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T>',,,',,~" 2, Color,s.do, J u n e  15, Igt:h. 

(J. ". nr;-lley through J. 7,. ":~rnock) 

Sub.lead, t: Ir,,~rovements Iz riv~'r ~hann#l below ;,o~ider D~m--~ou]der 

Canyon Project. 

I. S~;b~,~,mlont tc th~ ~,em,~l=tl~n of th~ ,,nc]ose~ hudrm~]Ic 

iabor~'~tery m~mor;;n']ur~ of A~rl! 19( 19 '~h, con~ni~ hnrewlth, 

~tudy wr~ co'"Dlehed rel~,tlve t,~ th~ }x~ck'wster effeqt ,x~te~] in the 

=~oul?.~," Dan tailr;,ce by -~-:-~:=in~, of the river channel downr, tre,;;m and 

by t},+~ ~ro~ned future ::tlon of Davlg .Dam 2ezerv~Ir. As var!~us 

oartie~ are int ..... :~ th~ ch,~-nnel imlwovement Drr, bl~:n, an attem,~t 

ha..., be.~n n:'. ~,. ,:lu~.e r~ll ,n,:,rtlnont material on the subJe-~t under 

nn~ ...... "" r.:-"~s rensen r, mer~nrnn:~um to the Chief Electr']cal 

• ::r ~ :llzt,.l }:n:~ine~.,r b~- Enr!n~er T. A. :4Luter has b~en I nclu~e~. 

in ~',::i'~Icn, a record of th~ more ir, mor~,-~nt previous corr~:~.ondenc~ 

on the suh~ect h~s b o e n  u,!ac:'d at the %~lcl: of th~ I~ h r" :':':' to ~7 report. 

.. Tc~" tb- our,~o~, of c!ariflcntl~n it is here ~ ,~e,-s th~ 

any z'e&]ctLon in t~;il~'ot~,~" l~vcq, ~s ~rooer, er! In ~r. Winter's 

memorar,~u~,, will not co"stitut~ ~ f:~ctor ~,'i the. oD~ratlon of the 

~,o~!~.fle~ nu~let~ an¢] s~.illway +~,.,.~.~.~le ~hr, mo::Ifl~d tunue!~ wlll 

~erferm e ...... I.~ w~l! river r~ wi~.e ran~r ef t~l~w~.ter de~th~. ~,'r. 

Imnr( % o: ..i, in Dc',,:er } ear! t the: two D!c~nts, and the eyt~,~t of dr.~d~.- 

In~ ,h~, "'~ ",",~ ,lud~ed solely fram this stand,*~o~nt. The ~" ~ I ~h -. . ~ . . . . . . .  y~rau, lc 1 .... o, atnry 

report r~cor.mends dred~.-i;:~-~nd r , , , '~ov~:l nf loose h'..,n~ m~teria! f r o m  the 

tu,~ne'], r, ort ~s t~ t~"~ "~ ~" ~ ~_v.. ~'ar[n~ ~tatlen invo~"'~.l,~ a r~.~ mile r~ach 

of t~ river, ~.enc,v.~] of this ~:'~,terial is nec,~,~s~',.ry to nrevent the 

form~,t~.~n of bets ~n the r~v~r. D'r. 'Winter's ,m~mor~n'hun constitutes 

a stu4y of '.~r~c~rwater cn-,:~it!ons re!~:tJ.n;" tn 4~'~in, =, from th~ tunnel 

Dort~l~ to :'in-bo].t R'.e~!dg ....... c..i~.a.~.ly ...... leg d-~wnstream. 

J. ~'. :-~r1~iley 

q 
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Denver 2, Colorado, May 17, 19b-h. 

~'~.'O[L~ND'%~ TC 3F!!,,F !.~I,7:~Tq.!?,AL A'~.3 },'?:CHiC~ICAL ~"~IUEKR: 

~ b . i  ~ct : 

(I. A. Winter) 

River-channel inr, rovem~nts below ~.ou]der Da~--noulder 
Canyon Project. 

J 

I. Ref~r~nc~ is made to ~'r. S E. ~: I , ~ ~s • ..occ~e_1 memoranh.h-4 te I,f,'. 
Savage d~ted Aurn~st 7, !91; ~, r~.nuestin~ d~t:~ o n  the effect of l~ack- 
water from Davis D~m for use b,v the l;:Lor~tory in connection with 
model s tub!  i o n .  

2. Vr. Debler's memor:,ndur of Se~.temb~,r 25, ]ghn, to the Chief 
Desicnln~ Enrineer in redly to Ft. Rocl~el!'s rqnue~t ~tat~s that a 

maxi'rur forebny e!evati-m of 6h? has b e e n  set by r, tora.~ renuirements 

at Dr, vlr: ~:am and that studies have not been made on the effect of 
backwater encroachment on the ta.[lwater a t  F,o~.[Ider Dam, ,ither for 

normal ocer~tion as ~f'fectln~ Dewar or under extreme flood co~41tions. 

Yr. Savage reouest~d tb,~ Hydraulic Lesbian Section to ~tudy the 
effect of bac'~water from Davis Dan: on th~ oper~.tlon of turbines at 

9oulder [',~. This st!v~y h~;s b-on comnleted and results are sh:~wn on 
~rawin< 351-0-260 and table I. 

: . .  mhPse ~tudies ~h~w that with the rlw~r-chan~el imDrovements 
exten:i[~, ~ below ~in,holt Y.a~Id# an,~. the f~reba.y at ~r~.~, ~[s Dam hei~ 

. , . . . .  e~.e~tlve h e a . ~  r m  the turbin~s a t  %on].d~r wii] he reduced 
~ni:," ~w.n f~(~t f~r a flow of "25,00,,' ~ c.f.s, and ~./L, of s fo~t for a 
flow ~f 15,000 c.f.s, it is n~t umreasonab]e to eymect at ]~sst two 
:~-rc~nt hi-!tar ever-:,.]] effic\~'~cy at Davis Dam, a n d  .it may be to the 

,Gove:'n:>,nt' ~ b e s  ~ Izte:'ezt~ tc ebt~,:in the ,~:,"e,: ~est Dr~.cti.'r','~] e er.,eratln~ 
% ~ , -  1 . . . . .  t. : ,~ Dnv's ~ t  n o a ~ i f i * : ~  of bea~ ~ t  . P . , o u ] ~  ,~" 

~.d ~f ~.5 feet by holdinc the f~r~h~y s.t Davi.~ Dora tit e!ev: t~en rd~7. 
"!.ix ":=rr.;Id in~ic~:te that th,, ?'reba¥ at O:~vle .~hr<l~ b~ held I~t the 
bi:-h~r: ,~er~r:ible elf, vat!on at el] tim~. Thi~ is the conclusion 
¢~resserl in hr. Oebler's m,~cio~.:m,hm -. ~'or n fio~' of i5,000 c.f.~. 

Lmder extreme drawdo~m co.udltl~n.~ the tniiwater at ~ou]d~r wo~!d reach 
apcro~'i:.ately elevation 622, with Doyle fcr~b~,.y ~t all noint~ below 
e!-w~tlon ;26. Vnde.r these operating" cr~uditlons, t~°~ tlrrl~i:'~ e . t  

"o!~]HPr ".,:~,,:~. ~. in I( f~t in effectiv~ h~d, vbile the tur]',ir~.q at 
D~,vl ..... " ~_ ~. lose ,~I "~ .~., m~, • ~et .... ~nP eor'r.orisons illustr~te the advant~e~-s 
be the qcvernmen[ te oner,-te th~ Oav!.~ forebny nt the b~,=kest ~osslble 

el~v;~tico eonsi~*m~t with th~ r,~'.~,]i-o~,ent.~ ~ ' o -  r~;'~].r~tion of }~oul.der 
r~l~.y,.r:.~ be suit :',~wT.~tre~n irri.-~:tion @em~md~. The Dur>i~*s at 
/~e,~4rr will operate satisf;:ct,:dly ~!tLer w t t . h  the ~resrmt el=ration 
of t:llwPt~r or ~'it} t~'.~ t~!w~t~r low,red by "'Iv~r ,'~r~d:'In~. ?rein a 
pew "~r st;~.nd~oi~t t}':~ Pro .~ -in.~-w-u:]. z r~suit in t.n In.'.~r~-:" r~ ~n ener.~j 

r, rc,~h:cticn ~ r i ~ r  t o  com,~]~bJ-n of Dnvls Dr:re. due to ~n,'re,,~.~ o f  12.5- 

foot ~ff'ectlve heed :,n~ aloe ;c'Lpr Davis D~m is comn]~ted, when the 
iner~rLre in .h~ad wou]~ he re:lue~-,4 to f~:',:" feet. Under .~r~sent r~ver 
channel conr]itions th~ baclc~,eter fra~ Ds;vi~ Dam wor]d r~fil~ce the 
hear! ~n ~ou]der only ~-fo~t, f~r a flow of ?5,.000 c.f,s. 
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6. Stndy of the~ effect of ,~acL~#ate," from Dsvi.~ Dam under flood 

con,+ition~ was not a wart of this assignment, but it awwet, rz from the 

values obta~n~,d in the Dower studie. ~, that the effect at .~oulder 

Dam of backwater from Davi~ 'Dam for flowz above ~0,000 s~cond-fect 

will be tunimoort:..+nt. 

i 

Table I 

! 

