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IEEDRARD!M ‘.[D GHIEIF DIBIWING MINEER

By B W. Lano, Ruaearch Enginoor

Subject' Hwﬂraulic Modol Expurunonts ror»tho Dosign or tho Bouldur
: Dam = Book 3 -antitativo Eosults ,f‘ tho ‘fmow m Spillvay/
Channels and Spillway Thnnols.‘”T*""“u S
When tho dasign or tho aidc channol spillways:'or tho Bouldor

Dam was - undortakon._tharn waa much uncortainty rugarding”man‘ipointe

‘obaorvation. Thia ropor¢ doal’ with  tho

on small modols b rolied upen toshowqunntitauvolvmvowlarso g

1




R ‘ é  wth°Htrmna1t1nn-ﬁ*-=
floor in order that a vacuum may nnt rorm bongath the rl“'iHstutar?f'

(5) Will the Iater pasa araund tho vartical and horiaontal\

anntitat1vs Ibstg on thu First Eide c 01 RIS

way wore largoly to tcst tho roliability or thc thoory orﬂinar!ly uanﬁ

for side °hm°1 ﬂpillway doais‘n- Somo.

vals, which fcr tho 1 su "?aid*""r’&h““-"“A.“‘?‘fi,ei‘?.‘-‘.ﬁ?ﬁ'capéﬂﬁéq’f‘»if'oﬁf:~ Woes.

."nm""lﬂ in "h" Pm%‘:vpcs.
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-the given channel aection and discharga-; The 1avel of the water aur— o e

face. in the reservoir abeve the spillway and the Blevation ori"”"

-splllway crest and floor are alao 1ndlcated Ifihe theoretica¢ ater

on the assunptlon that all of the energy of the,wator rlowing'ovor vha‘.‘;

*Trans, Am. Soc, c a!, Vbl. 89 (192@193_ 898-899.-

creat is lost. Thcse curvos were usually assumod

of the obsorvn ‘ato :g ace at btation 7+oo”ﬁ£he 1ownrfond of?thu
ovorflow soct1on or tho si&o channel, or tho 1oﬁsst stationiét“wﬁich
" the croas~scct10n could bo_obsorvod Tho computation of?'he thaorhtical
water surfacos waé,madéfbf,: - and ' Ami)

theo ordinary’cut and try mothod or camput ng aibackwator curvo

uaing thc lans of 1nclastic impact instoaa'oflthoyﬂornoul i‘Th‘

Thqrc is &

[HR—
i 3

sorvod rosults with tho thcory would than bo shann by tho nsrunnnntnba-ﬁr¢ o

tweon tho theo*ntical and actual wazar surraco prufilna




It was not always round poaalble to determine the curve begin-‘f" g

ning at. Station 7+00, aince it was not poas:ble to compute tha surfaca 5

depth, In thase cases the curves were started at'a- statlon‘rurther“n

water curvo could bc ccmputeu., For thn 75 000 @c,_‘.f

recuions.

It dopartsd conside“ably frcm ot

‘end. This may bo accountad fo :

* unifoxnldischargc por root of crost was aaaumnd while in thc;actuali

caso’ tha crost was - suhmargod to sufficiﬁnt dcpth to ruduce ths fla‘

‘the upstroam ond,. _‘]



&°WAvVCe Was formod which made moaau

soc._ft. tlow th

deeply submorgad.--
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repparatus ror all or thoso teats 13 rilod with the (offiec rn apius

Cf thnso roports. : B “" E ‘. . _
'ﬂm rimt serios of guido vamas triod wom'

stan of tho spillway channal. Obsorvatians with color'injnct-cd into tho".f_‘ff ooy
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‘Water and with a currant direction indicator showad that 'he atream or R

water ralllng over the welr plunses to the bottum of the:channel thenca f_'
moves across the bottcm and flows up‘the other 'idel}”The direction or

the current’ 1n flowing across the channol‘bottum 1 !shown‘on Figure _J“'”"

sults of those t°5ts aro Shovn on- Ilguros 34f&nd 35 The avofago.watdr
surfacc for those conditions Was not apprﬁciablyﬁchangod, showing that ‘
tho veloclty or flo“ in thc ehanncl ras Dot matoriallyllncroaaed. J{“7
was concludcd that tho vanoé wcrdi .

Runs TNos

inclinations, ThC POSluion or the vanes for‘Runﬁzﬁ is.shoun on FiSurD t:ﬂ“‘

34

_flo: 1n tho channcl.‘ In ordcr to indicato the oxtent -to'which it would

was computéd.. On Figuro 35 tho position or this surraqo is‘indicatedr
by the lino. luboled ”Na Loss or Enargy.“ jihamrcaulta 6f thoaoﬁuzpuri-a
'monts 71th vanos shorod that it was possiﬁle to rocovor only f "MJ
part of tho onergy of tho ralling vator.ﬁ Tho recovory waa not aurri- ‘
cient to gxcatly roducc tha 81ze of channol nncoaaury, and 1t wns

‘8‘
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| Aa thc water paaaed orr the:side or thasa vanea, 5;

a set - (Run ‘No, . 29) curved up at tho edgo was tested (Iﬂate 15-0 and D
Book 1 and Figuro 34-D ) This gavo a bottar'f;cnvery. but in noithor““

case was the Baving oncugh to justiry tha oxpenditure necoss

-atruct thc vanas.‘ ;,‘

Iho deaisn'of“tho Stonoy ga’a 'i'

platod - a discharro or 50 000 soc rt. over tho ogua wo 




theory or- eritical flow wonld indicate. his Was’ a.ppliad o alight

friction loss comction. Downstream rramstha gate the daaign was

based on the ordinary Hinds' theory ror side chan.nal spillways. Ihe o

flow l1line ccmputed according to these assxmzptions is shown on Figure

36, Sectian A, In order to check thoa i‘asamnptions a ccmpariaon 13 .',;;_;i

made of this computed mee.n water surrace‘proril' wfth that actually

observed on the model. The agreament is remarkably close"fr oxcogt 1n

chemnal. On Figura 36 aro ahown tho wator surrace lovnls at tha two

10




STATODNss'ALONG CENTEF LINE QF ~CHA§JNEL"
ICANE I
%Cmsc B2 |

Doserved water surfoce: for200.000:ecﬂ
I n ons nt gt 232 .
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sides and conter Jine of tha channel ror varioua rlowa ovur the entiraffﬁh‘ma“ 
Tange of capacity.. These show 1n a quantitativej av the action ar Jf;f}ff

