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Subject: Test to determine operating characteristics of Tunnel Plug 
Outlet Works at Boulder Dam--Boulaer Canyon Project. 

Description of tests. In accordance ~ith office letter of ~ovem- 

ber 22, 1938, and memorandum of December 7, 1938, to Actln~ Chief 

Engineer from Mr. J. L. SavaRe on the a oove subject, the Tunnel Plug 

Outlets at Boulder Dam were operateC on ~ecemt, er 13 an,, iA under the 

surveillance of Messrs. Blom~ren, Wlnter, ,~inzie, Thomas, aria Narnock 

of t~e D~nver office, together with interested members of th~ field 

opez~ating force. The flow and operating conditions in Tunnel No. 3 

were studiac on December -.3 with flows i.,Lcreasiug progressively from 

10,O00 second-feet to full capacity of slightly over t~:'e:ity thousand 

second-f oct. During the forenoon of December 1£, similar studies 

were made on Tunnel 2;o. 2, with flows incressln£ pro~re~sive/y 

from no flow to full capacity. At the conclusion of ~he Tunnel ~o. 2 

studies, the flow w,ls maintained at full capacity in that tunnel while 

the flo~,J in Tunnel No. 3 wa~ increased progressively ~ 5,000 seconc- 

feet increnent~ from no flow to full capacity., lull capacity flow from 

both tunnel~ wa~ z,.',latained for 30 n~inut~.s. "' " ,our~n~ th~ entire program 

measurements were made of the pressure conditions in t~:tunnel below 

the needle ~¢alves and still and motion pictures were made of the flow 

conditions in the river below tile portals. Durin~ Lh£- tests o~, Tunnel 

No. 2 oscillograph measurements were ma~e of the pressure ano ~train 

conditions at critical point~ on the penstocks. Observations of the 

difference in ~he elevation of the water surfaca<~ul the intake to;;er~ 
.J 

and in the resez~oir ~vere ~nad~ with one and two ~at£s open. ;: complete 

recora of the resezvoir, tailrace, and river elevations was made in the 

waterr.|aster'& office. On b~c~mber 15 un"~te!in6 ~he Tann~l l~u. ~ was 



s t a r t e d ,  and on December 17 and l ~ ,  a c l o s e  i n spec t i on  of the  c o n d i t i o n s  

in  the i n v e r t  of t h e  tunne l  was made by Messrs .  Thomas and Warnock. 

P ressu re  .conditio|~B .~n , tunnels a n d n e ~ d l e  'yalve d i s c h a r g e  gu ides .  

Throughout t he  t e s t s ,  obse rva t ions  were made of p r e s s u r e s  in  the  t u n n e l s  

and in  the  discharge" gu ides .  Connections from manometer boards in  the  

valve ope ra t ing  chambers were ca r r i ed  th rough  the  va lves  i n " t h e  obser -  

v a t i o n  doors (.dw~. No. 45"D'7777) to the tunnels. In the Arizona Tunnel, 

an ac,~itional connection was made by tappin£ the 12-1nch pipe used for 

the tube valve test. Observations of pressures in the discharge guides 

were made by tapping outlets ,through the ~uides on the top centerline. 

The dischar6e guides for Valves Nos. 9 and i0 in each outlet works were 

tapped in three positions, one tap near the do~metream end of the Valve, 

one near the wall, and one midway between these two. The alscharge 

guides for •Valves Nos. 8-and ii in each outlet •works were tappea ,mJ.dwa~y 

betvleen the wall and the downstream end of the valve. The discharge 

guides for Valves Nos. 7 and 12 in each outlet works were tapped in two 

position~, one near the downstream end of the valve and one near the 

wall. The connectioas~fram the taps in the discharge guides were 

arranged so that the pressure at a single tap could be observed or 

all c,nnections in a ~in~le discharge guide could be manifolded 

together to give one reading at the manometer board. The manometer 

boards •were equipped with both water and mercury columns in order that 

fluctuations, as well as average pressures, ,could be observed. For 

comparison all observations were reduced to feet of water below 

atmospheric pressure. 

The results of the pressure measurement~ are given in Table i. 

The valves used for each run have been grouped together in ~he table. 

Pressures at the different taps in the discharge guides showed no 

consistent aifference; hence, in cases where readings were laken at 

more than one tap, these pressures have been averaged and are shown in 

the table as an average reading for the particular discharge guide. 

Average pressure in the tunnel is glvau for each run. In instances 

where the difference between avera6e and maximum pressure was large, 

the maximU@ pressure has been :inserted in t~e table. Since the 
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discharge, through, the valves was :determlned ~by ~two :me~hods 'that ~are 

not in. C~:6"se ,agreement, the discharge .for each ,run ,as determined by 

~both methods is given in the table. 

'+The worst condi+ion Of operation appeared with flows +of .3.,000 t o  

,000 'second-feet. through the Nevada 'Tunnel :and ,no +flow through the 

;AriZona 'Tunnel. Momentary negative 'pressures +of i~.~ :feet of water 

were ,observed an the water manometers ~coanected '£nto the upper tunnel 

transition. ,A similar condition +was ,also +notediin the Nevada Tunnel 

when the ,tunnels were discharging a total of ,approx:imate~v eight 

thousand second-feet at t~e close of the .test ;program on December ;~4. 

,At these discharg es Cisturbance ::in .the ,tunnel ,causeC :splashin~ which 

seemed ~o com~le~e4y seal the tunnel ,near ,,the downstrbam end with spray. 

