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S ub j ec t :  Hydraulic modcl s t u d i e s  f'or t h e  c e s i g n  of the Bhakra Dm-- 
Province of Punjab, Ind ia .  

The Problem 

On October 2, 1945, an acrecmerit ( c o n t r a c t  No. l2r-l5lr9b) was mcde 

between t h e  United States of h e r i c a ,  represented hy t h e  Chief Engineer, 

Eureau of ?!ecla~ation, and thi! ,Morrison-fnucisen Company, Inc., of  

boise,  Idttho, through t h e  I n t e r n a t i o n a l  Engineering Cornpa~y, Inc., 

Denver, Colorado, whereby t h e  Eureau would conduct moael s t u c i e s  of 

t h e  va r ious  hyctraulic f e a t u r e s  cf Bhakra bam,.being designed f o r  construc-  

t i o n  i n  t he  Sutlej i l ivar  i n  the Province of ?un;&t, k d i a ,  

I n  t h i s  i n v e s t i g a t i o n  t h e  groblem cor l s i s t ra  of 3 i'eattlrcs: 

1. The arum-gate sp i l lwag  sec t ion ,  *&ich incluaec tile 

s t i l l i n g  bas in  and river o u t l e t s  through t h e  darn. 

2. The tunne l  sp i l lway with t h e  l e f t  d ive r s ion  t u n e l  and 

d e f l e c t o r  at the tunnel p o r t a l ,  

3. The t u n n e l  o u t l e t  works in t h e  r i g h t  d i v e r s i o n  tunnel .  

I n  t rdni t ion t o  a composite 11,ouc1 of t.he am, 5 a d d i t i o n a l  models of 

v a r i o u s  s e c t i o n s  of t h e  s tn :c turu  here used i n  these s tud ie s ,  

Prototype S t r u c t u r e  

The Bhakra D a m  is Lo t e  corlstructed on t h e  S a t l e j  River i n  lu'orthern 

I n d i a  (Figure 1) f o r  t h e  Pu5l ic  ;<arks Deportment of  t hc  ~ r o h n c e  of 

Tunjab. It w i l l  provide flood c o n t r o l ,  a d a i t i o n d  water f o r  i r r i g a t i o n ,  





and hydroe lec t r i c  power f o r  t h e  province. The ~ e n e r a l  des ign  is being 

made by t h o  I n t e r n a t i o n a l  Engineering Company, lnc  , , Denver, Colorcido, 

x i t h  Mr. J .  L. Savage as cor~vu l t ing  engineer .  

The S u t l e j  River d r a i n s  an a r e a  of 21,900 square miles &Love t h e  

damsite. The des ign  f lood i s  375,000 second-feet. '?'!-it! d m  w i l l  be 

of t h ~  concre te  g r a v i t y  type w i t h  an ove ra l l  h e i g h t  of 500 f c c t  anu z i  

l enc th  of 1,/00 f e e t ,  b:uxim\im s tornee  of ik.t: r s s e r v o i r  w i l l  Le 

L+,2l+O,OOC acre-feet .  Two sp i l lways  c i l l  be provided, the  crum-&ste 

s ~ i l l w a y  l o c a t e d  i n  the c e c t e r  cf t h e  dam, Figures 2 and 3, tind t h e  

t u ~ n e l  sp i l lway c;t t h e  l e f t  abutment, Pigur'cs 2 alct L. The downstream 

s e c t i o n  of t h e  l e f t  d ivers ion  tunnel  w i l l  be usoc! f o r  the  o ~ l t l c t  of 

t h e  tunnel  spillway. The c r e s t  c o n t r o l  w i l l  be proviued by two 

135- by 28-foot drlm ga tes  f o r  t h c  ~;rd!n-gate spi l lway and two 50- by 

70-foot high r a c i a l  p t c s  f o r  t h e  tunne l  spillway. 

TKO o u t l e t  systcms &re p3.mnec. The tunnel  o u t l e t  works, loca ted  

i n  the  ririit c ' iversion tunnel  (F igure  5) w i l l  be r e g u l ~ t e d  by four  

96-inch 1.oilow-jet valves.  'Il~e r i v e r  o u t l e t s  i n  t h e  am, w i l l  c o r ~ s i s t  

or' 2C condu i t s ,  each regulctted by a 56-inch jet-Slow gate, F ip~ re s  2 and 

3, wkicil  c i i s c h ~ r ~ e  i n t o  tht: :;pillwily sec t ion  on thc  aownstrcm face  

of the  cen. 

Txo pot;er?lants h i l l  kt: i::str;llcd u l t l z a t e l y ,  one 0-1 each bank 

adj~cent t o  t h e  sp i l lway apron. In  t h e  i n i t i d .  cevelopmezt ordy t h e  

nowel-plant on t h e  l e i ' t  bank w i l l  bc cons t ruc t ed .  t i a r L ~ ~ u ~  I l o x  require- 

m a r l t s  fo l -  t o t h  p l a n t s  will bc 15,000 secor:d-feet. 

!-.ZL&XXII disc!l:~rl:e capaci  tie:: ?'or the s p i l l w t y s  ~ . n d  o u t l e t s  nre 

as follow; : 

~! run ; -~ t i t% splll;.ray 

I'unnel spillway 

'l'unnel. o u t l e t  works 
> 

73,600 second-feet 

165,600 second-feet 

96,000 second-f e e t  

21,390 secona-feet 











The moael s t u d i e s  of Shakra Dm were rec_ilested t o  i n s u r e  dependable 

des igns  of those fiydrtiulic f e a t u r e s  bhich could not  Dc s a f e l y  boned on 

precedent  &lone. C f  major importc~nce i n  tkcse  stud!-es wts t he  conposite 

1:eO model which, conta in ing  a l l  t h e  pertire,?% f e e t u r e s  i n  respect ive  

loc&t ions ,  mede ?ossiblt!  Lbc study of t h c  pcrformmce of  eech s ing ly  

and c o l l e c t i v e l y  uricer varFocr; opera t ing  condltio:ls. ;.dcitional models 

weru usea i n  t h e  stucfies of s p e c i f i c  f e a t u r e s  ~ h i z h ,  Decailsi. of s c a l e  

o r  l o c a t i o n  i n  the  ccnposj.te ~rlodel, could not  be r c l i a b l y  inves t igs t ec .  

The o v e r a l l  coridi t ion of flow i n  t h e  r i v e r  c h m n e l  dowilstream f r o 3  the  

d m  wc;s t h e  most im?ortiint f a c t o r  s tudied  i n  the  completc nodel. The 

f e a t u r e s  causing t h i s  flow were the  crwn-gzte spi l lway anu r i v e r  o u t l e t s ,  

t k e  tunnel  spi l lway,  the tunnel  01: t let  works, an6 the discharge fron: 

the  powerplants. 

The reccmiendec siope f o r  t h e  drum-gate sp i l lway s t i l l i n g - t a s i n  apron 

was 10:l. The apron lenptn  vils s h o r t e r  than c e s i r e c  f o r  tile nc;ximurn 

f i o v  of 189,600 second-feet, b u t  i t  was dccidea riot t o  inc rease  the  

l eng th  bechuse of ~ n s a t i s f a c t o r y  founust ion matzr ia l .  

To provide t9c b e s t  f low i n  t h e  r i v e r  channel f o r  aischbrges f rox  

t h e  tunne l  spillwtiy anc t h e  tun3el  o u t l e t  worbks, d e f l e c t o r  des icns  

were evolved f o r  tach tmcei p o r t a l .  Severe-scour i n  the  node1 r e s a l t e d  

from opera t ing  eFtt:er. t h e  drum-gate spi l lway ar,u r i v e r  o u t l e t s  o r  t h e  

tunnel  spi l lway et maximurn capaci ty.  

I n  the  o r i g i n a l  desien of' t h e  approach channel t o  t -nnel  sp i l l .wq,  

considerable dra.h.aom occurrec tt the  r i ~ t - , t  p i  cr aue t o  flow p a r e l l e l  

-&th tiie f a c e  of t h e  o a .  Ttif t.conaition was inprovcc by a t r a i n l n e  

wall  extending u p s t r r m  from tbc r i i -h t  p i e r .  I t  was also founo necessary 

t o  r e  soae chances i r ~  t ? ! e  tx-ansition below the tunli:el spi l lway c r e s t ,  

The des ign  of t h e  tunnel  o u t l e t  works was s s t i s f a z t o r y  without a 

vane a t  t h e  j2nct ion  of t h e  i n t a k e  s h a f t  &no t h e  aiversior? tunnel.  

From t h e  ~ o d e l  s t u d i e s  a new acs icn  has  &velo?ed f o r  t h e  elbow 

and trough of the  r i v e r  o u t l e t s .  r e c t a n g t ~ l a r  cro6s-section w t s  used 









A. Completed model, original denim. 

B. W e 1  during constmction. 
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DRUM GATE SPILLWAY WITH ORIGINAL APRON 
DESIGN HAVING A SLOPE O F  7.5:l 
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water flowed dovm t h e  spillwa:: due t,o a t r a n s v e r s e  flaw tolrard t h e  

training walls; memwhilc no apprcc iab lc  d e c r c z ~ e  occurred i n  the  

v e l o c i t y  a t  t h e  $ices of t h e  spillway. Hence, upon reaching the  apron ,  

t h e  ceoth of w a t e r  was ~lni form with h igher  v e l o c i t i e s  a t  the t r a i n i n g  wa!:s. 

Figu re s  1 1 A  &ria B show t k c  drurn-giite s p i l l ~ a y  anti r i v e r  o c t l e t s  

operclti.ny i n  coi-~bir.titi;s x i t h  t h e  t,unnol sp i l lway,  The e f f u c t  of t h e  

a d d i t i o n a l  f low t t ~ r o u ~ k  t h e  tunnel  splllt:a:r wzs t o  i n c r e ~ s c  tt:c t e i l w a t e r  

s l i g l , t l y ,  b u t  l i t t l e  ckan;<t. ~ : r 5  noted i n  thc. L; t i l l i n c  ric Lion. 

A f t e r  ope ra t ine  all. ou t l e t s  anu  spil1wa::rr tit r n ~ x i m w n  d i scharge  

f o r  2 h o u r s ,  t h c  pho to j i r~ph  i n  ' i ~ u r e  12 was taken showing r e s u l t i n g  

e r o s i o n  of t h e  riverbec. Scour car. ! ? \ a  scon c:irectly he1.o~ the apron 

w i t 1  s bar formed down3trr?an frorr. tk:s p o i n t .  The g r e a t e r  scour a t  the  

eases or' t h e  spil1w;ry is evidenct  o!' t ! ? ~  hii;::e: 7:clocity 2 t  t h e  

t r a i n i n g  w a l l s .  

Ey iccrecrsiny tktt $~ilwr;ter' 6.15C f ee t  in t h e  nc,kcl c ~ r r e s ~ o x c l i n g  

t o  lowerin< t h e  apron 1 2  feet ir. i,!:.: !)rotot:;pt: t h e  f r o n t  of t h e  jump 

remained i n  t h e  bucket ups tscan  fro::, t t : ~  ayron f o r  r z l l  cij.scllorges. 

From tilese s t u d i e s  a r a v i s i c n  of' the apron \.tils zrrde t o  irnprove t l ~ c  

s t i l i i r ,~  zc t ion .  in t h i s  ~:esip., Figure SE, ar. apron s lope  01' 10:l WEY 

usec w i t h  the  l o . ~ u r  end a t  clevat, ion 1112.20 i n  t1.c p r o t o t 3 ~ u .  ?%is 

meant t h a t  t he  hpron was lowel-ec at this po in t  by O.lb5 feet i n  t h e  moael, 

or €?.LO f e e t  i n  t h e  protot :qc i n s t ~ z a  of 1 2  feet  as requi red  wi th  the 

7.5:1 apron. This des ign  is i l l u s t r a t e d  by t h e  photograph i n  Figure 13. 

Studies wcre next  muie of t hc  s t i l l i n g  a c t i o n  on t h i s  agron at  

tF.e various f lows as i n  tht: o r i g i n a l  design.  With normal t u i l w a t e r  

e l e v a t i o n  for t h e  oeve ra l  disc;.ergcs, t h e  jump formed in t h e  proper 

l o c a t i o n  on t h e  apron. Under the  different flow combinations, t h e  

t ransverse  v e l o c i t y  d i s t r i b u t i o n  ucs t h e  sm,c as i n  t h e  o r i g i n ~ l  des ign ,  

be ing  h i g h e r  a t  t h c  trainin!; walls f o r  both o u t l e t s  nnc! sp i l lway  

ope ra t ing ,  and lower a t  t h e  walls w i t / '  only t he  o u t l a t s  ope r t t ing .  ?he 

photogrcrphs i n  F i i p r e s  11, hrld 1 5  show thc ope ra t ion  of' t h e  s t i l l i n g -  

basin fo r  t h e  va r iods  flows on the  roviscd apcon. 





DRUM GATE SPILLWAY WITH FINAL APR0OI.I DESIGN 
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A. Flow over apron 93,600 second-feet; 
drum gate spillway and penstocks 
operating. 

