o t  radius 

fron the fuce of  d�D to the 15-foo t redius bucket 

wi th bo tton nt Elev. 482 , lip at  Elov, 484 end 

diffuser si ll dow1,strenr,1 fron bucket lip ( Figure 9,  

Test 70 ) . 

'I'ha purpose of this tost ,,as to dot,Jrr.1ino if the ex­

Cf!V/.1 tio n  n t thG toe of the dc..L could be red 1c ed wi thou t affec t-

ing the hydro.ulic conditions of tl:is par ticulc1r t';:po. 

The test sho-;,ed thG.t hydrculic co nd.i tions were not 

as desirable as TTi th the bucket r-. t a lower eloYa tion.  

Test 7 1  - Design Condi tion No . 6. 

Set-up: Sa�e e.s in Test 63 , except wi th nn 8-foot diffuser 

sill wi th spacing of diffusion cha::bers to conform 

to expsEsion j oint s:p9. cing ( Figure 9 ,  Test 71) . 

The purpose of this test i1G.s to obtnin £: sntisfac tory 

diffuser sill with a fixed rn.Jnber of diffusi on chc.::�bers be teen 

c ontrac tion joints .  
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The test showed this sill ac ti on to be very satis­

fac tory v1ith o nly slight erosion occurring at maximlli!l dis­

charge. Paint tests were rmde and indica tio ns wero that a 

low pressure o.reo exis ted on top of  the chmnber walls .  

Tes t 72 - Design Condi tion No . 6 .  

Set-up : Sarie as  Test 7 1 ,  except top o f  di ffusion ch':l.flber 

walls were capped (Figure 9 ,  Tes t 7 2 ) _ 

The purpose  of  trj s tes t was to eliminate the low 

pressure area on top o:f th e walls .• 

The test showed the elimination of this undesirRble  

low pres sure area. Hydraulic condi tion.s were not ,,ffcictod 

by the caps. I ndica tions pointed to siniler results ')�T the 

Test 73 - Design Condition No . 6 ,  

_Set-up : Same as in Test 63 , exc ept  6.5-foot diffuser sill 

with curved ups treao fc:ce 8.Ild spacing to ecn:forr,1 to 

contrac tion j oint spacing ( Figure 10 ., Tes t 73 ) .  

The purpos e  of  this test was to obtain a oor e econ-

onical s ill that would give res ults compara};)le to tho oo i n  

Tes t  72 .  

The test showed tha t conditions were no t quite o.s 

good as with the higher sill , but were superior to any o ther 

type tested. As this sill gave adequate pro tection  for all 

flows , including naxinun discharge of 650 , 000 s econd-feet, 

i t  was adopted for us e on the Wheeler Dan. 
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Test 74 - Dosign C c. lldi ticn No . 6 .  

Set-up : Sane as in Test 7 3. Piezoneters i n  diffusi on 

chanber ( Figure 10 , T'3s t 73 ) . 

The purpose of this test was to ob tain the pressures 

wi thin the diffusion chc:nber of the si 11 . 

Tno t0st snowed very slight negative pressures ct  

the entrGnce TTi th a discharge of 650, 000 s econd-feet. 

Test 75 - Design Condi ti on No . 6. 

Se t-up : Snr:w ns in Test 7 3  (Figure 10 , 'l'est 73) . 

The purpose of this tes t nus to obtain disctarge 

cc affic i ents for the final design . 

'l1his test w::,.s suporseded b ecGuse le:-: ks were found i n  

tho fluBe ups treo.n fror:::. ths nodol . 

Test 7 6  - Design Condition No.  6 .  

Set-up : sr�no as in. Tost 73 (Figure 10, 'I'es t 7 3) . 

The purpose :-,f this tes t 11a.s to ob tain extensive 

calibration do.ta on the Tcinter ge tes wi th adj2.cent gates 

discharging . 

A discharge di�grcD Tias prepared 0nd coeffi cients 

co::-'Jputed fr·o1,1 tric- observed dt:ta .  
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Test 77  - Design C ondi ti on No. 6 .  

Set-up: So.ne as i n  Test 73  (Figure 10 , Test 73) . 

The purpose of this t est was t o  obt� in th e  coefficient 

of discharge for one ga te only discharging wi th free fl ow con­

diti ons. 

A coefficient of  disc harge curve uo.s plotted fron the 

observed data. 

Test 78 - Design C ondi ti on No . 6. 

Set-up: Sane as in Test 7 3 ,  except nlt oro. ti ons uero made on 

piers ( Figure 9 ,  Test 78) . 

The purpose of this test ,ms to deter;::j_n -) t.:1 0  shape 

of the downstream nose of the piers to give best conJ itions 

on the a pr on. 

Several shapes were tri ed and as a result a satis­

fac tory soluti on was obtained (Altera ti on No. 2 ,  F::_ t� u;�o 'J ,  

Test 78) . 

Test 79  - Design C onditi on No . 6 .  

Set-up : Same as in Test 73 . 

The purpose of this test was to obtain dischnr�e 

do.to. for one Tc.inter go.te only discharging . 

Slliie results as in Test 7 6 .  
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Test 80 - Desigr: CondHion Ho . 6 .  

S et-up : Sa."lle ns in Tes t  7 3 .  Pi czo:-.10 tors in tho diffuser 

s i ll .  

'l'he purpose c f  thi s  tes t r,;as t o  ob tain pressures on 

the ups trea...;1 face of the diffusion chanber 1;:'alls . 

Tes t  81 - Des ign Condition Ne . 6 .  

Set-up : Final Des ign . 

The purpose cf tLis tes t was t .J ob to.in n gc to oper­

'- ting progrn_r:i. 

J..,, s e.t isfac tory pr ogretn wr:.s pr eparec. fror:, the o'os erved 

de. ta . 
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Tf • RESULTS 1'J'-1D co::TCLUS IONS • 

Tho oxp0rimont s on t ho model of tho sp i llway f or 

tho VI'-�eolor Darn extended over a period of ten  months. 

During this same peri od , act ive experirr.e nk.l work was 

being c onducted on  a model of tho ultimate development of 

the Grand C oulee Darn whers a problem of similar, but more 

severe, nature nas being studi:::d. It was there that the 

first dovolopmont ";ias ms.de of tho diffusor type sill which 

was finally ad opted for usG on tho apron  of tho Whee ler Dam. 

Sin.co tho outline given previously is chronological 

in nature , the t e st s  ho.vc b0e n r-:;arrangod a s  to type s t o  

simplify tho com.pile. tion o f  rc sul ts m1d conclusions. An 

outlino is as follows: 

A. Stilling P o o l  

1. Level De pre ssed �pron 

a.. Lovol Depre ssed Apron - Te st 1 ( Figure 6 ) . 

b. Rehb ock Sill - Ta st s  2, 4 and 6 (Figure 6 ) . 

c. Trio.ngulo.r Sills - Test s  3 and 5 ( Fi gure 6) ; 

19 , 20 , 21 , 22 , 23 , 24 , and 2 5  ( Figure 7 ) . 

d .  Breaker Blo c ks - Te st 2 6 ,  Fi gure 7. 

e. Se c ondary Weir - Test 7 ,  Figure ( 6 ) .  
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2. Deflecting Bucket 

a. Deflacting Bucket (Hi gh eleYation) - Test 10, 11, 12, 

13 and 14 (Figure S )  and 15 (Figure 7 ) . 

b. Deflecting Bucket (high elevation) with t ra jectory 

apron - Test 16 (Figure 7 ) . 

c .  Deflecting Bucket ( low elevation) Tests 17  and 18 

(Figure 7) . 

d. Deflecting Buc�:et with Diffuser  Sill - Tests 67,  68 , 

69 and 70 (Figure 9 ) . 

3. §loping Apron 

a. Triangular SUl - 'I'osts 8 and 9 (Fi gure  6) a11d Tests 

2 7  and 30 (Figure 7 ) . 

b .  Sloping Si lls 

1 .  .Apron with 4 : 1  Slope - T,:,sts 8 and g ( Fie,u re 6 )  

and Tests 2 7 ,  30 , 31 , 35 , 36 , 37 and 38 (Figure 7 )  • 

2 .  Apron with 8 : 1  Slope - Tests 48 and 49 (Figure 8) . 

c .  Paved Slopes 

1.  Apron with 4 : 1  Slope: - Tests 50-54 inc l . ,  (Figure 8) . 

2. Apron wit h 8 : 1  Slope - Tests 56 and 57 (Figc1.ro 8) . 

d .  Combination Sill and Paved Slopo 

1. Three-foot Sill - 'l'ests  59 and 60 (Figure 8) . 

2. Fi vo-foot Sill - Test s  61 and 62 (Figure  8) . 

e. Brnak0:i..·s - 'I'est s  28 and 29  (Figu re 7) . 

f. Diffuso r Sills - Test 53 (Fi gure 8 ) , 63 , 64 , 6 5 ,  71 , 72 

(Figure 9) , and 73 (Figure 10) . 

-55-



B. Intermediate Tra ining Wall. 

C. Pier Studies. 

D. Gate Operating Progrnm. 

1. With Dividing Wall. 

2. Without Dividing Wall. 

E. Tainter Gate Discharge Deta . 

1. Dis c harge Coefficient. 

2. Discharge DiagrQO. 

A. Stilling Pool. 

1 .  Level Depressed Apron. 

The simplest and p erh'.:t ps the nos t perfect s, �_uti cn 

of the clis sipntion of energy in water flo-;,ir..g 11 ·� c:. :: ic�:r vGlo­

c i ty is the i dee.l forna ti Gn of o. hydrnulic jur..p. 1rhe 

energy is dissipated in internal impact to such Qil extsnt 

that little energy rer..ains to caus e erosion. In b -, r::. ·.:_- a cf 

overfall dacs, there is a c".istinc t advant�ge in c; :, · :\ :si:ing 

the dam so that the jump will occur , thus reducing k a mini­

mun the protection requireQ to prevent erosion ,  especi ally 

since t�e action can b e  predicted within re�sonably close 

liL'li ts. 

The formuln for the hydraulic jump in a rec tangulo.r 

horizontal channel is 

+ 
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where D1 = the depth ups treo� fr0n the jlllJp , 

D2 - tho dopth downs troclrl fr or� the j1.r1p , 

V1 = tho vol-::ici  ty cc,rres p,"Jnding tc, D1 

V2 = the volcc i  ty corresp,mdir.g to D2 • 

J�s 0utlined in J-,,ppenc!ix I , . "Tbe  i deal conc'.i ti on 'Youlc: 

bo  to h:we e.. tai lwa ter a t  sue t G he ig:J.t  above th9 river bed 

for each c.i scho.rgo that it .-.rould forn c p erfect ju:.J.p for t?lG 

depth and veloc i ty whi ch wouk occur in the overfo.lling 

s tream s.t the toe of tlle d21a for tha t  disch8.rge . The height 

of the tail.;ater , however , is corltrc lled by the c o::1di tions 

in the s troan cl:c1nnel c1.m:n1s trea::-.:; frc,r.1 the dar::,, 'lnc1. tti s ideal 

c ondit i on is �ever attained . "  

As further explc. ine c. ,  the relr:, tior:;s betPoen the tai l­

wet er rating curve ancl e. curve c,f the depth o f  v.G.ter nec essary 

to form a hydraulic j11.2p :;;,,,_,_y be divided into four cls.s s es . 

The cnse of thG Wheeler Ln!:2 , ,ib.ere tho jur1p-hei gllt curve for 

nn npron ot  stre�� bet level ( Figure 3 )  falls consi dernbly 

nbove the t2- i l1no. ter curve ,  i s  Crrne  I ,  Appendix I .  

A s tudy of the ccndi t i :ms o. t the \:-:heeler Dn.::1 site  

r0sulted in the ini tial use  of  o. depress ec. Stpron en tho 

r:ioc.el o. t  Elev . 484 with th,:; :-,nd of the pool ri.�;,veC. on ?. l : 1  

s lope upwo.rc. t c  the river b ed ( Figure 6 ,  TGst 1 ) . The nbov e  

eleV8 tion was computed tc give a satis fc.c tory jump on th e 

&pron for thG mo.xinum dis charge Di th the firs t c.esign con,�.i-

tion. 
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S tudios wi th c'ifferent pool lengthls prover1 th.at a 

mininu.B l ength, ns well as depth, is require� for the sa tis­

factory forna tion of tho hydraulic ju.'7lp ( Plate 3 ) . J,s the 

l ength of p o ol is increased, the effectiveness of the stilling 

acti on is inprovec. (Plates 3 end 4 } . This for� of pool would 

b e  very satisfactory fron. the hydraulic ste.ndpoint, but wo uld 

have tho disadvantnges of a high initial ccs t anc� a c.eep 

excavati on at tho t oe of the dnn , 

In an att�p t  to beth shorten the necessary length 

of apron end decrease the depth of excavati on ,  various types 

of bnffles were investigated on the criginal d epressed apron 

placed o.t differen t eleva tions. Frcr. � study of the acti on 

of  a perfect hydraulic jl..h-:ip , i t  was co11cluded thnt any fcrm 

of bafrle or sill used on a level apron must be  so placed 

ns t o  decrease tho vel oci ty, v2, rather thnn V1, fer if any 

obstruction is pl�ced in  the pe th of tho high velocity water 

i t  wi ll  destroy only n snall ancunt of the enerGY by impac t 

but at the sac1.e time i t  will deflect the j et froI'.l its na tural 

course A.nd break up the perfect formation of the jur.p. The 

effect of any sill should b o  to inereo.se the clownstrean depth, 

D2, hence decreasing v2 and. nc.ving the fc·rnation of the jump 

upstream. �nother sffect of the sill should be  to pr operly 

distribute the flow c,f water beycnd the jur.p and prevent the 

j e ts of �ater, flowing n t  reletivoly low velocity, fron im­

pinging on the river b eu thereby c ausi ng erosion. 
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A, POOL LENGTH 24 FEET . B ,  POOL LE!IGTH 42 FEET . 
DISCHARGE 300 , 000 S:EX:OND-FEET . · 

C , POOL LENGTH 60 FEET . D, POOL LENGTH 78 FEET . 
DISCHARGE 300 , 000 S:EX:OND-FEET . 

ACTIOI OF LEVEL APRON AT ELEVATION 484. (,1 



A. POOL LENGTH 24 FEET. B .  POOL LENGTH 42 FEET . 
DISCHA.�GE 700 , 000 �ECOND-FEET . 

C. POOL LENGTH 60 FEET . D. POOL LENGTH 78 FEET , 
DISCHARGE 700 , 000 SECOND-FEET , 

ACTION OF LEVEL APRON AT ELEVATION 484 .  ,� 



Since the hydrauli c  jump must form in more "r less 

perfec t condi tion upstream from a sill tc make i t  satisfac­

tory , wi th the same length of apron , the sill will make pos­

sible the use of a slightly l ess pool dep th and the addi­

tional ccst of a sill can be balanced against the c�s t of a 

deeper pool. 

The first  of these was the Rehbock dentated s i ll 

( Tests 2 ,  4 and 6, Figure 6 ) , patented by Dr . Theodor 

Rehbock , of the University of Karlsruhe, Germany .  Wi th this 

- s ill at var ious pos i tions on the aprc,n at stream bed level , 

a jump would not fcrm upstream frcm the sill and the den tates 

were sub j ect to excessive impact ( Plate 5 ) . The dis tanc e  

of the sill from the dam had little effect on i ts ac ticn . 

Better results were, obtained by placing the sills Dn a de­

pressed apron a t  Elevati on 490 ( Plate 5 ) . 

Sets r:;f smalh triangular si lls c,f di fferent si zes 

and sha:pes were tri ed ( Tests 3 and 5 ,  Figure 6 and Tests 19 

and 25 , inclusive ,  F igure 7 )  but were no t satisfactory ,  be-

cause the depth :::, f pool requ ired was pra ctically the same 

as for the depressed apron alone .  At straam bed lev,01,  the 

water swept across them at a high velocity to tb.e en d cf the 

apron ( Plato 7 A & B ) . A somewhat improved acti on is ob­

tain ed by lowering th0 apron ( Plate 7 C & D) . 
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A. DISCHARGE 350 , 000 SECOND-FEET . B .  DISCHARGE 700 ,000 SECOND-°FEET . 
SILL 42 FEET FRO.[ TOE OF DAM . 

C .  DISCHARGE 350 , 000 SECOND-FEET . D. DISCHARGE 700 , 000 SECOND-FEET. 
SILL 78 FEET FROM TOE OF DAJ\! . 

ACTION OF REHBOCK S ILL ON LEVEL APRON AT ELEVATI ON 498 . 01 



A ,  DISCHARGE 350 , 000 SJlXJOND-FEET, B ,  DISCHARGE 700 , 000 S�OND-FEET . 
SILL 60 FEET FROM TOE OF DAM . 

C ,  DISCHARGE 350 , 000 SECOND-FEET , D, DISCHARGE 700 , 000 SECOND-FEET. 
SILL 78 FEET FROM TOE OF DAM. 

ACTION OF REHBOCK SILL ON LEVEL .AIRON AT ELEVAT ION 490. 
1-3 
t."'.I 
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A .  DISCHARGE 350 , 000 SECOND-FEET . B .  DISCF.ARGE 700 , 000 SECOND-FEET . 
APRON AT ELEVATION 498 . 

C .  DISCHARGE 350 , 000 SECOND-FEET . D .  DISCHARGE 700 , 000 SECOND-FEET . 
APRON AT ELEVATION 490 , 

ACT ION OF TRIANGULAR SILLS ON LEVEL APRON .  

>-3 
t%J 
-.::i 



Tests were als o  made on a breaker type sill (Fore­

runner of the diffuser type aill finally adopted) suggested 

by Mr .  G. J .  Hornsby ( Test 26 , Figure 7 ) . This sill had the 

advantage over previous forms of sills i n  that there; was no 

direc t impac t of water on i t .  The ac ticn of  this sill was 

not  sufficiently effective t;J permit the eliminati on of  the 

depressed apron ,  but i t  would make possibls some reduction 

in the length of apron. Plate 8 shoTTs the acti on at stream 

bed level and depressed five feet . 

The use of a secondary weir or dam ( Test 7, Fig .  6 )  

t o  raise the tailv:ater t o  a height suffici ent t o  form a jump 

o n  an apron at stream bed level showed a satisfac tory ac ti c n  

below the dam ( Plate 9 A & B ) , but confirmed the prediction 

that the depth of taihmter belou the secondary dam :muld be 

i nsufficient to  form a jump .  As tho velocities b elow this 

weir c ould reach 35 feet per sec ond, s ome f orm of pr otection 

would be necessary. A depression of the se condary apron 

t o  ab out three feet b elow stream bed level, or som9 form of 

baffle would probably accomplish this result ( Pla te 9 C and 

D) . The sec ondary v1eir f orm of protec ti on is undesirable 

fr om a c onstruction  standpoi nt as it would nec essitate a 

more extensive c offerdnm 2nd prevent the use of a c ompac t 

c o nstructi on  plant.  I t  also Pould i nterfere TTith the diver­

si on  during construc ti on. 
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A. DISCHARGE 350 , 000 S:EX:OND-FEET . B .  DISCHARGE 700 , 000 SECOND-FEET , 
APRON AT ELEVATION 498 , 

C .  DISCHARGE 350 , 000 SECOND-FEET . D .  DISCHARGE 700 , 000 SECOND-FEET . 
APRON AT ELEVATION 493, 

ACTION OF DIFFUSER SILL ,  INIT IAL TYPE , ON LEVEL APRON . 

1-3 
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• DISCHARGE 350 ,000 S:EX: OND-FEET . B .  DISCHARGE 700 , 000 SEC OND-FEET . 
APRON AT ELEVATION 498 . 

C .  DISCHARGE 350 , 000 SEC OND-FEET . D. DISCHARGE 700 , 000 SECOND-FEET . 
APRON DEPRESSED. 

ACT I ON OF SEC ONDARY WEIR . '° 



2 .  Deflecting Bucket . 

Another poss ible s o luti on of the a is s i�ati on of 

energy at  the toe of the W .b.eelor  Ds.m would be the use of  

E, sh ort curving npron callod a "deflec ting buckr::t" TTi th  the 

l o� p o i nt plnced near the minimum tailwater elevati on s o  

that the s tream of high veloci ty �c ter at  the toe of tho 

dam is  thrown upward ,md out,;;,ard striking the stream bed 

s ome dis tanc e a-v,c,y fror:1 the s true ture whsre the, energy is 

dissipated by im�ac�
, 

on  the river bottom and adj2cent wat er. 

F or these  tes ts c flexibl e adjus talD.le bucket was 

used o n  the nodal ( Tests 10 t o  14 i nclusive, Fj_ gure 6 :md 

Tests 15  and 1 6 ,  Fi{6llro 7 ) .  Buckets ';ii th li ps a t  Elo.v . 

495 . 5 ,  497 .0, 497 . 9, 499 . 0  ond 504 . 0  were tes ted ( PlQtes 

10 and 11 ) .  Th e  upward slope o f  the bucket i n , reas ed with the 

lip elevati on ::ind moved the point of scour downs treru:;i, pr o-

ducing a deeper sc our 3nd uns tnbl e fl or." c ondi t i o ns F.i th the 

s trea:.:i d.i ving under pc.rt of the tir..e ( Plste  10 A •J.nd B ) .  

If ::my of  these types y;ero us ed, the scour bel ow the dar.1 nould 

probably not  endanger i t , but a piling up of' ro ck ,: ould occur. 

T o  slimino. te the uns tcbla condi ti on  of the j0 t ,  e 

trnjec t ory shQped apr on �cs extended d oTTns tream from the lip 

of the deflec ting bucket ( Tes ts 15 nn.d 16 ,  Figm'e  7 ) . Vfoi lo 

the condi ti on was s tnbilized, the s tremr.. clung to the o.pr on 
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A ,  JET DIVING UNDER, B, JET SHOOTING ALONG TAIL\VATER SURFACE .  
BUCKET LIP AT ELEVATION 497 .8  - DISCHARGE 700 ;<500 SECOND-FEET , 

C. DISCHARGE 350 , 000 SECOND-FEET . D. DISC HARGE 700, 000 SECOND-FEET . 
BUCKET LIP AT ELEVATION 495 . 5 .  

ACTION OF  DEFLECT ING TYPE BUCKET . 

1-"d 
� 
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A .  DISCHARGE 350 , 000 SECOND-FEET . B .  DISCHARGE 700 ,000 SECOND-FEET . 
BUCKET LIP AT ELEVATION 499 . 0 .  

C .  DISCHARGE 350 ,000 SECOND-FEET . D. DISCHARGE 700 , 000 SECOND-FEET. 
BUCKET LIP AT ELEVATION 504.0 .  

ACTION OF DEFLEC TING TYPE BUCKET . 

8 
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and eroded n deep hole at  the downstream Gnd ( Plate 12 A n nd 

B) .  It was found t hat by loweri ng the apron a bout eigh t feet 

the hydraulic j ump hu d more of a t endency to form and v0ry 

little erosion res ul t ed ( Plete  12) . Such a des ign would re­

quire a dee p  excavation at t he toe of th e darn TThich would be 

undesirabl e  from t he standpoir...t of both cost ,, nd des ign. 

Thi s sm:1e type of short cur ved n pron, 1-'hen placed 

at  a lower elevation produced an entirely di fferent act ion by 

a.. 
allowi ng t he highor tailwat er to s e t  a91i ns t  the hi gh velo-

ci ty s heet t ending to caus e i t  to become nearly vertic�l R nd 

part of i t  falling backuard i nto the bucket ':llong the face 

of the dam. This s erves to form a hi ghly turb ulent roller 

which diss ipates a large o:mount of energy in i ts el f  and 

acts as a bra ke on t he approachi ng hi gh veloci ty sheet .  Th e  

energy i s  t horoughly dis s i pated wi thout e xcessi ve erosion 

below the apron. 

