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NOIEL STUD'I 0? GHEEN uouaum DAH SPILINAY

DyJ.H.Dmn
mmmms»wcuvum

Permorly Asaistent Engineer, U, 8, Burean of nuhntim, numr.
Oolorado., Now Assistant Bngi:nnr. Us B. Sng:unor nfrs,s, Los
Angeles, calira-n.h. ‘ , . R

" 4 model wms utilized in thl I'mlruulic dolim d‘ tlu '
Wnuminmlpulnyandm the basis for important do~
clsions reparding ssversl featwrws of the desipgn. Partioular
studiss were mads of the inlet tnnlition, spillmy arost and -
gte struature, the high=veloelty ohutn, and ‘the erceion of the
river bed dowmstrean from the splllwey. Primary cbjectives in
the model studies were; (1) to othblilh the minimmn radius of
ourvature of the inlet transition far utilmmry hydranlio
performance, (2) to determine ths efficiensy of the apillway -
crest end bridge piers, (3) to obtein the most coonomical and -
offective hydraulic desipn of the spillwey chute, and (4) to
determine the extent of ervsicn dowmstrwan from the apillway
and the feasibility of lmplo;,rs.ng some typo of M:illing btuin
for soour prnwnt!.m. :

A phn and. o].ovution of th 1‘1:-.1 bligx of the con- -
crete spillway are shown in figure 1., Ths inlet transitiom is
ourved ip plan with s minimm conter-line radius of 200 feet,

The spillwmy orest has an elevation of 7,920 feet and a met
lcngthnf'rsrnt. Pinr-zrntsimbludnluppmthm
radial gates, eagh 22 feet high and 26 feet wide, that contyol
the upper 42,000 aore-fest of storage. The. lpulny ‘chute con-
verges at warying rates from a width of 80 feet at the orest to
30 feet at station 14422.18, ‘A swooth trenmition from a 30«feot
wide rectangular seotion to a trapezoidal nection with a R0-foot
wide bettom and 1/2 to 1 side slope is provided bstwsen station
14422.19 and station 16436.12%; the trapesoidal seetion extends
to the end of the chute., The siope of the chute, warying from
2ero at the orest and end of the dunmltoﬁOpomntBOM ‘
from ths ond of the channel, was daterminad to fit the mountain-
sids topography, providing for a tetal fall ef 288 M

The model was bs&yld and oomm:a 4n th Burnu =
of Reolamation, Denmver, hydraulis: Jaboratery to s limear sonle
of 1 to 40, and required a miximm discharge of 2.47 ascond-fest
to represent the prototype design floed of RE,000 second=fzet, -
Exvept for the sloping inlet and chute walls, whish wore & moat
omwnt mortar, the model wns ocanstructed of smeoth pimy and red-
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"°°d po.in'bod with g-ny omnl for put.ectiw mring It‘m"
oltuut.ad that the value of n in Ihnni.na' formula for the fin-
‘1shed surfuce s 0.013. ‘ h g |

IIIBT TWI‘!I@
! of oommnbh oewo W involved
the “sige n!' th ot ohaxmel to the ohte.  Since the material
‘ to be exsavated ig suitable fer: eonstrustion of sertain sanss af
. thes eareh strusture end ia also: uaunn:l.onkly lmud‘ a large in=
let is feasible, provided rook is not not ensountered, Shouli reek

- be enocountorwd, the smallest redius .‘mlot hydrsununy uuitnblo ‘
-ﬂllbothonutwcmntul. _ R

'l'ontl of &OO-foat and’ zoo-rooc mur-un- ‘radiug in-
~1.ta wIre studisd in the model. ‘Bxsept for scss disturbanse in.
-the romefamunwsntth- ingide wall of the imlet, ebe
;:mt:l.om and meagurewsnts shewsd the zmaller: m;\.:l‘nb. prae= -
- tieally s satisfactory hydrsulioally as the ‘larger t, Watere
surfaes profiles at station 9480 end the tu.uhrp coufficients
wre identical for the two eases. Due to the ‘surface wave dise

turbanos ‘in the 200-foet inlet, it was oomsidered wndesirable to |
further reduce the mm redius,