B. Flow over apron 189,600 second-feet; 
drum gate spillway, river outlets, pen- 
etocks, and tunqel spillway operating. 

FLOW I N  S T U L I N G B A S I N  FINAL APRON DESIGN 
BHAKRA DAM 1 :80 MODEL 



B. Flow ovur apron 96,000 ewond-feet; river 
outlets, penstocks, and tunnel spillway 
operating. 

FLOW IN STILLING BASIN FINAL APRON DESIGN 
BHAKRk DAM 1 :8Q MODEL 

FIGURE 15 

A. Plow 0-r apron 36,000 seoond-feat; river 
outlets ud psnstacbs operating. 



period of 2 ho:lrs ant: tht: yhotogrclph i n  F i p r e  1 6 X  shows t h e  r e s : ~ l t i n g  

scour i n  t h e  r iverbec .  Lorn!: scoltr 0ccarrt.c a t  t h e  ttno of the. apron 
i 

resul t in / :  i n  ii bar  f a r t h e r  dokmstrea:~. This scour p a t t e r n  was. 

cor-,sloereo q u i t e  s ~ t i s f a c t o r ; ; .  11. seconc; scour t c s t  was made with both 

the  drum-gz ti: spi l lway anc O I I  t l e t s  o p c r a t i n ~  & t z:dnlurn d i  scksrge f o r  

2 hours. Piore extens ive  scour occurred aownstreanr from the apron a s  
* 

shcvm i n  Fi.gurc loti  than i n  t h e  prt?vious t e s t .  In t h e  l a t t e r  the  

eroccci c t a t e r i a l  was depos i t ed  dow;r:streunl f'on:L~~g & bar w i t h  a ~ a x i m w n  

elrvst . ion 50 fee t  I l izh~l r  than thc t op  cf. t h e  s i l l .  The deepest  scour 

exis ted  downstrcm from t h e  train in^ w d l s  i ~ d i c n t i n c  h i g h  velocities 

a t  t!;e s i r e s  of thb  apron. , Inasmuch as a ionger run might recuce the  

bar by cclrryirq &way S O I I ~ ~  01 t h e  mater ia l ,  t h e  2 e s t  was repeaied witk 

n?er;+,ior: c o r ~ t i n u i n g  !'or 8 hours. The resul t ing ,  scour, F i p ~ r e  17A, 

was ? r a c t i c t i l l ~  ~ncl,:~n&ea frox t.h&t of the  2-hour run.  /i four th  

scour t e s t  xas race ~ i t h  the  crum-~iite r;;:illway s r ~ d  r i v e r  o u t l e t s  

onere t ing  i n  co:;!'~ir.i:tion -kit5 thc vdnnel spi l lwcy,  a l l  a t  ri~zxinrum 

ciscr:irrye. Tine scour cownstrem f r o n i t h e  apron, P i ,ure  17E, showed 

l i t t a l e  change :'ran t h e  previocrs rdns  w i t h  the  c;run:-gate spillway and 

o ~ t l c t s  opcrcrtice. The a d r ~ i t i o n a l  r i s e  i n  ts i lwziter  d i d  not dccrease 

t h e  scour o r  t h e  height  0:' t h y  t a r  i~nrn .~dia te ly  downstream from the  drum- 

gz te  s pi l lwsy.  F i ~ c r e  18.4 shows t.f.t: S C O : ~ ~  aow.ljtrem from t h e  tunnel  

spi l lway cieflector al'ter this t ~ s t .  

These  e rc s ion  s t u o i e s  re?r~sentec.  thc 0rigi:lal p l a !  f o r  opera t ing  

t h e  txnnel  spil.lway wtiich k ~ s  t o  te operated only &:'ter n~wdrnm, flow 

P,ad been reached throligh f h c  r i v e r  o l ~ t l e t s  enc over t h r  ortr:n-pt,e 

spi l lway.  Sincc :,;ltisfactor;v s c o u r  r c s ~ l t e c  with operat ion of t h e  drum- 

gate spi l lway aloce,  a !'iTth t e s t  was mhcc w i t h  both s.;pillways ope-.rating 

a t  m a d m u m  cepacity t o  cetermino t h e  scour aotnistrem. Irom t k e  tunrlel 

s p i l l ~ ~ r e y  a a f l e c t ~ r .  The r e s u l t s ,  Yigure 18D, trhich i t  of the  f i n a l  

turxrel s g i l l h a y  cel ' lector ,  showed br! i n c r e ~ s e  i n  erosio:l over the  four th  

run due t o  the lower t d i l w a t e r  s ince t h e  o d t l e t s  kcrc not opera t ing .  

Sorne improve~en t  was i no ica taa  i n  t he  o v e r a l l  r i v e r l e a  scour from t h a t  







A .  Dnrm gate spillway, river out lets ,  end tunnel 
spillway operated; total  dischsrge 356,200 
aocond-feet. 

B. Drum gate spillway and tunnel spillway operated; 
to ta l  discharge 260,200 second-feet. 

SCOUR DOWNSTREAM FROK LEFT DIVEf iSION TUNNEL AFTER 
TWO HOURS OPEFLATION, FINAL DEFLECTOR DESIGN 

B H m A  DAM 1:80 MODEL 



Decw~se of t k . t  uncertaint;: i n  ~ . o a e i  r o t o t : ~ p e  conlphrison of scour, the 
'. . 
f lnil xcthod of opcrrrtj.on 01' tkc- sp i l lwhys  shct:lc: :.c cctenxirlec i n  

t h e  pro to type .  

Fron: t h e s e  st i ldics  thi: cl?rScn ;ri;h t >lo+  of' 10:l wbs S ~ ~ L ' C ~ C O  LS 

t5t: rccorm~r:arC a c s i ~ n .  h'ittt t h e  l i r n i t ~ t i o : ~  of' apron l o r ~ ~ t h ,  it ap:~czred 

th i t t  no in.nrovem,:nt i n  t k ~ .  r t i l l i ~ ~ y  bc t ion  woulc r e s u l t  from 1'1:rther 

chani e r  i n  t h c  hpron. - , i t t e r  surf'bce g r o f i l e t :  k,ert: 1;kt.n i n  tht :  s t i l i lne-  

b s s i n ,  E'i,-t~r-t? 14,  f o r  3 c ~ f f c r e n t .  c o n c i t i o n s  of f.lch. 

Pro;-rm. for o3erhtior! or r i v e r  ouI.l;.ts. in 1&:v o?tr ; t ion OJ '  I!.(: 

r i ve r  or i t le i s ,  ; - s t  u,,oerler:ce h;s st-.om ?kt .  i m o r t ~ r i c u  of ?i.l;ir,t&inir,g 

~s :~nrr'orm f1o.n u l s t r i t ~ t i o c s  t;s posziblt :  i r j  t1;t s:il;i!~~.-t;sin. ?or 

i:lst;nce, ir' only a ?;ir o r  o + i t l e t s  %.ere  u i s c t . a r f i n ~  tt l!ie sice 01' t h e  

spi l lway an eacy woxlo f o r =  i5 t h e  s t i l l i n g - p o d .  ?lit: u?strelirri f low 

of L! is cco:; w o d c  c ~ r r y  r iverbza  ~ ~ ~ a t e r i s l  of v&r.ior-ls s i z e s  inc1utir .g 

Lou1cer.s ozto t!:e a?rorl. '?,e rca t?Lt i r~ j  tjtr&:;ive k c t i o r ,  of t h i s  !r~.tei . ial  

on t::t n,oncrt.',c kpror. ~ C J ~ C  ~ven iua l l : .~  r e ~ ~ l t  i:: s ~ f ' j 0 ~ 1 ~  C L ~ I ~ C L  i o  t.ke 

h ~ r c r . .  11' c n l y  or,e c!' tho o ~ ' l ~ L b  i:t t ! r t ,  C G A ~ L ' ~  ~ i '  t h e  s p i i l w ~ y  b :~ re  

o?t'rcl:::,)~ kn ~ a c j .  wolilc; ;or:! 01, atc I  b i ~ t :  o;' iL, t  rp2llr:t:j r~si ; l t i r r~:  I n  
. . 

slc.l,kr. t i l r . , l _ . i v~  a c t i b : ~  ~ T I L  co:  .iec.ent (J;.-,L~c. - lo ot,: ;.;:I s:,ai;l r t r i c h l  o p ~ r r ; t i o : ~  or' r i , ~  s t i l l i r ~ g - p o o l ,  i t  i s  

rtconL*itlrlcec th ; i  1i.e o , ~ t l c t s  bc o?er&tca s:,.m:,etricclliy fo r  a l l  co!:ciitions 

of u l  sci:;rge. 

iio attr;ri?t  i; r . ~ e  t o  ~ i v c  a uetbi1c.c o,?cr t?+ionhl  proceccre f o r  a i l  

c o r ~ c l t i o r . ~  of  f l o x ,  ist t o  i r?a icb ts  t r ie  j:t-'ncrkl Itroct.cl;rc t o  secure  

unlfcm. f l oh  disiri t ;ut . ion i r i  t i e  s t . i l l inp-pool .  

H c ~ c  ai..;cp ;rlvc relstio:rsb i a s ,  tic?-c cicc! ;;:.re ~ t n c  c i s cba ree  

coefficient curves  f u r  fret: c r e s t  Lnc ytte s e t t i n e s  ~t 5-foot intt .rv:iln 

Fire shorn p l o t t e a  cSn ?-'il:urc LC f o r  t h v  arm- ate s p i l l w a y .  I n  tact! c t s e  

t h e  coef f i c i e n ?  of' d lsc1:;-r~e i s  rci 'arrec t o  t h e  h i p b e s t  p o i n t  on t,he 

t .  Xntrhncc f l o h  t o  ttt Crum-.gate b p i l i w k : ~  crvc:t has +tniform unccr 

c?ertrtin, co!,oitio:is Lnc no nroblrm kds er,coxnti.rt?d w i t ! .  t h i s  pG:'tion 

01' t p ~ ~  sp i l lwhy o r  u l t  h t h e  crun gctus. 
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DISTANCE IN FEET FROM AXIS OF DAM 

B H A K R A  D A M  
S T I L L I N G  B A S I N  M A X I M U M  D I S C H A R G E  P R O F I L E S  
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be operntea t o  r n ~ i n t a i n  uniform flow d i s t r i b u t i o n  i n  t h e  stilling- 

basin i ~ t  d l  uischhrges. To a t t o i n  this condi t ion  it i s  only neccss6ry 

t o  have equal flow over each ga te .  Thus  t h e  ghte settiri[;s should 

bc t he  same a t  a l l  times, 

'i;at,er su:.face nrofi1t.s a t  vhrious g a t e  o p e n i n ~ s  are shown i n  

12ip.ire 21. These curves were obtained from past  s t~ lc i ies  on tt!is 

c r e s t  acs ign .  

River Ou t l e t s  

. . :,.:~et.,ro:\ def lec tor -s .  The 20 o u t l e t s  througi~  t h e  a m  i n  t h e  orurn-fate 

:i:,iilwt:; s e z t i c n  & r e  er r&!quc:  i~. 2 t i e r s  of 5 pbirs e i ~ l i ,  Yig:lres 2 e x  

3. Zsci: ~~ i i i r  i n  t t ~ :  lo i .e r  t i e r  i s  d i r e c t l y  below & pbir 0:' 0 3 t l e . t ~  i n  

t h e  upscr tier. The dc-sil;n of Lhese o t l t l e t s  tiiis uetesrnlneu by s t u c i c s  

on a 1:17 21oael of  one of ;he o u t l c t s  3 s  aiscxsscd in a l h t e r  sec t ion .  

The  :'lr.t;l trourf-I  l e n g t h  w a s  ::~tc;t: Ls.67 f e e t  Fnsteha of 52.28 f e e t  hs  

ir, :l,c o r i g i n a l  ces i t fn .  5yebrow cicf lectors  consisting of raised sections 

on t!ic :'i~ct: c!' t.he spi l lwsy ?laceo i rn ,eui&te ly  above :.he o l ~ t l e t  

t1.oup1,:-. I~L o;irposr of t h c  eye5rows w&s t o  l i f t  t h c  sheet  of water 

:'iowln, over t he  sni l lway no t h i l t  i t  woulc not  impinge on t h ~  o,itl.ct 

trou;:::s . I'd0 f a c t o r s  in f lue r~ceu  the  design of t h e  e:rebr.ows: the  length  

'of t !~e  o ~ t l e t  trough, anc: the ve loc i ty  0:' ti!e w c ~ t e r  over  t h e  cleflector. 

d i n c c  ~ f l e  rrou{:h l enp th  h ~ c  bet.;; t ' i x ~ c  Iron; t h v  s t u c i e s  on t h e  1:17 

moaei, tht velocity of the water was t h e  only rembir~irig. l'octor. t o  be 

cc,:!siaerbec i n  tkis o e s i i : ~ .  This v ~ l o c i t y ,  h o ~ a v e r ,  wits subjec t  t o  3orr.e 

var ia t io r l ,  ieizi: t ~ i & h e $ t  a t  m u i m u m  flow over t h e  spillway c r e s t  and 

lowest. wit ; .  L s a d 1  flow. ?hd velocity woula h ~ v e  ar~ i r l t ~ r n e a i a t e  value 

w i t h  both t k c  spi l lway rmc r i v e r  o u t l e t s  ~ p d i - h t i r l ~ .  i n  t h e  cesc of tile 

lowcr t i e r  ae f l ec to ru ,  it FLS nzccssary t o  l i f t .  t h e  flow from t h e  upper  

01lt1c.t~ over t h e  lower trouk;hs. Eecnuse of t,he vsricrtion jn ve loc i ty ,  
... 

i t  whs ap ;~hren t  that t h e  r e s u l t i n g  t r a j ~ c t o r y  woulu no t  rcnrain constar,t. 

f o r t u n t t c l y ,  t h e  p o i n t  a t  which t h e  sheet  woltla r e t a n  t o  the  sp.illway 

fkcc coulc viirey over a r a r l p  of about 5g feet alolit, t h e  spillwtiy slope, 
.. 





I thc  lower t i e r  d e f l e c t o r s .  

The o r i ~ i n a l  eyebrow design i s  shokn i n  Figure 22A w i t h  a photo- 

graph of the  i n s ~ a l l h t i o n  i n  t h e  model i n  Figure 231% (marked h ) .  In 

t k c  0 ~ e r s t . i o n  01' t h i s  a e s i ~ n  t h e  c e f l e c t o r s  dic not l i f t  t t ,e skeet  f r e e  

of t h c  +,r .ol -~hs a t  :.he lower flows. The rist: of 1 foo t  b t  t h e  lower end 

of ?he a e f 1 e c t . o ~  L.LS ir?rju:'ficier,t. ?he opera t ion  of' t h i s  eyetrow i s  

l l l u s t r ~ t e a  =t vkriouc; f l o u  conui t ions  by t h e  photojraphs i n  F i m r c s  23E 

arlc 2L, (mclrked ;;). 

'The ~ ' i r : . ~  rev i s ion  i s  skoun i n  F i e r e  22U nnc zic:,kt.d E i n  Figure 236. 

