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I]~r.RODU~T IO~ 

The d i v e r s i o n  t u n n e l ,  S p e c i f i c a t i o n s  No. 771. now used  by  t h e  

Southern Pacific Railroad, will, beginning early in 19~2, bY~-P~es the 

f low of t h e  Sacramento R i v e r  u n t i l  t he  c o n s t r u c t i o n  o f  S h a s t a  Dam i s  

ooNrpleted (figure I). A service coaster gate (ffgure 2) will be 

installed in this tunnel to regulate the flow of the river so the 

~eeervoir can be filled ~e the work progresses, enabling the genera- 

ii~n o~ power sooner than originally planned. The aaxiamm operating 

head on the gate will be 190 feet. Upon completion o£ Shasta Dam, 

this service ga~e will "De clo.ed and the diverelon tunnel fIYled at 

the tunnel-plug eeotlon (figure I). Should ~;he service gate fall to 

close completely, an emergency closure will be necess&ry. A eto])-icg 

s t r u c t u r e  downst ream from the  g a t e  was f i r s t  p roposed  f o r  t h i z  p u r p o s e ,  

bu~ was l a t e r  abandoned in  f~avor o f  an emergency  g a t e ,  b e c a u s e  the 

b e h a v i o r  o f  s t o p - l o g s  i n  the  p r o t o t y p e  s t r u c t u r e  would be ~oo u n c e r t a i n .  

Hydraulic model studies were utilized in the design of this 

structure to aszlet in developing a satisfactory g~te. Pressures on 

~.:e model gates were measured to determine the relative hoist capa~i- 

t i e s ,  and v i s u a l  o b s e r v a t i o n s  of t he  f low c o n d i t i o n s  around each  g a t e  

were made to  de~ec~ any a d v e r s e  o p e r a t i n g  condi~ionm.  In a d d i t i o n ,  

d i s c h a r g e  c a l i b r e % i o n  c u r v e s  were  o b t a i n e d  f o r  v a r i o u s  h e . i s  and g a t e  

openLngi. 
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~he design of the fixed-wheel gates for  the diversion tunnel at 

Shasta Dam, 5peoiftoatlo.u. He. 1009, lnvolTed a study of the dovn-lml l  ~' 

fo~oes e:  the ~ t e s  ~o determine ~ o  requi=ed hoist  aapaaities. ~he 

~mt -~ l l ] .  forces conelote<t of the weight ~f the gate, the ~r~mto . f r to-  

fleas1 reststanoe, and the h~dra~lto dravdevn fo~ee. ~,~ht1¢ the  v e ~ t  

of ~he gnte and i ts  dynamic fF io t iona l  resiatanoe oould be esttsmted, 

~he h ~ d r a u l l c  dra~dowa f o r e s  would be o b t a i n e d  orAly by t e s t s ,  f o r  t h i s  

f o r e s  was soused  by t h e  d t ~ f e r e n e e  in  p r e s s u r e s  on t he  top  sad t h e  

t o r t e n  o f  the  g a t e .  E l e e ~ r t o a l  ana logy  s t u d i e s  were f i r s t  aade on t he  

o r i g i n a l  d e s i g n ,  but  the  r e s u l t i n g  h y d r a u l i c  d~a~dovn f o r c e s  d i d  no t  

agree with the resul ts  of l a te r  hydraul ic model s ta t ics .  This d is -  

a ~ e e : e n ~  r e s u l t e d  f rom a s k i n g  t he  c r o s s  s e c t i o n  of  the  t~Luel  I n  

the  e l e e t r i o a l  aaAlo~r  s t u d i e s  to b e  r e ~ a n ~ A l a r  i n s toa~  o f  h o r s e s h o e -  

shaped (flgure 2). I n  the  original design o f  the gate wi~h a ~j-degree 

bottom (fik~ure 2), I~ hTdraullc drat~1ovn forces veme not ec[cessive 

(figures 8A an~ G), and with the aid of model studies a desirable 

ar rangement  o f  the  s e r v i c e  and emergency g a t e s  was o b t a i n e d  p l a c i n g  

~o th  gates in  t he  emae wel l  s t r u c t u r e  ( f i g u r e  7)- To do %his, t he  

upstream ga~e sealed on its upstrean faoe while the dovnetree~ gate 

sealed on its dovnstrea: face. 

l~:oveaents in the design of the gates were neoessary. The 

~otton of the gores slope~ at ~5 deg=ees, whioh was not ~ o ~ l e ~ e l y  

d e s i r a b l e  s t r u ~ t u r a l ! y .  I m p a c t  of  f low on the  d o v n s t r e a a  gaSe h e l d  i t  

open  at  t~e f u l l  open l~oet~ion.  Studies a~te by ohangl~-the eMmpe of 

t he  ga te  b o t t ¢ ~  e l ~ l n a t e d  t h o s e  a~tverse f e a t ~ .  However, the  

h~~o drs~va fores was excessive in the service gate of the 

revised ~eeign (flgu~ee 83 and Q), as large, in fast, u to re;ulre 

exeeeelvely large hoisting equlpment. 

In eentrast, the ~pstream e~ergeney gate had no hTdraullc drab- 

down for~es~ Bespake th i~  ~a t e  s e a l e d  on i t s  ~apetrea~ f a n s  the  f ! o v  
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p a s s i n g  ~ e l ~ a e s t h  was f r e e  o f  t h e  b o t t o m ,  smi  t h e  g a t e  w e l l  was v e n t e d  

to  t h e  &tmo |phaTe .  The p r e s e ~ l ' e e  e n  t h e  t o p  and b o t t o m  o f  t h i s  g a t e  

were  t h u s  a tmoep]~s r io ,  and no hydraulic ~ a ~ l o v a  f o r e s c o u l d  e x i s t .  

£oeordlngly, a new design using gates with seals on their upstream faces 

was pz~poeed. Xt was necessary to place the g~tes in separate well 

s t r a e t u x ' e s  located at s t a t i o n s  ~77~20 ami ;77~17, , i noe  bo~h sealed 

on thalr upstream faces. Thle~:arrangenent was satisfactory. As a final 

revision, the else of these gates was reduced by using transitions to 

e M ~ e  the 23- by 2 ~ - f o o t  hort~e~oe-shap~i ~ e l  to an equivalent 

19.5- by 2~-foot rectan~ar section at the gates ( f l y , r o e  3, 14, and 

15). 

DXSCRIPTION OF MODEL 

A Is30 scale model was built and tested in the hTdranlic labore~ 

tory of the 3ureau of Reclamation, Denver, Colorado (flgures ~,~ 5, and 

6). Tae model  c o n s i s t e d  o f  a hea~  box t o  wh ich  t h e  d i v e r s i o n  t u n u e l  was 

~ t t e ~ e d .  .~be tuaael,  gate, and ga te -ve i l  s t ruc ture were constructed 

Of ehee~ l e t a l ,  e x c e p t  where  p y r a l i n  a e c t i o n s  w e r e  u s e d  to  p e r = i t  o b e e ~ -  

r a t i o n  o f  f l o w  c o n d i t i o n s  ( f i g u r e  5 ) ,  To measu re  the  head  and p r e s s u r e s ,  

piescmeters wel"e installed in the ~ a ~  box, at selected points iln the 

~unnel, and on the gate. 

