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Subject: Hydraulic Modal Studies of Diversion Tunnnl Goaster Gates.
Shasta Dam Cantral Vallay Project. R .

;RTEDDUG?IOH o :

The diveraion tunnal Spanifications Ne., 771 now uaed by tha
Southern Pacific Hailroad will, heginning aarly in 19“2 byhpasn tba
flow of the Sacramento Bivar unhil the conatruction of Shasta Dam 1: ‘
completsd (figure 1). A -service coester ga:a (flgure 2) will e
installed in this tunnel %o regulﬂta tha Ilow of the river g0 tha

lgonarvoir can be £1lled a8 the work progresses, anshling the - genarap

tlen of power sooncr than originally plannad The- ma:imum operating S
head on the gate will. he 190 f.-t.j Upon complotion of Shaata Dam,

this servioce gate will oe olosed and the divarsion tunnel filled at
the tunnsl-plug section (f;gure 1) : Shauld the servioa gate fall to
close completely, an. smargancy cloaure will ba naoessary A -top-log
structure downetrean from the- gata was first proposed for thia purpose,
ul was later abandoned in favor of an emersancy gate becauae the

behavicr of atop—logs 1n the prototype structura vould bo too uncertain.

Hydraulic model studiea were utilizad in the. dasign cf this‘” T
strusture to aaatst in dBValoping a ﬂatilfactory g&te.’ Prassures on
the model gatas were measurad to de.ermina tha relative holst capact—
ties, and visnal obnervationa of the flow oondltlona sround oach EBtG.'
wvere made to desect any adverss operating conditions. 1n additinn.
discharge calibration curves were obtainad for varicus he.ds and gate
openings. ' '




'SUMMARY OF TESTS
The design of %he fi:nd—vhool gp.tu for the dlverlion tunnel o.t ‘

Shasta Dam, sp.omue.uon Ho. 1009, .‘mvolvod a study of the ¢own-pn11

foroes on the gates %o daterlme tm requlrod ‘hois$ cnpaoit!.u.' m:. _
ﬂo\m-p'nll forces consisted of tho weight «f the ga.te the dymio rrio-: _
tiomal resistance, and the hyuranlic dra.wdown rom-.‘ ,‘fhih tho woizht
-0f the gmtc and ita dynanic frictional roniutmo uoixld be oltiaatod
the hydraulic drawdown forge eould ba obtamod only by tosts, for this
force wae caused by the difforeneo in pressures on. the top aad the
botton of tha gate. Eleotrie&l ana.logy sh:dios ware firat Mo on tho |
original dnugn, hut the ralulting hydrnmlic drm«lown foraea dia not
agree with the remlf.- or ln.ter hydraulio modol a'md.ien. '.l‘his d.u-
agraement rasulved from usming the oross #eation of the tunnel m -
the electrical amlogy lmdiaa to be reata.ngulu.r Lnueul of horushos-

theped (figure 2). In the originsl dnign o:t' tha ge.to with a Wj—dogno N

bottom (ﬁgnra 2), ths hydraulic drawd.ovn farnus wore :wt excossive
(figures %A and 0), and with the aid of nodal nt'ud.iss 2 d.euirablu |
arrangement of the service a.nd mergoncy gates was obtained pla.cing
Both gates in the same well stru.cture (tigure 7. To: do this, tho.
upatrean ga,te ua.led. on its upstraum faoce vhi].e tho dovnntree.m gate

soaled cn its downntrea.m face.

I.nprovmnte in the d.csi@ af the gates vara neooaaa.ry. ﬁ.’he '
bottom of the mtoa slopod at: 145 dogrus which was ‘not conpletaly

dssirable nncturally Impact of tlow on- the' do\mstrem ‘gate hald :ltr
open at $the full open poei.tion. Stndios ude by chwging ’sha lh.a.pe o:!

the gate bottom eliminated thasa a.d.var.e fea'sura Howﬂrer the _
hydreulic drawdown foroo vas a::nessive .'m the iarvicse gate of the .

revised design (figuru EE and 0). 80 lavge, in fa.ot u ta require
‘oxcessively large Minting oqnipment. ' L :

In eonﬁrast the upstrean emergancy gate ha.d no hgydruulic draw-
down foraom Beoanse this gate sealed on iis npstrm face the flow




passing undorneath was fres of the bottom, and the gate well. was - venbed
to the ntmolphnro The proaturnn ‘on the top and bottom of thin gato
wvere thus nthtphnria, and no hydruulic draudoun rarce oould oxiut. -
Acoordingly, 8 nev donign uling gates with seals on thoir upltream facns-;‘
was proposad. It was nnaou-nry to placo $he geto: in soparnto well
struotures loocaded at ltatlans h775+20 and 4776+17, ainca both. saalad
on thair upstrean fanol. Thin arrnngonant wau latiafaotory. As'a finll

revision, the sise of thauu gateo wae. reduond by uning trannitionu to
change $he 3~ by 25-foot hnruonhoe—ahaped tnnnol %o an- equivalant
19.5- by 26-foot roetangnlar coction at tha gate- (figuroa 3, lh nnd :
15). .