This a c s i ~ n  wbs usua on tke  i n t e r l c o i s t e  o u t l c t s  of Grmc Goulee Lam 

anc cor ;c is t s  of an ind iv idua l  tye'nrow f o r  cacti o u t l c t  instecic of' one 

d e f l e c t o r  f o r  each ?&ire of o: t?r ts  ~s i n  t h e  r e v i o u s  aesigr:. Figcres  232 

2nd 2L,, show tP,is s e f l s c t o r ,  rrlitrkec 9 ,  I n  o?uratior.. I,t tha  h igher  flows 

t t ; t  hk.?et from thc upper t i e r  b:;; l i f t e o  t o  sxch cn ext2r.t t ha t  it 

returr:eci t o  t b t  s p i l l u a y  s t r i k i n g  ike lower o u t l e t  troci;hs. I n  adci t ion ,  

t h e  w i d t h  of t h e  oei ' lector  WLS i n s ~ i ' i ' i c i e n t ,  the t r o u ~ h s  i n  ?,:?is ir .sthl- 

l b t i o n  b c i . 3 ~  wiaer thar: t.hose or, Crmd Coulee L a .  

The tyebrow i n  i:i~cx-e 22,: havini: a rise of 1.JO Sect wr;s t h e  stcond - 
r ev i s ion .  The l i f t  a f  t i :e  sheet wit?: t?iis oesien wts i:~s\if:'icic:lt st 

the Loher  flows. :;o ~ b , o t o & r a p h t  Irere :.z.kcn of t! , is oesi??. 

The cesjrr. o!' t h e  : 'ourth cleflect.or inve::tipttrci, Figure 225, had 

; rise of 2 f c c t  a t  thy lower end cnd e 1enr;th of 35 f e e t .  ?'he h i c th  

of t h e  f ' l ~ t  sect ior ,  r:;s 33 f'raet LS.C V,ZS connectcc t o  t h e  s p i l l w q ~  fhce 

by two 2.5-foot rbc i i  a t  t h e  l o ' . . ~ r  cIZC. ?ht-20 r t?d i i  Lecreasec uniformly 

to zero  tt t l - c 3  u?~t.rd,'ia! eer,Tj of t!,r eye'lrob.. ? 'h is  c e s i ~ n  i u  :::&rked C 

i n  F i e  2 . .  T5t. 2-fast r i s e  w k s  aeuircS1.j s t ructural1:r  s incc  I t  

nrcvided m o r c  s;rcr,i:tk, i,c th t c ?  oOf t h e  elbow thii? t he  previo1:s c e s i ~ n ,  

T!:is eyebrox jcrvec: a of o t i t l c t ~ .  ' h e  operat ion i u  showr, on 

Fif;;rts 23f: anc 24, m;lrkt.d 2 .  4 . t  low flows the sk:et-t of weter was 

li r'tca :iuf':'iciently t o  c l e a r  the  o t l t 1 e t  t rO~i;h$ b:~r: tt au.ixw- :'lows 

i t  wts ;lot r t i j ~ ~  t o  3 p o i n t  tk,at it i n t t r r e r u c  k i t h  t h t *  loher  o i l t l e t s ,  

r;ccor'ci:;;:l;., t h i s  ' - 5 s i ~ n  Xas ~ 0 2 5 i c e r ~ d  s a t i s f a c t o r y  and i .a recoc~T.cfiaed, 









z n t r x l c e  desj.;rn. I?,e or.ic,ll:;;l desi!;n of t h e  e?;t,rhncc t o  t k c  L;lrI?lel 

s?iLlwa:;, l o c e t c a  i r ,  t h e  l e f t  aSutrner;t of t h e  cm:, is sf-:own i r i  i . ' i~ : rc  2% 

an6 i l l ~ s t r ; ~ . t . c c  by t h e  ?hotograph in Figure 26:,. To provide a11 c n t r z n c e  

t o  t h e  s p i i l w e y ,  a curved a p a r ~ a c h  c! lannel  wss ~ x c z v a t c a  i n  t!-,e canyon 

wall u p s t r e m i  f'ror, th.;  over f low c r e s t , ,  h n c  t o  L dep th  o f  f e e t  helow 

t h c  c r e s t .  30 rrsterisl was l e f ' t  i n  p l a c e  on ;he rLservo i ; -  s i o e  sI.!ove 

this f l o o r  elevstic4:-. In t h e  i ~ i t i b l  t . i ~ t  0:' t h e  e n t r ~ f i c e  ct,sii.n, 

o l -~:~crv; t ions  01' v;;rious flows xcrt. xadc a p  t o  k rrti;.isur! of  2.541 acconc- 

t ' ee t  i n  kt:;;. x o a c l  corresyonu.in,o t.o loo,oOti secorlc-lee t i n  :kc ~ ; ? r o t o t  YEP.  

A t  t h e  spi l17~z:z  cr:i.re!lce ;.~czr i h v  r i c h t  piir, cons i i j c rnb le  c e p r e s s i o n  

of  the ~ . , & t e r  su r fkcc  existed f c r  a l l  t;u? t he very  Lou f'1ot:s. 1l:is v.;s 

C L I U ~ C ~  b;; t.l?e .CI~C:?-reloci ty flow c ; p r s s c n l : , ~  fron. v n r i o , l s  circc:l.c:ls 

&:lo c o ~ i v e r ~ i n g  b t  t k c  nose' ~ i '  t h e  rickit e l e r .  The sudci .n  ci..rrq:= i n  

a i r a c t i o r ,  o f  t!;:~ f l o w  ~t t h i s  :mint. rcs:!lteci i n  ;n,?llisr ncce ie r t i t ion  
. . '~;::ic:ri c r s :  ed a ~ ~ r i t . : s c t i o n  ~t t.k,e en t , -~ r :ce  follotset; by r? r i se  i n  thz 

sur:'hcc d o k n s t f r : ~ ~ .  i.3 t l i e  t r ;ns i t fo r :  s e c t i o n  C l i L  t o  r e c o v c q  c:' velocit:; 

head. ?'his concl i t ion i s  shown iri  t h e  ?ho%ocrhph i:~ r'i-re 2oE t a k e 2  ~t 

nrcl;Lmtur. f l aw.  
, 

2.2 k;itc~slo:i ci' t':.i; r i g h t  z i c r  i :~  the for:: o" a curvec  .cbll C. s ~?-~oiir, 

in F i g u r e  252 L:LS i : i v e s t i ~ ~ t e c .  ;,?10n t;7e s ? i i l x h y  has 0 3 t r ~ t ~ : c  \iii,h 
,,,,.s i; ::esign, l i t t 2 e  chirnge w s s  noted i n  the c o ~ . c L t i o ~ . s  of Tick'. ?le 

~ x t c n s i o n  c i ~  n o t  cha-~gz t h e  ::,;g.nituce oi' t h e  hater scr i 'ace  d q r e s c i o n  

cXJscc by  f - , ~ : ~  Cross :'low cL ct:; t. c- - ~ c n  a i n  Figure 27A; however, i t s  

l c c b t i o n  was rnovcd i i p s t r e a ~  Ly tk.: 1erl~:t.h 91" :!ew wal l .  

I n  t h e  ~econ( :  r e v i s i o n  t h e  a p ~ r o ~ c t !  chznnc l  wir;th kas recuccc. i h ~ s  

I ~ t t v i n g  i n  p l a c e  t?,e rock di rect l :+ .  u ~ s t r e b , ~  f r o n  t h ~  r i g i i t  ::i;;.r t o  fo-m 

a b t r r i e r  f o r  reailcine t h e  cross l'low. T h i s  ~ c s i ~ n  i:j s ~ c ' G . ~  i n  Figul-c. 252 

and i l 1 u s : r h t e d  i n  t h e  photoy;ra,?h, r"ip:re 27B. It  uh5 1 'o res~ 'en  t t lh t  

t h e  zotc t i  1'or;rleci hetween t h e  rock  Lnc: t!;e p i e r  s h c l l a  be : ' l l l a i  t,o r*>cur,e 

t h e  c r o s s  flow. The r e q u i r e c  w a l l  k.o.;lc be xuch smlier t h a n  r.e@ced i n  

t h e  o r i g i n a l  u e s i e n .  Opera t ion  of t h e  s p i l l w h y  rcvcalea a Cepress ion  o f  

t h e  ~ a t s r  surfs" eat t , he  ri;;ht p i e r  e n t r a n c e  of' greater rcappituae than 





B. Mscharge 166,600 second-feet. 
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A. First rsvision-dlscharga 166,600 nscond fae t .  

B. Second revision-looking domstroam. 

ENTHXCCES TO TUPIFJEI, SPII,LkIAY 
BIiAKIiA @;&.I 1: 80 MODEL 



I the ~ a t e r ' d i c !  n o t  folll.~;, a l o n g  thc curved l e f t  bonk, b u t  fol lowed ti 

s t r a i g h t  c o u r s e  from t h e  l e f t  u!~strearr! end 01' t h e  chnnne l  t o  t h e  1i:f't 

p i e r .  F i p u r e  28E shows tk,e ei ' fuct  of tho p o i n t  a t  the upstrean1 end of 

t h e  c h a n n e l  bank. Thc s l i ~ h t  surf ice  d i s t u r b a n c e  from t h i s  p o i n t  down- 

s t r e p !  i n a i c a t e c  i n t e r f c r c n c e  u i t h  t h e  f low approach ing  t h e  sp i l lway  entrance. 

The t ,h i rd  r e v i s i o n  t o  t h e  spillway e n t r a n c e  i s  shown i n  Figure 25D. 

The wall a l inemont  alone t h e  l e f t  bank \.as changes by i n c ~ c a s i n ;  t h e  

e x c a v a t i o n  c t  thc: u p s t r e a n  eriu, t h u s  r . t ?c~c in t :  t h e  p r o j e c t i o n  of t h e  

pcjint ,  I . ~ c a v ; t i o n  C ; o k ~ ; s t r e m  i r i  tile curveu j : o r t i o ~ i  has a t  th t :  samr: t i ~ ~ ~ e  

recucec, so  t h a t  t h e  . to t ,~1 m o u n t  0:' n t i t e r i z l  t o  I:u zoved was n o t  ch:rriyt:d 

:tpureci&LJly. Yhc e ~ ~ a v ~ . t l o f i  G ~ S ~ ~ ~ L L P I I  i~.cn;  t h e  r i ~ h t .  pi::r 3,i-s idso  

f u r t  h c r  rcd1;cec b;; nnkirif* ii n a r r o h e r  ont!'aricc t o  tile chknne l .  c oricret,e 

w a l l  w i t h  t h e  to;) c t  <: leva t ion  15CO st&r:cc st t h ~  r i g h t  p i e r  mu 

c o n t i n u e d  upstrcm :'0r 39 f e e t ,  t n e n  t h e  t o ?  of t h e  nall  uecreasea  

u ~ l i f c r m l y  t o  e l e v a t i o n  1560  a t  r :  cfistunce 01' 75 fee t  upstrt:ant fron: t!~e 

p i e r .  F i p l r e  29l! i l l i l s t r a t c s  t h i s  new an:>roscb. ct:;lx:iel. ;<ith :r.&>.irnurr! 

ulsc!!ar;.e, f l o k  corici t ionri  a ionj-  t t v   it:'^ kknk v,zrt. in~?rovea  a3 C X D C C ~ C C ,  

but t h e  f low L ~ C  n o t  :'ollov. t h e  cle:,ter. n o r t i o n  of' t ! l t  carvec \ , a l l .  Ilhe 

c o n t r t l c t i o n  s t i l l  exis!.t:c: a t  t i l t :  !l=st,tScu cnc 01' t h a  r l e w  5:?;?1 ar. t. be 

rlftlt nier. ,  hu? t c  s zuch srr.~ller ce::ret t h a n  A n  on? of the nrcv lous  

designs. T k i s  w d l  %its curved :Ic:tr t.hc upctre t rn  ec:gc of  t h e  ;?icr \;it!l 

f h e  rurnainacr s t r a i p l h t ,  cbk iny  a l a rge  angle t o  t h e  a i r e c t i o n  of e n t r a n c e  

I f low, w i t h  t h e  r c s u l t  ti:at t?.c i n ~ p a c t  of t h e  water agcins t  t h i s  w a l l  

r s i s e u  t\?c iiat.t':. s t i r f a c c  anu createc A l t i rge  v o r t e x ,  P i p r e  259. 
\ 

L.ecall:;e of' t h e  ur!aesir*~l=Le floc: cor:c:itions in thc ~ i i o - ~ c  u v s i y n ,  

t; fo!:rth r e v i s i o n  tiks ZLUC t o  trhc e n t r a n c t .  ,,I, ihe l e f t  kc?llk the curv; i ture  

of t h c  w a l l  wds f u r t i l c r  r ccucec .  tipstrcalr, f 'ron the. r i g t i t  ;.iit:r thc 

tilinernent of' t h e  w i l l  ws:- c h a l g e c  t.y st1ortcni:1:! t11c. crrrve anc ci.rt:ctir\y, 

t h e  s t r a i ~ h t  i ' o r t ion  upst:-cam a t  :jlT!hjlclb &rl::le t o  tt;t ci l '*:ct ion of '  floi;. 