DIYFER]~CES BETW~E~ MODEL A~D PROTOTYPE 

While the p r i ~ . t p a l  features of the gate and t ~ l  were incorpor-  

ated in the model, eerie differences existed between the mo~el and 

p r o t e i n s  w h i c h  had t o  bead,considered i n  a n a l y ~  the r e m ~ l t s  o f  t h e s e  

tes ts .  ~n ~ a s ~ g  the forces neoeesarT" ~o l i f t  ~ the model g a t e ,  i t  

was reallsed that the frictional resistances encountered in the model 

was act the ease as that o f  the prototype,, In predicting the ~retetype 

dloeha~ge f rom the !results o f  the model e~udles, it wa~ necessary to 

a s e o = n t  f o r  t~o  f a ~ t o r e |  (I) t h e  t u n n e l  s e c t i o n  u p ~ r e a =  f r o m  t h e  g a t e  

~a~ net 8 ~ i l a r  to the p r e t e t ~ e  as i t  was shortened, due to l a ~ & t o r y  

space lJ~itatlen, and ~he irregular entrance shown in  figure 1 was 

e h a a ~  to the r e u n ~  entrance sheen in f!_am~e ~8 and (2) the h.vdrau!Io 

fTiotlon factors of the tunnel walls were not the sane. T)~ ocnl;aratlve 

~Tiet~on factors in ~he formula 
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m~e emt~ated u f = 0.011~ f o r  ~ e  ~ 4 n l  and f = O.O08fe r  t~e p ro~ , -  

~3rpo. Thole oo~j~lt&t~onl a re  d i s e u u e ~  in  eeo~lon 15. 

ORXOXILAL DBSXON- 81RX~+A 

~rae ~ e | t e  we~e A£TtAe~ inbo ~ o  U o ~ o ,  ee r i e~  A and ~. Xn s e t t e e  

A the  e r i ~ i n a l  dJsS~a and a r eVtee t  arrangenon~ ve~e t e s t e d  v i t h  the  

eorv ioe  aa~ e m r g e n s 7  g s t e c ~ i a  the  s ine  w e l l .  8 ~ l e s  vere  then  na~e 

+o ~ v e  the  t J ~ t v i d ~ a l  g a t e e .  A d d i t i o n a l  obeet-ya+ione a ~  eheoX, 

upon t~e f i n a l  des ign  oonol~ led  ~ i 8  eer£ee oF r e e f s .  Thro~&hout e e r i e e  ~; 

Ao a naxinun dee ign  head of 1~5 f e e t  was use~ In oontras~ ~o t h e  f i n a l  

deet~n h~8~ of 190 tee~. 5oF:LoJ B ~ o o t ~  ~)~ K~oo v i t h  me~8 on ~heJ~ 

~pet~oa~ ~aoou and p l s~ed  ~ eepa~ste  v e i l s ,  ~h~oh ~e~ ~o the  ~tna~ 

A e e ~ n .  In  ~ho o~£gSJ~al dee ign  a sel~riee ga~e ~ae looa te6  a t  e t a t i o n  

b77~00 v i t h  a ~ o p - l o s  e ~ - a e t ~ e  80 f e e t  do~rast~ea= fo r  a n  ene:geaeF 

olo,  (fls res and 

In  ~Lo~es4]~g the (~e8£~ fe&~ren  5.~ t h i s  l .e~or t  ~he main oo~e~td~ 

e ra t ion  w i l l  be ~he h : r ~ a ~ l l ~ e ,  the et3nletu~al 'v~tew'poin~ beLng eoneSxl- 

• 1 ~  OUl3r rhea  ~ho h3,A~a"c~.io eolu~ion £e restr~ote~l  by e ~ o ~ l ~  

l ~ a t i o n 8 .  ~ o~e~an61n~ h~rd~a~lto f e a t u r e s  of the  ga~e ve~e ~ho 

8ha~e of l~e h o t , o n  anA ~he l o e s ~ l o n  of the  e e a l e .  The f e a t u r e s  of  t h o  

ebep- leg  etz~o~u~e ~ i l l  no~ be d£~e~eee~, as t h e  des ign  o~ ~he e~z~o~"e~e 

vae a ~ a d o n e d  ~ r o ~ e  an~ ~oete  or  o b s e r v a t i o n s  v e r e  na~e beosane o f  the  

~noe~t&~a~7 of o p e r a t i o n  an t  ~he h~L~aulio fo roee  v h i c h  ~ ,~ ld  be 

~ t e ~ e ~ .  

The preesu~e8 on the ~ < l o ~ e e  bet;to1 o~ the o r i g i n a l  eerytoe Kate 

~ere poei~ive and ve~e ~he~e~o~e eonetAered favoFable. In oon'P,,Fae~ IS.O 

£avoz~able positive p~essu~ee roeerde~ eleevh~e on +he gate, ~leP 

o~+&In oen&Lt~one advo~oe ae~aqLve p~oeeu~em vould Aevelop on its ~e~- 

et~eaa fs~e and 8Aeo in bhe ~uaael below. V~en ~e gate ~ae approxl- 

n~e~ T~ pereea~ open a h,ydrav+lio ~ump vo~ld form, oa~s~ng ~he t u ~ e l  

to ~lov+tu~ l  and p~o~Ing 812f;ht negative p~eesures on the do~a,;ream 

£~oe of ~ho ga te .  This 18 a n a t u r a l  oon~l t£on,  and not a~yeree;  

JL 



,) 

border, e~ould the ~te t h e n  be  l o w e r e d  sli~tl¥, t~ tunnel ~Id 

re~2n full of water and l~rohlbltlve~ negative p~emm=es vmu-~d develop. 

This oondl t ion was a d i r e s t  r e s u l t  of no aerat ion in  the ~unnel down- 

s i r e s :  f roa  the gate. The n e ~ t t v e  pressures eould onl:r be re l ieved by 

sdeq~ate trannel aerat ion.  The stol>-log y e l l  was oonsideved as an serm- 

t l on  duet, f o r  i t  leads d t r e o t l y  to the ataosphere ( f i gu re  5),  but i t  

was too f a r  downstrea: to be of anTva lue.  ~L~o 1-inoh pipes (30 inoh, s 

prototype) were i n s t a l l e d  ~.~edi&tely dovnstrea: f l~m the servtoe gate 

to a d m i t  a l :  f r o :  t he  &TOUn~~*marfaae t o  t h e  tunnel (ft&~zre 5)- T h i s  

~'eVlston proved sa t i s fac to ry ,  since the negative pressures w i th  the 

p i p e s  open  d i d  n o t  exeeed  2 ~feet  p r o t o t y p e  f o r  any  o p e r a t i n g  o o n d t t t o n .  

S~TXC2 AND EMEE~ENCY GATES IN S~ STRUCTURE 

From t e s t s  on the  o r i g i n a l  d e s i g n  i t  v s .  e v i d e n t  t h a t  t h e  e t o ~ - l o g  

s t r u e t u r e  s h o u l d  be abandoned  i n  f a v o r  o f  an emergenoy  ~ a t e  and t h a t  I t  

wou ld  be n o o e H a z y  to  i n t r o d u c e  a i r  i n t o  t h e  t u n n e l  t o  e l l a i n A t e  neg~-  

t lTe l~ressures on t h e  serTioe gate. The stop- log s t ruoture was rep la~ :ed  

by an eae~genoy gate installed in the same gate well as the service ~te. 

t h e  o r i g i n a l  t e s t s  on  t h i s  a r r a n g e m e n t ,  t he  u p s t r e a m  g a t e  was o o n s i d -  

e r e d  as  t h e  s e r v i o e  g a t e .  On t h i s  g a t e  t h e  s e a l s  were  on t h e  ~ p s t r e a m  

s i d e ,  w h i l e  t h e  emergency  g a t e  s e a l s  w e r e  on t h e  downs t ream s i d e  ( f i g . s  

7)- By having the seal of the service gate on its upstream faee, the 

well shaft provided tunnel aeration, la_~ing It unneoesear7 to use the 

two 1 - i n o h  p i p e s  i n s t a l l e d  i n  t h e  f i r s t  a r~a~ge~en~ i n s o f a r  as  t h e  

s e ~ r i o e  g a t e  was c o n c e r n e d .  2 1 i a i n a t i o n  o f  t h e s e  p i p e s ,  however ,  e a n s e d  

n e g a t i v e  p r e s s u r e s  on t h e  e a e r g e n o 7  g a t e  i n  a h a r m e r  s i a t l a r  to  o o n d i -  

S i e n a  o f  t h e  o r i g i n a l  d e s i g n .  

