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In the design of theso 102-inch o u t l o t s ,  p r even t ion  

of dnnaqe t o  t h e  outlet by c ~ v i t n t i o n  waz t h e  major proh- 

?ea. An hydraulic model, vihich was related to the proto- 

type by l o w s  of hgdrnulic s l r n i l i t u d o ,  vns used to st\:dy 

ex5 enslvely the pressure condi t i o n s  ~ n d  nppearpnct. of 

flow. 

The i n v z s t l n n t i o n  showed t V n t  In a l l  p s r z s  of this 

outlet, pressure conditions wore s~tisfactory and t h n t  

su bnt~osckmric pressures s h o i ~ l d  n o t  exceed a nee~tive 

ten f e e t  of x n t e r .  Determination of t h ~  q u a n t i t y  of 

~ 3 . 7 -  ~ e q u i r e d  to m n i n t o l n  t b i s  Trassure in the outlet was 

unsucccnsfcl. Plow condi t i c n s  t h r o u ~ k  tho outlet ohauld  

be sscisfsctorg, ~ i t h  the p o ~ s l c l r .  exception of the  discharge 

the el5ow on %he race o r  t h e  spi l l t r ;ay.  A hiuk  

veloclty j o t  of water mlxed alth n l r  nil1 probenly 

produc-r-, sprsy when d l  scharaea into the atmosphere. The 

model a s s  not ~ p p l i c e b l e  in aocertainlnz f l o s v  cond l t i ona  

of t h i s  type. 

Computations and pressure meesurements wore mado 

I n  deternininc the forces to be u s e d  as an a i d  i n  the 



Elector. 

This abstract of about 175 words is npproved as t o  - 
Form and content. I recommend its publication. 
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ITYDI3AiJLIC MODEL ;iTUltIt!:S Fcjti THE; WSiOR OE' TIIE 102- 
I N C ~ ~  oulrLii'l's IN I ~ ~ L A ~ A  D A ~ ,  PHOVIKCB OF PLJNJ AB, INDIA 

Purposo of Study - 
The purpose of this l n v e a t l g ~ t i o n  was t o  improve the 

e x i t  elbow dss ign  of  the 102-inch o u t l e t s  f o r  Bhnkrn Dam, 

and t o  assure satisfactory oporetion of t h i s  outleG, 

The 102-inch Q u t l s t s  i n  Ehakro. Dan: - - - 
The Uhakra Dam i s  locnted on tho Sutlej R k v o ~  in the 

Punjab Province of India, It i s  being b u i l t  'by the Irriga- 

tion Branch of the Public Works Departmsnt of the Punjab 

Province f rom designs preuared by the International w i n -  

eerina Company, Denver, Colorado. The Bureau of Reclsma- 

tf on has a s s i s t e d  the International b g i n e e r i n g  Company 

through model studies in the hydraulic laboratory in'  Den- 

ver,  Colorado, 

Bbakra Dam is s imi lar  to the Shssta Dam i n  California, 

and is ccrfipara'ule in size, haviqz a h e l ~ h t  of 500 feet and 

a l e n n t h  of 1500 feet. It i s  R multlpu~pose dm, sfnce it 

r e ~ c l s t e s  the flow of  the r iver  for i r r i ~ a t i o n  storage and 

for  poaer generation. Normal quant i t ies  of irrigation wa- 

tor  will be released through the powerhouse turbines  or 

one of two o i~ t l e t  worka. The first outlet works to be 

used w i l l  be a morning gl(!ry s p i l l w e y ,  which w i l l  eonttzin 

4-96-inch hollow jet valves, Nhen the demand oxcreeds the 

capacity of the turblnes and spil lway, additional water 



t pro;? -:: t,hc r'sw to d5 ~chsr~ . : ,  upon tho fncci  of thtt a ; s l l l -  

'r"r,erc !'ire taenty of' t h e m  adt; l%ts,  tea  RG e l u v h b i o n  
feet f e s t ,  

1jLJ: F.K o l ~ v - a t i o n  12.;r;?/ ;rf L ~ J  a mmlr:::m aczi~r': (2: 'r3fi8 

l . oil th entrnnca,  R 46-lrrch control  ~ ; g ~ t e  vsnboi, iry 24- 

1.:; t?c  t'acc of' tho s=i lSw;~ay,  ' i 'n io  c e s i a r r  %as yaktarnad 

sftc: the? IC?~-~ZC'.> OtlZSata  in Cirand Goules axc"n;5hwata 

: ; : t~f>ra 2rop In pressuro a9 C ~ Q  Slow enrLerud ",lie outlet. 

'!'be e ~ n t r o f  ~ n t s  w a s  o r i , ~ i n s l l g  dovolopcd for the cxltlets 

v ~ n C  tne & e t a  eoru aouivelent in capacity to thosc in the 

et : ;?n~i*m '~w, ?revious a91301 ~ Y S ~ B  had indiectab that 

clov.* s n d  t rounh w%:o slallar co thu d ~ 3 3 % ~ n  of tirane C a a l e e  

I 7 ? h m ,  docr  'me . I ~ B F Q U ~ I C  L M ~ S ~ R ~  of. ria ~ontrol ~ t i t r r  for 
f"c- fnc> , ~ t I g f  3 15  ST$^ ,8G. ' ' f - J ~ y f l : i ~ l s  ' - ~ 1 : ~ ~ r a ~ 2 ~  
7b$porl; 5c. "iyd-ZQ.1, W r ~ a i l  of" :loolarns';ion, G .;-,. ~ i ~ j r ~ r t -  
:xmt of I n t a ~ i ~ ~ ,  rnrcl: Si, 1346, Y I : ~ I Y Q  2,  











stand of being c i rcu la r .  

The proposed dosQn of the  fjhnkra o u t l e t s  appeared 

sn t l s fnc to ry  except f o r  tho  e x i t  elbow, It was doubted 

t h ~ t  t h e  high veloci ty  rt:guleted flow tVlrough t h e  conduit 

could be turnqd down tha  face of t he  s : ; i l lwny wlthout caus- 

ing subatmospheric pressure  and cnv i t a t i on  on the invsrk  

of t h i s  elbow.  

The r i n g - f o l l m e r  con t ro l  g ~ t e s  i n  Qrand Coulee Dam 

were t o  be opernted Ar l lg  open and t h e  conduit and elbow 

~ i l u ~ o y s  flowed f u l l  under pressure. Proving a e t i s f  actory  

at Orand Coulee Dam, the o u t l e t  design was then used at 

S h n s t a  Dan4 where the  tube valve and gate con t ro l s  were 

t o  be operated a t  p a r t i a l  openings, This meant that the 

condci t s  would not always f l o ~  full. kedel s tud ies  under 

those circumstances had ind ica ted  aubatmosphsric pressures 

ns l o w  as 25 feet  of water on the i n v e r t  of the elbow, 2 

This was considered s a t i s f a c t o r y ,  f o r  the c r i t e r i o n  of 

tho  above oeslan was based or? t h e  assumption that if aub- 

atmospheric pressures d id  not  exceed 25 f ee t  of water, 

there ~ o t i l d  be no dane,er of c sv i t a t i on ,  It wae l a t e r  

f m n d  thnt  there was a p o s s i b i l i t y  of a further reduction 

of nreesure due t o  l o c a l  imperfectlons i n  the b0und.m~ 

forming the flow passage, Such a reduct ion must have 

2, Lowe, P,C, " f ie  Hydraulic Design of a Control  Oate f o r  
the 102-inch Outlets i n  Sbasta  am." Eydrslulfc Labora- 
tory Report No. iiyd-201, Ureac of Reclamation, U.S. 
Department of Interior, March 31, 1646, p. 22, 



on the invert of one outlot durlng T i o l d  t e s t s ,  and pitting 

wn3 r ewor tod  on otSer outlets v~hich hnvo boon in operation. 3 

Slnce tho above conditions could not be consfdered a nnfe 

d c s i t ~ n ,  the c r i t e r l o z  of' deslcn for the Uhnkra o u t l e t s  

m e 3  to shape t 3 o  f l o w  p n ~ ~ t ~ ~ q e  ond to ~ c ? n i t  nir, so that in 

no p a r t  would t b e  subntnosphcric pses:.rures be g ~ e n t e r  t h a n  

15 fcnt of c r n t c r ,  (6.5 p s i ) ,  thus  s e d u c i q  the p o s s i b i l i t y  * 

of cnv i t r - t i on  and a rcsul t lng  erosion. 