the water as doscribed in Bock l

A comparison of the depth of‘flow 1n the spillway channa1

and the pressurc on the bottcm 01 tho spillwav 15 sha  Fig
The flow: in this casa was entirely through the gato. Thomaolid linoafgff_ﬁ
show the Water surraco along tho centar 11no or tho ch;nnol, .
this case is vcry closo to tho moan dopth'" Tho. aotted 11n°31 ﬁd1cat°: ffea7H
the prossuro on tho bottom or tho channol ‘ oy G

locatod on th 16, centor 11no, direutl“ boneath th;

wator surfaco was obsorvod.”:,;fg }“'°

whero the watur surfaco is concavc, vic.oa“rrom abovc

surface iu‘convcx. This differoncc'

or tho- wntor particlos._ Whoro tho uurfacc is

"~ they movo - along.‘~By Ncrton'% 1ahs of motion; oyfcan only bo divortod_
from tho straight p&th bY thO aDDllcation of a forco. In this caso tho} ‘

forco - is annlied to tham bj the prﬁssuro of tho partlcles movin& ﬂlong  };; Lot

o




" beneath tham.-"

ponding reaction. This reaction, 1s axerted downwn:dﬁthrough the suc-\uhf

cesaive layars of particlas until the‘hottam 15 Tead

inﬂicatcd by the. prasaurc on théf uttum,

weight cr the: particlea., This is registerc  in the dirfcrﬂnce 1n tho:ccf“**f

height of the ‘wator surraco in the piozameters connected to thc channoltuil*"

‘bottam ¢ ‘and tho - hoight or the surraco or thc rlowing wator in tho:'han—CTWﬁ

nol. Szmilarly, when the surrace is convoxf prcaauro"on tho bottam s ‘

loss than that indicatod by tho dcpth becauao part or;thc forcc or

gravity is exertcd in diverting thc particlos  rum thoir straight line  j;ﬁL“ﬂ

diroctions, and it thcroforo does not caus ‘thc;prossuro which would

be expectod frcm tho dcpth or rlow;f

Flow Through the Stoncx Gato”"

| Sincc a largo part of the total canaeity of%thcf toncy gato"i“r

what the - diachargc capccity of thc gatof'*"“
of dischargc rcr thosc ccnditions}woro
ozperimontal dat’a availablo frqn 'hich ,
'mado._ In ordor to bo assurod that tho_:ﬁ;snf H‘d ould “h
tho. capacity doairod and to rurnish data which would onablc ruturo :e%__i
:aigns to ba, made with accuracy, a aorios ot oxperimcnta on the rlow ‘

thrcugh tha stonoy scto Toro- porformod.

]_2 ) .




During the paaaaga or a maximum rlood through the reservoir.

the Stoney Sate would operate under rour conditions'
and water dischar 1ns over 1ts top. (2) Fate P&Tt1 “0nen and‘waber dis-;r”

charging both ovar: ‘and. under it (3) pate partly”Ope §and watek&die’

charging under 1t; (4) sate entirely open and not in. ontact_with the Genhen e b

these . dotalls it was bellovod that reaults obtalned rrcn tho model




Detailed experiments ware made : “‘detemine the discharge

coet‘ricients for the third a.nd rourth condition‘ as. 11; is under thesa e

,conmtions ‘that tha greatest discharge would ‘taxe place. . 31ch ‘dif-
' ferent discharge ronnulas apply to thef;tw SO : : '

‘cussed saparately.

‘Stoney Gata Partly Open’

mrgo tho oritico. Ihdar thasa conditions tho bost gencral romula

tor. diacharge is

Pieo- opening. s ‘




roctanglo F DI G “which 1s ‘that. duc’-._

bottam of the sato, w:¢' ;;5 

to othor casos.

It is. bolicvod thnt hocauuc

of the graduully contracting

.Bection of tho channcl loading to tha oriricu, tho offoct of tho sido

contr&ctiona on- tho orilico is npgligiblo. If this is tho chso by

15
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the principle of aimllitude, the reqults on the model Qhould be applicable_ “ 

to any caﬂe of suppressed side contract1ons4and or a supported, conrined

 3 'uxcep” ror froo ’low conditions whero tho ~ato did not hold bacﬁﬁthu ﬁf; 5,':
',i wator ,ut moroly touchod tho surracc or rruoly flowine strcam }_This“
jp occurrod with D/H"Tj .42.a Tho cu:vu has'thoraforo beon extendod aa‘ji.!, 
' a dottod lino abovojD/H‘ bqual to O 8 indicating that fho valuos in

;this rangc are not woll ostabl13hed.

otcncy Gato Entiroly Onon

With the probablc:planfor oporatlon of “the outlots,of?tho

lrﬁat El. 1232
Slncc tbo channol bottom doﬁnstrcam from th__'tonoy gate

‘?_structurc JlODOd rathar atooply and oxpanuod alightly, it maintainod

"tho 3troam at a suhcrltical dopth tho rlow passing through tho critical'

| .;16 |




depth in ‘Or near the btoney gata structur;.f?I#‘other words the gate
structure acteqd . as’ a control “Under these conditions accomin{, to“"
the wsll known theory or crixical flow the water surrace as 1t paased:ﬁ
;through the gate should theoreticallv have dropped to give a depth |

two-

? —a-f-feins Giashexss of 2 YT, 1
WhiCh ¥ 15 tho width or thclgztifﬂﬁoning and H 155 ' |
rcsc_rvoi r 'iOVol B;bpmf-w__thé ;y; g&t o 3111 'H‘ thc VOlocityO
mscrvoir boing npg-lisibla, A L