S e v e r a l  f a u l t s  o f  t h i s  a r r a n g e m e n t  were  i m m e d i a t e l y  o b v i o u s .  The 

edge8 o f  t h e  s i r e s :  o f  w a t e r  u n d e r  t h e  s e r v i e e  g a t e  i ~ p t n g e d  o n  t h e  g a t e  

s l o t s ,  p r o d u o i n g  ~ o ~  f l e w  o o n d i t i o n s  i n  t h e  t u n n e l .  The f l o w  u n d e r  

the d o v a s t r e a =  g a t e  was au~h smoother, i n d i c a t i n g  that  i t  was b e t t e r  

s u i t e d  as  a eervloe gate. The d o v n s t r e a :  gate was sub Jested t o  h y d r a u l ~ o  

~ l i f t  f o r e e n ~ p r ~ d u e e d  by  i a p a e t  o f  t h e  r o u g h  f l o w  e a e r g i n ~  f rom u n d e r  

t h e  s e t t e e  g a t e .  Th i s  made t h e  ~ a t e  d t f f i c x z l t  to  s l o e s ,  a c o n d i t ~ o n  

5 



• ~ d e s l r a b l e  eepee~1.1y in  an e ~ r g e n c y  ,~ . te .  JPaz'the~aore, as there  WAS 

~0 ~n~Vlslon for ventln~ the ~ownetream gate, when i~ was ~Iosed qulekl~ 

a wa~er hammer occurred wlth 8unh intensity .that eeweral ~olnts in .the 

aedel tunnel were ruptured. Accordingly, the s~estlon that Tent pipes 

could be excluded was wrong. 

two l-lnoh air vents which proved successful in the original 

design were reinstalled. The downstrea: gate WAS designated as the 

eezwice g a t e  because i t  produced a maoother f low in  t h e  t unne l ,  and the  

~pstrea: gate was designated as ~he eaergenoy gate beOsnee it would close 

more easll 7. The perfoz-aanoe with this arrangement was satlsfastory 

except, as before, the aownstrea= gate would not close easily because 

e~ hydraulic uplift forces produced by the lapact of the flow against 

the bottom of the gate. Any force on either of the two gates, tending 

to prevent them from eleslng, was undesirable. If these forces could 

no~ be entirely elialn~ed, it was antlolpated that the prototype gates 

would be leaded with concrete to Insure a closure. To estimate the 

saount of concrete that would be necessary in the prototype, the model 

gates were loaded with lead shot until they would close easily. While 

the upstream emergency gate required only enough shot to overso:e the 

kinetic friction, the downstream ~ervlce gate required approximately 

15 pounds o f  shot because of the  h y d r a u l i c  u p l i f t  f o r c e s .  This weight ,  

in terms of the p ro to type ,  would be exeeselve and not  prantloal because 

sufficient concrete could not be ~laoed within the gate. 

, D~R~V~ OF ~AT~ Dv.SIQN 

With gates placed in one well, the service gate downstream sealing: 

on its downstream face and the emergency gate u~etream sealin~ on its 

upstream face, and with the air vents installed to prevent emoesslve 

ne~atlve pressures on the downstream fa~e cf the sez, rloe gate, the g~n- 

eral arrang~ent wa~ satlsfaotory; but durln~ the operation of the 

gates they would not close by their own weight. Hydraulic uplift forces 

l~e~ented  the  se rv ice  ~ate f~om e t a r~ ing  to c l o s e  when i t  was  wi~e open, 

a~l  f r t e t l o n a l  resi~4)ance due ~o the  h igh  s t a t i c  pressure ~ e n % ~ d  both  

gates froa oloelng as they approached the ~te seat. In add~tlon~ thell" 

6 
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stru=~al design vas un~eelrable because the thln seotlen pre4~ by 

the MS-degree bottom requi:ed an exoeeelve amount of~eteel to a ttaln 

sufflelInt strength. Further tests in Series A were aa4e to Improve t3ae 

Aeslsn of the dovnstreaa service gate to facilitate L~ e el ~ratLOn" X~ 

was a n t i o i p a t e d  ~hat the d e s i g n  ob ta ined  fo r  ~hie ga te  could  be used f o r  

the ~ p e t r e ~ a  eRergenc~ ga~e.  

The ~ - d e g r e e  bottom was r e p l a s e d  wi th  a h o ~ l s o n t a l  one.  whioh t e -  

ideal etruoturally (flgures ~A and B). Adverse negatlve prostates yore 

r e c o r d e d  on the  h o r l s o n t a l  bottom f o r  the v a r i o u s  hea~e a n d  ga t e  open- 

lags. Ales, th~ fores required to l~ft this revised model gate va8 oen- 

siderA~bl~ emre than the force requi red to l i f t  the o r i g i n& l .  Thin 

i n c r e a s e  in  ~ . l i f t l n g  fo roes  was due t o 8 ~  inoreased M~draulle dra~ 

terse on the flat bottom, Theme forees yore ealeulated by Integra~lag 

the vertieal oonponents of prestures on the respeotlve ~a~es for various 

epenin~s. The naximnn foree on the ~5-de~ee bo t ten  ga~e vae ap~ rox i -  

ma~ol~ 3~.2,000 pounds (prototype), ~hile.~on ~he i ~ a t  bottom gatelt vae 

of the o~der of 1.300,000 ~o~:~is (flgu:e ~). 

A g~te vith a l~-degree botto~ ~as then tried, but negative p~et- 

eu~es ~ere steel recorded (figure S0), giving a drawdevn in excess of 

1,200,000 pounds.  This ~rooedure  of changing th~ angle of the  bottom 

vas aba~,lone~, as i ~  was aFparent  from v i s u a l  s~udy t h a t  the r e v t e e d  

ga tes  ve~e not  shaped c o r r e o t l y  to  permi~ t~e f l o w  l i n e s  t o  f o l l e ~  the 

g iven s l~pe .  Cenoequentl7.  the  f low tended to s e p a r a t e  f ro~  the bo t t e~  

of the ©~tes, orea~ing negative pressure~- ~ The gate bottom vae ouzve~ 

to these flow lines. The dra~down fo~'o~,~vith this design, ~as the mazl- 

m observed (flg~re 5D and 8~}); b~t the fl~o~llne s folloved the bottom 

of  the  ga te  a t  most opening~ and the ne~a t ive  p r e s s u r e s  appeared to o o ~  

beoauue ~he ourvature of the upetrea~ edge of the bottom vas too severe. 

Since a number of ga t e s  had to be t e s t e d  before  a ~ a t i e f a e t o r ~  bottom 

shape could be obtained, a method Of ez~edit iag these tee~s was aeeese~T~. 

It ~ae noted in t?~/¢ visual studle= on. the eurved'bottom ~ate that small 

a i r  bubb)es  would s t i o k  to  the ga t e  l n ~ , ~ i o n s  of n e g a t i v e  preen=es.  

T 
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Umlng t h l i  ae a e r l t e r l o n ,  obmervat, l on8-vere  ~ i e k l ¥  made on ,J, oodn ,  

gates (flgure 9). Flfteen shapes were teated vi~h bottom R-15 being 

selected for i~ther tests. 

~ottom shape R-IS ~as incorporated in the model ga~e and tested 

b7 z~oord inc  pressures and obsel-ving the flov at various heads a n d  Kate 

opeain~s (fJ~u~e 81). As a result of ohanging the shape, of the bottom 

of ~he gate i~om the ~5-degree bottom to the curved bottom, shape R.15, 

the st~-uotural aspect of the bottom yes improved, the exoeselve uplift 

• f o r c e s  v h t s h  would p reven t  the  ga te  from s t a r ~ i n g  to ~ lose  due to  i~pae~ i 

Of ~he iH4ov ' on the bottom of the Kate yore eliminated, and positive ! 

Ireese~re8 yore obtained for all gate openlngs. Hoverer, some adverse 

fea~v~es still exlsteds (I) The gate vould vibrate at openS~gs g~ea~er 

20 feet (80 percent); (2) the hTdraulio dravdewn foroes yore 

g r e a t e r  ~han those  o~ the ~ l e g r e e  bottom ga te ;  and (3) ~ r i o t i o n a l  

r e s i s ~ a n o e  s t i l l  prevento~ t h e  ga~e f r o m  c l o s l ~  as i t  was about  ~o s e a t .  