SUUhiARY 

The inva s t i a ~ t i o n  covered the  conjunctive operation of 

the improved elhow, n horseshoe-shaped aondult, end a pre- 

vio;loly t e s t e d  hellmouth entrance and jet-flow pate. ljata 

obtained frcn the model wore r e l ~ t e d  to the prototype by 
it 

the Froude and Euler numbers, The outlet m o d e l  was flrst 

s t ~ l d ~ e d  w l t h  the e x i t  elbow rwmoved and satisfactory f l o w  

conditlon3 acre denonscrsted i n  t h i s  incomplete model. An 

elhow dez lcn  was then proposed w h i c h  was square in cross 

sec:.ion, 81th the inner bend omittad in the f irst  tests, 

the flow was observed for elbows turned through varloua 

ercs, &.td one havlng an arc of 41 deqreea 19 minutes waa 

selected for further s t ~ d y ,  Tbe trough below the elbow 

~ n d  a porcion sf the apf l lwag  face was then attached, and 

positioned so that the sp l l lway  face was flriah with the 

top of the dlschnrge end of the elboar. The inner bend 

3,  Unprblished, Bureau of Heclam~tion Field Trip Report. 
* See Arpendlx, 



of the inlet end of t h e  elbow was s a t  below the floor of 

t h e  hozaseshoe-nhnped conduit and t h i s  formod tin o r f s e t  

o r  pocket .  An n i r  v e n t  NRS placed  In this offset t a  re- 

lieve subatmospheric pre~t~l irt3g.  TO improve tho npperlrance 

of the flea (~O'VYII t h e  s u i l l v s ~ y ,  a 24-lnch deflectc7r  wns 

pleced over tho t r ouch  n t  the end  of t h e  olbow. U e t a i l e d  

p re s su re  mi?anuremento i n d i e ~ t e d  t h n t  wreusuros existing 

in the o ~ ~ t l n t  were sntisfnctory, and t h e  o u t l ~ t  rvns nccepted 

n s  thn f i n n ]  dcs lnn .  To show thnt the elbow d e s i ~ n  ksith 

R v e n t e d  o f f 9 e t  nt the i n n c r  bend wns f*ndamcntnlly c o r r e c t  

for t;;Is t g n e  o u t l e t ,  a test vras nmcio by r n i s i r i a  the inner 

bend of t h e  el90.v t o  n p o s i t i o n  flush with t he  flocr of  

t h e  c c n d u i t ,  as or ia inn l . ly  designed. ti final t o v t  WELS 

made t o  n s c e r t n i n  the prss:>ures existlnp on the o u t e r  bend 

of t h e  elbow, 

Conc lus ions  and ~.ecoxmendations -- 
The nrotot:?pe outlets mill operate ~t any d i a c h n r ~ e  

vil thout  dnnrrsr of darnnp;e by c o v i t ; ~ t i o n ,  unless there i s  

an obstruction o r  irre~ulnrity i n  t h e  condu i t .  The f low 

from the o ~ l t l o t  shou.ld have n ~ o o d  oppcernncc?, f o r  i t  

~5.13 he t . rned  down t o  l i e  flat i n  t h e  t rough  and apalns t  

t h e  I - R C S  of the s p i l l w a p .  

A i r  donland nensurement a anva inconnisteni;  roau l t s ,  

posvibl y bocau:~e oC thc nrr~ngemsnt of tho va ives  in the 

supr~ly line up3treani from the model; but  even the maximum 

s u b ~ t n ~ o s p h e r i c  preesshres obtnirleci inciic.r @od t h n t  ?::e vonts 



wore adoqi~ote. The nod;l t o s t a  cannot escorto ln  tho poeai- 

b l l l t y  of noise or v ibra t ion 5n t h e  vents or, honcors due 

t o  fLm of B L T .  Ifo conclusions cnn be drnwn as t o  tne 

mlxiria of e l r  and u:at;er fn t he  outlet, bayond t h e  pre- 

dfcclon thnt the mlxt~! rg  mny r e su l t .  in an increns2d nt~ounl  

of sp-ny in t h e  pr*otocg~~e .  

S f m i l r v r  o11t3et condlfts  I n  dnms built previously, mere 

1Ined 173th s t r ! n l  ~ l n t n ;  bizt no l i n i n g  93 used In CA greater 

pnrt of t h c  a u t l o t s  i n  Shnkrn Durn boceuoe the conduit  is 

formcct in ccncratc, a h l c h  r c s u l t s  i n  a more economical 

d e s ~ ~ n .  Tho rnqdeh tests did not  consider the mater ia l  

formlng tnc conduit, for* no trouble should occur if this 

concrete is finisl:ed smooth and hard to wit;hstand the 

high v o l o c ~ t g  flow nnd the abrasive action of any s i l t  

i n  t h e  W R C O F .  
. 

The f low from the condnit i s  o horizontwi jot which 

is t t l ~ n c d  dovrn by strifring the outer band of the elbow. 

Pressure msclsurements Indicate t h a t  t h e  concrote l i n i n g  

of t h e  e l b o v  vill bc s ~ t i s f n c t o r y ,  P m t  it soems thnt the 

outer  bnna o r  t h e  elbow, and poesiblg t h e  s idc ! s ,  should 

5e lined w i t h  steel p l n t e .  

T h i s  stildy of t h e  Bhskra outlet was made from an 

r v s i l a b l e  1:17 scale model of a 102-lnch outlet  of Shasta 

Yam. The Shssta m o d e l  consisted 01 %-inch dLameter 



hoot3 tonli, o flnt  plot^ a t  ono end of t i j is  tank to ro- 

prcscnt n p o r t i o n  of tho upstraan face of the dm,  R 

bcll::outh ontrnnco of the olitlot isrrtoned to this plate, 

o c o n t r o l  r rn to a short r i i a t m c o  doarnstrom, a circular 
4 

c o n d ~ i l  t , and on exit  clSovf ( Wgura 4)  , Pew ci~angos were 

necosonsg to roviso  this r~odol  to rcpz*csant an outlet  In 

Bhakra  L M  (PLNFO 5) . A w a x  filler noa U B G ~  to change 

the boll-shlipcd cntranco sec%ior? of the control gate to 

one of n c c n i c n l  shnpo. The air vent to the control gate 

nos c 2-lnck pipc sqei .vclent in area to the t w o  24-inch 

pro to tvoo  pipes .  Tha fact t h a t  the model vent was not  

g s o n o t r i c r l l y  similar t o  the prototype w a s  not  considered 

si~niflcant. The concbtit downst~san:  from the gate was 

rnarje h o r s e ~ h o e - s h s p a d  alth a flat bottozl, occi of clear 

p l r s t i c  m t c r i a l  wh.Lch ~ s r n i b t e d  observation of t h e  flew, 

