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CHAPTER I - INTRODUCTION 

Purpose of studies. Coaster gates will be used for emergency clo- 

sure of  t h e  i n t a k e s  o f  t h e  p e n s t o c k s  f o r  t h e  main power u n i t s  a t  @rand 

Coulee Dam; t h e  p e n s t o c k s  a t  S h a s t a  Dam; t h e  1 0 2 - i n c h  d i a m e t e r  o u t l e t s  in  

t h e  s p i l l w a y  s e c t i o n  a t  S h a s t a  Dam; t h e  l l O - i n c h  d i a m e t e r  r i v e r  o u t l e t s  

a t  F r i a n t  Dam; t h e  l l O - i n c h  d i a m e t e r  F r i a n t - X e r n  Canal  o u t l e t s ;  t h e  91- 

i n c h  d i a m e t e r  F r i e n t - M a d e r a  Canal  o u t l e t s ;  and t h e  power p e n s t o c k s  a t  

Davis  Dam. These c o a s t e r  g a t e s  o p e r a t e  on m e t a l  t r a c k s  and g u i d e s  embed- 

ded in  c o n c r e t e  on t h e  u p s t r e a m  f a c e  o f  t h e  dams and w i l l  be r a i s e d  or  

l o w e r e d  by m e c h a n i c a l  or  h y d r a u l i c  h o i s t s  a t  t he  top o f  the  dam. A l t h o u g h  

d e s i g n e d  a s  emergency  c l o s u r e  g a t e s ,  t h e y  w i l l  n o r m a l l y  be u s e d  f o r  un-  

w a t e r i n g  the  p e n s t o c k s  and  o u t l e t s  t o  p e r m i t  i n s p e c t i o n  and  m a i n t e n a n c e  

of  t h e  c o n d u i t s ,  and  the  t u r b i n e s  and  v a l v e s  i n s t a l l e d  i n  them. Fo r  such 

u s e  t h e y  w i l l  be opened and  c l o s e d  u n d e r  c o n d i t i o n s  o f  b a l s n c e d  h y d r o -  

s t a t i c  p r e s s u r e  on b o t h  s i d e s  o f  t h e  ga~e and  w i t h  no f l o w  t h r o u g h  the  

p e n s t o c k s  o r  o u t l e t s .  Under  e m e r g e n c y  c o n d i t i o n s ,  however ,  t he  g a t e s  ,my 

have t o  be c l o s e d  w i t h  l a r g e ,  u n b a l a n c e d  h y d r o e t s t i c  h e a d s  on t h e i r  up-  

stresun s i d e  and w i t h  maximum f l o w  t h r o u g h  t h e  p e n s t o c k  o r  o u t l e t .  

The d e s i g n  o f  a c o a s t e r  g a t e  and  i t s  h o i s t  i e  b a s e d  l a r g e l y  upon 

f o r c e s  a c t i n g  on t h e  g a t e  due to  t h e  u n b a l a n c e d  p r e s s u r e s  which  w i l l  

e c l a t  d u r i n g  an e m e r g e n c y  c l o s u r e .  When t h e  g a t e  i s  c l o s e d  s u f f i c i e n t l y  

to  become a d e f i n i t e  c o n t r o l ,  t he  h y d r o s t a t i c  h e a d  on t h e  u p s t r e a m  s i d e  

of  t h e  g a t e  w i l l  be ~upp lemented  by e u b a t m o s p h e r i c  p r e s s u r e s  on i t s  

downs t ream s i d e .  The f rame o f  t h e  g a t e  ~ u s t  be s u f f i c i e n t l y  s t r o n g  to  

r e s i s t  t h e  r e s u l t a n t  f o r c e  which p u s h e s  i t  a g a i n s t  the  f a c e  o f  t he  dam, 

and the rollers upon which the gate is mounted must have a low frictional 
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resistance or the gate cannot be lowered into position. In addition to 

this force another termed the hydraulic downdraw force occurs. This 

downward pull on the gate is caused by the increase in velocity as the 

flow passes under the gate and into the penstock, thereby reducing the 

pressures on the gate bottom. Consideration of the downdraw in the 

design of the gate hoist is important, for this force increases the load 

on the hoist and may be equal to or greater than ~he weif, ht of the gate. 

Unfortunately, calculations of the hydraulic downdraw force only 

approximate its magnitude. Since the pressure reduction at any point on 

the gate bottom is equal to the velocity head at tl~t point, calcula- 

tions of downdraw must be based upon the velocity distribution underneath 

the ga~e. But the flow pattern under a gate describing the velocity dis- 

tribution must be assumed, and will vary with the gate opening and the 

shape of the gate bottom~ Nevertheless. an approximation of the downdraw 

was considered satisfactory in the design of the hoists for the penstock 

coaster gates at Grand Coulee Dam, the first large coaster gates built 

by the Bureau of Reclamation. At Shasta Dam, however, the estimated 

downdraw on the outlet coaster gates was so large that the total load on 

the hoist was about 30 tons in excess of the permit~sible load. The hoist 

was to be a 150-ton gantry crane operating on the bridge across the spill- 

way section of the dam. The capacity of this crane was determined, not 

by the forces on the gate but by the strength of the bridge upon which it 

operated. Therefore, it became necessary to reduce the downdraw, for 

other forces on the hoist, such as the weight of the gate, could not be 

materially reduced. The accuracy of the estimated downdraw under such 

restrictions was questionable. 