This momentary ;sea£ing caused irreg ~ular +pressure concltions :In the 

:~unnel 'for an instant. This disturbance '~n ,the tunnel might ibe trace~ 

to :two sources: (1 +) The lack.el ~ufficient :momentum in ,the Jets ,to 

move ,the alack ,water Azom the :tunnels at low flows, or ,(2) the excessive 

:height of ,the water surface in ,the riv.er immediately ao~astream from 

the tunnel portals. The ~ma~.Imum negative pressure for +~he maximum 

discharge was 0J75 foot of water +for +Tunnel Ho. 2 +and ,O.S2 :f&ot ;of 

• water :for Tunnel +No. 3. At man, mum 'flow ,the conditions ~were-very 
~steady.. , ,  . . . . .  + . 

Flow conCitions in tunnels and~riv~er channel The In~tlal flow 

during the tests on the Arizona Tunnel PIu~ w a s  I0~000 second-~eet, so 

that there was : n o  oppor£unity .to .see ~.the condit'£ons at lower flOws.; ~but 

the flow in the iN.evada Tunnel was increased ~from ~ao flow +to full +capacity 

with sufficlent time :to observe, so ~ar as possible, the cond~tlons .in 

~he tunnels +and +in the +rAver channel below. A complete record of 

conditions at the downstream portals and .in .the river ~channei was made 

by still• and. motion pictures, ~he .pertinent ~stlll .pic. tures ~l~ve been 

included as Figures I to 16 'in this report and the motion pictures Will 

+be ~edited bY the l~araulic laboratory for future +showing. When ~he 

needle ,valves in Tunnel 14o. 2 were opened to a discharge of 4,000 second- 

•feet i(fi~. 7A), the .t~draulie jump appeared +.to form in +the tunael~.~end 

• there was llttle indication of .the in~raft of air. over the outflow, of 

3 

++ ~, 
L ~ 

~,; ",. 

,/" ] 

+ . 

+ , 

~!ij 

7• 



~:,-;~- ~, ,;,..~ ! ,..;. :S.~,!:~,~', " ,: :~ ,: :. ~'~ 

/ .  

i!~?.. 

... - . 

water. .It:,wae at this :flow :that ':the negative pressures :~ the ;tunnel 

were the~grea~est. As :the ;flow increased to 8,000 :seconxt-~er~t~ ~he 

, ' .disturbance ~moved down :.and out  :of the  ,~unnel 'es ,seen i n  .F igures  ',TB 

.and 18. £t this p~int '.the ~most spectacular explosions occurred. Water 

.or ~heavy spray ,wa~ shot .In%o"the ,a'ir as .if ~by detonation .and the ,spre~ 

,.came ha'fLYway .,up ~the ~S~on~,~ '.Gate. .The pulsations of air under ~the .Stoney' 

.Gate were :sufficient~? :~trong' ,to .sway .~ :persom iean lng :against the head- 

works ,'column. As ~ths .~iow ,was ~further .i~,~reased,~ the d~etu~bance ~was 

moved farther ,,down the :chaAmel ~and aeCreased in intensit>,. The o~-4y 

explanation :,of %he explosions is the .~n~low of the return eddy in %he 

.river :over :the ou~flowing :high ~v,e' looney stream. ,For ~an "in~tant the 

return ,eddy ,covers the needle ,.valve ~stream ,an6 ,when .the energy .becomes 

too ~great -the explosion occurs. :At L!.~ximum :discharge, the _f~ow was 
) : 

comparatlve~y stable and a s~ea~y :~low of air into the tunnel portal 

,p~ev~iled. 

~Cavitat'ion on .needle .valves. As a matter ,of interest, the :cavi- 

tation .which .is .occurring on the ,faces ,of the needle valves, :both in 

the :tunnel plug and in the canyon-wall outlets, were examined. .Photo- 

graphs of particular examples are included .in Figures :17 and 118. A 

peculiar condition ',was noted in the rust marks on the Inside of the 

needle valve bod~.. The flow :pattern :through the valve ,bo~y ~ms mani- 

fested in the •same way :as shown by paint ~tests made in the laboretory. 

:In ~plaees, due to cross flo~, the direction as Indicated Dy the :rust 

marks was :normal to ,~,he ,main stream. Tl~Is par.ticular condition is 

shown ~n Figure  1 8 .  

Debris in .invert ,of .Tunnel He,...3. AC.ter .the completion ~of the - 

, t e s t  program the unwaterln@ of Tunnel No. 3 was begun. As the unwater- 

ing ~progressed it ,was found that the entrance to the drainage :pump in 

;_the tunnel ~plu~ :control •works was plu~ged ,by cebris which was lef,t in 

the tunnel ~at the completion .of construction. This material extended 

• from the headwali :of the tunnel to a .point ,sllght~y below the ~end of 

the ~ups~ream transition. It enQed in a vertxcal ~r0p of about four 

feet and .appeared ~to be so firml~ compacted as ,to require breaking 

,tools for .removsl. This debris ,•consisted of irregular masses ,of 

• , •] 
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A. BAR IN RIVER BELOW SPILLWAY TUI,.q~.L pCp!rAi S 0;: DECE~[B-LR 12, 1938, 
B~FOWR TEST I:~0C.RAM - AS SEEN FRCM LSO-T,:I: T~0IST 

e 

~. ~ , ~ . I N  B/VER BELOW 8PI~Y TUNNEL I:ORTAL ON.DEC~/~.~ 12. 
~FORE TEST IDROGP.AM - AS SEXN FROM ~ E  IANDI;~. 