DESGRIPTIOH OF MODBL - ST .
A 1330 ssals model was built and teotad 1& tha hydrnnlio laboraw

tory of the Bureaun of Roolanation Donver, colorado (flguras b, 5,

€). The model onnnilted of a. ‘head box to which the divorlion tunnel ‘was “

&itached, -The tunnel, ;ate. nnd gate-vell ltrnctnre wers oonstrnated _
~ of sheet motal, except whnre pyralin aeutionn vere ulad %o permit obner—

vation of flov conditions (figuro 5) Po: Ioannre the head- and prestﬂral, -

plesometers wers 1n-ta11ad 4n the hoad bex. nt lelaotod points 1n tho “:«‘
tunnel and on the gate. ' ‘ o
| DI?FBBIHGES BETWEEH HODEL AHD PROTOTYPB 7
While the prin*ipal features uf the gate nnd tunnal ‘were: inoorpor—
ated in the model, some di fferencee axintod batwoen tha: modal and
prototype whioh had o bo conaidorod in: unalytin; tha zasultn of. thoua o
testa. In nuaaur;ng the foroei neceseary . o 11ft tha nodul gate, 1t ]5 '
wes raall:od that the frictionsl rollltcnﬁe onconn%ared in the modal
was not the same as that of the prototypo e prodioting the prototype--
d4soharge from ths\renults of the model. sﬂndiaa. 1t vag nocessary to
aosount for two factorsa (1) the tnnnel -eotion upazrean from- the gnto .
was not linilar o the prototypa ae 1t was lhortonod due to. lnboratcry-
spacs linltation. and ths 1rrogu1ar entranoo lhown in figure 1 was
‘ohangod 40 the rounded entrance shown in ﬂmg 43 and {2) the h;drsn.i-a
friction fastors of the tunnel walls were not the sams. Th~ oonparnyivo
f24etion faotors in the formula |




ware nuutod as t 0,014 for the modal md £=0. OOB for the proto-
type. Thase somputations: are ‘d4scusged in soouon 15 ‘
'ORIGINAL DESIGN - mms A e |
The Sutn wore dtﬂ.lhd into %wo - groupa, leriea A and B. In saries
A m oruim design and a nv!.ud a.rr-.umnt were tosted with tha
cervice u.nﬂ eRATEENLY ga.tudn ths ssme well. Studion were t.hon ndc
%o hlpm'u the Mhimﬂ. ;atu. ‘Additionel oburrauonn and. uhcuh _
uvpon tho fioal du!.gn concl'ndod this. urhu of- tuta. 'Ehroughaut series
A, s maximum dnlgn head of 165 fut vas uud Anconsrast’ to the final i
desigr head of 190 feat. Series D %utod tw gatu vith loaln ‘en thair 5
upstrean faces and placed in uparate "11-, whioh 16 to t.he rm v
‘dosign. In the ‘original dougn a aervice gate was' loutud at nation
4776400 with a stop-log sérumeture BO: foot downntram for an eurgency :
elowurs (fimas 4 and 5}. = SRR e

In diecussing the design foatmn 1n thta report tha nain conni.de-
eration will de ths hydrauliss, the ntmtm-al viev:point bs!.ng conetd -
ered only when the hydraulia lolnuon is rutriotod by atmtural L
1imitations. The outltn.nd.a.u hydraunlic fn.tnros of tha pto vora tho
shape of ite bﬂﬂon ‘and ‘the 1oaatton of tha soalu.: The feat.uru of the. b

stop-log strusturs will not be. dtmsud. as tha dui.gn ot tha stmtnre |

was abandoned b-foro nny tosts or oburntiona uro ‘made: ‘becmu of tha :
unoertainty of opuntion and the hydrmuo forool vhich. vould ba
mmtornd. ‘ ‘

" The prosmu on the Ms-daguc betton of tho orisinal urvico nto
‘wore positive and were \hcrofore eonu.dored. favorablo. In contrast to
favorabls pouun preunrn raeorded sllevh:re op the gnte under ‘
oczeain conditions adveres m:atlv- prumu would de?elop on us down-"
strean fage and slso in the t'nnml dalow. When the gate vas approzt— B
mately 75 percend open a h:dnnlio Jump would form, nming ‘the tunnel
%o flow full emd produsing slight negaun prumel on. tho downsireanm
faoe of the gate. This iz a nwu oondition, and not a.d.nru;




hovuver. should tho gate then be - loverad nlightly. the tunnol wuuld
remain full of water and prohibitive. nogat!ve pressures would davalop.
This oondltion was o diroot rosult of no. aoration 4n the tunnol dovn’ ‘
‘strean from she gate. The nogntivo preasurea eould only e rnlicv.d by 8
adogquate tumnel aoration. The |top-1ng well was conoidered as an amra-. |
tion duat, for it laada directly to the ttnoapharo (fignro 5), but 4%
wae too far dounstream to be of an; valne. Two 1-1nch pipes (30 inehol'
prototypo) were installed kﬂuodi&tely dovnntronm tron the lcrvico gata g
to admit air from the ground lurfaco to the tunnal (figure 5) Thise
revision proved satisfactory, lince the naguttva preusuras with the ~:‘ |
Pipes open did not eaxcaed. 2 feot prototypa for any opcrating oondition."

SEEYIGR AND. EHEBGEHCY GATES IH SAHE STBUCTURE :
From tests on the ariginal design 1t was avident that the mtop-log; 

strugture should be. abnndonod in favor of an omorgonoy gate and that 1% o
would bs nocessary to introduce alr 1nto the tunnsl to oliminate neg&-
tive presgures on the service gate. The stoP-log atruature was replaaed H'J
by an exergency gate 1nstalled in: the sane gato well an the -arvlce gata."
'In the original teats on this arrangunent, “the upstream gats vaa oonsid— i
srel as the servics gats. On this gate tho ssals vere on. the upstrean :.
side, while the omergunay gate -anls vers on tha down-trean ﬁido (fignre“
7). By having the seal of the service gate on its up:traam fano, the -
vell shaft provided tunnel neration naking 4t nnnecossary to uge fha

two 1-inch pipes installed in the fir-t arrangonent inoofar a8 the ;k‘>
serrice gnte was concernod. Elinination & thono pipcs howevar, caulod2 ‘

negative pressures on.the. 'ﬂﬂrsﬁnﬂy gate in a manner similar %o condi~ -
tione of the orlginal design ' o - S .