F a a v c t i o n  of t he  r o c k  nt-al. t h i s  . ~ t 1 l 1  :;&s incrcr-..,ea, ~ l v i n l :  :I wiser 

e n t r a n c e  to tht: ct!arulel b u t  resulting i n  less rock on which t o  r e s t  t h e  

w a l l  iis shown i n  F i g u r e  24E. ncl. ent r i lncc  i s  i l 1 u s t r n t t . r :  t-:,. t)ie 



A. Depressed watar surface at right pier. 

8. Interference to flaw af pint on lrft bank. 





R. Discharge 100,000 second-feet. 
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A. No flow-looking do-matream, 
-1 I 



A. Discharge 166,60(: sscond-feet. 

b. Discharge 138,W sccond-feet. Gates at 
elevation 1550. 
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t r ~ c t i o n  at t h e  u p s t r e a n  end 0:" t h e  w a l l  w i i s  much l e s s  than i n  dl o the r  

des igns .  !..lonl: tht: wall aownst rcm from t h i s  po in t  small  waves occllrred 

a t  t h e  !-,ii;her flows, but  from t h e  sp i l lway c r e s t  uob;nstrem the  surface 

was smooth. This  fou r th  r e v i s i o n  met t hc  requirement of' smoothing 

the f low h i t h  6 minimum of s t ruc t i i r e ,  and w m  s e l c s t a o  bs t1;c recornended 

d e s i ~ n .  Z t  was fotlnc: t h a t  incruhsir ig  the  l eng th  of :he wall would not 

i.mprove t.he f low ~1.1fficlt .r i t . ly t o  ,just,ify th-. ada l t ion61 uxpense. 
C1 . . , , ~ i l l w b y  chl i i j r i i t ion.  IWC ~ d i ~ i r h t i o ~ ~ .  O; i.hc tunriel s ~ i l . l w a y  were 

made--firs t , r i i  i?, t h e  recom~endcd w h l l  d e s ign  at. t h e  snt.z.ance, and 

s e c o n a y ,  vit!; i h e  o r i g i n a l  e n t r i ~ ~ c c  aeoign wtlich was ~ L t h o u t  a bell. 

f o r  f r e e  c r c s t  ~ ~ r l c  t l ; f . c  op-:"inqs i t t  li;-fcct i r l t e rva l s  ar.; skioh? i n  

F i ~ ~ r t .  7 2 ,  toyc:ht.r w i t h  t!?d co~f l ' i c i ; . n t  of  ~ i s c h s r ~ e  ckrve f o r  f r e e  

c r e s t .  T!le r t . : ;u l t , s  0'' cr : l~b: .a t~s: :s  ': 0 t h  witb &nd.k< thout t h e  concrete  

w h l ?  srt: ina ics t - a .  'Pb,  curvus ard c;ril-m tkir.ou&h tht :  no in t s  ob+ ,gnzd  

wit?: t,i~c: ~ ' i n d  $.:i,t;.trrlc ;: c , si i-ri . ?';-ic; conLraction t:xistir;i: without  the  

. . 
T r ~ n s i t i o n  scc t i  c:, . ?ti; t_rr.,;,. :A: cltsl,;:l 0:' 1 :.,- ~$.ll!:.;~;. :I.or;. ti-,.. 

c r e s t  to L ~ L  f i r z t .  txnncl  t l koh  1~ s!.:l\~n i r l  I:igure 35. rile 9pt.n po r t ion  

o f  t h i s  s:;sLer.., c d l e c  tht* f r m s i  t i o n  s*:c t i o n ,  i s  si:cwn i r i  t h e  ~ h o t o g r a p h  

i n  F i ~ u r e  30A. -)t-pr; ~s inc;icat.cu i a  $ i l l  p h c t o ~ r h p h  were plz~ced on 

e i t h e r  s ioe  of t5q cu:ltcr r ~ i e r  t o  proviau a e r a t i o n  unuer t f ~ u  s!leet 

of watsr. Mr. S a v q e  reques ted  .t he steps s i n c e  it was known t h a t  any 

adcitional a i r  t t l h t  coulc: be s u p ~ l i c a  t o  ttic tratar woula he12 cus!:ion 

t h e  i ~ p a c t  of' t h e  jet a~ainct t h e  elbow i n  tf:c tun::& t h u s  r c a c c i ~ g  sny 

u n f ~ v o r a k l e  conc i t ions  t h a t  ~ i~ ie i l t  develop. 

>,%e:: ope ra t ing  tit msixi~num. discl~erge t h e  depth  of t h e  water over t h e  

f l o o r  0:' tl;r t.rxinsition s e c t i o n  w&s :re&ter o t  the t r a i n i r i ~  walls t k : a  











B. Discharge 166,6CO second-feet . 
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FIGURE 36 



w a l l s  ( F i ~ r c  36B). As a n t i c i p a t e d ,  thc. convcrgunce o f  theos walls was 

too a b r u p t ,  The s t e p s  a t  t h e  downstrean end o f  t h e  p i e r ,  which were  

p rov ided  t o  a e r a t e  t h ~  j e t  of water, appeurec  t o  f u n c t i o n  s a t i s f a c t o r i l y  

a s  f a r  as v i s u a l  o b s e r v c t i o n s  b.erQe c o n c t ~ r n c a ,  Upon cnteri:li; t h e  t u n n e l  

t h c  s u r f a c e  of t ,he water a t  tile t r d n i n y  wrzlls i m p i n p a  uFon t h e  upper 

c o r n e r s  o f  t t , ~  t u n n e l  s e c t i o n .  

The t r a n s i t i o n  s c c t i o r .  was modif ica  !)y r ~ s i n ~  anc by s t r i ~ i l , : h t e n i n ~  

t h e  t r c i n i n ~ ;  w a l l s  J.S. shohn i n  7 i m r e  3€? t o  c i v e  a s lower  r e t c  of 

convergence,  tl;us utilizing t i l u  f u l l  l e n c t h  of' t h e  s e c t i o n  t o  e f f e c t  t h e  

c h m ~ t .  The photoy,rz?ho in F i ~ u r e  37 snow t h i s  new 3 e c t i o n .  2y 

inc r -cas ing  the  r a d i u s  o f  curvat: tru of  t h c  roo: oi' t h e  tun t i e l ,  irnp;nt.:czf,er.t 

was e l i r i n a t e d  . 
The s p i l l w a y  was a g a i n  or)c;.;ituc. a t  v i i r ioas  flow;. 9 : c  w i i t l - r  s?;;~:'~ce 

i n  t h e  t r a n s i t i o n  s e c t i o n  was very s i ~ i l t r  to t,!,c: o r i ~ i n a  ddenif:l, b u t  

t h e  cntrance t o  t h e  iun;iel wi.2 ixr)rovt.i. by ttlc :iiorc grr.dunl cor.-.rcrper.ce 

of t h e  t r a i n i : : ~  r,:nl! s . The hd!. f:ei::!ts LRP t::r,;.t.l r l ~ t r : : n c ?  were 

a o e q u a t e  ct + , t ~ t .  n x c i z u ~  c i s c h a r g e .  T!:c ;>!lo to~ . , rk?h ,  F i g ~ r ?  3711, shoxs 

nuLnxrn f l o w  i n  t h i s  s c c t i o n .  

S n i l l w a y  d e f l e c t o r .  It was r c a l i z c u  t ! , r ; t  n o a e l  s t u d i e s  x ~ ~ l d  he 

r e q u i r e c  t o  obta i r !  i n r o p e r  u e s i ~ n  f o r  t ! ! ~  u e f l e c t o r  a t  t h e  dowrlstrcm. 

tunne l  p o r t d .  The first oper.ation of' t I . t :  xcccl was i;itk,oilt a cirf;t.ctor 

tecausr :  obse rv t i t ion  o f  f l o w  co: .c i t ions  izr,n r.j:jc;tin;; rjconr i n  t h e  r i v s r  

c h a ~ 1 t . 1  was u e s t r e c  a s  a m a t t e r  of r ecord ,  s i n c e  t h e  tunrlel  w i l l  be 

o p e r a t e d  wit?:out 2 r i c f l e c t o r  d u r i n g  tile c o n s t r u c t i o n  p e r i o d  of t h e  dc.. 

During t h i s  tirr!e thr: t u n n e l  w i l l  o p e r a t e  o t  a cl&n,urn hcac  of on ly  

1-50 f e e t .  Pk3tol:rc-pf-ls i n  Figure 39 .jhow t h e  t u n n e l  exit z t  maxi.mrn 

c i s c l ! a r ~ e  ur.c.er vi.r5ous corr,biriationn o f  f low.  The. p o r t 2  0per.ir.g r:Ls 

near ly  sub:nergt.d, but  tf-e je t  i s s u e d  a t  h i g h  v e l o c i t ~  c r . z . t i n ~  n vey; 

t c r b u i e r i t  f l o w  t n  the r i v e r  c h a n w l  x i t i :  a l a r g e  eody l'ormirl~: upstrcm.  

;hccssive s c o u r  o c c c r r e d  rrsctr t h e  l e f t  bank ao.wrlstr-ectrn irs CCY: te seen in 

F i b w e  12. 

11 d e f l e c t o r  w h s  i n s t & E e d  . . i th  a lengti: of 1-30 f e e t  m c  b r i s e  0:' 

20 f e e t ,  protot:/pe, or, show1 i n  tkle drawinc, Figure LOA.  Satis'i;ctory 



iS 

B. Discharge 166,600 second-feet . 

TUNNEL SPILLWAY TRANSITION SECTION, 
B W  DAM 1 :80 KODEL 

FINAL DESIGN 





B. Looking downstmam; dnrm gate spUuay ,  river 
~ u t l o t s ,  Md tunnel spi l lnay operating; total 
discharge 356,20C: mend-fwt. 

LJPT DIVEFEION TUNNEL PORTAL, NO DDLECTOR 
BiiAKRA DAM 1:SO MODEL 

A. Looking up st^; tmnl. spillmy aperating 
st 166,600 second-fnst . 





t h e  flow i n  t!ie rivt:r c h m e l ,  e l imina t ing  +,he l b r p  e d d y  formerly 

p r e s e ~ t  upstream, There was sor?e iri~pingcn!ent of t!ic j e t  on t h e  r i g h t  

bank dokmstrtmc due t o  the  mlincrncnt 01' the  tunne l .  Fieure 41 shows 

t h i s  ac t ion  with t h e  tunnel  spillwby only operatin[:. ';/hen t h e  arum-gate 

spillway o u t l e t s  through t h c  d m  were operated i n  combination, t h e  

increas?c  thilwater caused a flow of w ~ t e r  over  t h e  w a l l  of t h e  deflector 

a t  t h e  tunnel ? o r t a l  which aadea unnecessary volunc t o  the  j e t .  The 

k.at,er s c r f ~ c e  was k iphes t  on the  l e f t  s i a e  of t h e  j e t  auc  t o  the  ~ c t i o n  

of t1.a hor izonta l  t?lbow i n  t.hc tunnel.  

Eecause of  the z.agnituae of the d e f l e c t o r  i n  t h ~ :  ~ r o t o t y p e ,  

eons iuc r s t l c  sa-Any ~ 6 3  - f fec tcd  by m o v i n ~  the  d e f l e c t o r  unstream and 

p i n i z g  most of t h s  r i s e  in the t u n t ~ e l ,  4iccorcir.gly, t h e  a e f l e c t o r  was 

n~oved upstrears 125 f 2 e t  placing tilt. lokicr end a t  s t a t i o n  2?{95. The 

co:lsequent r i s e  i.:~ tk,e roof of' tht t,u:~qel a t  th.. p o r t ~ ~ l ,   sir:^; this 

plan, whs only 7 :'eet ~ J i t h  t he  end of' t h e  o e f l e c t o r  protru.',ing 42 f e e t  

beyonc tlrc exit of th-.. tucnt.1. Tht: rise of' 20 f e a t  i n  ~ . h c  f n v ~ r t  and 

tile ler~[;th ~f tiit! c ~ r c  remained h:, i n  th.3 previous n c s i g n .  The m~vernent of 

t!lc c.ieflector unst,rean! cause3 an uncxpuc~ted change i n  t h e  cocd i t ions  of 

:'low i n  tllc r i v e r  chkn?.ltl. i; l a r g e  uutly formed i n  the r i v e r  ab reas t  

ol' t he  p o r t d  ir~diccltinp, t!i:rt thcrc  was not sa f l ' i c i en t  l i f t  t o  t h e  

d e f l e c t o r .  It was obsal-veri t h a t  t h e  hbst':~ct? of t h e  e66y i n  the  nrevious 

test  WLS (fue to i,he e f f ec t  of the  r i g h t  bhnk which ;)reventea thrj formation 

of a .*ifiix.lpool. In t he  l a t t z r  case t h e  uist.ilnce t o  t h e  ri::t;t bank was 

irlcreused ~ i v i n i ,  space l'or an eday t o  form. 

To improve t!!ese conc i t ions  the  a e f i e c t o r  wss r a i s e 0  an a a d i t i o n a l  

5 Zeet. R.is has accornplis!led ky mair:tair.ing t h e  sane radius of curvature 

anu aaainp; t o  t h e  cownstream end milkirl~ the d e f l e c t o r  extend downstream 

f rom the  o r t a l  a t o t a l  d i s t a c c  of t 9 .38  f e e t  with a t o t &  rise of 

25 f e e t .  The design of t h i s  a e f l e c t o r  i s  shown i n  Fieuse 40E. With  t h i s  

aes ign  e a a i e s  were absent  f o r  all flow condi t ions .  ?,%ile t h e  water 

sur face  was rougk, ir, t h e  r i v e r  channel, it was s a t i s f n c t o r ~ .  as t h i s  





operat i r ig  cond i t i ons .  I 'he upper proi ' i l t ;  of  t h t  j c L  a t  t h e  c e n t e r l i n e  

anu a t  t h c  l e f t  s ide  i s  skohn i n  Fi ,yre  f+3 f o r  marimurn fiow. The 

water  su r f ace  zit, t h ~  l e f t  sicit: was h i g h e r  than  a t  the ccntor' cue t o  t h c  

i n f l u e n c e  oi' the  elbow i n  tht: t unne l  u p s t r e m .  The p r o f i l e  on t h e  r i g h t  

s i d e  corresponded c l o s e l y  t o  t h a t  on t h e  c e n t c r l i n e .  