: : wnmtlmamw of tlmnhr -urfuo i.n
the chube indicatsd slightly unsymmetriosl but not severe fiow
aonditiona whish: uwndoubtedly origimated in the curved inlet. A _‘
etudy of the unhﬂmdnwpmmmﬂnomhdtothoom--‘
clusion that energy of flow per wnit width ontering the shite was
groater on the left sids than an'the right side, Pram the theery
of 3 owrved chammwl, to'have equal emergy distribution in a trans=
vorss geotion, superslevaticn of the bottom must be introduesd, - .
dssordingly, the inlet bettom was supnlwntsd.h:ttbnmma_
"Amprovement in ohuto flar conditions, It ‘is apparent that other
fosters influense ths nwthrmmthuwdwmdml.
‘The unsysetrical ohange from a trapeseidal to regtangular see—
“mhwmblywrylimfim mtb thnlmn‘bottlnﬂ-
pturn. ‘

leJIAY ms'r cmmmxw

_ _ toolwokth up.oityd‘th lpuhuycnat. mm
mmwm“ﬂwtb 200=Tost sentor=1ins
radivg inlet, The results are showm in figure 2, The experi-
mental discharpge coefficient in tiw universel fermmila Q = dl.l;‘r/‘
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!‘ertll e upnmzn,,ooo ﬂnnddut is 8.21 iuch is in
exsellent sgrecmsnt with the velus ‘of 3,80 used ru- the ‘origtml
‘dosign,  Por the meximm aplﬂting hud, the twoegats and o=
gbo dischargos are 58 and 27 perveant of the three-gnbe dischargs,
‘ond the - nmnpondm; cosfficients are 8,78 and 2,63, respestive-
1y. For ome-gate cperatien, the esxter gmte has the largest oo
offtoient, the lefd ‘alightly amller, and the tht mlhl%.. :
The variation, mr. 1- hu 'bhln four. pmrﬂnt. et

The usual proosdurs in estadlishing & d.tlelurp nt:l.ng L

ourve ‘for design purposes is to selsct o discharge ocsfficient
- 4o sult the particulsr typs of erest involved amd compute several
pointy of the ourve using ths ‘selseted ccefficimt fer all heads,
thcufﬁchuttcuwmntahpoubymmmcmm .
‘deareages with desrocss in hoad, as shewn in figure R, Ths per~
cont; differsmns in experimntal end design rating curves hesosms
hrg-fumuhm.hmngnmruuMmmdet
o fuet in this cass. Ths design reting owve, btaged on & single
sanstant ogeffieiont, ttnrcfm. um:-nm:to mwmmng L
‘mnunhu'ps._ D ‘ _ ‘

T Am nmuiun ror the mtiu i.n dhomrp mrriaim
with Jwad, dstermined to f£it tho Wrmml mfrinuut ourve -
for thru-glto opomtim, uu fmmd 'h be S _

. whore E' apd C' tb n:r.lm hu@ hu.d a.nd mtﬁ.nhnt, ;i'
B huwhndmutlanmm C is the wmupaumu

- cosfficiant, and A s ths mmber of contruetions. “Two plers
- ¥ield four combractions, since tie sides of ‘th» cregt cpening oye
_oemidond ouphuly supmnud with the mckh inlet txmitim "

81nn0 llnp and longt.h nt' mit and: m.ﬁm-. -m, u.nd :
shape of brid.p plors influenos the: ‘coefficient, the above ex-
muimumumwmmmmmm o
It is uaeful, howswer, in mmm.u approzimies mating curves
for generally similar strusturea, - For very low lwads, friotiom
baocmes BOro significent in tle modsl than the protstype, so the
wode) coefficients arv scmowhat smaller than those for the prote=

type for sorPssponding heads. Prototype meesuromsnts are required
‘o detorgdne tho roh'hiamhip mcm lcdnl a.nd prcbm'.m no.tﬁ- o

oisnts for - wry low bada. L




‘ S e .fﬂnhvmy of the hﬂ.dm ph'n s dot-rmimd vy m- '
' mingthn phratndmuhrttin;thn ‘orest with omo opening BO -

foot in width,  The cooffisient is unmnﬁ only 0,7 paroant 'bts
3425 for no piars snd the mazimm hsad, Figure 2 further ghews:
that the afﬁoionoy of thm p:lnrs daoru.uu with dooroui.ng hoad.