Suveral faults of this arrangonent vere 1nnediately obvious. ‘Phe _
edgan of the stream of water undar the cervioe gato 1lp1nged on the gnte‘
slote, producing rough flov uouditions in the tunnel. Tho flow undey _ |
the dovnstream gate was sush snnather 1nd1ca$1ng th&t 1% was botter c’
suited as a service gata. The dovnutream gate was sthacted to hydrnullc
wplifs forcen prcdueod by‘impnnt of the. rou;h flow emarging from under

4he service gais. This made the zate difficult to oloee, a conditien




undeuirabla olpéoinlly in an emergency gate. !urtheraore, an th-ra was
no provision for venting the downstream gate, when 1% wan clousd qniokly" 
& wvater hammer ocourred vith sush . intensity that uaveral Joints 1n the
‘modsl tunnsl were rupturnd, Anoordingly, the suggestien that. vont plpel _
seuld be sxcluded was vroﬁg.

The two l—inoh air vents vhich proved luceassful 1n the originnl
desigzn were :eiustallod. The . downstroam gate waa doaignated as the

service gate because 1t producod a unoother flow in the tunnal and the:

npstrean gate vas doltgnatod as the ansr;nnny gnte boosnlo it vould closoﬁ

‘BOTe easlly. Ths porfaraancs with this arrangument Was uutisfactory
except, as befors, the’ downstraam gate would not. clmo on.sil;r bommu

of hydraulie uplitt-forcou produoed by ths 1npact of the flow againat

the botton of the gats. Any force on .sither of the two gato:, tending

to pravent them from. eloaina, vas undoniruhle.' I theae foroos could -
not be entirely eliminzied, it was anttoipnteﬁ that the prototype gatos 
To estimate the ;
amoun$ of oonarate ‘that vould be necasgsry in the. rrototype thé lbdol" g
gates were: loaded with lead ahot vntil they uould oloea oaaily Vhile
the upstream energenay &stea raquirad only: encugh ahot o overuome the f:

would he loaded wibh aoncrete to ineurs a ololure._

kinetic fristion, the downstroam narvico gate required approximately
15 pounds of shot bscauss of the hydrsulic uplift forcss. Thia woight
in termw of the prototypa, vould de oxaosaive ‘and not- practical bacausm K
sufficient concrate could not be placed within the gate._: T
,'é;,;; . DPROVEMSNT OF GATE DESION. S e
" With gataa placed in one woll the lervico gnte dounstream aoalingf"

on its downutraam fane and the emergancy gata upstrsam sealing on its o
upntream fage, and wi&h the air Vent! inatalled to prevent axoasniva "
nezative preswures on the downstrsam face of thu acrvica gata, the. gan—‘ '
eral arrangement was satisfaqtory; but during tha cperatian of - the- |
getes thsy would not cloae by their own weight, Hydraulic uplift Iorcoe‘
prevensed the lorvico gate fion starting to oloss when it was. wi@o open,
_and fristional reeistance dus to the high statie nrosture pgtvqn$¢d bosh
in addition, their

gates from closing ns they approached tha gate sest.



ltruatural duign was unduirable bocauu the thin socuon prodmd bs'

the W5-dsgree botton :-aquired an exoeu!.va mnnt. of atesl to attain . o
nafﬁalont atrensth I‘nrthar tests in Sariu A won mq to !.nprova the
design of the do\mntrom urviae gate to facnuua 14e oporn.tlono I‘l o
was antioipated th,at the duign obtained ror mu nto mld Do und for

ths upstresn anorgonoy gato. 3

The hs-degree bottom was raplaced with a horiunul nne. wh!.ch 1|

'
1desl ltmaf.urally (ﬂgu.ron 8A and B). Advorn negativa yrnmn vnro
recordsd on the horilontal bottom fnr the 'urimu hon.an and gato o:pm-

ings. .l.luo. tha: forne required to uft this revi.ud noaol g:.ta vai oen- | _

sideradly more than the forco reqnirod o nft ‘the: origtnal. Thil
inoraase in Aha lifting toruu uas d.ne to an mronsod m:-nnllc drudmm i
force On . tho £lat botton.- mme foreu varo oa.l.mlatod vy inhgraung
tha veruc;l oonpononts of prumu en the rupoctin mtu for: va:rim
openings. The maximum force on' the ’%5—do;rea bottm gatn was _approxi~
matoly 342,000 poumh (prototypt) while on the ﬂa‘l‘. hotwu ;ato 1% wae

of the order of 1 300 000 pounda (figure m)

A gnte with a 15—»dep'ae bottom van: then trind. 'tmt negntive pru-
sures wvers stesl rncorded (ﬁgnra 80) giving a drnwdo\m in ‘exaass of. |
1,200,000 pounds. '!his precedurs. of oha.nglng thé angle uf the ‘oatton .
vag nbm‘}.ﬁned &2 fl was apparent :tro:n viml s‘h’udy that the rniled
gaten were not shaped sorrectly to permit L;e flow lines to follaw tha i
given shape. connuqnantly. t.he £ow. tended tu upa.rate from tha betton

of the gntes, _eres.ung nagative presmru.: 'rho ‘na ‘bu'etcn vu um'v-d.

%o tneso flow 1ines. The drmrdown fores vith this design. _wa.s the mi—- S

wun observed (ﬁgmre gD and 5‘3) ‘bnt the !10\\' -i.nn follovad the bu?.ton |
of the gate at nolt opaningu aml the nognuva pressurcs 5ppnared to oumn'
becaunns the . gurvature of the up-troam adge. of tha honon was too uvorc.

Sim.e a nusber of gates pad %o be %ened bafore a. mbiu!mtory bottou
lhnpe conld be obtnined a method of uxpodh,ing these mt- wvas mnmy
It wae nuted in t?w viesual atudiu on thu mu'ved batton ;ata ihnt mll
air bubdles wou;m mtick to ‘the gate in’ :s'agiom of nmshe pressures.