1938. 



' FIGURE "~ 

A. ARIZCNA STCN~'Y GATE ~RUCTURE AND CANYON WALL ON DECEMBER 12. 19,~8. 

B. NEVADA STCNk-~ GATE ~I;~UCTIYX~E AND CANYON WALL CN DEC~4BER 12. 19ZR3. 
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A. CONDITIONS BEIAW/ARIZONA TUNNEL NO. 13 WITH DISCHARGE OF 12,500 SECOND-FEET. 

D 

B. CCEDITICNS BELOW ARIZONA TUNNEL N3. 3 WITH DISCHARGE _'p 16, OLD SECSND-FE~.T. 
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A. CGNDITIDI~B BEI2W ARIZONA TUNNEL N3. 3 WITH DISCHARGE Cf 17,000 SKCCI~D-r~T. 

J 

J~ 
)! 

B. coI~Ioh~ BELOW ARIZONA ~ NO. 3 WiTH DISOI~Z OF 20.500 BEOON~L//F~. 



A. CONDITIONS BELOW ARIZONA TUNNEL NO. 3 WITH DISCHARGE OF 
20.5CJ0 SECOND-FEET - AB SEEN FROM I50-TON HOIST. 

B. CCNDITION8 BELOW ARIZCNA TUNNEL NO. 3 WITH DISCHARGE OF 
20.500 SECOND-FEET - AS SEEN FROM GAPAGE IA~DING. 
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~A. iBAR;IN~RIVER[:BEI.OW ~I=/~J~WAy ,TUNNXL":io3RrAI.~ 0N[DECEMBER 13, 1968. 
:AI~ER COI~IR~TI ON OF ;~UNNXL ~NO. 3 :- .~ ,SEEN ,FROM 150~ON IIC, I~T. ~ 

~i I !~! !:!:"i ̧ ~ . . . .  " ,:~'~ 

'~}' i 

~.~S!I I .. ...... " .. ..... ' ..: ~: .. :-x-. :' :::-~:.,.~. :: ,; ,::-. ...... ~,, ..:-- "~ ~ ~.> ,: .... , - ....... .. : ,il ~',~):.!."i:~!3.--.;.~!:::~ ~, ~'~':: ~ : :~  ..-::.-!_:.::~ ~,i.~,i:~, ......... :~ . . . .  ~ ........ - ~ ............ ' - g~ ........ " ................ 



A. C O I ~ T Z O ~  BEL~  ~ ~ NO. £ WITH DIJRIB£R3E OF 4, 000 BECOND-FEET 

B. CORDITIO~ BELOW RE~DA TURREL NO. ~ WITH DISCHAR3E OF 8 . 0 0 0  ~SECCND-FEET. 



A. C0t11, W Z ~  ~ ~ ~ NQ. 2 ~ DI:8~AI~E 0F 8.000 ~ 0 N D - T E ' ~ .  

L ~ 

B. CCNDITZ0IB ~ lq~t~1~ ~J~q~, 1~0. ~ WITH D r ~ E  OF 8, 000 :SECOND-~  



£ .  CCI~I'I'IGGSJU,,OE ~ ~ iO. ~2 11I'1'II D/OOILt~Z OF 10, 000 m~CCI~/)-FE~. 

B. C0~BTITIONB ~ REt~ TURqEL R0. 2WTTH DISCBAR~E OF 12.000 ~COND-.Vlr3~T~. 



FIOURE 10 

~. cO~ITIORH BELOff NEVADA TUI~REL NO. 2 WITH DISCHAROE OF.14,000 mGCOND-FEET. 

S. CONDITIONS BEIEW NEVADA TUNNEL NO. S WITH DISCHARGE OF 15,000 SECOND-FEET. 



IiFIC~E II i 

A. CONDITION8 BELOW ~VAI~ TU~L ~. ~ W2TH DISGIIARIE O~ 17,500 ~OHD-FEET .... 

B. CONDITIONS BELOW NEVADA T~TEL NO. 2 WITH DISCHAROE OF 20,500 SECOND-FEET. 
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FIGURE 12 

A. ,C01~I~XCIJlB B3~.~V,IIEV&+I~ T ~  ~'+. ~ +w±'t't.-J. ~±scm~P+ u.i + 
~0,~0 IEQ01iI~I~Z~'- )J9 8 Z I ~  "JPR~.li~ 150-TON HCI~. 

B. ~CONDI~ZO~B BE,L~ I~'I~DA TUNNEL N~'). 2 WITH D I ~ E  OF 
2 0 , 5 0 0  8EOOI, ID-leEET - . ~  ~ ~q~'U G ~ . G F  L ~ D ' I ' ~ .  
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A. ~ DISOWJ~ IN TmmZL ~0. ~ Am)5;00O ~COWD-F~T IN TO~EL ~. 5. 