This  pnrticul�r p�enonenon �as studied by rais ing 

the teil,:ater i n  Tests 10 to 16,  inclusi ve, to nn a bnornally 

hi gh elevation t hus simulati ng the pl2cing of the bucket nt 

a low elevo.tion ( Pbte 13 A anc B) . 

This actioL could only be ncconpl ished nt t he Wheeler 

Dom by placing thG b ucket at  a s ufficiently low olevati on, 

which, again woulc r esult i n  a dee p  exc�vation at the toe of 

t he dmn ni th i ts relr-.ti"vely high cost, both of which would be 

obj ecti ona ble. 
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A. DISCHARGE 350 , 000 SECOND-FEET . \ B .  DISC HARGE 700 , 000 SECOND-FEET. 
HIGH POINT OF APRON AT ELEVATION 500. 

C .  DISC HARGE 350 , 000 SECOND-FEET . ·  D .  DISCHARGE 700 , 000 SECOND-FEET . 
HIGH POINT OF APRON AT ELEVATION 492 . 

ACTION OF DEFLlOOTING TYPE BUCKET AND TRAJECTORY SHAPED APRON . I-' 
N 



A. DISCHARGE 350 , 000 SECOND-FEET . B .  DISCHJ\RGE 700 , 000 SECOND-FEET . 
DEFLECTING BUCKET LOWERED. 

C .  DISCHARGE 350 ,000 SECOND-FEET , D. DISCHARGE 700 , 000 SECOND-FEET . 
DEFLECTING BUCKET WITH STEEP LIP . 

DEFLECTING TYPE BUCKET PLAC ED AT LOW ELEVATION .  
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To conpletely s tudy this ·:-iction ,  th:J bucket on  the 

model was loworeC:: cn.d Dl tcrec: ( Tes t 17 , fj_gure 7 )  wi th o. 

s teeper slope of the bucket lip TThich produced n better nction 

end reducec1. the scour in the river bed ( Pl ate 13 C o. nc D ) .  

Ttis forn of protection i s  not exprmsivc where there is a 

norm.ally deep tnilvmter sufficiellt to <.,.llow the cons tructi on 

of the bucket ,;;i thou t excessive oxccvG. tion .  

1ihile the erosi on i n  Test 17  11ns very slight, there 

,ms consic.erable rouglmess of  ths tn il,mter surfc.ce. I t  

was for the pur pose o f  ssoo thing tho w&ter n eo.r the buck,3 t  

that o. curvGd .s.pron ,;as exte:::iC:.e(l. r.lci,ms trem:: fro1:: the buc ket 

lip ( Test 18 , Figure 7 ) .  Thi s gave uns table  conci tions 

(Plate 14 B anc C) rrr.c-:. i ncronse(l erosi on . 

Durj_ng the lnps e o f  ticie between Tes t  26, ,;,hich vms 

the breaker blocks ( foreru:mwr of the c'.iffus ,:;r sill )  ::me. 

Tes t  58, the (iffuser sill hnC beE:m developec'. to such rn.1 

extent for the Gro.nc. Coulee Dan. that a. simile.r soluti on ,r.s 

sought f'or t�-:,_o dissipa tion of energy at the toe c, f  �he 

Wheeler Do...r:1. Tl10 apron o f  the Wb.eeler r::oc:.el ,ms al terec. to 

use a c.iffuser sill in ccn jllnction wi th the deflecting bucket 

placed ot u low elevation ( Tests 67 to 69 , inclusive , Figure 

9 ) . The tes ts on this set-up gave very sutisf8cto ry  flow con­

di tions ;1i th very little erosicn ( Plnte 15 ) .  At all discharges 

a back roll , which was influenced by the curved ups treo.B 
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PLATE 14 

A, DISCHARGE 350 , 000 SECOND-FEET . 

B .  DISCHARGE 700 , 000 SECOND-FEt1' . 
TAUWATER ELEVI.T IO 509 .  

C ,  DISCHARGE 700 , 000 SECOND-FEET . 
T.A.ILWATER ELEVI,TION 509 .  

DEFLECT ING TYPE BUCKET PLACED AT  LOW ELEVAT ION .  
ACTION WITH CURVED APRON . 



I 

A. DISC HARGE 150 , 000 SECOND-FEET . B .  DISC HARGE 350 , 000  SEC mm-FEET . 
BOTT0!1[ OF BUCKET AT ELEV . 480 .  

C .  DISCHARGE 600 , 000 SECOND-FEET . D. DISCHARGE 650 , 000 SECOND-FEET. 
BOTTOM OF BUCKET AT ELEV . 460 . 

DEFLEC TING TYPE BUCKET PLAC ED AT LOW ELEVATI ON .  
ACTION WITH DIFFUSER SILL . 
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fac e  of the diffusion cham ber walls , was forned in the 

bucket r:nc; impinged on the inflowing s tr enn. Thi s facili-

tated the c1. is s ipation of energy as  did the ac tion in the dif­

fus ion c hanber .  The areo of  exi t of the chi� ber was grenter 

than that of the entr anc e, thus causing a decrease in tho 

velocity of the water flowing through the chnmber . The combined 

a c tion of roll er t:nd the s ill d is tri butes the vel.oc i ti es in 

the ta ilwater below s uc h  that the higher occ ur e:long the upper 

sur fac e ond the l ower along the ri ver bed .  

The firs t sill tested ( Te s t  68, Fi gure  9 ) , with top 

at  Elev.  494 and large diff usion chambers , was 9½ feet hi gh.  

A more economical s et- up was sought by removing two feet 

from the top of the first s ill ( �est 67 , Figure 9 ) .  There 

was no apparent di fferenc e ( Pla te 16 A and B)  and a s ill 7½ 

feet high , top at El ev. 492 ,  w ith smaller diffusion cham bers 

( Tes t 69 , Figure 9 )  was cons truc ted.  This also proved s uf­

fic ient (Plate 16 G )  and an att empt was made to decrease 

the undes irabl e  excavation at the toe of the dam by alter­

ing and rais ing the bucket to Elev. 482 ( Test 70, Figure 9 ) . 

The ac tion proved satis factory for small quantities over the 

spillway, but proved undes irable from both the hydra ulic  and 

erosion s tandpoint �ith the maximum discharge ( Plate 17 ) .  
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PLATE 16 

A. 7½-FOOT SILL - LARGE CHAMBERS . 

B .  9½-FOOT SILL - LARGE CHAi,;BJms . 

C • 7l-FOOT SILL - SUALLER CHAMBERS . 

DEFLECTING TYPE BUCKET PLACED AT ELEVATION 480 . 
ACTION WITH DIFFUSER SILL - DISCHARGE 650 , 000 SECOND-FEET . 



A. DISCHARGE 150 , 000 SECOND-FEET. B. DISCHARGE 350 , 000  SECO!iD-FEET . 
BOTTOM OF BUJKET AT ELEV . 482.  

C .  DISCHARGE 500 , 000 SECOND-FEET . D .  DISCHARGE 650 , 000 SECOND-FEET. 
BOTT<1.i OF BUCKET AT EU:V . 48 2 .  

DEFLEC TING TYPE BUCKET PLAC ED AT LOW ELEVAT ION . 
AC T ION WITH DIFFUSER S ILL . .... 
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3. Sloping Apron. 

A satisfactory solution would re sult from t ho use 

of oither t ho level apron or t he deflecting bucket, but in 

each case a deop  excavation was required near t he toe of 

the dam. As t his produced foundation co nditions which 

wore not satisfactory to t he de sign office , exhausti ve 

model studio s  were made to deterrnino the possibilities of tho 

sloping apron, which, if properly constructed would req_uire 

some excavation downstrearn from t he toe of tho dam. 

T he sloping apron, built above t ho river bod, 

would not have b3en a solution as the ju.�p would not 

form on it . Wit h tho apron depressed t o  obtain t ho 

proper relation to t he tail�at er level, t ho act ion was 

t ho same as de scribed in Appendix I. Many tests  were 

made to det ermine t ho properties  of a sloping apron t hat 

would sat isfy all conditions. 

Tho first  apron inve stigated ( Te st s 8 & 9, 

Figure 6) had a 4: 1 slope v� t h  t ho lowe st point at Ele v. 

490 , first wit h a horizontal section at the end and second, 

wit h a 6 : 1  slope upward. Improvement was indicated (Plate 

18) . Tho apron was loTI0rod 3 foo t wit h t he hori zontal section 

lengthened and a trinagular sill placed at tbs encl (Te st s 2 7  

& 30, Fi gure 7) . Condit i ons were slightly improved, but t he 
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A. DISCHARGE 350 , 000 SECOND-FEET . B .  DISCHARGE 700 , 000 SECOND-FEET . 
HORIZONTAL SECTION AT END . 

C .  DISCHARGE 350 , 000 SECOND-FEET . D. DISCHARGE 700 , 000 SEC OND-FEET . 
SLOPE OF 6 : l  AT END . 

ACTION OF SLOPING .A.PRON - PRELIMINARY DESIGN .  
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excavation at the too of tho dam was still too deep . As a 

re sult, the upstroarn rn d of tho apron 1.i'as fixed by the dosig..'1 

office ·such that tho elovation o f  tho point of i ntersection 

of the 0 . 7  slop:i on the d ownstroa:n face of the dam an d the 

4 :  1 slope of the apron should not fall beloi;;r Elev. 498. In 

order to obtain satisfactor y coEdi t i ons, thoroforo , ths d.o·,711-

stroan1 end of t'co apron '7as lowered . This il"as done by lor,or­

i ng tho hori zon-cal section alo;ig thG 4 : 1  slope at th,; same 

time lengthening the apro:1 . Te sts vwrc fir st :uado with tho 

horizontal part of tho aproi1 at Elev. 487 and a trapezoidal 

shapod sloping sill p lac::id at tho 0nd (To st 31, Figure 7) . 

For a flood of 350,000 so cond-feot, for r,hi ch  the a vorago 

freq_uoncy is once in ton yca:c: s ,  thoro r:ould be;  practically 

no erosion wi th tho r ive r  becl 0xcav-atcd o:r, a 3 : 1  upi?ard slope 

cl:::J-.V!lstroa.'Tl from t h0 end of  tho apron (Plate 1 9 )  • Should a 

flood o ccur '.7hi ch would roq:.1i.ro tho full capacity of tho spi ll­

·,ray ···i ch a su:rcho.rge of  t-;-:-o feet,  fsi vfr.g 2 flm7 of 733 , 000* 

socond-fGot , .somo erosio:'1 -;;-:oc,ld tako place (Plate 19 , B ) . 

Although the tailwator proved to bo  materially lower than that 

computed, tho scour -,,ould not bo s8rious ( Plat0 1 9 ,  C) . 

However, the tailv1at er i s  more likol y to be highor the.n con­

put-3d , cs:)oci alJ.y i f  portio:1S o f  tho cc ff0rdlli,1 and the exca-

vatod rock &ro left in tho river bottom, producing an 

* Do sign Condi tion Ho . 4 ,  Pago 23 . 
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A .  DISC HARGE 350 , 000 SECOND-FEET . B .  DISCHARGE 733 , 000 SECOND-FEET . 

NORMAL TAILVIATER. 

SHALLOW TAILWATER .  D .  DEEP TAIL'IIATER . 

DISCHARGE 733 , 000  SECOND-FEET . 

ACT ION OF SLOPING APRON AT ELEVAT ION 487 . 
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obst ructing effect . Al so the sp i llway o ccupi e s  only part 

of tho �i dth of the ri ver and some drop i s  ne ce ssary for the 

flou over i t  to spread tho full r:i d  th . If tho higher tai l ­

'\7ator exi st s ,  tho conditi ons r;ould b e  much bettor than in­

di cated by tho flodol tests  (Plate 19 , D ) . Tho act ion o f  

thi s form o f  protection �ould , therefore , b o  sat isfacto ry 

from the hydrauli c standpoi::t ai 1d si nce i t s  cost would be bo­

lo,r any othor form gi ving sa ti s fact ory ro sul ts , this  general 

type i'i'as ro corrn:n..:mdod for uso on tho spi lL:'ay of the Wheeler 

Dam. 

All the t e sts load ing to th::: re cor1n1ended ap ro,1 

-r.oro no t thoroughly inv,r ntigated . I t  was nece ssary to ex­

podi to dosig..11.s and only enough tostin,z 'i7as done on ea.ch type 

to inve stigat e i t s  feasibility  and obtain comparable data.  

A change in cre st des ign , -.7hi ch provi ded for 650 , 000 

second-foot through 60 gat e s , oach 40 feet long , made it 

nece ssary to furth-,:;r inve ot i gatG tho ,slopi:-:!.{; '3..pro:i . 

The relati on between th:, tai L,0 tor rati ng curve and 

the jump-hei ght curve ( Fi�irc 11 ) for aprons at various ele­

vat ions , shous that a level apron at  Elev. 484 would not be  

adequate for floTTs greater than 450 , 000 se cond-feet and that 

ono at Elev.  482 would bo much bettor . The apron would bo 

b_eloTT the stream bod ar.d th .: 0 )1d of  tho poo l would have tho 

smnc effect as a se condary dam , 14 feet high -;;ith the cre st 
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at Elev. 4'J8, thus causi ng the jump to form more easi ly for 

higher flows. A study of }Tig.ire 11 and a considerat ion oi' the 

depressed apron resulted i rr the �1orizo�1tal part o f  the apron 

bei ng lowered to Elev. 485 (Test 35, Fi eµ�e 7 ) . This did 

not give satisfactory results ( Plate 2 0 , A )  and different sills 

were triGd (Tests 36 & 37 , :F'i gure 7) to i mprove condi tions. 

Very little diffor0nc0 was noted (Plate 2 0 ) . The flat part 

of tho apron was lowsred to Elev. 484 (Tost 38, Figure 7) 

and a 5-foot trapozoidal shapod si ll v;i th a l½: l  slope on  

the upstreai:1 face was placod at the :md . Considorable im­

pr:woment was noted (Plat e 20, D )  but no factor of safety 

was provided for the ma:x:immn discharge (:Plate 2 1, A) and i t  

v:as deemed necessary to pro v-ide more pool length. One method 

i:1ould have been to lower end l0ngthen tho doc:nstrea::.n end of 

the apro n ; a:i..o ·che:::-, to lengthen the hori zontal portion of the 

apron cy moving tho si 11 farther do-:castrea.'TI.. Eit he r  Fould 

have accomplis:1ed the de s ired r8 sult s ,  b1' t · ·· ould havo natu:::-al­

ly increased t�·1c co s t  of p:;.�8te ction and a more economi cal 

mothod was souP;::ht . 

·rhe pool was longtr:.')n;::. d by fla tt0ning t he sloping 

part of tho apTon a,."ld using a larger radi us from the face 

of the d&:1 to t}:o slo pe. Two sot-ups l".'erG made on an 8: l 

sloping apron and tho results comparod ·:6 th tho Ee obtair10d 
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A. 3-FOOT SILL VIITH 2 : 1  SLOPE. B. 3-FOOT SILL WITH l : l  SLOPE. 
DISCHARGE 650 , 000 SECOND-FEET , 

C .  5-FOOT SILL WITH l : l  SLOPE. D. 5-FOOT SILL WITH l½ : l  SLOPE, 
DISCHARGE 650 , 000 SECOND-FEET , 

AC TION OF TRAPEZOIDAL SILLS AT END OF APRON . 
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PLATE 21 

A, 27-FOOT RADIUS BUCKET - 4 : 1  SLOPING APRON , 

B ,  43½-FOOT RADIUS BUCKET - 8 :  l SLOPING Jc PRON . 

C ,  7 7 , 6-FOOT RADIUS BUCKET - 8 : 1  SLOPING APRON. 

ACTION OF SLOPING AIRONS - DISCHARGE 650 , 000 SEC OND-FEET . 



o n  the apron with tho 27-fo ot radius bucket and 4: 1 sl ope. 

The first 8: 1 sl oping apron had a 43 .5-foot radius bucket 

(Test 48, Figure 8) and the second had a 77. 6-foot radi us 

( Te st 49, Figure 8) . A compari s on of the re sult s ( Figure 

12 and Plate 2 1) shows that more water was retained on 

thG apron with thG 43.5-foot rad ius 11h:i. ch rn sulted in 

slight ly loss ero si on. HoTTever , thi s particular set-up 

,: ould not sat i sfy t:io foundat ion cond i ti ons st ipulatcd by 

tho do sign office and a cor:promi se re sulted betrreen minimum 

excavati on and be st hydraulic condi ti ons. Tho 8 : 1  sloping 

apron �i th a 77.6 -foot rad ius bucke t �ith the horizontal 

part at Elev . 484 was ado:l,)ted ,1i th the type of si 11 at tho 

ond of the apron subject to chan ge. 

Tho necessity of a si 11 on an apr::m , for discharges 

other tha.,."1 those for whi ch the hydraulic jump '.'iould fo rm 

,-,,i thin the length of the apron , ;7as ravealod by the initial 

tests on the slo1)ing apron (Plate 22) .  A si ll allo,:s a con­

siderable shorteni�g o f  an apr on �hi ch reduce s  tho cost of 

excavation in any case. The cost of material in thG sill is 

balanced by the savi ng in tho Lmgth of apron. 

Numer ous si lls ,  some of vrhi ch were used in the 

preliminary t'3st s, --::ere inve st i gated to improve tho hydraulic 

conditions in tho stilling pool a.11d give tho ne ce ssary factor 

of safety for thG maximum. flood. The first , a triangular 
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PLATE 22 

A. DISCHARGE 700 , 000 SECOND-FEET . 

B .  DISCHARGE 700 , 000 SECOND-FEET . 

C. DI SCHARGE 350 , 000 SEC OND-FEET . 

ACT I ON SHOWING NECES S ITY OF SILL AT END OF APRON . 
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sloping sill (Test 2 27 & 30, Fi gure 7) , TTas unsatis�actory 

because of tho Eharp corner on the do;;nstroem top odgo . This 

con.di tion was r.iuch ir:1provsd by mc >:,ndinc: th,�· sill a short 

dista..1co horizontally do·,,nstromn thus formi ng a flat top 

( Tost 31 , Fi&,7.1rc 7) . 

Si lls 3 fe0t high ( i'osts 35  & 37, Fi gure 7) i"?itb 

diffore::it .slopas OE tho upst ream face wore tcstod (Plate  

20 , A and B ) . '1'ho f,o ";":ore found inadoq_�mt e from the stand-

point of erosion and the; hoi ght .Jf the si 11 was increased 

to  fivo foot ( Te st s  36 & 38, Figu�o 7) . Tho 5-foot sills 

reduced ero s i on b�J.t npparontly produc0d ::I • . 1 � ao sL rao.�e hy-

dro.ulic cond i tions ( PJ.atc 20, C and. D) . A cl o ::Je study of  

Plato 20 sho',7s s hat , in  tho case of  tho smaller sill , th .:, 

ri vcr b ,3(1 T,o.s ::,roded t ::"1 such an extent t�1c.t t;1s offcct i  vs 

length of t�-:c poo l  cias increasod and thus allo1.7od a bettor 

formatL:m :)f tho jump. As in tho case :)f tho smnllor sill, 

t e st s  ·i";c :c·o ::::mdJ on �h ·.:, 5-fr)ot si ll -.�.-i th difforont slopo s on. 

tho up[,trcrun face . Visual tests prc)V' od tho.t tho l½ : l  slop-

i ng sill gavo better surfaco c•:nidit i:.ms than tho 1: 1 slGpo 

(Plate 20, C and D) c:id r0duc3d tho er:.ision fr:::,:m thG.t -:,i th t ho 

2: 1 slopo. It can be note;d  ulso (Plat8 2 0) that in all C!J.GG S 

tho jump i s  very inporf,;ct ut th(, naxin:a .. rrr d i s charge. This 

-.,- ·,::mld i ndi cate th'.3 naccs�i  ty :;f longt hening tho n;iron . Boca.use 
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o f  tho remote possibilit y o f  tho occurrence of the maxL�um 

flood nnd tho slight erosion caused by it, tho cost of length-

Eming tho apron ,,as net justified. It ,.-as f::;l t that c:ny 

improvenont must be made by the use of an auxiliary structure 

at tho end of the apron, such as a sill or baffle. 

Mr . Charles H. Paul _ suggested excavating on a slope 

at the end of tho apron o.nd paving to tho river bed at Elov. 

498. Sovoro.l slopes m,ro tried 7:i th tho 4 :  1 sloping apron 

(Tests 50 to 54 inclusive, ·Y'igure 8 ) , but no:18 TTer0 s2.tisfac­

tory from tho hydraulic sto...c"'l.dp oi:nt o.i,d i::'1. all cc:1Ses construc­

tion would have bce::i more exponsi VCJ than the 5-foot sloping 

(trapezoidal shape ) sill .  

With the 1: 1 slope, and maximllI'.l di schargo, a very 

i mperfect jump i:.c..s foTI.ied noo.r t he end of t .r n  apron (Plate 

23 , D ) , but it ',:as th•3 only slope thc1t kep t the jump on tho 

apron f,_":>r 2.11 di scho.rgos. The c.ct ion -r.'o.s v!'.lry poor TI"i th a 

flo:T of 350, 000 socc:1d-feot (Plato 23) , c:.nd, c:.l th-.Jugh i t  

sees0d r,1ore satisfact .) ry in scm0 rospccts tho.n tho 8: 1 slop­

ing apron -::rith a 5-foot sloping Gi ll ,  i t s  act ion was proco.ri ous 

since a chnngo in slope froc 1: 1 to 1°}: l  prevented tho jump 

fron f::!rrr,ing on t ho aprr�:::i at na:x:imun discharges (Figure 13 ) .  

There nas norc ":iett er in t:ic po:)l wi th the l :  1 pa.vod slope them 

�ith tho 5-foot sill, giving n more effactivo e nergy di ssi­

pation ,;.i th loss scour (Figure 14 ) .  
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A. DISCHARGE 150 , 000 SECOND-FEET . B .  DISCHARGE 350 ,000 SECOND-FEET . 

C .  DISCHARGE 500 , 000 SECOND-FEET. D. DISCHARGE 650 ,000 SEX:OND-FEET . 

4 : 1  SLOPING APRON - NO S ILL . 
ACTION WITH PAV:ElllENT ON 1 :  1 SLOPE FROM END OF APRON TO  ELEV . 498 . 
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Tho results �f  thc so t e s t s  provG d t}1Et, 'i:i th the 

p::1vod  sl:Jpo s, t'n r. o:pr·., n lwd t .: b:;  l ongt!.10no d or le:,;corod i :1 

i 1:1 .��- f�r each slapo thoro i s  a 

definite cr:1.:,unt t:i:io CJ.pr :m rmst b3  loworoc1 t · .. · ob tec i11 :::::1t i.s-

fCJ.ct �ry re sult s  ( TT1i ::rurr., l 5 )  - - c  �- · - • 

bo CD.USC Jf  the ::ot �CL;d Usc;d in. :v·btct ini�.g i t , but i 3 Sllffi cicn1t -

L stoo.d '.Jf o. ctua.lly lo·.-:-0ri ::ig 

tho o.pr.J11 , tto t r. i1·. ;c�ter �·.:ns rc.i s(;d , th1.1- r, f3l i e;ht ly raduci�g tl10 

voL.ci ty. L'lo cffc ct :L vo::-w s.:J .:: f  t�1c jump 17,J. s detorr:inod by 

being do toctcd. 

t �1c so Q' i f'"" .-,.r,• co ·'- sl -·,pr, o ( 'l1'0 g1 1 r0 l "'· )  ..._ - .1. .J -- .� .�- V 1 -· ._, .J U \ .l. .L .:) v.. '--' V 

sl1')Vis th�.:t c :::;�sidorc.bl::- TL:· ro depth c•f to..i l�c.toI' �-n:.s J1c cos-

,- 'QG 1J-. , 1 cJ. Y,• -, >- 1-, � , ·, t1• ">  7 • l ' 
V .L. 