~or  t h e s e  r ea sons ,  rye  a d d i t i o n a l  t e s t s  were made on the downstream 

se~vtee  ga te  t o  de te rmine ,  i f  p o ~ a i b l e ,  ~he cause and f requsnoy  of t h e  

v i b ~ t i o n u  a n d  to cheek the accuracy  of ~he cos~uted hydreall~o dFa~- 

down £orces  by d i r e c t  ~aaeurenent  of  the  f o ~ e s  a~t~a~ on the ga~e .  

The p ro~ le~  of  d e t e r ~ i n i n ~  the a a ~ n i t u d e  of  the f r i c t i o n a l  r e s i s t a n c e  

~n the Kate ,  v h t e h  a~peared  to ~revoa t  t h e  ~ate  f r o ~  o~oetng,  was a l so  

oons ide red  in  ~he ~oond  t e s t .  ~ 

~ I ~ A ~ I O ~  OF GATE 

~ h l l e  r e o o r d i n g  p r e s s u r e s  on the  £ i n a l  ~ e d - b o ~ t o n  ~j~te, l~ ~ s  

observed tha~ the ga t e  would s t a r t  to v i b r a t e  a t  openings  ~ r e a t e r  than  

80 p e r c e n t .  The v i b r a t i o n s  occurring a t  these  ~penlng~ yore o f  ~ a 

~a tu re  l~ha~ the  vez'~ tol~ of the Kate ~ould rennin ~Ixed, f o ~ i n g  an-axl~  

or h inge  about vhioh the r e s t  of the  ga te  you ,d  v i b r a t e .  F r e q u e n t l y  ~ 

~Z~o O~' vibration voul~ shanks ~o the  b o t t o ~  of the  g a t e ,  and eom~Jblo8 

~.S ~me nonexistent. The amplitude of bhe~e vibr~tlens yes ~es~be~ 

by ~he gui&e treats in the gate-well sbZ~aeture (figure 2). When the 

Kate ~as 100 pe r cen t  open, the  f~equeaey  of  v i b r a t i o n  ,~ms low,  but  ~ t l ~  
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g a t e  va~ l o w e r e d ,  the  f r e q ~ e n e 7  i a o r e a n d ,  r e a s h i n g a  maxtm=a when t h e  I 

~te was app~oxla~tely 75 pereent open. Dpe~ ~n~ther levering of the I +~ 

~te the vlb~tlo~ oeased, as the pressmeee on the ~streaa foe, of the 

gate beeame eofflalent to  hold it a4alnst the soaP.. 

A dla~hrs~ was installed in the ekln plate of the a~iel gate J~to 

reeerd t~ese vlbFstleas. The aove~ents of the dlaphra~p~ yore transferred 

b 7 a lever ~ ~o an sloe,rio sell end 0~o~llogr&]~. Tibratioas were 

sever ~eeorAe~l beea=ae when all was ready, the gate refused to vibrate. 

Delpite ~ attempts ~o Ita~ the gate vibrating, no revision or eba~ 

had any in~luenee =~on ~ts perforaanee, and the teo teba~ to be abandoned. . 

~ese ~e~s yore not fruitless because duriag the i&~tesp~s ~o asks 

~he gate vibrate, a eondi~ion was observed whleh had been oTe~lookedo 

~he ~yralin gni~e trank~ shown In f%~are ~ eeuld be shea~ed from the 

frame la ~he normal ~para~Ion of the gate. When the vib~a~Ion t~ste 

were s t a t e d ,  ~ ~ r ~ l i n  ~ d e  traoke+shesx~d,~ aa~, at tht~t ~tme. I t  

was t ~ t  th is  was &us to veaz f z ~  ~:~vious ~esttn~. ~vO ~ d i t i o n ~  + 

~e~e of ~ X e s  were i ns ta l l ed  and the~ also sh~red.  ~rn~n the gate was r~ 

ralsed, an opening ~a~ roaehed ~aere ~he gste would move u~etresm in +the 

slot, exe~tLz~ force ~etrsam ~pon t h e  ~ y ~ a l i n  ~ides. Thls ~ps~rea~ 

movemen~ o f  the  ga~e l n d i o a t e d  ~ha~ t h e  p r e s s u r e s  on i t s  downst ream f a o e  

ver~ ~r®ster th~n t hose  o~. ~he ~p=tremn f~oe. This lnePease of pressure i 

was attributed ~o i:paet oreated by the edges of the Jet l : ~ i n g l a g  on 

the ~e~ust~sam side of the gate elo~. ~ke ~j[portanoe of preventlag sush + 

a c o n d i t i o ~  L~ t h e  p r o t o t F p e  s a n  be ehomm by a oompar ison o f  stresses 

in  t h e  ~ s t e  g ~ l d e s .  S inoe  t h e  t ~ t ~ l +  ~u t h e  model y o r e  g e o l m t r ~ o a l l y  

sLmllar ~o t~ prototype aa~ ~he +py~alin &,aldee had & shear s~rea~th o f  

1,000 l~ua~s per squa:e inch. it follows th~ s~reeses ae great as 

30,000 ~o~IS per square inch would oscar in the prototype. ~o l i i~in~, l~ 

th is  oz;~asion of t~Aow thzc~ the ~s te -~e l l  s t ruotu:e a~d to re<lu~o .:,the 

l ~ ' e s ~ e  ]~etveen the ga~e sad the ~ t e - w e l l  ~tx~otu~e, an ~eoh va~ 

placed ~e~een the ~ e s  ( f i n i t e  ~).  ~his s~oh ~eduoed the  ~ s o t  ef  

/~.ov on the Aovne~rean faoe of the ~%e, but th© upstream s~ l~ t  of  ,tha .++ + 

9 
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gate could not be elinlnated. Xf t~Is arrangement le used in any instal- 

latlen, ~he gate should never be~eperated at openings greater than 

22 feet ($8 percent). 

nRAW~0WJ STUDI~S 

To conclude the t e s t s  on  ~h~ Ao~aetremn s e r v i c e  ga te ,  the f o r c e s  

a c t i n g  on i t  were computed f o r  va r ious  opeai.~gn and fo r  a head o f  

1~ feet prototype. Since the sum o f  these forces ~was equivalent t o  

fe~ee o~ the h o i s t  c ab l e ,  i t  could be checked  by e p e r a t i n g  the ~ e l  

~ t e  a t  a head equ iva l en t  to I ~  f e e t  p r o t o t y p e ,  and at  the  name t ime 

~ e a ~ i ~  the fo rce  wi th  a ~ r i n ~  sca le  a t t a c h e d  t o  the h o i s t  c ab l e ,  

The f o r c e s  ac t i ng  on the  ga~e were (1) the weight of the ~ t e !  (2) the 

kinetic frletlon; a~ (3)the hydra~llc drawdown. 0nly the s ~  of these 

fo rces  could be censured d i r e c t l y  on the node l ,  ~ut the f i r s t  t~o fo r ce s  !i 

~:;, could be determined ; e p a r a t e l y  and the  hydra~ l io  drawdovn fo rce  o b t a i n e d  

fo r  any g iven  gate  openings s ince  i t  was e q ~ l  to t h e  measured fo rce  on 

the  h o i s t  cable ninu8 ~he weight of the ga te  a~l  the k i n e t i c  f r i c t i o n .  