7




Using ‘lhh a8 & cr:l.nrlon. observati.ons ‘were qnickly n&o on vooden
.g;too (figure 9). TFifteen lhapos vcte tacte& with bottom B-15 being | ‘
selected for further tentu. ’ - R Cr
% ~ Bottom shspe R-15 vas moorporated 1n the model ga-‘u and tennd i

by recording pressures and observs.ng the 21ow a.t ru-io-ne heads snd mn E
‘opgamg. (figurs BB). As a result ‘of changing sna lh.npe of the bottom . -
of the. gato from the h5-dogree bottom to the uur7ad botton lh-pe B—lﬁ. ;.
the itruotural aipoct of the'hottom vas in;ruveﬁ, the oxcennlve upii!t

.foraes whish would pravent. the gaue from ata.rting to clase due to- mpm |
of the flow on the bottom of the gato varo eliminated a.nd pcsiuve

-,

progsures vers obtained ror all gata opanin;s._ Eovaver. nome ndversn.
features 08411 exisseds (1) The gate would vlbrate at opanings gromtor
than 20 feet (80 pareont); (2) the hydrnullc drawdoun foroes wers '
greater Shan those oj the hs-dogras ‘bottom. gnto. and (3) frictional
resiutanac gtill: prevnnted the gatg !ron clonlng a8 A% waa about %0 ;ost._
Tor these reasons, tvo addltional tsetn were nnde on the dounstreun L
.sarvlco gate to dotarmina. 1f posnlble. tha caune and freqponoy ‘of thei"-”
vibrations and 0 ahsck the acuuracy of the oonputad hwdrsulte drnwn e
down torcts bv dirsct nnasuremant of tha foroea aatsng on the gatl._":
fThe problex of debarnining the: nagnitudo of : the f*tctional reaiut&nﬁa \
in the gate, vhinh.appoared bo: prcvont thg gnte frum clontng. wan also§ -
considored in the lecond tost., L o ‘ '

VIBHA!IOK oF Gﬁ!l L
Wnils recording prosturon on bhe £inal: curvad-bo%ton 5ata. 1% ua!~-;j

cbsarved that the gate would etart to vibrate at openinga greater ‘than S ; 

80 percent. The vibrations eccnrring ae these upenln;f vere or woeh a

nsture that the very top of the gate would ronatn fixod. terning & nxia 3

o
T or hinge about which the rest of the gate vcnld vlbrate.‘ Troquon&ly tho
vibration would change to Alis bottom of the gato. nnﬁ ualniiltl :

ib . axis of
‘The amplitude of bhase vibrstions TR r-ll!i!loe

it was uennzlotent.
by the guide tracts in the gate-well structure (figure 2). When- the

gate was 100 percent opexn, the frequensy of vidratien vas low, bud a: thn



gate vag 1avorod the froquency mreaud reaehing a mximn ‘when the
‘gnte vam approxmtaly 5 pcrcont cp‘n. Upon fuﬁher loworing oi’ tho
gate the vimﬂon annd aa the proamn on ‘the - tqastrunn fuo of the
gate bwm w!fiaiont to hold 4t lgninst the soat.

A dhpbragm was m:ta.lled m th:a -mx plata of the aodol gato to |
recerd bheu vibratione, ‘!ha novemn%s ‘of the du.phrm were trannfurrod

by [ lcmr arn to an eloctria coll and onui.llogn,ph.- Vibra.uonl were _
Bever reeordo& bmume vhon a.11 R LE rnd.y, the gata refuud to vl.bra.iu. !
Despite many a.ttuupta to- sta.rt the gate vj.‘oratin;, no roviuion or chango

hed any 1nr1mme upon ne ptrforuanoa. ud tha tnu m to ba a.bmdoud, ‘j

Thene tam‘.s ware not trnitlan bocmo durlag tha uﬂouph te uh-
the gate vlbrate. s sondition wae ob:arnd whi,nh had bun urarlookod.
the prralin galdo trn.clu ‘shown 1n ﬁsﬂre 7 umﬂd ho lhee\red from the
frama in the sormal aperation of \ha gata. \lhan the vi.bmﬂ.on tanto |
were started, ﬂw pyralin gume trmk:a shu.rod a.nd, at t.lw.t time, 11
was thought this was dun to vear fron pmiom tocting. 'ho aﬁ.diﬂonal
gets of guides were inatallod and thgy aluo chou'ed. Whan tha ga.te wu
ralged, an oponi.ng was roashed vhare the gate vould movo npntrou 1n tha
slot exarting force vpntroam upon the pyralin gaides. This ups‘zrm
mvment of the gabe i.ndicatud that the presnuro: on-1%s’ downstrou fuc
wera groater than thoue oA wne- upntroam fo,ce. Thia mcreau of praamo :
was nttrnmtad o m;mt oreated by th.s odgoa of the Jot mphging on H
the dowvnstrean side of the gate alot. '!ho i.nportanao of pravcnting mh |
& condition i.n the protetm can. be shm 'by a oo-paruun of strouen '
in the gate guides. Bince Ahe. muu An the: nodel nre goomtrtocll;r
similar to the prototype and tha pyralln gn!.du had & shaar ltrength of
1,000 ‘pounds per swo inch, 1% follon that ﬂtroasea ua groat u :
30,000 peunds per square iach vould oecur m the prototypa. To ninmuo ‘.' "
this oxpansion of flow thro\mh the ga.te—vcll stmturo and to red.uo. ihe
prezsurs datwesn the gate and the gate-well struature, an areh was
Placed betwgen the ga.tsas {figure 7). %Thia arch rodnood the hpaet of
fiow on the downstrean face of the gats. Yat thc upnrun l\dng of thn
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gate oonld not’ be elmmt.od. “1f this mgnlgaun{’ﬁ-ns'ed in ;ny inatal-
lation, the gate uhauld never he\oparated at openings gruatar than
22 feet (88 paruont)
mmm smm | L 5
- Te conolude the toitu on tho dovnstream lervice gata, the !oroes _
ssting on it were eunputod for. various openings nnd !or [y hoad of o
165 feet probotyp.. Sinee the: sun.of ‘these furcou waa equivalent to tho.
forae on the nolst odbls. 1t ‘aculd be chackod by opera ving the no&ol
gate at a head equivalnnt to 165 oot prototypa and at’ tha lane ti-p
naaluring the foroca with 2 epring acale attached to" the hoist caole.
The forcas a,cting on the gai..e wers’ (1) ths wolght of the ga.te; (2) the
kinetic friction; aud (3) the hydrs.ulic drawdown. Only the sum of mue
foroes gould de moasured direotly on the Iodal but ‘the: fir:t two fore0s :H
éﬁu sould be dstermined ueparatsly and the hydrsulio drawdown forca ohtainodg
- for any given gate opaning. sinea it was: aqual t0 the nensured foroa on !
‘the hoist csble minus the weigh& or the gato nnd tha kinotie frlction.‘ fu.
This teet was nads to dot-rmina tha aacuraay of the’ hydrmulic dravdownr

forces computed in tha pruviona tense from pressnras neacured ‘ab the _N.] .