I,ot.erinp: of ~owurhouoe. t a i l w a t e r .  A gage was i n s t a l l e d  i n  t h e  model 

on tht: l e f t  ~~k at  tho  lowcr cnci 01' t;hrr o m - g h t c  sp i l lway t o  measure 

thu  loc.serirl[; of t l ~ c  t a i l w a t e r  at t he  powerhollse caused by the opera t ion  

of  thc t unne l  s p i l l w a y .  Luriny; t hese  t e s t s  15,000 second-feet eiitered 

t h c  r i v e r  cont inuous ly  from t h e  two powerhouses. k.t var ious  d ischarges  

of tht: tunnel spi l lway siiriultaneous r e s c i n g s  were muie usin:: t h e  Eagcs 

a t  t h e  powerkouse a t  t h e  lower end of th,c t a i l w t e r  box. Prom t h i s  

tistrt the curvc, Figure 41,, was drabin showink: Lhc r e l a t i o n s h i p  between 

<irawclown ;.t t h e  DOICC~!IOCSE! m u  tunnel s ~ i l l w ~ i : ;  c:ix!,arge. Vith 

s u b s t z n t i z l  f low over  the GV.-p,atc! sp i l lway o r  r i v e r  o ~ i t l e t s ,  t h e  lowering 

of t h e  t s i l w n t c r  btxornes c e c l i ~ i t l e .  



FIGURE 42 







hodel  Construct ion 1 

Desc r ip t ion  of nlodel. j; 1:17 moue1 of an out.lct j n  L t~bs ta  l j a i  was 

avcl i lable  ir. t.hc hydraul ic  labor&t,ory which, k i t h  sornt: n l t r r s t i o n s ,  

se rved  as a mocisl for. t h e  o u t l ~ t s  i n  Ehakr ; l  Dm, Fippre, 45. The por t ions  
I ~ of this moclel t,het wt:rc used  c o n s i s t c : ~  of a c y l i n d r i c a l  pr.l;lssure t m k  

1 .  c o n t a i n i n g  ;i f  1.oztini; p l a t e  arid Cellmouth entrance,  := c o n t r o l  pit,t:, itnd 

! a s e c t i o n  of' cor:dcit connectini;; tile hcac t u i k  snc ~1i~1.e. 5t: t:nt.ronce 
I 
i s e c t i o n  of t h e  ~ h t e  was chan[:ec from ; t e l l  shape t o  r c o n i c a l  one with 

ti w i x  f i l l e r .  T!:is a l i i e r a t ion  wcis mbae t o  sitnplif:: thc: str~ctl1rEd 

i s1;ay)e s i n c e  has i c  t c s t s  i n  tht: o e s i ~ j n  of tl:+: o u t l c t  cate indiciitec: t ,h i s  

des ign  v:zs s a t i s f  irc  to:.;^. The co:~cui t co.r;r;s t.rf2an from t..k(;. ,:-;te w t s  mice 

of t r ~ r ~ s ~ ; r e r , t  r\l:-:.tic t o  ;)el.rr,i:. obsu rv ; , i i o~  of' :'lob: ant‘ t ! ~ d  t !.orses;:c?- 

sh*i7ed . , c ,  cress-sec tiori hrit,ii ti fl;t t:otto:r!. ??is C O ! . C C ~ ~  ~ e ~ t i o l l  k:ZS 

aevelogec  a l o n g  b ; i t , h  test.s t o  cicsicn the cont,rol c z t e  (Hydraulic L&horatory 

lic2or.t :!o. 2C1). T h y  elbow srlc  trough e t  tilt c x i t  or' thc eor;duit were 

m a i e  of si:ect metai . i n  t i : t r  i:arliP:* t e s t s  t h e  spillwaj. f a c t  u c i S  mhde 

of wood, L u t  w l ~ s  l a t e r  r:kytlkcei k i t h  shee t  ;nr?tal f o r  th.; f i n a l  studies. 

Ttlt. t'i::~=l cesi ;cn  0; '  ?,be Z!.;rk.:.a Lm out le ' t  r n o d t l  i s  s k ~ w n  ir: ,;'i&ure lib. 

Air t o  t h e  cor i i ro l  gate  was su?plit.c; by & v e r t i c ~ l  2-inti. t r ansp t rc r~ t  

s i i i s t i c  sl.?e cofincctcc t o  a chamber on t o p  of thc concu i t  cioxnstrewa from 

thc: jiite. X sharp-raged o ~ . l f i c c  w t s  i l ~ c t . d  a t  t5t. to? of t5is  tube t o  

rnecsurc t h e  a i r .  s s ~ > ? l y .  'J';?c: area of t h i s  2-inch c i a ~ e t e r  ?i?e xas 

aquival. t lnt  t o  two %1,-inck9 ti:. s i . , ~ ~ l ~  pipes I.n .tf.e prototyp. ?rt.sstlres 

-,:it.i:in the mocel wcre recorceo  froc ? i e z o ~ : e t e r s  of j/32-inch o r  l e s s  

u i~ rne t12 r  i n s t ~ l l e c  r;:  seiacti.:a points i n  t , l i ~  conduit  bnc! e x i t  sect ion.  

Flow t o  t . ! : ~ :  ~:iouel W ~ S  sup.zlic.; by ii 12-inch cen t ! - i fu~rS  ,owr,p u i r sc t -  

connect.ec; t o  6 lCG-!,or~ep~i;er metor. 3 e g u l ~ t l o : l  c:ss ~f Torcaci L:: a valve 

ir, t h e  l i n e  bcthccn the  ?l&rr~p ; m C  t 3 e  head t i i n k .  I'iiere w k r s  no rnutiuurixp, 

dev ice  i n  t h c  l i n t :  cs I n  ti,c Ljhii~th t e s t s  age t o  rearrar1,scnic:nt of t h e  

l a b o r a t o r y  p ip ing .  i t  was t t !erefore necessary t o  'Jse t!;t; saae Cisc1:arge 

cu rves  f o r  Ehakra llan zis werc obtained i n  t P i .  J hhs t a  tes t . s ,  F i p r e  45C. 
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0pt;rtition of concui t  without elbow. I n  the proceuure of' t he  o u t l e t  

t e s t s  r e l a t c c  i n  t h i s  r epor t ,  s t u d i e s  kcrc made a t  various s t ages  of 

conipletion of the r!ocel. The f i r s t  i n v e s t i ~ h t i a n  was n ~ u e  without t h e  

exit, clbcu i n  placr: t o  ut:temint: the f l o ~  c o ~ i d i t i o n s  in ths  conduit  

aomstraam from t,ht: c o n t r o l  gat-. ?'he corrcuit has of 2-inct! ke ight  

m a  width correspo:!ri!,& to 102-inch i r ~  t,he protot,ype. 31e  ~U&.UEI 

prototype flt;&u o f  2 E L  : ' u ~ t  on tr:e outltts corresponaed t o  & model head 
. .. of' lo.54 f c ~ t .  n ~ t h  f u l l  ~ c - t e  opcniny, :.t !sxxii;l~n hcnc t h e  prototype 

a iscf .~r{ ;e  o: 4,6012 seconu-feet w s  representcc  by L.03 seconu-fect i n  

the  mocel. Iieac;s up t o  41 f w t  ::r! thc c:ocel used corresponcirig t o  

09 f e e t  i n  tke proto t jpe .  

The flo*,, tt:rou.r5 .ti!< rh t t  L I ~ C  i n  t h c  con31:i.t ~:owristream was observed 

f o r  var; oi;:, C;te opc'nin~s, r'ipare L7. i'ressure m e ~ s ~ r . : r n ~ n t s  were not  

m ~ d e  I r jc~~us .3  t h e  crs;i-n oi' t h c  ~ ; ~ t e :  hbu > t e n  checkcc i n  y i o r  t e s t s ,  

and t h e  fo rm of t h e  horseshoe-shpaci coriauit bias c o t  exnectec t o  caxse 

subatrr.ospk.r3ric press-ares. i l i t h  the g ~ t e  100 ?ercent  open, wisps of water 

appearec: t o  leave t h e  . j ~ t  a t  i.he ~ ~ t e  ~ i v i n ~  i t  a rag@ ap;>er;rance. 

T h i s  conc i t ioc ,  believed C4Sr l o  t ~ r b u l e n c e  c res t eu  by the  e x p a c i n g  sec t ion  

u p s t r e m  from the  i;&te, t r ~ d  h e n  n ~ t e a  i n  previous t d s t s  ma was no t  

c ~ n s i n c r e c  i m ~ o r t a n t  . For t h c  l e s s e r  c c t e  openings, a snlull =count of 

wbter V . ~ S  oeflcctea i n t o  t h e  zhte  slot. 1 % ~  j c t  1ehvi .n~ t h e  gate 

s t r u c k  the s i a e w ~ l l s  of tL..e conuuit  f o r  o p e n i ~ g s  between 50 irnc 75 percent  

and t h e  bottom f o r  o p e n i n ~ s  lrss than 5U percent;  however, t h i s  did not  

r e s u l t  i n  m y  adverse conci t ions .  A t  t hese  lower openings t h e  j e t  w~~ 

uef l sc t ed  from t h v  bottom ism: cr-atea & wsve on e x t i  sicat! of t h e  c ~ ~ l d u i t  

about four  ai tsneters  dc~nst,rea?l from t h e  g~t.;. The two waves were of 

su l ' f i c i en t  ne ighi  t o  ~ e t t  iit t h e  t o ?  of the corlcuit, but being t h i n  shee t s  

of water, they ofr'erec little r .esis tsnce t o  tile f l a -  01' sir tbroueh t h e  

o d t l e t .  lT,e conuuit  was not comitlctely f i l l e c  with i.ater f o r  any g a t e  

opening i n  which thc node1 head was 1b .94 f e e t  o r  l e s s .  l8I:us open- 

ctlavlel ;low ct s u ? e r c r i t i c a l  v e l o c i t y  existed i n  the nodel f o r  a l l  

pro to type  r a g e s  of o p e r - t '  a lon .  





i n s t a l l e a  a t  t he  enti of t h e  c o l ~ d u i t  w i t h  t h e  r : idius ;it, t h e  c c n t e r l i n e  

co:responcinl; t o  3 F  .5 fect i n  t h e  p r o t o t y p e .  f t was o f  sc;uaroe c r o s s -  

scci,ion 6 i n c h c s  on a s ice (moccl) ,  with tk.c bottom o n i t t c d .  'l'he radius 

m a  c n g l e  through uhich t h e  o l b o v  t u r n c c  wiis t he  s u e  cs t h i i t  used on 

Stlssttc La?.. I:o r e s t r i c t i o n  was uscci tit the  end of  t h e  elbow as i n  former  

p r a c t i c e s ,  s ince  this woilla not be ef ' l 'cct ive ;it th2 p a r t i a l  di:;ci?arl:es. 

Thc nex u c i ; i ~ n  X&Y seiectec: f o r  st~:(iy s i n c u  t h e  fliit t o p  trppesrec: b e s t  

t o  tau-r, Jets 01' viir.io~:s at?i)ths c~t t lsed by r c ~ c l e t i o r ,  of' t t ~ e  o u t l e t ,  ;t 

t r c s s i t i o n  s e c t i o n  wes r?oi useti i n  c1:anci.n~: from t h e  =ch 0:' t!;e coriauit, 

t.o t5a recicl?li.uler ulhox. 140 kvcrsc  p r e s s u r e  co::ai t lons w r e e  o n t i c i p n t ~ ~ d  

f rcn,  this f l i scc: l t inui ty ,  Let, i f  r.ecesszr;l, c o r r e c t i o n  c ~ i l l d  be provioed 

t; t k c  asi: of sir ?ients. 

Flo'n. i n  t : ) : ~  i:li,ow K ~ I S  ok.:.servec: fcr. v a r i o u s  gbte  ope:li3gs iLCC heads. 

i,t 10G pcrccn t  o?er.l:;[;, t h e  eli:ori. isnu v i r t u ~ 1 i . y  r'iilcci sn~1 t h e  jc.t was 

t u r n e c  dorn:warc .in tl-,t. ue:jircc. c . i r -ect ion,  I'ii;urt: 1'8A. As ;nt , icipntec t h e  . 
' co t ton ~ u c t i ~ l i  iti;is :lot, ~ ? c : c e ~ s a r : ~  io ccnl'irie the r ' lok:  i n  t h e  ulkow.  Z'he 

s t e ?  t'ormec k t  thr . junct ion o!' t h o  conc; l i t  ar,c; e1i;ow roc~f sur:'iice was 

f i l i c c  r . L t k .  watnr x:.r:er ;!l-es:jltrc; her~cc  nc) ;:civer.sc ccr,c'ii.icns \!ere 

~roci-:l:ec. : i t  :his ?o.int,. ;,t p a r t i i d  catc o?t-ninl,s, i.kv ;:?!~er ;;;?st cf' t he  

elbow k:r;z c o t  ?il ir!d,  :ic t h e  ;ct ,  !:k.vi:ii: i r  i .oriioritiif !,r;iJector;;, i r ? p i n ~ e d  

cr. il.,:- t o ?  suri'iic:: o f  tb.t. c l b o ~ .  I t  t!;en flohcc cownward h lo r .1~  t h e  t o p  

bo~n&r:; 01' ! . t i=  cit:o:i s i t h  i. ! lort ion o l  t!?e f lci .  b ~ i : : ~  t c f i e c t e r !  Cotin 

t,::~ c i c e s  of 1. i :~ .  c:lbow t,o I'o:.~ t.!?t. f'm-shiipcc ji t  LATI TI ir, Yiglrre GPE. 
- - Thc i'lr:2; her= o n l y  t!;i:. : j t : e ~ t s  ci' hater. r ; t  s .~ ' .LI~ o;~e:nir,&s the;; v i r t l i s l i y  

d i scppcbrea  . r e s i ~ l t i n ;  I n  t f i t -  j r : t  ska b.3 i n  :'igure &8C. f i t  const.c.;.nt ;:Lie 

operiir:gs, v a r i a t i o r .  i n  ?,hc hckc on thc o u t l s t  hirc l i t t l c  e f f e c t  on t h e  

~p,rv;rancrc 0:' the flax, crca.:pt a t  vdry low hcacis when t-he t r a j e c t o r y  sf 

thc j u t  has ouct; that it fa i lec  t o  s t r i k e  t k c  roof  of  tiie clLow. 