Hydraulic model studies were instlgated to check the computed down- 

draw and to study the effect of the shape of the gate bottom on its 

magnitude. These tests showed the iowndraw to be underestlmatel. ~y 

replacing the sloping bottom of the original design with a flatbottom 

with an extended lip below its downstream edge and placing a recess in 

the face of the dam above the outlet entranco, it ~as possible to reduce 

t h e  downdraw t o  about 3~ t o n s .  
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S i n c e  t h i s  r e v i s e d  b o t t o m  shape  was s t r u c t u r a l ~  b e t t e r  t h a n  t h e  

s l o p i n g  b o t t o m s  o r i g i n a l l y  d e s i g n e d  f o r  t h e  p e n s t o c k  c o a l t e r  g a t e s  a t  

S h a s t a  a n d  Davis  Dams and  t h e  o u t l e t  c o a s t e r  g a t e s  a t  Y r i a n t  Dam, t h e  

model s t u d i e s  were c o n t i n u e d .  A f l a t b o t t o m  g a t e  w i t h  an  e x t e n d e d  l i p  

be low i t s  downst ream edge was u s e d  i n  a l l  d e s i g n s .  In  a d d i t i o n ,  t h e s e  

s t u d i e s  were u s e d  to  c h e c k  t h e  do~mdraw on t h e  p e n s t o c k  c o a s t e r  g a t e s  

a t  Grand Coulee  Dam to  a s c e r t a i n  i f  t e m p o r a r y  h o i s t s  o f  l i m i t e d  c a p a c -  

i t y  c o u l d  be u s e d .  The r e s u l t s  o f  t h e s e  model  s t u d i e s  can  be a p p l i e d  

to  f u t u r e  d e s i g n s  o f  s i m i l a r  c o a s t e r  g a t e s .  

D e s c r i p t i o n  o f  c o a s t e r  ~ a t e s .  B a s i c a l l y ,  a c o a s t e r  g a t e  i s  a b u l k -  

h e a d  moun ted  on w h e e l s  o r  r o l l e r s  so i t  can be  l o w e r e d  i n t o  p o s i t i o n  

u n d e r  u n b a l a n c e d  p r e s s u r e s .  The te rm was f i r s t  u s e d  to  b e t t o r  d e s c r i b e  

t he  emergenc~r g a t e s  f o r  t he  main  u n i t  p e n s t o c k s  a t  02-and Coulee Dam a n d  

s u b s e q u e n t l y  to  d e s c r i b e  t he  s i m i l a r  emergency  g a t e s  a t  S h a s t a ,  Y r i a n t ,  

and  D a v i s  Dams. A l l  o f  t h e s e  g a t e s  a r e  l o w e r e d  down t h e  u p s t r e a m  f a c e  

o f  t h e  dams to  c l o s e  t h e  e n t r a n c e s  o f  t h e  o u t l e t s  and  p e n s t o c k s .  A 

sy~ecia l  d e s i g n a t i o n  was n e c e s s a r y  b e c a u s e  s i m i l a r  g a t e s ,  l o w e r e d  down the 

f a c e  o f  a dam, a r e  u s e d  a t  many i n s t a l l a t i o n s .  However ,  few o f  t h e s e  

g a t e s  were  d e s i g n e d  to  c l o s e  u n d e r  l a r g e  u n b a l a n c e d  h e a d s  as  y o r e  t he  

c o a s t e r  g a t e s .  I n ~ t e a d ,  t he  e n t r a n c e s  o f  many p e n s t o c k s  and some o u t -  

l e t s  were  p u r p o s e l y  p l a c e d  c l o s e  t o  t h e  w a t e r  ~ u r f a o e  o f  the  dam so t h e  

h e a d  wou ld  be low; a t  o u t l e t s  where t h i s  was n o t  p o s s i b l e ,  e m e r g e n c y  

s l i d e  g a t e s  were o f t e n  p l a c e d  i n  the  c o n d u i t  i m m e d i a t e l y  u p s t r e a m  f rom 

t h e  r e g u l a t i n g  v a l v e s .  I n  e i t h e r  c a s e ,  i f  a g a t e  w a s  l o w e r e d  down t h e  

f a c e  o f  t h e  dam to  c l o s e  t h e  e n t r a n c e  o f  the  o u t l e t  or  p e n s t o c k ,  i t  

would be more sim~le in design than a coaster gate. 