centor of the gate’ only. ‘In the pravious teuta 1% had been asaumad
that the prenlures noar the aidos of tha gata wara ths l&ne as at the -
gentar. It wus nenessary to’ ahack thin assumption.- 1nce the nagnttuﬂe
of tho h;dranltc drawdovn was auoh an to nake 'Y oorroct predictlon from
the modsl studies easontlal.__” RN o L e

2

A cuparate ltndy was: made to qvalunte the uoight of the gate undw -
the kinetie friction. The gate. was woighed and a carruction mad@ for‘fx_"
the effcot of buoynnay.‘ ‘The - woight vss found to oorrelpond olosely -
with .the eatlnated prototype welght. of -300,000 pounda. ‘The prinolpai_‘. '
causs of the frictional resistance wan the horiscntal foron dua -to B
water pressure on the upstraam fane of the gsta. This pressurs was
practically constant ovor the faoo of the gate and egual ‘to the. static
Ppressure, messured in the gate voll. The frictional rosistnnoe vas
expresssd as the prudunt -of the pratonre on the gate, ihe area. hounded
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by the gate uaala. and-a coaffictaut of kinotio frlctiou. Thie coéf-”
ficient was. aoiernluod by 1oadlng the. gnto and noaturing !he toroe‘ ' 
requirsd 60 nove the zate along a horisontal uurfaae. A ooeffioient of
0.125 vas obtainod (fignro 10) - which ie believed to: he alightly largc
ag gome watar vill flaw under the soalu whnu the gnte 11 operating.:\
-condition which gounld: nat ho dupllnated 1n the: tasts to dsternine thu-f
aaef!teien@. A eooffieinnt of kinotie frietlon of 0. 10 wan ualactod,
neking this ‘method of doternining a’ aoefficiont of friction a mattar of
Judgment rather than preeision. Hovuver, it was. poanibla to’ ohack this
assumed. ooafficient. Sincu ‘the- foroe o:ﬁrcuintance 1s oppostte to: the  :‘ .
gate movement, the difference 'betvoan the forca raqntrad %o raisu the
gate and that to. lcwnr it ie: eqpal to tvice thn frictional relistanca “
of the gate. . During the testu to. chaok she hwdranlta drawdawn. tha
gate was oPefaxcd through 8 cyale of - oloning and opnning. tuccessfully
chesking the friutional reuin%anoe baoad on & noef!iaiant of 0.10. =
Additional -Sests wers nade o doterninc (1) whather ihe frictional‘f
reasistance shich tonded to hold the gnto ag. it: appraaohad the eloued
yosition wonld be overcome when the nodel g&ta vas filled with.concrete

(figure 1), (2) the ‘forae. neeeiaary %o close the gabe with the connre%e_: ﬁ

removed, and (3) the effect on d.rauﬂown of a :kin pl&te anwm %o m
_upstresz face ef the. ga.to (figmro 12) '

48

Ilgure i1 uhows tho retultl of the drawdovn bests nade on the gata_;_i
rllled with eonnroto. ‘The ordinate reprasent: tha drardown torccs on.

the gate. Fhe nbaciaua raprsnenta tho gata opon&ng 1n faet tha gate
deing wide opsn at 25 feet. The indtvidual !oroel anting on the gate'
are chown by the light ﬁﬁ%ves.‘ Its vsight ghnvn by & huritontal line. 
is 1ndependant of. gate upenings. The friutiunal ranistnnne L T8 novonent
is a mnxiﬂun whon the gate is ¢lomed and acta 1n‘*ha oppon&te diraotlon‘ B
t2 the gete povement. The hydruulic drawdown force was ohtaﬁnsd troa ;
'the datu shown on figﬁro SG. “The :nm of- thoae forcos is ehovn by the
hoavy s0lid curves. Whan the gate was. betng oponed the maximus forae |
ooourred at an opening of 12 foat. 1In the prototype this rorcg wouid -
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be 1,800,000 pounds. During the -alosing cycle. ‘the critical pcint was .
at an opening of about 3 inehes prototype. The drawdown forces reduced
to 2eT0, and a downward force was . required ta cloee the gate due to ths
frictlonal resistance of the model gate.being greater tnan 1te effee-
tive weight. ‘ R

Thim total force curve wae checked hy'measuring the forcee actually

required to eperate the gete while nainhaiu;ng the head et 165 feet

This check, shown by the heavy daahed curVe, agrees reaeonebly well with
the comnuted curve over the nejor portion uf the eyele of operation. :“'
From theee resulte A% woul& appear that tbe hydrmulic drawdevn foroe
computed from the presauron recerded at the eeqter ef the gate *e reaaon~ f'
ably reliable. Of perticular 1nterest in this check was the agreament |
at the two critical points the maximum 1oed on the hoiat and ‘the’ polnt
at whick the !riotional reeistenee prevents the gate from closing Both
of theze points were checked eatisfaatarily, which 1nd1cates that &
prototype design. eimiler to the model, vould nct cloee by 1ts own weight -
and would need also a hoiet capacity of 1, SOO 000 pounde. However. the |

soefficient of kinatic friotion. of O, 10 in the model wil; ‘not be. the,ﬁﬁ,;: 2

same in the prototypea' Better meteriel for ‘the vheela end ehefte will
‘be used and the coeffiaient of frietian o; the seals, high »n the model .
will be slight in the prototypa. Unfortunately. thia protozype coeffi— o
cient cannat be obteined from the results offmodel studiee, and the L
adverss figures given above ere enly an indicatlon of. the prototype _
forces and are apt to be misleading if their 1imita*ions are ‘nat: realized. o