B. l l l ~Z l~=~aRt l i lDZ  IN ~ WO. 2 ~ IO, OO0 I I Z C O ~  1~ ' ~ i J ~ .  ~ .  ~ .  
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?IGU~E 16 

A. BAR IN RIVER BELOW SPILI~Y TUNNEL p~I~fAI,S AT CCNCLUSION OF 
TESP ~20GRAM - AS ~ SEEN FROM 150-TON HOIST. 

B. BAR IN RIVF/~ KELCW SPILLIAY TUNNEL P?RTALS AT CONCLUSICN OF 
TEST ~0GP~ -AB ~IEN FR[.M GARACF IAND[~,, 



FIGUI~E 17 

£ .  m~TIRE NEEDLE 

B. CLOSE-UP OF AREA i 

;0N ; I D U ~  ~IILT,,~ .£-ZO Z)H' ARIZONA ~ . T .  -]Pr_.Tr. c~ , r t .~r  .Wnlm~.. . . . . . . ,  
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Bo FLOW ~LZ~ IN RI~P C N INSIDE OF HELLE VALVE BOl~/. 



concrete, rock, gravel, castings, timber, rails, p~pe, cable, etc., 

and was from seven to nine feet deep at the tunnel headwail. It was 

necessary to dislodge portions of the material before unwaterlng could 

be continued and the opinion was expressed by uifferent members of this 

board that thelremalader should ~e removed. The Director of Power was 

in agreementand it has oeen stated in a letter of January 18, 1939fro~ 

him that "The material in No. 3 Tunnel will be removed by the end~of %he 

present week." 

The first impression was that similar conditions existed in 

Tunnel No. 2, but later detailed examination by the operating staff 

accompanied by Chief Design~J~g Engineer J. L. Savage disclosed that 

the conditions were .very different from those in No. 3. In a letter 

dated January 18, 1939, the Director of Po.uer reports "There was very 

much less material and it was not cemented as in ~o. 3. Only a small 

portion remains in the tunnel and that uoes not extend downstream very 

far from the plug. There is no material near where the jet strikes., 

In e letter from the Constructlon Engineer ~o Chief Engineer 

dated May 13, i937, subject, "Results of inlti~,l operation of needle 

valves in Tunnel ~o. 2," it was reported that there was some mamage 

to the concrete surface at the downstream eno of the tunnel after 

continuous operation during the previous month. The opinion was 

expressed "Part or all of the wear ms~ be oue ~o loose rock fragments 

bein~ moved al0ag ~under comparatlvely high velocities. When diversion 

y~as first made through the tunnel needle valves, a comparativel~ large 

percenta@e of sand, gravel, and clay covered the it~ver~ of this %unnel 

downstream from the valve chsmber. It was decided to permit the moving 

water to wash this material out and in so dolng it is possible ~hat 

scour occurred over the area shown. A second possible damage from 

scour was thought to be possIDle from loose rock in the channel immed- 

iately downstream from the portal being brought back in the tunnel by 

an undercurrent. Pieces of this rock as large as a foot in diameter 

have been shat upward twenty or twenty-five feet above water surface 

a~ the tunnel portal. However, at one of the periodic inspections the 

i~ i ̧ • 
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Stoney Gate was lowered and the water pumped down to withir, a few feet 

of the tunnel invert and no loose rocks were observed on the bottom at 

the lower end of the tunnel. A third possibility of the cause of the 

damage was thought to be cavitation due to e vacuum." 

A careful examination was made of these damaged surfaces after 

the test proF, ram had been Completed but no evidence of fresh ecourir~ 

was disclosed. It is believed that the .original damage was caused 

more ~r the pounding or impingement of the .rocks carried in suspension 

into the hydraulic jump~ which presumably formed or tried to form 

immediatel~, upstream from the portal. The Stoncy Oats Seats were 

damaged during the initial operation iby the impact of this aebris 

being sluiced from the tunnel invert. The Nevada Gate appears to be 

in n worse condition than the Arizona Gate. No attempt was mace to 

use the Nevada Gate for unwatering. The leakage around the Arizona 

Gate combined vti th the Clogging of the intake to the 16-inch drainage 

pump by debris prevented the complete unwatering of the Arizona Tunnel 

immediatel~ following the test program. 

Erosion of c_hannel i.mmediate~y downstream from tunnel ~ortals. 

SoundinlAs made for a distance of 125 feet below the Arizona Portal 

after the operation during these tests indicated no change from similar 

soundings made in June and November 1938. Beyond this point loose 

material wa~ removed for a depth of i0 feet in a distmice of /25 feet, 

the extent of these soundings. Thi~ indicates that the rock at the 

portal is substantiall~ stable and will withstand considerable operation 

of the outlet works in the pre~ent condition. Topography in the river 

channel below the turn, el plug outlets as of November 18 and December 15, 

193B, is shown on Figuras 19 and 120. Comparisons of cross ~ections on 

the .-sme dates with the final excavation are shown on ~'i~ures 21 and 22. 

It is neces~arj, however, that a verj close check be made from time to 

time to detect and avoid undercutting the ~ate structure an~ adjacent 

canyon walls. It is believed that a training wall and an apron immed- 

[~. • lately downs%ream from each portal would elimin,te :[..flow of the eddy 

formed b& the hi~h-veloci~ water fro~ the tunnel ann prevent undercutting 

6 
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of the foundation of :the Stoney Gate structure and adjacent canyon wal~s. 

This condition is not considered to b'e serious for a limited operation. 

S~ch work if actual~ instigated wouid probably '~have to be deferr~ until 

after the coming operating season bemause of the time requir~ for the 

construction of cofferdams and unwatering. Before any work of this 

nature is done a model study should be made passe on the present ~river 

bed topography as determined by accurate surveys called for in the 

recommendation. 