Since the coaster gates at @rand Coulee, Shasta, Friant. and Davis 

Dams are used at both power penstocks and at outlets, they were called 

p e n s t o c k  c o a s t e r  g a t e s  and  out, le t ,  c o a s t e r  g a t e s .  T h i s  s e g r e g a t i o n  o f  

t y p e s  was made b e c a u s e  t h e  fo rm o f  t h e  p e n s t o c k  e n t r a n c e s  was d i f f e r e n t  

f rom t h a t  o f  t h e  o u t l e t  e n t r a n c e s .  The p e n s t o c k  e n t r a n c e s  were r e c t a n -  

g u l a r ,  w i t h  a t r a n s i t i o n  s e c t i o n  i m m e d i a t e l y  d o w n s t r e a m  to  t he  c i r c u l a r  

p e n s t o c k .  The top  and  t h e  b o t t o m  were b e l l m o u t h  shaped ,  b u t  t h e  s i d e s  

were equ~re-edged, J(aesive concrete columns were placed at ,qach side of 



the entrance in such a manner that they placed the gate in a slot. To 

reduce entrance losses, these columns formed streamlined lips in front of 

the gate in line with the square sides of the entrance (Figure i). 

The outlet entrances were simple in comparison, being circular bell- 

mouths flush to the face of the dam. No massive columns were placed at 

the side of the gate, and, on the whole, there were comparatively few 

restrictions to the flow into the outlets. The difference in the entrance 

designs of the outlets an~ penstocks was based largely upon their size sad 

funct~ on. The penstock entrances were rectangular vith square sides so 

t h a t  t he  o p e n i n g s  which  t h e  g a t e s  had  t o  span  w o u l d  be  a s  n a r r o w  a s  p o s s i -  

b l e .  This w a s  necessary, since the penstocks are large. If the 18-foot 

diameter penstocks at Grand Coulee Dam had a bellmouth entrance similar 

to the entrance of the 102-inch (g-I/2-foot) diameter outlets at Shasta 

Dam, t he  c o a s t e r  g a t e s  w o u l d  have  to  span  a 2 4 - f o o t  o p e n i n g .  By u s i n g  a 

r e c t a n g u l a r  open ing ,  t h e  span  was r e d u c e d  t o  1~ f e e t .  A r e c t a n g u l a r  

o p e n i n g  was s a t i s f a c t o r y  a~ t he  p e n s t o c k  e n t r a n c e s  s i n c e  t he  f l o w  i n t o ~ t h e  

p e n s t o c k s  was n o r m a l l y  a t  low v e l o c i t i e s  so t h a t  p r e s s u r e  d r o p s  and  l e e s  

i n  h e a d  t h r o u g h  the  p e n s t o c k s  wou ld  b e  s l i g h t .  On t h e  o t h e r  hand ,  a r e c -  

t a n g u l a r  entreLuce a t  t h e  o u t l e t s  wcmuld n o t  b e  s a t i s f a c t o r y  b e c a u s e  t h e  

f l o w  t h r o u g h  them i s  a t  h i g h  v e l o c i t y ,  and  t h e  c i r c u l a r  b e l l m o u t h  e n t r a n c e  

was n e c e s s a r y  to  p r e v e n t  n e g a t i v e  p r e s s u r e s  f rom d e v e l o p i n g  a t  t h e  o u t l e t  

e n t r a n c e .  

A l t h o u g h  c a l l e d  p e n s t o c k  c o a s t e r  g a t e s  and o u t l e t  c o a s t e r  g a t e s ,  t he  

g a t e s  a r e  s i m i l a r .  The f r a m e  o f  a g a t e  c o n s i s t s  o f  ~ v e r a l  h o r i z o n t a l  

beams p l a c e d  b e t w e e n  two v e r t i c a l  beams .  £ s k i n p l a t e  i s  a t t a c h e d  t o  t h e  

d o w n s t r e a m  s i d e  o f  t he  f r a m e .  T h i s  f r a m e  i s  moun ted  on r o l l e r s  l i n k e d  

together to form roller trains. These rollers lie between the tracks on 

the face of the dam and the skinplate of the gate; so the gate seal~ have 

to be projected to contact the seal-seats on the face of the dam. The 

coaster gates were originall~ desired with sloping bottoms. 

Scope of tests. Initially, the investigations were concerned with 

t h e  o u t l e t  c o a s t e r  g a t e s  a t  S h a s t a  Dam. T e ~ t s  on a I : I T  s c a l e  mode l  o f  

the original design revealed the downdraw to be excessive. It was shown 

that if the sloping bottom of the ~ate were extended pat~t the skinplate 

4 
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to  t he  f a c e  o f  t he  dam, t h e  f o r c e  c o u l d  be r e d u c e d  to  a r e a s o n a b l e  f i g u r e .  