ﬁhie high frictional reeistance in the model was the eauee of eome
concera, and a teet to eetimate the anhual forae. required to clnse the -
gate was deeired. The concrete not very effective becauee of 1te
buoyaney, was. rsmvea and a }/'S—-inch rod installed. in the gme m place
éuf tha hoist eahle. enebliag the gate %0 -be pushed closed. The- procedure
on this test was similer .o the test mads .on the gﬂue f1lled with con-~
erete., The forces ecting on the gate wers compubed, and ‘their sun was
checked by operating the gats, providing an additlonal eheek of the_
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goxputed hynrunlio drawdovn forcuu. &he rosultn of this check teuts,
ghovn in flguro 12, wers plottod as ciroled pointn to uonpare with the
computed curve, Difficulties were. aucounterod in opening the gabe and
the results do not agree as well as 4n the former tost. It waﬁ found B

thet nhould the trictional reaiatanca on the prototyya be as| great as’
that of the model, & forae of 180, 000 pounds would he noceasary to cloue
‘the gute (figuro 12). ' '

The final test was nade to aotermine the s;feot of a akin plata :
an the upstream fage of . the gate._ Aa some turbulonue exiuted betveen
the beams of the gate, it was thought that by smoothing the flov around
the gate, some effect upon the hydrsulie draudown foroon could be _ |
notioed. This tast wus aimilar to that made to find the forco raquired
%o olosoe the gatle, czoepting the akin plate vas added to ita uputraam
faca, The results ars also ehown on figure 12, plotted an crosned
points in coaparison with the oirulad puints of the prqvious teet
The conditions of teating were 1dentical to the- formar test, and the
agreement of the arossed pointa vith the circlod points | indicatas that

the okin plate was of no valus in reduoing the hydraulic drawdown -

. forces.

GAEES WITH SEATS OH UPSTRAAM FACE - SERIES B ;
The final design of the service and emergonuy gates devaloped in

serien A was at first nansidarod.satisfaotory, for the aAVantage of ‘“ 
having both gates in thn namo well appeared to offset the diaadvantage.‘ .
of $he large drawdown foroes in the downatream uervice gato. Thase |
foross were estimated %0 Dbe 2, 000 000 pounds under & nnxilun haad of

190 fest. Inasmuch as it would be airficwls to obtain’ hoiet. mchineryf
hawing the reqnired aapacity. 1t ‘was neceesary to roduoe the hydraulic
draviown foroes on tha gate.. !hros nethoda vere proposedl (1) reduce )
ths sige of the gates; (2} change the ahapo of tha botton of tha aervice
gate; or.(}) replacs the service gate with ons having seals on its up~
stream faca. BEach éhange had its disadventages.f_ﬂoduhing the aize of the
gates involved changing the arose seotion of the tunnel. Changing the -
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shape of the bottom would probahly result ia a_aﬁrﬁcturnlly.undauirable
shspe similar to the original 45idegree bottom. Replacing the gervice
gate with one having seals oh Ate upstredm face rcquired hwé-naﬁaraté-
gate valls.. Tho uervica gato wasg. replnaod with ona having seals on itl
upstrean faco and plucod 1n a separate wall, !ha ellmination uf the »
hydraulic drawdown forces; uhinh ‘the tests verified vag & diutinct advan- .
tags. This new arrangenent was considerad better than that of seriel :

A even though two separate gate welll were reqnir-d. Tha propoual tu'
reduce ths aize of the gatas was also accaptable whsn 1t was damonstrated‘
that the aross section of tho tunnal could ba changed advantageonnly
without reducing tho araa.

REVISIORS 10 MODEL Gl
The single gate-wall structure of series A, oontaihing both the

service end the emoTEency gatea was replnoed hy two structures. sach
containing one gate only. These welle (figure 13) vill be located -at '_
stations h775+20 and h776+17 Two 1dent10a1 model gn&on having npatroan :
seals were constructed ta be plaoed in thane vella. To obtain Y flow .
beneath each gats which would apring froe. from its battom. the ukin

plate on tha upstream faoe of the gates protruded below the last struo-
tural beam a diatunce equivalent to one—half the baam spacing. The

lower haam could therefore, te conaidered ag the bottom of the gnto._“. 
This wvas & aimpler design thanjthe emergency gate of geries A, whiah
employed a eloplng botbom. in that gata, the sloping bobtom appeared
$0 create the turbulant flow which wus observod 10 the teats. and 1t was
anticipated that the turhulence of flow paselng under the new gates
would be reduced by the protr1 ing akin plate.

Pmomcm oF cum:s =

In teating the new a:rangenont,.study was wade of the presaures on_

the gates, the. drawﬂown and frictiunal forcen provisionu for aaratlon,~f”
the flow under the gatoa-agd-through_the well, - and the ai;ultgnsoul o
operation of both gates %o datormina which funotioned better ag a .

lervice gate.
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As antiocipated, the pra;surau-on'thg tep and bottom of tﬁe gaton
were atmospheric under normal bpératiﬁg ebnditionl._ Hoiavar. whan “the
zale wae open 80 peroant or nore and the tunnel filld& with water air
could not reach the bottom of thn glto, and the. preaturaa bacana nllghtl,_-'
negative, As the gntu nponnd fnrthar tha largor discharge 1ncreased
the pressures in the tunnel and under the gnto in the manner doocribed ‘
in the bests of meries A, ' ‘

The atnonpheric p*nasurau on tha top and the bothom of the gata '

indicated that no hydrauliu dravdovn axistad. Tho operation of tha gatel’
confirmed this fact since anly ennugh torce vas requirod to overcome the .
kinetic friction.