-
;,· • o.::: 1

J _::.J i_; '. J _ , , •  .• .l t 'J_.,:_!_.; ..1... e _._ ' 

quirsd i' Jr c. 2 :  l slcpo ; tll,::,_t o.s th ·; slupo boca:.1os flo.ttor 

c&r:ici" lo ss  vi Jl ,:;rit TTi th l oss  or r nL,n ro sulti:-:.g ( Yi guro 15 ) .  

( '-•7" S C "'  r:;5 a10 d 57 Fi 2:ur'3 8) - '-' u ._,, . .. ' ,.__, 
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was tested to dotern.ino its effect upon the c..cti on _ ,f the 

sloped po.ve:r1ent. Hosul ts on tho 1: 1 o..nd th,3 l½: 1 slope TTcre 

pro.ct i cclly th :: so.no Q.S f'_)r th0 4: 1 sloping n.pr-::;n c.nd the 

complete set 0f tests ,,as not mo.de. 

Tho o.dvi so.bili ty af exco.vo.ting o.nd paving on a 

slope upuard fr.Ju tho top o f  a sloping !ii 11 to tho river bed 

Tio.s i nvesti g:J.ted. A 3-foot  sill 1:ith o. 2 : 1 sloped po.vemont 

TTo.s first triod (Te st 5 9 , Fig,uro 8) but tho ju...r:ip fru led to 

fern on tho apron nt flo�s as luw o.s 430 , 000 second-fee t 

( Figure 16) Cl.Ild tho po.vo·.---ient slope uas cho.nged to 3 : 1  (Test 

60 , Figure 8) • The co;1.di tL ::·:.,s v:ero s.'.)r,:e,iho.t ir1provod v;ri th o. 

very imperfect jllr.lp forr:ling at a. dischnrge of c.bout 485 , 000 

sec ond-feet (Figure 16) . 'foe 3-fo:Jt  si ll was replo.ced by o. 

5-foot sill o.nd bo th slopes (Tests 61 ond 62 , Figure 8) 

wer0 tested . Tho cori_di tio1!s wi th the, 5-fe:ot sill TTer0 loss 

desiro.ble ( Figure 1 6) .  

V!itl1 tho L:r.cr si ll nnd tho 3 : 1  slope , I'l.ore excnvo.­

ti ::,n TTo.s required. and the pool si ze ,7as increased ( Figure 16 ) , 

thus allo·,7ing the j um.p to forn on the o.prcn for larger dis­

cha.rges thc.11 c.ny of tho :; thGr set-ups. A difference in hy­

drauli c condi tL.ms at nediu.:1 florrs was c.ppo.rent ( Plato 2 4) 

a.nd be cano r.:.::re pro n,Ju...11cad o.s the flvTT increased. With a 

discha.rso ::i f  650, 000 soc-:md-feet and the tnilYrater d.opth to 

give a. sati sfc.ctory jurnp ,.:m thG a.pron, tho sonc difference 

11as nr)ted (Plo.te 2 5 ) . The high sill 0.11d tho shorter pool 
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A. PA VEl.!ENT ON 2 :  l SLOPE. E . P�\Y�.:E�t,:, C!' 3 : 1 SLOPE . 

5-FOOT SILL - DISCHA."IGE 350 , 000 SECOJ.:D-FEET - NQRij.\I. nUl'IATER . 

C ,  PAV'.r:'..ll .:!T ON 2 : 1  SLOPE. D. PAVEMENT ON 3 : 1  SLOPE . 

3-FOOT SILL - DISCHARGE 350 ,000 SECOND-FEET - NORJJAL TAILWATE.'R. 

ACTION ON APRON WITH SLOPING PAVEMENT FROM TOP OF SILL TO  RIVER BED . 
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A. PAVIl!ENT ON 2 : l  SLOPE. B. PAVEhlENT ON 3 : l  SLOPE. 

5-FOOT SILL - DISCHARGE 650 , 000 SECOND-FEET - HIGH TAILWATER. 

C .  PAVEJ,IBNT ON 2 : l  SLOPE , D .  PAVEMENT ON 3 : l  SLOPE. 

3-FOOT SILL - DISCHARGE 650 ,000 SECOND-FEET - HIGH TAILWATER . 

ACTION ON APRON WITH SLOPING PAVEMENT FROM TOP OF SILL T O  RIVER BED . 
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• 

(Plo.te 2 5) ancl it was t houuht that thi s type of protection was 

not as satisfactory as the sill& alone because they did not 

allow a nat1.1ral retrogression of the river bed necessary to 

form a good ju.,.'TI.p . 

A natural retrogression o f  the river bed was proven 

essential to the formation of a satisfactory ju.'TI.p on t ':J.e apron . 

The diffuser type si ll had ·proven so effcct :i. ve on the Grand 

Coulee model t::.1at tests were : 'a do to obtai n the p:::·operties 

of such a sill for th0 Hhe olor apron . 

The diffussr si 11 was made up of nu.111o rous di verg-

ing crw.nibors in which the aroa of oxi t was grDator· t;--:an tho 

area of  or:tranco thus simulating tto action o f  a draft tube 

and can sing a dccroaso in tho voloci ty of tho water as it 

pass8 d through tho char:ibo:rn. Part of the stroam of water is 

turned upvrara. an.d back'.7ard by the cha�r1bor walls forming a roll 

on thci a-,:;ron (Plat o 2 6 ) . Th::. s roll iro.pir:.ge s  ��,on and t".';nds 

to roduc:; the, velocity of tho in:f'lo-iving sheet. Also ,  tho 

impi ngement c f  th,=; jets i rr nuin�; from the char'lbo r  exits re­

duces th :J volocH y, ai ding ir: \;he disdpation of c h� contained 

energy . Probably tho most usoful foaturo of this type of si'll 

was the dist :c-ibutiun of velocities in the tailwator domrntroam .  

'l'ho h i gh-:ir v.::;locit :L� s wore near tho surface and thr:; J_on-cr along 
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A .  DISCHARGE 350 , 000 SEC OND-FEE�. B .  DISCHARGE 650 , 000 SECOND-FEET . 
LARGE DIFFUSER SILL. 

C .  DISCHARGE 350 , 000 SECOND-FEET . D .  DISCHARGE 650 ,000 SECOND-FEET . 

SMALL DIFFUSER SILL \'/ITH CURVED UPSTREAM FACE. 

AC TION OF DIFFUSER SILLS . 
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the river bod Wji ch caused a formati on of currents such 

loo se materi al was deposi tod immediately be low che  sill 

only slight erosion at a considorable di stance downstream.. 

The above characteristi cs apply to all d iffuser si lls Hi th 

their effect iveness  depend ing upon  tho efficiency of design. 

Different si zes and shape s of diffuser sills f 1 
( formerly called breaker blocks) were tried. The first ,  a 

14-foot sill wi th curved upstream facc:i and top at Elev. 498 

( Test 58, Fi gure 8) , gave good hydrauli c act i on (Plate 26,  

A and B) and sli ght erosion ( Figure 17) . The se cond, a 

o-foot sill wi th curved upstream face and top at Elev. 489 

( Test 6 3 , Fi gure 9 ;  Plat e 26 , C and D ) , caused considerable 

i ncrease i n  erosion ( r,, .  .J! l f:,'llrG 17 ) .  Some improvement over 

tho 5-foot sloping sill was noted i n  the second case ( Figure 

18 ).  The upstream face of tr.e sill was made v3rtical ( Te st 

64, Figure 9)  in an at tempt to  improve the condi ti ons. Moro 

impact resulted and sli ght improvement was notod ( Plato 27 , 

A and B, and �iguro 19 ) but t ho i�creasod impact was undesir-

able and further studio s  were made. 

A comparison betwcon tho si ll de scribed above and 

the 5-foot Rehbock d entated sill was made ( Test 65, Figure 9 ) . 

Condi tions W1-Jre improv-3d (Figure 19) but sin ce this sill 
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A.  DISCHARGE 360 ,000 Sl!x:OND-FEET . B .  DISCHARGE 660 , 000 SECOND-FEET . 

SM.lLL DIFFUSER SILL WITH VERTICAL UPSTREAM FACE. 

C .  DISCHARGE �0 , 000 Sl!x:OND-FEET . D .  DISCHARGE 660 , 000 SECOND-FEET . 

DIFFUSER SILL OF FINAL DESIGN TYPE . 

AC TION OF DIFFUSER SILLS . 
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A. UPSTREAl,i SIDE VIEW. 
DIFFUSER SILL \'/ITH FLAT TOP . 

C. UPSTREAM VIEi'/. 
CAPPED Din'USER SILL . 

FLOW LINES AS SHOWN BY PAINT TESTS . 

B .  TOP VIEW. 

D. DOl'n :STREAJ.f SIDE VIEV/. 
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depends upon direct impact for its action and requires ex-

co ssivo excavation ,  i t  was consid.ored. unde sirable. 

No consideration  up to this t i1:1c had been gi ven  to  

obtaining an  agrcc�ent betwee n tho spacing cf the diffusion 

chambers and the spacing of t he contracti o n  joints  in the 

da.111. With a contraction  joint spacing of 45 feet ,  a sill 

8 foot high 1'7ith top at Elov .  492 (Tt'HJt 71,  Ii'igure 9 )  was 

constructed to provid8 sovon cia�bers bet�een tho contrac-

tion  joi21t s .  Tni s si ll gave very go od hydrauli c and e rosi on 

condi ti o�s, but paint tests  i ndicated th� presonco of a lo� 

pressure area on top '.) f t:-1c vre.lls (Plato 2 3, A a:!:ld B) and 

caps wore added (Tost 72 , }':i. e:ure 9 )  t o  oli:m.inato it . Tho 

caps producod no ai;>parent of:fcct on tree hydraulic condj_tions 

and paint test s  indicated that no vo.cuum was pre sent (Plate 

2 8 ,  C and D )  • Al though cho sill ".7as very 0ffocti vo , it ,1as 

th :,ught to be more than adequate a.YJ.d a smaller si 11 ,7i t�1 

::1.ino ch&.::c.b0rs botw::,on co ntraction joints  ( 'rost 73, Figuro 

10) was tried . A comparison (Plato 2 7  C and D and Plate 2 9) 

shows that whilci the action  is not as do sirabl o as tho higher 

sill , i t  is vory effocti  vo a.i7.d t;::1.c di ffaronce in eros ion 

is  sli ght.  Profiles of vl'a.ter surface 2.nd :;:-i  v0r b0d (Figure 2 0) 

sho...-v these condi t ions. n1oro was also a noted improvm::ent ov0r 

the 5-foot sloping sill (Fi,s:ure 21) and the diffuser sill ,m.s 

-111-



A .  DISCHARGE 150 , 000 SECOND-FEET . B .  DISCHARGE 350 , 000 SECOND-FEET . 
DIFFUSER SILL - FINAL DESI GI'. . 

· C .  DISCHARGE 500 , 000 SECOND-F'EET . D .  DISCHARGE 650 , 000 SECOND-FEET . 
DIFFUSER SILL - FU:AL DESIC,!: . 

ACTION OF ADOPTED DIFFUSER SILL AND SLOPING APRON . 
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recomrnondod for uso on the Vfu.eole r apron. 

After  i t s  t ent ative adopti on, t e st s  we re made on 

the sill  t o  eliminate any unde si rable  fe atures that mi ght bo 

presont . P ai nt t est s were made and result s comparable to 

those for the hi gh si ll we re obt ained (Pl ato 30 ) . Profiles 

of wat e r  surface and ri ver bod wo re take n whi ch show ( Fi gure 

22 ) a c omparati vely smooth t ail  wate r surface and sli ght 

erosi on . 

Tho t ai lTTato r elevat i on for whi c h  t ho  jump fai led 

t o  form on tho apron for vari ous  fl ows was obt ained (Fi gure 

23 ) . It w as found that for di sch arges up t o  about 500 , 000 

se cond-feet , the j lli�P c ould not be made to swoop off tho 

apron .  At hi gher fl or;s i t  woul d not fail to form exce pt 

wi th abnormally low t ailwat e r. Tho jump ahaos t fails  to  

form on the apron for the maximum di schargc 17i th  tho t ai l­

wate r at Ele v. 509 . 5  or 2 . 1  foot below norm al. A gre ate r  

fact or of s afety ,,as als o  obtai ned. by usi ng the di ffuse r 

s ill . 

Piozomot ers we ro im:t all8d ( Fi gure 24 )  t o  ve ri fy 

the exi stence of neg ati ve pressu res  �i thi n thG si ll chambers 

and to  det e rmine the impact on tho chw� bo r  w all . Tho se 

openin gs wo re connected t o  glass tubes  mounted on a graduated 

board out side tho flume to whi ch tho center of e ach opening 

was referred. Wi th ste ady fl oil' conditions , re adi ngs to  tho 

-114-



PLATE 30 

A, UPSTREAM VIEW. 

B. no:· STREJJJ SIDE VIEW. 

C ,  TOP VIEW. 

FINAL DESIGN DIFFUSER SILL - FLOW LINES AS SHOWN BY PAINT TESTS. 
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t housandth of a foot wor0 made, Tihi ch , ';;ho::1 referred to tho 

pi ozometor openi ne; , gave t ho prossuro at that p oint on tho 

model i n  foot of  TTatcr. Those ros1..1.l ts wore co::wortod to  pro­

totypo prossuro by th:-; e q_uat i on 

Hp = Hm N1 • 0 where N = 36. 

'11ho prototype pressures \ 'fable 1 arc plotted on Figure 2 4. 

So mo of the piozomo tors 'i7oro located in pai rs ,  at t hs smno 

relati ve positi on on eac h wall of the chamber ,  and tho average 

reading was used i n  p lotting t ho n:isults. 

Wi th a flow of 6 50 , 00 0  second-foo t ,  o. very slight 

nogo.ti vo 1,rossuro ·;:as folEld t o  occur o n  t ho 'i?alls at t ho 

entrance ond of tho cllF.,:mbcr. Resu7-t s sho wed that v.r H h  tho 

smaller di scho.rgos ,  a prossuro existed at all pi e zomotors and 

that as tho flow incrcasod tho pressures incroasod or decreased 

( Figure 24) dopcmdi ;,g  upon tho acti on of tho water at t he 

pio zome tor opening . Tho draft tubo action ,,rrs substaictio.tcd 

by tho gradual incroo.so i n  prossuro from the on trnnce to tho 

oxi t of tho cho.mbor. Some impo.ct by t he i nflowing strea..rn � 

recorded on t ho upstream sr.d of tho chn.111bor walls .  

As n rosult o f  t ho oxt oasi vo studi os on tbo st i lli ng 

pool of the Whee le r  model , tho sloping c.pron ('rost 73 , Fi guro 

10) with o. 77. 6-foot radius bucket o.nd 8: 1 do ,1rmo.rd slope to 

Elev. 484 and 6 . 5-foot diff�sor sill at tho end TTo.s adopted 

as t ho final design . 
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TABLE NO . 1 

S0I-:Il,f.ARY OF DATA J.J-JD TRANSFERENCE OF RESULTS - WHEELER DAl1I 
Diffuser Sill  Pre s sure s  

Pre s sur e s  in Fe et  o f  "\:Yater 
, 

t-··Ruu--No . -1----R-.u-il. No .  2 i · Run Eo . 3 l Run No . 4 I 

jP�e z ometer : Q= l 50 , 000 
C 

Q"' 350, 000 
, 

i _Q: 500 , 000 1 ,
Q�6?0., 0?0 ! �ie z om�ter 

�-!:�'l

�

ber I Mode l --+-�r_o_i:_o_ � .;ode l : Pro·co i ,V10ae l ; Pr oto l 1,loae 1 ; ?r ote I Blevation 

i_ 1 0 . 3913  j J.4 . 09 
i 'J C:6 '- 6  ! 2 0  •zc I ,._, • 0 o , 1 • 00 
i 3 1 .4066 l 14 . 64, 
! 4 

1
,, . 3959  l 14 . 2 5  ' ' 

1 5 l .4738 1 17 . 06 ! 
6 ( 'Z Q 'U' i lLl 17 ! I . u v v O  J _,_ .  

I 7 l .4:�o . 1� . s3 
8 i . 4-r84 16 . 14 
9 l . 4,116 14 . 82 

10 ; . 7045 ; 2 5 . 36 
11 
12 
13  
14 
15 

6LL77 I 2 "  �:;,  e ·'- ! _, V  . 0 ..., 

• 5133  · 18 . ,rn 
. t.:0149 14 . 94 
. 5703 20 . 53 
.. 6367  i 2 2 . 92 

0 . 1847 
. 6008 
. 1 958 
. 2 8 89 
.4154 
. 2 856 
. 37 9 5  
.4150 

. 3 700 

. 9905 
• 91± 9 7  
. 7 3 G 9  
. 52 03 
. 7 953  
. 8 581 

6 . 6 5  
2 1 . G3 

7 . 05 
10 .40 

14 . 95 
10 . 2 8  
13 . 64 
l"l . 94 
13 . 32 
35 . 6G 
34 . 19 
2 6 . 53 
18 . 7 3  
2 8 .63  
30 .89  

0 . 136 5 
. 6366 
.0844 
. 2 2 99 
.3828  
. 2 166  
. 3 500 
.3864 
�3360 

1 . 10 3 1  
J. .0923 

. 8727  

. 6007 

. 9343 

. 972 1 

4 . 9 1 
2 2 . 92 

3 . 04 
8 . 28  

13 . 78 
7 . 8 0  

12 . G0 

13 . 91 
1 2  . 10 
3 9 . 7 1 
3 9 . 32 
31 .42  
2 1 . 6 3  
33 . 63 
�i5 . oo 

0 .04,:13 
. 66 96 

- .0664 
. 142 9 
. 3248 
. 12 66 
. 3050 
, 33 74 
. 2 910 

1 . 2 355 
1 . 2 707 
l , 0Hl7  

. 7077 
1 .0883  
1 . 0831 

l o 59 
I 24 . 11 
i - 2 . 39 

! 5 . 14 
i 11 . 6 9  

4 , 56 ! 
9 . 98 1 

12 . 15 
10 . 48 
44 .48 
45 . 75 
36 . 37 
2 5 .48 
3 9 . 18 
38 . 99 

48 5 .  72 
4J 5 . 0l 
48 5 . 6 7  
48 8 . 11 
486 . 2 8  
488 . 16 
488 . 72 
437 . 59 
48 8 . 72 
434 . 8 7  
48 7 .03 
48 9 . 04 
,rn 9 .  65  
488 . 16 
.486  . 2 8  



B .  ����-�-to _ _l'�� ni n�.!2-l..�� 

Tho length o f  t ho Wheeler  Darn is such that it  w ould 

not  be l ogical t o  operate t h8 sixty gate s individually, and as 

a rosul t t hoy wer0 di vid.ed into sot s of  five gates each. I n  

the operation o f  the se sot s, cross-currents  would 'oe e ncountered 

i n  t h0- st illing p o ol whe n  t h-J gate ope ning of  ad jace nt sot s  

was different. It was f or tho purp ose of  facilitating the 

act i on i n  the p o ol that tho i ntermediate traini11g wall s ·nore 

included i21 tile desi gn of tho dam. The se '\'!alls wore located 

d ov;nstream from every fi fth pier and extended at Elev. 50 5. 0 

t o  the e nd o f  tho apr o n  ('re st 66, Ji'iguro 9 ) .  The ncce ssi ty 

of tho wall s was que stioned and t e st s  '.,ore made t o a.otcrmi ne 

their feasibility. 'l1he result s from t he rnodol used v:hicb. re -

proso nt od only 108 foot of tho prototype Sil i llway iYJdic9.ted 

that t hi s  qu0 st i on i7ould be satisfact ori ly anm1ored only by 

t e st s  on a modol ropre sont ing a J_ongth of &'I) i lli7ay containing 

at least throe sGt s  o f  gates. T;1e t e st s  wore made ·-.i th tho 

as sumpti o n  t hat all gates oxcopt o ne set at the e nd of th o spi ll­

way were discharging. 'I'hc reason for· such a.n assumptio n  i7as 

t hat it gave tho no rst co nce ivable cr o ss-current s caused by 

tho high hoadTTator an d lOi'i tail77ater. Photographs of  the 

act i on of tho t1all (Plato 31) and of t he p o siti on of the 
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A. INTERil!EDIATE TRJ..INING \'/ALL , B. DISCHARGE 350 , 000 SECOND-FEET . 

C ,  DISCHARGE 500 , 000 SECOND-FEET. D, DISCHARGE 650 , 000 SECOND-FEET • 

.ACTION . OF INTERMEDIATE TRAINING WALL . 
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gravel after each run (Plate 32 ) indi cated that at all di s­

charges, -.zatcr flowed from tho  stati c si de o7or tho TTall and 

i nto t ho ju,_'llp on t ho other side. Thi s acti on  had very li ttlc 

effect at th0 lovi'er flo,rn, but proved undesirable for the  

largor floods , in  t hat t ho jot eroded j ust dormstr0am fron tho  

end of  t he i7all (Plat o 3 2) and a whi rl on tho apron b0lor: tho 

closed set piled a considerabl-:: amount of sai�d on t he apr\;m. 

Test s were not made TTit h  t ho fi :nal design but it  i s  reasonable 

to belie ve that tho acti on would be improved r:i t h  th0 use of tho 

diffuser sill . In fact oac of  the reasons leading to the de­

si gn of t ha f inal diffuser sill 'i,as an effort to elimi nate 

t ho possible andcsirable croc.:s-curront s i n  the s·i;i lli ng pool 

caused by an unbalanced operation of the spill·,;:ay gates. 

The possibili ty o f  an extreme unbalanced condi tion occuri ng 

wi t h  t he larger di scharges i s  very remote ,  thus only the acti on 

at  lower flons need be seriou sly considered. 'rhi s action v,ould 

be imnodiately eliminated as  soon as tho closed setswere allowed 

to di scharge. Tho result s i7ould indi cate t hat tho w-alls sta­

bilize the unbalanced condit i on of  high hoadi'Tator and lo-;;r tail­

wator ,  t hus aiding in simplifying tho gate operati ng program. 

1'0 desi gn. t he wall to v7i t hst and tho  differential 

pressures oxi st i ::1g, ';;hon tho  gatos  on one side of tho 

wall r.cro di schargi ng ru1d those on tho ot hor side were 

-124-



A. DISCHARGE 150 , 000 SECOND-FEET , B, DISCHARGE 350 , 000 SECOND-FEET . 

C ,  DISCF.ARGE 500 , 000 SECOND-FEET . D, DISCHARGE 650 , 000 SECOND-FEET . 

ACTION OF INTERMEDIATE TRAINING WALL . 

POSITION OF GRAVEL AFTER RUN . 
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closed, it i-ras necessary to obtain th e pressures ';;hi ch were 

not obtainable except by r:iodeJ. stud i os. Piozomote1�s instal-

led at i ntervals alonr:: each side of tho '.7all (Figure 2 5) 

i.zere conne cted to f.�le.ss tubes mounted on a graduated board 

out side tho fll"Lmo to ,;;hich tho contcr o f  each openi:r1g ·;ras 

referred. Ni th steady flo-:-1 conditions, roadir.gs wore made 

7/hj_ ch, TThon referred to tho piozomo ter openi:0..g, gavo the pros-

sure at that point on tho model in fee t of TTnter.  'l'hoso re-

sul ts wore converted to prototype pressure by the cquati o;1 

7!horo N == 36 . 

Tho prototy;_Je pre ssures ( Table 2 )  are p lotted  on Figure 2 5. 