The ex i t  e l b o x ,  ivhfch : ~ a 3  t o  *m developed,  nas not in- 

c l : : d ~ d  in tho  f l r s t  model .  dater was supplied to the  

mociol bg a 12-lccn centrifugal pump directly connected 

t o  a 100 horsapowcr v n r l ~ b l e  spood motor. A gate  valve  

was p l a c e d  in the l i n e  betwosn the puap and t b e  head t m k  

of tho modol. Becguae of  the arrangement; of the  lnboratory, 

no venturi neter could be placed in the l ine  to moascre 

discharge, but the modol contl-01 gate haa boon calibrated 

orevlously and the d l s c h  ~ r g e  q1:ant i . t~  could be obtained 

4, L.owe, F.C, 'The !Iydraulic 2ealgn of a Control G a t e  for 
t h e  102-inch Outlets In Shastcr him." fiydraulic Labora- 
t o r y  Report Mo, 9yd-201, Bureau of Roclametlon, U.S. 
Dep~rtmant of Inter ior ,  hiarch 31, 1946, Pigure 10, 
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8. DETAl LS OF GATE 

NOTE 

Cone-' 

Note:b ( 1 )  All pressure-dischorqe curves bored on 10Oft. heoc 
(21 Model heodr a ~ o r ~ m o t r '  50 '1. etcept o! 00% 0 r. 
13) At laW, o p n  model heob). IG9 f t. (Stole head* 13.1 EI 
( 4 )  The coefficient of d~schorge 'C' IS based on the relo- 

tlon C: & mnere C: d~schorge, A the ore0 of 
AVZPH 

the c ~ d ~ t t ,  and H Z  tho resrrvotr head above the 
valve € 
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I: 17 MODEL OF toe i ~ c n  OUTLET 



from rnaasurelnont of tho head nncl the, oponlng of the con- 

trol R a t e .  . 
Instrumsntstion 

The g9nornl  procedure of the t es ts  WRS t o  observe 

the appoar.mctl of f l m ~  throupk tha model, and to measure 

heed, pre.: attre, a d  a1 r c',n.m,and. The heab, represontiing 

the  nator  sur fncc  in t ho  r s s ~ r v o i ~ ,  vns dotermin~d by a 

rlirect ncssurnriont of' pzoou~xra in t'ns head tank. Pressqros 

sxiszln~ i n  vnriaun psrta cf t h e  model were t r a z ~ s m l t t s d  

by pfezomoters c 0 ~ 0 c t f 3 d  to a mmomctar or d i f f o r s n t i d  

gouo. The piozf>mster opoatngs, 1/8 inch or less  in 

dl,sn;oter, were d r i l l e d  noTnnl  to *he surface in which 

tnoy wnre loca t sd .  These openin33 l e d  auts idc  of the 

x o d s l  to copper or wlestlc tubes which wore connected 

by rubbcr  t.;bir.q to the manmetor or d l f f e ~ e n t i n l  gage. 

The air demsnd mas otcaknab by rneesurinr the prossure 

drop acroos  a sharp-edged o r i f i c ~  at the ontrance of 

th+ a i r  vent .  

Tine ou t l e t  modcl vithout an elbow was observed to 

assrlre cc settisfnctory f l o w  In the control  g a t e  and horse- 

s;*ce-shaped conduit. Only tbs appearance of the flow 

was s t ~ ~ d l e d  in t h i s  initial teat, because prossure and 

o4r d e ~ m n d  noesureasnto wore not considersd necessary. 

The p r e s m r o s  in t h o  control gnte n o d  bean checkec! in 

prior tests e n d  sovore subatacspheric pressures wore 



a i r  vent at the aata was closed, 

The flmav from the &ate at tho wide-open po3it Ion was 

rasped, and -aisps OX' w t e r  wo.ld leave the body of the  

jot. T h i s  condltlcsn mas balievad to bs caused by t u r  

tnllence crerlted in tho expazzang 8ecti0a of the uondult, 

u p s t r e ~ m  fwom the gftte (Flguro 5). The wlsps o f  mazer 

?.rere not conslderec! fmportmt;, hacause they were s ~ n a l l  

and they  d i s n p p ~ n r e d  a s  the sr i~o  closed. A small mount 

of nnter was deflected i n t o  t h e  gnte slot at p m t i a l  

openlwu,  A t  openings betwssn 50 nnC 75 percent, the 

j a t  rrc:ild s tr lko  the s ~ d a s n l l ~  of the conault, while at 

openln?s of less  than 5C percent the jet would dof l ec t  

down to cresce waves which would rise qz,ainst tne aldswal la .  

These m:tvus extended downstregun about four dlanaters  fxore 

t h e  R n t o ,  and m ~ t  at the t o p  of the conduit and agpeared 

t o  close it. They were t'n5n sheets of wator and d i d  not 

sppenr to affect t h e  f lov  of d r  through the outlet. 

S i t h  a mods1 5aad of 15.5 fee t  o f  water a d  the cantrol 

va lve  fui1.y opon, tho conduit f7as not  f u l l  snd the flow 

nas s i m i l a r  to t h a t  in an open chnnnea a t  supercritical 

volccity. %hen the .rr?odel was oporated at a head of 

opproxinstely 70 feet, tho water a s s  olxed with a i r  and 

t h e  co?dnft apponrot! Go bo f i l l e d  wi th  n water-dr mix- 

ture. It was places to investigate this condleion fur- 

ther in lacer tests,  



The flow from t h e  conduit yas a ~eetnngulnr j e t  with 

t h e  dcath dcpandenk upon the opening of the control gate. 

An oxlc ~ l b c v !  w k ~ c t !  wotrld turn t h i s  j e t  dosn cnto the face 

of tho s p l l l w n y  vtculd hnve to be d e s s g ~ e d  upon a dl ffer- 

el~t; b n a l s  than w a n  the elbow f o r  tho ou t l e t s  fn Grand 

Coulee Dnm. The Cotllae elbow was designed f o r  an out- 

lee wmch Ilowod fill of w a t a ~  undar pressure. A cona- 

l i B ~  ccnstrictlon had hwen placed a t  i t s  e x l t  to croete 

back press:re and to compensnts for a drop in elovation,, 

s lnce  the elbop; tnrned down, The Bhakra elbow would 

k n v e  ro be dcoiqned for an out le t  vhlch did not flow 

f u l l ,  evsn n l c h  the concrob gate wXde open. N tim- 

s t r l e t l a  st t h o  elbow exlk w o ~ ~ l d  be useless for ci vary- 

In the  ahak-ra otl.tlst, wit?: the  cocduit flowlng 

p a r t i a k ? g  f u l l ,  the rcctayg~zlsr-shaped jet, w i l l  shoot 

across the elbow to szr ike  the surface of the outer bend 

at a posiclon beyond the point of curvature and ~3.11 be 

deflected down. Thf s impact' t-ypo of change in dfrectlon 

of flow cannot be avoided, becmnso, to the authorn s know- 

ledqe, there is no practical dgslpn of elbow whlch . clan . 

accommod*te n jet t h a t  vam.es in cleat?? as the discharge 

is requlated. The d e s l g n  of the elbow must be b s s s d  upon 

the ~ d c s  t i n t  the flow will b~ tu rned  by imp@cP; against 

t k e  surface of t h ~  oucor bend In n nsmor s i m i l a r  to the 
1 



mi13 be hlgh pressures on the outer b n d  oi' the elbow 

where t he  j e t  str ikes ,  and there will be R small reversal 

of flow forming a backwash above the j e t .  Hefther of 

these conditions should be objectionable, aLfhough t h e  

structural d b s f ~ n  of tho elbow must be suffici~nt to 

withstand the pressures. 