BPILWI CBD‘E

Opontim of the eri.gimlly d-sipnd chm:a. lholm hry :

. dashed lipss in figure l, chowed that the chennal convergena® beé-
lew the gate structure was too rapid, resulting in the transverse-
wve phnnupnm ‘often encountsyred in “‘tapered ohamwls. - Starting
with waves whioh origimtad at the sides of the upper emd of the
ohute, ths waves orvesed forming o Swell approcimetsly nidmw be-
tweon tho side walls, traveled htomny t0 the .sldes, and wore
reflected back to tiw eenter., ‘This action wes repoated conf inu=
ourly, forming four swolls in the. hngi:har*un chitte, Az indi=
eated in the model, the- nvu, Af reproduced ‘in corresponding do-

. gres . in the pretotype, would overtap the origimlly specifiod 1b=

" foot high chute walls, - ‘Several mmller angles . of sonvergense -
vore tested and the bnimshmmﬂm l.lhihncbooqm—
1y sliminsting the waves, proved saticfastory. The height of

chuts side wmlls was Limreased to 19 feet, providing a minimes
fresbodrd of -7 feet, which provides sllowsxes for considorable
srtralnment of ely in the proeotypo ohutn flow. 8inee rock ws.
snsountered at about station 15400, it wea. scoucaical to ohanp

to & trapesoidal section with 1/2 to 1 side slopss. A minimm
length of transition from the upstream rectangular secticn o .-
tha lamr trapeacidal seotien of 170 feet wea required 0 giw
‘eatisfastory fiow conditicns in the dower part of the chute. No
serious adverse flow gonditions within the ahute rauult-d rrm

any: om.tmtim or one- and tn-pta opantion. :

: An importarnt duign mtur- rur nucoourul hydnulia

: -optmtiun of tiw ahrte is the design of wortieal ourwl. Gamnn.y
vertical curves are imtrodused to £it ths topography. o

 steep vertisal eurves result im springing of the highmleoity

ptream fram the chute bettom seriocusly th enfe operation,

The thecretieal equation for the jet: Wocwy baged cn 'bhn mn

w].ou;lty ut the hog:hming af tia curw 1¢ ERE,

y'-:m‘ﬂ---‘sw Ia




Whare =x uul ¥ u‘o th- hm'isoub&l and . Wrtiul ooardimtoa w:!.th
ths P,C, of curve as urigin, ® is the u,ngh tl-n ‘ohibe’ botbom
malkes with the horisomtal st ths PiCo, Vyp is/ths mean wlmw
in a transverse sesotion st the P.C., and g is ‘the acosleratien
of gravity. This equation was used in degigning the wertical
curve of the B‘.:Ltti'hu ‘shuts, Yeldme project. Resent opura.ti.cn nd'
this chute showed the vertival ourve teo be entirely too steop.
much water sprang from the vertioal ourve that safs ﬂplmtion m
lﬂ.mitod to about cpe-half af thn msciviun demign d.iuhargt. :

‘ To prownt a.ny diarupticm of the ﬂ.ow, the tn:jnetm'y o
should be desipmed for at least the mximm veloeity in the trans-
varse mection et the beginning of the trajeotory., Assuming m mﬂ-_
mum veloolity squal to 125 porosnt of tha mean wlocit:,r, the
tmjcotm‘y equation becomes

r"--z-m"- - ?"L T

ncuﬂ

: Vhen s mas of wwber-nir mizture pa.uau OVOT B wnvax
vartioal curve at high velssity, tho reduwstion of internal press— -
ure within th® mass dus to eemtrifupsl aotion results in an sx-
pansion oi' the air bubbles within ths mmés and an inoroses in the
tendenoy. toward disruptiom of the. I'lmr. A nore onmsmtiw o=
nim formls. mnld parm.ps thnn : ‘ s

""Iy‘-“-,-"xttne‘- ‘ ':'j —— xs, o
L an “.za

All of the ocomvex vertioa.l ourves l‘nr the men Hnum:ain tpinmy
fall woll within the maximm limit! given by the latter expressicnm,
‘&0 natiametorv flow oonditiam ‘over th. curwu are axpeoted,

: An srror 1a oomlJ im-.rodmd in. tho lqrdra.ulio oompa- -
tations for flow. in steep omrbes by umse of ths meen welocity,
The averars ensrgy of flow at. any given cross: section is ocorrectly ..
deternined from the average velocity. Averags velooity, ag
here used, is the arithmetioal ar algebreic average of ths ve~
‘looities of ‘all the particlss, whereas the mean welocity, as are
dinerily used, 1s the averape velooity omr the roes ssotion of
the chammel telen by areas., Unless the velooity is unifern over
. the entire cross seotion of the chamel, these two terus are not
" identical. The assumption that the velooity is uniform over a
f-ivun cross saction is nover ﬂmtly true. In recent. oonp\m




M 13400 & T.TSs

't;ionn B lcinatiu nmrw I‘nator, as has bmm 1m-.rodwad %0 thﬂ.t

the. true mvorege ld.mtio enmergy or nlooity hw.sd is. ginn 'by
ré ‘v.z ‘ ' WA
a o ‘-whsm' V is tho m?oan wl‘oci‘by. - L R o