. : 

Curve: Flow : 

,~o. : c,f.s. : Bon]~er 

:levaticn in Feet : 3hannel r,-,~.cavatlon 

: : Difference: : Len~,th 

: : ~ould er : : in 

: Onvis : to Davis : Cubic Ya.rd.~ : ~,~iles 

! : PS,0q0 : Z, hO,,O9 
":,-r, O~r~ , ~ h O . O n  P. : . ~  . . . .  

: 1 5 o n 0 0  : < ~ ] . . 7 0  

L. : 2 5 , 0 0 0  : 6 ~ ' . 7 . 0 0  

5 : 1 5 , 9 r ) 0  ' 6 t . ' 7 . 7 2  

' "~I.00 : 9.00 : ~,000, o00 : ~.6~ 

: C'~b.l,l : 5.60 : h,O00.O00 : 7.Oh 

: 425.~ ' ~.0 ~ : '~,or~n,Oe, O : 7.0~ 

: ~h?.OO : ?.OO : + ,3~,O,OO+~ : 7. Oh 

: ~hT.,O0 : .75 : ,~ i . ' ~00 ,000  : 7.Oh 
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Lq{ I T F~ STATES 
DE?ARTME~IT OF TB'T I}~E;:IOR 

V ? ,~l~,..Al (IF ~FIC!~J<ATICN 

Branch of Design and Construction 
En~ineerlng and Geological Control 
and Research Division 

Denver, Colorado 
Anril 19, 19 ~h 

Laboratory Report No. lh3 
Hydraulielmboratory 
• ompil,d by. J. N, Brndley 

R~vlewed by: ~. F. Planks and 
J. E. Warnock 

Sub.~ect: Improvements in river channel below 9oulder Dam--Boulder 

Canyon -~roJact. 

!. (~t]ine of ~rooosec ~. wo~"k. Considerable success has resulted 

in the develoDmcnt of methods far correctin.~- the adverse contritions 
which eNist in the river channel ~]ownstream from ~oul~er 5~. This 
development has Dro-ressed throu,~h the aid of a 1:60 scs le hydra~dic 
model of th~ outlet structure~, s~i!lway.~, and relote,~ river channel 
downstream. Some of the ~re]iminary studies were witnessed by 
Engineer Don S. Walter who presented i]eam originating on the 

project as an anoroach to a solution. 

As a result of the ~tu4y th~ followln -~ repairs a~n4 alterations 
are recommende:] and are v~b~m~rized in the order of their imoortance: 

s. Zxtension of the Nevada Spillway Tunnel (Tunnel l, 
Figure i), a distance of 377 feet downstream ~nn an l,]70-foot 
radius c~ve, to ~irect th~ flow downstream with minimum disturbance 
and to provide nrotectlon a~ainst slide~ from the canyon wall. The 
tunnel as it now exists ~mi,l~s the f~ow directly into a fault area 
in the canyon wall, in which !~zr~-e slides are active. Slides in 
this area can conceivably develop in ma<n~tu~e ~ufflcient to 
render the Nevada Soillw~y Ttulne! ino,~erative. S~,(~l~ it become 
necessary to ooera~e this spillwa.v for any neriod of time, the 
slic]es, which are now a menace, would beco-~ a re~!Ity as 
undercuttin~ of the fault ares would be severe. For the above 
reasons, extension of Tunnel ! is imner~,~tive and of first 

import~mce. 

b. Major reoairs to the foundation of the Arizona Tunnel 
~lu~ outlet portal (~unnel 7), repel:" of the tunnel invert. ~nd 
mo']iflc~tlon of t~,~ wortnl tr;~n~ition to ,~revent further dama~,,e 
to the portal fecundation ".nd cnnyon wall. Slides n n~! erosion 
from a fault area imme~!iate!y downstr~p~ from the tunnel mortal 
have nro~ressed to such an extent that they thre:'ten ~o exc~,ose 
a ~ortion of the Ari,~on8 Zpill~ay Tunr~.el. Erosion results ms 
s~ray from the outlet tunnel collects in small streams ~md 
returns to the river. It will be neces ary to nrotect this area 
a~ainst spray. Flow from the tiLnnel also impin,,~es on a portion 
of the canyon w,9!l which wrotr~s out into its oath. Tbls can be 
avoided by deflectin~ the jet toward the center of the river. 
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c. .enatrs to the fcund~tlon of the Nevada ~mnel plug 
outlet portal (Tunnel 2), reoairs to the tunnel invert, and 
modification of the ~ortt~l transition to raise and deflect the 
issuing, jet toward the center of the river. 

d. Renalrs to the foundation of th~ Arizona Snillwny 
mortal (Tunn~l h) and modificatinn of the Dortal transition to 
minimize furt~er ,]arza,~ in that area. The .~reat,ct objection to 
the Operation of this tunnel, and one which cannot be cot.rooted 
without ~re;,t e~n~itur~, is th~ directness with which the high- 
velocity flow fro~ the tunnel i~nin~es on the on~,osite bank of 
the river. 

e. Dre~in.; ~. of the river channel in the re;~ch between the 
dam and riv~.r gacinc station to lower the tailwater at the 
powerhouse and tunnel portals. This will increase the effect'.'v~ 
head on the tur}in~s and imnrove flow conditions at the tunnel 
~]u~ outlets. 

The first four items are listed ~n the order of t~:eir vr~.ency, the 
fifth is considered to n~ralle] the flr~t four and ha~ not be,,n 
necessarily listed in the order of importance. 

2. Preliminary considerat!-,ns. It was n~ces~r~r:,- to make certain 
asstmntions in atudyln~ flow cou,~iti:,ns in the model. The urine!col 
assurr~tion concerned the present an "~ future stntus of the tailwater 
at the river" ~aging station. Alt?'ou~h the tailwater curve used in the 
~nodel stu~ie~ wan o.~tain~d from rec~nt hydrograohlc records, the 
Droposed dred~in,~ of the river chan~,l between the ~]am ar~ the river' 
~',a~ing station c,~.n lower the water surface some five fe~t for a flow 
of 25,000 second-fs,~t, which is apnroximately the ultimate flow 
ex-oect~d from the ,~ow~rh~use. However, a nortlon of the ~aln 
accomrlishe~ by dre~,~ing will be cenceled by the proposal to maintain 
the future Davis Dnm Reservoir at e!~vation ~1:7 during a Dortlon of 
+%- ..,e year. As it was necessary to t~st the mode], at much l~r~er 
dlschar~ez than have been ceased :~t the ~am., since rts com~letlon, 
the present tailwatev curve wa~ extsn~o~ i~,~arith,,~ic~l]y for flows 
up to ~60,000 second-feet. .:, accurncy of this nroc~,h~re is 
cuestionable. ~n~ result is shown on Fi .~ure 2. To accommodate these 
variables, the tailwater in the model was v~ri~ over a ran,~ of 10 
feet for e,'tch r~visicn i~ ~esi~,n. Solutions extremely sensitive to 
tailwater flu'ctuati~ns were immediat,~ly discarded. 

Other a~S~L~ti¢.ns necessary in t)e mc~e! st,a~les concerne,~ the 
probable Oischarr,~s for w~Icb the r~odlflc't!ons should be desi~ned. 
It war early di.~covere~ that the hi,,her t:u~ di.~char,~ to be nrovlded 
for, the ~renter wo~:!d be the ex~en.~e of m~,~ifi,':stion. F~ch s~illway 
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was ori~inal!} • desi~tne~ for a ~ise,harge of 200,000 second-fe,.t or a 
oomblne~ spillway ca]~aclty of h00,O00 second-feet. A dischar,<e of 
half th~s macdnitude, under present conditions, however, wo~14 
result in havoc downstream from the tunnel portals, as the Arizonn 
Spillwa)~ it d~rected toward th~ o..~osite bank of the river which 
is e,omDosed of loose fill. This ~ama~e ,.'o~I](~ he ins£~nificant, 
however, to that which would oc.i:ur to towns, hrid~es, and dams 
downstream. It is, therefore, imz.erat~.ve that the level of Lake 
Mea~] be r=..~u]ate~ such that discharnes of this ma~nltu~]e will he 
avo~ed whenever nossib]e. It is entirely orob':hle that a dlschar~e 
of 200,000 second-feet could occur for a short period of time shobid 
a drtlm ~ate drop or fall to function proner!y: -For ~hort duration, 
a dischar=e of this rosa-situate shoul~ b~ of ]ittl~ cone,ere, as t}',e 
modified tunnels, tocether ',:ith dred~rln~ and removal of the loose 
material on the New~da side, will a~e~uately hnndle the flow, and 
the reser~,oirs do~.~tream will sbs~,rb the ~.-.cessive river flow. It 

........ .~_ ]~mit the modifications such ~',+~,~ ~ th~ Derformanc~ of 
the spillways and o~.'tlet works wn~Id be sat~.~f~ctory for a combined 
flow of 200,000 second-feet sn,~ reasonably satisfactory for lar~.er 
flows. For flo~,,'s above 200,000 second-feet there will un~,ubtedly 
be damage to the canyon we!is no,ross the river from each portal where 
the respective Jets imoinze. 