Cavitation pressures on the inner bend of t h i s  oxbow 

must be avoided, but it aaa fundamental %hat a drop in 

Dressure would occur where the boundary surface turns a w a y  

from the flow, as does the inner bend of tho elbow, Binca 

there appsarod to be no way in which to correct this con- 

d i t i o n ,  it was proposed tha t  the inner  bend of the elbow 

be omitted from the model until the nature of flow s t r j k -  

ina t h e  outer bend of the elbow and being turned down 

could be further studied, 

An elbow which hod a square cross section and which 

had the same radius and turned through the aame arc as 

t h e  Grand Coulee elbows, xao proposed for stwdy.  It w a s  
1.1 

bel ieved  that the flat outer bond and vertical sides of  

t he  elbow could be adapted t o  the rectangular-shaped 

j e t  from the  conduit. If steel p l a t e s  were used t o  bui ld  

t h i s  e l b o w ,  the problems of fabricetion for a square 

shape would be easiep to solve than those for an elbow 

having a circ:ilar cross sectlon. 

Since tbe  conduit of t h e  3bakra outlet has an arched 



t o p  and t h e  elbow has u f l - a t  outer bend, t h e r e  will be a 

step-like divcont i r lui ty  where the aquaro-shaped elbow 

j o i n s  t he  arch of the  condui t ,  No adverse  p r e s s u r e  con- 

d i t i o n s  n e x  expected nt  t h i s  p o i n t ,  hut fin eir vent could 

bc p r o v l d ~ d  if necessery. 

I n i t i e l  Tests on Wodel Elbow --- 
The proposed elbov; was hui3.t wi thout  an inner bend 

end wns a t tached  t o  tbe end of t h e  condui t  of t h e  out le t  

model, The flow W R B  then  observed f o r  va r ious  g a t e  open- 

i n g s  and heads. I n  genera l ,  t h e  f low appeared t o  be tu rned  

by t h e  elbow i n  t h e  manner des i r ed ,  and t h e  oxnmissfon of 

t h e  i n n e r  bend d i d  n ~ t  appear t o  be important ,  There 

was l i t t l e  d i f f e r e n c e  In appearance of t h e  f l o w  wi th  a 

chanpe of head, except  when t h e  velocity was not g r e a t  

enouah t o  cause che je t  t o  s t r f k e  t h e  o u t e r  bend of t h e  

elbow, I n  thiz cese, a t  low heeds t h e  jet  mould f a i l  

t o  be turned down i n t o  the trou~h below t h e  elbow, 

bu t  m u l d  bo orope l l ed  outward t o  f a l l  on t h e  face of 

t h e  s ~ i l l a n y ,  

With the  c a t e  f u l l y  open, t h e  elbow was wPmost filled 

cnd tho weter wns turned d o m  i n  the des i r ed  d i r e c t i o n  

with A rninlmrn of spray (Figure 6 ) .  The s t ep - l ike  dis- 

con t inu i ty ,  where t h e  flat outor bend of t h e  elbow joined 

the ~ ~ c h e d  t o p  of t h e  condui t ,  was filled w i t h  water  

under pressure ,  As the g a t e  c losed  the  jet skipped acroaa 

t h e  elbow t o  strAko the o u t e r  bend, and m o s t  of t h e  water 
. . 



F I G U R E  6 

A. Control gate  100 percent open. 

8. Cats IrU percent open. 

C. Cats 15 percent open. 

FLOW FFtuM f+l DECREE19 MINUTE W 
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wns directed down nlong the curve of this elbow; honaver, 

port o f  the ~ ~ o t o r  was deflected down tho sides to form 

f i n s  resulting in a fan-shaped j o t  bolow the e lbow (Figure 

6 B ) .  These fins wore n o t  th lck ,  nnd a t  onall openings 

of the g a t e  they d i m p ~ e ~ r e c !  (lzfgure 6 c ) .  
C 

To obscrve the cfSects of turning the j o t  through a 

~ r e n % o r  anfile, tha e lbo;~  wns extonded through arcs of 50, 

60, and 70 dcproes. Tho water was n~ccexsfullg turned 

t i ~ r e u ~ h  a l l  angles, and the appearance of flow was some- 

nkut fmprovod as ths:; angle of the  bend incrensed ( ~ i g u r e  7 ) .  

Mono of 'tne t e a t s  showed tnat tho inner bend of the exbow 

nos an essential  part i n  restricting t h e  f l o w  to i t o  proper 

pnth. It wno concluded frosz t k i s  t o s t  thnt  tho flow 

would be turned dcmn by impact aaainst the outer bend 

of the elbow, both at the f u l l  and at p a r t i a l  o p o n i n ~ s  

of the control gate,. 

Tests with Trouph and Face of Spillwag Included in lode1 
II- --- -- 

The t e a t s  related above <id not  determine the  angle of 

tho elbos; t h a t  was t h e  bes t  s u i t e d  to t::rn the wster in- 

to the trough and onto &ha spilla:ag. To better vlaurtliee 

t h 2 s  problem, tha eutlet aodel was extended by adding . 

:: discharge troug'n and a portion or *he face of the 

sp i l lway  (Figure 8 ~ ) .  Tho trough and ~ p l P l m o g  face 

wore s i m p l i f i e d  in conutmction so t h a t  they could t w  
quickly revised, Tests w s ~ o  visual  only, and consl~ted 

of Cifferent arrangements of the troufib and clhm with 



B. Gate IQ percent own. 

now FROM 70-DEGREE nmw 
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respect  to the s p i l L ~ a 7  Fncs. 

The first t e s t  of this series was w i t h  an elbow which 

turned down through an angle of' 41 dogreos 19 minutes 

( P i z ~ i r e ~  88 nnd 0). The appearance of' tho f lor ;  did not 

dll'fsr grea t l y  with the c o n t r o l  ga te  o f  various open- 

ings.  There w ~ s  a tendency for the jet to fan aut on 

t h e  fscn of t h e  sp i l lway ,  a s  shown in Figure 98, be- 

cause the j q t  struck the roll* cornera of tho t?ough. 

T3is condition would be eliminated in subsequent nMo1s.  