Bar in river charnel below spillwa~ tunnel portals. Material left 

in the river bed after construction, or washed in as a ~result of outlet 

operation, has formed a bar across the river channel immedlatel~ below 

the dovmstream portal" of the spillway tunnel. The extent of this :bar 

can be seen ia Figures i, 6, and 16. The ~ material in this bar is too 

heavy to be moved any distance by operation of the tunnel plug outlets 

and will have to be removed from the channel by dredging. Its removal 

will improve the tailwater conditions and increase the head on the 

powerplant • The effect of the excessive tailwater due to this bar is 

not serious ~o far as the tunnel plug outlets are concerned, but a ,lower 

tailwater will reduce the disturbance at the tunnel portals; tend to 

minimize the spray at the portal structure for flows of 5,000 second- 

feat or ~ess; and allow the high-veloclty water to continue into the 

river where it is less likely to ~,o ~Lma~e;-nd wlll increase the air 

supply to the turbine~ and thereby imi~rove the ~surging characteristics 

of these units. The bar did not move apprmciably unaer the full dlschar~e 

from the tunnel plug outlets. Actually the tailwater was ralsed approx- 

imately 0.6 foot due to the aeposit of mere material in the bar. The 

tailwater ~ curve at the powerhouse before and after the test pro@ram is 

shown on Figure 23 compared to the discharge curve at th~ old lower 

gaging station as shown on Drawing No. 45-D-908 and to the prese~ 

£agin£ station, the location Of which is shown on Figure 6. 

Calibration of flow through intake towers. Durin~ the ~est program, 

the flow conditions in the Arizona Intake Tower were observed with one 

cylinder gate only opened and in the Nevada Intake Tower ~ith both gates 



f.': 
r , .  

t::: . . . .  
: , v ,  

, . .  

-" : i - 

o'C" 

:-7 ~ 

F . , "  

r , " ' ,  
[ ' .  

: ,  

:. - -  

!)2 

: : . . .  : 

:, : ~1 ~ : :  ~ :" ~ - -  :,, ~ ' , . . . . .  ..... 

~' 6 5 5 ; ~ '  ' , , i ,, ' ~' 
-, : :  ~ : ~ ;  . - . - -  " ' . "  ' 

: !  : : ~ : ;  ~;i i ~' A' : :  

~ 6 5 4 ;  - - - -  " "~ 

: . . . .  ~ . ~ ' "  :1-2 .-.  . . . ~ , . :  

~ o'~ i ' " ' : " :  I{ 7 :~'il ",~ 

: ~  " . ' ~ , P ' ~ '  '~,,~" : ' . ~  : ":i l .  ~ - ' • - ~  7,(% : -,, : j  . .~" ' , . . . . .  . f 

• l I J  " 6 4 8  I ~ <'% ~!~0 " ~ ; ~ "  : " ~  '" : 

" , ~ -  ,~", 6 ~, ; # "  . /  

tn" ; , '6A7 ; ~  . ; . - M I "  . ~  . / '  r . i 

, , . " :for opprox:im:o,te ioc~,?i, o n:;, 
:~UJ : 6 4 6  • , ' " " ~' 

. . . / ' . . / "  . . • . . . ~ 
: - I - -  

. " 6 4 5  
~i.t. 
r . O  " 

' Z  , 6 4 , t  
o 

• > 7 6 ~  3 !  

..,J 
:ELI 

< 6 , ; 2  

6 '4  I 

,;6~40 

i 
: /  

/ 

. . f l  . • , ' 

, , , . , , 

~ - -  , .  . . _  . . • 

/ 
: " I  " -  

I 
, - ,  ] t 

-, " ~'8 ::8 ; | 0  ! | 2  1 4 '  16 .18 2 0  " 2 2  2 ~  2 6  ; 2 8  

, 6 3 9  

I 

'.6:37;0- 
: ' 2  4 

G E  I 

- " i  

I 

:- L 

I i 
1 
I 
I 

: 3 0  - , ]32  -34  

• . : , .  , . -  

- . ' 4  

" ' |  ' i . . . .  

i 
. . . .  ;1% % _ _ . _ .  

S E : C O N  D - 

~5-D ..=308 
which;!s,;~he disc,='orge ~¢u.rve 

.for t h e  ,old.:gog,[hg s~c~l"ion:: 
• .tSOO feet,!below do msi#e.• :  t~  77-~ 
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open. The difference in elevation of the water surface between the outBice 

and the inside of the intake tower was me,~sured and the ~conditlon of the 

water surface within the tower was observed. This difference in elevation 

is a measurable and steady condition. T~le water surface with i~ the tower 

even at maximum discharge was very quiet and smooth, with practically no 

evidence of the formation of a vortex. At maximum discharge a large 

vortex developed about seventy-f lye feet from the Arizona Intake Tower 
~t 

between the tower ann the clmyon wall, ~zs s~en in Figure 24. At maximum 

discharge, two areas of small vortices were noted betT~een t~je l~evada Intake 

Tower ~:d the canyon wall. 

The discharge through the needle valves in the tunnel plug outlets 

was determined by two methods during the test program. A discharge curve 

1or one valve has been plotted from calculations of velocity and areas in 

the valves at different openin~,~s of the valves ant different reservoir 

elevatlcn~. This curve is referred to as ~a theoretical discharge curve 

since it is based on calculations and an assumed coefficient of discharge. 