The prcs�mro oxeTted on tho static side  r.o.s due to 

tho tail.7.'ator elevation ";"1h ile that on the kinetic si de depend s 

upon tho forma tion o f  the j ump . It is obvious (Figure 2 5) ,  

that as tto d i  schargc increases tho jump moves to,ra:rd t he e nd 

of tb.o apron causi.ng o. greater differential p:ccssuro . Tho 

safety of the. Pall ,;r ould bG incroasocJ. in tho final design as tho 

diffuser sill holds  more water in tho pool Tihich increases the 

pressure on tho kinetic side and decreases tho differential 

pressure . 

C. Piers 

Th1ring the entire set of tests on the actio n  of the 

stillinE pool an undesi rable cc1nd i. ti on of f'lo"."i o ccu:rred dorm-

stream from tlle sl)iLU�ay piers. 
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TABLE NO . 2 .  

SlThlj]'·/IAiff OF DA11A .Al'ID TRAHSFEREECE OF RESULTS - WI-OOLSR. Dfil,'1 . 

In termediate Trai ning fall Pressures. 

l ! Pressures i n  l1'eet  of 7:lator 
i f Run No . 1 ! Run No . 2 i · Run Ifo . 3 ! Run No . 4 

Piezo�eter . . Q,=�..Q
.J,

90.9 __ -:- ! ·-:Q=350 ,..9.9.2_.-:--_ _L_/·:��500 000 
. 

L_Q,= 650 ,,aoo -i 
Numoer 1'!Iodel 1 Pro i:;o. �dodel l Pro t o .  }.;.oae l Pro ·i;o . ' r,.,,;odel PTo to.  l .. --- ___ .. _____ r_ ------r-·---- · i ---i 

1 1 0 . 0016 ! 0 . 06 o . on�1 ! o .41 o . 0538 1 . 94 0 . 0720 !

I 

2 . 59 ! 
! 2 . 0012 i o . o4 . o s2 0  ! 2 . 23 . 1472 5 . 30 .2004 . 7 . 2 1  I 
I 3 . 0 924 1 3 . 33 . O G82 ! 2 . 4 6  . 132 8 4 . 78 . 2 090 i 7 . 52 i 

Ii 
4 .3104 11 . 17 .2 086 I 7 . 51 . 1864 6 . 71 . 2 566 , 9 . 24 I • I I 5 .2946 10 . 61 . 2 03s 7 .34 . 17 52 6 . 3 1  . 1556 I 5 . 6o · 

I 6 . 32·6s 11 . 76 . 2 512 9 . 04 . 2 580 9 . 2 9  . 2 86 6  i· 10 . 32 
i 7 

I 
.3520 12 . 6 7  . 3164 11 . 39 . 31 52 11 . 35 . 3448 1 12 . 41 

, 8 . 3 832 13 . 80 . 4032 14 . 51 .42 38 1 5 . 2 6  . 4602 i 1 6 . 57 
I I 9 . 3s12 13 . 72 . 4360 14. 67 . 4408 15 . 87 .4740 j 1 7 . 0 6  

1 10  . 3800 13 . 68 .4138 14 . 90 . 4492 1 t . 17 .4ns 1 1 7 . 2 7  1 
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Pi3zomcter 
T:'11 + .  J:!.1-eVa u lOn 
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519 .46 , 
50 7 . 51 
·±9 7 . 79 
49 1 . 02 
491 . 6 7 
491 . 60 
49 1 . 56 
49 1 . 60 
49 1 . 63 
49 1 . 70 



The origi:,1c.l de si gn on the pi ers had a flat face 

on the d om-i strea.-rn side (Figure 9 ,  '.r.est 78) . The stream.s 

from the ad jacent gate s came abi>uptly t ogethe r behind the 

piers and f ormed a fin shapsd jet near the P. C. of the bucket 

(Plate 3 3, A and B ) . This  condit i on was intensi fie d  by the 

tendency of the streams to flatten as they fl owed d o"'..'.'n the 

face o f  the dam ai1d by the c011.trifugal action in the buc};:et. 

At the larger discharge s, the fin-shape d stream continued a ... 

cr oss  the apr on ab ove the sill ai:d slightly er oded tho river 

bed. 'I'he streo.m interfered ',"Ji th thG formati o n  of tho jump 

on the apr on and produced an ir.tormittont boiling sffoct d o-.11-

stream fr om tL10 sill (Plate 3 3  A ) . Vi sua1 te sts indicated 

that the eli nination of  thi s  fin rrould ;)r0vc11t the se undr,rnir-

able conditions. Several alterations wore made and a satis-

factory dosign was deve l oped . rhe alterations were made on a 

si�gle pier as thi s expedited testing and at t he sa..me timo 

go.vc a compari soc1 rri th tho original de sign. In nearly all 

photographs tho origL1al and altered cond itions aro shovm. 

In each case tho pi er to  tho loft i s  the altered one. 

The first alterati on ('l'c st 78, Figure 9) was the 

use of  a 5 . 87-f o ot radius in tl10 horiz ontal pla.J.10 on oach 

side o f  tho sloping part o f  tho p i er no so. C onsiderable 
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PLATE 33 

A, TOP VIEW· B .  DOWNSTREA;,I vrnw. 
ORIGINAL DESIGN - DISC HiJlGE 500 , 000 SECOtlD-FEBT . 

C ,  TOP VIEW , D. DOV/NSTREAi,i VIEW .  

i.LTERAT ION NO . l - DISCHlcRGE 500 , 000 SEC OND-FBLT . 

ACTION A,�Omrn DOWNSTREAM NOSE OF PIER . 



C 

0 

C 

improvement �as not ed ( Plat e 33 , C and D ) a:nd th e s i ze of tho 

fin rTas materially roduced . 

A se cond al tcrati on (Test 78 , Fi guro 9 ) .:as the u se 

o f  a 36 . 5-foot radius  in a plane perpendi cular to a line 

thr ough the doi:;nst roam face o f  the pi e r  at Ele v .  545 an d per­

pendi cular to tho su rface o f  the spi ll77ay cre st . i'he fin TTas 

no t i ceable only at hi g..ri flo,, s and al l unde s irable cond i t i ons 

�ere eliminat ed (Plat e 34 , A and B) . The fin of water 7ia s 

loi7ered t o  su ch an oxt cnt that i t  vras pract i cally e liminated 

by the sUl 8..t7.d no ero si on o c curred . 

Alterat i on No . 3 (Te st 78 , Fi gure 9 ) wi th a 64 . 3 -foot 

radius in tho sa�e plane as Al terat i on No . 2 pro du cod no ap-

paro:at impro vement (Plat e  34 , C and D ) . An unde sirable feature 

of thi s de si gn '\"las t he und0r cutt ing of the pi er whi ch reduced 

the concrete under t ho gat e hinge .  

A fourth shape { Te st 78 , Fi gure 9 ) , de si gned to 

pre vent t ho under cutt i ng of t�: o  pi er , d i d  not allow the streams 

to mee t  far enough u-p st rcam fro:·n. -:;;_10 buck0 t  and tho ro sult s 

wore no t as de sirable as in Alt era t ions 2 and 3 ( Plato 35 ) . 

Tho added con crct 0  cl so increased the co st of ea ch pi er .  

The inproved hydrauli c cond. Hi oEs an d  rcduct i o,1 i n  

the amount of  c o:-i crct o re sult ed in the adopt i o:2 o f  Al tcrat ion 

No . 2 .  
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A. TOP VIEW B . · DOWNSTREAhl VIEW. 

ALTERATION NO . 2 - ADOPTED DESIGN - DISC HARGE 500 , 000 SECOND-FEET . 

C .  TOP VIEW. D. DOWNSTRE/u,i VIEW. 

ALTERATION NO, 3 - DISCHARGE 500 , 000 SECOND-FEET . � 
:,,. 1-3 
t<:l 

ACTION AROUND DOWNSTRElJ,l NOSE OF PIER . i 



PLATE 35 

A. TOP VIEW 

B .  DOWWSTREAiJ VIEW. 

C .  SIDE VIEW. 

ACTION AROUND DOWNSTREAM NOSE OF PIER . 
ALTERATION NO . 4 - DISCHARGE 500 , 000 SECOND-FEET . 



D .  Gato Ope�ati_[tc; Pl'C?gr&7 for s1lo::: lcr Dam !. 

Assuming a floTT condit i on su ch that only th:; poner 

house is operating , in whi ch case t he flood gates  uould all. 

be in a cl osed positi on , th3 re servoir 1eould be at Elev .  555 

and tho ta:L lnater surface '1'7ould be at Elev .  505 . 1 .  Fur ther , 

assuming that tho gate s  are divided into set s  of five by j_ntor­

media to training nall s ,  v:i th the approach o f  ar1 oncoming flood 

there ,·;ou ld be a definite limit to ;'lhi ch this set of fi ve 

gate s  could bo rai sed and a sati sfactory hydrauli c jwnp still  

fom in the stilling poo l belm, .  To  detcrr:iino thi s  limitat ion , 

ttJst s v10rc made on the modol such that tho elevati on of tho 

tai luatcr and tho gate oponi.ng uero determL1ed at whi ch t he 

hydrauli c jump �7ould sati sfactorily form. 

Wi th tho re servoir of  t1hee ler Darr maintained at 

Elev.  555 , or 14 feet above the cre st , and the tailr:atcr pre-

vailinc; due to tho headwater regulation at Wi l son Da1n ,  indi­

vidual gate s  or set s  of gatos  should not be complet ely rai sed 

for any le;.--.gth of t i· ,,_e except i!l case s of extreme emergency . 

1'ho origi:i.al plans of  tho Whee ler Dam provided for 

intermediate training walls betT:ocn each sot of fi vo gat e s .  

A s  the inclu si on of  those walls  nas opan t o  que st i on i n  the 

dosign office , gate operating programs wore studi ed for thG 
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condition s  whi ch would oxi st  i7ith or 7Ti thout them .  

( 1 ) . Gato 0poratin_g_ Pro�ram -:::it}} btermediato T]'aining Wall s .  

In the mode l studi o s  of tho f inal sot-up , using 

the diffuser typo si ll , i t  i7as determine d that a flood flm-r of 

350 , 000 se cond-feet could be di str ibutod eq_ually t hr ough tho 

G::it ire sixty gate s  and a satisfactory ju,'llp i7ould sti ll fon1 

·,,i th a minimum tai h10.t0r at Ele v.  505 . 1  whi ch i s  t ho P.J.inir.mr:1 

regulated headwater at Wi lson Da.m .  'l'hus one gate could 

bo allowed to dis charge 5 , 830 second-feet , or say 6 , 000 se cond­

feet , ru1d o. sot of fi ve gate s  coul d di scharge 30 , 000 se cond­

feet and a sat i sfactory jllJclp '::ould be  fornod in tho still ing 

poo l .  Fron tho Tainter ga.tc d i schareo diagram , a f loTT o f  

6 , 000 se cond-feet per gate v.ri ll require an oponir2g o f  8 . 7  foot . 

Wi th thi s as a cri terion , the follo,·.'i.. ng progran i s  

sugge sted i n  oporatinp; tto Taintor gat e s  :providing the intcr­

ncdi atc t raining wa.lls nro constru cted : As a flood approache s ,  

tho first so t o f  gate s  neare st the powerhouse should be rai sed 

to a maxinuJD. opening of  8 . 7  foot . Wi th a furth0r increase of 

flood flow, the ad joining s0t of gat e s  can be opon;::;d a s imi lar 

W-ount , and so on acro s s  tl10 da.r:1 unt i l  tho ont ire sixty gate s 

aro rai sed 8 . 7  feet  whi. ch w ill prov7.do a flood capaci ty of 360 , 000 

se cond-feet . Wi th a fur ther increase in flood flo-;-:r , all the 
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go.t o s  cn.n be opened crn:iplctoly a s  ne eded t o  maintain tho reser­

voir at E1ev .  555 .  '.Li-10 rm.x bun co.po.city o f  650 , 000 se cond-feet 

co.n be d i scharged ':ifi th tho gato s completely open and the re ser­

voir allo�od to ri se to Elo v.  558 . 

(2 ) .  Gato Operc.ting _E_.Eogram i.;ri thout Intemo di ate TraiJ?-j�- Wall . 

A program o f  oporat ion 'i-:-i thou t tho use of tho train­

ing i7alls ·i7i ll be :r:i.oro compli catod due to tho cross-current s 

exi st ing in the st i lling pool and be cau se the gate opening 1.11. 11 

be governed by the se c;:·oss-curront s rather thor.1. t ho di s cho.rgc 

condit i ons o.t -:;rhi ch tho ju,.1p fail s to for:ro. on tho apron . 

As p11cviously mcnt i onod , the nodel repre sented o:aly 

a short secti o:n <.)f  th0 s1Ji l11.7ay o..:1d contaL1ed but 2 .39  gate s .  

With one gate closed Qil.d 1:-;-i th tho re servoir hold consta:r:t c.t 

Elev.  555 ,,.:1d tho to.i l'R'ater o.t :Ele v .  505 . 1 ,  the fl orr thr oug..11 

the ronaining gat e s  was increased unti l  tho hydrauli c condi ­

t ions in tho st illing pool b0 cnmo unbalo.ncod sn ch tho.t undesir­

able condit ions 1icr0 appo.ront . At th i s  point , th o go.go s vmro 

road o.n.d th8 go.to oponing dot ornined . The ge.tc opcni:::i,:: , ·::hi ch 

w-o.s found ta bo 3 .42 feet , i s  t h:; nnximw.n amount tho gates  

could bo  rc.i sod wi thuu t o·otai ning u:1bo.lanced cond i tio11s 

whi ch night 11e0dlo ssly m:.dang0r t 110 structure . ;\lhon tho 
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gate s  wore rai sed 3.42 foot an d  the tailuo.tcr hold at Elev. 

505 . 1 ,  a. whirl forno d on the apro:r.. domistrom:1 fro:c.1. tho c losed 

gat e .  Somo oro si on t ook plo.co belo'\7 tho s i  11 , an d  rock o.nd 

sand ;;ore nashod back on tho apron. Tho abr asive act i on of thi s 

no.tori al �-:hi l::;  prc bo.bly not seri ous ,-;oul d be undesirable in 

th. at i t  might TToar tho corners of  the di ffuser si ll ·.-:hon it  

i"lo .shod off the ,::pron o.s t ho gate is  opened. 'rhG flot1' thm ugh 

o.11 sixty go..to s ,  rai sed 3 . 42 foot ,  wo.s o. bout 156 , 000 se cond-

foot o.s det ermi ned frcn tho di scho.rgc diagra.:r1. 

To dot eIT',inG t:-io e.r:nunt of addit i ono .1 o peni ng to  pro-

vi do further co.po.ci ty o no go.to r.ro.s set ?i t!:1 c.n opening o f  

3 . 42 foot , the to.i l-::Ic.tor wo.s hold constant for 156 , ooo socond­

feot :J.nd th:J flo11 increase d ';; ith the reservoir  o.t Elev . 555 . 

W'non undo si1·ablo  conditi o ns wore o.go.i n o.pparc:::1t , tho ga.gcs 

wore roo.d o.s be fore . 1'110 go.to ope ning .-:cs no-;, 9 .36 foot .  

Th::l uhirl on the.: ,:pron no.s pro.ct i co.lly climirn tod o .nd nc so.nd 

wc..s 1J.ppnront o.s  TThon part ,Jf ths  gc.:to s  ·.;;ere cl osod. However , 

v;ith tho low tniluntor elevati on so::r.0 or::> s ion took plo.cc ir.1-

ne dio.to ly do,mstreo_rn. fn_;:r., the si 11  o.nd th us lir2itcd t!1c o.r.:oun t 

of the second rc.i so . Tho flcm for o.11 s ixty gates  rai sed  9 . 36 

feot  -wo.s 386 , 000 se cund-fcot .  

For the t hird  sett ing ,  it ,,as  dctormino d t}·lo.t t he 

gntes  co uld be rni sed co�plctoly.  
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AssllI'.li�1g thn t tho j _nt Grmodi -:cto tr::_ i nL1g i-7alls c_re 

not constructed , thG foll0>7ing progrm:1 ·Jf gnto oporo.t ion is 

suggested: With tho approc.ch o f  tho onco:r:rrning flo od,  the 

T:'.i:nter gnt e s  s hould bG ro.ised in sot s  of fi vo to  pr ovid e o.n 

opening of three feet . Whe n  nll sixty ga.tes  a.re open the>.t 

runount rrnd ndd i. tionnl cnpnci ty is required , tho gat es should 

be opened in sets  of five until the opEming is 8 feet . To 

further increo.se tho di schc.rgo ca.pa.cit y, the go.tes  CCJl bo 

oponed completely .  In tho event of n small flood which ·,rnuld 

n ot roquiro c.11 tho g/lt es t o  bo rai sod three feot , it is 

reconnendod t l12st tho reci so bo sr.ia.l lor c..nd o.s  no.ny gc.tos o.s 

foo.siblo be usod . 

In ei t h0r ca.sG tho gc,tos should be l o�7ered in re-

verso order  to th8 elevation fro2 whi ch they "f.'ero lo.st raised . 

This procedure should bo f ollo-;;od duri:nf, the receding of o. 

flood until tho init ic.1 opEming hc.s been reo.chod , at vrhi ch 

time co.ch set of go.to s c:m be co,-:ipletol y loi1erod a.s no oded. 
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!:__ Ta.2-nt�r Gate Di scharge Data . 

( 1 )  Di s charge Co eff i ci ent . 

1�1hen tho oxpe ril:iental rmrk on the model o f  tho 

7.lheeler Da.'n uas fir st instigated , tho urgency of  obtai ni ng 

immediate  re sult s led to tho c onstruct i on o f  Y!hat mi ght be 

called a " rough" rn.odo l ,  con structed i7it h  a �7oodon under­

structure , wlii ch ,  TThen sub je ct ed to moi sture , swelled and 

be came di storted in shap,; . Sor:10 idea of thi s di stort i on 

can be soon on Figure 26  TThere a compari son i s  made between 

tho shape of the cre st as de s igned an d the sha}?o as it  r1as 

tested after being exposed to  water . 

For the sake o f  obtaining corrrpari son of  the d is-

charge cooffi ciont on su ch a mo de 1 as co1:1parcd to  a care-

fully built model ,  calibrat ion t 0 st s  were made wi th free 

flor; conditions ( Table 3) on thi s so-called " rough" modal .  

Later as tine pormi tted , and after a gene ral typo 

of scour -protection ho.d boen ado1) tod , a now r:iodo l ,  here -

after referred to  as  the final nodel , was constructed o f  

metal TTi th the except ion of  the redwood cre st and gate 

pie:cs ;;:;hi ch ·rrerc carefully prot e cted by impregnating Y:-i th 

hot linseed o i l  a.c"'l.d �1lurninu,_'11 pai nt . As i.n the case of 

the " r-ough" r,odel , di scharge r:,.oasurcTilen ts r:oro made for 

the froe floi7 conditions of the spillway gates on the fi nal 
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model (Table 4) and a cor:;.pariso n of results -::as 1-aade 

(Figure 2 7) . 

In the cOBputatio11 of the coo:fficiont for both 

" r•)ugh" and final :1nd0ls ( 'I'ablos 3 and 4) the head on tho 

crest ,;as corre cted for voloci ty of  approach to obtain com­

parable coefficient data not only bet-::roon  tho t1,0;0 mod e ls but 

with similar data from outside sources. 

The chnnn0l approach condi tions in the final I!lodcl  

r1ero made t,j c·)nf,:;rm to  thoso at tho d.m� site by plo.cing a 

fo.lsc floor at Elev. 498 in the :r.:·:.i del flu.r:io s0 that tho vo-

loci ty ') f o.p:;iroach woul d  be correct .  Extm1si ve ts st s uore 

than raa.do to obtain su.ff j_ ciont data ',""i th whi ch to construct 

discho.:rg::, coefficient curve s f :;r  ( 1) froo floi7 C')ndi ti:ms 

·;:i th o.d jacent gates M scho.rgine;, (2)  fro0 floTT c,Jadit ions 

i:7ith ad jacent gates clo sed , ( 3 )  tho Taintor gates with 

ad jo.cent gate s discharging, cmd ( 4) tho 'l'c.intor gates ?ii th 

ad jacent gate s .clo scd. 

So far ,:ls is known, n-;:; oxpori:rrionto.l ·,,cJrk ho.s been 

done 1Jn  a Te. inter gate used in conjunct i on ,7i th an ·Jgoo 

crest . An off,::irt rro.s rmdo to obtain sufficient dato. from tho 

r.1odel  such tho:t; c. gonorc.l equation for discharge through 

To.inter g2.tos c ,Juld bo evolved. SGvor2.l tests Vloro nc.de on 

the first I:1.";dol, whi ch, o.l th(mgh inconple:to , havo boGn fi lod 

,,i th tho co:::n.plotc detto. fr,)n tho final nodel a..11.d 17ill be used 
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in tho future as t LT:3 porr:1its in lli1 att0:'1pt to dorivo a 

general e quation. S tudy hc.s alroo.dy boo n d ono tu  somo ext ent 

in this effort but tho result s hG.vo indict.ta d  that such o.n 

o.no.lysis ,!ill be sor.1owhat difficult on acccunt of the; largo 

nu.1;1bor of vo.ri2.blos prosont, su ch c.s tho sho.pe of tho crest, 

tho curvnturo of thCJ gat es , length of go.tos, position of gate 

hi nges , go.to openi nb a..'1.d head on  crest. 

This apparently frui t loss off:1rt to dori vo o. 

goncrnl oquc.tion did not prevent c. so.tisfo.ct,)ry 2.no.lysis 

;J f tho obscrvc:d do.tc.. in its o.:ppli c.'.J.t ion  to tho  :po.rticular 

case of tho Vihoe lor Do.m :J.nd tho e nt ire solution wo.s approach-

od  in tho.t light . 

I n  tho C£;so of free fl ozr condit i ons with c.djo.cent 

gates open, tho sc_;:n_o do.to. (Table 4) was used o.s in tho com-

p8.ri son bot11eon the discharge coeffici ents on tho '' rcmgh" 

model o.I1d tho final :�1odel ,  except the do.to. TTo.s not co rrected  

for " velocity of  approach11 ( Table 5) . 'I'ho effect on t ho 

coefficient '.:Jf discharge (Figure 28) with the adjacent ge.tos 

closed (Table 5-A) co.n be ascribed to the variat ion of the 

voloci ty of approach end tho unsuppressed c.ction '<ti th o ne 

gc.te  only discharging. 

Tho coefficient of  discharge data (Tablas 6 and 

6-A )  for t ho Taint or gates vra.s acquired in a similar 
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Il'an..rier t o  that for  f1·ee flow condit ions. rrhe results 

are more extensive due t o  the necessity  of obtai ning suf­

ficient data to construct curves t o  provide for a vari-

abl8 reservoir surface and a variable gate opening. 

'rhis was accomplished by  setting the gates at a pre -

determined opening nnd measurinf, the flow of water required 

t o  give a certain reservoir elevat i on .  These re m1lts wore 

plotted ( figures 3 0  a 1d 31) t o  obtai n  smooth curves so t hat 

interp o lations cou1d be made in the constru ction of th e 

discharge diagram . 

The characteristics of the coeffici ent of dis-

charge, Co , in the orifice :t°or:.m.lla 

� = 2/3 CoL ( 2g)t (H3/2 - Hr
312) 

are sh own on Figure 29. 

2. Discharge Di agram . 

Tainter gate discharge diagrams for ad jacent gatGs 

di scharging ( 1',ic,:uro 32) o.nd adjacent gate s  closed (Fi gure 

33) were constructed by  using tho coefficient o f  di. scharge 

curves for fre e fl ow conditions (Fi @ro 28) and tho Tainter 

gato dischare;e curves ( Fi. cures 30 and 31) . In t he caso of 

the froo fl ow cond:t. tions, the values of head, a:1d coeffi cient 

of discharge wore road froI:l the curvos and the discharge 

o_uanti ty computed in  Tables 7 and 7-A. The 'l'aintor gate 

openings and disc:-1arge quantit ies for a given reservoir 
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elevati on , read dire ctly from Figures 30 and 31, are re corded 

i n  Tables 8 and 8-A . 