However,  t h i s  r e v i s i o n  m~de the  g a t e  u n s a t i s f a c t o r y  s t r u c t u r a l l y ;  so a 

f l a t b o t t o m  g a t e  w i t h  a l i p  e x t e n d i n g  be low t h e  downs t ream edge was p r o -  

posed .  T e s t s  showing  the  v a r i a t i o n  o f  downdraw w i t h  l i p  e x t e n s i o n  revea led  

t h i s  t y p e  to  be p r a c t i c a l ,  a s a t i s f a c t o r y  s t r u c t u r a l  d e s i g n  w h i c h  would  

no t  d e v e l o p  an  e x c e s s i v e  down&raw. A c c o r d i n g l y ,  i n  t h e  f i n a l  d e s i g n  f o r  

t he  o u t l e t  c o a s t e r  g a t e  a t  S h a s t a  Dam t h i s  t y p e  o f  g a t e  b o t t o m  was u s e d .  

The scope of the investigations was extended to include sufficient 

tests to estimate the down&raw on similar coaster gates at the outlets of 

F r i a n t  Dam and i n  t h e  p e n s t o c k s  o f  S h a s t a  and Dav i s  Dams. A s t u d y  o f  

o u t l e t  c o a s t e r  g a t e s  was made f i r s t ,  u s i n g  t h e  1 :17  S h a s t a  model ;  t h e n  a 

s t u d y  of  p e n s t o c k  c o a s t e r  g a t e s  was made,  u s i n g  a 1 :30  m o d e l o f a  S h a s t a  

p e n s t o c k  and  i t s  c o a s t e r  g a t e .  

The t e s t s  on t h e  o u t l e t  c o a s t e r  ~ a t e  a t  S h a s t a  Dam i n c l u d e d :  (1 )  

the  d e v e l o p m e n t  of  t he  f i n a l  d e s i g n  of  t h e  g a t e  u s i n g  a f l a t  b o t t o m  w i t h  

an  e x t e n d e d  l i p ;  (2)  a c o r r e l a t i o n  o f  t h e  dew.draw o b t a i n e d  by b o t h  

p r e s s u r e  and  f o r c e  m e a s u r e m e n t s ;  (3)  t h e  e f f e c t  upon downdraw o f  t he  

~zsset plates which support the e~xtended lip; and (4)the effect of a 

receos in the face of the dam above the outlet entrance. The effects of 

(i) the outlet exit, (2) restriction of flow through the outlet, (3) the 

th/ckneos of the gate, (~) the proximity of the trashrack based (5) the 

length of the lip extenolon, and (6) the radius of the upstream edge of 

t he  b o t t o m  were s t u d i e d  i n  a d d i t i o n a l  t e s t s  upon t h e  downdraw on o u t l e t  

coaster gates. Through these stud~lee it is believed that the downdraw 

force can be estimated on any coaster gate with a flat bottom and extended 

lip which closes an outlet having a circular bellmouth entrance. 

The penstock coaster-gate tests included: (i) the original design 

of the Shasta Dam installations; (2) a study of flatbottoln, extended-lip 

type of gates; (3) the effect upon downdraw of holes in the gate bottom; 

and (~) the final design of the 3hasta Dam coaster gate. The downdraw on 

the penstock coaster gates at Davis Dam and at @rand Coulee Dam was 

estimated from the model tests of the Shasta penstock coaster gate. 

By comparing the behavior of a gate with a 45-degree eloping bottom 

used aea penstock gate with a similar installation as an outlet gate, 

i t  was shown t h a t  t h e  two c a s e s  r e q u i r e d  s e p a r a t e  t r e a t m e n t .  

6 



• o~unar~r o f  t e s t s .  The h y d r a u l i c  downdraw f o r c e ,  a c t i n g  on t h e  g a t e  

h o i s t ,  i s  an  i m p o r t a n t  f a c t o r  i n  t h e  d e s i g n  of  a c o a s t e r  ga~e b e c a u s e  i t  

i s  l a r g e ,  somet imes  e x c e e d i n g  t h e  w e i g h t  of  t h e  g a t e .  T h i s  f o r c e ,  a 

~ r e s s u r e  r e d u c t i o n  on the  g a t e  b o t t o m ,  i s  c a u s e d  b y  f l o w  p a s s i n g  u n d e r  

t he  g a t e  and  i n t o  t h e  p e n s t o c k  or  o u t l e t .  A l t h o u g h  the  p r e s s u r e  r e d u c -  

t i o n  a t  a n y  p o i n t  i s  e q u a l  t o  the  v e l o c i t y  h e a d  a t  t h a t  p o i n t ,  e s t i m a t e s  

of downdraw cannot be precise because of the uncertainties of the velocity 

distribution under the gate. Therefore, when estimates indicated a down- 

draw of 160,000 pounds on the coaster gate for the outlets at Shasta Dam, 

which was excessive, hydraulic model studies were used to check the 

e s t i m a t e  and  to  r e v i s e  t he  g a t e  d e s i g n  to  r e d u c e  t h e  downdraw. 

Pressure measurements on a 1:17 model indicated a downdraw of 26o.o0o 
pounds. However, the estimate of 160,000 pounds assumed a recess in the 

face of the dam to balance pressures on projected seals. As i~ was appar- 

ent that a recess alone was inadequate, the effect of the shape of the 

gate bottom on downdraw was first steadied and t~e effectiveness of a 

recess determined after a final design was obtained. 