It was found that t h e  t o p  of the elhow ex i t  should 

be pleced f 1 - sh sl t h  tho face of the spillway, If Ghe 

albow s x i t  were placed bolov the face of tho spi l lway,  

the length of the t ~ o u g h  would be Increased; if it w e r e  

set abore,  It would coapl icnte  the dosign of a con6uit 

cpening deflector which w i l l  be constructed over tho 

o u t l e t  e x i t  ( F i ~ u r e  2). Thia deflector was a rise in 

the facs of tho spil . lwag over the elbow, and caused 

the wftter coning from t t ie  s p i l l w a y  crest above t o  s k i p  

t h e  elbow trougb. A design of this deflector h ~ d  been 

e s t n b l i s h e d  by prior model studies* 

im elbox which turned t;hrou~h 45 deqrees was next 

s t u d i e d ,  but tho appsoranca of the flow d i d  not  differ 

~ r e a t l g   fro^ t h a t  of the 49 denree 19 minute elbow (Piqures  

I O A  and 10B). The appearm~ce of the flow in t h e  pholo- 

grspks  in P1ff11x-e 10 were different f r o 3  those in Figure 

9 since they were mado by different cameras and with 





C .  Discharge stopped by high speed 
photography. Gate 10U percent 
open; W degree-19 rrinute elbow. 
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difference of appeflrnnce of the  model through the u s e  

of photonrepby, e specin1 pic tu re  was made by stopping 

t h e  ac t ion  of the water sfth high apeod f lash  imps 

( Figure 10C ) . 
A 50 degreo elbow was propoced, but the Increased 

l e n g t h  of the trough made this impractical. Eithcr the 

41 degree 19 minute elbow or the 45 d e ~ r e e  e lbm would 

be used in f u r t h e r  tests, but the observsd difference in. 

the two d e s l ~ n s  was so slight t h n t  it was impossible  to 

state t h a t  one 17es better than tna othero 

The Plnal Elbow D e s i ~ t n  ---- 
The 41 degree 19 minute elbow was selected for fur- 

t h e r  stuay becaune of the ahnrter lengtb of the discharge 

trough. 1% was believet2 that this elbow would be the 

f i n a l  design, and that  fur ther  t e a t s  w w d a  consist of re- 

f ining t h l s  design ma of measuring pressures and air 

demand. An e x i t  ssction resu.lting from the visual t e s t s  

was b u i l t  and attached to the outlet model, It included 

t h e  sqL;r;re exit elbow, the discnarge tro<gb,  ma n 

portion of the a~illvey fnee (Plgure 5D and 11). The 

laner bend of thc elsow, whLch had been omitted in the 

prevlous s t u d i e s ,  was now included. To avoid subatrnos- 

pboric prossares on t h i s  b m d ,  it was s e t  18 inchss 

[ p ~ o t o t y p e )  below the floor of the horseshoe-shaped 

conduit,  This formed en offaet  or step, m d  t b e  water 



. . '..,-. drrte :'.rour!. ou+.lr% w i t t i  sate 80 peccr::. open. 
1.' 
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coL: ld  s~rinp, c l o n r  in t h e  snmo manner as I t  ( l i d  when thr 

inner !)cr.~l v c s  not in place.  Beginning at thls o f f s o t ,  

t l : r :  c?lhon bend curvecl tbrccgt i  an arc  of 41 dogrccn 1 9  

miil t : tcz t o  kocotne p n r f l l l c l  vrith t k e  outer  bend of Che 

c l t o a  at tbo exlt end, nnr? to form n 102-irich square 

cpeniq; (Figcrc 5U). Thc roctilngulnr shaped dinchargo 

.L ' r o  .gh ~ n s  tani:el:t to t h e  e e o  of t h e  imor bend and 

siaez of t h c  elhot*: cad wae fs ired into t h e  face of the 

spillany. A i r  v c n t n  e a ro  n c r ~  in t h i s  l e s i p n  to re- 

l i e v e  rsc ions  of scSnznosphorlc prassuro, A 1-Inch vent 

t e n  plnced i n  the offset at the inner bend of tho elbow, 

th ree  *-lncb vents s o r e  p laced  on the spill*.ray face l 

kclow the tro:zh and a 1-inch vent was p l a c e d  at the 

top of' t h e  condl;it  t i70  f e e t  ~ p s t r r : ~ m  fro5 the slbov;. 

'I'o studr p r e s s u r e  c c ~ d r t l o n s  in t h i s  rlesi&r,, piezoirtetere.  

=::ere l o c ~ t c d  in the con&,lft, elbow, trough, and cri 

the s ;ill-f;ay f nce (Figu~bes 5 ,  11, andl..l), 

?low Uppeamr.co i n  t h e  Fina l  Msipn - --- 
Ln a t r i o 1  run, it vas fccnd t h a t  a l i p  p l a c e d  across 

t h e  t o p  of t;ho t r o u c h  a t  the olbon ox i t  ci l rcctod the 

f l o w  cown i n t o  the trcl;gt:, cnd mate r i a l ly  improved the 

eppenyance of  t h e  jet at pa lBt ia l  g a t e  openings, Sev- 

e r a l  typis of l i p s  rera t r i e d ,  and  the most prec t i c s l  

a p - 3 ~ r p d  t o  bo a 1.41-inch f l n t  sxtession of t h e  con- 

<: :it o n ~ n f n g  d n r l e c t o r  i n  t he  gicaa of t h e  fnce cf t h e  

sp f l7way .  This sxf;ensiota of' t h e  d a f l o c t o r  to Form n 



l i p  was included in the final design (Finlre 5D). 

The appearance o f  the flow from tho elbow was sat-  

i s f n c t ~ ~ y  I n  all respscts ,  being turned and d lrec ted  

down the spi l lwny without the formation of f in8 or large 

an~ounts  of' sprny (Pippre 12~). A t  o p o n i q s  loss than 

15 perccrzt, s small f i n  a d  s p l a s h  die occur in t h e  

ccctsr of t h c  trough, but t n i s  condition dad n o t  Rppehr 

t o  be objeciionnble and t h e m  was no nng of elininntine; 

it, 

To obscrvs t h i s ' f l o ~ r  in a different manner, high 

s p e e d  photoqre--hy uns employed to stop the  uo'lrernent of 

tho 7 5 n t e r  (Fieure WB), Tbe exposures were made in ap- 

~roxlmstelg 1/20,000 of a second with a General E l e c t s i c  

Xo. FP 20 flash tubo, synchronized with a 4x5 Speed 

( ; ~ . s ~ i l  c carserafa. T'ne agpeorrrnra of flow in these p k o t o -  

r r ~ n q b ?  was similar to ths flow t h n t  one n i ~ z h t  expect in 

R prc totype stri:cture. ' f h 6 3 ~  photogrnpns strggeated 

t?ct k l ~ h  speed p h o t ; ~ ~ ~ a p h y  could be used to strlby 

t k e  f i o ; ~  in t h e  ccnduit upstrcnm from t h e  elbow. A s  

?rovlousiy  dcscpiued, v;oon the ~ ~ o d e l  n-ns operated u n d s ~  

3 heed of 70 f cc t ,  the flow appeared to be insuf f la ted  

-1th alr and t o  f i l l  the condiiit. The resulting mix- 

ture r , c c ~ ~ e d  cci:;parr\tivgly unif o m  and rogillar as shown 

i n  3I:zure 113, but t h i s  was n o t  the case as snom fn 

Figure 13. Tho f low In the photo~rapha revealed a 

turo:lent ~ i x t u r e  t k a t  was neither uniform aor hom~geneous. 
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A.  Gate 25 percant open. 

B. Gate 50 percent open. 

C. Sate 100 percent open. 

now IN CONDUIT ABOVE FLBOW, DIRECTION OF FLOW TO LEFT 
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C l o a e  l n a p o c t i o n  cf the phofographs B U ~ ~ O S ~ U  t i l o t  st-tier 

tends  t o  rnove throuqh the condul t  in slugs, because of 

an irro,q::lflr mixlnt~  of tho air. 