Whi le tho accuracy of'  the di scharge diagrarn may 

be affected slightly by the relat ively short secti on  of  

spi llway rcpresentod by the model , it  i s  believed that tho 

degree of accuracy i s  we ll within the limi ts of 0xpGrimontal 

error and as accurate as can b0 obtained by fi eld tests on 

the :pro totype . 
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1rABLE NO • 3 • 

SUMMARY OF  DATA - W'".rZ...EZLER D.AM: (Model ) .  

Discharge Coeffi cient s for First Model .  

1 
Test 

2 
Head 

I 3 j 4 l Area I Ob served 
and on I of I Q,ua:.l'.ltity , I 
Run Cre st 

j 
Approach j Q0 

No • h ( ft • ) i ( sq_ . ft • ) ! ( c � f .  �s�. ) 

32 -2 
3 
4 
5 
6 
7 
8 
g 

10 

0 . 1139 
. 1849 
.2 572 
. 30 78 
. 3 623 
.3924 
. 4433 
. 5157 
. 0 724 

6 .122 7 
6 . 3357 
6 . 5226 
S . '?044 
5 . 86 79 
6 . 9582 
7 . 1109 
'? . 3281 
5 .9982 

0 . 32 55 
. 7176  

1 . 22 79 
1 . 644,5 
2 . 1 646 
2 .4701 
3 . 0245 
3 . 9000 
0 . 1569 

5 f 6 i 7 I 8 9 10 
Velo ci ty ! l Velo city i Total I i i 

I . ' ' ' I in ! ; Sead I Head ! I 
Flume ! I hv I H I � j I ft / ""-?.,1_\-_±-+-1 fee t  I I feet  I H5/2 :::r-::-Y 

0 .0532 l 0 . 002s ! - 0 . 1139 0 . 0335 ! 3 . 1'76 i 
. 1133 i . 012 s  i 0 . 0002 . 1351 I . o7'J7 i 3 . 378 i 

. 0355 ( . 0006 ! . 2578 ! . 1309 ! 3 . 519 ! .1883 
. 2453 
. 3152 
.3550 
. 42 53 
. 5322 
.0262 

. oso2 I .ooog i . 3om ! .1 n5 I 3 . 598 I 

.0994 I . 0015  ! . 3638 .2194 1 3 .  701 
I . 12 60 i . 0020 . 3 944 .2477 ; 3 . 741 1· 

. 1809 i . 0028 .4461 . 2 930 ! 3 . 808 

.2s32 I . 0044 . 5201 . 3 751 I 3 � 901 I 

. 0007 i - . 0 724 00195 j 3 . 019 I 
I ! ------------ -· ! i 
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rrABLE NO . 4 .  
SUJVi!v.i.A.."9.Y OF DATA - WH:2:.,1:EI.ER DAM (Iv1odel ) • 
D i-E:charge Coefficient s for Final l\{odel .  

3 i 4 i 5 i 6 I 7 ! 8 

. 
__,,___A_r_e�b served j Velo cit y j ' Velocity I Total 

and. ;1 on of I Quantity i in  Head I Head 
t" Te st Head 

9 

1 t 1 ... 
l Run l Cre st Approach I Q,0 Flume i hv l FI I / 

10 

C � No . I h ( ft . )  ( sq_ . ft . )  , ( c . f . s . ) ( ft /se c . ) ! v2 ( feet ) ' ( feet ) , 1? 2 
--r -------i----------

1 7 G-43 ! 0 . 4598 
44 
45 
46 
4 7  
45 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

63 
()iJ: 

65 

. 4552 

. 3 840 

.3659 

. 3423 

.3158 

. 2 89 7  

.2 553 

. 2248 

. 1885 

. l·l:32 

. 0925 

.3936 

. 1182 

. 0 873  

. ,107 5  

. 4382 

. 4242 

. ,1:564 

. 3350 

.2227  

. 1666 

. 11 12 

4 .9 644 
4 . 9506 
4 . 7370 
4 . 682 7 
4 . 6119 
4 . 5324 
4 .4541 
4 . 3509 
4 .2594 
4 . 1505 
4 . 0146 
3 . 862 5 
4 . 7 658 
3 . 9396 
3 . 8469 
4 . 8075 
4 . 899 6 
4 . 8576 
-1 .9542 
,1 .5900 
4 .2531 
·l . OS,:18 
3 . 9186 

3 . 3656 
3 . 3076 
2 .4G65 
2 . 27 17 
2 . 02 6 6  
1 . 7 7 14 
1 . 5248 
1 .2505 
1 . 0157 
0 . 7534 
o • 1rn2 7 
0 . 2365 
2 . 552 5 
0 . 3497 
0 . 2 123 
2 . 6990 
3 . 0704 
2 .9045 
3 . 30,±9 
1 . 9782 
1 . 0058 
0 . 6289 
0 .3229 

0 . 67 79 
. 6 681 
. 5207 
.4851 
. 4394 
. 3908 
. 3423 
.2 874 
. 2385 
. 1815 
. 122 7 
. 0612 

. 5356 

. 0888 

. 0552 

. 561Sc 

. 62 6 7  

. 59?9 

. 66 71 

. 1310 

.2365 

. 15{,,0 

. 0824 

0 .4595 
. 4464 
. 2 71 1  
.2353 
. 1931 
. 1527 
. 1172 
. 082 6 
.0569 
. 0329 
.0151 
. 0038 
.2869 
. 00 79 
.0030 
. 3152 

.392 8 

.3575 

. 4450 

. 1853 

. 0559 

. 0237 

. 00 68 

0 . 007 1  
. 0069 
. 0042 
. 0037 
.0030 
. 0024 
.0018 
. 00 13 
.0009 
. 0005 
. 0002 
. 0001 
. 0045 
. 0002 
. 0001 
. 0049 
. 0061  
.00 56 
. 0069 
. 0029 
. 0009 
. 000,:1 
. 0001 

0 .4669 
.4621 
. 3882 
. 3G96 
.3453 
.3182 
.2 915 
.2 566 
. 22 57 
. 1890 
. 1434: 
.0926 
. 3981 
. 1184 
.0874 
.4124 

. ,  - �±-'.1:-�3 
.. 4298 
• 4633 
.3379 
.2236 
. 1670 
. 1113 

0 .3190 
.3141 
. 2419 
.2247 
.2029 
. 1795  
. 1574 
. 1300 
. 10 '72 
. 0822 
. 0543 
. 0281 
. 2512 
. 0107 
. 02 59 
.2649 
. 2962 
.2'818 
.3153 -
. 1964 
. 1057  
. 0682 
. 0372 

3 .973 
3 .965 
3 . 839 
3 . 806 
3 . 761  
3 . 7 16 
3 . 648 
3 . 62 1  
3 . 568 
3 . 451 
3 . 347 
3 . 170 
3 . 826 
3 .235 
3 .086 
3 . 837  
3 . 903 
3 . 881 
3 . 947 
3.. 79-3 
3 . 583 
3 . 473 
3 . 268 



EX.PLAFATLrn OF TA;3LES 3 AND 4 ... , ·-
Column 1 ..., TGst and Run  Nu:rnbcr . Zach tGst ,:,.nd each run of 

t ho tost was given a nu..'llbcr  whi ch was chronological i n  nature , 

except i n  casos whore it Was no cessary t o  make re-runs • 

.9011.1.-rnn _g_ - Head on Crest , feet . The elevati on of t he water 

P-11e 
surface i n  tho reservoir was measured by a :!:'l oat -ea:t.c con-

nectod t o  an opening in the center  of tho flume, throo foot  

upst ream fr om tho mode l.  'l'he readi ng of  t h::; gage less a 

correct i o n  fact or  for tho crest slovati on gave t he not head 

on tho crest . S:'ho c orrection  factor applied was: 

�i:est 32, Runs 2 - 10 , inclusi vo 0 . 7119  

Test 76 ,  Runs 43- 65 , inclu si vc 0 . 7 138 

Column 3 - Aroa of Appr oach to  t ho Model, sci uarel"'foct. 

'I'hc area t hrough whi ch tho wate r  appr oached tho model was 

obtained by multiplyi ng tL. CJ width of tho flume at the gago 

by t he depth of wate r  i n  th-::: flume. 'l'ho depth of water 

depe ndi ng u9on  the; head over the crest and tho di  stahco from 

t ho ere st t o  t ho fl o or of tho flmno. 

Column 4 - Observ0d Q,uant i  t y, c . f .  s. Tho f low i nt o  tho model 
,' 

was measured by a 2-f o o t  Cip olletti  weir,  tho f ormula f o r  

whi. ch  is Q, = CL.B:3/2 , where C i s  a variable and dope'ild s upon  

the hoad on  t ho weir .  'I'hc value of C had previ ou sly boon 

determined by calibrati on t ests. L, in thi s  case ; is  oq_uaJ 
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to 2 .  

Tho hoad on tho weir was me asured by a float gag0 

and a hook  gage and thG results from tho two gages vwre 

averaged after a correction factor for each was applied. 

The correction factors were : 

Test No . 32 - Runs 2-10 , inclusive 

Test No . 76 - Runs 43-65 II 

Hook 

1 . 0546 

1 . 0586 

Float 

7 .7979 

7 . 7970 

Column 5 - VGloci ty in Fl1.m10 , fee t  per second. The velocity 

of  approach was determined by dividing the observed quantity ,  

Colunm. 4, by the area of approach, Column 3 .  From the 

formula Q, = AV, V = Q/A . 

Column 6 - The squa::.'o of tho ve locity. Obtained by squaring 

the results of Coll.mm 5. 

Column 7 - Vel ocity Head, feet. The veloci ty head is found 

by sub s tituting the value of V found in Column 5 in the 

2 / :formula hv = V ; 2g or divi ding Column 6 by the value of 2g 

which is 64 .2 9 for the Fort Collins laborato ry. 

Column 8 - Total Head on Crest, feet. The total head , H, 

was found by add ing the measured head, h, C olumn 2 ,  and the 

computed velocity head, hv, Column 7 .  

Col� 9 - H3/2 • 'rhe total head, H, ',7as raised to the three­

halves power- in or-der to use it in the general wei r fo rmula 

in solving fo r the coefficient of discharge .  
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Column 10 Discharge Coeffi ci ent , C. The general weir 

formula � = CLH3/z was used i n  obtaini ng the coeffici ent 

of discharge. It nas obtained by dividing tho observed 

quantity, Column 4, by Colu...."ll.Il 9 t imes the length of cr0st, 

L. The length of ere st ·,7as : 

Test No. 32 - Runs 2 - 10, inclusive, 

Test No. 76 - Runs 43- 65, i nclusi vc, 

-149 -

2.6655 feet 

2. 6559 feet 
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1 
Te st 

TABLE NO . 5 .  
SUMMARY OF DATA - VJR!TI!:LER DliM (Mode 1 )  

Discharge Coeffi ciont s - Ji'reo Flow Condi t i ons - Ad jacent 
Gates  _Di schargip� ·---- _ 

2 3 i 4 .  5 1· 6 : : 7 

l: 
1 and 

Head on ; ---·-!-- :::-:Iead on t --- Model -t--
Cre st 

� 
Cre st I , I Q, 

Hivr ( Feet ) H3/2 H ( Feet )

t

_Jr312 i c .f . s .  C L,B.un No . 
. 0 . 4598 0 . 3118 l (� . �53 . 0 .82 8: ! 3 . 3656 4 . 0613 76-43 

44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
Gl 
62 

.4552 . 3071 l� . 3�7 .8150 i 3 .307 6  
j 

4 . 0554 
.3840 . 2380 lo .824 . 6321 j 2 . 4665 I 3 . 902 1 
.3659 .2213 1 3 . 172 j ·. 5878 , 2 .2 717 ! 3 .8647 
.3423 
. 31 58 
.289 7  
.2 553 
.2248 
. 1885 
. 1432 
. 092 5 
.3936 
. 1182 
.0873 
.4075 

. 2003 12 . 323  ! . 5320 2 .02 66 1 3 .8094 

. 17 74 11 . 369 i .47 12 1 . 77 14 3 . 7593 

. 1560 10 .42 9  j .414:3 1 . 5248 3 . 6804 

. 12 90 9 . 19 1  .342 6  1 . 2505 3 . 6500 

. 1066 8 . 093 .2831  1 . 0157  3 . 5878 

. 0819 6 . 786 .2175  0 . 7534 3 . 4639 

.0542 5 . 155 . 1439 0 .482 7 3 .3544 

. 0282 3 .330 . 0 749 0 . 2365 3 . 1576 

.2469 14 .170 . 6557 2 . 552 5 3 .8928 i 

. 0406 4 .2 55 . 1078 0 . 3497 3 .2�-40 

. 0258 

.2602 
. 4382 . 2901 

3 . 143 
14 . 670 
15 . 775 
15 .271 
1 6 . tJ:30 
12 .060 

.4242 . 2 763 

. 456ll: .3083 

.3350 . 1939 
63 .22 2 7  . 1051 8 . 017 

5 . 993 
( . om 

. 0685 

. 6911 

. 7705 

. 7338 

. 8188 

. 5150 

.2791  

. 1806 

. 0985 

0 .2123 
2 . 6990 
3 . 0704 
2 . 9045 
3 . 3049 
1 . 9782 
1 . 0058 
0 . 6289 
0 . 3229 

3 .0993 
3 . 9054 
3 . 9850 
3 .  9532 
4 . 0363 
3 . 8412 
3 . 6037 
3 . 4823 
3 .2 782 

64 . 16()6 . 0680 
65 . 1112 .0371 ----·---t---..... --.-· .. ·+-- ------·-·--·- -------· 

TA:SLE NO , 5 . .:\ - Ld jo.co:n.t Ga.tc s  Closed . 
--·1-----2- ! 3 ' ; ------; 5 i ___ 6 ____ ? __ -+- - I -i-- _ __,_ __________ -i 

i... 

Te st ' Head on i 

I 
:cad on ; I >:odo l 

and Crc s·
r-tc 

Cro st ! ' Q, "' /2 I ,.,. 
/2 I 

Run No . 1 � ( Foo_t ) It�-- H ( ?'·Jot ) ! LE� ' j c . f . s .  
77-1 0 .3897 0 .2433 14 , 029 0 .2 702 I 1 . 0051 

2 . 36 15 . . 2174 13 . 014 .2414 0 .8939 
3 . 3388 . 1972 12 . 197  .2190 0 .8040 
4 .3132 . 1753 11 . 2 75 . 1947 0 . 7142 
5 . 2 866 . 1535 10 . 318 . 1 705  0 . 5169 
6 . 2572 . 1305 9 .2 59 . 1449 0 . 5195 
7 .2332 . 1126 8 . 395 . 12 50 l 0 .4419 
8 .2043 . 0923 7 . 355  . 1025 i 0 . 3577 
9 . 1802 . 0765 6 . 487 . 0849 : 0 .2 875 

10 . 1522 . 0594 5 . 479 . 0660 ! 0 .2190 
11* . 1372 . 0508 4 .839 . 0564 l 0 . 1882 
12* . 17 13 .0709 6 . 167 . 0787 0 . 2690 
13* . 2434 . 1201  8 . 762 . 1333 l 0 . 4747 I 
14 * • 341_1 _______ ._ 1_9_9_2

_ 
12 • 2 80 • 2 211 .L O • 8_2_70 

* 900 V-Nc tch rt0i r  Used . 

-151-

---f 
3 . 7 198 
3 . 7030 
3 .  6712 
3 .  6682 
3 .  6182 
3 . 5852 
3 . 5352 
3 . 4898 
3 . 3863 
3 . 3182 
3 . 3369 
3 . 4181 
3 . 5611 
3 . 649.'.?_J 



EXPLAN.A:I' ION OF '.rABIES 5 AND 5-A. 

Column 1 - Test and Tiun Number. Each te st ancl each run of 

the te st was gi ven a Ill.L.'nber whi ch TTas chronologi cal i n  nature , 

except i n  case s '.7hore i t  was necessary to make re-runs. 

Colu..'.£1-3.. - Head on Crest , q,1 , feet . The elevat ion  of tho 

water surface i n  t he re servoir was measured by a float 

gago connected to an opening i n  the center of the flume, 

3 feet upstream froI,1 ths mode l .  'i'he reading of the gago 

less a correction  factor· for the cre st elevation  r;,avs the 

net head on tho cro st. 

3/2 Colum..l'J. 3 - H • 'l'ho head on  tho cre st, Column 2 ,  ·.1as 

rai sed to tho thrc e-hal ve s po11or to det enni ne thG d j_ schargo 

cooffi cie nt . 

Column 4 - Head on Cre st , Hp ,  feet. The pro totype hs ad nas 

obtained by multi plyi. ng tho head on  the: model ,  column 2 ,  

by tho scale rat i o . 

Column 5 - ( L."9:3/2 ) ,  H3/2 i s  multipli ed by L ,  the net length 

of the crest , for su'o sti tuti on  i n  tho wei r  formula , 

Column 6 - Ob served (:.'luantity ,  ci , j_ n second-fGet. 'I'he now 

into the model was measured by a 2-foot Ci pollett i or a 

90-dogroe V-notch neir. The formula for the 2-foot Cipol­

letti 7ioir i s  Q, = CLH3/2 whore C i s  a variable and depend s  

upon tho head o n  the woir. The value of C had -previously 

been determi ned by calibration  tests. The value of  L i n 
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this case wa� 2 f0et.  

The fo rmula for the 9 0-degree V-notch ueL· is 

Q, = 2 . 49 H2 • 48 and was determined by previous calibration 

te sts. 

Tho hoad on the weir was measurod by a float 

gage and a hook gage and the results from the tTTo gages 

were averaged after a correction factor for each gage had 

been applied. 

Column 7 - Cooffi ciGnt of Di sch8.Tge, C. The basic ex­

pression for flow oveT a weir is Q, = 2/3 CL (2g) ½ H3/z , 
i7hi ch , v7hon the constants are comb in :;d rodu cos to 

Q, = cn1.T3/2• 'rh 1 f c b · t  ... · · __ _ o va uo o , e cause i con uaE1.f3 g, i s  

affected by locality rmd clovation abo vo soa lovo l -::-rhich 

should bo consi derod '< 'hen t '.10 value of g for the mod e l  

and prototype is different. By usi ng tho formula 

g = 32 . 1721 - 0. 082 11 cos 2a - 0 . 00 0003*, the value of g 

for tho Fort CollLrn  laborat ory was found to  be 32 . 1445 

and for tho Whoeler Darn 32 . 142 0,  thus these value s may bo 

considorod tho samo for all p ractical purposes, and tho 

co effi ciont on t ho :mo dr:; l  and tho p:;:-ot otype are tho same. 

The coefficient curve for the prototype may be construe-

tcd by plotting C d iroctly agai nst tho prototype head, 

Column 4. 

* Mark ' s  Enginoorin[ Handbook, Page 19 6 (Second Edition) . 
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1 2 3 4r ll I 6 
'Ht 
1114 Head on Crest Reservoir 

H3/2 t,m H in Fee'" Elevat ion 
ro. Model Proto. Prototype llodel Proto 
6-1 p, 3881 13. 972 664.. 97 p. 2418 52. 222 

2 . 3872 13. 939 664. 94 . 2410 62, 044 
3 . 3863 13. 907 664. 9 1  . 24.01 51, 862 
4 • 3892 14. 011 666. 01 . 2428 52. 446 
ll . 3882 13. 976 654. 98 . 24.19 52. 240 
6 . 3892 14. 011 666. 01 . 2428 52.446 
7 • 3880 13. 968 654. 97 • 2417 52.200 
8 . 3888 13. 997 566, 00 . 2424 52. 366 
9 • 3894 14. 018 656. 02 • 24.30 52. 488 

10 . ·3883 13. 979 664. 98 . 2420 52. 264 
11• • 3862 13. 903 564. 90 . 2400 51. 838 
12• . 3883 13. 979 564. 98 · . 2420 52. 264 
13 . 3882 13. 975 564. 98 . 2419 62. 240 
14 . 3368 12. 089 553. 09 . 1946 42. 036 
15 . 2789 10. 04(T 551. 04 ·. 1473 31. 810 
16 . 2216 7, 978 648. 98 . 1043 22. 632 
17 . 1666 5. 958 546. 9 6  . 0673 14. 542 
18 , 1126 4. 060 546. 06 . 0378 8. 160 
19 , 3882 13. 975 654. 98 I • 2419 62. 240 
20 • 3342 12. 031 563. 03 j . 1932 41. 726 
21 • 2767 9. 961 650. 96 . 1466 31. 436 
22 . 2216 7. 978 648, 98 I . 1043 22. 532 
23 . 1662 5. 983 646. 98 

1 

· ·"' 14. 632 
24 . 1109 3. 993 644. 99 . 0370 7. 979 
26* . 0710 2. 656 643. 66 . 0189 4. 086 
26 • 3883 13, 979 664. 98 . 2420 52. 264 
27 . 3318 11. 946 662. 94 . 1911 41. 286 
28 . 2784 10. 022 661. 02 . 1469 31. 710 
29 . 2226 8, 014 649 . 0 1  . 1050 22. 686 
30 . 1666 6. 994 646. 99 . 0679 H, 676 
31* . 1376 4. 960 546. 95 . 0510 11. 010 
32 . 3895 14.,022 565. 03 . 2431 52. 510 
33 • 3337 12. 013 663. 02 , 1928 41. 636 
34, . 2782 10. 016 661 . 02 � 1468 31. 696 
36 , 2232 8. 035 649. 04 . 1054 22, 775 
36• . 2074 7. 466 648. 47 , 0945 20. 402 
37 . 3895 a. 022 655. 03 • 2431 52.610 

' 38 . 3341 12, 028 563. 03 . 1931 41. 710 
39• . 2763 9. 947 560. 96 . 1462 31. 368 
40 . 39 19 14. 108 666. 11 . 2453 52,990 
41 , 3699 13. 316 654. 31 . 2260 48, 590 
42• . . 3440 12. 384 663. 38 ' . 2018 43. 680 
62* , 3350 12. 060 553. 06 . 1939 41. 880 
63• . 2227 8. 017 549, 02 . 1061 22. 698 
64• , 1666 6. 998 547. 00 , 0680 14. 692 
66• . 1112 4. 003 646. 00 . 0371 8. 009 

-· 
•Free Flow RUne. 

TABLE rm. 6. 
StB!ARY OF DAU AND TIWiSP'ERENOE OP RESULTS - WHEELER 'fAmTER GATES, 

Adjacent Gatee Di aohargi11g. 