In this test on the original design, the maximum downdraw was observed 

to occur at about the same opening where the gate became a definite con- 

trol, that is, when pressures immediately downstream from the gate changed 

from positive to negative by a slight closing of the gate .... 

The spring point of the Je~ was at the downstream edge of the slop- 

ing portion of the gate bottom. On this sloping portion pressures were 

high, while pressures on an 8-3/8-inch space between the spring point and 

the face of the dam were low. To eliminate these low pressures, the 

sloping bottom was extended to place the spring point close to the face 

of the dam. The downdrew was reduced to 103,000 pounds, although the 

design was not structurally desirable. This revision demonstrated the 

importance of placing the spring point close to the face of the dam. 

A flatbottom gate having an extended lip below its downstream edge 

was studied. The lip was supported by gusset plates. The upstream edge 

of the flatbottom was curved on a 9-inch radius to increase pressures on 

it, and the bottom of the lip was beveled at ~5 degrees to place the 

spring point at its downstream edge. Later, this betel was changed to 

~7 ~egreee 20 minutes. To have a maximtun down&raw of i00,000 pounds, a 

? 
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lip extension o f  17 inches would be necessary. This extension would be 

t o o  g r e a t  f o r  t h e  S h a s t a  g a t e .  

Nevertheless, the flatbottom, extended-lip type was so desirable 

structurally that other designs were tested. Design 3, having a lip 

extension of 10-3/~ inches and a radius of 7-1/2 inches at the upstream 

edge of the bottom, developed a downdraw of 130,000 pounds. Design ~, 

having a 12-inch extension and a 2-inch radius, developed a downdraw of 

150,0OO pounds. Design 5, the final design, having a 14-1/2 inch ~sxten- 

sion and a 9-inch radius, developed a downdraw of I13,OO0 pounds. 

This force, obtained by pressure measurements, was closely checked 

by force measurements; however, on a second gate, designed for force 

measurements, the maximum was 139,000 pounds. This difference was due 

largely to llp clearance, for on the first gate the clearance was zero, 

while on the second gate the clearance was 0.85 inch. When a clearance 

of 0.50 inch was established for the prototype, the maximum downdraw was 

revised to 123,0OO pounds for the first gate and 130,000 pounds for the 

second. Tests showed that a reasonable number of gusset plates could be 

used to support the extended lip without affecting downdraw. 

The effectiveness of a recess in the face of the dam above the out- 

let entrance was studied. The purpose of the recess was to balance 

pressures on the upper projected seal because unbalanced pressures on 

this seal exerted a large downward force. It was found that a recess 

could be completely effective except when the gate was nearly wide open. 

It is recommended that the depth Be at least three times the seal pro- 

Jection. A shallow recess, l-l/3 times the seal projection, was made 

effective by using a curved edge above the seal. The use of a recess 

will reduce the downdraw on the outlet coaster gate for Shasta Dam to 

70,000 pounds. However, it should be constructed eo as not to be effec- 

tive at small openings, to avoid an uplift force which would prevent the 

gate from closing. The effectiveness of using a recess su~ests the 

possibility of deaigruing a coaster gate which wc~ld have no downdraw. 

To u s e  t h e  d a t a  f r o m  S h a s t a  t e s t s  t o  e s t i m a t e  t he  downdraw on t h e  

coaster gates for Yriant Dam, and for a general study, additional fea- 

tures elf acting downdraw were studied. The effective heed on the gate 

8 



° 

s h o u l d  i n c l u d e  any  d rop  i n  e l e v a t i o n  b e t w e e n  t h e  e n t r a n c e  and t h e  e x i t  

o f  t h e  c o n d u i t .  '~ 

The maximum downdraw i s  r o u g h l y  p r o p o r t i o n a l  t o  t h e  c o e f f i c i e n t  o f  

d i s c h a r g e  o f  t he  o u t l e t .  I f  t h e  downdraw g a t e - o p e n i n g  curve  i s  known 

f o r  a c o n s t a n t  v e l o c i t y  h e a d ,  t he  maximum downdraw f o r  an  o u t l e t  h a v i n g  

a given coefficient may be computed in a more precise manner by obtain- 

ing the velocity head under the gate for given gate openings. This ie 

possible, since the velocity head ia directly proportional to the downdraw. 

It is important that the maximum possible discharge which may occur 

while the gate is closing be considered carefully. The maximum downdraw 

of  6 7 , 7 0 0  pounds  on t h e  coaste~" g a t e  s e r v i n g  t h e  r i v e r  o u t l e t s  a t  Y r i a n t  

Dam would be increased to 125, OO0 pounds if the needle valve at the exit 

were destroyed, permitting a large increase of discharge through the ~tls~. 

The relationship of downdraw to gate thickness, other factors being 

uncf-anged, was roughly linear. By mhowing this relationship aa a down- 

draw factor N to thickness, it was shown that the effect of ~ thickness wag 

nearly the same for gate openings from ~0 to 75 percent. 