1s obtainod tho formula L‘7‘

Tho rosults of the _‘dxpglz;;'monts ham boon worked p'for ‘tho for

Ticionts . C and e obscrvod.
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The coerficient valuea ror all” typea..oi‘"':entrance with the i
.topography a.rou.nd the spillway vary but little, giving values or C
ranging rran 2.93 to 3.075 and valuea or K rrom 0.950 to 0.995
This 1ndicatea Values near the theoretical .can’ be‘:ohtained with any -
aimilar gradually contracting channcl and that."‘small difforences 1n

shape aro relativoly unimportant.

modol topoe‘raphy. Tho rasults without the modol topogra'. y '(Tost 23)

-show considorably lm or coarficients duo to th sharp

semo ccnditioxw are shorm 1n tho obsorvatione of rlow




‘Stoney gate only, as shown on Pigura 37. Ekporimunts perrormad elae

where show atmilar rssults.f The cause ar thia divorgonce or ract'and

ﬁruns &m.‘Soc C E. Vbl. e : G 1183—1185

thaory ia ‘not: detinitoly known, but tha probable cauae 13 the dirrur~
;ence pruvioualy pointod out_in'the prossure*i .

which vould be axpectod rram :'tne depth..;_'f?a_. : _ ich gives rise
to the one-thix-d drOp assumea rlow in ﬁaraual}'stream lines, _which-“'ff
would produce prassures corrasponding to the depth.. Tha condltions
of rlow with the onn-third drOp are such that a- slight difrerance of

' prassure could causo a considorable dirrorence in the‘surface luvel
without a mator1a1 errcct upon tho dischargaL  Iimo Waé nut avaiiablo

for a more - through study ot th1s phcnumana, but 1t orrers a worth

Intorferenca of Stonuy Gato and CrnBtLDischarge

capacity of the gato is qulto large, it nas foared that thq drawdown

flow through tho Stonny gato. A study_was mado of the modal rosulta

%0 dotormino the magnitudo of ‘this’ -.unbined oi‘foct.‘ ‘I'he rosult or the

19




‘ :atudy is: gim on nsure 40 which ahows tho interremmo whcn tb.e
raaomir 1s held at El. _' ‘and

E Stonay gaba.

-mined by computation using va.lues ;ot tha crest coefricient detaminad g

rrom 9xpar1mnts vrith the Stoney gato closod and the rlow through tho ']ffﬁ B

‘Stoney gate without intorrerance was comyutod usinr thc value or the

coorticient shown on. !1gura 37 which was detcrunnﬁd with no flow ovor L

the cmst. A compariaon or tho sum of thoso two computad rlows w* th

" ‘the rlow observod rrlth both creat and gatc acting at tho samo tir S

given. ‘This shows ‘that at 200,000 500, 1 dischargo tho 1ntorforcnce_;”;g-""

reduced tho capacity 5 000 sec. ft. or 2.0‘5 This mpmscnta 9.27% of

*thae dzachargo of tho woir. Sinco tb.o obsorrod prorilc ur i'low 'I;hrough'?.:_‘ -

‘:{upstroam from tbo gato

and sinco this: acts noar the adjacent Gnd oi‘ tho crcst only, a roduc-‘: Beg L

boliove that the interfomnco ?'as small and more likoly : o b "jloss

‘ th.a.n 2. 5% rathor thnn mcre than that gmm]nt.v._ g
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anntitative Hasults on Channel or Snillwax Mode].M;

_ On the 1 20 scale N~l model at the Lontrose 1aboratcry.
which waa the first type of drum gate snlllway”investlgated, cross ‘;5
sections of . the Water surraca werc tak n &t»f = of GRS i
the cide channcl for soveral or thu dirforent conditions_observed
T?piCal ¢ross sectlons for throo of these conditions aro_:  m on

'F1gure 41 and longltudinal proflﬁ or X l
conditions are snown on. :ifuro 42 : _ . e

The longlthdlnal proflle; 01 moan wafcr.surfaCG fcr four 1rf'
fcront d1schargcs on tnc or1ginal de ign are‘:hown on?Figure 42 :
prorzle showa that thc moan water surface ror thc d331gn diachargo
rnse ahovc tbo "Dlllway-'f“' J | ot 04 Of tho chamme |

to the top of 1

and howovcr 1ndicated that tha;portal saction offf‘

the tran31tion was not largo onough %
large N Thc typical cross sqctions o
41 sbow tho high Javo vhlch formﬂd aéalnst he

‘nol at all discharr05.  Pho crrcct o1

Tho offoct or tho coping on tho baek

J

;all, in loworinﬁ thc huight af thc wuvo and moving 1t toward thc contor 7'"

of tho channol ia also shown.
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Figure 42 alao shows the longitudinal“nrorilo ror tho model
with the raised rloor and ths rlat t0p 1n tha ransition. Ehia eun—
traction in the tranaition dia not ccme into action until a discharga

of about 175, 000 second feat waa raached aince at the lowar flOWB tho

the flow down thc channal as indicatod by the ract Hhat.the ator ure

faces for tho samo flows ‘are considerably hlghor with;thﬁ bafrlo in

place. As tho- crost of thc woir in this mndel was ut El.‘lgOSAQJthqf]ﬁf :Jiﬁ}";7
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whan there was no barrle.- With the barrle still mora:reduotionfrutz,$jfif7”’“

Sultﬁdn L

Piezqmeters were installed jn the sidesror‘tbe'channel 01 

mado._ For thase runa thore were no barfles 1n the channol

sults of moet or those obsarvations ara shawn on Figure 46

broken line connacts tho roadingﬂ of the uiezamator heighta, tho height o

“of each piezomotor bcins rccordod vcrtically abovo thc piozemctor ;~”*a5‘&€'

:fﬁon thc moving watcr to causo tho changc in diroctioniof rlow. In
'5ganora1 thc maximum intenaity or excoss prcssuro 1s a groater p4oporh fﬂ’