~hle tae~ ~ss ~ade to d e t e r n i n e  the aee~raey of the h~,Iraulic dravdown 

forces eozputed in the previous ~es~n free pressures neasured at ~the 

center cf the ~te only. In the ~evlou8 tests it had been aHu~ed 

~hat the l~res~res near the eldes of the gate ~ere the e~m as at the 

center. It ~as necessary to cheek this asuu~ion, since the ma~nltu~e 
I 

dra~do~n van ~ueh au to ~ k e  a c o r r e c t  p red ic t~o~  from li C~ the h~draul io  

the ~odel studies essential. ~!i 

separa te  s tudy vae made to eva lua te  the ~e igh t  of t h e  gate  and 

the  k i n e t i c  f r i c t i o n .  The gate  was weighed and a c o r r e c t i o n  ~ad,~ fo r  

the  e f f e c t  of  buoyancy. The weight  was found to correepou~ ~ l o s e l y  

~ i t h  the es t imated  p ro to type  weight of  ~00~OOO pounds .  The ~ r in~ i~a l  

e~use of the f r i c t i o n a l  roein~ance eas  the  h o r i s e n t a l  f o r c e  due ~o  

water l~reeeure on the upe t rea~  fa~e o f  the ~ t e .  This p ressure  was 

p r a ~ t i c a l l y  cons tan t  o v e r  t h e  fa~e of  the  ga te  and e~u~l t o  the s t a t i c  

preseU~e~ neaev~ed in the gate well. The fri~tlonal resistance was 

expressed as the  ~rodust  of the  ~ e e ~ a r e  on the  gate  the a r ea  ~ .s 

10 
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by the gate eoa3.s, mad a eoeffiolent of klnetlo ~rle~len. ~hle eoef- 

flelent vu Aete~atned by loading the gate and nuamx'ing the force 

required ~o ~ove the ~ate along a horlgental surface. A eoefficlent of 

0.125 vas obtained (flgure 1O)vhieh I s  believed to be slightly large, 

as 8one rater rill flov under ~he seal8 vhen the gate is operating, a 

condition vhleh could not be du~lloated Inthe tests to deteraine the 

seefflelen~. A coefficient of kinetic frietlcn of 0.I0 vae selected.~ .... 

asking this ~thod of deternlning a coefficient of frletion a hatter of 

Judgment rather than precision. However, it v a s  pomelble to cheek this 

aesmzed coefficient. Since the force of/~resle~aaoe i s  opposite to,  the 

gate Rovement, the difference betveen t~ force required to raise the 

g~te and that to lover it is equal to  tvlee ~he frletional ~ resistance 

o f  t h e  g a t e .  D u r i n g  t h e  tes ts  to  s h a c k  ~he h ~ a u l t e  d ravdown,  t h e  

gate v~s o~er&~ed through ~ cycle of c los ing  and o~Jniag, Successfu l ly  

c h e c k i n g  t h e  f r i c t i o n a l  r e s i s t a n c e  b a s e d  on  s c o e f f i c i e n t  o f  0 . 1 0 ,  

A d d i t i o n e l , ~ e e t 8  y o r e  made t o  d e t e ~ a i n e  (1)  v h e t h e r  t h e  f r i c t i o n a l  

r e s i g t a n c e  w h i c h  t e n d e d  to  h ~ l d  t h e  ga~e ae  i t  a p p r o a c h e d  t h e  c l o s e d  

p o s i t i o n  would  be overcome when t h e  model  g a t e  was f i l l e d  v i ~ h  e o ~ c r e t e  

(fleers II), (2) the force necessary to close the gabs vlth the concrete 

re:eyed, an~ (3)the effect on dra~dovn of a skin l~late attached to 

upetres: lane of the gate(figure/12). 

Yigu~e 11 shove  t h e  r e s u l t s  o f  t h e  d ra~do~u  t e s t s  ~ d e  o n t h e  ~ a t e  

f i l l e d  ~ i t h ,  c o n c r e t e .  The o r d i n a t e  r e l ~ r e e e n t ~  t he  d~s~do~n f o r c e 8  on 

t h e  g a t e .  Th~ a b s c i e e ~  r e ~ r e e e n t s  t h e  g a t e  openLug i n  f e e ~ .  t h e  g a t e  

being vide e~en ~t ~ feet. The individual forces aotlng on the ~ate ~ 

are shown by the light ~ves. Xts velsht, shorn by a ho~Isen~ai line. 

Is independent of gate e~en~ngs. ~rhe frlctloaal resletanee to n~rement 

ie & ~i~ua when the ga~e is closed and acts in ~he o~oslte direction 

~o the ga'.e :cvezent. The h:rdraullc dravdowa force vas obtained f)o~ 

t h e  d a t a  s h o ~  on f i g u r e  ~ .  ~he su~ o f  t h e s e  f o r c e s  i s  8hnvn by  t h e  

hea~y  s o l i d  c u r v e s .  ~ h s n  t h e  g a t e  was b e i n g  o p e n e d ,  t he  n a x t ~  f o r c e  

o e e u r F e d  a t  a n  e p e n i n ~  o f  1E f e e t .  I n  t h e  p r o t o t y p e  t h i s  f o r c e  ~ o ~  

II 

3 

L 
/i 



/ -  

i 

be 1,800,000 pounds. Duri~ the closing cycle, the critical point was 

a t  an o p e n i n g  o f  abou t  3 i n c h e s  p r o t o t y p e .  The drawdown f o r c e s  r e d u c e d  

to zero, and a downward force was required to close the gate due to the 

frictional resistance of the model gate being greater than its effec- 

t lye we i@ht. 

Thi~ tc~al force curve was checked by measuring the forces actually 

r e q u i r e d  t o  o p e r a t e  t h e  g a t e  w h i l e  m a i n t e i n i m g  t h e  head  a t  165 f e e t .  

This check, shown by the heavy dashed curve, agrees reasonably well with " 

the computed curve over the major portion of the cycle of operation. • 
& 

~rom these remults, it would appear that the hydraulic drawdown force 

computed from the presmures recorded at the center of the gate is reason- 

ably reliable. Of particular interest in this check was the agreement 

at the two critical points, the maximum load on the hoist and ~the point 

at which t h e  frictional resistance prevents the gate from closing, Both 

of these points were checked satisfactorily, which indicates that 

prototype design, similar to the model, would not close by its own weight 

and would need alao a hoist eapaclty of I,~OO,OO0 pounds. However, the 

coefficient of kinetic friction of 0.IO in the model will not be the 

same i n  t he  p r o t o t y p e .  B e t t e r  m a t e r i a l  f o r  t h e  whee l s  aud s h a f t s  w i l l  

be ~eed and the coefficient of friction of the sealS, high in the model, 

will be slight in the prototype. Unfortunately, this prototype coeff{- 

cient cannot be obtained from the results of~gdel studies, and ~the 

a d v e r s e  f i g u r e s  g i v e n  above  a r e  o n l y  an i n d i c a t i o n  o f  t h e  p r o t o t y p e  

forces and are apt to be misleading if their limitations ~e not realized. 

This high frictional resistance in the model was the cause of some 

concern, and a test to estlm~te the actual force required to close th@ 

gate was desired. The concrete, not very effective because of its 

buoyancy, was removed and a 3/~-Inch rod installed in the gate in place 

of the hoist cable, enabling the gate to be pushed closed. The procedure 

on this test was similar ~o ~the ,test ms~e on the gate filled with con- 

crete. The forces acting on the gate were computed, and their sum was 

che~hed  by o p e r a t i n g  t h e  g a t e .  p r o v i d i n g  an a d d i t i o n a l  c h e c k  of t h e  

12 
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ooa~(:~t%ed ]~LL.a~l io d r a v i l o ~  f o r o e s .  The ~.ssl~lts o f  t h i s  cheek t o u t s ,  ,, 

shorn in  fib.are 12, were plotted as circled polnte to compare with the 

OOmlnated e ~ r e .  D i f f i c u l t i e s  w e r e  e n c o u n t e r e d  in  o p e n i n g  t h e  ga t e  anA 

t h e  r e m l l t e  do not  a~Tee as  w e l l  as  i n  t h e  ~ormer t ,~s t .  I t  wai~ found  

t h a t  t h o u l d  t h e  f r i c t i o n a l  r e s i s t a n c e  on t h e  p r o t o t y g e  be as  g r e a t  a s  

t h a t  o f  t h e  model ,  a f o r ~ e  of  180,000 poun~e would b e  necessa .~y to  c l o s e  

t h e  #:ate ( f i g u r e  12) .  