Placing the trashrack base close to the outlet entrance increases 
C 

the downdraw. This increase ia negligible, unless the distance ~ is 
C 

less than i. and ~ must be less than 0.05 to increase the downdraw i0 

p e r c e n t ,  

Tests were made by veryin~ the lip extension on a gate having a 

s h a r p  c o r n e r  a t  t h e  u p s t r e a m  edge o f  t h e  b o t t o m .  The r e s u l t s ,  and  t h e  

data from the previous testa, to obtain a design for the outl~t coaster 

g a t e  a t  S h a s t a  Dam, were  p r e s e n t e d  as  d i m e n s i o n l e s s  c u r v e s ,  w i t h  t h e  

abscissa ae th~ ratio of lip extension to gate thickness and the ordinate 

as the ratio of maxim.Am to theoretical down&raw, the theoretical downdraw 

being the force that would occur if pressure on the gate bottom were zero. 

and the head on the gate including any drop in the conduit. 

Various curves for constant ratios of radius over thickness and 

thickness over diameter ma~v be drawn to apply to ~ flatbottom, extended- 

lip type of gate. However, the tests were limited. 

By uein~ the curves developed from these tests, the maximum hydraulic 

down,raw force on the coaster gates for Yriant Dam was estimated. The 

? 
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force on the 11.92- by ll.92-foot gate was 67,700 pou-dm, and the force 
on the 9.86- by 9. g6-foot gate was 25,600 pounds. 

Penstock coaster-gate testa were made on a 1:30 model of the Shasta 

Dam penstock and gate. The maximum downdraw on the original deslgn was 

630,000 pounds by pressure measurements and 660,000 pounds by force 

measurement a. 

Since the original design of recess was effective for openings up 

to  50 p e r c e n t ,  i t  had to  be  e x t e n d e d ,  f o r  the  maximum downdraw o c c u r r e d  

a t  a g a t e  opening of  75 p e r c e n t .  I f  t h i s  were no t  done the  downdraw 

would Be i n c r e a s e d  117 ,000  pounds .  

A f l a t b o t t o m ,  e x t e n d e d - l i p  type  of  g a t e ,  h a v i n g  a sharp  c o r n e r  a t  

t he  u p s t r e a m  edge o f  the  bo t tom,  was t e a t e d .  With a l ~ - i n c h  l i p  e x t e n -  

s i o n  the  downdraw was 660 ,000  pounds .  

An a t t e m p t  was made t o  r e d u c e  t h i s  f o r c e  by  c u t t i n g  h o l e s  in  t he  

g a t e  bo t t om,  b u t  to  be  e f f e c t i v e  the  h o l e s  would c u t  awaty t oo  much of  the  

beam fo rmin~  the  bo t tom.  

~y c u r v i n g  the u p s t r e a m  edge on an l l - I / 4 ~ i n c h  r a d i u s ,  the  downdraw 

was reduced to ~5,000 ~ounds. The final design was similar, except the 

radius warn 9-1/4 inches. A design value of 500,000 pounds for the down- 

~raw was believed to be conservative to account for the different radium. 

Pressures were measured on a penstock coaster ~ate having a bottom 

similar to the outlet coaster gate at Shasta Dam. Pressure gradients on 

both gates were similar but those on the penstock gate relatively much 

less, indicating a larger downdraw, other conditions being equal. No 

relation between the two gates was found because it was believed to be 

more expedient to consider outlet and penstock coaster gates am separate 

problems. 

The maximum hydraulic downdraw force on the penstock coaster ~ate 

at Davis Dam was estimated to be ii0,000 pounds if the penstock were to 

discharge 5,000 second-feet under a ll0-foot head. The maxim1~,n dovndraw 

on the penstock coaster gate at @rand Coulee Dam wee estimated to be 

125,000 pounds for a discharge of 3,500 second-feet under a 250-foot head, 

or 170,O00 pounds if the dimcharge were Increamed to 5,000 second-feet. 

These e s t i m a t e s  were made from the  Shas t a  t e s t a  by u s i n g  the p r o p e r  b o t t o m  

shapes, correctin~ for velocity head, and other factors which were not 

similar, i0 
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The ~ e n s t o c k  c o a s t e r  g a t e s  a t  Grand Coulee Dam. The f i r s t  c o a s t e r  

g a t e s  d e s i g n e d  by  the Bureau  o f  R e c l a m a t i o n  were f o r  the  main u n i t  power 

penstocks at Grand Coulee Dam (Figure i). The coaster gates are neces- 

sary because the ~enstock entrances are near the bottom of the dam, as 

the demands for irrigation water will constantly change the water Aevel in 

the  r e s e r v o i r ,  l i g h t e e n  i S - f o o t  d i a m e t e r  p e n s t o c k s  a r e  embedded in  the 

c o n c r e t e  of  the  dam, n ine  f o r  t he  r i g h t  powerhouse and n ine  f o r  the  l e f t .  