S lba-ummntn and’ oonpmtiom wre unde in th- nodnl to
‘ u'dntnrmim ths valus ‘of & ‘far high nlooityﬁﬂw. An appurent
: uzperimnntal snnrgy linu ‘was plottad by adding nppnrtnt vllaoity

‘haads, as dntarmimd by: » te mﬁor—nwi‘m o'.lp-mtiom a.lmz

the' ohuta., The trm onorgy lim ms obtﬂimd by uub’tmo'ting the
shannel friotion lcss, as determirwd by Mirming's formuls, from
“the reservoir elovation,. The diuorap&noy batwuon the appnront and
true exerpy lines is s measurs of “he’ valus of the cosfficient @,
In computing the hydraulic veluss'of table 1, convertsd to mbo- ‘
type quantities frcm model values, no attempt hag been mdo Lo ad-
just prototype values for possibls differense in prototype and
model roughnesa valuns begsuse of the unmrh.inty of theso wluwe
and the ndded effect of ontrtimd air. The peint to be nmd s
that the ccefficlient, e, inheremt in the velooity distributdem, :
is important in determining the true energy. 1ine for high welonity
flow, A point of interest is thmt o  imareasss in wvalus as the
velooity inoremsss, indioating thet the welocity distribution’ b=
comds lsss uniform 111 * orou uotiun as . the' wlocity imroma.

TABLE T - HYDRAULIC pnoyanrxns OF CHUTE FLUN - 26,000 ulcann-rsﬂr P

D T T T T et ol

sdepthy rodius :nlmityml.m»dml.hnmx !'nmtcr
Sﬁqtiuna_‘ﬂn 1] .R‘;' V,__ ?3!V§5 s ‘!iV!g j H  £§,

N )
9+80 122,501
10«60 110,382
11410 ¢ 8.22:
11477 1 T4

13,86
422
" BB ek

T6:8
B82.5

B3.9
885
88,0
1012
A02,6

1,08
X086
L 107 .

'15.0
2.8
. B8e8
'12805
m.?
133.0
ie9.2 -
181,0
20L.0
2968

U.2 ,
7.7
8840
40646
1084
116.2
1B0LE
147.0
168,0.

- 16419  310,87:
16+494,18:111,261
15+97 111,102

17+96 110,701
18+61 1 8,881
19+85 t 9”763 '

o ledB
1.24

1,88
1,98

1.8%

-u-.-»-b_‘.-cg-.nun -
T DM BN e N e a

-'-_»‘n.n.‘ui_-i-_n-'n-




sscuring by the high-welesity ‘olmibs £low, 1t s omslidored soo~ .
. noaisal t‘:yht"t?hn-iﬂw shegt eut into ‘the river without thy uge
- of cny type of stilling basin,. There waa some :
‘to the formatien of a grovel bar: i the
ues. Sush a bar weuld refies tho tail waber in the -
tallrase, effectively reduoing the ‘powor hosd,

Isr to atudy

- lssr gioble madied mutorial,

of the sarth dom, For .-
did- dectrustive eddiss Teorm ot the down= .
a@n.,‘m‘aowing;wcmd wall. S
| ‘ 3 Mg},“.?f;m;m@fwr* :
* Ploods up 0 7,500 eseondefeet, For Iargic. floods
W4 eurried out of the medel, A bar-orest envel

10,000 seoond-foet, The s

bo formed for this flood, -
- Over.the erewt of the bar : ‘above eritioal for

the bed materizl so that ~out and does not

build ag high, : e

o matot}m ‘nmpla&xiﬁ:u ',iﬁbn#t‘msrs'lmmfy-drl ssour
‘bed material, the model -gt\wu-mly,nn,_ind_ioatim.‘-tht & bar
ight will be formed, _Wiother the bar will be °

than that shown by ‘the mgsdel will depend. en -




150] 6f the bar mey be
‘ r leval docresces, 'he
-bar efter. ¢ach flood to de~
* bar, resulting fram  pre-
el rver bed, a gegond
‘& .secand’ bar farther dam-
. s Ap the' high=wlesity atreem
Gargon, - its sxsess: inetic: energy is-expended in

tln"fbarf-“to.i‘rbmm-;tm ‘lost

' turbulence and beamdary r_riut;lqn.j '*M“muum-m?w,m, L S

been ‘expanded to resuli intmquu

_ s
. Dus to the pos
bors or losz of pawe
the péuibnﬁ:y af
whish would

the proper busist

dimnsiens, & volus—smrgy oury figure 3, for satistaeior.
bucket: - dreom £ ‘svuilable expe

dischargs srerzy ouwrves
The Prooedure in dets :
use of thess curves i3 ¢

and determine

suffieient, und.
related hes ag yot zmot been.
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known whather more of ths mter. nnticm ahculd be imluﬂed i.u tlw
volume variable .and whether the volw-ewrgy rahtimhip is 1n- _
dgponderrb of -the ‘tmokn't u‘i.dtn. - RO o : R