To observe  t ! i e  off ' es t  0:' t t . i rrun& t h e  ,jet through g r e a t e r  aiiglcs, 

scC+ ,-or;s i :.ere ~ t ~ d e c :  t o  t,!-e c.xistiri[: t:lboe<. t o  ~ i v ~  tavnus of 50, brj, anc 

70 deerees. I n  a l l  tests t h e  :'lob has s i i t i s f a c t o r i l y  t.urr~t;'d ;is shobx i n  

F i g u r e  A4 (7b-otgrce alboi-.). I n  i s a c t ,  tit. ti-.... l~r,- ,cr snglas th:! f a n  sl:s?e 

of  t h e  J e t  ~t tile i l i t c m ~ . c i i a t t  I. ktt: o :xni :~gs  WAS l e 3 ~  prcriounceu. 



FIGURE 4.8 

A. Control ~ a t o  100 percent open. 

B. Gate LO percent open. 

C. Gate 15 percent OPn. 
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BHAKRA DAM 1:17 MIDEL 



FIGURE 49 

R. Gate 40 percent open, 

FLOW FROM 70-DM;REE ELBOW 
13HAKRA DAM 1:17 MODEL 



t rough unci tioocien sp i l lway f ace  xe1.e next nddcli t o  t h e  model a s  shown i n  - 
Pi&urc 5 G A .  T h i s  i,cidition %is r1cccsscll.y sirlcc t h e  requi red  C L ~ ~ O W  E J I C . ~ ~  

coxld n c t  bi. c,etermi:icd ~ ; i t t ~ o u t  0bservc;tion offlow dobrn t h e  f sce  of t h e  

sp i l lway ,  ?,he lovier end o!' l.hu t o p  of t h u  clboti tias p l ~ c 9 d  f l u s h  d t h  

t h e  sp i l lway  f'me anci cons t ruc t ion  ;as suck: h s  t.o pe.mi.t c h t u l ~ e s  i n  

t h e  t-1bo.r: angle  01% trough l e n g t h ,  The trou&h v..os 0:' rectLmgl-llar c ross -  

s e c t i o n  i n s t e a d  of c i r c u l a r  ns i n  t he  Lhasta uesi.cn. 

0t ;zcrvat ion 01' i ' los  c o n c i t i o n s  were f i r s t  mace us in^ a 41-det?,rue 

l$-mi.nut,e e ibou,  F i ~ u r * i s  502 arid 51. The: a?;ncalaance of t h e  j c t  d i d  n o t  

vzry ~ r c z t l y  f o r  cilffer.ent gate o ? e n i n ~ s  clnc big!; f i l l s  d i u  nc t  form a s  

observed cn t ! :~ model. cnci ;?rsotot.yoe cf i.he o u t l e t s  f o r  S h ~ i s t &  Dan;. 

;i 45-ciegrec elbow was next s t u c ~ i e c .  There was no ap3reciable  

cif fe rence  i:l tt!e appc;rar,cc of t,!ti: jet i':.om t k k t ,  0 3 t h ~  pr,!viclu:; elbow. 
. 3  - y L r-,.l I ~:: :; r. ,,,. 7' anc ,525 :;k,o:< th;: d i ~ c ! : c : r ~ e  from t k , ~  45-degrot: elbob;, w!lile 

h ' i ~ u r t :  52: i s  s. kith-s?eed ?hoto~:raph of' t h e  L1-c'iegrec 15-minute elbow. 

Invesii,:;tior, of c o r n ~ l c t a  o ~ t l e t .  - The L1-degree 14 -winu t e  olbow was 

s t lec tcc:  !'cr f'crtfier SI.;iCx. Flax oovr? tht :  s? i? lwej  i'ilci: was ss.tisfiictor.y 

:'cr c i t h e ~ ,  eibow, but t!:t? !,l-aei;ree 15-minute elbow x a s n o r e  ctsiriill!: 

5i:ict: i t .  rc::ulted in n s ! ~ o r t e r  t r o u ~ h  1e;ii:th. A new s?~!;.jt n e t d  clboi., 

trou:yL <... ' 3 ~ I : C  sp i l lway f i ~ c e  we:.? i ! i s tc l lea  on the  n:oael. ';'he 't,ottom of t h e  

clbob: was constructeci es s5ot.n LII Figure 4'2.  Ey us in5  s s h o r t e r  racius 

of cLr.vt:iur: tf:c bottom 01' t,!.d d b o ~  w.is rlot c0n:i'titric \.;ti! t t ,c; Lo? anc3. 

joinec the  c o ! , a ~ i t  1 .<!b i:lches Lelo:r. t!le KLoor, c ~ r r ~ s p o : : c i : ~ g  t o  1 8  Incker; 

i n  t k ; ~  r o t o t y ? e .  71. k:ns cirn~c1t.c; L!IL ste? tk .2~  fo:.:;:ec, w!!en s u ? ? l i c d  

~ 5 t h  an ai r -vent ,  woulc ?rev:.!lt ncgat lve ~r i issul 'es  i n  t!!ix r sg i an .  i.ir- 

v c ~ t s  were (ilso plucec i n  t!ic foct: or' t.he spii1wa:i i rnaec . i~ t e ly  t~elow tile 

i : i t e rsec t ion  o:' t h e  lowcr end 0;' thu t~.ough. I n  o t r i a l  ruz, f . 5 ~  l i . ~  

L C I * O ~ S  tIte t o p  01' t h e  elbow writ m n t c r i a l l y  irr\proved t i ~ c  xppcnl-ancc of t he  

j e t  a t  p a r t i a l  ga t e  openings by d i r e c t i n g  t h e  f low downward i n t o  !.!-!e 

trou@-,. Various ii? aeslgrls were i n v e s t i ~ o t c d  r:ith t h e  one se l ec t ed  

c o n s i s t i n c  of a 2L-inch extension, prototype,  t o  t o p  of t h e  elbow i n  

the ~ l i i n c  of t . he  spi~lwa:;  ."me. ;:'it!, t!:is ciariition t h e  1:1ocie1, f i ~ u r e  5 3 ~ ,  

wzs consicercci rcaciy i'or t n e  fins t e s t s .  







C. Discharge stopped by high s p e d  
photography. Sate 193 ptrrctxnt 
open; 4.l degree-19 n5rirlut.e elbow. 
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A. The rmdel showing oldt olhew. 

- .-U . --- 

L. ~~~~~~~~~e throu@i ouLlet w i t h  gate 80 peccrlt open. 
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FrppciiYnd s a t i s f ' h c t o r y  aevt:lo?ini- r,o Siris under  a l l  o?z ;mt iny  condl . t ions  

except i , i t F  t h t  c o n t r o l  gate less  t t ~ t l r i  15 a c r c e n t  o!Jen. b'0:. cote o p e n i n ~ s  

less t h a n  1 5  n c r c z n t ,  a r;mnll f i n  ant.. splcs!; O C C I ~ Z * ~ C ' ~  i n  t h c  c e n t e r  ol' t.ht: 

t r o u f k ,  cattsea by t h c  ,jet s t r i k i n g  the f l o o r  oi' t t i l .  t r o u g ! ~  &nu a l s o  by f l o h  &lonp, 

t h e  si1.t.s of t h ~  t r o u p h  t,urr.iny in ; inrcs  t o  f o r :  t i l t :  fir,. ':!.is c o n c i t i o n  

wbs not objectionable hcci:::st? 01' t h e  sfi~all f lows i:~volver..  F i g u r e  5L11 shows 

the flow on t h e  :'kcc of thL s~illwa:; taken \.it!] ir hi&-speec cmera. : ; i t h  

the rnoticn s t o g p e c ,  t h c  iippcarclricc: 01' t h c  J c t  xiis :tore l i k e  t h e  p r o t o t y p e  

o u t l e t s  i n  Criinc: Z 0 ~ 1 e e  La: t t i i in observeu on t h e  ::,ode1 by ey:: d o n e .  P h i s  

woulc sui~e:Jt ir,crc:~r;ec usc of f;il;f-speca photo~rn?!ly i n  f u t u r c  node1 

t e s t s .  I t  1 7 ~ s :  1,' ;:ointec o it, l.owcvar, t h t r t  t h t :  rr:cc:el !teoo oL' f i i  f'cct 

of  ~ : & t e r  ;,t w!.lci ?lit: ~ h o t o ~ r a p h s  were Lhkcn was cor i s i ce r~ 'u . l j .  above t h e  

rc l i i :~ur~ .  s c t t l c  hthc or' 10.91, f e e t ,  

Eercltive: pressures o c c u r r e c  i n  t h e  u p s t r c m .  ? o r t i o n  of t h e  c o n d u i t  

a i r e c t l y  d 9 h n s t r e m .  :ron L::L ~ s t c  as s n t i c i p a t c c ,  b u t  the  positive ?ressxres 

oczzrr ' ing rlur~r t . h ~  s - l b o ~  i r i s  uncxpect t ; .~ .  Thest: posit.ive ? r e s s u r e s  shobec 

t h a t  t h e  u x i t  was seiileci. T h i s  r e s u l t e a  i n  t h e  s u g g e s t i o n  t h i i t  a i r  be 

tzken :'rom t h e  top of 'cljc c o z d u i t  n t  :.he elbow ant: c lver tea  i r , t o  t h e  

o f ' f s c t  a t  tlte 'cottorn or' t k c  elbow, si::ce: there was c o r i s i c e r a b l e  x i r .  demazc! 

a t  t h i s  p o i n t .  t;ccorci~,C;ly, t h e  s i u ~ a , ; p e  a t  tile erlc 0:' t5t. strzlf:ht 

coriduit wks O ~ J C I ~ ~ U  ( sham i n  F i~c : . e  &bib), irnu yome &ir was e j e c t e d  

th rou t4 i  t h i s  p ipe  which, i t  w ~ s  t h o u g h t ,  ~ i y t l t  Lc u s d  tc  v e n t  the o f f -  

.? ,t.t A zt t h ~  bot tom of t h e  c l b o h .  fIowevar, +;tien t h c  h i n ~  o f  t h e  nrcdel war; 

i c c r c a s c c  beyond the n ~ r m l r r r  sc;le keaci, ins1:f f ln t ion of h i r  i n t o  t h e  

w a t e r  i::crecser. an(: co:~sir:crst,lt- w a t c r  was e f e c t e o  f r o a  t ? : ~  otr?napi?t*, 

which indict i tcc s i m i l a r  watcr e 2 c c t i o n  rzipht o c c u r  i n  :he p r o t o t y p e ,  s o  

t k i s  method of proviuir._p a i r  to  the s t e p  was a b ~ n u o n c a .  

Pressure r c i i c i r ~ ~ s  were i u o e  on t h e  piezornettlrs i n  t h e  c o n c u i t ,  

elbow, tror~gh, anci spiilwa!. :':ice. Figure 55;. shows t h e  p i e z o n e t e r  

l o c a t i o n s .  l'hc revults of  t h e s e  t c s t s ,  Lased or. L u e s i g : ~  heat 01' 

2 W  f e e t  p r o t o t y p e ,  o r e  s!,i)hn i n  Figurus 55i. through 55b'. ??t: rrLr,in;urc 

pressure on t h e  S o t t o n  01' thc e l h w  W ~ S  f o u n ~  t o  t e  less  than  6 t 'cet 



Catr 5P percent  open. Gate ? 5  percent  oper:. 

A. 'low as observed. 

;ALP 40 perccnt  oper.. 

8. Plow stopped by high speed photography. 
(Exposure 1/2O,&XJ second; velocity 50 feat per  second.) 
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atmospheric pressures  s ~ f f i c i e n t l y  i n t e n s e  t o  ceuse c a v i t a t i o n  i n  t h e  

prototyae.  I n  liddition t o  t h e  bottom of t h e  elbow, subatmospheric 

pressures  e x i s t e d  on the  face  of t h e  sgillwtly immediately below t h e  

i n t e r s e c t i o n  with t h e  trough. Both of these  see ions  were vented, t h e  

bottom of t h e  elbow by an 18-inch pipe, anc t h e  f ace  of the  sp i l iway by 

t h r e e  8-inch pipes as shown i n  Figure 46D. P a s t  experience on both 

inoael tlna prototype s t r u c t u r e s  have always shown low pressures  on t h e  

spi l lway face  below the i n t e ~ s e c t i o n  of t h e  trough. To prevent  d e s t r u c t i v e  

ac t ion  because of these low pressures  vent ing  of t h i s  region i s  e s s e n t i a l .  . 

I n  the  preliriirxiry design of t h c  elbow roof, t h e  assumed pressures  were 

g r e a t e r  than those found i n  t h e  nlodel s t u d i e s ,  s o  v e r i f i c a t i o n  of t h e  

pressures  was clesirable. This wh3 20ss ib le  by ca lcu lh t ing  t h e  fo rce  

requi red  t o  t u r n  t h e  j e t  s ince  i t s  mass and v e l o c i t y  were known. The 

c l o s e  bgrcement of these  c a l c u l a t i o n s  with t h e  model values was consicered 

s a t i s f a c t o r y  confirmation of the  t e s t s .  

E, t e s t  was next  run t o  determine i f  the  o f f s e t  a t  t he  junct ion of 

t h e  elbow f l o o r  mc: c o r ~ o u i t  could be ulimineted. The j o i n t  b e t w e n  elbow 

nnc concui t  wzs made flustt  by f i l l i n g  ttic offset  w i t h  ww.. Piezometers 

were i n o t e l l e d  and vresa.u-es again measured. Severe net;tliive pressures 

werc founc anc a f t e r  t h e  t h i r d  run, the w a x  w ~ s  loosened anci cclrriea 

away by t h e  o s t c r .  It wss concludsd t h a t  t h i s  oesign was unsnt i s fac tory .  

X i t h  thc war,  f i l l e r  removed t h e  air-vent  t o  t h e  o f f s e t  was p lumed and 

pressures were: again measurec. Alti~oui;h necat ive  pressures  were more 

Ic tenae  than with t h e  vent. open, they wcre not s u f f i c i e n t l y  severe t o  

be corisiaered de t r imenta l .  While t h i s  test ind ica ted  t h a t  i t  would be 

poss ib le  t o  e l indna te  the  vent, it was aecidec t h a t  i t  atlould be 

i n s t a l e d  i n  t h t  p-ototype t o  ob ta in  a s a f e  d e s i m .  X si.dler stopping 

of t h e  s i r -ven t s  t.o the spill~n'ay f a c e  below t h e  Junct ion with the trough 

r e s a l t e d  i n  severe nrt;aLive pressures  conducive t o  cav i t a t ion .  This 

demonstrataa t h a t  these  d r - v e n t s  were e s s e n t i a l .  