Pressure Measurements in the Conduit -- . 
The pressure3 in the condui t  upatyeam f ~ o m  the el- 

'Jaw wel-s n o t  ~ t u d i o d  i n  d o t n i l ,  but neas~~rewents were 

zsde t o  a~cortain tho p e n ~ ~ n l  conditions. Subatrjo~pl~eric  

pressures, which would not be greator t hnn  e ight  feet 

of water ia t h e  prototyp~ 1 0 ~ 0  measured in t he  con- 

&:it imnedle te ly  Bomrtroam R o n  t h o  gate. This preszure 

was expected because of the air roquirertonts of the 

g n t s .  An unoxpsctad pressure condi t ion  occur rod  In 

tie ccndu i t  at ths vent in ",he t o p  near the elbow- 

t b e  p reas  .re ~ Y R S  p o a l t i v e  inatead of negative. A t  

ncale head, tho space i n  t h e  concul t  above tho flowing 

wntor was essentially continuous froa the valve to 

the elborr, snd it would aDpenxe t f int  the air pxlossure 

n t  one end s n o ~ ~ l d  bo almost tho sane as  at t h e  o t h e r .  

decause t h e  e x i t  was blocked 5y the 3et s t r i k i n g  t h e  

o u t o r  bend of t h e  elbow and forming a hackivash, tho 

s h e ~ r  a c t i o n  of the water tended to br;i ld up t h e  proasu-re 

L-; pulling the air to the dmnanstroaln sad of tho conduit;. 

The rr:sl:lt was that tha -rent on top of tile conduit n o x t  

t o  the elbov; ejected a i r .  Thla resultod ir. the suggestion 
t h a t  air bn fxxon from t h i 3  vent m d  diverted into tho 

vent at the o f f s e t  in tho innor bond of tho elbosvr, . 



'!L\lis was n o t  recommended, because t h e  insuff lnt ion of 

n l r  i n t o  t h e  wcter caused an 822 and tvatsr mixture to be 

~ , j e c l ; e d  frar~ the vent on t o p  of tho cond~iit; when the 

lriodel was operated at R '70-foot head, This mads the  

vent ' s  e f f i c i ency  qucstion~ble since the action ic the 

prototg~o w i t h  respect t o  t h e  insuff lnt ion of air was 

uncs~ t ra in ,  L t  may be concluded t h a t  thero will be no 

adverse pressure c o n a i ~ i o n s  In this conduit unless 

<here is R misaifanment of cho f loor  or walls. Any 

ir~eauln~lty or pros ec t ion  nil3 result  in severe 

substmoa?':rri c pressures. 

Pressure i$easuren;en+,s in Elbow, Trough, a n d  on tne Face - 
of t h o  S ~ i 1 l w a - v  

The plszoin..tc?~s locp.tec! f n  the e x i t  elbow, trough, 

sgd on the spflll.vay face, o o  shown in Figures 5 and 348, 

perinittec a d e t a i l e d  pressure st~:dg o f  t h e  ex i t  seckion. 

Vie r e o u l t s  of these s t u d i e s ,  besed on n denlgn h e ~ d  
in 

of  2RP feet, are s c o ~ n ~ ~ u r e  14. The minimum prossure 

02 the innor bend of th9 elbox was fo nd t o  be n o t  l e s s  

then  f i v e  or s i x  f o e t  of wazer below atmo.sr.ki?eric, and GI 

no  poir i t  w a g  there ~ i . i b ~ , t n i ~ ~ ~ h ~ ~ i ~  prsssrlres s v f f i c i s n t l y  

Intense So cnuse c a v i t a t i o n  is tho prototycs, Thore %ere 

t ~ o  r e ~ i m s  of s u b ~ t m o s p ~ ~ e r f  c pressure, one on tho  i n n e r  

bend of the oxit oiboa, and the o thor  on t he  face of the 

.?? 1llq::~g irnrr.?c?i=t,r?.lg t.930~ t h e  trol.,gt-i, but both of those 

rn - i o n s  wcrc vented. 







neonkfvs prsssuros occurred, so nevere-,in fact, t h a t  even 
=, 

o:? t90 xodol after tho t h i r d /  the WRX pulled out of plnce. 

T h i s  wns cons lde~ec?  proof L h n t  the  offset  In the inner  

hc?nd of the albom was R nscoos~ry Ferstur*e of 2hi3 doslgn. 

A i r  Demond in t h e  blodel - - -  
Tho rnodol i n d i c a t e d  t h n t  sub~tmosuherie press. res 

would  n o t  hr? balor: ti or 6 fee% of w ~ t s r ,  nnd 1.t; wno 

conch> !!od t h c t  t h e  ~ i r  vent3 w e r B e  aciequnte and nocld operate 

sri;isf'nctor!ly. The subotmos~her ic  pt.ensaros untiurv the 

~ o s t  n r i v o ~ s e  c o n d i t l  ona, harr lng mionlignr~l;nt,  should 

n o t  be lower thnr i  10 f e e t  of water f o r  an operat ing 

i - ~ e n d  of 28P f n e t .  

To hnve tho information available, it wns planned 

to moasc-e tho cllr d e c ~ ~ n d  0.t' the outlet ?;c afford a 

5 n s i s  of &odeP-prototype co:sparison, k tost procrnw was 

d r n f t c d ,  hut d ~ r i n g  the courbse of tho testing, erratic 
and 

results !-{era obcs5ned. t?t a constant hend/con:rol 

entie or~or,ln.n;, t ho  sir demand would vnyy RR much a s  

vJnn thought  t h a t  the  gnte valve in tho line and tho 

v n r i n b l e  s p s ~ d  p ~ m p  were p a r t i a l l y  responsible. The 

procedufe for ogsratlng the model wes to s a t  t h e  con- 

t r o l  gnce st tho desir~d o p o u k q ,  then s s t  the speed 

of tho pump untll t 3 e  head vraa greater t h a n  desired, 

ar,d t;,en to soC the roq:?ired heod by closing the gate 



-~311:0 L I ~ S ~ J I * O I R : , ~  r r w ~  bho heasdl t;iznrr;. K'hu air duramd ai: tho 

;aodal ;ria.&Li1 olsanffs vhorrsver 2bi3 ~r*oceduro was charq?ad, 

tlb -. L! 1, =1 ~l.j;ulz it twasl assW;d that; tho zilr clasuwiti wna 

aPL'ecscrri kj 't:io ~d.r2lxalenca o r  flow Sn tSo aypi>~scls Con- 

c: it;. 

~u10ti)0~ ~ x p i a z & i ; . i ~ i ' ~  of f ; j i ~  B P T O ' C ; ~ , ?  t;~P~-d913kind PCP- 

s u i e o  ... i.;-f.c lie? Prz C;w i'ac3, t :$oz :;::,",~rs) C ~ ~ P T S  3 . 7 0  a3.r 

.:cnL;;: ii; ",-r? >:,a; *g r;.;"t;fsk. ':hi3 03.>ow ~ ' ~ 1 3  43 l i A o , ~ f ~ d  

t;v 0:. clr-ej=cLor t;;i~li iiiad ;;; i i s i l ~ C  ~ ; U Z ; I  M ~ J  t b e  a i r  veliL 

I:i I; :c; of?-set at ';ha iciiar besld. ; l i t 1 3  @ep.Zniil %lo;t; 

co -~df  ii w ~ s  hrr t:;fit ui@l->:, LZ; l u  p o d s f  1310 thi:t t & L s  vulnt; 

cc. . ; l~ :.at. ~ s u ? p l y  tha a l r  d ~ t r a d  C O  t;ia dtlbmz, t;.r,areti~ 