The e n t r a n c e s  o f  t he se  p e n s t o c k s ,  r e c t a n g u l a r ,  15 f e e t  wide by 2 9 . 5  f e e t  

h igh ,  a r e  2~9 f e e t  below the maximum wa te r  s u r f a c e  e l e v a t i o n ;  so the  

coaster gates may have to close under heads as large as 250 feet. 

The criterion for the design of these gates and their hoist was an 

emergency closure with a flow of 19,000 second-feet which would occur if 

the cover plates of the turbine were to burst when the reservoir was full. 

After a gate was closed sufficiently to beco=ea definite control, sub- 

atmospheric pressures would act on its downstream face. To prevent these 

pressures from becoming too severe, a 30-inch vent was installed in the 

p e n s t o c k  n e a r  i t s  e n t r a n c e .  N e v e r t h e l e s s ,  the g a t e  was d e s i g n e d  to  r e ~ s t  

an u n b a l a n c e d  head  of  a b o u t  250 f e e t  on the  a s s u m p t i o n  t h a t  the  head of  

250 feet on its upstream face would be supplemented by a vacuum of 30 

feet on its downstream face. 

To design the gate hoist, the weight of the gate, its frictional 

resistance, and the hydraulic downdraw force were required, The weight 

of the gate was comwuted from material lists; the frictional resistance 

was obtained by tests and coefficients; and the downdraw was estimated. 

To determine the frictional resistance of the roller trains, several 

rollers were moved between loaded parallel plates. Other frictional 

forces, such as the friction of the seals against their seats, were estl- 

mated from coefficients. The estimate of the hydraulic downdraw force 

was not so simply acquired. The flow under the gate does not follow any 

simple pa~tern so the pressure reduction on the bottom of the gate could 

not be accurately expressed by a formula. A careful approximation of 

this force in the case of the @rand Coulee penstock coaster gates was 

considered satisfactory, and model studies were not made until the ques- 

tion of the use of a ten~oorary hoist was raised. The analytical design 

Of the g a t e s  was made on the b a s i s  o f  min imiz ing  the downdraw. The ga te  
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bo t tom was s l o p e d  a t  an a n g l e  o f  30 d e g r e e s  so t h a t  t he  f l o w  p a t t e r n  u n d e r  

i t  would c o n v e r g e  as  much a s  ~ o s s i b l e  a t  t h e  downs t ream ed~e o f  t h e  b o t t o m ,  

which was to  be t he  c o n t r o l .  Hi~h v e l o c i t i e s  and low p r e s m l r e s  were t o  

e x i s t  a t  t h i s  c o n t r o l ,  b u t  u p s t r e a m  f rom i t  the  v e l o c i t i e s  would be l e s s  so 

t h a t  ~ r e s s u r e s  on the  g a t e  b o t t o m  would  be g r e a t e r ,  t e n d i n g  to  b a l a n c e  the  

s t a t i c  ~ r e s s u r e s  on top  of  t h e  g a t e ,  t h u s  r e d u c i n g  the  dovndraw.  T h i s  p r e s -  

s u r e  i n c r e a s e  on the  bo t tom depended  u~on t h e  d e g r e e  o f  c o n v e r g e n c e  of  t he  

f l o w  ~ ) a t t e r n .  An a n g l e  s t e e p e r  t h a n  30 d e g r e e s  would r e s u l t  i n  even  l e s s  

downdraw, s i n c e  the  d e g r e e  o f  c o n v e r g e n c e  would be i n c r e a s e d .  However ,  t he  

s t e e p e r  a n g l e  was no t  s t r u c t u r a l l y  d e s i r a b l e .  To a i d  i n  m i n i m i z i n g  the  

p r e s s u r e  r e d u c t i o n  on the  b o t t o m  o f  t h e  g a t e ,  t he  u p s t r e a m  edge o f  t h e  

bottom was curved, 

To further reduce the downdraw, a recess was cut into the face of the 

dam above the penstock to eliminate the severe pressure differential between 

the tow and the bottom of the upper projected seal (FiA~Are I). The result- 

ing downward force on this seal without the recess would be as large as 

100,000 pounds and must be considered as part of the downdraw force to be 

handled by the hoist. With a recess, however, this force was substantially 

reduced. Aa the gate is closing, water will flow through the recess, past 

the space between the skinplate and the upper seal-seat, into the penstock. 

The water in the recess is then under pressure, as the control is at the 

space between the skinplate and the upper seal-seat on the face of the dam. 

As shown in Fi~are l, this recess was restricted in height and depth so that 

it wee effective only when the gate was more than halfway closed, ae it was 

anticlwated that the maximum downdraw would occur when ~ate was nearly two- 

thirds closed. 

The coaster gates at Shasta Dam. Coaster ga~es were designed for bo~h 

the outlets and penstocks at Shasta Dam. The original design of the coaster 

gates at Shasta Dam was based largely upon the design of the penstock 

coaster gates at Grand Coulee Dam. Hydraulic model studies led to the 

change of the shape of the gate bottom in the final designs. 