All valve~ were considered identical and when mor~ than one valve wa~ 

opened the dlschar~e was calculated by multipi~in~ the aischarge for one 

valve by the number of valves opened which is inaccurate since the head 

losses are proportionately h~gher with all valves opeaed than with one 

valve opened and the i~ead losses in the penstocks varj with the load 

demand ~i the powerhouse. The curve used by the watermaster, which is 

probablJ" t~e more accurate, w~s constructed from mate obta~led by gaglngs 

at the river gaging station I-1/2 miles below the dam during normal oper- 

ation of the valves. This curve was based on numerous gagings with one 

or more valves open and w~:s constructed to show discharge through one 

valve at different openings and different reservoir elevationz. Such 

treatment also assume~ that each valve dlschar~es an ~equal quantity under 

slmil,~r cond£tions of opening and reservoir elevation, whAch is an 

incorrect premise since the same fluctuation of head exists as in a 

theoretical curve. Neither method can be considered an accurate ~eans 

of determinin~ the release through the valves. ~o~h methods are in 

error in that they are related to reservoir elevations, which is not a 

measure of pressure at the valves. In the case of more than one valve 
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open, the ~osses in the conduit system are higher ~than with one valve 

open, hence the pressure at the valves w£11 be less, re~ultlng in a 

decrease in discharge. This error is partly compensated for In the' 

watermaster's curve since muck~ of the date were taken with more than one 

valve~;~peratln~. There is also a difference in loss wl~en oneor both 

gates .... ~ ~he intake to~ler are opened. The accuracy of the theoretical 

curve is dependent upon a coefficient of discharge for the various 

openings of the valves. Little data areavailable regarding the value 

of these coefficients. The ~ccura~/ of the watermaster's curve is 

dependent u~on the accura~j of the gaging stations in the river below 

the dam. Here again the accuracy of the g~gings at the river station 

is questionable because of the constant fiuctustion of thewater surface 

due to load variation in the powerhouse. 

Wi~h the present storage available in Lake Mead, the present 

power load at Boulder Dam, and with Parker Dam in operation, extreme 

accuracyof measurement in releas~n£ water at Boulder Dam does not 

appear to be so important. Close regulation of release does not 

appear advisable as suchprocedure will requirethat some of ~he 

needle valves be operated st partial openings over long periods of 

time ~ith the attendant rapid erosion of their needles and seats due 

to cavitation. It will probably be more satisfactorj to operate the 

needle valves only at wide open positions and regulate the flow by 

operating part of the valves wide open all the time and openin~ others 

wide open part of the time to msGt the requirements for e 24-hour 

period. Equalization of flow !!an be aucomplisned at Parker Dam where 

the flow can be regulated by release through the spillway gates to 

the projects below. 
) 

'/ 

Since apparent discrepancies exist in the present methodsof 

discharge measurements, ~.onsideration should begiven ~o obtaining 

an accurate means of measurin~ release of water in ~ order that the 

necessarj calibration may Oe compAetea prior to the time that closer 

regulation becomes necessary. All normal release of water is c~rough 

the intake towers. Therefore calibration of these structures ~ould 



, 

afford a means of obtainin~ total release ~as well as :estab3Jlshlnga 

standard fromwhlchother units could be calibrated. ~;Gibson calibra- 

tions of the powerunlts have already beeamade. Theresults of these 

tests could be transferred to the towexsand with the existing model 

data only a few additional runs made by some reliable method would be 

necessary to obtain an accurate discharge curve suitable for all 

normal release. As previously stated, the difference in elevation 

of the water surface between tide outside and the inside of the intake 

towers v#as measured at different discharges wltb qne cylinder gate 

open and with both cylinder gates open. The indications are that these 

prototype data are comparable to the model data as shown in Boulder 

Canyon Reports, Part VI, Bulletin 2, "Model Studies of Penstocks and 

Outlet Works", Pa~e 99. The results obtained from the observations 

made during this test program have beenplotted ona print of the 

curves showing the model results(Fig. 25). The discharges shown in 

this figure were obtained from the watermaster,s curve. The discussion 

of the results of the model tests in the above reference states: "The 

relation of D1 to discharge has been plotted on Figure 54 for both 

conditions, with anm ~ithout trashracks in place. It is believed 

that the curves shown for the prototype without trasbracksare 

essentially correct. It has been previously stated that the friction 

loss through the model trashracks was undoubtedly excessive. There- 

fore it can definitely be stated that thecurves on Figure 54, calcu- 

lated from the model tests with traahracks, are higher than '~ WOU~ be 

similar curves made from actual tests on the prototype" Observations 

have been:made of drop An head through the trashracks on the:prototype 

but no consistent re~ts-ereobtained. It was concluded that the 

loss is so small that it is practical, ne~liglble. Insuch case the 

prototype observations of drop An head into the intake towers should 

agree quite closely with the curves plotted from model results 

obtained without trashrac~s. Such agreementmay be se~n in Figure 25. 

The observations made durin~ these tests emphasize the possibility 

of utilizing the drop in head into the in~ke towers as an accurate 

measure of flow through the outlet ~orks. 