'txon of tho dopth in tho channol for low rlows, slncc tho drOp or the
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wator paaains ovor tha vair was 5rsater which cau-ed a craat':°

and required ‘a graatar rorce to deflec'w ”, Tho dopth of watcr in thu ft:f

'channnl waa also. loss ror thﬂ*low discharsus, and thorororo oxortod

less GUShioninu effﬂct- Tho sruater tho dopth or wator' thn moro tha:_ﬂV'ﬁ

atroam tondod to sproad and tho 1ntonﬂity or proaauroiwas Vhorororn

amallor. This 13 no doubt also ono rcason why{k”..maximum intonaity

of oxcoss prassuro is greatcr ut the root7’ _tho ogoc than on tho roar_ffif*'

‘wall. Anothor contributinb ractor 1n this orfact is tho 1mpact and

triction loasus or thc watcr on tho bottom offtho channol which ru- ;?:’

ducod the volocity or flow and thcruroro thc prnssuro rcquirod to do- ;f R

flect thc water. ;.-';}

Ono or thn surprising rosults of thc prcssuro obanr_ations

is the cxistonco of a roduction of prusauro part way up tho roar wall

"of the channol., This was not an obsorvational orror, sincc it appuarod Wl

on all three modols toatod.: Tho cause or this roduotion in prnasuro

13 not apparont

,causinp flow down thc channol.;; 'y

the magnitudo or tho fall or the wator coning in ovor tho wcir.; That
this was tho casc on the Mns modol 13 ahovn on Figuro 47 ion which aro
-compared ' tho mean - surfacc profilos 1n tho channol rer varioun dis-;¢ E;ﬁ? B

chargos with tho drum gotos in dif;oront nositions. With tho r’.:11:«3::
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to the. Ch“nnel 1°v°1 W”’“ 5T°nt°r-* The protiloa on Figure 4 A
no consistent variation of lcvel with position or tho gat”‘

tends to aubstantiato t&o Hinds theory,_ﬁ_.ﬂx“

to davolop the best rorm c* spillway for tho unusual conditiona exist-~fﬂf;?“

ing at that structuro. The problam Was attacked b ;means‘“r nygraulic .

mpdel tosts, and tho dosign davalopod was tro onu which thosa tcsts -}f

indicatod would porform moat satioractorzlv within practical cost limi—f_‘JT“

tations.

The soundnoss or tho conclusions ruachod howavor denonds upon:3'1],ffﬁ

‘tho accuracy with which tho.actlon orfthorprototypo can 00 prndictod

frum ohscrvations on modols.v¥_   r'w'LH
aidorablc controvorsy, and although conridoncofxnfmodol tosting rosultsﬁ
ig rapidly growing. in viow or tho unnrocodcntcd naturo zf th

“tures involvod, it was bulioved that somo tudleo to: rurthor;oatabliah

thcoretical roaaoning based on tho anplication of;tbo xnorn;laws

‘hydraulics and mochanics to tho ac*ion of‘both mmdcl andjprototypo.“

Tho othor 1s rrum thc atandpoint of oxperimcnt and obuorvation.ijof‘.ii*“f"”

cause o¢ tho cqmplox1+y of tho problcm 1t is not sarc to depond un—j f¥"’
rtirnly upon oithor one : of thouc mnthods. Progroas‘has-baen;mmdofin"

the past by using both.




. The theory of model testing has been worked out in consider—ff

able detail. and excellenu articlea oniitwhave_appeared 1n many publl—‘,”

catlons. These havo very conclusively damonétratad thc reliability

of model tests when certain nractical 1imitations arn kopt in mind.‘f]:fl:

In connoction with thuso exporlmenta

,onszdcrabla attcntlon was given oy

to this thocrct1cal Dhase of the subjoct but ithin tho fleld eoveredfoh°

by thosc tcats thc thoorotical con 1derations_hava alraad yDCQnaso wall
: by tho' ‘oxporiments

worked out th&u littlo Was added/to oxlsting knoWIOAEB

: The principal ‘lfi'ﬁ

amphasls was placod on. tho othor anglc or attackflthc cxpnrimantalhconﬁi“':

firmation: of tha thnorotxcal duductions -sIn this fluld it;is bollavod

that a con31dcrablﬁ additlon to lestin( knowlodcc hau boun mado

was, of coursc

impractlcal to maku comparlscns of‘tests'oi‘the,modol ‘;

and nrototypo. By’maklng tc s howovor'on modols oxtondin' .over-a: con- v

Duo toythv fact f£5f3_”’,'

larcely a- conf1rmatlon or thc c@néluﬁl#n#ﬁrﬁachadﬁby the:modol theory"
rather than addltion ‘to tno thOer itsolf and to thc fact thatlthoso_;
who- havc dolvod dconly 1“to thc modol thoory necd 1ittlo proor of thc d:;

‘rcliabil1ty of rodol tastu, tha roaults of the oxporimanta havo boon

26




‘presented without extansive di cusa1ons of model theory.‘ In this rorm

they aro bolieved to bo moro uuarul'to the enbinoor engagod in desibn-,

ing sxmllar structurus und moro ccnvi cmu to thoso”:h :ayfnot‘al- :
roady bo. convinced o;;trc roliah*lit‘ of nodol tustu*i t 1s elioved“'

“howavor that thosc intcrostod 1n tho more thcorot1cal\yhasesiof tho

‘subjcet vill zind thc rﬂsults of valuo ‘ospocially thcmquantitativo f‘”i' “

muut algo Lo uim113r1t1 Or tho forcos“ﬁb .

*Tho Uso of. MOdols in Aorodynamics dnd‘Hvdro-d e
Tiotjcns, Trans. Am. Soc”yM_ E Doot Rty J:@Ed

" and [o) graV1ty *orccu._: _
-imilarit3‘01 ﬁodcl and prototypo_;ﬂ

‘tain an oxect s 1::ilarity of- all oI‘ thc.
tain of thesc rorcas oo urodomxnato t&a,l‘ﬁ

.dupllcatinc the othcru ig nonlivlalc “rcﬂ.a practical standpoint.u-

tho uﬁlll"&y modalu thu vis cusxty rorccs horc rolativcly inaignificant.jV'\

For uuch-condltlonc QLOﬂGtrlcul siﬂllarlty ol thc modol and prototypc




'c “w 5ﬂw#;a?"

will 1nsure camparable rasults. The only point in the snillway testa

at which the viacoaity rorces vere signi*icant was 1n the model n“ithe ;ff"'m

. spill'aj tunnal at thn Montrose laboratory £~This case was takan care‘gf“

of by constructinU tha modo’ tunnol to a sradc Whlch would‘compansate”

for the . ralativelv groator viacositv o*~octs or tho modol.

levols than tho- othcr two.