~. The ~rosent desl,.~n. A model of the zoi?~!way.~ ~md tunnels, 
cutlet tunnel~, ~nclu~In~ one set of six n:'e~3]e va!v~s ~nd a porticn of 
the river e,hannel ~ownstream was constructed to n I:~0 scale throughout 
for the p~irpose of visually observing the }.ydraullc con~,itions in the 
"iver below Boulder Dam. The flow con?~t~ns in the river below the. 
s oillwa 7 an,~ outlet portals with the ,~rescnt desIp~n are shown in the 
1:60 mode], on Fi,"~/res ? to ~, incl~:s~ve. Fi..~ures 3A sad ~ show the 

Nevada Spi!]way operatin~ at 50,000 an4 100,000 second-feet, resnect- 
Ively. The .~et of water impinging", a~.einst the .Nevada canyon wali 
is clearly illustrated. This wall consists of a fault area Im~e~]!ately 
downstream,, from the tunnel ~ortal ~nd loose fill farther downstream. 
A closer examination ~hows water flowln~ into the area occunied by the 
hi~h-veloclt~..~e~. This water ~,as continually carried away by the .~.t 
while more poured in to repl;,ce that ',;hie.}: had been remove~. The 
result was a lar.~e swirling eddy which oe,cupie:~ the entire w~dth of 
the river. 

Fi~-~ures 9C end D depict similar ~Ischnr~es from the Arlzona 
$pil!wa~ r ~"~unnel. This jet also threatens4 removal of the loose fl]l 
on the Newida side of the river, ~J}~ile con'~itlon,~ on the A"iy~na side 
were fc,~vorable, ,ezceL't for e, l~r~-.e ~d~:y slmil~r, but On.Delta in 
4irectlon of rotation, to that describ~, a~';ov~. This is best shown in 
Fi ,~/re ~,D by t}~e manner in '~¢hich the i,:f],'wln, ~ water from the e,~.dy 
forced the hi~.h-veloolt~ , .let toward the Arizona can:/on wall. 'l~s 
photo<razhs do not Justly nort-ny the e.~dles which wo':~d be t~'emendous 
in size and Dower ~n tho ;;~ctotvpe. It is these e@dles wb~.ch a,-e 
resnonslble for the Dresent 4am~e of the nortal st~actures. 
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%-50,000 Sec.-F%. %zroug.h Tunnel 1 and 50,000 ~ec. -l~t. through Tunnel 4 

~-IOC,,00C Sec.-Ft. ~hr~ ~ I  i ~ lJ~),@(~ ~.-~- through Tunnel 4 
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Fimar,s hA snrl D show the two spillways o~erntin~ ~imultaneously 

at discharges of 50,000 omd lO0,O00 second-feet each. ~e Arizona 
,~pil!way with less length of horizont~.! t~mnel and consequently higher 
velocity, Dredomlnates, Eddies, present for ~ep~rate operation, were 
Dractlcally absent when the spillways were operated to.ether. Scour 

in the river was severe, as c~n be seen in }'i~.~[re LIC. 

Oneration of the moeel of the present Arizona T~unnel plu~. outlet 

is shown for two, four, nnd six valves, at a head eaulvalent to a 
reservoir ~ter surface of elevation 1205 in Fi~ires 5~, C, an(] D. 
The photo~.raphs show the .Jet of water Impln-~.in~ on the. Arizona 
canyon wall, which in this case nro.Jects out to apmroximately the 
centerllne ef the tunnel. Althou.~rh not clearly visible in the 
picture, .%n ed:~.y was present which tended to force the hirh_veloclty 

.jet toward the canyon wall. 

The tunnel Dlu~ w:lve assem:.ly on a I:60 scale as use~ for the 

model is shown on Fibre 5A. The valv~ nassa,~es co~Id not be 
re~u!ate~, but flow t~re~-~h iu:~ivldusl va!v~s could :.e completely 
stopped by slide ~at~s :~s~ree.'=.. The s~ume v~Ive as-~embiy was used 
for both the Arizona sad ~,Tevada .~.~t!ets so these were not onerated 

simultaneously. 

Views of the model ~howin,- the present Nevada Tunnel nlu.~, outlet 

in operation with two, fctlr, and six va]ves a-e shown on Fia~re 6. 
Flow for any valve combination wa.~ a series of eructations dlfflc~ult 
to depict by photorrs~hs. In feet, ~ts resemb!c~nce to the ?rotot.voe 
in operation was very zim~!,~r e~c~r~t for sorsy. The belchina effect 
was found to be ~ntlre].y a tai!water nrob!em. Pressure in the tunnel 
showed a steady ne~.ntlve two fe~t of water (Drototyne) for six valve 
operation. ~e!chlng occurred only ne~." the end of the tunnel. The 

~e ~,~evada c1~tlet ttunnel is over t'~:ice the ~.th of the Arizona outlet 
tunnel. The extra !enFt' ,-~ro,h~ce~ s ~ecre~s~ in v~locity sufficient 

to allow the tel!water to intermittently nl ~ bac%= a'~d forth in the 
end of the ttunnei. This ~i~! not ocr:ur in the shorter Arizona Tunnel. 
.~ia'are 6 shows the Nevada .~pillway q~/nn~l extension l'ather th~n the 

ori~inal portal. 

h. Prelim!nar,y alterations to ~ut!et sunnels. A brief descriotion 

o! ~ the model studies leadln~ up to the recor~me~ded modified design will 

be Dresented to in~]ic~-ts the extent of the !nvesti~tion. It was 
decided to commence with the outlets as these were subject to much 

less flow than the soil]ways. 

The cheapest solution anweared to involve renalr of the A:'izona 
~.ortal foundation and construction of a short wa!] on the river ~.ide of 

the structure to block the side inflow to the high velocity st."~,m, as 
shown on Fi,.~'ur e 7A. It was intended that the concrete be elated by 
underwater methods. The short w~!l en the river side orc, ved to be of 
little value. The s~e eroding action oCCUrred at ~he ~nc Of the w:,ll 
that prevailed orevi-~l ~,~ ~ ..~ at the corner of the ~te s~.n~cture, as the 

ed~:~y merely moved downstream the length of the wall. 
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A second trial (Fia~are 7~ ~) ,;Onsi sted of a conven~Jlonal rec.tn.n~n~lar 

sti!!~n ,m-basln, 5~ feet in width, desi,.-n, ed for a ~axlmum ~ischar<e of 
2h, O00 second-feet. The basSn consiste~ of ,a ~tra.~ectory floor, desi_~ne~ 
for a velocity of 125 fe~t ~er second, which intersected] a horizontal 

floor at the proper depth to obtain a <cod hydraulic JumD at the 
maximum discharge. The ori,~ina] len~.th of the horizontal floor 
was L~D2, but it was found that the basin operated sati£f:ctorily w~th 

the floor cut back to half this lencth. It was necessary to excavate 
a s~zable area fro~ the canyon %mall which Interfere~ with constm~otlon 

of this structure. Fxcellent operation resulted for all ~ut the very 
small ~ischar~es, ~n which case the tailwater was excessive. This 
difficulty could have been overcome by increasln~ the helcht of the 
rise in the tunnel (Fi.~re 7?) hut would have reauir-~ a lon~,er 
trajectory• floor ;und conse~u~nt~v~, a lon~er struct~re. The main 
oh.loot!on to this desi=--n was its cost. Portions of the stilling-basln 
walls were 65 feet hi;'h: consequently, ~ cofferdam., would have been 

re~ulred to Dour them. 

A third trial, ,~'hich was su~.gested by .,nnineer ~. S Walter, 
consisted of constructing a circular uwwar@ deflectin~ elbow beginning 
:~t the end of the present transition (Fi_~ure 7,). Th~ elbow was ~n a 
radius of 225 feet with downstream lip at elevation 6~9.5. The put-Dose 
of the deflector was to discharge the hi-.h-velocity .~et on the surface 
of the river. In all ~revious trials, the o!~n h:~:~ b,"en to force the 

hi~h-velocity Jet to ~ive t-I ouic.~ y to eliminate as much spray and 
surface disturbance as nosslble. The unturned elbow was therefore 
cont~'sdictlon to the ~revi~us c~usi~eratie~s', ~'.'~-~-n, , ~, ~ts. ease of 

• -- nlV e construction and low cost were much in its favor Snray was e. ces,. , 
but it was felt that this was offset hi. the more f:~.v~rable factors. 
The fgrmer eddy in the river was ellmin~te'!. ~e~innin[~ with this 
trial, som~ of th~ ob.iection,~ble lectures of the deflector elbow were 

sy~tematlcally corrected: thus, the Tins! mo<:,!fied deci,~m~n was develooe~. 