Pressure and vibration in Penstock ~,stem. Throughout the tests 

on both the Lo~ler Arlzonaand Lower /~evada Tunnel Outlets, observations 
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were made on t h e p e n s t o e k  s y s t e m  t o  d e t e r m i n e  i f  amy t r a n s i t o z . j p r e s s u r e  

wave o r  su rges  w e r e t r a n s n ~ t t e d : f r o m  t h e  v a l v e  d i s c h a r g e  Chmabers i n t o  

the penstock systems. It was determined that thevibrations setlup ~ 

the high~veloclty water discharged from the valve under full capacity 

were noticeable for a distance of approximately three hundred feet 

upstream from the gate valve chamber. These vibrations were of rapid 

frequency and low magnitude, such as isnoticeable when standingover 

a needle valve, and disappeared entirely at the upper anchor leading to 

the intaketowerwhere no soundof flowing water could be detected by 

placin~ the ear to the penstock pipe. Oscillograph charts were made at 

thetske-off of the 13-foot diameter penstocz at unit N-3to determine 

the effect of the turbulence set up ~: oy 2,500 Becond-feet of wa'ter beisg 
taken from the 30-foot penstock w which carried a total ofapproximate~ 

twenty-seven thousand second-feet. Pressure Rages and st~in'g~Eeswe~s 

placed on both the 13-foot ~id the 30-foet pensto0ks. These gages 

indicated pressure and strain chan~es of such low magnitude that these 

factors are aefinitely of no importance. A sensitive hi~h-pressure 

Borden-type gage was connected to the 30-£oot pipe just below the take-off 

of the 13-foot penstock for unit N-3. This gage showed no evidenceof 

hydraulic surges being transmitted from the needle valves even under 

the mostsevere conaitions obtained at low discharges when a maximum 

surge of approximately three feet of water was recorded by ,the water 

manometersconaected with the needle valve discharge tunnel. From these 

observationsit ~,as concludedthat the relatively slight pressure 

changes developing in the tunnel below the plug, reachlng amaxlmumof 

3 feet of water in a total head of 500 £eet, were effectlvely.dampened 

out, and offered no hazard to the penstock systems. 

Summary of results and conciusion~ As a result of these testsand 

inspections the following concluslons have been reached concerning future 

operation of the tunnel plu~ outlets: 

a. Under the relatively high head .existing ~uz'ing this pertic- 

ular test program, the general behavior of the tunnel plug outlet 

works throughout the entire range of operations was considered 
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satisfactory. There was no evidence of distress in any part of the 

outlet works system at a~ time durin~ the tests. However, if in 

the future the storage in the reservoir should be evacuated to the 

minimum reservoir elevation, the behavior of the tunnel p~u~s and 

particularly the Nevada Tu~xnel Plu~, should be observed under these 

conditions. 

b. Air sn~f~s or iniets to supply air to the needle valve jets 

are not considered necessarj. When recommended remedial measures are 

completed, sufficient air will be supplied by the area of open ~unael 

above the stream. With proper flow conditions established in the 

tunnels, the maximum depth of flow will not exceed three or four feet 

at the outlet portal with full discharge. At ~ertaln sta~es of low 

dlschar~e a sup~lementar~ air suppl~ might be amvantsl~eous but this 

condition will De improved and the amvantage would not justify the 

high cost of construction of the air shafts. 

c. The worst condition of operation appeared with flows of 

3,000 to 5,000 second-feet through the Nevada Tunnel and no flow 

through the Arizona Tunnel. The completion of recom~,enCed improve- 

ments should result in better flow conditions even a~ those discharges. 

d. ~ trainin~ wall anz apron i~ediately uowastream from each 

portal would materially improve the flow conaitlons ~t that point and 

possibly prevent further undercuttinE of the foundations of the Ston¢7 

Gate Structure and adjacent canyon walls. However, befoz'e an~" work 

of this nature i~ in~ti~ated a m~del study should be mad~ based on 

accurate surveys of the present riverbed ~oaditione. 

e. Removal of the bar across the river channel immediately 

below the downstream portals of the spillway tun~els will reduce 

the disturbance and minimize spray conditions at the portals of 

the outlet "' wo~s tunnels fol" flows of five thousand ~eco:Ad-feet 

or less and will lower the water level in the tailroce. By lowering 

the teil rqce water level the air suppl~" to the turbines will be 

increased, thereby improvin~ the sur~in~ char~.cteriztics of these 

units. 
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f. Close examination of the invert and walls of the concrete 

li:~i~ of the tunnel plug outlet tunnels failed to disclose any 

evidence of fresh scouring beyond that which occurred during the 

initial operation. 

g. The Stoney Gate Seats at the downstream end of the outlet 

works tunnels were so severely damaged during the initial operation 

bythe impact of debris sluiced from the tunnel invertthat they 

cannot be satisfactorily used for unwatering the tunnels. The Nevada 

Gate ~tructure appears to be in a worse condition than the Arizona 

Gate. 

h. Observations of the flow conditions in the intake towers 

durin£ the testprogram lead to the conclusion that the aifference 

in elevation between the water surface in the reservoir and the 

water surface within the tower, with either one or two gates open, 

should be used as an accuratemeasure of release from Lake Mead. 

i. The alr demand of the needle valve is greatest at small 

openings. At those openings ~he raveling of the jet is mor~ severe. 