: In thc tosts on this mode' t‘_l‘f_j'

woro not msasurcd but wore ostimatcd rrom thc hoad”

an - asauod cocrriciont. Ibr tho lowcr dischartos thoF aluv

ll-a C-5 am 0—6

To furthor ostahlish tho mliabllity 'of prodictions of ‘tho

2 actton of actual. structuros from thc rOsults or tﬁsts on modols ox-_3775

tonaive cqnparisonu vore madc of the rcqultu‘obtained on thc 1 20

1: 60 and 1:100 acalo moduls af tho finﬂl svillwny aosign. In gcncral-

28
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the results were very sutisfactOry and materially strengthen the caseh"‘
tor the re‘iability of model tosts. Tho results aro shown 1n datail

en Figs. 49 to 60.‘ _‘fj..

Comnarisonn of tha water levols r01 tho varlous flows with jf?fi“"

the crest gatos down aro shown Ou Flga. 49 and 50F‘ Thosa show very;"“(

closo agreoronts or the wator surrace evcls, oxceﬂt for a rise 1n

" the surfacc Wthh ‘scoms - to cxist i_. he‘l ao modol nﬁar tho downstrosmf5ﬁ*'5lfi

ond. The cause of thxs is not anparnnt and unfortunatuly timﬁ was no*?'f”“
_ avallabla t!x to studv 1t in morc datail.;ﬁa 
Longltudinal: prOLile of comparabla conditlons on the l 20 and?l‘GO

nodols with crcst 5atos raisod to various hoishts is shown on FlS&..“‘J

end 53.; Cross scctlons of "ty 0 watcr pvzsm in‘fho channdl}for th0¢samn:ff"fﬁf

conditlons 4 gk shown on Flgs 52 54 and 55. The l 100 modol had"o

.movablo natos, and thoroforo it was not includod in this atudy

agrccmont in thaso Gdbaal was’ also good.‘ T%o riao previously”montionod L

appoars in thcsc also.,.ff

On Flg. 56 1a ahawn a comparison of”tho-rator'surrace‘for:thn ‘

.sume dischargo rith r~at~:m at various clevations on: dach modol ‘soparato
ly. As proviOusly oxplainod thc agroomcnt'o thc linas n
indicatos tho rollability cf thc ausumption usually uscd in ido channol

'spillvay design: that tho ontiro onorgy ofu ho ovorralling wator;‘s’dia-

sipatod without causing lonsitudinal flo ‘in ho Bpillﬂﬂylnhﬂnﬂﬂl-‘Q?itniyf 

Tho prcssuros acting on tho. weir and in thc Bidﬁ channol,

shown by tho piozamotric obsorvations on tho 1 20 and 1 60 mmdola a:u
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shown on I"ig;s. 5'? to 60. Gonsidering the dirficulties oi‘ obtdininé;f/‘-',,:;f-';“

conaistent piezanetric readin;_rs whera high velocitiea and 1mpacts are

involved, tha results are verv consistent a.nd cmparable. In general

they shcu ths aame pmsaum concentmtions and reductions aa the

observations previoualy deacribed on.. tho H—S model. The preasurea ‘on - S

the wolir and on: ths dmm gatea will be diucunaud 1n moro dotail n S

Book 4, of thia raport. K

linal Gata ggg'”£iggﬂg;§gg§g;*vﬁ”

A cmnpariaon or the action ot the threa gata opcratin&;,pro— i

grams atudied 1n dotail 18 shmrn on Platos 11'? a.nd 122.: Tho similarity"

the 90 000 soc. rt dischargo. In this oaao tho wqter surrace for"tho P

tion,“ was a transition "cctlon not only I'rom tho standpmnt of thc

shapo of the- ‘channol but also from the atandpoint or diruction or rlow.:fff7"“ |
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for in it was: mde the change rrcm alightly 1nclimd to steaply 1n-$r

‘¢1ined’ rlow. .As ‘the water anterad thi&aeetion with an nutial wlocit‘y

in g alightly 1nc1i_xmd dinction, ‘tba change to a ataeply inclinod di— ey

‘Tection could: not be: made suddenly uthout d.em.ger that the water would

not remain in conta.ct with the bottom or the chamel or misht rom _
‘partial vacumna bemen tho water atmam and the cham:el afloor, which
might make and break cauaing hammring or pulaationa. '.rhia eituation
12 vory aimilar: to that or the rlaw orv'or an ogna dam, but tho undeair-
ablo results of such action might bo: moro sovom than torfa dam. on e o
account of being goncrawd in a partially oncloaod space. Tho alope e
of tho tranaition bottan was thorororo desisnod 8om01Vhat rlattnr th&n‘g.:
the trajoctory or a rmo1y falling atmam having tho 1nit1a1 voloeityi-i-,-.t
and diroction of tho water cntaring*“tho'“‘
Thoaction of tho wat-ar: this casoc.wa ; : 1%-
cated hovmvor by tho contraction or tho atmam in a horizontal dime-._i | .
tion ‘and by other u.ncortaintica. In ordur to bo aum that mmm ar- .‘
recta would be absont t‘mrnroro. piozcmutors wam »inatallod 'in the bot-
ton of -the tranaition anﬂ tho prensums woro obaarmd Figum 37 shmls
tho elovation cf tiw mtor in opon tubos conmctod to thevpiozmuture
at the poaitiona Micatod in thc tmnsition of ’the Stonay Ga.te Side
Channol Model, mo homry line ahou the olavation of 'hh@ “4rans: 'uon
invert gra.de._ 'l’he hu:lght ot ‘.'Ju piezmtric lovala ahwe ﬂw mrt