5. Prellm~nary ~Iter~tions to s~illway tunrels. ~ecause of the 
~reater flows involve~,, it still kid not appear advisable to dlschar~'e 
the hi,~h-voloclty .Jet from the Arizona Spillway Tunnel on the surface 
of the river, esnecial]y when it was conslderec tha~ a large lo,~se 
fill ~xlsted on the ovDosite bank. It was e wain thou.~ht e,,~vlsable to 
~?][u~,~e the Jet into the ~IvPr as nuickly as possible. To accomnlish 
this, ~ stil!in',~-basin, ~Iver&-in~ in r, lan, designed for a @ischar,~e of 
I'f. . , o.~,000 second-feet, was insta]!e~ in the mode]. ~i&~ire 8A. The 
strl/cture was It:) fe~t lon~ and the floor e~.ten,~ed on a tra.lectory 
from elevation ~-26 at the tunnel ~orta! to 567.9 4r the . ~z rbed.. The 
,d~ve-~ ~ ~  ~ ~.. walls end slopin,z floor orovlded s .. ....... incroa~e in area 
which decelerated the velocity of the .~et. n~oblc~n , - .  . , .  . ~  , a modified form 
of hydraulic .j,&~. ~"he w~.lls erte~ded only to the ~nd of the tra,~,ect~ry 
floor in this case. De. oration was very sat!sfs.~tor-z u n to ~.'low~ of 
60,000 second-feet. Beyon~ this r~Ischar~e, ~nderm[nin~w of the fil] 
on the oonoslte b,~nk weald occu.'. Comnut'tlcnc showr,:, that a 

convent!one,! st~l!inw-~as[n "or ~ flow of I00,000 secoud-fe,~t w:a~!d 
require ~ length ~.~,.Iva!ent to th~ width of the river n t this point and 
a death extendln;- to eiev~t!on 5!;0. This should ~Ive some idea as to 
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the comwlexity of the sni]lwny nroblem, es~ecislly on the Arizona side. 

The I00,000 second-feet ia Just one-half the c~aclty for which' each 
spillway was ori~inal!y desicned. In other words, the Dortion of the 
river available is neither sufficient in area nor depth to proDerly 
dissiDate the ener.5~ involved. The above desiCn pnrfnrned ~he best 
of any tried: however, the ~isadvantages were numerous. The structure 
would be very exoensive as it would be necessary to nlace the concrete 
in the dry, renuirin~ a large cnfferd.~m: the wall on the river side 
would necessarily be massive to withstan~ full hydrostatic head: 
and future inspection and maintenance would be diffic~lt as a portlo" 
of the b~sln woul~ be under approximately 80 feet of water. Therefore, 
less expensive measures were sought. 

A s~cond scheme investigated was the installntion of e deflector 
cone to the Arizona S~iliway Tunnel similar to those use~, at Fontana 
Dam. The device is shown on Fi~--ure 8P. ~.'hLmerous vnri:~tions of the 
desia-n were tested. The purpose of the cone reflector was to snread 
the hiwh-velocity .jet on the stu-face of a large Area ~f the river. 
The device DerTorN~ed as eroected b,at, with the area of the river limited, 
the surface disturbance was intense At the ,~se of the fill on the 
Nevada side for dlschar.wes -Treeter the,n 50,000 seco?id-feet. The 
deflector cone has merit b~t reouires a large body of w~ter to operate 
properly. 

A third tri~l consisted of Installation of a circular acflector 
elbow similar to that used nreviously o.n ~... Arizon~ outlet tunnel 

(Fi, 7C). The el~ow performed well for ~Isch~r~.e~ up ~o 50,000 
second-feet, },ut undercut the opposite bank for flows ;treater than 
this amount. After bal~cinr, adv6.ntaaes an4 disadvantages ~ninst 
co~t of construction, thp ~eflector ~!bnw for the spillway ttunn~Is was 
favore:~ over previous deslens. The side f]ow to the hi~b-ve!oclty 
,Jet was e!Iminnte~. For ;Ischar,~es ~reAter than 50,000 second-feet, 

f, however, the stream from the .~]eClector elbow Im~in~.ed on ~ne Neveda 
bank of the r~.ver causing- a Dortlon of the Jet to flow downstream. 

and the rerain~er ur, stre~, the ]atter ~ " = _o.mln a lar~-.e back e~d) ~. This 

was cna.~.~te~i.tic of all ~evlces use~ cn the Arizona Soil!way Tunnel, 
as the ~.rea of the river at this Dolnt limited the eft'ectiveness of any 
merino, of energy, ~issi~ation. A modification of the c~rcnlar ~lef].ector 
elbow, Figure 75, was utilized in the recommended design for the 

spillway tunnels. 

The ~hove tests represent on}y the more imnortant ~hn~es of .the 
model study. ~'~ny v:<rlations of the a~'eve desi~s were tested, together 
with less successful devices not ;,~entione,.~. T>~ res~]ts have not been 
reported in any D:-~rtlcu!ar chronological or~!~r, ,~s testin.;[ on h,~th the 
outlet ~n, ~ ~c~!J'~:ay tunnel~ proceede,~ i~term~ttently. 
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6. Recommended modified desi~nn of ~utlet tfnnel~. As stated 
previously, the recommende~ modified outlet t~m_ueI design resembles 
the sim~l~ upturned elbow in Fibre 7C. It was necessary to deflect 
the Jets from both Tunnels 2 anti 3 toward the center of the river, as 
well as %~pward, to avoid impinKement on the Arizona canyon wall and 
reduce scour on the Nevada side. The desicn, therefore, resembles 
an upturned elbow tilted at an an~le of approximately &5 de~reea. 
The effectiveness of the elbow~ to perform as desired is illustrated on 
Fi~ares 9 ~nd I0, which show the outlet tunnels operatin~ for one, 
two, four, and six valves on the Arizona and Nevada sides, respectively. 
A com~rison of these photographs with those of the present design, 
Fignres 5 and 6, show the improvement. The ~restest advanta~e of the 
deflector elbow is that it can be locate~ entlre~y within the present 
outlet tunnel, Figure IIA. Unwatering can be accomplished with the 
present wooden trussed bulkhead which has b~en used to unwater the 
spillway t~unels. It is planned to repair the foundation of the present 
~ate structures by %underwater methods, at which time a fairly smooth base 
should be poured at each structure to suDnort the bulkhead, as shown 
in Fi~are ll~. Fi~-urem llC and D show the deflector elbows, which are 
exactly onnosite in ply- for both outlet tunnels. The same photographs 
show the scour after six-valve operation. No scour was anparent on 
the Arizona side: however, there w~s a tendency for the Jet from the 
Nevada outlet to di~ near the downstream end of qhLmmel 1 extension. 
Am attempt was made to further deflect this Jet toward the center of the 
river to decrease scour, but the trial was unsuccessftul. To accom~olish 
~reater deflection of the Jet would require a m~Jor chan~e in the 
alinement of the tunnel. A remedy found effective in lessening the 
scour from Tunnel 2 was to ~lace large boulders, at least 6 fe~t in 
diameter, along the downstream end of the extension wall, as shown in 
Fi~:ure llC. The extent to which the protection is necessary deDends 
on the condition and location of bedrock in this area. 

Figure 12 is a workin~ drawing showin~ plan ~nd sections of the ~> 
deflector elbows for Tunnels 2 and 3- Rep~lirs to the floor of the 
tunnel will consist of poturin~ concrete in the invert to a finished 
radius of 85 feet• Care should be taken to see that the finished 
surface is smooth and free from irre~mularities. This method of repair 
w~s su~gested by En~_ineer D. S. Walter and has three distinct advantages. 
First, a greater deoth of concrete is provided for wear; secondly, the 
resulting surface can be made smoother and more substantial than that 
which ~.,ould result after catching, the old lining: and thirdly, the 
hydraulic performance of the outlet tunnels will be improved with the 
raised inverts. The latter is especially true in the case of Tunnel 2, 
which is about twice the len.~.th of Tunnel 3. %~he smaller the depth of 
water in the tunnels durin~ the startin~ operation the less difficulty 
will be ex~.erienced in sweepin~ the hydraulic Jumo out of the tunnels. 
It is not recommended that either the outlets or spillways be operated 
with a hydraulic Jtunp in the tttunels. For present tailwater conditions, 
the curves on Figttre 13A show the reservoir elevations reouire,.~ in the 
model to move the Juan out of Tunnels 2 and $ for one, two, four and 
six valves operatin~ fully open. The model valves were not adjustable. 

7 
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Protnty-oe oneratlon is directly the onposite: the valves are 
adjustable while the reservoir elevation is more or l~ss fixed. 
N~vertheless. the study demonstrated that the valves should be opened 
one nt a time on starting, leavin~ the two outer ones until last. 
From Fi~ure 13A, it is shown that hi<h~r heads were renulred to 
sweep the jump out of the tunnels with six valves operatin~ than 
four. In fact, it was very difficult to move the Jump out of either 
tunnel when ~ll six valves were onened simultaneously as the two 
outer w~Ives h~nde~'e~ rather th~n aide~ in the st~rtin~ process. 