Although a downwerd foroe was wtill reqnired to close the gata, the
placing of the seale on tho upstrean faoa was an advantage for the gata '
was out of the weter and the eftoctlve weight Bvailable to overcone tho _'
fristion was not reduced dy mmoy. 1t was thought tha.t tha gata would' '
¢close by its own wetght it tho sliding friction hotwaan thn guide tranks : 3
and the guides were elininated These guides wars replahed by ball~ .
bearing races, which raducad the frictional resistanoe bui not aufficiently'
to permit the gate to close by its owm weight.‘ However the prototype
structure should oless sanily, fcr 1te frictional reuiatanca to movement.
wvill be less than in the model., If the. kinetic friation in the prototype .
ieg too large a closure can be. made by operating both gataa at the. same .
time. No matter how great the ralistanoe to novemant the downstream
gate will olose a little farther than the othnr, anﬁ when 1t does the
presgure ferces on the npstraan gate are rednced parmitting it to close
a 1ittle farther then the first, The modcl gates were suncesefully
operated in this manner. ' - '

Adsquete aeration was necessary to prarent ﬂﬁhatmﬁspharlc presaures
and to vent the tunnaa downstrean from oach gate. By using a gate that
sealed on its upatream faoce, it was peanibla to aerate the tunnel below

by the gate well., However, the clearance between the downstream face of
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the gate and the wall of the wall had to be eufficient to asrate the tun- |
nel and at the same time drain ‘vater that flowa around the gate: when the -
geals were not seatad. -In the design ofwthe upstraam amargunoy»gate of
series A the clearance was over five feet. In the new design this clear- 

ance was two feei, which was udoqpata undar all cnnditinns tested

The flow umarging under the. gates was smOoth 1ndicat1ng that a
better gate resulted by axtonding the skin plate and oliminating the
gloping bottom of ‘ssries A. While the flow undar the gata E\s satie-
fastory, eddles at the sldes of the gate woll simllar %o figure 15
indiocated possible nagative preaauras.‘ In sarie- A thia condition wae
not given any attention because the doiﬁstream aervice gnte formud a g,‘
control at the downstream sids which kopt ‘the presuurea in’ the gate well
positive, However* in serles B the aontrol waa on- tho upntream faoe of'
the gates, 80 the eddies could 1nd1nabe negativo prastures in: the gate
well. Since these eddies could nob be oliminated ‘their intanli'ty vas

reduced by curving the downltream face of the gnte-well atructure.

Pressurs tasts to determino their etfect vero delayed until 1ater (aoe

paragraph 13). |

Obsarvations were mada dn bbth gétaa to-doté;h;he'which was more |
suited to be the smergenoy gate., Ths procedure was to aet one gate. at o
a particular opening to represent a fouled servlce gate, the othsr,‘
representing the emergency gata, WAS then c‘cned sluwly. Uaing the‘
downstrean gate &as the fouled lervica gate. it was the oontrol when‘f"ﬂ
the npstream gate wes open and the: npatraam gate vell was ' paxtiallyﬂ'jg
filled with uatar._ ‘48 the upsirean gate alosed 8 point was reached
whan the control. shiftad to it and the colunn of water in bhe upatreaﬁ
well d,ained -and normal meration occnrrad. In this tost no adverse
drawdown foraea exiuted on the np-tream ‘gata, &ven vhon tha gate well
was f3illed with water and the control was at the. Adovnstrean gate. How?_ 
ever, should the upetream gate ba closed too rapidly, the column of
water in its well would not have suificient tims to d:ain. r@aulting

in a downward force.
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When the umpstream gate represented the servics gate fouled at &

given opening, it was nocbsadry.to'lowet the doﬁndtream'gnte_ipiq:the _
rapid flow cmerging from up.dbrncatﬁ ‘the "iipat_reaﬁ.géte;_ 3 -';l‘his"flqui im'pa.ctod
on the face of the downstream gate, and while n§ advorpe‘cdqdiﬁionq:ﬁerej
apparent in the modsl, in the-pr‘ototype' the Jat ﬁl.::rik‘i‘n.g‘th‘a‘ gate might
cause vibration. The downstream gate wes closed raph&ly several times..”
This rapid closure cauned a suddon increa-s 1n pressurc upstream.(evi— :
denced by a rush of water through the upstrean gate voll uhieh was
- powerful encugh to wash out the uputream gata.‘ In. the prototype ths
gates muat be lowered nlowly a0 that this condition will not ocour.
The tests indicated that either gate: could ba operatcd au tha narvioe
gata; end 1ts uelection nhonld depand mainly upon the faot that the dovn—
" gtream gate will be accessible fot/ropairs ‘when the upstream gate 19
closed. ‘ e

REDUC”IOH CF GATm SIZE .

By sliminating the hydraulic drawdown foraes, the hoist capacity
‘required to operate tha_gatos‘vas.raducod approximately 50 percent.‘:
N¥evertholess, the weight of the gate and the kinetic frictibn may be #i :
great as 500,000 pounds; and to redune thege forces..the uee of a smaller
gate was suggested. This raquired a change 1n the cross ssction of tho '
tunnal at the gates, a change 1imited by the requirement that the cross~
sectional area throughont the tunnel ba the. aame to pre?ant 1ny conntrio-‘
tion which might reduce ' the quantity of flow through the tunnal.
transition 25 fest long was’ used to changa the 23— hy 25-foat hnrnashne
shape of the tunnel to a 19. 5 by 25—foot rectangular seotlon which has
the same area tmt permitn the use of a narrover gate (figuras 1h and 15&).