' P




dicated. The rasults 1nd1cate a slight vacuum at the lower end'or;th

transition. The rauults at: piazamoter Nba 3? ara probably high, du° e

Porhnpa to a derect in tho piezumeter opaning. Thosa obaervationa Yg.fﬁf:

which would probably not havc oausod nogativo prosauraa. 5 ‘f¥f o
The prcsauros on tho tranaition bottcm of - the sami-final‘
1:20 mbdol‘(H-S].aa_inﬂiéatodQbyjthbgpibzcﬁgfﬁrs;éléhé

are shown on Pigurc 63. Tho uppor Bct ahov tho rosult

dischargoa on .the. original dosign, whlch includod no barrlas; 3 'f7‘*5””5*

middlo sot shows tho rasults with tho dcntatod bafrlo'and :ho?lowur
‘wat tho afroct on: the original doslsnrwith_the'samo_dischargo anﬁ

gatos at various olevatlonsfi”

Tho rosults. show - that undcr all conditiona thoro aro posi-

tivo prossures on tho’ tmansition bottum and thuroforo vacuum orfectq,f V“

.‘A

asad not ba expaetnd. The hish prnaauros 1n tnu aloping: aco at th0 V;f'*

entranco to the transitiqn soction was duo to tho vclocity nf approachjf'*' )

~@f the wator. flowing in tho channal soctlon.v Thn dentatod barrloalf

intorforred with tho: piozumotors at this point and ehe prossuroa aro

'32
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of the rasulta obtaim th and without tzm dentatod barrle,"’:"’

cloao egroenent of the mults tor an ao 000 aoc. rt. dincharge_tor tha

dmgatoshaldatvariuusaponings Sl SO S
“on Figum 64 1a nhovn tha watar surrqce and 'piozcmatrio‘ ”".une

obsarved on the 1: 20 r1m1 duaign modol (M-5) for the gatu- down "'nxe

gravity amd did not hava as much woight 'aa" normally, _'ﬁence did not
axert as much pmssum._:z;l Ll LS I

the t_ranaitiqn bo....‘._. ._

Tha flow ovor the espillva.y croat‘talla into' the "‘wator .n‘ L |
;chan.nol with eomidorablo turbulenca a.nﬂ carrioa 1nto‘~and\mixo8_ hrm,g, R
: g_-ggho cha.nnol water quantities or air, which occupy 3pace in the Spill'ay SR

chanml and thomrom necoasitates that additional spacc be pmmed dn
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-and tho watur vna d:mwn orr rran tha hottam. _ !ha watar waa maaaund
volumotrically or by B watar meter and the air volums waa determinad
"tttn:thn 1ncreaso in tha volumo or the air 1n the tank a8 obsarVed

_ on,a'sﬁgOfslahngnfthﬁ.sidq]6;5¢h¢ftaﬂk'i”'”'

air in tho tank at atmospheric prassure and.ﬁtwfhefééﬁblfﬁhP§?§£U§P\;‘

whenover. ‘the volmno was obsarved.:‘_.; S £
Iho third mothnd was usod 1n tho rinal dosign spillway’at
Montroso, as a. chock on thc socond method.: Through tho.windowa 1'L”Ja
roar wall of thc apillWay tho size of tho air bubhlas‘and thoir?a
spacing was noted by aoveral diffaront obsorvors.fEFram this daf&athc
rolativo volume or watar and air could ho computad. In a.similur man-
nor as estimato was: mado or the air contont in thc ﬁlghly disturuﬂd
flow at thn contaot botwoan thoi;vcrfalllng n&ppe and tho watar in the

channol, whome thc a1r contont was probably a maximnm

Tne nrat mothod :
aumption that tho rlow'

accolcratins. This 15 only pp

spillway. Obsorvationa on\pioz'_  '

the rloor and walls oxist at cortalﬂ DOints. Whnthor or nnt;auch pren_’ﬁffﬁ,”"

sUroes . wuuld act. at tho location af thn piozamoters for mﬁusuring tho

air content is uncartain. Ir thuy -did. act thay would no doubt bo d?

35




lesser. magnitude than the sovera presaures shOWn on page 29 but*th‘

ence 1n pressures from

sontative samplc is secured.: Tw o,‘tho uossiblo aourccs o error wore

' 11ttlo disturbancc in- tho flow linO“ in 1ts vic1n1ty as possiblo.
thoso exporimo

ats thc samplog wcro dravn out through & 7/B—inch bruss

‘tube- with its opon ond po1nted upanroam. I all tho wator rlovlng v




dircctly to*ard ‘tho cnd of thc pipo vas tukcn 1nto tho pipc 1t would
_ causc no apprcciablc distribution. If more or lus ':ater has,dr
1n, ‘somo defloct1on of' thc ' 4}f1f1 '¥}7f:”;'"‘” ""“31ncc»phcgnir

,would have lQSu mﬂsu por unit or volump than‘r"{

directly tovards its ond

took in loss watdr*than Tas ! diroctly anprohching 1ts ond, somo l:id‘would;g

be deflgctod”anay,aand umcc the “13 rould bc morc oh31lyxdcfloctod t‘an
the water, rclat1voly more_ 1r'than vater Ioul

sample would contalnfless alr thcn 1t snculd.

directly hpprohch1n5 1t but thc hmount t.kon ngs bcliovodi‘o‘bc_suf
ficicently closo to thc dOslrod nmount ta @1vo rosults rousonably noar

the truo condltxons.;

The third mcthod Lh*t of
‘tho-air bubblcs, can,not bc rcg"rded
usod as. u.chcck on thc rcsultu ohtmincd by tho' :
ing o . numﬁor or indcpendont obscrvcrs, n moro roliuble ostimnfo was
securod. It should be nctod hovevor that aincc tho nlr contonts wore

clways low, a mo“durcmcnu rocording only 75% of tho truc volumo or nirTi‘~

‘37




-at four points 1n its lcngth.: Th"”poracant of air contcnt wu= cati =

variablo, oxtanﬂing from +19w to -15“ with avorages conaidorablya ighorﬁ
“than shovm by tho socopﬁ mthod. ]" - :

would have baen,securcd i“ tho olovation of”tho*aurrace‘ :

clinod shart

It ig :iiot_ | bo_n'cifea "that_.,‘;@t‘hof{:_fos'{u;tfsr_~6b't_51};aa? by thi

mothod aro. as roliablo as

by tho socond mathod.-

.38
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‘tent. ”he mnximum contont in this casc was 6 7% and tho.avurago as: '