The sweep-out characteristics for Tunnel 3 with the present 
circular invert a-e shown by the ~otted llne on Fi~are 13A. in this 
case, it was nc~t wosslhle to move the hydraulic Jump out of the 
tunnel when six valves were onened ~Imultaneously. A comnari~on 
of the two curves for .~nn~l ? on FiA~are 13A in~icate.~ the hydraulic 
improvement ~nined by raisin~ the tunnel invert. 

7. .lqecommended modified design for Arizona Spillway Tunnel. The 
recommended desi~Tn ~o~ the Arizona Spillway Tunnel consists of another 
modlfication of the u]0turned deflector elbow, which is a.~-nln confined 
to the present tunnel section, as shown on Fi,Tures IL:A and 15. Tho 
latter fi..'~re consists of a workin~ drawln:~, for mo~llfication of this 
tunnel. The deflector was de~.i..~ne ,] to lift and swre:~d the .Set as it 
emer<ed fro.,- the t~mnel to eliminate the umdezirable edify in the 
river. For dischar~-es ~reater than 50,000 second-feet, t~e .let from 
the Arizona Spillway imrin;~.ed on the opoo~it.~ banns' of the river. For 
dischar~e~ above 70,000 second-feet, thi~ action was severe; however, 
without a chan;-e in the nresent ~Alinement of the tunnel, this was 
unavoidable. For ~ischar~es less th~ I0,000 second-feot, the 
hydraulic Jum n fo.-me~ in the t~_nnel, which is to be avoided. Fla,/re 
16A shews the Jump formin~ it, the end of the t~nnel for a discharge 
of 9,000 second-feet. Fiat~res 167, C, and D show the flow conditions 
for ;[schar~es of 25,000, 50,000, and 75,000 second-fe~t, reswectively. 
F i ; .~ r~s  17A an~ = depict the same tunnel dlsch;r~In~ at i00,000 and 
150,000 second-feet. A com~e.~ison of the above photogr~phs with those 
of the present des~.....-:n, Fi;~re ? i~0ic~tes the absence of the large 
-"Iver eddies in the modified resign. Scour of the riverbed is 
shown to be ne~iigi~le after a dischar;~e of 150,000 second-feet, 
Fi~.~ur e 17C. 

"',~tura!!y, the addition of the ~ef!ector elbow decreased the 
capacity of thn Arizona Sni]~way Tunnel. Testr made to investigate 
this effect zhr~we~ that the '~ownstre;un end of the tunnel commenced 
to flow full at a discha~,:-e of 17 ,GO0 second-fe~t. The capacity 
of the Arizona Snillway ~'Ith both the horizon%'~! and incline~ 
tunnels flowin~ full, which is n wossib!e condition of oner~tion, 
was foun~ to be aon-o~'Imately 210,000 second-fe,~, which is slightly 
more than that for which the soi!lway was o~-i=!nally desi..~n~d. 
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A suc.'e~tlon far unwaterln~ of Tunnel h for Inswectlon and 
rewalr ~s illustrated in Figures IhA and ~. :~eoalr of the nortal 
foundation and Dourln~ of a short base on which the bul~head can rest, 
Figure I!~, c,'~ be accomwllshe~] by underwater m*tho~s. As the 
oortal is not normal with the centerllne of Tunnel ~, it is 
sug--este:l that ~ short wall be ~oured, also by tuuderwater methods, 
on the c~,ny~n :~,all side a~sinst which the end of the bul~e~ can 
be~r. This wall can be s~en in Figures laA, ~, sad C. In this way, 
the liD of the def]ec~or transition C,un b~ made normal to the center- 
line of the tunnel, thus establishing it aporoxlmately I0 feat 
farther downstream, which is very desirable. Fi;~re ]h~ shows the 
bu!kh~ad in place as su~r ~ested. Photographs C and D illustrate a 
9ossible methc~! of bu]kheadi~-- thz snillwey a~d ont]~,t tunnels for 

• co:~tem~la~.~ re~oirs ~,,~ :'~m~i~icst~ons inspection, after the ~resent ~ " ~= ...... 
h~,ve been completed. This bulkhead, which cnn be of stee] or wood, 

needs be only 15 feet in hei~ht. 

~" _~!ocomw~nded mo~Ified desi.,~n for ';ev;~da Swi!!wa X Tun::el. As 
the nresent Nevada Soil!way .~tnnel is dlrect~:~ n~ch that the Jet of 
water issuing, from it imoingez on the a~.~ac~nt canyon wall, there 
aDnemrs to be but one soh~tlon, re~.ardlesz of e.k-oense. This consists 
of a curved tunnel extension aD.~roxi~ately hOO feet in length as 
shown on Fi~n/res 18 and 20. A shorter se~tlon may have been 
satisfactory frc~ a hydraulic stan~h)oint, but the l~ncth in this 
case is dictated by structural considerations. F~e to the In~ta~ili~F 
of found,.:tion ms ter~=~], in this re~ion~ ~m e ten..,lon ~p,.ozimatin~. 
a00 feet will be necessary.f to reach soli~ rock, At the sa~,e time, a" 
re~in~no -wal~ zuch as shown on Fi;~Are 21, will h~l~ to eventua]!y 
stabilize loose material which s!i.~es ~owu the canyon wall from the 
fault area. Figure l~ shows a ~enera] alan of the oronosed river 
channel improvements embodyin~ the most recent iuf~rm~,tlon on canyon 
wall topo~raohy and sottn41n~s in the river. Fixate 19 is a 
downstream continuation of toDo~raphy and soundln~s showinw recommended 
channel Improvements. 

Vt~ure 20A shows the actual tunnel ~zteusion on the model and 
Fi~wure 20 ~ Indicates how the tunnel will apnsar with retention ~nd 
protective walls as proposed. Figure ~0C sh~w~ a view of tb~ 
~eflector transition at the ~lo~nstream end of the tub,.eel ertension. 
This ~]ef!ector is similar to the one for qh/nnel h, ~×ce~t that the 
lip is at elev, t~on 6h2.1~ for Tunnel I, instead of elevation 6;~".36 
as for Ttu~nel h. Due to the lonzer length of tt~nnel on the ~Tevada 
side, the velocity was less then that from the Arizon~ Spillway. 
mhe deflector llp on Tlmn~l 1 was lower~d ap!)ro~i:z;~te!y two fe*t to 

9' I pal'tlal!y compensate for this difference. A ,o1-nin~ dra~;in~ for the 
const~uctien of Tunnel 1 extension is include~, as Fi<~ura 21. The 
coust.~/ctlon of this extpnsion will re~u%re ,[nwaterlng by cof~er,]sms: 
thus, the ~eflector l!o has b~n ~Isced to coincid~ with the tunnel 

nortal. 



A-Vlew of Syn~etr~cel Trans:tlon at 
End of Tunn,,] 4 

FIGURE 14 

B-Proposed Me%hod of Unwaterlnc Tunnel 4 
wlth PTesent Bulkhead 

O 

].Illustration Show~u~. Futur.~" InspeCtion 
9ulkheed, Appro;, im*~t., !y 1.~5 F~ct i:~ 
}k!J~j'.t, wh~c[% ct~ !, ustd I~,"cr Tuunel 4 
Repai r.< !~:ve ht,~<,~ GO~!~let, ] 

D-II!uetretlon S~owin£ how Future Inspectlon 
Bulkhead will be ACap~able to outlet Tunnels 
2 e~Id ~ efter Re~slr~ hsve been Con~l~ted 

MODIFI~ED I]ESIC~[ - CONSTRUCTION I]ETAILS OF TUIN],[ELS '-,° 5 , A2!D 4 
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FI &ZEKE 16 

A~9,000 Second-Feet 
I~ Form~ in End of Tunnel 

B--~5,00O Second-Feet 

C-50,000 Second-Feet D-75,000 Second-Feet 

MODIFIED DESIGiq - SPILL'~f~'A\ ~ TUhq~L 4 I~ 0PERATI0[~ 
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Ficures 22 and 2~ chow the modified .~ur.nel 1 in omeratlon, It 

is Interestin~ to com~)are these photo~rr, phs with those of the 
oresent desi~a, shown on Fi~.ure ~. Fi~re 22A shows the Nevada 

Spillway Tunnel ooeratln~, at a dlschar,qe of 15,000 .~econt~-feet. 
The outflow is euiet, but the hydraulic .~,~p is in the tunnel. 