7 I 8 9 10 11 I 12 13 14-
Gate Railed Head on Top 

H 3/2 
H3/2_H,r_3/2 !Amount .( Feet ) of Orifioe T d B'.IJI ( Feet ) 

Model Proto ilodel Proto llodel Proto Model Prototn>e 
0. 0279 1, 004 0. 3602 12. 968 0. 2162 46. 700 0. 0266 6. 622 

. 0669 2. 012 • 3313 11. 927 . 1907 41. 192 . 0603 10. 862 

. 0829 2. 984 . 3034. 10. 923 . 1671 36. 106 . 0730 , 16.767 

. 1109 3, 992 . 2783 10. 019 . 1468 31. 715 . 0960 20. 731 

. 1389 6. 000 . 2493 8. 976 . 1246 26. 890 . 1174 25. 360 

. 1669 6. 008 • 2223 8.003 . 1048 22. 642 . 1380 29. 804 

. 1949 7. 016 , 1931 6. 962 . 0849 18. 328 . 1668 33. 872 

. 2219 7. 988 . 1669 6. 009 , 0681 14. 727 . 1743 37. 638 

. 2499 8. 996 . 1396 6. 022 . 0621 11. 266 . 1909 41. 232 

. 2779 10. 004 . 1104 3, 976 . 0367 7 . 9 30  . 2063 4.4. 334 

. 3059 11. 012 . 0803 2. 891 . • 0228 4. 9 16 . 2172 46. 922 

. 3069 11. 012 . 0824 2, 967 . 0237 6. 111 . 2183 47. 163 

. 0284 1. 022 . 3598 12. 953 . 2168 46. 618 . 0261 6. 622 

. 0284 1. 022 , 3074 11.067 . 1704 36. 816 . 0242 5. 220 

15 I 16 

ObaerYed QuantitJ 
0 0 f. 8 

llodel Proto 
0. 2647 1 ,980. 6 
0, 4873 3 ,789 . 2  
0, 7074 5 ,600. 7 
0, 9318 7 ,246. 7 
1. 1436 8 ,892. 6 
1, 3481 10 ,482. 8 
1. 5477 12 ,034. 9 
1. 7243 13 ,408. 2 
1, 9080 14 .836. 6 
2. 09 62  16 ,300. 1 
2. 4287 18 ,886. 6 
2. 4512 19 ,060. 6 
0, 2613 2 ,031. 9 
o. 2416 1 ,878. 7 

. 0284 1. 022 . 2606 9 . 018 . 1264 ' 27. 080 . 0219 4, 730 · 0. 2192 1 ,704. 6 
1. 022 . 0284 · . 1932 6. 966 , 0849 18. 344 • 0194 4. 188 0. 1938 1 ,607 . 0  

, 0284 1. 022 . 1371 ' 4, 936 . 0608 10. 968 . 0166 3. 574 0. 1662 1 ,292. 4 
, 0284 1. 022 . 0841 3. 028 , 0244 6. 269 . 0134 2. 881 0, 1336 1 ,038, 9 , 0657 2. 006 • 3325 11. 970 , 1918 41. 410 . 0501 10. 830 0, 4928 3 ,832. 0 
. 0657 2. 005 . 2786 10.026 , 1470 31. 760 , 0462 9. 976' 0. 4486 3 ,488. 3 
. 0657 2. 005 . 2210 7, 966 • i039 22. 444 . 0417 8. 991 0. 4022 3 , 127 . 6  . 0667 2.005 . 1669 6. 973 . 0676 ' 14.699 . 0368 7, 933 0. 3604 2 ,724. 7 • 0557 2.005 . 1106 3. 978 . 0368 7. 934 . 0309 6. 698 0, 2928 2 ,276. 8 . 0667 2. 006 . 0652 1. 987 . 0130 2. 801 . 0240 6. 178 0. 2203 1 , 713. 1 . 0657 2. 006 . 0163 0. 661 , 00 19 0, 409 . 0170 3, 677 0. 1633 1 , 192. 1 
. 1116 4, 018 . 2767 9. 961 . 1466 31, 4.36 , 0964 20, 829 o. 9278 7 ,214. 6 
. 1116 . 4. 018 . 2202 7; 927 . 1033 22. 318 . 0878 18. 967 0. 8467 6 ,683. 9 
. 1116 4. 018 . 1668 6. 004 . 0681 14. 7 12 , 0788 16. 998 0. 7550 5 , 870. 9 
. 1116 4, 018 . 1110 3. 996 . 0370 7. 988 . 0680 14. 698 0. 6469 6 ,030, 3 . 1116 4, 018 . 0649 1. 976 . 0 129 2. 778 . 0550 11. 898 0, 5201 4. 044. 3 . 1116 4, 018 . 0259 0. 932 , 0042 0, 900 . 0468 10. 110 0. 4547 3 ,535. 7 . 1666 6.998 . 2229 8. 024 . 1062 22. 726 . 1379 29, 784 l. 3373 10 , 39 8. 8 , 1666 6, 998 . 1671 6. 015 . 0683 14.760 . 1246 26, 886 1. 1984 9 , 318. 8 . 1666 6. 998 . 1116 4. 017 , 0373 8. 061 . 1096 23. 644 1, 0560 8 ,203. 7 . 1666 6, 998 , 0666 2. 037 . 0134- 2. 907 . 0920 19. 868 o. 8939 6 ,9!:l. O 
. 1666 6. 998 , 0408 1. 468 . 00 82 1, 7H . 0863 18. 623 o. 8746 6 , 800. 9 
. 2226 8,014 . 1669 6, 008 . 0681 14, 724 . 1750 37. 786 1. 7189 13 , 366. 2 . 2226 8. 014 . 1115 4. 014 . 0373 8, 042 , 1658 33, 668 1. 5430 11 ,998. 4 . 2226 8. 014 . 0637 1. 933 . Ol.24 2. 687 . 1328 28. 681 1. 4163 11 ,013. 1 . 2776 9, 994 . 1143 4. 114 . 0387 8. 344 . 2066 44. 646 2. 1022 16 , 346. 7 
. 2776 9, 994 . 0923 3. 322 . 0281 6. 065 . 1969 42. 536 2. 0402 16 ,804. 6 . 2776 9, 994 . 0664 2. 390 . 017 1 3, 696 , 1847 39. 885 2, 0306 16 ,789. 9 . 2709 9. 762 . 0641 2, 308 , 0162 3, 606 , 1777 38, 374 l. 9782 16 , 382. 6 , 1809 6. 612 . 0418 1. 606 , 0086 1, 847 , 0966 20. 851 1; 0068 7 ,821. l , 1336 4. 810 . 0330 l. 188 . 0060 1. 296 . 0620 13, 397 0, 6289 4 , 890. 3 . 0889 3. 200 . 0223 0, 803 . 0034 0, 720 . 0337 7. 289 o. 3229 2 ,610, 8 

1' 18 19 
QuantitJ 
per Gat e Oritioe Coeffio ient 

O. f. L c_,., 
Prototn>e llodel Prot otype 

828. 6 0, 6992 o. 7017 
1 ,686. 2 , 6819 , 6832 
2 ,30 1. 3 , 6822 . 6830 
3 ,031. 3 , 6833 . 6839 
3 ,720. 3 . 6864 . 6864 
4 , 386. 6 . 6884 • 6882 
5 , 034. 9 • 6952 • 6952 
5 ,609. 4 . 6971 • 6967 
6 ,207. 0 . 7040 • 7037 
6 , 819 . 3 • 7194 • 7194 
7 ,900. 9 . 7878 • 7876 
7 ,974. 1 • 7911 • 7909 

850, 1 • 7060 • 7072 
786. 0 . 7025 . 7042 
713. 1 . 7032 • 7051 
630. 6 • 7062 • 7032 
540, 7 . 7091 • 7076 
434. 6 • 7015 • '.'066 

1 . 603. 1 • 6926 • 6923 
1 ,459, 4 , 6840 • 6842 
1 , 308. 4 . 6803 • 6806 
1 , 139-. 9 . 67 12 . 6720 

952. 5 , 6667 • 6661 
716. 7 , 6458 • 6470 
498. 7 . 6353 • 6343 

3 ,018. 3 • 6784 , 6777 
2 , 764. 4 •. 6788 • 6792 
2 ,456. 1 • 6761 • 6768 
2 , 104. 5 • 6706 • 6697 
1 ,692. 0 , 66f.6 . 6651 
l ,479 , 2 . 6838 • 6843 
4 , 350. 4 • 6831 • 6831 
3 , 898. 6 . 6779 • 6782 
3 ,432. 1 . 6786 . 6789 
2 ,908, 0 . 6848 • 6846 
2 ,845, 2 • 7138 • 7145 
5 ,59 1. 9 . 6920 l , 6921 ' 
5 ,019. 6 • 6977 • 6973 
4 ,607. 4 , 7516 , 7513 
6 . 838. 8 . 7168 • 7164 
6 ,637._l • 7298 • 7298 
6 , 605, 8 • 7742 • 7746 
6 ,435. 4 • 7839 , 7843 
3 ,272, 0 • 7329 I • 7339 
2 ,045. 9 • 7146 I . 7142 
1 ,050. ii • 6736 . 6740 

'2'3'2.· D-8 1 9  



1 2 I 3 4 5 I 6 

Test 
and Head on Crest Reservoir H-3/2 H in F•et Elevation Run 
No. Yodel Proto Prot otype Model Prot o  

79-l o. 3886 13.986 654. 98 0, 2422 52. 306 
2 . 2780 10. 008 561. 01 . 1466 :n. 660 
3 . 1666 6, 962 546. 96 . 0674 14. 658 
4 . Ull 4, 000 546. 00 . 0371 8. 000 
5 . 0259 o. 9324 541 . 93 . 0042  0. 901 
6 . 3879 13. 9&f 554. 96 . 2416 62. 180 
7 . 3869 13. 928 664, 93 . 2407 61, 978 
8 . 2780 10, 008 51:,1. 0 1  . 1466 31. 660 
9 . 1650 5. 940 546. 94 . 0670 14. 480 

10 . 1030 3. 708 544. 71 , . 0331 7, 140 
11 . 1088 3. 917 �. 92 . 0359 7. 762 
12 . 3876 13. 964 554. 95 • 24.13 52. 124 
13 . 2754 9. 914 550. 9 1  . 1445 31. 216 
14 . 1742 6. 271 547. 27 . 0727 16. 704 
16 . 3873 13. 943 664. 94 . 2411 62, 066 
l5C , 38\13 14. 015 565. 0l . 2429 " 62. 470 
16 . 2776 9, 994 650 . 99 . 1463 31. 596 
17  , 2448 8. 813 549. 81 . 1211 26. 162 
18 . 3873 13, 943 554. 94 • 2411 52. 065 
19 . 3204 11, 634 562. 53 . 1814 39, 170 
20 . 3883 13. 979 554. 98 . 2420 52. 264 
21 • 3836 13. 806 66-f., 81 . 2376 61.296 
22 , 3463 12. 467 653, 47 , 2038 44. 022 

TABLE NO . 6 A 
Stll!JllRY OP DA!l'A AND TRANSFERENCE OP RESULTS - WHEELER TAINTER GATES , 

AdJaoent Gates Closed. 

7 I 8 9 10 11 12 13 14 
Gate :a&iBed Head on Top 

16 16 

AmOllJlt ( Feet ) ot Oritioe H 3/2 
T i5/2_HT

3/2 Observscl Quantity 
d :a,,.( Feet·) 

Model Proto Kodel Proto 
0. 0278 1. 001 0, 3607 12. ll'"D 

. 0278 1. 001 . 2602 9, 007 

. 0278 1. 001 , 1378 4. 961 
, 0278 1, 001 . 0833 2, 999 
. 0278 l. 001 - • 0019 - 0. 068 
. 0278 1 •. 001 . 3601 12, 963 
. 0833 2. 999 . 3036 10, 929 
. 0833 2. 999 . 1947 7. 009 
. 0833 2. 999 . 0817 2, 941 
. 0833 2, 999 • 0197 0, 709 
, 0833 2, 999 , 021:,5 0, 918 
, 1389 4,997 . 2487 8, 957 
. 1389 4. 997 . 1365 4. 917 
, 1389 _ 4, 997 , 0363 l. 274 
. 1944 6. 998 , l\129 6, 945 
. 1944 6, 998 . 1949 7, 017 
, 1944 6. 998 , 0832 2, 996 
. 1944 6, 998 . 0504 1, 815 
. 2500 9. 000 . 1373 4. 943 
, 2500 9 , 000 , 0704 2, 534 
. 3061 10. 984 , 0832 2, 995 
, 3051 10, 984 . 0784 2. 822 
, 2500 9, 000 . 0963 3. 467 

Jlodel Proto Model 
0. 2166 46. 790 0. 0266 

. 1262 27. 028 . 0214 

. 0612 11, 063 • 0162 

. 0240 5. 193 . 0131 

. 0000 0. 000 . 0042 

. 2161 46, 675 . 0266 
, 1673 36. 136 , 0734 
, 0859 18. 666 . 0607 
, 0234 6. 044 . 0436 
• 0027 0. 697 . 0304 
. 0041 0, 880 . 0318 
. 1241 26. 808 . 1172 
, 0506 10. 901 . 0940 
. 0066 1. 438 . 0661 
. 0847 18. 300 . 1564 
, 0860 18, 588 . 1�69 
. 0240 5, 186 . 1223 
. 0113 2, 445 . 1098 
. 0509 10. 989 . 1902 
. 0187 4. 034 . 1627 
, 0240 6, 183 . 2180 
. 0220 4. 741 . 2165 
. 0299 6. 466 . 1739 

Prototype -
6, 616 . 
4. 632 
3. 606 
2. 807 
0, 901 
6, 605 

16. 843 
13. 104 

9. 436 
6, 643 
6, 872 

26, 316 
20, 315 
14. 266 
33. 765 
33. 882 
26, 410 
23. 717 
41, 076 
36. 136 
47. 081 
46. 666 
37. 666 

00 o. t s 
Model Proto 
o. 1ioi 866. i 

. 0935 727. l 

. 0707 649. 8 

. 0668 441. 7 

. 0156 121. 3 

. 1106 860. 0 

. 3056 2 ,376. 3 

. 2624 1 ,962. 7 

. 1801 1 ,400. 5 

. 1269 986. 8 

. 1326 1 ,031. l 

. 4857 3 , 776. 8 
, 3837 2 ,983. 7 
. 2818 2 , 191, 3  
. 644\l 6 ,014. 7 
, 6488 6 ,046. 1 
. 5104 3 ,968. 9 
. 4772 3 ,710. 7 
, 7998 6 ,219. 2 
, 7217 5 , 611. 9 
, 9907 7 ,703. 7 
. 9842 7 ,653. 1 
• '1452 6 , 794. 7 

17 18 1:1 
Quantity 
per Gate Oritice Coe!t1o 1ent 

c, r. s. c, 
Proto ty!)8 Model Prot otype 

856. 6 0. 7246 o. 7264, 
727. 6 • 7360 . 7347 
550. 2 . 7352 . 7341 
442. 0 . 7305 • 7364 
121. 4 • 6262 . 6304 
860, 6 . 7310 . 7312 

2 ,377 . 8. • 7015 . 7020 
1 ,962. 4 • 7007 • 7004 
1 ,401. 4 . 6961 . 6946 

987. 4 . 7033 • 7058 
1 , 031. 8 . 7026 • 7023 
3 ,778. 4 . 6983 . 6981 
2 ,985. 6 • 6878 • 6874 
2 , 192. 7 • 7183 . 7188 
5 ,017. 9 • 6948 . 6951 
5 ,048. 3 • 6966 . 6969 
3 ,972. 2 . 7032 . 7034 
3 , 713. 9 . 7323 . 7324 
6 , 223. 2 • 7087 . 7086 
5 . 615. 8 . 7474 . 7475 
7 , 708. 6 . 7656 . 7658 
7 , 658, 0 • 7696 . 769.3 
5 ,798. 4 . 7223 . 7219 -

'23'2.-D- 8'20 



EXPLANATIONS 011' TABLES 6 AlID 6-A .  

Column 1 - Test &nd Run Number .  Sarne as Column 1, 'I'ab lo 5. 

Colum.i1 2 - Head on Crest ,  Model ,  feet. - Set explanat ion of 

Colu.1T111 2, Table 5 .  

Co.lunm 3 - Head on Cre st, Prototype, fe,J t  - See oxpla.riation 

of Colurm.1 4, Tablo 5 .  

Column 4 - Reservoir Elevation, PrototY110, feet . Tho roser-

vour elevation ,7as found by adding the prototype head on t ho 

crest , Colu.':111 3, to t ho crest Elevation ( 541. 0) .  

Columns 5 and 6 - H3/2 - See explanat ion of Column 3, 

Table 5 .  

Column 7 - Amount of Gate OJJeni ng, feet. To obtai n  calibra-

tion data it r,as ne cessary to measure tho gate openi ng very 

accurately .  This i;;-as done by a bar gage ( Plate 1) . 'rho 

gage was placed near the gate and a read i ng ta)con wit h the 

bar on tho crest. It rias t he n  raised tho predetermined 

amount le s s  the thi ckness of the bar Y,i t h  the lip of th0 

gate lorrerod unt il it contacted t ho bar. 

Column 8 - .Amount Gat e Rai sod, Prototype, feet. The 

amount ,;;as found by multiplying Colum11 7 b y  t he scale rat io, 

36 . 

Column 9 - Hoad on 'l'op of Orifice, Model, feet. This 

value was found by subtr-act i ng the arn,'.)unt the gate was 

-157 -



raised ( Co lu..rnn 7) from t he head on the ere st (Column 2) • 

Colunm 10 - Road on. Top of OrificJ , Prototyp8 , feet. 'Ehi s 

value ";7as found by subtract ing t he amount tho gate was 

raised ( Colurrn 8 )  from the head on t ho crest ( Column 3 )  ! 

Columns 11 and 12 - Hr3/2 , :Model  and Prototype. Same as 

Columns 5 e.n d 6. 

Colurnns 13 and 14 - (H3/2 - r-r,r3/2 ) , 1\�odcl and Prototype. 

Obtaine d  for uso in the preciso orifice formula by sub-

tract i ng Colm1m 11 f ro1:1. Colurnn 5 and Column 12 from 

Column 6. 

Colu.'Dn 15 - Quantit y, Modol ,  se cond -feet. Seo explanation 

Columns 6 ,  Table 5. 

ColUin.L--i 16 - Q,uanti t y, Prototyr.,JG , socond-foot . 'I'he di schargo 

"17as found by mul ti1)lying tho quant ity  on t he modol  by tho 

scale rati o  raised to t ho f i ve -halves po-:-rer :  

Q,p Q,m (N) 5/2 

whero Qp = Quant i ty in  so cond-fect , prototype 

� = ti II I! n model 

N ScalG Ratio  == 3 -� u .  

Column 17 - Q,uantit y  po r  Gate , Protot;;nx,, s-::.cond -foot. 

This value was obt a ined to  assist in calculating the tot al 

flo\7 over the spi ll,7ay and for simplifyj_ ng the plotting of 

2, discharge diagra"Jl. 'Tho rr.odel contai ned 2 . 3903 gat es, 

t hore foro , Column 16 divided by 2. 39 0 3  eq_uals Column 17 

or t ho quantity per 40-foot gate.  

-158-



ColUi."lllS 18 and 19 - Orifi ce Coeffi cient , Model a.-rid Proto­

type. The value of tll e coeffi ci ent was obtained by using t he 

precise orifi ce formula 

where 
� = Quantity i n  second-feet 

C0 = Orifi ce Coeffi cient 

L = Length of Crest 

g Value of gravity = 32 . 1445 

H = liead 0:.1 bott om of Ori fi ce ( Crest )  

Hr= Head on Top of Jrii'i ca (H-d ) 

-15 9-
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TABLE E0 . 7 
SU\"1 IfLBY O F  D.'aT.:,. - '.YHE.".:LI!R DiJ\1 

Di schar/;o - Free Flow Conditions - Ld jaccm t G-ato s Di scha1bing 
1 ,-- 2 . ( 3 4 5 6 ; 

·-i-----·---i 
Hoad 

-- 1 , l Q, i Q, in  c .  f .  s .  I 
in c . f . s .  ! Total for I por G�J2_j_ 60 Gat� 

i� Foot i 1 
.3/2 i ! 

i 

mi3 12 l 
1G . 2 74 l 
2 6 . 04:J j 
37 .475 1 
50 . 509 1 

G4 . 968 1 
80 . 857 1 
98 . 091 , 

. Proto .  H h C I 
i-_ ---

3
·-
.o

---- ·--- ---
1 5 . 196 3 . 132 ! 650 . 96J 39 , 057 . 6  I 

1 ,  O<hl . 92 i G2 , 515 .2  j 
1 , 499 .00 I s9 , 94o . o  
2 , 02 0 .36 ! 12 1 , 22 1 . 6  

4 . 0  
5 .0 
6 . 0  
7 .0 
8 .0 
9 .0 

10 .0  
11 . 0  
12 . 0  
13 .0  
H: . O  
15 .0  
16 . 0  

i 17  . o  -----·· 

8 . 000 ! 3 . 2 5G l 
n . 180 3 .352 I 
14 . 700 3 .436 I 

�: : ��� t;;� I 
II 

2 7 . 000 3 . 633 I 

3 . 690 ! 31 . 620 116 . 678 1 

2 , 598 .72 155 , 923 .2  
3 , 234 .28 194 , 056 .8 
3 , 923 . 64 235 , 418 .4 
4 , 667 . 12 280 , 027 .2  

3G . 480 3 . 7-:,3 I 136 . 545 
! 

5 , 461 . 80 32 7 , 708 . 0  
41 . 570 3 . 796  157 . 800 6 , 312 . 00 378 , 72 0 , 0  
46 .070 3 . &;,7 
52 . 3El0 3 . 395 
58 . 090 :� . g,;7 
Gli: . 000 ".'t . 007 
'7 0 . 090 ,1, . 09;3 ----------

180 .309 
204 . 020 
22�1 . 2e1 l 

7 , 212 .36 432 , 7�1 . 6  
8 , 160 . 80 489 , 648 .0 
9 , 17 1 .24  550 , 2 7 4 . 4  

10 , 257 . 92 615 , �7 5 . 2  
2 ,36 . 878 1 1. . ��5 . 12 _ 680,50 7 . 2  -� 

T.1BLE NO • 7 ;__ 
Discharge - �!'roo Flow Condi t iclns - Ad jacon t Gate s  CJ.o sod 

-------·---·-- -----·---
j 1 t 2 ! '.3 /j; '. 5 j. 1- -· Ifo::vf __ __ ; __ .,,_ ------t-· ------1---

Q,
--·- 1 

' ·  F t ! I ir:. c . f . s .  ' i l !l ; co 
3/2 / I Pro to . H C CE3 2 nor Gate ... - . -1 ------· 

1 - ·3 .:o . 5 . 1 %  3 . 1�\2 16 .27�1 1  650 . 'J6 
i 4 . 0  8 . 000 3 .2 51 2 6 . ( 08 ' 1 , 0,::.:0 .32 

5 . 0  11 . 180 3 . 331  57 . 241 1 , 489 . 64. 
(9 . 995 1 , 999 . 80 
64 . 153 2 , 566 . 12 
79 . 72 5 [ 3 , 139 . 00 ,I 

c, ·. o  
7 . 0 
8 . 0  
9 . 0 

10. 0  
11 .0  
12 . 0  
1:3 . o  
Vr . O  

18 . 520 
22 . 6:30 
2 7 . 000 
31 . 620 
36 .�80 
41 . 570 
46 . 870  
52 . 380 . ____ _,_ __ 

3 • .:1:01 

3 . 523 
3 . 572 
3. 613 

0 � ,. ,. a I n gr-;7 ry r  

J l.,4l) • :,'�; ·1 0 t ..:) • ' 0 I 
• · • 1-.., 'xv '�: , 569 . 72 I 

3 . 648 133 . 079 , 5 , 323 . 16 I s . :..,77  152 . :353 i 6 , 11:.:: . 12 , 
3 . 702 172 . 513 1 6 , 900 . 52 I 
:-:) . n 1 __ l_<J_4 . go �ti-� ;_7_,_7 96 • 24 _j 
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T�i.BLE NO . 8 
Sill.111iA.RY OF DL.r.A - V:'HEELER Dl.I'!1 . 