2

'Pdownstruam ond.‘ Tho avcrago dischargh at ho:d

and ‘90 ODO 8001 fto

Hbre again thclru ults wero not dorinito but ,_ﬁf*
ftha largost areragu content was’ only 1.09%.
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Ohservations by the third method of the air content ror
- 200,000 aec. tt. dxachargo naar theﬁkhh o

from the saven: observars 0

1.30%.31'thé‘ldﬁer*WiDd§H; iThe eatimat@sfby theﬁvarious obsorvers dir—
fered considerably relativalv,‘_ -

Tt.

diacharge as shawn on Fig. 67

relativaely not closc

The fact . that

at tho lower discnargoa. Tho

quantitie

- in the mOJt hlghly di0

turbod portion of thc channol thc air contnn‘;
vory Snall,

" The air contents at low flous arﬁ not quortant bccause

under thusc condltions tharc 1s amplc cnanncl capacity..-

L kg
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Ralation of. Model and,Protoms:sResuns.' s

Tha rslation batween tha air conten on th

,wauld cccur on: the protatype i inot ‘ ‘K-established.5‘

cosity of tho water ia relatively‘greater ‘o‘,

a8 much air. Whera opportunity h& Eexisted'to observo

- and model or hydraulic struotursa,

: and 1o more roam and mist.;‘ﬁ
In tha mndel suillway dhannels the air7

into- thc channei was subjectod to a prossure o a”ﬁ.“‘
faw foot. “In t) ' G

this prossure




to hava a low drop,

but ordinarily~a amaller'ohannew'croq

mately 173 foot pcr aoconﬂ or nearly 120 miles por- our;;'
rosonts an enﬁrgy.or;10;560;d003hdrédf§bw6r§:n,ﬁéénﬂthp;g
timos that at tho falls at Niagara |

4R




'mansions for each.

At the 001orado Agricultural ColJogo aboratory 8paco

in tho horizontal bond in tha Bpillwuy tunnol on. tho Nbvaca aido cf

tho rivar, suvaral mndela of dirforont dogreu or curvutuzo “ern




‘experimented upon uaing mndelq with a 1 60 scale. Tho rirat of these

models were mada with one or tho curved sections or[_ha pyralin*fuba.;"

Tho cambination of‘l

this circumfcrontxal volocity and tho longitudinal volocitj'causod thoif~‘

wator to tako a: aﬂiral path around tho outside of tho pipo. Ncar tho;gg~
bend moat cr thc Wutor soomcd*to bo against thc outsido of theﬂpipa

but furthor downstrcam 1oss anu morc 1lowcu

the bottmn until ahout 8 diamotors‘hclow_thc bond thc spirnl motion

around tho outside of tho pipo ceasod, Plato 123-A 13 a viaw ar this

bond taken from thu concavc sido, andéanows thcﬂahrupt lox\

sido- of tho bcnd.;

Viow I shous thois\ir;

wator mlcht bo obsorvad tho wal‘;or tho pipo was cut a'ay with ‘an {:ﬁ;"
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acetylens t°r°h o as sraat en ey nt a8 poasible without parmitting‘f_

the watexr to- escape. : In th:la model the !ra.ter also tandad to pile up

on the outside of the banﬁ, but the radius of: the bend'”aa graatar with

raspect to the velocity and tha water vras not rorced au high no

rapidly upward as in the ono provioualyw' «eacribad.

-'.The circmrerantial

E top and then rell. towand the bnttom oi' the pipe at tha aame timn con-

' tinuing 1ts motion in‘a ].nngl tudinal direction._‘

The watur which fell

and. berom it had startcd to dry, the water _.asi_'permiﬂttad to flo for.

'_a short timc. 'I'his caused tho soft pamt to ta.ke a stmakcdz.rrom as
shown on Plato 123—0 ‘and D. vmu C shows tho riso of tho surrace on _ :
the. outaide of tho bond ror & dischargo or zoo ooo soc. rt. anﬂ Viow j}ji5977r575

D shows the suporolovntion resulting frcm a flow or 140 000 aac. ft.

. 45 .




An attempt was made - to record the direction ot_yhéee flow lines,‘but j;vr!
the raault was not antively satlsractory ‘ Figuro 68 shows the main
direction 1ndicated by tha paint streaks~for tha varioua types tested.-‘”\a g
In order to try to 1mprove the coﬁditions or flow;inwthe bend
one with a redius corroaponding to 1eoo‘rt.‘was built.fw ﬁ 3 ‘”“J:ﬁf:“A
congiructed: of wood angd - cemont mortar;.?lho condxtlons of flow are shoﬁn
on Plate 124 and the diroctlcn of tho stro&m linaELAro_shown in”Flguro
68. Tho action in the bond dld not soom?to bo. mnroved by;thls'ihcvﬁﬁse:r ff_fé‘
in radius. From: obsorvinu tho actlon on the 1600 ft-;l: 7  ?£ ;
wag thought that bottcr rcsults mapht bf‘obtainod by using n“scction
of longer rad1u° bend. h 1ow a qoctloné f 1600 ft. rﬁd us;faahmodol or
this form was conqtructod with tho dimnnuionn as.shown on Figurc 33. f jﬂ:f;k ,j3
The action in thi' bcnd (Plato 125) did not 1ndicat :nny iﬁprnvomont .
and it was decided to adopt the' 819 Tt. radin nstr

of tho Montrosc laboratory. fic ?g §“

Flow in Vbrtical Bands o 1 so Scala.ﬁ“'

quitc sat:sfactory for all thc rad11: . _
for tho bond of 150 “t. rauiua ia shown

faco of ‘the! wator vas venorally smooth

suall part of tho wator to splash upwardﬁnéar‘thoﬂéonfﬁr_of ‘he' 1po }f”;}‘_f
and form a ridgo of dotachod particlos of wator moving down ho hori-:f%f  ?&
-zontnl pipo for somo distanca until thny sottlad down to tho 10§Bl or
the romainder of ;ho watar. Plato 126-8 ahowa this condition for tho

a8
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bend of 200 rt. radius._ Thia action Was 1eas pronounced for tho?EOO rt.