F~re 22"~ shows the Jump forn~.n~, in the end of the tunnel for 
a flow of 20,000 second-feet. For nresent t;~ilwater conditions, 

the Jump move~1 out of the tunnel at 2~,000 second-feet. Fi,~ures 
22C and :.~ ~,h~w owerst!on of the t~n~el fc, r flows of 25,~00 and 
50,',00 neeon~-fect. Fi,Turcs 2.'~A, ? and C show flows of 75,000 
I00,000, ;m(] 13('.000 second-feet. ~.e end of th~ Nevada Spl]lway 
."hmne] commenced to flow full at a ~Ischar<e of 125,000 second- 
feet. The tunnel will pass 200,000 ~econd-feet, however, with 
Both horizontxl and inclined sections flowing full. %'i~-ure 2~D shows 
the scour pattern in the river after a d~schnr~e of I~0,000 second- 

+ A careful ex~.~inatlon showe~ the floor of the . - - ,~ .~D ~'OX 
exposed in the lower left-har.d corner. Re~ar}!ess of wheth~r the 
~ev=da or Arizona S,~il].way was operating, there was a tendency for 

the flow ~n c~.t n c.h~.nnel alon;" the base of the Neva,~a ba.n~.. It is 
~u~,re.~ted, ...er.,f ..... that ~he loose fi!~ om the Nevr:da side %'e 
:.•move~, ,_ it will ~louah into the, river -luring- the first 

moderate f].~o(L 

Fib-ares 2;:A, }:, an< ~. C show the t~o spillways operatin~ 
slmu!ta~eous!~ ~ for the ~est possi~le flow con,]Itlons. In e~ch case, 
~,he flow throuch ~he ,~Jev~.a S~)i!]way wa~ twice that th~ouF.h the 
~.ri . . . . . . .  ~ :~!lway. i~y distributln~ ~ne ~low in this nrcDortlon 

the resu].tin~ .Jet flowed down the center of the river as shown, 
re~:cr~]~ss of the total ma~nitu'~e of the dischar;~e. A sm:~!l 
var!&tlon either wa2 in :he 8bore t~recortion, h.-wever, caused 
th~ re.~ultant flow to swin~, to one bank or the other. U~stre~2a 
~ddle~ were entirely: abs~'nt when the c:,~l]wa::~ were oT~ere~t~d in 
this manner, an( ~, the resu!tln~ scc~r wa~ minor, exc~ for a channel 

which was per~.isten%ly ~resent alon~z ~he Nev~da b,~:i-.. 71~-ure 2hD. 

9. Drswdown ?reduced at poweT' ¢lase ~y outlet :~nd s'oi]!way_~_%schar~e. 

The fol]ewln~ information ,-.u.y be of some value, &~d ~s urer.ented here 

as e record. A ~.age was ~r, stal!ed in the model l,~m .... la~ely 

from the outlet portals (point G-l, Fi~re I~), an.q n second ~.[~Te 

inst~l!ed I,~,00 feet ~ ~'- o.o~oe, downstre~.u~ {point o~2) for the 

pur.~cae of m a.u-ln, the dr~.wdo%~ b~tween ~hese two st~tions, 
re,. the out!et ~nd :-.~:illwa.v tn_n:~l~. It was oro~uce!% cy f1~ow ~ 

dps~red to place th:, ~:~,:-e~ ferther ~,nnrt, but t h . ~  size of the 

model llmited this d.~t ..... e. l~rin~ the fol~owln~" te~t.~, ~.., 
second-fe~t entered the river contin~ously from th~ r, owerhel'~se. 
~,¢~th., &my c c --~-~,,y-~,~, ,~. flow from ~;,e. . . . . . .  out]et~ or snil~wr~ys, ~ Du~:~nin- 

• ocm~e~ which dredged the w~te, ~ snrface aD er e.]~ctor r:ctlcn '~ " 
@%.-e 1 below thet ~xt ,~,~,.e 2. The extent of this drawdown is shown 

I0 



)q GURE ~0 

A-Dow~',ztr,,~ Port,on of Tunnel i Showing 
400-Foot Extr, nsion on i170-Foo% Radius 

B-Sp~ l!ws':, Tunnel i Sho~:ing Proposed 
Extr, n:don with ReLnir!ini:< ]'~'alls 

C-VIew of Syrame~rlcel Trans~';lon a~ En~ of D-Iliustratic,~ Sn,:',wLn!~ Future Insp~etton 
Bu!khen~, A:~prc~Im~tely ]0 Fe,.t [n }{~:t~h~, 

has been Completed 

~/iO DIFIE D r~eT~, -a~'o~n, ,~m~'~, 
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FIGURE 22 

A-15,000 Second-Feet 
Jump Forms in Tunnel 

B-2O,O00 Second-Feet 
Jump Forms in End of Tunnel 

C-25,000 8ecoad-Ye®t 
.;T~mrp Free of Tunnel 

D-50,O00 Second-Feet 

l 
MODIFIED DES!GV - .%~P!LL.'.AT ~"'~:" ~L i:. CW-~=~m'OT~ 



FIG%~E 23 

A-75,000 Secend-F.nt B-IGO,O00 Socond-Feet 

C- L[5'J ,000 Se.cona-Fo~ ~, 
r~Sco~tr in ~iv,.r aft,'r Flow of 

!3'.' ,'.;Or: S~'conc~-F~'l't 

MODIFIED DESIGN - oP!LL..A~ Tb,..ZL i 0P~.ATION 



on Fi&~ure 13B for either outlet tunnel discharging. The curves show 
a drawdown of -2.25 feet for Tunnel 2 and -h.3 feet for Tunnel 3, 
when opernting at full capacity. The drawdown would undoubtedly 
be lar~er for the two tunnels operatinK simultaneously, but the 
two outlets were never operated toKether in the model as only one 
model needle valve structure was constructed. 

Similar drawdown curves obtained for spillway operation are 
plotted on Figure 25. The curve for the Nevada Spillway operating alone 
shows a steady increase in drawdown, with increase in dlschar~e 
amounting to a -ll fe, t for a flow of 130,000 second-feet. The curve 
for the Arizona Spillway operating alone, however, shows an increase 
in drawdown with increase in discharge u~ to a -h feet at I00,000 
second-feet. For further increases in discharge, the drawdown 
diminishes. The diTference in the above two curves is chargeable 
to the angle at which the Jets from the swillway tttnsels ~nter the 
river. The Nevada Tunnel ~ractlcPD_ly parallels th~ river, while the 
Arizona Tunnel dlschar~es at an an~le across the river. In the 
latter case, the Jet is divided as it strikes the opposite bank., 
a portion turning unstream and the remainder swingin~ downstream. 
The upstream flow has a tendency to coumteract the draw~own effect. 

The third curve on Figure 25 shows the drawdown with simultaneous 
operation ofthe spillways. The flow thro~ghout these tests was 
proportioned as one third of the total throu~ the Arizona Spillway 
and two-thlrds through the Nevada Spillway. The drawdown in this 
case amounted to a -17.5 feet for a combined dlscharae of I~0,000 second- 
feet. The 25,000 additio~%l second-feet fro~ the powerhouse appeared 
to have little effect on the drawdown. 

I0. Dredai~g of river cbaDne ~. In addition to the alterat:one and 
repairs outlined for the tuna.1 portals, it is pronosed that a 
certain amount of dred~in~ be performed in the river channel. The model 
testB indicate a satisfactory correction of the present difficulties 
at the tunnel portals independent of the present range of tailwater 
elevation. Any lowerin~ of the tailwater by dred~in~ wox~ld have 
little effect on the flow from the modified bumnel portals. The value 
of dred~In~ should be Judged accordln~ to pQsslble ~ncrease in power 
production by ~u increase of head. It is therefore recommended, for 
the present, to lizit the dred~inK operations to the reach of the 
river from the tunnel portals downstream to a point slightly beyond 
the river ~a~!n$ station. This should increase the operatln~ head 
on the powerplPmt by approximately 5 feet ~nd reduce the height of 
necessary cofferdams for the extension of Tunnel 1 by a llke 
amount, providing dredging is ,~one first. The benefits to be derived 
in the maintenance of the tunnel outlet structures by further 
reductlcn in ta!lwater elevation apoear to be negligible. 

ll 



FIGURI24 

A-50,09[; Sec.-Ft. :~u-ou~;h Tic:he! 1 
26,D0 e S,,c.-F%. t::~ouc2: Turm, i 4 

5-75,000 S,~o.-Ft. throu~Th Tunnel 1 
37,500 ~c.-Ft. through Tunnel 2 

b , . ,  :'..C S ~ c . - ~ . ~ .  t :.: ' , -,.7, ': . d ,  ! 4 
5~J , ,~x)  S e c . - F t .  t h r o t ~ h  T u r u ~ o !  4 
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It is oronose~ to d~vide the dred,~,inc into two operations: 

a. Continuation of oneratlon of the ca~leway dred~.e 
immediately downstrerum from the snillwuy turn, el portals to a 
oolnt about he0 feet do~.stre~um from the ,~ortal Tlmnel h, until 
a contrnct c~z be ezceute.~. ~,!o effort should be mnde to excavnte 
a charnel of any sDecific cross section or dimension in this reach 
of the river, but rat~er r-move nl_ Ice .... terial that might, 

in the future be ~ h~ ~ • sw . . t  out ,y t.,e nctir ~- of the ~ets from the 

tunnel~ :,nd ~!ed in har~ f~,rther dcwnstre.o~m. 

b. A •cont~ac~ be let for the removal of the remainder of the 

upstream bar end for material #ownstre,'~m to a point slightly 
beyond the .<a--inr, station. A s~cond item of the contract would 

be removnl of the waste materin!~ above waterline which have 
been de~osite~ alon~ both b ~n,,s down to the hairpin turn in the 

lower portal road. This ,:ill involve relocrtion of the principal 
portion of the road from the halr~in turn to t~e highway tunnel 
~ortal such that it will he fo-~n~ed on natural rock instead of 
fill. The work can be advertised ,~n~." ,~ awarded on n yardn;,e basis 
~r. if de,me8 advisable, as a fixed-fee n,~otlated contract. For 

further .nf~r ..... ~on concernin~ contract details, reference is 
ma[~e to a lethe, o~ Feb~nry lh, 19h.h, from Chief EnF.Ineer to 

"Director of Power, ~oul,~er City, ~;~evada, su},Ject, "Imnrovements 
~n river ch~n:~el ~o!ow ~ul~er D~m, ~oai.~e~ .,any n . oJe.~t." 