Di scharge for Taintor Gato s - Adjacent Gato s  Di scharging 
IHo sorvoir Elevat i on : 555 _ 552 +- 551 1 , 54,9 i- 547 5·'.'c5 ' Free 
Gato Rai sed 

( }P��!
) • i . ''..:20  400 ! 37

IT 
325 j 280 250 ·F;f' · 

1 . 0 j 820 770 1 710 625 ! 535 430 165 
1 .5 1. 1220 11 2 5  '

1 

1020 900 ! 760 580 320 
2 . o  1 1590 1460 I 1325 

I 
1160 l 960 ?20 500 

2 . 5  ' 1960 1790 I 1625 ' 1':'t00 ·1· 1160 830 690 
3 . 0 I 2320 2120  I 1910 1650 1335 960 930 
3 . 5  j 2680 2425 I 2 180 1880 ! 1520 1200 
4 . o  I 3030 2750 2450 2 100 ! 1690 1500 
4 . 5  I 3380 3030 2 710 2310 1850 1800 
5 .0 3725 3330 2960 2 510 2130 
5. 5 I ½:060 3625 31eo 2 no 2,rno 
6 . o  I 43ao 3910 3�30 2920  2s50 
6 . 5  I 4710 4200 36ao 3250 32 50 
7 . 0 502 5 4470 3880 3660 
7 . 5  532 0 (750 4160 4100 
8 . 0  5620 502 5 4575 4575 
8 . 5  5920 5300 5050 
9 . 0 6220 5630 5560 
9 . 5 6500 6100 6100 

10 . o  682 5 3680 
i 
i 

10 . 5  
J.1 . 0  

7;320 
79?5 I -

'?320 
7 ,;:,75 ------ ---· .. -·--------'----"--"-'-''...,_ _____ _ 

'l'Jc.BI.:� NO • BL 
Dj_ schargo for ·i'aintor Gato s - f,.d j acor.t Gato s  Closod . 
i Ro sorvoir El ovo.ti on 555 ' 551 ·--I 5t.7 -L 51.:.C!?_i-; -};-,1-·o·o--, 
I Ga to Rai .s .:c1 { Foo t )  1 I Flow 

0 . 5  420 375 300 250 r 25  
L O  t360 720  550 ,J,50 I 120 I 1 . 5  1250 1050 785 610 I 2so 
2 e O  1630 13'70  1000 760 I 480 ! 
2 . 5  2020 1060 1200 900 '710 ! 
3 . o  2380 1950 1400 1025 980 l 
3 .  5 1240 121.;,0 I 2 750 2220 
(� . o  �3100 2(80 
4- . 5 3450 2 ?30 
5 . 0  3780 2980 
5 . 5  4110 3220 
6 . 0 ·l-120 34?0 
G. 5 'i:740 3720 
7 . 0 5025 3975 
7 . 5 5320 <1-270 
8 . 0  5610 /.630 
8 . 5  5900 
9 . 0 6220 
9 . 5  6550 

10 .0  6870 
10 . 5  '721:bQ 
ll . O  7700 

- 16,;-

1570 
17,10 
1950 
2190 

- I 
- I 

1530 1,· 

1850 
2190 
25�0 
2910 
3310 
3720 
4160 
lJ:630 
5100 
5600 
611 0  
G6�'50 
71.50 
'7700 



EXPLAHATIO'.J OF '.l'ABLES 7 .AND 7-A 

C olt.urn 1 - Head on Cre st , P:c ototype, feet .  Taken at a 

representative nt.L.'11ber of point s. 

Column 2 - H3/2 • Column 1 raised t o  the three-halves p ower-� 

C olumn 3 - C oefficient of Discharge. Taken directly from 

Figure 2 8. 

C olumn 4 - CH3/2 • Multi ply C oltunn 2 by Column 3 (Us-3d to 

obtain total quanti ty over spillway) . 

C ol� - Quantity per gato. Found by multiplyinc Column 

4 by tho lo ngth o f  o no gate,  in this case 40 feet. 

Column 6 - Total Quantity over S�illway. Obtained by 

mulhplying C olumn 4 by 2400 or tho not cra st length. 

EXPLANATION OF "I'ABLES 8 AND 8-A. 

. < 

From Figures 30 and 31 , the Tainter gate openings 

and d i scharge quantitie s were road for a given re servoir 

elevati on, thon plotted on Figures 32 and 33 thus completing 

tho dischargG curve for flow through tho Taintor gate s of 

tho Whe eler Dam. 
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VI SGMM,.RY -·--·-···�-·----
A very satisfactory design of stilling pool ,  which 

moots all rcq_uirom.:nt s as to fonnclation .:md hydraulic condi ti.::ms, 

was d :,velopJd by tho oxpori:r:1ont s on the mod el of the Whoolor spi 11-

way . Tho erosion was rccluccd to a minimum TTi th very li ttlo cxcava-

tion nocossary noar tho toe of the dam. Tho energy dissi1x1tiori 

with the diffuser sill placed at tho end o f  tho sloping aP.Po21 ,;:as 

sufficient to all o·,: tho handl bg of a flood E>J.ig:1tly in excess 

of tho design capacity of 650, 000 second-foot  wi thout c:i1dansering 

tho structure by excessive erosi on of tho rj_ v0r bed . I t  is be-

licvod that tho fo.ctor of safety at tho maximum di. schargc is su ch 

that a natural retrogre ssion of' tho river bod -:-,ill not affect the 

action of the stilling pool • 

.itlth')ugh slig:ht nogat j_ vo pre s sure occurred on tho d:if-

f · 11 t . d .  1 , + '  . b · 1 · t f h user si e. maxi:rmr.n 1 sc .. 1argo on.Ly1 une possi 1 1 y o  sue a 

f'lood occurring is so r,�noto that tho co�id j_ tion is not considered 

serious. 

Tl1o int-Jrme:diato traiI1.ir1g i7all ,;;as dosi gncd to r ·Jduce 

tho cross-currents in the stilli:1c pool by the unbalanced gate 

operation ne ce ssary on a sp ill\78.Y of s11ch length as tho Who;::lor 

Dmn.. Sor1e rod,1ction of those cross-curro::1.ts i7as made  by the uso 

of the diffu ser sill . 

A sati sfactury desir,;:1 01' the d o,7:::istromn noso of th9 

piers nas developed su ch that the undosirablo c-.., ::idi ti'..ins oxis·� ing 
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i n  tho stilling po ol d :  .. nnstronrr. from them r.ore reduced to o. 

_minimum. 

As tho i nclusi on of tho intermediate traini ng walls ,ms 

o:po n  to q_uostiori in the desi g,.'1 office a gato operating prograi?. 

�,as ovol vcd f0r tho act ion o f  tho stilling pool both "d. th ar:d -r;;i th­

out the tro.ini ng wall . 

Tho di scha:cge diagro..m for Tai nter gates co:1ta.ined in  

thi s report ':7il l  be  helpful to  the operating 8nginecr. 
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.APPENDIX I .  

PROTECTION .A.GA.INST SCOUR BELOW OVERFALL DAMS . 

'I'ec.hnical Memornndun 323.  

by E. W.  Lane 

:J.nd 

Vl . F. Bingbar.1 
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,. 

SUBJECT : 

(Price ��O .85)  

UNI TED STATES 

DEP.A..RTifflJT OF THE IN1�RIOR 

BUREAU OF RECLAMATION 

MEM:ORANDUM TO CHIEF DESIGNING ENGINEER 

PROTECTION AGAINST SCOlT.'� PELOW OVERF 1U,L D,'\JVJS 

By E . W .  LANE , RESEARCH ENGINEER 

and 

f! . F .  BINGHAiv� , JUNIOR ENGIN�R 

Under direction of 

J .  L. SAVAGE, CHIEF DESIGNING EbJGINEER 

TECHNI C}J., MEMO RAND UM NO • 323 

Denver , Colorado 

Jan .  23 , 1933 



HOW THEY I NCREASE I N  VALUE 

The following table of redemption 
values of the $25 and $100 bonds illus, 
trates the increase in value for all the 
bonds from the issue date to maturity : 
IssuE PRICE . . . . . . . . . •  $18.75 $75.00 
REDEMPTION VALVES 

AFTER THE IssuE 
DATE : 

First year . . . . . .  . 
1 to lH years . . .  . 
l}f to 2 years . . . 
2 to 2H years . . .  . 
2% to 3 years . . .  . 
3 to 3}f years . . .  
3H to 4 years . . .  . 
4 to 4}� years . . .  . 
4H to 5 years . . .  . 
5 to 5}f years . . . . 

. 5% to 6 years . . . .  
6 to 6}f years . . . . 
6}6 to 7 years . . . . 
7 to 7}f years . . . .  
7H to 8 years . . . 
8 to 8}f years . . .  . 
8% to 9 years . . .  . 
9 to 9H years . . . . 
9% to 10 years . . . .  
M A T U R I T Y  

VALUE . . . . . . .  . 

$18.75 
19.00 
19.25 
19.50 
19.75 
20.00 
20.25 
20.50 
20.75 
21.00 
21.25 
21.50 
21.75 
22.00 
22.50 
23.00 
23.50 
24.00 
24.50 

$75.00 
76.00 
77.00 
78.00 
79.00 
80.00 
81 .00 
82.00 
83.00 
84.00 
85.00 
86.00 
87.00 
88.00 
90.00 
92.00 
94.00 
96.00 
98.00 

$25.00 $100.00 

PROTECTI ON AGAINST LOSS 

Each bond is registered in the name of 
the owner on the books of the United 
States Treasury. The name of the owner 
is written on the face of the bond, and it 

(4) 
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will be payable only to him except in case 
of death, when it will be payable to his 
heirs ; in case of disability, when it will be 
payable to his legally accredited agent; or 
as a result of judicial proceedings. In ac, 
cordance with laws and Treasury regula, 
tions, he may obtain a duplicate, in case of 
loss, theft, or destruction, by application 
to the Treasury Department, Division of 
Loans and Currency. These safeguards 
furnish complete protection against loss of 
United States Savings Bonds. If the owner 
desires, the Government will hold the bond 
in safekeeping for him and issue a receipt 
to him. 

ON SALE AT POST OFFI CES 

The Post Office Department of the 
United States Government is the sales 
agency for United States Savings Bonds. 
They are on sale at all post offices of the 
first, second, and third class, and at many 
post offices of the fourth class. At one or 
more windows in each of these post offices 
there are one or more employees on duty 
to sell these bonds. They will accept pay, 
ment of the purchase price, deliver the 
bond to the owner with his name written 
upon it, 7nd transmit a record of the trans, 
action to the United States Treasury for 
official registration. 

If the purchaser buys the bond for 
himself, he should give his full name in the 
form in which he ordinarily uses it. This 
precaution will prevent any confusion as 
to ownership. If he buys it for another 
person with the plan or expectation that 
somebody else will collect the full amount 

(5) 



due at maturity---one of his children, for 
instance-he should instruct the post, 
office salesman to write on the bond the 
name of the person to whom it is to be 
paid. The purchaser may then take his 
bond with him. If he wishes the Govern, 
ment to hold it for him, the post,office 
salesman will explain how that may be 
arranged. Postal Savings depositors may 
withdraw deposits without loss of interest 
to buy United States Savings Bonds. ·  

HOW TO CASH A BOND 

To obtain cash for his bond, the owner 
should take it-at any time after 60 
days from the issue date-to any post 
office where the bonds are on sale, or to 
any incorporated bank or trust company. 
In the presence of a post office or bank 
official authorized to perform this service, 
he establishes his identity, signs the re, 
quest for payment which appears on the 
back of the bond, and has the request 
certified. The owner then sends the bond 
to any Federal Reserve bank (the banker 
or post,office clerk will tell him the address 
of the nearest Federal Reserve bank) or 
to the Division of Loans and Currency, 
United States Treasury, Washington, 
D. C. The Government will mail him a 
check for the redemption value of the bond. 

BUY AT ANY TIME 

These bonds, which are known as 
Series A, United States Savings Bonds, 
will remain on sale until further notice, 

(6) 
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BONDS ALWAYS REDEEMABLE 

United States Savings Bonds, as their 
name shows, are intended to furnish a con, 
venient means for the profitable invest, 
ment of savings. The greatest profit and 
the greatest rate of profit are obtained if 
they are held for the full 10 years. But to 
provide for any emergency need of any pur, 
chaser, the Government will redeem any 
bond at any time 60 days or more after the 
date of issue on the request of the owner. 
The price which the Government will pay 
in buying bac� the bond will depend on 
how long the owner has held it. 

For the first year only the issue price 
will be paid. A year after issue the re, 
demption price will be $76 for the bond 
which cost $75 and which has a maturity 
value of $100. After 18 months the bond 
which cost $75 may be cashed for $77. It 
increases $1 in value every 6 months until 
it has been held 7 years. Then it will have 
a redemption value of $88. Thereafter its 
value increases $2 every 6 months until 
the 10 years are up, when the Govern, 
ment will pay the face value of the bond, 
or $100, to the owner. The increase in 
value of the bonds of other denominations 
is in the same proportion. For instance, 
the bond costing $18.75 will be worth $19 
at the end of the first year, and $19.25 
after 18 months. Thereafter it increases 
in value by 25 cents every 6 months until 
its redemption value is $22 in 7 years. At 
the end of 10 years the purchaser receives 
$25 for it. 

(3) 



UNITED STATES SAVINGS 

BONDS 

THE UNITED STATES GOVERNMENT 

offers for sale through its post offices to 
the people of the United States a new 
form of Government security known as 
United States Savings Bonds. 

These bonds are issued in denomina, 
tions of $25, $50, $100, $500, and $1,000. 
Each bond bears the promise of the Gov, 
ernment of the United States to pay to the 
owner the full amount (maturity value) 
stated on the bond 10 years from the date 
of issue. The date of issue is the fi�st day 
of the month in which the bond 1s pur, 
chased. 

The bonds are sold at issue prices 
which are less than the face values. They 
increase in value regularly after the first 
year. A bond bought at the . present 
issue prices and held for 10 _years mcreases 
in value by exactly one-third of the pur­
chase price. The increase is equal to inter­
est on the purchase price at a rate of about 
2.9 percent compounded semiannually. 
The following table of issue prices and 
maturity values shows the amount the 
buyer pays and the amount he receives in 
10 years : 

IssuE PRICE 

$18.75 
$37.50 
$75.00 

$375.00 
$750.00 

MATURITY VALUE 
will increase in $25, 00 10 years to 
will incre�� i�ars to $50. 00 
will increase in $100.00 10 years to 
will increase in $500.00 10 years to 
will incr�� 

i�rs to $1 '000 • 00 

(2) 
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but the Secretary of the 'Treasury reserves 
the right to terminate the offer at any time. 

'They are exempt from present and fw 
ture Federal, State, and local taxation, ex­
cept estate or inheritance taxes and Federal 
surtaxes on income. 

The issue prices of this series will re, 
main the same. 'They will be on sale every 
business day until further notice. A pur, 
chaser may buy one or more bonds of 
any denomination every week, every 2 
weeks, or every month, or on any s�hedule 
that suits his budget plans. But smce the 
bonds are intended for investment of 
savings, there is a limit on the amount 
any person may buy in 1 calendar year. 
That limit is a total of $10,000 (matunty 
value) . He may,however,purchase$10,000 
worth of bonds each separate calendar 
year. Except for that limitation, he may 
buy as many as he wrnhes at any trme. 
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A great deal of study has been give n to determi ning the 

best method of protecting the stream bed below overfall d anis agai nst 

sc our resulti n{s from the high velocity and impact of the water fl ow­

i ng over them. A great variety of local c ond iti ons have been enc oun­

tered whi ch has led t o  many d ifferent s oluti o ns, d oscripti ons of 

whi ch arc widely d i spersed thr ough cr ngi nceri ng literature. From a 

study of those arti cles  and the results of hydrauli c laboratory stud ­

i es on  d arn. spillways pcrf orraed by the U. s .  Bureau of Reclamati on, 

tho f oll owi ng analysis has boo n  developed by tho writers, which clas­

sifies the vari ous c ond i ti ons and p oints out tho 6o noral typos  of 

s c our protecti on applicable to each. 

Sc our bel ow d ams results from the erosive :p owor of tho 

water whi ch c omes into  c ontact wi th tho stream b ottom whi le m ov ing 

with tho high voloci ty whi ch it ac quires i n  falli ni:; over tho dam. 

Pr otecti on  i s  aff orded by reduc ing the voloc ity of the water , by i n­

suri ng that tho hiEh vel oc ity f l ows d o  not corn.a i n  c ontact wi th tho 

bottom, or arc diverted to  p orti ons of the bottom r-rhi ch will n ot en­

danger tho structure. Usually a c ombi nati o n  of those i s  usod. 

On many dams in tho past an attempt has boon made to  reduce 

tho voloci ty of tho Fa tor passi ng over thorn by hav i ng t�e Viator fall 

dO\m a series of storJS  on tho face of tho dam ,  d i ssipati n[s its energy 

by c ontact '>'vi th tho succossi vc steps and roachi ng tho bottom vii th 

i nsuffic ient o nore;y remai ni ng t o  seriously orodo tho stream bod. 
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Probably the outstanding example of this type is the Gi lboa Dam* of 

*Trans. , .Am . Soc . C. E . , p .  280 , Vol. 86 , 1923. 

the water supply system of New York City (Plate 1-A) . While the re­

sults o n  this dam have probably been successful , due to the carefully 

conducted model tests , without such studies  the action on  stepped 

weirs i s  o.pt to be different from that anticipated , "" and as the 

**Civil Engi neer,  p. 623, Vol . 2 ,  October, 1932 . 

pri nciples of other forms of protection  are becomi ng better under­

stood , thi s form seems to be les s  frequently used. The present ten­

dency i s  to di s sipate tho onorgy i n  some form of stilli ng-pool or to 

divert the high velocity strearn so that it doos  not come i nto contact 

vrith tho bottom whore damage wi ll result. 

Tho Four Classes of Conditions 

Tho most important factor in dotormininc what form of pro­

tection should be used  is the depth of nator on the dmmstroam side 

of tho dmn and its relation  to tho depth required to form tho hy­

draulic jump. 

I n  the most perfect form of hydraulic jump , tho energy of 

the high vcloci ty \7ater is dissipated so thoroughly i n  i nternal im­

pact that little o nergy remains to be used up i n  eddies and boi ls 

downstream . I n  the case of a dam with a TToll-formed jump at its  too , 

2 
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the veloci ty of the water is  so quickly and uniformly reduced that 

li ttle scour of bed and banks results. I t  is therefore desi rable, 

whenever possible, to design the dam so that such a jU1up will occur , 

as the protecti on  required for the bed and banks is  thus reduced 

to a mi nimum. 

The formula for the hydraulic jump i n  a hori zontal channel 

of rectangular secti on is  n2 =-D1 + / 2 Vi D1 + Dy where D1 and D2 
2 g 4 

are the depths upstream and d ownstream from tho jump respectively and 

V1 and V2 are the corresponding veloci ties. Consider an ogce dam ,  

FiGuro 1 ,  dischargi ng 100 

Figure 1. 

"1 -I 

H 

sccond .-foc t per foot of le ngth 

wi th a d rorJ H equal to 50 fee t. 

The veloci ty V1 ( neglecting 

fri ction) would then  be 

/ 2 g x 50 = 56 .8  fee t per 

second and the dopth Dl would 

be 100 --- = 1. 76 fee t. 
I 2 g 50 

Substi tuting i n  tho above 

formula gives a value of D2 

17. 9 feet which is the height 

of tailwater re quired to form a perfect jump at the toe of the dam. 

Tho ideal condi tion Hould bo to have a tailwater at such a 

height above the river bed for each discharge that i t  would form a 

3 
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perfect jump for the dep th and veloc i ty which would occur in  the over­

falling stream at the toe of the d am for that d ischarge. The hei ght  

of the tailwater, however, is controlled by the cond i ti ons in  the 

s tream channel d ownstream from tho dam and this  ideal cond i ti on i s  

never exactly attained . Frequently the s tafe-d ischargo o r  tai lwater 

rating curve at tho downstream side of tho dam i s  as shown in Figure 

2, but tho curve whi ch 
s25 I ­! 

+ ·-- - - - +- -- -· - ·-· -+-

820 

! 
I : $' e' e 

I I ( �  

- _:__ - - /�_()! 6 i : /, � -� 

: - - �- - #?-" . : 815 
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� 
810 - - --\0·,·-�,�- -- r -- -- - - 1· 

� �0;1>/ : �� 
f:i1 I I 

,:,.' 805 ; -- --/ - - -c--- - ·  -- - - r --
1 ' .) I ; ' : 
L- � ., 

800 v' · j 

0 10 ,000 20 , 000 30 , 000 
Discharce in  second-Foo t 

Figure 2. 

would be required to 

fonn tho perf ect jump 

on an apron at river 

bed leycl i s  as shown 

by the jump hoight  curve 

A-B, This shows that for 

d ischarges less than 

20 , 000 second �foet tho 

tailwater height i s  groat-

or than that required to 

form a porfoo t  jump but 

at greater discharges tho tailwator h0 icht is too low. 

The relations bo tvrocn tho posi ti ons of those curves fall 

in to the four :fbllowint:; classes : 

Caso 1 - Jump height curve always above tho tai lwe.tor rating curv3 .  

4 



Case 2 - Jump height curve always below the tailvmter rating 

curve. 

Case 3 - J"urnp hei f..;ht curve above the tailwater rating curve 

at low discharges and below at high discharges. 

Case 4 - :rump heie,ht curve below tho tailwe.ter rating curve 

at low discharges and ab ove at high dJ.scharges . 

Tho bost form of protection below a dam depends largely upon which 

of t hose condi tions exist. 

Class 1 

The first class fre quently occurs when a dam is placed 

at tho head of a rapids or sudden drop in tho stream bed. Under 

these conditi ons the tailwater level i s  low and less than the height 

roq_uirod to form tlw jump. Usually , too, the bed is of solid rock 

which will vii thstand considerable scour. Under these conditions an 

upward curving apron is  frequently put on the dam which throws the 

stream of high veloci ty water passing over the darn upward so  that 

i t  strikes tho stream bod somo distance army from the structure. 

Herc tho energy is dissipated by impact of the vmtor on tho river 

bottom and ad jacent r:ator , and al.thow,;h some scour takes place i t  

is  too small and too far from tho dam to  ondangor i t .  Ono of the 

earliest examples of this typo of dam is tho famous Holyoke Dam on 

the Merrimac Riv·:;r in Massachusetts (Plato 1-B) . Others arc the 

5 



Conowingo* and Safe Harbor dams on the Susquehanna River ( Plates 

*Engineering News-Record, p .  12 ? ,  Vol. 108, Year 1932 . 

1-C and D) . 

At the Bull Run Dam** f or the Portland, Oregon, water sup-

**Trans. ,  .Am .  Soc. c .  E. , p .  48?, Vol. 93, 1929. 

ply ( Plate 1-E) , a wide hori zontal apron was used wi th upward sloping 

deflectors at the downstream edge which directed the deflected s trearn 

so that when i t  fell back to the river level i t  was spread over a 

large area, and conseq_uently did not produce as s evere scour as if 

the impact v.ras locali zed. 

The conditi ons on the Wi lson Dam on the Tennessee River 

( Plate 1-F) are such that i t  probably falls in Case l. A wide, lev el 

apron was constructed be low thi s dam to pro tect tho river bottom but 

tho dep th of the tailwater was insuff icient to cause the jump to form 

and the high veloci ty water passed ent irely across  the 200-foot apron 

and eroded a large hole in the s olid rock at i ts downs tream edge. * 

*Enginoering News-Record , p. 190,  Vol. G8, Year 192?. 

Experiments w i th a model of this dam++ havo shovm that piers would 

++wilsonova Prchrada na Rece Tennes see, Alabama, u.  s .  A. - Antonin 
Smrcck. 

not cause the jump to form on the apron vii th tho tailwator depth 
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available. 