1.iocjel Cons t ruc t ion  

i.k:;c:*iption of ~10ue.l. 'i't~is moue1 on c ockle  0:' 1 :32 was of t h e  

p o r t i o ~ i  of t ! i~ r i g h t  a i v e r s i o s  t u r n e l  s t s r t i n g  w i t h  t h e  v a l v e s  anL cndinf:  wi th  

t h e  tu:i:iel ; ~ o r t . c l .  The t r a n s j  Lion s e c t i o n  bclow t h e  v a l v e s  w ~ s  mude of 

trnnsnart:nt .  g l a s t i c  wt!il.e t h ~  tunrlel  from t k t :  t m i n s i t l o n  t o  t h e  port ,&l was 

made oi' s ! ~ o e t  i r o n  b.Lth tui opcn :,OF. Tticre here f c a r  p i n c h  hollow-jet  

moael villvcs ;t t h c  upper  c$nc of t h c  t r a n s i t i o n  s c c t i o n .  T h e s ~  v ~ l v c s  

wt:rc mountcc ~ i t h  t rackets t,o a metal covered ?llLtfor;n and cor,nt?ctcd by 

:;c,-tiozr, c!' r ~ b !  t.r !lose t.o a 2(;-inch c i ame te r  k e ~ d  t a n k .  !€?is tlrrar.cement 

n e - n l t t u c ~  ac.,justrr.cnt of the t ~ o r i z o n t i ~ l  q : l e  o f  t h u  va lvc s .  For v e r t i c a l  

iin~:le ~ c j u s t m e z t  weuce-shaped f i l l e r  p i e c e s  rrcrc used bettieen t h e  ends of 

t h e  ; ~ l p e  ozc ti;.. va lve s .  I h c  e x t e a t  of t h i s  noce l  i s  shown i n  Figure 5 6 ,  

7 1 0 ~  001' water. throu~h t he  mocel was rne~su red  t:: v e n t u r i  neters &nc ~ r e s r ; u r e  

rec tc i r . ;~  were r;.sde i n  tiic' p ipe  u?st rcar t  from one of t h e  valves. 

2csults 

*l . 
,,,~r,t:r.: a:::, of */aivcs. F?t! p ro to type  p lan  mci S C C ~ ~ O ~ I S  ~ i '  t .+t r i g h t  

. . c ~ v e r s i o r ;  tun;it:l t r e  s!iobr, I n  F i p r e  5. ;"he m a x i m  d i s c b a r g e  o f  t h e  

zzocel f o r  L v a l v e s  o p e r t t i n g  was 3.38 seconc- fee t ,  corres?oncir.g t o  a 

c;isch;rge of' ;:1,390 seconci-feet i:~ t h e  n ro to type  wLth r e s e r v o i r  c l i  v a t i o n  

of  3.573 f ee t .  Viitl.1 a l l  L+ vklve:, f u l l y  open ;ni: t h e  r e s e r v o i r  elevatio:! st 

l,!,CQ, the m i ~ i . n m  t ~ l c v ~ t i o n  :'or o p . r & t i o n  cf t h ~  r i l ;h t  t u n e l ,  t h e  

t i l s c ? - , ~ r p  w;s 2.76 second-!'wt i:; t h c  ooae l ,  o r  1~1,000 second-feet  i n  

t i ,c  :)I-otot;,pe. I ! I ~  f i r s t  t.:st ' v : i i ~  to oeternline the  proper  i i n ~ l e s  s t  

which t h e  v ~ l v c s  should be set f o r  b e s t  b i s t r i b t i t i o : ~  of f low in %he 

t~i1: ie l .  i n  t h e  ~ ~ * i ~ i ~ i d  aesitt.:: t!,c two oc t s ide  va lve s  converged tov:,:erd 

t!,e c e n t e r ,  each wi th  t horlao:.t,al a n g l e  01' S decrees a:~a with ilc v e r t i c a l  

1 The t;<o i::sI(1~ v ~ l v e s  ciich c o n v c r p c  toln:&ru tt!e cc:nte!- w i t h  ct 

l i o r i c o n t a i  u~~lt: of 1 cie::rec. anc nr. upward ve:.ticbl r??.cle of 2-1/2 aeErer:s, 

?!IL n~otiel  was opera ted  wit!! the  vhlve an1:les set ~s ix: t ! ie crlj:in;l 
. .. ce s ign .  illti  &I 1 ii v ~ l v e s  open 5!:e a i s t  x-ibuti.cn c!' f low apl~eared 





~ i d e s  of t h e  t r s n s i t i o n  sectior: wc! s t ruck  t h e  f l o o r  a t  t h e  en6 of this 

sec t ion  f c r  mtiximum dj.scharfic. The 2 inne r  jets  c a r r i e d  f z r t h e r  down- 

stream before s t r i k i n g  the  tunnel  i n v e r t  ~ r o d u c i n g  a more o r  l e s s  uniform 

depth t o  t h r  vo te r  i n  thc t u r n e l ,  'Rle next opera t ion  was with 1, 2, and 

3 valves  i n  v ~ r i o u s  coakinat ions.  Se tFsfsc tory  flow down t h e  tunnel  

wbs obtained excapt when operotirlg e i t h e r  o u t s i a e  valve alone. I n  these  

cbses t h e  v;ttcr cliriibed t h e   all of t h e  tunne l  on thc  op?ouite s i u e  from 

tht V L ~ V ~ ,  bct  not  s u f f i c i e n t l y  t o  overtop t h e  s ioe  of open t u m e l .  

I n  a l l  opera t ions  t h e  elbow i n  t h e  tunnel  cecseo tbe water  t o  rise t o  

some ex ten t  on t h e  r i g h t  s i d e  of  t h e  tunnel  bklow the  elbow, then  d e f l e c t  

back t o  t h e  l e f t  s i d c  c n d  wait t o  t h e  r i g h t  s i d e  just before reaching 

t h e  cna of' t h e  t u r u ~ e l .  Figures 57 through 5';' show t h e  flow a t  various 

conditions as explained unaer t he  photographs. 

The next o p c r ~ t l o n  w t s  with scve ra l  d i f f e r e n t  angle s e t t i n g s  on t h e  

valves t o  dc temint :  w h e t k r  is?rcvenon& could b~ rilace i n  tfie alirlement of 

the  j e t s .  The o.;tsic;c valves ve re  l i ~ A t d d  t o  L s n a l l  chance i n  t h e  

hcjrizo;ltal tingle Lecause of t h e i r  c l o s e  p rox ip i ty  t o  t h e  t r a n s i t i o n  walls. 

it w k s  ucsirable t o  cecresst:  the hor i zon ta l  t ~ i g l e  of these va'ives, but t o  

do t h i s  would have requircc; tin i nc rease  i n  t!;e 1en~ t .h  0'' the t r a n s i t i o n  

sec t ion .  L ince  t!:it change t i t s  not warrantea t h e  s tud: . ,  t;ere xiace with 

t l c  o r l ~ l r i ~ l  trclnsi t i 0 1 1  sec t ion .  If ie6y1*ovcrnent r r s g l t e ~  I n  m y  of these  

t e s t s  it aks t oo  s l i g h t  f o r  de tec t ion  by v i s c a l  o b s e r * ~ ~ .  t i o r .  Accordingly, 

t h i  o r i g l n ~ l  aesij-n w;r; co::siceruc s a t i s f a c t o r y .  

5 e f l e c t o r  a t  7 o r t . d .  i. civflactor hiis i n s t a l l e d  at the tunnel  o o r t a l  

t o  lift t!~e i svuine  j e t  tc,  i:::provtr tht: flow i n  tk t :  r i v e r  cha:mel tinc 

dscrusse  thc scour oi' t h e  r iverboc.  '2 .c  flow withoct a d e f l e c t o r ,  i n  the  

1 :8C mouel, j.s 3hown i r ,  Figure 00. The scour belot. t t ~ e  o r t k l  s t ' t e r  2 

hours operat ion,  Figure 12, C ~ U S U C I  a hole a t o u t  25 f e e t  c,eep. Ilic 

f i r s t  d e f l e c t o r  desi lvn t r i e d  i s  show. ir. Figure C l l . ,  which whs t h e  sarce 

as t!ibt USBC oil Tunnel :to. L a t  boulder urn. Figure cr2 shows opera t ion  

of  this ceflector st aischbrges of lo,ClW anc, d.1,300 seconc-feet. 

The 18-foot rise of t h i s  design XiiS too  hi[,k ~ ) C C C ~ S ~  it was ~ i f : ' i c u l t  





A. Discharge 16,000 second-feet . 

B. Discharge 21,300 socond-fwt. 

FLW THROUGH TRANSITION SECTION WITH 
OPERATION OF FOUR TUNNEL OUTLET VALVES 

BHAKRA DAM 1:32 KIDEL 



C .  Nos. 2 m d  3 valves 
operating. 









t!.~s u c f l e c t o r  s e c t i o n  was u r ~ u e s i r a b l e  s i n c c  t h e  c o n c e n t r t t ~ d  f low i n  

ttri: tiottorn 01' thii c i r c a l b r  tunr ic l  d i d  n o t  d i s t r i b u t e  ur, ifomJy crcr'oss 

t h e  o.ler;inc. t , t  r n ~ ~ i n u r n  discharmi;e t h e  f low r*t  tile l i p  wn3 concentrc l tec  

on  t\;e 1z:t side c u e  t o  t h e  a c f l e c t i o n  of t h e  f l o w  frorn tht? r i ~ 1 ; t  side 

of t h e  tunric.1. W s  d e f l e c t o r  was hlrio i n s t d l e c  i n  t h c  1 : C O  rnclac.1, but. 

o;)crir t ion wori rlot successful. T ? ~ L  v d l o c i t y  of t he  j e t  wkb inr;i!f:'iclent t o  

swccAp t5u h y d r a u l i c  juinp o u t  of t h e  t u n n e l  f o r  some c o n c i t i o n s  of  f low. 

Gne largt:  v ~ l v t :  ::c3 employed f o r  rep ,u la t ion  i n  this t u n n e l  i r , s t e h a  of  

t-os, - 01' t h e  ;~l-o;)cr size ~s t h e  l a t t e r  woula huve been t.oo smh1.l. t o  ~ r o d u c e  

ric?erlcut,le r t s u l t s .  Tht; , L C C U ~ L L C ~  of' t h e  r e p r o d u c t i o n  us i r rg  the s i r ~ c l e  

v;lve w;s h 1 x  q u c ~ t i o n 3 h l e  SO i t  3 1 ~ s  cecidcd t o  abkcdon t h e  l:?O Z O U C ~  

1'01- ti!t::;t. c . e Y l . 2 ~  t o r  stuai.er;. 

21: f (r~r: S-.:CO:I(J; r ie f l i .c tor  ?csi,p on t!le 1 :32 model, F igure  61E, t !~e  

c i r c ~ ~ l n l .  tunyiel sec t , ion  wns ~ i 2 n t : G . r i c ~  th roughout  a n i  t h e  l i f t  :ras 

~ec i~ tc t . : :  t~ 1 5  :'ct:t. D i s t r i b u t i o n  o f  f l o w  a t  t i le  end 01' t t i u  c i e f l e c t o r  

war; better thar. i~ t h e  ~ r e v i o u s  cesil:n f o r  a11 dischhri:es,  bu t  ~.i i ' f ' . iculty 

wc..s still o x p r r i e n c c d  i n  movinc ~ ! I C  jump oui, o f  t h e  t u n : ~ c l .  It; was 

aecidcc,  t 5 ~ i  : icce~tt . ; t . le  f low co : i~ l t io r . c  i n  tt:t r i v c r  ~!~s,u,c.l appeared 

cbt:ii~lr=isie d t k ,  less rise oi' t.he j e t .  3.ir; rt:dxctiun woulc &ls3 1risL.c i t  

;,ere taken  of' t t ~ s  i i l : ; t : l ls t ion.  
",! 

::;.a t h i r c  ccs:;:n, ;-'ip:rr3 d C ,  a t  i l l u s t r a t e d  in F i g u r e  b3, wcls  t h e  

.sr~..it- i i3 :.ti\ p r e v i o : : ~  orle t:j.cupt, t n ~ t  2 r i se  o f  10 f e e t  was used i n s t c c d  

of 1 5  f e e t .  2 , t :  oner t l t ion  of' the d e f l e c t o r  a t  vhr ious  ciischar[:es, 

Filyirv or,, :j:,owrc 3iitit;i';ictor:; c i s t r i h u t i o r i  01' f lok.  h C r O S S  L?,e 1;::. TO .. swe,:? O ~ I L  t t i t .  tun:tel  rcc,!:ir.ed less cncrgy  t!:m i n  the 2 e n r l i c r  uesi[:ns. 

ri?e jct wss l i f t a c  suf:'iciuntly t,o [;ive goou "low c o : ~ u i t i o n s  ir. t h ~  r ive r  

ch:mral, t u t  t i~is  w ~ : ;  cor,sic~c:rar: t o  Lc. t h e  mirlLnum r i s e  t h t ~ t  shoulci t e  

usec. From these s t u c i e s  t h i s  t h i r d  a e f l e c t o r  W H S  s e l e c t e d  as the f i r n l  

Oneratlo:, c ' n a r a c t c r i s t i c s .  ;!it)) t h e  fir.& a o f l e c t o r  d e s i g n  ;t t h e  
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s t s r t i n ~  thu valves,  u jump w i l l  form due t o  t h e  s c t i o n  of thc j e t  a g a i n s t  

t h e  t a i l w a t e r ,  If t h e  energy of t h e  J e t  i s  s u f f i c i e n t  the  jump w i l l  move 

downstrcm u n t i l  it i.s swopt out  of the ,tunnel. Various conibinctions 

of v d v c s  f'roni 1 t o  b i n  number were operated anc measurement was made 

a!' t h e  rniniaum r o s e r v o i r  elevcltiori requirec: t o  sweep ou t  t h e  tunne l  

with e c o n s t i l ~ t  t a i l w h t c r  of elc!v;tion 1104. This data i s  shown p l o t t e d  

in r ' i y u ~ * e  6 5 .  From t h e  curve i t  i s  iipparent. t h a t  k i t h  3 o r  k valves  

f u l l y  open t h e  jump w i l l  be swept  ou t  of th t :  tunnel  f o r  any r e s e r v o i r  

clcve.tion i n  t h e  o p e r a t i n ~  r a n p  of 1400 t o  1573 f e e t .  Xith 2 va lves  

lulip opcn t h e  rescrv0i . r  s\ lould nc t  bc below e leva t ion  1450 ;nc a t  no 

t i a e  i i i l l  t he  rest : rvoir  e l evb t ion  be s u f f i c i e n t  w i t h  only 1 valve 

operatirig.  The r e q u i r e d  discharge was g r e a t e r  a t  t h e  lower heaas. Ris  

k l t t ;  t o  t e  expectec! s i ~ l c c  ?,he ve loc i ty  of th-3 jets VBS lower, and ac id i t i o r~a l  

encrgy neecec t o  sweep out  thv tunnel  coula only be supplicc by an 

i x r s a s e  i n  c i u c h s r i ; ~ .  It is ?referr=Sle that a jump n o t  be ellowec t o  

e x i s t  i n  t h e  t u m e l  c ~ r i n g  o ~ e x ~ ~ t i o n  of  these  o x t l e t s .  Very l i t t l e  

ci:''ercrrcc. in hueu recluirem.jri:, was f'ounu cue t o  thc:  combination of v a l v e s  

f o r  any givcn number operating. 