"radius bend than for the 150 ft. radius :‘P1tot tuho obsarvationa shnwed

‘8 mesn volocity of 172:5 5. por .acc, ror the 150 rt..ffi ﬂ ;. f?ﬂl
rt. nor aac. for . tho 200 rt. radius, 1ndicatin@ slightly less‘loss for
the 1onser radius bond. e |

It was dcairable not to mako tho radius of thquvcrtical bcnd

largor than naccsaary as this incrcased the oxcavation in tho tunnel and

tosts wero. made to determine whothor tho.flow conditions wero improvud

by using longar bonds. For this purposa a 10 1nch rubbor pipe was
usod. The ‘Bamec length of vipo was: cxpcrimontod on in each:case and tho

volocity of tho'wator. at thc ond of tho pipo waa obsarved wuth‘:

tuba, With'this pips, radii of soo ft., 468 rt;Jann 5azf t. “woTe

tostod. The avorago volocitios at tho anﬂs of.tho pipo ror thcse_@

uimilar to that 1n ‘tho l 60 model tho samo‘,cndcncy o nlash:upward;

ﬁ

1n the contor of -tho pipn boxng noticcabln.‘ Unfortunatcly, it nas not-g"

‘POBBiblO to got" photographa of the flow in tho tunno‘ modol at Mbntroso;ij.
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With thm final deaign spillway mmdel the:e was no aplashing or tha

water out- of the windowa 1n the top orj he vartical benﬂ at any dia—k

, charge, indicating a very aatisractory co”fition of rlow.

Ai;esprip;,i‘_

tion of a peculiar: condition or ’thuxn the vertical bend‘

the preliﬁinary models

is; given on paga 45 of'Bookﬂl

The natura of tha flow in the l 20 scale

for the M-1, -3 and: M-S models is shown on Fisui:zmm;ffTﬁéﬁrédius?of*
This shows tn os on of 'I;éﬂ-.wa_téz‘-

surface at -various points along the horlzontal tunnol aa‘obsched

T M e S g K

the horizontal benﬂ was 819 ft.A

through the windows in- the top of the tunnel‘ " 1P0

gIn noarly all caaos
thagse arg v1sual determinations but tho wator surface

waw comparatlvoly
rough and it was' possiblo to estlmato tbe mcan positlon
mothods,

Th

modals was practically tho sama In_tho:horizontal socfion upstroam

from thc horizontal bonﬁ tho water surfacc was usually levol ror aJl

Tlows,. At tho boginning of tho horizontal bond tho wator surfaco roeo

at tho outside of tho bond and droppod at tho ___insm"

-aults in: the :1e.

20 modol woro vory—aimilar to\thosa ‘btainod on

modal.

In all, caaos o.n tha rinal and aemi-:f’inal,;modals (M—s and M-S)
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135 rt, (PrototYPe dimcnsion)' Jaiin 

for the largur rlaws. Ihe rcsult ohtalnc

modal tumnel stccpcr.‘ Tﬁ;s oxcos_'slooa s computod for”the}

soc. ft, d1schargo‘asgumiﬁg,gfrﬁluwidfjnvbrﬁd}id{f&fﬁtﬁbyﬁ§b§fitéio.

"pipe and n-of 0,13 for thc concrota 11nod prototype.;x 4“\

chareses the: fr1ction erfocts 1n the moaol would bn lo'cr than iﬂ tho

‘Prototypo.,
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shapas wi lJ. ‘ba diséﬁéé{é‘d in Baolc
It is b eved that thie very close. Stnilarity ‘botwoen ‘tho.

. results obtainod ‘on all of

s totypoand " that

'._L‘f-ia;tisraé"téxjy‘ mannor, Th

ould that the smallor models were s much casior

18 conoluded tharotors that




*Trans. Am, Soc.

C. E., page 881 anl.t

th

dosign of theso aplllwajs.'ﬁ ff ”

pense of constructlng thon

affoc ted.

Ir 1t s nccossary'o'“dosirablc to securc

flow in thc splllway channclithia ma he donu

_ A stcoply
channcl {_,i vcs I‘lsc to a shullo!v depth of I‘low in 1:.




3nel. Since the dapth or flov 13 Lsuallv fixc

5b" moans or bafflos. Of tho many forms tcst‘w‘
on Pletos 66 and 7 Book l on tho roar rall adcmad T produce tho
pUSuibly e obtalnad bj‘an oqual cxponalturc‘

This could be dctormincd ror any ca cﬂ:  L”

Ahc of ot in tho o

nakos tho u1dc of thf c anncl at thla@

of tho cf fuc 1vc Lros- uGCtlon of thu
Book 2 ‘

contont -arc . smal’ drop 1u tnu-.atcr paSSlﬂF ovcr thc mcir und lun turbu—

lonco in ! c qpillnej cha1nﬂl. At thc uwncr Ohd of thc 5p111wa cha

nel, nhorc the d*op ig Jallor, tnc air co:tant *111 bc loss thnn.fur .,”;i

thor do.nstroum "horc thc drop 15 larbor.3 ?ﬂr t‘a dlucharco for Jhlch
the spillvway was dosi”ncd thr dron ovcr tho mclr at the uppcr ond in

52




qﬁortant}_ Jnotho ;ractor whicnl illwload

;rram tho. gnte, where tho uator 13 moving'ct a volocity ncur‘_r ‘roa+or SR

’ thr.m tho criticel volocity, sinco it is. dirﬁcult to em;nge tho dimc"‘:-g;- -

tion ar flow undor thooo circumntnnccs._ ihc chanbo can ruadlly bo madoTﬂ

upstrnam rrum thc gatc whorc thu vclocitv 1a ocla“ thc criticul v~1uo;w

83




tha gate 3111. 'I'he water sur:taee rop

‘hovover 15 not one- ‘

" ing thn picrs botwr-on thc dr'um e.atcs,

o or’s,tn pmvant acuum’ offoc‘t:s
- .which. wtmld pmvc.nt th;: gato rrom fxmctioning i c osirc
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