• ~ ° ° In ad,,ition to dred~in~ of the river, r-~oval of £]Ide material 

and road relocation, some ret~,Ir, izq~:alls .~] other b~nk nroteative 
works w~ll be requirer. ~he ex%ent nn~. nature , ~ the protection can 
best i,e determine ~ ~n the f~eld. Conzt:'uction c~'J~ he <!one by either 
~over.nment forcer OF Inclu:] ~ :~s a ~rt of the contr'~ct for ertcDslon 

ef Ttunne! !. 

II. Instructions to wat~rmaster. It was f~!t :~.~v-~enbi~ to s,~nmmrlze 

the oDer.'.~tiu~- char~cterimtlcs inherent in the ~o:~ifled str~ctures as 
they differ fro~ those of the [~res~nt dem~;~. C~oe t~ the ~"eflector el~ows 
on the outlet :n{ s':,illw.'~.y tun'-~e!s, more care will ~>c, necessary to 
swenD the hydraulic j,~p cut of the tunnels than he, retofore, It 
can,~ot,• be proven t~'at a ,,4~mn.. in n tunnel will be detrimental to that ..... :.v. 
.,t~cture. However w~en it Is .n ...... er~,~ that at l,nst !. n.ro .......... 

of the total ene.'~, of flow is ,~issinnte~] in the Jura, p, and th~ tunnel 

and water in the t'an~el must nbsor ~ th~; ~zerF~,, it is felt advlz(~ble 
to avoi£ :~Is~ipatin~- r, ny more ~r~D" in a tunnel than absolutely 

neces~.P.r~. Eor ~x~le, the enor:o, lest to the tunn,~l and water in 
the tunnel for n 9ischa.r;<e of I0,000 secantS-feet wcu!d be aDrrozima.tely 

55,000 hor~enowcr. The fo!].ow!n: sug.,estlc~s ~n o~Pati,~n are 
therefore offered ooncernlnc the mod!fi~d tunne] d¢,~..~n.s: 

12 
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a. ',~en .~ta.rtin~. flow ti rc.~:fih the- tunnel ~lu~ outlet 
valvez, it is advisable to firr,t open the f(mr Inside valves, 
"in~ly or in r~alrs. T~ezt re.~u!ts will be  o!,t.'~i'n~: ~. b:f onnrnt!n~ 
V~]ve.r, ~, ~.md 2.', nnd 2 ",nd 5 in t, airr,, lenvin~ V:dves i r,n,~ 6 
~.ntil laBt. Valves 2, 3, h ,  and  5 w~ll swr, en  ~".e JumD out of 
the tunnel when or, era.ted ir~ividually n r  i n  pair~. It iB 
c]oubtful, h~wever, u}:,~tber Vnlve£ 1 and & will ~.eve the Jump 
out nf the tunnel, or ~.w.n .,~old it out, wh~-n operF, ted sin~-!y 
or to='-et: ~r. This i? ~ point to be determln,~d in the fic~!(~. 

If ?:~Ives ! nnn ~ wi]l ~;ot oper~te Dro~t, erly alone, it means 
the. 5 ther, e two v~l.v~, will not n~'n.~rlence an .~m]ch r-,>rvlce as 
the O t h e r  :r-~ur. The ;:l,ove a~)Dl~es for ~,'ot)' oLtlet tlmnols. 

~. In thr: c,'.~r~ of the ~pl]lway~, the Ari.~or~a shoul,] not 
b e  or~er-~t~? s . t  ].e~.~. than !O,O00 second-f~et, nor the :,~eva~]a at 
le~s t::an 2"~.(~6: ~ec:~r,-!-f,~ot, as t):e~:e d~charr~,! are re~ulred 

.!,AMOS C~It Of th~ tunnels. 

c .  F o r  ~ w i l ] w ~ , y  ~ ' , , . - ~ - e ~ , . . ~  ,.,, ~ , . " r e : : t e r  t h a n , . ,  
.~vi ...... le to oDd, rate beth r,~ill'~my~ possi'~,le ro~t~n~ 

*w,,., , . -~ } '~ -A~.  ._~ ~.  o f  t h e  t o t ,  a !  O i~ , ch~ r . - e  t h r c u , ~ h  the '~o,, ~ ,, _.,a~a . r i d  one-third 
t}'.r~u.vh t '~. Ariror.n ~:~].~way.~ " • Tn. thi.~ way the jets fro~ th~ two 
"q~l.wa/ tunnels cor&~r.e ~/~ flow ~own the c-,n~:*r of the r~ver. 

Any a~'~r~cia'~:le :;'v[,',.tlon from t)iis n r ~ o r t ' - -  ~'hich nn~liez 
to all f~ov~, w i l l  "~rc~ r.;:~ comblne~ Jet ',,c '~tt}'.er , n ~  "~" ' 
the other. It m~y " e: possible to ~?zerve t ,:, ~-~inin< of the 

~ . r . , , ~ a t e r  s offic~, if ~n t . h i r ,  w~!l Drobr~bly 
~,~, the most. s a t i ~ f : ' c t ~ r y  m~.ans of pro.'~nr'.i~in~,-t;'e flow. 

d. The 0ut]et tunn~]~ wl]l ooerate over a }r[do r~n::~ of 
t;:i!water con~itionz fo~ the m~dlf[ed de~[~n. It m~y }~ va!~]r:ble 

to r~:em~-'r t:~r~ "~ t~.e tunn¢-! ~lU- cutl~ts will opernte ~,~tin~f~ct~rily 

r~!on~ ~.,i:,h th~ s:~i!],.'~U~ u~ to a totr~] flow an~."o>'Imatlng 209,000 
seconJ-f, ~t. 

12. ExT~er!:mc~ '~'ith ] :I~0 ~ca]~ ~e:~l. Vor the ~',~"~t of 
these w~,m work w~th hydm:u]ic ~,~oS~im, the ~o]!owin,~ s'~oerirnce is 
relr~te', d,:en thin qhc~u.~l IrwroveP~nt nro~l .... wnm first nrsi,~n~,d to 

th~ ]abor~,tcry, sDac~ wnz very limiting. Peca~:s~ of this ]i,~itPt!on, 
cert;in l~bertles were t~,]<~n to er~:e~ite the work. A l:l.00 model 
wa~ constr'~c-tf, d usin~ ~t~.ndrrd 6-i~Lcb~ ~ipe m~H f~ttln~r, for the 

and riv.~r chc~n.~'.] we:'~ tn ~cai~, the tunn,~i al!n~m,~nt ,,~,as not. On 
operation cf t ~'~ :~n~-]e], the :;erfor~;~r:ce ~f both the tunP~] o].~;,~ 

ontlets .~,'~,~ .~'l]~w~.v:~. ~.'a~ ~uer,tlonab!e. It ~o han~,ene ~. that beth 
of the rrototy"e o~!l~ts ~,'~r~ eDerat~ t~ caT~:~ ,'i t:,, in [gq ~ sod 

their ~rfo:'-:nnce r~c~:'dee o~ motion olctt're r~)m. A co~n', [son 
showed di.~slrl]cr!t,s ~.~ the flow b~tween mo~l ~n~ ~rotot~}~. W~th 
the ~.~.ce ,~,v: i~a~ !~, re:~rr&n~ment of tP~ ~i~i,qr, could not remedy 
the sltuar ~n. 



From the be~inninf, i~ was planned to conztruct ~ 1:60 scale 
mod~l oi ~he Arizona Spillway. With failure of the I:i00 scale model 
to perform properly, tb~ 1:60 model was enlarged to include both 
spillways, both outlet tunnels, and a portion of the river channel 
dowmstream, the whole to be constructed as soon as s~ace was 
available ~n the laboratory. For a com1~lete picture, the outlet 
tc~nnels were provided with one met of mix needle valves which was 
used previously in related tests in 1932. It was necessary to shift the 
set from one outlet tunnel to the other deroendin~, on the condition 
of operation desired. 

The performance of the tunnel plu~ outlet, on the 1'60 model 
matched that shown by the motion pictures. All testing was thereafter 
done on the 1:60 model and the I:I00 scale moS~l was abandoned. This 
a~aln shows that with certain types of models, in this case circular 
conduits flowin~ partially full, complete similarity between a 
model and prototype is esRential. 
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RECORD OF CORRESPONDENCE 

June ii, 19~2 - Memorandum from Chief De~i~ning Engineer to Design 
Section authorizin~ Senior ~n~ineer S. E. Rockwell 
with direct charee of design work on Boulder channel 
i~rovements. 