The f i n a l  t e s t  was made to  d e t e r m i n e  the  e f f e c t  o f  a s k i n  p l a t e  

an t h e  u p s t r e a m  f a c e  o f  t h e  g a t e .  As some t u r b u l e n c e  e x i s t e d  be tween  

t h e  beams o f  the  g a t e ,  i t  was t h o u g h t  t h a t  by smooth ing  t h e  f low a r o u n d  

t h e  g a t e ,  some e f f e c t  u s e s  t h e  i h y d r a u l i c  drawdown f o r c e s  cou ld  be 

n o t i c e d .  T h i s  t e s t  was s i m i l a r  to  t h a t  made to  f i n d  the  f o r c e  r e q u i r e d  

to  c l o s e  t h e  ~ a t e ,  e x o e p t i n ~  th,~ s k i n  p l a t e  was added to  i t s  u p s t r e a m  

f a c e .  The r e s u l t s  a~e a l s o  shown on f i g u r e  12, p l o t t e d  as c r o s s e d  

p o i n t s  i n  compar i son  w i t h  the  c i r c l e d  p o i n t s  o f  t he  p r e v i o u s  t e s t .  

The c o n d i t i o n s  o f  t e s t i n g  were i d e n t i c a l  '~o the  f o r m e r  t e s t ,  end the  

a~reement of the crossed points with the circled points indicates that 

~he skln pla~e was of no value in reduci~ the h~aulic drawdown 

f o r c e  S. 

~ATZ$ ~ITH SEATS OH UPSTREAM FAC~ - SERIES B 

The final design of the service and emergency gate~ developed in 

s e r i e s  A was a t  f i r s t  c o n s i d e r e d  s a t i s f a c t o r y ,  f o r  t h e  advan tage  o f  

havln~ both gates in the same well appeared to offset the dlsadvant~e 

of  t h e  l a r g e  dra~down f o r c e s  in  the  downstream s e r v i c e  g a t e .  These 

f o r c e s  were  e s t i m a t e d  to be 2 ,000 ,000  pounds unde r  a maximum h e a d  o f  
4 

1~0 f e e t .  Inasmuch as i t  would be d i f f i c u l t  to o b t a i n  h o i s t  mach ine ry  

h a v l n 6  t h e  r e q u i r e d  c a p a c i t y ,  i t  was n e c e s s a r y  to  r e d u c e  t h e  h ~ t r a u l i c  

d r a ~ o w n  f o r c e s  on the  g a t e .  Th ree  methods were propoeed~ (1) r e d u c e  

th= s i s e  o f  t h e  ~ a t e s ;  (2)  chan~e the  shape o f  t he  bo t tom o f  the  s e r v i c e  

g a t e ;  o r  (~) r e p l a c e  t h e  s e r v i c e  ~a t e  w i t h  one hav in~  s e a l s  on i t s  ul>- 

stream face. Each chs~e had its dlsadvanta~es. Reduoin~ ~he else of the 

~ t e s  i zwolved  ~ a n ~ i n ~  t h e  c r e e s  s e c t i o n  of  the  t u n n e l .  Ghau~lng the  

13 
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e h ~ e  o f  t h e  b o t t o m  v o ~ l d  l ~ O b a b l y  r e n l t  i"~ a s t r u c t u r a l l y  u n d e l i r a b l e  

shape similar to the original ~5~degree bottom. Replacing the service 

ga~e with one havin~ seals on its upetrea~ face required two separate 

gate wells. The service gate was replaced with one having seals on its 

upetresu, face and placed in a separate well. The elimination of the 

hydraulic drawdown forces which the tests verified was a distinct advan- 

ta6e. This new arrangement was considered better than that of series 

A even though two separate gate wells were required. The proposal to 

reduce the sise of the gates was also anceptable when it was demonstrated 

that the cross section of th~ tunnel could be changed advantageously 

without reducing the area. 

RL'V'ISIOI~S TO MOD]~L 

The single gate-well structure of series A. containing both the 

service and the emergency gates, was replaced by two etructILres, eac~ 

containing one gate only. These wells (ficare 13) will be located at 

stations  775+2o  776+17. Two identical model ga~es having upstream 

seals were constructed %0 be placed in these wells. To obtain a flew 

beneath each gate which would spring free from Its bottom, the skim 

plate on the upstream face of the gates protruded ])slow the last gizmo- 

rural beam a distance equivalent to one-half the beam eloacing. The 

lower beam could, therefore, be considered as the bottom of the ga~e, 

This was a simpler design than' the emergency gate of series A, which 

employed a sloping bottom, In that gate, the sloping bottom appee~red 

to create the turbulent flow which was observed in the tests; sad it was 

anticipated that the turbulence of flo~ passing under the new getee 

would be reduced by the pro tr~ilng skln plate. 

PERFOR~CE OF OAT~8 

I n  t e s t i n g  t he  new a r r a n g e m e n t ,  s t u d y  w a s  made o f  t h e  p r o s t a t e s  on 

t h e  gates, t h e  drawdovn and frictional ~oroes, p r o v i s i o n s  f o r  a e r a t i o n ,  

t h e  f l o w  u n d e r  t h e  g a t e s  and  t h r o u g h  t h e  w e l l ,  and  t h e  e i m n l t e ~ o u s  

o p e r a t i o n  o f  b o t h  g a t e s  t o  d e t e r m i n e  which  f ~ s m ~ l o n e d  ~e t%er  as  a 

service gate. 
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As a n t i o t p a t g d ,  t h e  preeeua-e~ on t h e  t o p  and b o t t o m  o f  t h e  g a t e s  

were a t m o s p h e r i c  u n d e r  n o r m a l  ope~&t i z~  c o n d i t i o n s .  However ,  when t h e  

~a%e was open gO pere~n~ or more and the t~nnel fille~ wlth water, air 

c o u l d  n o t  r e a c h  the  b o t t o m  of t h .  ~%e, and t h e  pressures became e l i g h t l p  

n e ~ a t i v e .  AI the  g a t e  o p e n e d  f u r t h e r ,  t he  l a r g e r  d i s c h a r g e  i n c r e a s e d  

the pTeseures in thG t~mnel and under th6 gate in the ~anner described 

in the tests of series A. 

The atmospheric pr-eeures on the top and the bottom of the gate 

indicated that no hydraulic drawdown existed. The operation of the gates 

confirmed this fact since onl~ enough force was required to overcome the 

kinetic frier ion. 

Although a downward force was still required to close the gate, the 

p l a c i n g  o f  t h e  s ~ l ~  on t h e  u p e t r e a ~  f a ~ e  was an a d v a n t a g e ,  f o r  t he  g a t e  

was o u t  of t h e  wa te r  and t h e  e f f e c t i v e  w e i g h t  a v a i l a b l e  to  overcome t h e  

f r i c t i o n  was mot r e d ~ e d  by ~ u o y a n c y .  I t  was t h o u g h t  t h a t  ~ h e  g a t e  would  

c l o s e  b y  i t s  own we igh t  i f  t h e  s l i d i n g  f r i c t i o n  b e t w e e n  t h e  g u i d e  t r a c k s  

and the guides were eliminated. These guides were replaned by ball- 

bearing ranes, which reduced the frictional resistanoe but not sufficiently 

~o p e r m i t  t h e  g a t e  to  c l o s e  by  i t s  own w e i g h t .  However ,  t h e  p r o t o t y p e  

s t r u c t u r e  s h o u l d  c l o s e  e a s i l y ,  f o r  i t s  f r i c t i o n a l  r e s i s t a n c e  to  movement 

w i l l  be  l e s s  t h a n  in  t h e  ~ o d e l .  I f  t h e  k i n e t i c  f r i c t i o n  i n  t he  p r o t o t y p e  

i s  t oo  l a r g e  a c l o s u r e  oazx b e  made by  o p e r a t i n g  b o t h  g a t e s  a t  t h e  same 

t i m e .  No m a t t e r  how g r e a t  t h e  r e s i s t a n c e  to  movement ,  t h e  d o w n s t r e a ~  

g a t e  w i l l  c l o s e  a l i t t l e  f a r t h e r  t h a n  t he  o t h e r ,  and when i t  does  t h e  

p r e s s u r e  f o r c e s  on t he  u p s t r e m e  g ~ t e  a r e  r e d ~ o e d ,  p e r m i t t i n ~  i t  to  c l o s e  

a l i t t l e  f a r t h e r  t h a n  t h e  f i r s t .  Tim mo~el g a t e s  were s u c c e s s f u l l y  

o p e r a t e d  in  this s~ner. 