...aAZi;~c LZ Lecesstt-y r'or o~?dlt io~:af  nlr t o  '~sa tirnsn 

A t a  ta-an sf; ecula ;7et~b,  tho sane ccnc!i",fo 01' 

krrs$;..~l sr* iirf xf a;:, 0!11~fr iirla h e n  s h m  ;3y "uhs I~lrrh- spsoG 

c : . ~ ' c c ; g ~ o ~ ~ , y  c u d d  be p r u s a i ~ t  at Cnla loxtsr 'nsau, The 

~ J A Z B F  021(: SLY film fh~*u:i+;in ~aud!l.Lt and olbsor mar  be 

iz Lao: pre;>arcd to acumen% fuxbt3ar upon t h i s  conillt;Zua, 

1:0;* can data obtalncid Oo tru-ait;tod until. the g~oblorn 

is furti;ciz scadio3 a d  Ekca flow sauditlions nra better 

' t t ' r d f i ~ ~ t i ~ f i  p T 0 3 5 r l P O S  tha UU%os 2 P;lie s- .+-- ~ e t 7 l  bow 
__I- 

Tho pralialnary stractui-21 dasfqn of 3% outer band 



of the elbow and deflector were based on pressures which 
2 

Fitors RTentor than thoso obsorved by the model t e s t s ,  and 

a check wns deslred to ascertain tho acctlracy of the mod- 

.11 meosljremento, It was p o s s i l ~ l a  to do t . t l s  i n  n ~nmtter 

en t  lroly Pnde~ondcnt of the p:;.eosure rnoilsura~ncnts, be- 

c,? SO 'i;;?~ Z O ' T ; ~ ~  F T ' C ) . Y S U ~ O  vactor ,  tl force obtaLnaci by 

s i i ; r L ~ , ~ a ~ . O ~  of the rnsnsured pressures, was equal to t h e  

+- , o r c c  reyuircd to turn  tho &ttsr tho elbow. T h i s  

l a t t e r  force coljld ae coaputod by nppllcntlon of the 

lnvs of ~~omsr i tun  if the discharge or vslocity and the 

nnyle through w h l c ~  the water txlrned Rere known, A corn- 

p,sri:;on %as made in t h l s  manner f o r  the condition when 

t h c  c o ~ t r o l  ga te  ugstrcam WES f u l l y  open, for then the  

pres-urss  on t h e  ontor bend of the elbow -?;ere at a nnx- 

The force necessary  to t u r n  the water, expressed as 

k o r l z o n f n l  and vertical components, Fx and P was first 
9' 

e s t i a n t e d  bj. use of the relationshlpz 'x E v ((1 - cos8); 

Fy = U v sine; where 

id ,- t h e  lliass of the P " l t : i c !  per second, that is M = a -37- 
w - the specific weight of the fluid, that; is 62.4 ltsa. 

per cubic feet, 

v = t h e  volocicy ia feet ~ G Y  second, 

a = t h e  area of tho flowfng f st, and 

8 = t h o  angle o r  doi1ocki.m of the j o t .  

Since I t  v n s  necossnry t o  includo tho eCfocts of 

q r n v l t y  azd tho presstire chnnr.:e oronnd the bond, the farma~lme 



F, = M v (1 - case) + p a; Fy = LI v alne - w a L; where 

p = the fiverage pressuro at the upst~eaun end of the 
C?11>0w, 

I, = t h o  nre:*ago I c n ~ t h  of the  clbotv, 

In t?lc ccr:,p\ltal;ion, 8 s h s  connidarod as 44 degrees to 

nccoun t  for t l ~ c  of'Pnct of tho lip at the end of tho elbovs; 

15 r a n t  cf nc te r .  The vsluos cf' thc area of' tihe j e t  ( a )  

r:ld t h e  v o l o c i t y  ( v )  aerc Ecru uncertein,  and had to bu 

C O L I , ~ ~  ed in tho f ollo%ing mannor: In prot o-hype ternis, 

i:ich the c o n t r o l  ga te  wide cpan and tho  hoad at 288 feet, 

t,!;t. disc.!,arge throu~h the ou t l e t  will be 5,410 cubic feet 

pep rsccocd, a s  obtained by the coefficient;  c:.rvc of Pipure 4: 

:< = C l t v  I 0.70 x 56.71 x n4.4 x 28e 1 5,410 c,f,o, 
g*' 

Assuming t h a t  t h e  volocftg of tho j e t  a t  t h ~  con t ro l  pate  

nns 55 percent of tho theorut ic31 voloclty, the j e t  vclo- 

c: t~ n l l l  be 129.2 f e o t  per seccnd; 

v = 0.95 xV64.4 x 288 - 129.5 feet per  second 

in f l o v i n g  dawn the pipe,  t h e  velocity of tho j o t  i a  re- 

d+jced. l h i s  rcducsfon I Y ~ S  estinatod in two :~a33; f i rs t ,  

by friczlonnl losses,  as if the flos vere in a closed pipe. 
1 v2 - - 

hgs;ming t h a t  E = 0..015 in tho  oxpre~ .~ lon;  hf = f d 2g; 
then hy = $0 feet. 

(0.015)(196)(121).5)~ 

hf 2 . i f8 ,s ) (64  .; 4) = 5x3 feet 

Th e  hsaG s t  t h ~  B ~ S O C F  :70~:la then 'm 1'10 feet, the 

velocity will be 104.6 fcot p e r  second. 



'4 = velocity ~ 1 ;  olbow z v2g x = 104.6 f e e t  
p8" second 

T h i s  value for tho velocity  was uncertain because of the 

mixinc of the air and water; therefore, che velr:ci-t;$ waa 

dezerlnlrred in m o t h e r  manner, Air demand measur.aiiianl;s 

i n d i c a t e d  t h a t  tho water-air demand ratio was approxiinate- 

ly 5 , G : L  at the f u l l  gate opening, and it wna obaervod 

thst tie a i r  anci water mixed in t h e  conduit  dmrrstream 

from tile c o n t r o l  gate at t h o  100 percsnt opening, 

The area of th6 conduit WRS 64.5 square feot: 
2 = (6.5) t. 4.25 x 63.5 r 64.5 square feet 8 

It fol lows by proportion of a i r  t o  water t h ~ t  the area 

c.f t-ie voter jet vns ap~roxirnately 51.0 square f ee t  at 

The exit of t h e  conduit whore tho aatsr and ufr wore 

~ t i i x ~ l d .  
L.6 0 - 

a = (64.5)  3,€3 = 51.0 squuro feot 

'l'he ve. ioci ty  ut' the jet will then be 106 feet per 3e- 

v = a =  = 106 feet par second 
T h i s  checks tho co;;lputnti3ns doterained by the pipe 

loss method. 

* i t h  the determination of 8 ,  L, a, and v, the forcos 

cm t h e  elbmt \ r i l l  bo: 

62.5 
1;' = x 51.0 x ( l r ? t ; j 2  x (1 - 0.719) + 15 x 5:: x 

X 

62.5 = 3E0,000 pounds 



6R7,000 pounds 
*: 

To chock t h a s o  Forcss IT the sununstion of pressures, 

the nressurc dntn f o r  ths 100 percent o;?enlne; w f ~ s  in- 

tc:zrctod ovor tho olbow to give forces of 335,000 pounds 

f c- I?,, and ?13,000 poi;nds for Fg, ( F i g u r e  15). With 

t k i 3  C C ) I ? , ~ R S " ~ S O ~ ? ,  it rfiRy he concluded that the gros3u~e  

~:?c.~s?.ar~~nent  3 R 3 ~ h t  aln63d @: the model wore rel iable .  
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IXDR AULIC SIblILITUDB 

A peisfect bydreulf c model, except f rom the standpoint 

of pure gsoaietrical proportions, l a  a rarity seldom achieved. 