July i0, Iga2 - Memorandtun from Senior ~¢tneer $. E, Rockwell to 
CD~ef ~n~ineer--Report on Inspection at site. 

July 28, 19h2 - Memorandum from ~. E. Rockwell to E. ~. Eeener-- 
Recuest for authority to study oroblem by means 
of hydrauq i c sod el. 

~OV. h, 19h2 - Memoran4um from Supervisor of E~uiDment to Chief 
Engineer--Report on insDection of river channel, 
structures, amd e~ui~ment. 

m~,. 1 ~, 19h3 - Letter from Assistant Chief Destining Engineer to 
Director of Power--Transmittal of drawings for 
su~este~ schemes to wrotect canyon wal~s an~ to 
improve flow contritions at ~ortals of outlet and 
spillway ttunnels. 

April I, 1963 - Letter from Assistant Chief Dezi~in~ Engineer to 
Oirector of Power--Re~ueetln~ information on exact 
location of ,~a~in~ station. 

April 6, 19h 3 - Letter from Director of Power to Chief Engineer 
confirmin~ position of river ~a~in~ ~tation and 
enclosin~ water surface elevations measured at 
~a~n~ stations. 

Awril 16,19h3 - Letter from Director of Power to Chief Engineer 
transmittin~ prints of topography of river channel 
below t~nel outlets as of ~cember 19h2 and a~ of 
October 19~I. 

April 27,19b3 - Letter from Director of Power to Chief Engineer 
tr~nsmittin~ tooo~raphic sheet of river between 
ga~in~ station and Rin~ ~olt Rapids, also 
photographs of available areas for dienosal of 
excavated materials. 

May 20, 19~3 - Letter from Director of Power to Chief En~ineer-- 
Transmittal of topogra~hy of river channel below 
tunnel outlets aB of May 191~3. Also additional 
topography of river in vicinity of U. S. ~. S. 
~a~ing ~tation. 

May 20, 19~3 - Letter from Director of Power to Chief En~Ineer-- 
Information on topographic features of river 
channel. 
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V a y  .?. , ]~I:'~ 
- -- , . . i . . c t o r  of Power to (:h[ef Emrlneer-- 

Trnnzmitt:~l of nd~l!t, tonal information on river 
tonncr:n~hy in vicinity of retrn:-res.-ion ¢ectlon I. 

~et:,,-r from -'rect,~r.~, ef Pow,=r ta Cb~,~f K'n-ineLr--~ " 
T" . . . . .  ' "  ' , ' ] '  of  r.,~ .... ' ......... '.',to~rn~ha ~,nd toro~.rnDhic £b.e~ts 
~ ' ~ w i n . -  r : ' , n c c  n v t , i l ; ~ h l e  f o r  : ~ s -  " "" , . . . e s t . . . 1  o f  e x c a v a t e d  
~ , t  ~:'~ : ' I t ,  

Ju~-_., 2k, ]:~;:~'~ - LPtt~:" from ?'!rector of Pc'w~r to C~.'~.~T ~,n<in~er-- 
Tr~n~ .,tt;~! c,f r i v e r  cl~nnrc! "~-~.:--,,~-, 

A%1~'. ": ].9 !~, - i , e ~ e r  f r ~ m  Direc¢or ~f Power tc .,:, 
Tran~mLttnl of r~vl~,~ ~ - o , ,  of ...... ~.,- .... I n = a  t on~,raph~- of 
r~v:~ %- ~.  . . . .  ( , .n, .z ,~t ~, . ' i : ] e r  ' o , - t l ,m~m of nhnnnel. 

7, ]~A', _ V:'mor::n~'~m from S~nior Y:n:inoer S. ~<. Rockwell to 
Ch~.~f Desi~.~nin? Enc~Ineer--q~u~,r.¢ln~ lnformntion on 
future t:tilw~ter con:11tiens at RouJ.,~er .iI"~m 'which 
w.i]l : ' ,e .')ro.~uee,~ ~y ~nckwc~er " r ~  ~avlr, Dr,.m. 

Ye~or,~n"';m from, u..~(]r,, ~ " ~  ..... ; c  r-n...n..,;.-~ ~.,- -,.. T.,.. De!~]er ~o 

cnerntlon of Dnvis :~am R~.~e~-v~i~. 

Oct. 7, I_'~:'R - i~ttor fc~ A...~t].n,= Chi~.f Zn~ineer t:: P ! r e e ~ o r  of 
Pow-r--Trr.,~,~it ta! : : ' - o, .raxln:-.R f o r  ~nc]uc~on in 

. . , i , ; , J t z ~ n ?  for dr.~rin,- in r~vec !'.et~,~n ~ou]der 
~n.m :.~n"l I : ~ :  T ' o ] t  : : . : r a i d s .  

Oct ,  "'. ,  ]')~;~ Lett~c from. Directs,:. of Power to ?}'~nf Zn~-T.[neer-- 

So.-.'.'~-,ts n n :  r~e~:~n~-,d:Jtien~ .~n river chnnn~! ;~red.eln~, 

.o:n As ...... t:~nt Ch[Rf DccC:Tnln:: E:l:=[neer to 
'3'i'~%~,r cf Power--Trnn,gr~itt.v] -,? ..... 

. . .  r,.., tunn~l 
o ~  t ] , " t  :'?,', - ,  "- ' . . . .  

F ~ b .  ].L,, !~, L~.~ - L ~ t t , ~ r  f r o m  ; , h i l l  En~-~ , .ne~r  t o  T ~ I r ~ ( : t o , -  o f  P o w - r - -  ' 

R°cnmm'~n~r"" !~'r~s f:"" i'R~'Ovr',.'<':~nts, nt tur, no I r.ortn!s 
an'] :.,'~..4-.~:z:-~ ~n river ch~nel. Al~o m.~:%'estlon~ for 
contr::et%n, "we f t= .  

%' ~:~ 2:. !')';' 
L o t t o ;  f - ~ r  " ? ~ . r ~ t c :  • o f  P o w e r  t e  " ) ~ n v . r  o f f l c ~ - -  

%r~,nsm!tt~-,] :~f tono,rr, n~'!e ~h~t~. 
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Varch ll,lO]'~ - Lett~ - from ?ir~,~,tor of Power t n  D~nvmr office-- 

~x,].oc~ti~n of low~r portnl roa8 and ~.x-po~rl rock 

contacts renuire~ for road relocation purposes. 

A~.ril 6, 19;.h - Letter from /~ireetor of Power to Denver office-- 

Tr,,n~,'~itta]. nf cc~rre,~,tel.. :, Dr~,it, n Of tor~o~ra~hy a1,on~ 

low~:r ~or.~,a]. road. 

A ~ r i l  1 " ] ~ ' "  , . . n v . r  , ~ . . . . . .  I , , : , t t e r  f r o m  D i r e c t o r  o f  P o w a r  t o  Do ~ o f f i c ~ - -  

T r a n s : , ; i t t ; , l  o f  n- ~ . ~c,rre,.~e~ ~ r i n ~ g  r,elative to ~ro~.Dse~ 

AL~rll 19,19/:,b - !,'emorr, n,h:r from J. N. nrn:~l~ 7 to C~ief Demi~ni'n.~r 

~,-in~r--Kenort on ~',y~raulLc model vt'~.dles for 

imDro'z~,;~nt~ In river ~' ~nne] :]own~tro~n from 

_ ,_: . . . .  _ ~  ~r . . i , . e , . , t  . F~wer to D~nver ~':"-~ 

!nform;,tion m- -" conc.,n~n~ e.~-nl, or~ tory @rillin'- a]on~ 

TunrPl 1 extension. 

A~rl! i~ ]'~h4 L~tt~r from Asai.,:tant "~h/~f De~,imn~.-,,J,.iAeer to 

[i ~ctor, of Power--';,P.i,;e,nt for ~,..,~,~,~itic.~1~ _ drill-holes 

alonm ~ann-I I e~t~mslcn. 

v e y  1_7, 19 -'J~ - ~Pemmr~n4u'~ from I. A. "¢inter tc ";hief Electrical and 

Uechanlca] F~-in~--e~ort cn ~:i, c1,'v,a~er st'cdy 

rel~tiv~ %o ,~.re~!-in~ ~f t h e  river "het.w~en th~ Outlet 

tunnel.- an~ Rim -~ ~olt ~an~ds, 

eta, ~ , ' a y  " " 
l '- ' ;L'; - L~tt,-,r from ~r~,ctor of Power to Denver offic~-- 

P - ' ~ . , ~ t t a l - . ,  .,..-... o f  _]oz, s ~,_ ,.~.,.~I.,+~,,~ t,~ e x ' p l o r ~ t o r y  ~ ! r~ ] . l .  

I ~L': _ Letter from Chief En,~Ineer te Director" of Fow~r-- 

~'et.hods for rou~In< schr-,,'!ulr~', . o 

..... ...... ~tlon w.°~ rk. 