Vfhen the tailwater depth  is nearly sufficient to cause the 

jump, baffles or sills may be successfully used,  but they often re -

cei ve so much impact from drift or ice t hat they are ex1Jensi ve to 

build wi t h  a sufficiently strong anchorage . Baffles or piers do not 

d i ssipate as much energy as might be expected and t hey are t herefore 

not as effective as the hydraulic jwnp . *  Perhaps the be st example 

*Engineeri ng News-Record, p. 800 , Vol.  9 7 ,  November 11 , 1926 . 

of the use of baffle pi ers wi t h  a low tailwa ter level i s  i n  the Gatun 

spillway on the Panama Canal ( Plate 1-H) . This spillway i s  desiP,ned 

to discharge as much as 140 , 000 second-feet wi th a fall of nearly 75 

fo0t .  At t he toe of t he ogee section tho vrater impi nfes d i rectly 

agai nst the flat face s of the bafflo piors and much of i t  is  thrown 

high i nto t ho air ,  reachi ng almost as high an elevatio n as the wat.Jr 

abovo the dam . ** When thi s water falls to t he river level it has 

**Trans. , .Am. Soc. C. E.,  p .  487 , Vol. 93, 19 29 . 
Engi neeri ng Nows-Record , p. 800 , Vol. 9 7 ,  Nov. 11 , 19 26 . 
Hydraulic Laboratory Practice , Fre eman , p. 506. 
I nternational En[inocrin� Congress, pp. 46-63, Vol. II, 1915 . 

nearly as great a veloci ty as i t  had at t he toe of the d a�. The 

principal effect of t hese baffle piers therefore is  to d i stribute the  

impact ovor a larso area rath0r than to  d i ssipate the energy of the 

water. 

7 



If the tailwater level i s  not high enough to form a per­

fect jump i t  may be rai sed by bui ld inf, a low secondary darn below 

the main dam wi th a sufficient height to cause the jump to form at 

the f oot of the main dam for all cond i ti ons of d i scharge , Thi s 

method has been extensively used for dams on earth foundati ons . 

Plate 1-I shows a form developed by the Farf;o Ensineering Company . 

This method has also been used for a rock foundati on at tho Martin 

Dam of the Alabama Power Company. The d imensions requi red for such 

a pool aro shown by the experiments recontly publi shed . *  

*Proceedings, 1-,m. Soc. ,c .  E. , p .  1 5 21 ,  Nov. , 1932 . 

Another v.s thod which may bo sui tablo in some case s i s  to 

excavate a pool just 1Jclow the dam to provide  a depth sufficient for 

the formati on of the jrunp . In  thi s  case tho tailwater level i s  

not changed , but tho depth required to fonn tho jump is provided by 

tho lowering of tho channel bottom rather than by rai sing the water 

surface. Thi s m:J thod was used in  the Wilwood Dam** ( Plato 1-K) . 

**Engineeri ng Nows-Record , p .  660 , Vol .  99 , October 27 , 1927 . 

On rock found ations whero the tailv1ator level i s  nearly high enough 

to cause the jump to form, experience indicates that if no protec­

tion is added d ownstream from tho bucke t  of the dam,  tho bottom nill 

bo scoured out until  sufficient depth i s  provided to permi t tho jump 

8 
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to  form and no further scour wi ll take place. * 

*Civil Engi neeri ng , p. 527 , Vol. 1 ,  1931. 

Class 2 

Dams i n  the second class are apt to occur where the foun­

dati on  rock is at a considerable depth, and where the tai lwater sur­

face is therefore hi gher than necessary to form the jmnp. This case 

will be more frequontly e ncountered i n  the future than i n  the pas t, 

due to tho exhausti on  of the supply of ;:-;ood damsi tos. Under tho so 

ci rcmastancos ,  if an ogeo dam wi th conventional bucket is usod, tho 

wator flowing down the face of the da::n di  vos unde r tho tai lwato r and 

trave ls at hig h  voloci ty a long distance along tho bottom, formi nc; 

only a vory imperfect jump. Tho more nearly tho tailv>ator depth 

corros:9onds to tho depth required to forr:n tho jmnp , tho shortor th0 

d istance whi ch tho high voloci tics extend downstream .  A porfoct jwnp 

could bo formod for any discharge by bui ld i ng a lovol ap ron below 

tho dam to c;ivo just tho correct depth for tho formati on  of the jum.p, 

but this apron would probably not be at the correct e levati on for 

othe r  dischar·gos. By maki ng t he apron slopi ne;, the vari ous de pths 

roq_ui rod for tho diffe re nt flows can bo p rovided. The hieh veloci ty 

stream flows do�'m tho slop i nc apron until  tho d0p th be low tai lwator 

L-:vol is roached at whi ch the jump can bo :rormed for that dischar(;o , 

and at this poi nt tho jump occurs . Tho advantages of tho sloping 
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apron have been poi nted out by G. Gale Dixo n. * 

*Ei1gi neeri ng News-Record, p .  69 6 ,  Vol. 100 , May !3 , 19 2tl .  

The formula given above does not exactly apply to jumps o n  

a s lopi nc; floor si nce the water enters the jmnp i n  a di rectio n  some­

what different from that i n  which it  flovrn away , whi le the formula 

assU;11es motion  i n  the same direction.  The formula for the f ormati o n  

o f  the jump o n  a slopi ne, surface has been developed b y  R. w .  3llms. ** 

**Trans. , .Am . Soc. E. E. , Sept. -Dec. , 1 9 3 2, paper HYD-54-6 . 

A jump formed under favorable co nd i ti o ns is an i ntimate , 

relatively uniform mixture of air and water wi th a whi te appearance, 

and the veloci ty is  reduced wi thi n a crn,1:parative ly short distance. 

As the jump becomos less perfect t�1e rnixturo i s  not so intimate and 

the veloci ty is not so rapidly reduced. I t  is questio nable if a per­

fect jun;p can be formed except on a level f loor. As t he slope of th0 

f loor is i ncreased , tho dissi pation  of the o norgy bocomos loss effi­

ci e nt. E:x:perim:r nts o n  tho mode l  of the Cle Elum Dam spi llway with 

floor slopes of 1½ hori zo ntal to 1 v,:,rti cal, 2: 1, 3:  1 and 4: l showed 

proe-rossively loss scour as tho slope was flatte ned . 

Probably tho outstandi nc; c:,xarrrp lo of tho uso of the slopi ng 

apron for dams in the sr�cond class is the !1,(addo n Darn ( Plate 1-L) now 

bei ng constructed to store water f or the Panama Canal. This form was 

10 



developed as the result of exte nsive model tests. * 

*Engineeri nG News-Record , p. 42, Vol. 109 , 1932 . 

The height of the natural tailwater and the jump height 

curve for an apron at strearn bed level are given on Figure 3, show­

i ng that this case falls i nto Class 2 .  The shape of the apron was 

de termined. by trial. By varying tho tai lwater level , a determina-

tion was made for each form of apron tested of th0 tailwater levels 

required for tho various dischargos, to cause the jurQp to fonn at 

the upstream edge of tho a:pron. For each form a curve was plotted 

of tailwater lov,Jl required ac;ai nst discharge over the dam. The 

agreement of this curvo wi th tho tailwator rati ng curve for the 

best apron developed is shown on Figuro 4,. Tho apron dcvolopod had 

a slope of 4 horizontal to 1 vertical with its upstream odco approx­

imately 30 fee t abovo tho foundation lovol. At large discharges , 

however ,  the high veloci ties  exte nded e nti rely across the apron and 

a small triangular sill or lip was placed on tho dovmstroam odgo 

of the apron to deflect the swif t wat0r up off the stream bod .  Tho 

slopi ng apron may require larr,e volumes of concrete but in  the case 

of the Madden  Dam this was of assis tance in rosisti ng earthquake cf-

fccts. 

I n  the model experime nts for the Madden  Dam another form 

was i nvestigated which requires loss concre te and would prove advan­

tageous i n  certai n conditions. I t  may be called the high buckot 
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type . I t  con sis ts of the ordi nary curved bucket of the ogee wei r  

located s ome distance ab ove the river b o ttom, as sh own on  Fi gure 5-A. 

When the tailwater level is  s omewhat higher ab ove the Hp 

of the bucket than the upper surface of the high veloci ty sheet  at 

the end of the bucket ,  any water which mie;ht be on top of this  sl10et  

i s  sv-,opt away by fricti on  wi th this  sheet  and tho upper surfaces of 

the sheet  is below tho tailwafor levol. A pressure is then oxortod 

on  tho under side  of  this she e t  boyond tho li-p of th.:; bucket as 

shown by the arrows i n  Fic;urc 5-A, due to the pressure exerted up-

stream beneath tho shoot from the hiGhor tailr:ator l·:wol. Th0 high 

veloci ty j o t  i s  defloctGd upr1ard by those forces in a great sTTecp 

vrhich may carry i t  ovon hi gher than tho tailvmtcr level, to '.7hich 

i t  falls back af ter tho upward moti on  is  ovorc omc by gravi ty .  As 

this TTator falls on top of tho doop tai lwatcr i t  d oc s  no damaco to  

tho river b ot ton and tho o nly scour o n  the b ottom is that duo to 

the upstream f l owinf ,:ator of tho oddy ·shi ch forms bonoa'th the high 

veloci ty shoo t. Thi s  cond i ti on of flo·;"; occurs at flo od times on  

the dam (Plate 1-M) of  the recently c ompleted Dnieprostroy p owor 

plant on  the Dnieper River i n  Russia . *  F or s omo·1:hat higher tail-

*Engi neeri ng No·,,s-Roc ord , p. 87 ? ,  Vol. 108 , June 23 , 19 32 ; 
p. 90 , Vol. 109 , July 21 , 19 32 . 

water levels the p a th of the high veloci ty sheet tends to  become 

nearly verti cal and part of i t  falls back i nto the "valley" along 
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tho face of tho dam, as shorm o n  Fi gure 5-B. This acts as a brake 

on  tho high volocity shoot  and it  d. oo s not s-.-roop  so  high. Tho o n­

orgy in  this case is  vory thoroughly dissipated Pithout attacki nc; 

the stream bod. On tho t1addon Dam model the hc ic;ht of tailnator 

v,hich nould gi vo these  conditi ons f or a bucke t  lip at e levati on  90  

\,as determined f or tho ontiro ranc;o of discharge. Those taih:&tor 

hoi c;hts woro plot ted acai nst  d ischarges and -.-1oro found t o  bo approx­

imately :parallel t o  tho taih:ator rat i ng curvo of tho ri vor as sho".'m 

on  Figuro 6 ;  that f or cond i t i on  A r;as r oughly 3 fc:.ot  bolon tho tail-

1ia tor curve of tho river and that f or c ondi ti on B appr oximately 5 

foo t above. By lo-::crinG tho bucke t 5 foot tho A curvo -.-,ould approx­

imately coincide '<<'i th the taiL;ator curve of tho riv0r, a nd a rise 

of 3 foot in  tl1 J bucke t  would brine: the B curve i nt o  agroomont. 

Thus -;-;i th a bucko t a t  elevati on 85 the A condi ti on r,: ould occur at 

all discharges ,.-:hilo at elevation 9 3  the f, conditi on r: ould occur 

at  all dischar�os • 

F or tho condit i o ns at the Madder n Darn, ,-:here there y;as on 

tho ri vor bod material ;;,-h ich l-:as sufficiently fine t o  bo moved by 

tho back eddy, th.:,sc rolati ons ;':oro found t o  bo unstable, as tho 

back oddy carried t l10 fine material up t or. ard the buckot and tondcd 

t o  build up a bar there , v:hich cut off the back pressure fr om tho 

tail·.-!ator and caused tho hifh voloci ty shoot  t o  flow more noarly 

hori z ontal. I n  this p osi ti on  tho high veloci ty shoot  tended t o  

13 
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carry along wi th i t  all the water in the eddy below i t  and built up 

a low pressure area at D of Figure 5, C i n  the place of the eddy . 

The force of the tailwater p ressure then acted on the top side of 

the sheet, and deflected i t  downward a[;ains t the bottom, which i t  

s truck wi th a considerable impact. Wi th a bottom composed of solid 

rock or materi al of too large s i ze to be moved by the back eddy, 

this cond i ti on would not occur . 

I t  is believed that these flow cond i ti ons offer a method 

of scour protection below dams worthy of serious considerati on for 

the condi t ion of deep tailwater below overfall dams . Their appear­

ance is not as sati sfactory as the hydr-aulic jump on the slopi ng 

apron but thoy require much less concre tG than tho sloping apron 

and if the condition C can be avoi ded they bring evon less scour on 

tho bottom. In the Madden model the lip of tho bucke t was hori zontal. 

If i t  was curved u:p somewhat as on the Dni oprostroy Dam i t  is  prob­

able that tho C condi tion would bo loss likely to occur . I t  is  

not necessary to have only ono of th0 tvro sati sfactory condi ti ons 

throughout all discharges,  as one might 1)8 used for low flows and 

tho o ther for high onos. This will often permi t tho matching of 

tho river tailwator curve when i t  cannot be done Yri th c i thor one 

alone. 

Tho conventional bucke t wi th relatively short hori zontal 

apron may be sati sfactory for Class 2 cond i ti ons if the jump he ight 

curve ( based on the apron level) is not too f ar below tho tai lwater 

14 



rati ng curve, si nce the p roper dep th to form the jump may be reached 

on the sli chtly slop ing portion  of the bl1.cke t ,  and a relatively per­

fect jump be formed . If the difference between the two curves i s  

great, the dep th causi ng the fonnati on of the jump wi ll be reached 

on a steeply sloping surface in  the bucke t or on the stoop face of 

the dam and the jump be very i mperfec t, wi th high veloc i ty curre nts 

extendi ng far d ownstream , necessi tating a long apron .  The length of 

the apron may be considerably shortened by the use of some forms of 

si ll at i ts downstream end.  

Class 3 

The third c ase occurs where the tai lwater dep th at low 

d i scharges i s  i nsuffi cient to c ause a jump to form on a level ap ron 

at river bottom leve l ,  but i s  moro than sufficient at high d i scharges . 

Thi s  i s  a cormnon case and tho solution c o nsi sts i n  artifi cially e re-

ati ng e noue;h water d ep th to make tho jump form on tho apron at low 

di scharges .  Thi s may be done by a low secondary dam or si ll across 

near the dmvnstroam e nd of a level apron. Thi s  second ary darn must 

be high enough to c ause the hyd raulic jump to form upstream from it  

for all flows for which tho natural tailwator d ep th i s  i nsuffic i e nt. 

It may need a seco ndary apron d ownstream from i t  for it is in fac� 

just a second dam. The d ep th re quired may also be secured by d epres­

si ng the apron, preferably by slop i ng i t  d ownwi..i.rd i n  a d ownstream 

15 
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direction .  Thi s  me thod was used on the repair of the Harci lton Dam . *  

*Engi neeri n� News, p .  130 , Vol.  108 , January 28 , 1932 . 

Thi s  third case is usually favorable to the use of baffle 

piers or some form of dentated s i ll near the end of the apron ,  as 

these tend to break up the high veloci ty flow at low dis charges and 

also to raise the tai lwater , both of whi ch actions promote the forma­

tio n  of the ju.'llp . They would also be advantageous at high flows 

si nce then the depth of tai lwater is greater than r0quired to form 

tho jump and the nappc over tho crest tends to dive down to the bot­

tom of tho river and flow along tho apron at high veloci ty as previ ­

ously described. When this condi tion  occurs,  the si lls or p iers arc 

useful i n  break i ng up this  destructive current. For low i ntake dams 

i t  is  not uncom,t1on to have tho he ight of tai lv:atcr at high f lows suf­

f i cient to submerge tho o ntiro dam.  I n  such casos the drop at tho 

dam i s  sli,:;ht and protection against these hich f lows is  no problem . 

Class 4 

The fourth caso , nhorc the tai h:ator dep th is  suffici e nt 

at lov, flm'iS hut too small at high flo';;s, can be solved by i ncreas­

i ng the depth of tai lwater sufficiently to cause the jmnp to form 

for tho maximum discharge contemplated, e i ther ):)y a secondary dam 

or an excavated pool.  Wi th those of tho magni tudc required for tho 

maximwn flan , tho tai l1:ator dep th Viould be more than suffi cient to 

16 
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cause the jump to forr;1 on the apron at the lo�ver f lows but this con­

dition would probab ly not be objectionable for low f lov1s . 

Eff�ct of Changes _ in _ Dam Cres t Length 

To make the foregoing anelysis as readily understandable 

as possible , it has been as sumed that the s tream flow was uniformly 

dis tributed over a fixed length of the dam and therefore for a t;iven 

discharc;e there \'!ould be a fixed condition of overflow and a fixed 

tailwater e levation .  By the proper selection of crest length, how­

ever , it may be p ossible to socure a closer ac;reeme::nt be tween the 

tailwater rating curve and the jll.1.lT"i.) h:Jir;ht curve than is  secured  by 

an arbitrari ly chosen leneth.  If tho first  assumed len0th produco s 

a Case 1 condi tion ,  the ar::reernent will be improved by increasing th0 

cre st length , which wi ll cut dovm the discharge per foot length 

and conseq_uently lower the jump height curve . Simi larly , a Class 2 

condi tion can be improved by decreasing tho crest  lenE-;th , producing 

a greater discharge per lineal foot of cres t  and thus raise tho jump 

height curve . Such changes may rosul t in  i ncrea.sc.s. in the cost of 

cres t gatos or other feature s of tho dam but this rnisht be rnuch moro 

than offs0t  by the reduced cos t of b ottom protGction, and the possi-

bili ti,:is of such a s1:ving justify a study of this ph8so whore tho 

circw.ns tancos parmi t a choice of cro s t  1-:;nr,ths . 

17 
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Effe ct  of Crest Gates 

The foregoing analysi s  has also been simpl:Uied by assuminf; 

that the flow of the stream was uniformly dis tributed over the e ntire 

crest length of the dam. With control cates on  the crest, however, 

the flow can be conce ntrated and at certain portions of the dmn the 

flow will be greater than at others. To be perfectly safe , the pro­

tection should be designed so that it will be sufficient with any 

possible condition of gate ope nings and flow. As a practical matter , 

however, it may be  assumed that reasonable judgment will be used in 

operating the gates, and sufficie nt protection provided so that no 

severe damage would result vii th the undesirable condi tions acting 

for a limited time, such as mie;ht occur ; for exa'll:Ple , in the case 

of the failure of a gate to close when desired. I n  most cases it 

will be found best to have tho crest gates designed to be capable 

of operating partially ope n, in order to distribute the wa ter un­

if'ormly over tho cre s t  ins tead of' permi tting only an ent i rely open 

or e ntirely closed condition. 

Protection for Weirs of Indian Type 

The foregoing classificatio n applies principally to pro­

tection below masonry overfall dams of the types cormnonly used in 

this country . For the broad weirs with slightly sloping aprons 

frequ,:mtly used in India and Egy:pt, 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 , wi th or wi thout nasonry dividing Ulills, having a 

slopinE; upper surface paved i:sri th hand-laid rocl� or mi::.sonry, as shown 

on Figure 7 • .After pass in[!; over the cr0 s t  of a wei r  of this type 

the water flows do,:n the slopi ng apron unti l i t  c,mcolmters the tai l­

water, and at  thi s  point a hydraulic junxp is usually formed . To pre­

ver:t scour, this jump should fonu far enouzh from the dovmstrGa:il end 

of the apron that the turbulence of the jwnp does not reach to tho 

unprotec ted river bed. To secure this result  :m.ay DfJ COssi  tato tho 

extension of the apron below the natural levol  of the rivor bod . 

It is nocossery , or at leas t desi rable, to havo the point whore the 

jump occurs movo up the apron as the discharge increases , since thi s  

provides a longer lone th of ai)ron to ta� --o car.:, of tho groa tor tur­

bulence of tho jump wi th tho larger flews . I t  i s  also an advante.?_;o 

if  the woi r  is enti rely drowned ou.t for very high flo-,;s, sincu thi s  

olimi na t0s tho combinntion of high disctsrcc and fall which i:?ould 

produce so much dos true ti vo onorc;y. These  condit ions exi st  at tho 

Ros0 tta wei r, * ( ?i/urc 7) iihich is at tho h.:;ad of tho dolta of th,J 
--------------------

*Standing 'i'iavo Wei rs , oy A. D. Butchor. 
--------- -------··-------··---··---- ------------
Nilo . Tho surf'aco pl'of' i los show that tho posi ti on of tho jump movos 

ups tream ar:3 t�10 dischm·go i ncroasc,s a:1d for a f low of 170, 000 , 000 

cubi c  mo tors I·Ol' day the ju.."'TI.p is ,)ntir,::;ly dro·ancd out. Although for 

�nany dams of this tYIJO tho inai�tcnancc cos t  haG bcsn high , TThon con-
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di ti ons are fav o rable i t  may be  very l ow ,  as indi ca ted by the main­

tenance charf�e of O .4;� for  a 15-year peri od at the Lnguna Dam on the 

Colorado River, * all of which was due to a cutoff of the river just 
--------··-· 
*New Reclamc.tion Era , p .  189 , December, 19 24. 

----·---------
dovmstrearn from the wei r ,  which l owered the tai lwater level 7 fee t  

and necessi tated an extensi on of the apr on. 

Vii th this type of wei r the p ossibilities  of increasin@. tho 

tai l water depth are rather  lim:i. tod . I t  is  theref ore unsui tod t o  c on­

di ti ons having a l ow tai lwater leve l ancl tw o comple te fai lures a:ro 

beliovod t o  have been duo t o  tai lwater levels s o  l ow that tho hy­

draulic jump occurred t o o  near t o  or  below t h() downstrerun ed[.:;e of 

the mas onry, causine; an undennining of the structure whi ch pro-

t::ressed upstream and caused a broach . _t\.n adjustment of tho dam 

t o  fi t the tai h1ator cond i ti ons may s orr1e ti:c,1os bo made by a proper 

choice of tho dam lenf,;th, as p revi ously discussed. 

Most of the rGcent dams of this typo in  Indi a and Egyp t 

have boon constructed wi th br oad, sl oping lilasonry aprons surrnountod 

with piers and St oney gatos .  The f orcG oi n6 discus si on applies t o  

this kind also , although i t  is complicated somewhat by tho nocessi ty 

of having sufficient tai lwater dop th t o  causo the jump t o  f orm on 

the apr on v1i th the gates in a partial ly open c ond:i t i on .  T o  secure 

this i t  may bo noco ssary t o  carry tho apron belov, natural bod level. 
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If the river carri es much bed load , allowance should. be made i n  c om­

puting the position  of the ju.mp for a retrogression of the downs trea;11 

river level. 

Tai lwater Ratin8 Curves_ 

Enough has been giYen i n  the f orecoi n[:£ to show the impor­

tance of the tailwater rati ng curve j_ n the s olution of this problem. 

One of the firs t  steps i n  attacki nG the p roblem at any s i te i s  to de­

termi ne the tai lwater rating curve , ei ther by observing the actual 

levels for a ·wi de range of di scharc;es or  by computati. on. The former 

method should be used if p ossible, but fai rly sati.sfactory results  

may be secured by determini ng the tailwater elevation for various 

d.ischar5es by means of backwater curves f or these f lows . Si nce  the 

water levels at downs tream points  for these dis char[:es are p robably 

also  c1nknovm, the curves may be started at assu..'11.ed elevations far 

enough downstream from the dam that the error in the assumed eleva­

tion  wi ll have di sappeared before the curve has been computed as 

far upstream as the dam . That thi s i s  the case may be determined 

by assuming somewhat different elevatio ns for  the same di scharge 

at the lower end of the stretc h and if both  assumJ) ti ons give p rac ­

ti cally the same elevation at the dams ite ,  the error introduced by 

an i ncorrect as sumption i s  negligible. 
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_La bora to�y�_xrieE._�menJs Fe ce sss.r:c 

I t  is not the intention of this article to give the impres ­

sion that  hydraulic laboratory tes ts are unnec,, ssc::.ry in workL1e:; out 

the best form of scour protection below clams . Such tests should be 

made on all important structures and will usually pay for themselves 

in the improvements which they b ring about in the minor features of 

the de sign , entirely aside from the ma jor improvements which they 

make possible . The intention of this analysis is only to point out 

the line s along which the best solution probably lies, in order that 

effort may not be wasted in unneCGfJsary investi c;ation • 
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