Yet  the rnoci~anlcs of similitude plays an increasingly im- 

portent role in the present day concsptn of fluid neckanics. 

bode18 uvod bg sn~lneers can produce re su l t s  that may save 

many timas the c o s t  of the model, and produce a cer.1;aint.y 

of design unobtelnnble from co;.~putations alone. 

Sisilarity of flow occtrrs between a prototype and its 

rrociel and may e x i s t  betweon vnrions natural phenomena, if 

the proper laws of s i m l l l t u d e  are s a t i s f i e d .  The laws of 

s lml l i t~rdc oSfer a moans of correlatinq the results obtafned 

from sirnilnr flow occurler1cos in proeotype and model, The 

a~plicntion of these  law8 l oads  t o  a more comprehennive 

solution, end to a c loursr  understandlnp: of t h e  f low 

phenomena. For cornpfete s l m i l n r i t y  in fluid f low,  it 1 8  

srscessnry t;nat the  oyst,em bo geomotricrilly, kinematically 

and dynamicfllly similar. 

Geometric Slrni lar l ty  

TWO objocts Or systems ure geometrioal ly  similw i f  

the ratios of all corr~sponding linear dfLuensions are 9 q ~ a l r  

m i 3  13 Independent of motian and i n v o l v e s  only s iu lar i ty  

of form. L o n ~ t h  slrnllnrlty can be expressed a s  follows: 



ond prototgue respect ive ly ,  and L, l a  the 1Snoar scale rat io .  

Therefore, A ~ e a  .*A+ n b g  L , ~  

=7 

This moans that a r e ~ s  in the n~odeb multiplied by the square 

of t;he sca lo  r a t i o  &ive prototype areas, and volumes 

multiplied by the w a l e  re.tfo cu.bed gives prototype volume, 

e t c .  

Binenntf  c an6 -Uynrrrnic Similarity - 
Kinernfitlc similarity l e  n s imi lar i ty  o f  motion. Eben 

t k e  r a t i c a  of t h e  coaponents of velocity in two r e l ~ t e d  

s y s t e i l ; ~  are equal end tho paths of nlotion o f  t h e  particlee 

are geomotr$cslLy similar, the two motion occurrences are 

Two motion occurrences are dynmically simflar if 

they a re  klnelrrntfcnlly si~nilrmr, i f  the r a t i o s  of  the forces 

c a u s i n b ~  or rostraininp; the motion are equal, and if t h e  

r ~ t i o s  of Che nasseo nrg also equnl. Thin follows Newton's 

f.'undsii~entnl law of n!otion v~hlch  c ~ n  bo written: 

L4a P v e c t o r  s \ lm of f o r c ~ 3  acting in tho d i ~ ~ > t i o n  
of flow, or 

where Ma - inortie force 

Fg - gravltntional  force 

Fv m viscous force 



I For complete sirnllnritg in two fluid moi;ion occurrences, 

t h o  i'ollon.lnc: r~lntions3Lp must be satisfied: 

I 
I By sepuratoly equating the forces on the r i g h t  or' the  equati.on. 

to tho inertia forco on the left, it can  be shown t h a t  the 

resultin$ development w i l l  gield the Proude number, %he 

Ssynold n u ~ ~ i b e r ,  t h e  Seber numbor, and the Mach Number. 

S i z n l f i c ~ r ~ c e  c;f' i)imensionless Paramotors - U 

?'our dimensionless pararnoters r e su l t l nq  from the 

nSove p o s 3 i 5 l e  aeveloplnent should be satisfied in any 

fluid f l c , : ~  occurrent?, 'i'i2is is physically inpossible, 

snd oft;.j.:: it Is d i f f i c n l t  to sfltiafy even one of t h e  f o u r  

ppra,r.oto-rs, In t!le caso of the 102-inch outlets bn 3hakra 

J J F I I U ~  t; co of' t ~ e  o,bovr, ~ P ~ L ~ F ? x L ( ; .  t 4 ~ a  were partially sn tist 'feci, 

I tl-~e 7 i ~ y n o l d s  na.rnber anc: kroudo nwbor.  ',?;3e 'i~ober ntuiilor 

H.?:L t h o  i a c h  n-jtr~ber could be neqlectad, for in t h e  cese 

cti' t h e  b,eber nrlruber, t h e  rnociel's flow q u s n t i t i o s  and veloc3t:dos 

- r 1 0 2 ' 9  l a r g e  eno1:yk: t o  preclude any e f fec t s  of s u r f a c e  ten- 

slon.  3ince a l l  movements of the j c j t  flow gate sill be 

conr.rolieG t c b  prevsnt  a w a m r  hammer shock in the outlot, 

t h ~  : ! Y ; R c ~  number. could  also oe neglected. 

';:ien v i scms  I"ctrca9 p r * o d o n i n ~ t e  such as in steady 

flow t ; - , ro~ph R p ~ e  sutlre conmi  t ( o e c t l o n  of the out','.ot 



l ' l o ~ ~  ~ ~ t e ) ,  t h e  g r ~ v i t y  force ,  although acting on all 

por t ic l ( - . s  of the f l u i d ,  does not effect tho f low pic ture ,  

and t h e  Proudo number  can bo nagloctsd,  koynolds Law 

prsdominntes, but was not c o ~ p l o t a l y  eat;Ssffed, Fortunately 

tkis V ; ~ S  nct  noce3ssrg. If R curve f o r  tbe dirnan~lonloss 

f ' -? fc t ion  factor "f" in tho Dnrcy-Noisbach f or*~:ruln 

plotted an~inst xepnolda number is used, i t  w i l l  be noted 

that "f" v a r i s s  ccnsiderably for values of Reynolds 

nurnber be t;woen 2,000 and 100,000. Betweon  n Kegnolds 

number of 100,000 and 1,000,000 the slope i s  more gracual,  

and bogonc! 1,000,000 the Trlc:ion f n c t o r  l e v e l s  of f  t o  

a :nore or less constant value, Thus, if a nodel  can be 

constructed ~ ~ ~ r f i c l o n t l y  1 ~ ~ g o  to obtaix Reynolds nwnbers 

which eaun l  or exceod 1,000,000 for all pertinent test 

f  low^^, the f r i c e ion  factor f o r  t h o  prototype,  nlchocgh 

the 2eynold number may range UD to 20,000,000 \v.11l1. bo 

l i t t l e  d i f f e r en t  fro12 t h o t  of tho model ,  

!&hen g r a v i t y  forces predonlnn5o, such as In ths case 

of the condui t  do'rrnstrean of the  g e t  flow ~ a t c  whero there 

1 s  a f r e e  water surface, t h e  Proude low can be sntlsfiod. 

i3y sccilinp the hcad producinrt flovr to the gate by a direct 

I l n ~ t 3 r  razlo, and neglectinn tho sinall difference in 

f ' r fc t ion loss, the  vo loc i tg  o f  t h e  entering flow t o  t h o  

cc'nciuit vras proportional to the prczotypo ve loc i ty .  

Consiaerlnp: the depth Pro~i th3 Pre8 water 8urf'nce t 0  the 