‘To chsck tlw validity of thz douig;n cmn. tho six: db- :
sirns shom in figure 4 weré tested in: the model. Buolet dasign
Yo. 1 had the dimnsionuz 40-1‘00!: mdiua, 100-foot ‘depth, and "
30=root width. Liodel oparation shmd ‘this bucket to be satis~ -
faotory up to 5,000 necond-iest as compared to 7,000 sssond-feet :
- piven by the deaig;n ocurvas, -The depth of bucket Yo, 2 was mnmwed

to 120 fest, and its. satisfactory aparatitm was 7, 500 ‘segond-foat :
'compared to 10,000 second-fest given by the. duigx QuUrves.. Buolm'&a
‘Nos, 3, 4, b, a.nd 6 have the sams prinsipal buclet dimsnsicag '
as o, 2, but the aha.pa of excavation bayond the- end of ths bne!mt
18 dii‘femnt for eachs All of these degigns were marim' to
Noe 2, Mo, £ being dnfinitely the poerut desizn sinse tha jet
followed up the 1 to 1 upmard slops with® 1ittle Nt&tﬂatim. ‘
These tests indicate that extent and shape of excavation bayend-
the end of tha buckat mﬂuanne nquiz-od huelaat dimnsimo

‘ ‘ F‘rom thn dcaig;n cumu, &l w-roat vi.th h‘ualmt wwld
require a radius of 75 feat snd depth of 121,5 feot to oporate
.. satisfastorily fer- the - mximawn dssig: flo0d of 25,000 no&uﬂ«_ -
" fest, Studies shewed the ocst of sny busket: ‘deglgn to be. oxTBY~
ﬁsiw ‘80" 1O i‘urthnr umidantivm wag givan th.in typo of dumi@, '

o The hor;.son%l }wdmuli.o jtmp typo cﬁ' still:lng baain -
was next ttudisd. “No model studiss were made of thia typs of - .
"basir, since reliable datd from previcus studies of other. etmm;‘
"~ tures oould be utilized in determining rather: olmly the  pe- o
“quired prinsipal dimensions for the Oreen Mountain conditions.
The required siges of. restangular besins f£eg: 80=, 60=, and §0=
foot widths are shown in figure 6, Again, the; Wrminwidﬁh
mst bo determined Yy a cost amlysie, Althaug‘n the eect of Ltk '
“horizontal basin would be oonsidersbly less tien that’ of tl-n
roller-buokct bnsin, it ua nleo oomicbrod omniw.

; Cmpari.son of. the. imo typu of sti.lling bum mm to

" the conolusion that the ues af:emch type. of baain dspends uin].y

on the tail-water conditions’ prsniung at the-dam. ‘sitss The.

depth of water required in the: rollsr busket for utism'bmw
opsrationiis. ‘oonsiderably more than: that required to: forn . mod =
. $wap:in-the horisentalbasin, When the. height of tail water abeve
‘tha, river bed ir mish 'in exosces of the rwquirad Sump thpth, dus %o

" the. drowning of the hydraulic Jump in the horimcmtal basin, better .

.\_;flow sonditions will oxiet in the reller-busket mun. end in soms
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casea the oo‘ct‘ Iillbt hn. : ‘When:the higﬁt éf_‘i.hil ‘water above
the river bed is less than the required jump depth, the. horisontal

st11ling basin should be used, sinee the cost in'all oases will'de

o TP

‘ . The hydraulic modsl study incorporated with the ‘dosipgn
of the Oreen ¥ouilain Dam spillway was mde in the ‘Thydraulio '
‘laberstory of the Bureau of Realamstion, Denver, Colorado,- under
the immsdiste supervisicn of the writer and gemoral direction of
J. B, Warnock, Ressarch Engineer, All laborstories are umdor: -
the supervision of Airthur Busttgers, Senior Engineer, and R, Fo' '
Blanks, Engineer. All dosign work is under the gerorul super-
viston of J. L. Savage, Chisf Degigning Engincer. All enginser-
ing work is under the directiocm of R. F. Walter, Chief Enginser
and all activitiee of the Bureau of Roeclamstion are under ths
direction of John C,. Page, Comissioner. =~ . C T




7,500 second~feet
dischnrging into river.

‘Maximum discharge in
final chute denign.