Adequa t e  a e r a t i o n  was n e c e s s a r y  to  p r e v e n t ~ : ~ a t m o s p h e r i c  p ~ e s s u r e s  

and t o  v e n t  t h e  ~ n u e l  d o w n s t r e a m  f rom each  g a t e .  2 ¥  u s i n g  a g a t e  t h a t  

s e a l e d  on i t s  u p s t r e a m  f ~ o e ,  i t  was p o s s i b l e  t o  a e r a t e  t h e  t u n n e l  be low 

• y the gate well. However, the clearance between the downstream face of 
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the gate and the wall of the wellhad to be sufflclent to aerate the tun- 

nel and at the same time dralnwater that flows around the gate when the 

s e a l s  were n o t  s e a t e d .  In  the  d e s i g n  of. t he  u~s t r eam e m e r g e n c y  ga~e o f  

s e r i e s  A t h e  c l e a r a n c e  was oTer f i v e  f e e t .  In  t h e  new d e s i g n  t h i s  c l e a r -  

an@e was two f e e t ,  which was a d e q u a t e  u n d e r  a l l  c o n d i t i o n s  t e s t e d .  

The f l o w  emerging u n d e r  t h e  g a t e s  was smooth, i n d i c a t i n g  t h a t  a 

b e t t e r  g a t e  r e s u l t e d  by e r ~ e n d i n g  t h e  s k i n  p l a t e  a n d  e l L m i n a t i n g  t h e  

9 l o p i n g  b o t t o m  of s e r i e s  A. While t he  f low u n d e r  the  g a t e  ~as s a t i s -  

f a c t o r y ,  e d d i e s  a t  the s i d e s  o f  the  g a t e  w e l l  s i m i l a r  to f i g u r e  1 5  
! 

i n d i c a t e d  p o s s i b l e  n e g a t i v e  ~ r e s ~ u r e s .  I n  s e r i e s  A t h i s  c o n d i t i o n  was 

n o t  g i v e n  any  a t t e n t i o n  b e c a u s e  the  downstream s e r v i c e  g a t e  formed a 

c o n t r o l  a t  t he  downstream s i d e  which  kep t  the  p r e s s u r e s  i n  the  g a t e  v e i l  

p o s i t i v e .  However, ~ in  a e r i e s  B the  c o n t r o l  was on the  u p s t r e a m  f a c e  of  

the gates, so the eddies could indicate negative preswures in the gate 

well. Since these eddies could not be eliminated, their Inten|i~y was 

reduced by curving the downstream fa@e of the gate-well structure. 

Pressure tests to determine their effect were delayed until later (see 

par raph 

O b s e r v a t i o n s  were made on b o t h  g a t e s  to  deter~a4~ue which was  more 

s u i t e d  to  be t he  emergency g a t e .  The p r o c e d u r e  was t c  s e t  one g a t e  a t  

a p a r t i c u l a r  opening  to  r e p r e s e n t  a f o u l e d  s e r v i c e  g a t e ;  t he  o t h e r ,  

representing the emergency gate, was then c!oeed mlo~ly. Using the 

downstream g a t e  as the f o u l e d  s e r v i c e  g a t e ,  i t  was the  c o n t r o l  when 

the ~pstream gate was open and the upstream gate well was partially 

filled with water. As the upstream gate closed, a point was reached 

when the  c o n t r o l  s h i f t e d  to  i t  and the  column of  w a t e r  in  the  =ps t r eam 

w e l l  d r a i n e d  and normal a e r a t i o n  o c c u r r e d .  ~n t h i s  t e s t  no a d v e r s e  

drawtown f o r c e s  e x i s t e d  on t h e  u p s t r e a m  g a t e ,  even when t h e  g a t e  w e l l  

was f i l l e d  w i t h  wa te r  and. t h e  c o n t r o l  was a t  t h e  downs t r eam g a t e .  How- 

e v e r ,  shou ld  the  upe t resu l  g a t e  be c l o s e d  too r a p i d l y ,  t h e  column of  

w a t e r  in  i t s  w e l l  would not  have  s u f f i c i e n t  t ime t o  d r a i n ,  r e e n l t i n g  

i n  a downward f o r c e .  
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When t h e  u p s t r e a m  g a t e  r e p r e s e n t e d  t he  s e r v i c e  g a t e  f o u l e d  a t  a 

g i v e n  o p e n i n g ,  i t  was n e c e s s a r y  t o  l o w e r  t h e  downs t r eam g a t e  i n t o  t h e  

r a p i d  f l o w  e m e r g i n g  f ~ m  ~ d e r n e a t h  t h e  u p s t r e a m  g a t e .  T h i s  f low impa~ted  

on t h e  f a c e  o f  t h e  downs t ream g a t e ,  and  w h i l e  no a d v e r s e  c o n d i t i o n s  were 

a p p a r e n t  i n  t h e  model ,  i n  t h e  p r o t o t y p e  t he  J e t  s t r i k i n g  t he  g~te  m i g h t  

c ause  v i b r a t i o n .  The downs t r eam g a t e  was c l o s e d  r a p i d l y  s e v e r a l  t i m e s .  

T h i s  r ~ p i d  c l o s u r e  caused  a sudden  i n c r e a s e  in  p r e s s u r e  u p s t r e a m ,  e v i -  

d e n c e d  by  a r u s h  o f  wa te r  t h r o u g h  th~  ~ p s t r e a m  g a t e  w e l l  w h i c h  was 

p o w e r f u l  enough  t o  wash o u t  t h e  u p s t r e a m  g a t e .  In  t h e  p r o t o t y p e  t h e  

g a t e s  must  be l o w e r e d  s l o w l y  so t h a t  t h i s  c o n d i t i o n  w i l l  n o t  oc~s~r.  

The t e s t s  i n d i c a t e d  t h a t  e i t h e r  g a t e  c o u l d  be  o p e r a t e d  a s  t h e  merv i ce  

g a t e ;  and i t s  s e l e c t i o n  a h o n l d  d e p e n d  m a i n l y  u p o n  t h e  f a c t  t h a t  t h e  down- 

s t r e a m  g a t e  w i l l  be a c c e s s i b l e  f o r / r e p a i r s  when t h e  u p s t r e a m  g a t e  i s  

c l o s e d .  

REDUCTION OF GATE SIZE 

By eliminating the hydraulic drawdown forces, the hoist capacity 

required to operate the gates was reduced approxlza~ely 50 percent. 

Nevertheless, the welgh~ of the gate ar~i the kinetic friction maybe ae 

g r e a t  as  5 0 0 , 0 0 0  pounds ;  and to  r e d u c e  t h e s e  f o r c e s ,  t h e  u s e  o f  a s s m l l e r  

gate was suggested. This required a change in the cross section of the 

t u n n e l  a t  t h e  g a t e s ,  a chan~e l i m i t e d  by  t h e  r e q u i r e m e n t  t h a t  t h e  c r o s ~ -  

s e c t i o n a l  a r e a  t h r o u g h o u t  t he  t u n n e l  be t h e  same to  p r e v e n t  ~ny c o n m t r i ~ -  

t i o n  which  m i g h t  r educe  t h e  q u a n t i t y  o f  f low t h r o u g h  t he  t u n n e l .  A 

t r a n s i t i o n  25 f e e t  l ong  was u s e d  to  c h a n g e  t h e  33- by 2 5 - f o o t  h o r s e s h o e  

shape  o f  t h e  t n u n e l  to  a 1 9 . 5  b y  2 ~ - f o o t  r e c t a n g u l a r  s e c t i o n  which  has  

the same area but permits the use of a narrower gate (figures I~ and 15A). 