The diversion tunnel model was;reviaed‘to‘include this chapge,‘; n
the new gatei'ball-baaring_rabea.vtfé'ﬁsod‘in'piadéidf tthﬁrasafvh§e1b‘
with steel shafts used in the former tests. ‘Thié eliminated the ffiq— S
tional resilstance, permitting the gate to closa oaaily.,‘As 1t vas
anticipatad “that this would be the final deslgn, pionomatars were lnntal-
led in the gate, in the gate slot, and in the transition sections of the
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tunnel. Since the Presgures were fluotuating, a nennitiva olactrio :
prassure gage was used in-teaﬁ of water manometera.-~ S

The preagures on “the- gata botton were atmospheric.f In the gato
slot where eddiea oeeurrod (figure lﬁB) the presaures fluctnated con-.
siderably, and, while they wero u:utlly positlve. negative preslures as
great ae 10 fest (prototype) were recorded. Nogative prossures were '
also ob-ervod on the downstteam side of the aeala. However. no- proulures
less than ~10 feet were recorded, for the air antering the gata~vell
structure vented this rogion., The transition aactions. both upatream_'

and downstream from the gatea, were free. from negative pratsures. 

A clearance of 2 feat, prototype wau provided between the down— o
ptreanm face of the gates and- the wall of the well to permit aeration
of the tumnel below. Both gatel acting togethar behaved in the manner
described in section 12, although the gates closed eaaily. Tha hall--
| bearing races had only a slight rosiatance compared with the brassj_
wheelu with steel shafts which were used in: previous testa...A

Only one adverse condition was obaervad.~ When the. gatee were wide
open thay movad.upstraan. Thiu mnvemant was éaused hy the flow under—
neath the. gats, in a manner szmilar to the aotion of a Jet pump, vhich
removed the water between the upstream face of ths gate and the gate-well
structurs. Gonsequently, -the prassurea on. the downstream face of the-ﬁl-
gate wers greater than those on its upatream face. The resulting force, ‘
vhich moved the model gate upstroem. was estimated %0 be 300 000 pounds. ‘f

afficient to damage the seals in the prototypa. If the gatas are nQVQr:'ﬁu
opened more than 24 feaet, 10 1nches of the full ga*e opening of 25 faet.
‘thie vpatreanm movement will not ocecur., This amall closure does not
noticeadly reduvce the naximnn dlscharge oapacity.

A final check on the hydraulic draydnwn forces was’ mada at’ opanings'-'
from 90 to 100 percent. When the. gate was 90 percent open. .water fillad
the tunnal and rose 1nto the gate vall preventing aerutian on the bottom

of the gate. I% was feared that under thig conditlon negat1Va pressursa
would occur, causing a hydraulic draudown,roroe. .S11ight negative pressures
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d4d sxiast; but, as the gate well filled with water, the uplift duu to
bunyancy more tlian overcame any resulting dravdovn force.
DISCHARGE STUDIES ; S .

_ When the diversion tumnel is in use, regnlation of the flow of the
Sacramento River will be made at the service ‘gate. 'One of the urposes"
~ of the model studies was to pruvida diicharge diagfame ahnwing the T6la-
tion batwesn discharge and rescrvoir elaVation for varioua gate openings
(figure 17). Dilcharga studies were made on. tho original design to obtain"f
preliminary rating. curvea.- When the final deaign wes - evolved ‘corrected
and revised rating curvaa were obtained Alehnugh discharge calibrations “"
wars made only on the original and final deaign, checks ware made to bo |
certain that the saveral reviaions‘of the gates,did not naterially reduce _ 
the total capacity. | B AN |

The .final reting curves werse corrected and revised to el;ainate the
dissimilitude hetwean the model .and the prototype as noted in section 4,
The method of correcting the model data wes to establish aimilitude at
the nervice gate by correcting ‘the - energy ‘hend for a given discharga.

Yor any given gate opening. and discharge, the corralponding reservolr -

head was equal to the sun-of the snergy head at the gate and the hydrﬂlllo::
losses upstream, It wae unnecossary to consider the typas of flow in

the model and prototype. sines thair Reynnlds' nnmbers Hd were vell
above the eritical region. : S ' -

It was neoessary %o corract the energy head at the gate only whan
1t was wide opon. ginae the gata acted as a contrcl at partial openings
Thias correction was made by changing the slope of the tunnel. >

The hydraulic lossas in the prototype upstream from the gate, : l

necessary %o determine the raaerVOir haad were’ estimated to be :

- S 2 B ::..:
0.59 —%%— which inclu.ded an’ entrance loaa. H., of 0. 140 T and a

frictional ioss B of 0. 19 -I-_- The eﬂtranca 1093. H.. was an astllata,




ba.sed upon the coafficienta by King. and th‘- frictional lcas was calcu— '
latad from the foml‘ Ef . le— wlwre d wag a.nsmned to bo funr
times the hydraulic ra.dins of tha horseahoe-ohaped tunnel section. '.Ehe=

frictiun factar f sslscted from c'urves ‘baaed upon ‘the valnu of Reynalds'
number Ry was 0. 008 for the prototype a.m:'i 0 Olh for the nodol Teatu '
gshowed the friction factor of the model to ‘b 0, Dlh

The rating curves.""gura 17, are. more aocurate at small gate Open- i

ings, for the hydraulic louas npstream from the gata win be nmll

compared with the total head a.nd arrors in the eonputation of thase 1oaeon

are negligi‘bla.

R C. Lowe. - :
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FIGURE 15

1:30 SHASTA [AM DIVERSION TUNWEL MODEL

FINAL DESIGN




FIGURE 16

B. GATE 20 FERCENT OPEN

1:30 SHASTA NAM DIVERSION TUNNEL MODEL

FINAL DESIGN




GATE OPENING IN FEET

a0 129 22 % 450

T

§

i

o
- a
HEAD IN FEEY (FPROTOTYPE)

B

z
Q
=
>
w
-
v
£
o
>
[ 4
"]
v
]
x

~
™
-

~
-

~
[t

ISR S D T M
DIVERSION TUNNEL" ; _
i i [ RROTOTYPE. i »634.00 ., . - .
. . 1.1 1 ]_ I ]
. N I
o i e e 20 25 . .
DISCHARCE IN 1000 CURIC FEET PER SECOND (PROTOTYRE)

SHASTA DAM DIVERSION TUNNEL

RELATION OF HEAD TO DISCHARGE
FOR DIFFERENT GATE OPENINGS

214-D-7644 -