Two needle valves in each tunnel plug outlet might be adjusted to 

produce minimum spr%v at small openings. The other four valves can 

then ~e operated at full opening, thus reducin£ the nmount of repairs 

to the valves. Until such time a~ a better scheme is determined, 

the operation of the valves as recommended in Boulder Canyon Heports, 

Part 6, Bulletin 2, Page 128, should be followed. Further experiments 

during the coming operatin~ season in regard to percentage of opening 

and choice of valves might produce an improvement of operating 

conditions for low flows. 

j. Observations of pressures and strains at critical points 

in the penstoc~ showed no slgn of distress at any point of operation. 

k. The tailrace at the powerhouse wa~ steady under all con- 

ditions of flow. The riue of the tailrace for a total river flow 

of approximate/F fifty-one thousand second-feet was lO feet and at 

no time dld the tailrace elevation drop below normal. The tailrace 

J 
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elevation at the conclusion of the test program was approximately 0,6 

foot hi&her than at the beginning of the progrmn and about two feet 

higher than the stages before construction of the dam. 

R~commenaatioas. The following recommendations are offered as a 

means of improving the hMdraulic conditions in the tunnel and river 

channel ~nu to improve the oper~,tion of the outlet works: 

a. The compacteS sebris covering the invert of the upper 

transition of the Arizona Tunnel Plu~ Outlet Works has airea~ been 

removed at the suggestion of certain members of this board. The 

material in the Nevada Tunnel Plug Outlet Works should be removed at 

the first opportunity, to reduce the possibility of further damage 

to the Ston~j Gate Seat. 

b. The guiaes and seats of the Stoney ~ates on the downstream 

portals of the tunnels should be repaired to permit unwatering oper- 

ations for which they were designed end installed. 

c. An accurate survey of the entire streambcd for a consid- 

erable distance below the tunnel portals should be made at the present 

time and should be repeated after each perioc Of operation as a check 

on the possible undercuttL~g of the Stoney Gate Structures. The sound- 

ings previously made have very well se~ed their purpose but a more 

accurate control is needed in future surveys. Plane table or a stadia 

control for this work has been suggested to the operatin~ engineers. 

d. The bar across the river channel below the spillway tunnels 

should be removed. 

e. A gage should be installed in each intake tower and connected 

by remote control to ti~e operating panel in the watermaster,s office 

as a means of more accurate~ measuring the release of water below, 

either through the turbines or the outlet wor~s. A calibration of 

one intake tower with one and both gates open should be made. 

W. E. Blomgren 

I. A. Winter 

P. A. Kinzie 

C. W. Thomas 

J. A. Warnock 
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;ABSTRACT OF CORRESPONDENCE 

5-11-37 - Memorandum to Chief Designing Engineer from John Parms/clan. 

Preliminary report Of discharge tests on  Nevada Tunnel Plug 

Outlet Wor:(s. Described debris in bottom of ~tunnel a~:d in 

channel downstream. Reported wear of concrete lining near 
\I 

downstream end of tunnel and da~,~ge to Stoney Gate •Seat• 

5-13-37 - Letters from Construction"Englneer to Chief Engineer. Results 
// 

and ~ 
5-14-37 of initial operation,lof ;needle valve ;in No. 2 Tunnel, -Boulder 

Canyon Project. Sugges',ts cavitation as cause of damage to 
/; 

tunnel xining. ,J 

8-19-37- Letter of Acting Construction Engineer to Chief Engineer• 
/ 

Description of cond~'~tions of river channel below ouglet works 

as described ~, u-J Dana. 

/I 
L~,tter from Acting Constractlon Engineer to Chief Rmgineer• 

Description of ivdraulic Jump in river below Botuider Dam. 

6-30-38 - Letter from Acting Construction ~hugineer to Chief Engineer. 

6-22-38 - 

7-i-38 - 

1.1-22-38 - 

12-2-38 - 

12-5-38 - 

].2-7-38 - 

InformatiOn regarding needle-valve discharge behavior, etc., 
// 

Boulder Da~. 

Letter from lActing Construction Engineer to Chief Engineer. 

Sequel to/letter of 6-30-3~. 

Letter fromi/Chief Hngineer to Director of P o w e r .  Outlining 

test program for Arlzona and Nevada Tunnel Plug Outlet Works 

to be performed as soon as f~ssible. 

Letter from Director of Power to Chief Engineer. Discussing 

proposed test programs. 

Letter from Director of Power to Chief Engineer. Amplifying 

letter of 12-2-38. 
q 

Memornndm,~ from Chief Designing Engineer J. L. 'Savage to Acting 

Chief 5nginuer requesting authorization for travel in connection 

with test program on tunnel plug outlet works. 
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12-20-38 "- Letter from Director of •Power to 'Chief Engineer. T~.ansmittal 

of readinE S made by walterm,uster ~durin~ test program of 

December 13 to 15, 1938. 

12-22-38 - Letter from Director of Po~ve~" to :Chief Eng'ineer. ' Description . 

of debris in Tunnel No. 3 and steps bein~ taken to •remove it. 

12-27-38 -Letter from Chief Eagiaeer to Director of Power. Request for 

additional test data. 

i- 6-39 - Letter from Director of Power toChlef Eu@ineer. Transmittal 

of test r6cords and retrogression studies. 

i-ii-39 - Letter from Director of Po~er to.Chief Engineer. l~equesting 

return of certain records. 

1-18-39 - Letterfrom Director of Puwer to Chief Engineer. Description 

of material left in 1~mnel [4o. 2. 

1-25-39 - Letter from Chief Engineer to Directorof Power. Requesting 

additional data on tests madeDecember 13 to 15, 1938. 

2- 4-39 - Letter from Director of Power to' Chief Engineer. TransmittinR 

photographs of pressure recoraer recoras. 
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