The diversion tunnel model was revised to include this change. In 

the new gates ball-bearlng rases were used in place of the brass wheels 

with steel shafts used in the former testa. This eliminated the frio- 

tlonal resistance, permitting the gate to close easily. As it was 

anticipated that this would be the final design, pie2ometers were instal- 

led in  the  g a t e ,  in  the  g a t e  s l o t ,  and i n  t h e  t r a n s i t i o n  s e c t i o n s  o f  t h e  
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t u n n e l .  S ince the  p ressures  were f ! u c t ~ a t t n g ,  a s e n s i t i v e  e l e c t r i c  

p ressu re  gage was used i ns tea~  o f  wa te r  manometers, -~ 

The p r e s s u r e s  on the £ate  bot tom were a tmospher ic .  In  t h e  gate 

s l o t  where eddies occurred (fl~re i~), the pressures fluctuated con- 

s i d e r a b l y ,  and, while they were usually positive, negative pressures as 

great as i0 feet (prototype) were recorded. 3e~ative pressures were 

a lso  observed on the ~ovnstre~m side o f  the sea l s .  I [owevsr,  no preer,~res 

l e s s  t h a n - 1 0  f ee t  were reoorde~ ,  f o r  the a i r  e n t e r i ~  the g a t e - w e l l  

s t r u c t u r e  v e n t e d  t h i s  r e g i o n .  The t r a n s i t i o n  s e c t i o n s ,  b o t h  u p s t r e a m  

and downstream from the  g a t e s ,  were  f r ee r  from n e g a t i v e  p r e s s u r e s .  

A c l e a r a n c e  of  2 f e e t ,  p r o t o t y p e ,  was p r o v i d e d  be tween  the  down- 

s t r e a m  f a c e  o f  the  g a t e s  and t h e  w a l l  o f  t h e  w e l l  to p e r m i t  a e r a t i o n  

o f  t h e  t u n n e l  be low.  Both  g a t e s  a ~ t i n E  t o ~ e t h e r  behaved  in  t h e  manner 

d e s c r i b e d  i n  s e c t i o n  12, a l t h o u g h  t h e  g a t e s  c l o s e d  e a s i l y .  The b a l l -  

b e a r i n g  r a c e s  had on ly  a s l i g h t  r e s i s t a n c e  compared w i t h  the  b r a s s  

wheelM with steel shafts which were used in previous te~ts. 

Only one a~verse condition was observed. When the gates were wide 

open they moved upstream. This movement was caused by the flow under- 

n e a t h  t h e  g a t e ,  in a manner s ~ l l a r  to  the  a ~ t l o n  of  a J e t  pump, which 

removed t h e  w a t e r  between the  u p s t r e a m  f a c e  o f  the  g a t e  and the  g a t e - w e l l  

s t r u c t u r e .  Consequen t ly ,  the  p r e s s u r e s  on t h e  downstream f a c e  o f  t h e  

g a t e  were  g r e a t e r  than  t h o s e  on i t s  ~ p s t r e a m  f a c e ,  The r e s u l t i n ~  f o r c e ,  

which moved t h e  model g a t e  u p s t r e a m ,  y e s  e s t i m a t e d  to  be 300,000 ponuds ,  

• f f i c i e n t  to  damage the s e a l s  in  t h e  p r o t o t y p e .  I f  t h e  g a t e s  a r e  n e v e r  

opened more than 2~ feet, I0 inches of the full gate opening of 25 feet, 

this upstream movement will not occur. This small closure does not 

noticeably reduce the maximum d~schsrge capacity. 

A final check on the hydraulic dra~down forces was made at openings 

from 90 to I00 percent, b~en the £ate was 90 percent open, water filled 

t h e  t u n n e l  and rose In~,o t h e  g a t e  w e l l ,  p r e v e n t i n g  a e r a t i o n  on the  bot tom 

o f  t he  g a t e .  I t  was f e a r e d  t h a t  u n d e r  t h i s  c o n d i t i o n  n e g a t i v e  p r e s s u r e s  

would o c c u r  0 c a u s i n g  a h y d r a u l i c  d r ~ d o w n  f o r c e .  Slig~ht n e g a t i v e  p r e s s u r e s  
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did exist| b~t, as the gate well filled with water, the uplift due ~o 

buoyancy  more tl~an o v e r c a a e  a n y  r e s u l t i n g  dravdovn f o r c e .  

DISCHARGE STUDI~.S 

~hen  t h e  d i v e r s i o n  t u n n e l  i s  in  u s e ,  r e g u l a t i o n  o f  the  f low o f  the  

Sacramento  R i v e r  w i l l  be  ~a~e a t  t h e  s e r v i c e  g a t e .  One of t h e  p u r p o s e s  

of  the  model  s t u d i e s  was to  p r o v i d e  d i s c h a r g e  d i ag rams  showing t h e  r e l a -  

t i o n  between discharge and reservoir elevation for various gate openings 

(figure 17). Diseharge stabiles were made on the original design ~o obtain 

prelizlnary rating curves. When the final design w~s evolved, corrected 

and revised rating c~rves were obtained. Although discharge calibrations 

were made only on the original and fin~l design, checks were made ~o be 

c e r t a i n  t h a t  the  s e v e r a l  r e v i s i o n s  of  t he  g a t e s  d id  no t  m a t e r i a l l y  r e d u c e  

t h e  t o t a l  c a p a c i t y .  

The f i n a l  r a t i n g  c u r v e s  were  c o r r e c t e d  and r e v i s e d  t o  e l ~ i n a t e  t h e  

d i s s i n i l i t u d e  between t h e  model and t h e  p r o t o t y p e  as  n o t e d  in  s e c t i o n  4.  

The method o f  c o r r e c t i n ~  t h e  model  d a t a  was to  e s t a b l i s h  s i m i l i t u d e  a t  

t he  s e r v i c e  g a t e  by c o r r e c t i n g  the  e n e r ~  head f o r  a g iven  d i s c h a r g e .  

For  any  g i v e n  g a t e  opening and d i s c h a r g e ,  t h e  c o r r e s p o n d i n ~  r e s e r v o i r  

head was equa l  to the  s l ~  o f  t h e  e n e r g y  heacl a t  t he  g~ te  and the  h y d r ~  

l o s l e s  u p s t r e a m .  I t  was u n n e c e s s a r y  to  c o n s i d e r  t h e  t y p e s  o f  f low in  

the model and prototype since their Roy noldsl numbers, Rd, were well 

above the  cri%Ical r e g i o n .  

l~ was necessary to correct the energ~r hea~l at the gate only when 

it was wide e!oen, since the gate acted as a control at partial openly. 

This correction was made by changing the slope of the tunnel. 

The hydraulic losses in the prototype upstream from thegate, 

necessary to determine the reservoir hea~, were estimated to be 

¥2 

0.59 ~ which included an entrance loss, He~ of O.~O a~ a 
2g 

of  0 .19  _--~- The e n t r a n c e  l o s s ,  H e, was an estl~te, frictional l o s e  
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baged upon the ooefflclents by Eing; and ~h~ frictional lose was oalcu- 

-~ where d wa. as~msne~ to be four 
fated from the feraula f ~- 2g 

t i m e s  t h e  h y d r a u l i c  r a d i u s  o f  t h e  h o r s e s h o e - s h a p e d  t u n n e l  s e c t i o n .  The 

f r i c t i o n  f a c t o r  f s e l e c t e d  f r o m  c u r v e s  b a s e d  ~rpon t h e  v a l u e s  o f  R e y n o l d s  I 

number  R d was 0o005 f o r  t h e  p r o t o t y p e  and 0 . 0 1 ~  f o r  t h e  mode l .  T e s t l  

showed t he  f r i c t i o n  f a c t o r  o f  t h e  model  t o  be  0 . 0 1 ~ .  ~ 

The rating curveB, ~g~re 17, are more a~curate at small ~ate open- 

ings, for the h~raullc losses upstream from the gate will be ~ll 

compared  w i t h  t h e  t o t a l  h e ~ i  and e r r o r s  i n  the  c o m p u t a t i o n  o f  t h e s e  l o s a e u  

are negligible. 

F. C. Lowe. 
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