NbivlBER OF VALVES FULLY OPEN 

B H A K R A  D A M  

R E S E R V O I R  E L E  VATlOM REQUIRED TO MOVE 
H Y D R A U L I C  JUMP OUT OF R IGHT D IVERSION T U N N E L  



! . O C C ~  ~O:~S:,PLC Lion 

ics:ri3tior.  of 3ocirl. ;, ~ m e l  on o s c a l e  of 1:1W k.ts made of t h e  

rirLt c j ; ~ r s i o n  txnriei ~ ~ p s t r c m  ~ X - O C  t h e  kollox-jt-t  cont.ro1 valves 

L.~-cil.se s i~c:'on :.ZS :or i c c e s ~ i b i f  i n  t 1:eO m o ~ e l  f o r  obsc;-~ation 

o:' .'?ox. I: war cesirec t o  i e i r ! ~  i f  i \*&fie r;s ncc-.ssar;. a t  t t e  

junc-:on. 26-foot c:&.~.eter s h a f t  Trcz i k ~  rcse:volr t o  t!:e divers ion  
4 . t a r -  r - 2 :te j~.-:.oot ( i i i ~ e t l ~  i ~ n r i e :  here  Z P L ~  of t rmsparez :  ? ? t z t i c .  

?-, I I.L.LCTYOII *.LD sin.ill~:r(. 5 - b ~ -  3-foot t r o o ~ e n  hchd to): l i n c d  i r i t h  
zLct:  .-.itill ?.i i!;h:.:. was ccnnectec t o  t:l: bot ton  of t h i s  box. A class 

tzbc  COr.*.u: trC k t~ i coz ih ine r  Y ~ S  loci i tsc  st t" s h s f t  

LX: 7:nce :'cr t he  i:lt I . J L ~ : L ~ ~  G:' L::C i n t o  it2 i 2 0 h .  ~;uT.~F:.;s ?iezometcrs 

z1aci.c a t  :kc elbow 1-0;-ec bg Lkc s.?,&f; &-.c tu.~.~?. Tor rs,?i?rtion 

of  t h e  flow a 0-inch c o n t r o l  jete X i s  P ~ L C C C  LL i h t .  lccnt ioir  OP t t c  

! oilch-:rt ~ t l 7 ~ .  , ?la &P.C s e c t i o n  of i,i is x c c e l  is s h o r n  in f i h y r r  boo 

32 5.21 t s 

J;r.c:lon w i t h  vtne. ?c c e s i c n  of t h e  r i ~ h t  c lvers ion  oi;tlet 
s: -s :ur .  is s t rm ir, i i t ~ r e  5. T ~ i e  ir.\.es;iyation u&s concerned k i t h  srucy 

c ~ e  i, ;. .- . -low .- ir. t!.: t i tow a t  rte i::te;scctlcr. of  ~ h e  Zo-fos? v e r t i c e l  

s k b f t  xitL t . ie  ,cli-foo-,, c ive r s ion  t-n..ei, t o  ii-.cn:ir.s i!' pro?oe.-d 

j -nct icz cesl,-z k k s  nt.cesszizyvl ?or  a ti-^- ~ ; ~ c t c r : ;  f low 5: ibis point .  

c c n r e c  V l ! ?  i i : k  2 i;-?oot r e ~ i u s  i;&s ? laced  81 i 5- f ncr:o?. i:~ the b o i t m  

of' t i t  tli7::rl. 1::e ir . tb%c s t r u c t u r e  a t  t h e  s h a f t  entrance wz3 omitted 

ir. t!ic:.e o r 5 d i e s  s i r .ce f k r  o u t l e t  uould not be opcrh?,rc h ~ l o u  a r c s ~ r v o i r  

. h~t . . r  .. :.:;r:<.ce C! rlcit-tic; 3:is ;;o;lc & l v c  a 2Lj-:'os: d e g t h  3f -,,*ztsr 
o v ~ r  thr  z : - t - 5 t ,  SO r.0 ? r ~ L l c .  W O U ~ C :  be cni~?:i:~::*as hit? :ti mtrz-yc. flowo 

t k f  0 3 ~ r b t i o z  cf' I:.:: ~ ~ ~ ~ 1 3 1  the ""; -. - + '  i d~c ,  ' 2 ~ ~ s  k e : ' ~  c0fisi i .cred t o  

kc tkc  : : a imur  iCicx cttair.;cia h? :he opr.r wi i oue r  resur\*ci~. e i e v ~ t j . ~ n s ,  
.i..; . . A -  ,t kerr 2 ,  sv;c?.c-feet i : i  5;  e ~r.tct:,*~se a: e l eva t ion  1573, and 

lo,rA!d scco:ia-fert e: eletr;;icr. 1LX.  h i s  r.&rn.m c i s c t a r ~ u  of 2i,3Cil 

~ c c c r - c - ~ c e t  riivc b z ~ o L G : : . ~ ~  v e l o c i t y  of 4L f r e t  2:r S C C U I I C ~  ir. LC. 25-foct 





pcr  second. Xi t t - I  t h e s e  v e l o c i t l u s  unfavorable  flow cot ;di t ions were 

expect.eci irt the  shaft junct ion.  I t  was necessary t o  observe t h i s  f l o w  
.T 

t o  take c o r r e c t i v e  action. Lye was introduced i n t o  t h e  flow ;.t t k , e  

shtift ent rance ,  and pt~otor raphs ,  F i p r e  67, were t ~ k e n  h t  t h e  above 

2 a i s c h ~ r ~ e s  . I n  ado i t i on ,  nressure  measurements were :nacie under these 

cond i t i ons  o f  flow. Die r e s u l t s  01' the rt:n<ings are shown i n  fi cir.c I3 of 

k ' i p re  36 p l o t t e d  cs l i n e s  of cons t an t  p r t . ~ : i u r ~  i n  f e e t  of water ,  ~ t h  

scclles show'_ng t !~e  p r e s - u r e  l'or s t a t i c  heaa a t  t h e  o m e  r e s e r v o i r  e l e v a t i o n  

& l s o  i n d i c a t e d  f o r  purposes of corn?arison. I'he lines of cons t an t  p re s su re  

sk.ov:r, on t h e s e  :sections a r c  alozr, the e r i p h e r y  of t h e  t cnne l .  

3 e f e r r i n c  t o  t h e  photograptls, It i s  seen t h a t  t h e  vane caused a 

k:r.ca:.e;. t u r n i n g  of thy Slot; than planned, inst,e&c! of rnoviril: h o r i z o n t a l l y  

~ o w n s t r = a r  t k e  x a t a r  \u25 d e l l ~ c t . e d   ward a c a i n s t  t h c  roo!' of t h e  t.dn:,el 

:.::rlerr i t  aca in  def lec ted  i n  a coklnward c i r e c t i o n .  This cond i t i on  

c r e ~ t a c !  a ver;; t u rbu len t  f low that t,ended t o  smooth o u t  as t1:e water 

aroceeded ciow:~ the t u n r ~ e l .  Ups t r em l'ron! t he  vane n o  movement of t h e  

k ; t t r  o c a ~ r r s d  ;Jit.h t!le r e s u l t  that t h e  aressure c i s t r i b u t i o n  was very 

unifom.  ii t h i s  sect2on. The p r e s s u r e  c i s t r i h u t j . o n  from t h e  v a e  aown- 

s t r e u  was s a r p r l s i n [ : l y  u n i i o m  consicc.rin,; t h t  turbulence of t h e  floh,. 

i"ht 1:reater i n t e n s i t y  o!' ?rtsr;ur? over  t i ! c  vane t;as expected ;nd i.s n o t  

cons: cercc  LZ ~r. ~.:cfsvorablc concit;or.. 

Junct ion ~ = ? . ! - I O U ~  vane. ?C.L vane i n  t k e  elbow was removed  fro^ t h e  

m o a e l  XI': s t ~ l a i e c  o r s i n  at t l,? et;tr.:: conr.i t lons o" flow. Pt\otci;rapb.s w.d 

p r ~ " 3 ~  11r~ z+J~~sL~~zc~c ! !~ . s  xe1.t: :~lr-de :it t!'~; d i s c :  arces of' 21,3CO snd  15,00C! 

secorrci-i'ect correspo:lc;iti< t o  t h e  r e s e r v o i r  e t  c i t v a t i o n c  o: 1573 anc, 1400. 

Theye z!;oi.c,,:rcr~!ls tire i n  Tigcre 69 ,  anc t h e  results of' t h e  Fressure 

r e ~ c i n g s ,  plct ter l  as i n  t he  f i r s t  s t u d i e s  on tile orip,ir,al acsicn, a r e  

sha-m I n  Figures  662 beb. 

i d i t h  t h e  vale renovt'a the: ~ :a ter  wt.2 not  t u r n e d  c n t i l  t h e  f l o o r  of 

t h e  t x n n e l  k ~ s  reachcc result in^ ir. most ol' t hc  :'low being co~lf ined t o  

the lower section of tiit. 50-foot tunnel. iiowever, t h i s  flow >.tic very 

uniform, k i thou t  t:.* n o t i c c s b l e  turbulence  t k o t  existed ir, t h e  grcvlous  



















wi rc :  of i h c  b r l o ~ e  war,  ?l:iccjc ;it t i i c :  ~ o i n t ,  ~ i v l l n ~  t l ~ u  tiesired p01,t:r;ti~il. 

'Ike probin!; ?e:lcil .fi+iiS t h c n  movccA ht:o!~t i n  t k r :  s a l t  so lu t ion  u n t i l  tb.u 

t un in r  el;(: o f  t5t: e l e c t r o n i c  i n ~ i c k t o r  s.k,owec rio Slow 01. c:rr.rnt. betwren 

t h e  slioi:,< son tac t  ctnd t h e  nrotiinc penci l .  ??;is p o i n t  %;is p lo t t ed  rinL 

t h v  -~:,oc ~ s s  rcpt.att.c l i r i t . i l  enough p o i n t s  were i o c ~ t e u  t o  ue tem~i :~e  t h e  

eqclril not.erlt lul  !.inc . Pot 2 n t i a l  l i n t - s  at l G  p v r c e n t  increments  were 

cete.mi2t.c: :'or. t h t  :::odd, !!lcn strean? l ines  nornlal t o  ttic.: ?o?.ential 1.int.s 

>;ere Lracrri. From t h i s  flow n e t , c a l c u l ~ . t i o n s  w r ~  rni;ce 1.0 detel-inir~e the 

u i s c k & ~ i . s .  if t9.t  cornputec c i s c ! , b l . ~ e  0i.a not &Cree wit!: t:'lr* ~ v s u z e d  

n , t ; j -hum,  tht; up;jcr kihter surrbce toilncr-rr:,' k ~ i s  c!.hnfad &nc tt:e cn:.irc flow 

net ceterrdneu &[;I?. F.;. :!ns t,ri:~l enc c:.ror r n z t  tioc thc :  con:~utea 

cisci:a:.i:e f i n a l l y  a,-rear  v ; i t i !  the r:,c?Lirnca m u  :.kc. water sarface ?roi ' l ie  

C O I E . ~ L G P Z C  h s  I ' i i ,&l .  

The hinge bre , -kcts  were locates t o  c l e a r  tk.c +.ater sur fccc  ceter;ninod 

by tht e l e c t r i c  analogy nodel .  L s t c r  s t u c i e s  on the hrwcraul ic  zioot.1 

s5oc:co ti:cir l o c a t i o n  t o  be sat.isf:ictory. l-fowev~r, tklere w a s  some 

aisa,;reenient between i? t :  ~ . h t e r  surSf~ces fo1;nc ti12 2 metbocs. 3 e  

C e l e c t r i c  i .r~i:ioi:~ rnouei w i : ~  l l ~ i t e c  s l r ~ c e  i t  was a Z-clc.e~?sio:ial u~sice. 

h ' u r i h e r . ~ ~ = r e ,  i t  d i c  no t  rcprasdnt sufi ' ic ier . t  tpproach u?st~.ewri, 

cor,sequer.tl~: i i t  was necessary  t o  kssume s v e l o c i t : ~  of approach. I t  

WLIS :'o?lno ; i : t t  l h c  ~ssumed v r l o c i t ~  t:ns l o u  r c s ~ l t i r : ~  i n  a Is la t te r  Wbter 

s p ~ r f a c t -  curve tl:an !ha t  ceten:.inec by it?.: L.~ci.irulic nor,el. I:evert'.eless, 

t ' c  r ~ s ~ i l t s  oi' thc e i+ ;c t r i c  m i i l o ~ y  servec tke purpose ve.y well. 