Five 15-foot diameter penstocks are embedded in the concrete of Shasta 

Dam. These penstocks pass through the dam and to the powerhouse approxl- 

merely ~O0 feet downstream, with several hundred feet of the penstocks 

ezpoeed. The entrances are 2~0 feet below the maximum water surface at 

12 
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e l e v a t i o n  1065.  OO. The g a t e s  were  t h e r e f o r e  d e s i g n e d  t o  c l o s e  u n d e r  t h e  

same head  as  t h o s e  a t  @rand Cou lee  Dam. The e n t r a n c e s  were  15 f e e t  wide  

and 19,O5 f e e t  h i g h .  A l t h o u g h  n o t  a s  h i g h  a s  t h o s e  a t  @rand Cou lee  Dam, 

t h e  p e n s t o c k  e n t r a n c e s  were  o t h e r w i s e  i d e n t i c a l .  The c o a s t e r  g a t e s ,  s im-  

i l a r  t o  t h o s e  a t  @rend C o u l e e  Dam, were  d e s i g n e d  to  c l o s e  w h i l e  t h e  p e n -  

s t o c k  was d i s c h e r ~ i n ~  a ~ p r o x i m a t e l y  2 2 , 0 0 0  s e c o n d - f e e t ,  T h i s  d i s c h a r g e  

wou ld  o c c u r  i f  an  e x p o s e d  p o r t i o n  o f  t h e  p e n s t o c k s  were  to  b u r s t  w h i l e  t h e  

reservoir wee full. 

A single iI.05- bv ll.05-foot outlet coaster gate was designed to be 

used to close any of the eighteen 102-inch diameter outlets located in 

the ~pillway section of the Shasta Dam. Four of these outlets were at 

elevation 7h2.00, eight at elevation g~2.00, and six at elevation 942.00. 

The maximum head on the lower outlets will be 323 feet. Originally, two 

ring-follower gazes were to be placed in tandem in each outlet downstream 

from its entrance. The down6~ream gate was for regular service and the 

Ul~stream ~ate for emergency use. A simple bulkhead was to be used to close 

the entrance of these outlets. Since a ring-follower gate is not satisfac- 

tory for puruoses of regulation, especially u~der high heads, the downstream 

~ate was replaced by a tube valve developed during a ~eries of extensive 

tests in the hydraulic laboratory. Unbalanced forces on this tube valve 

would be slight in comparison with the unbalanced forces on ring-follower 

gates; so the expectancy of breakdowns and failure of the valves was 

reduced. Therefore, a single coaster gate was designed to replace the 

eighteen emergency ring-follower gates in the original plans. 

This coaster gate was designed to be lowered over one of the lower 

outlets under an unbalanced head of 323 feet to stop a discharge of approx- 

imately 5,600 second-feet which would occur if the regulating tube valve 

had failed in an open position. To resist the resulting forces, the frame 

of the coaster ~ate consisted of 36-inch beams to which were attached a 

l-I/4-inch skin.late. This gate was mounted on 5-inch rollers forming 

roller trains around the vertical beams of the frame. 

To move the gate from one outlet to another end maneuver it into 

place, a 150-ton gantry crane was provided on the bridge above the spill- 

way section. Ae s~ated, the model studies were begun because the 
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permissible load on this hoist was less than the estimated load. It there- 

fore became necessary to reduce the downdraw. 

The outlet coaster ~ates et Frlant Dam. The outlet ccester gates at 

Friant and Shasta Dams were quite similar, the gates closin~ over circular 

bellmouth entrances geometrically similar at both installations. At first 

thought, it appeared that the downdrsw forces on the Friant gates could be 

estimated from the results of the Shasta tests. However, the Fright out- 

lets were sufficiently different from the Shasta outlets to require addi- 

tional coaster gate studies. 

The outlets at Friant Dam include four llO-inch river outlets, two 

91-inch outlets into the Friant-A~adera Car~al, and four ll0-inch outlets 

into the Yriant-Kern Canal. The four llO-inch river outlets, approximately 

200 feet long, were placed to the left of the spillway near the center of 

the dam with their entrances at elevation 380.00 and their exits at eleva- 

tion 330.00. To control the flow through these outlets, two ii0- by lO~-Inch 

needle valves and two ii0- by 102-inch tube valves will be placed at their 

exits. The maximum head at the entrance will be 196 feet. 

The two 91-inch Friant-Madera Canal outlets, approximately 103 feet 

long, are near the right abutment of the dam. These outlets were placed 

horizontally at elevation 41~6.00. Two 91- by 87-inch needle valves will 

control the flow through these outlets with a maximum head of 132 feet. 

The four Friant-Kern Canal outlets, approximately 89 feet long, are 

near the left abutment of the dam. These outlets were placed horizontally 

at elevation }~4.00. Two IIO- by lOS-inch needle valves and two IIO- by 

iO2-inch tube valves will be placed at their exits to control the flow. 

The mmximum head will be ill feet. 

A single 11.92- by !l. 92-foot coaster gate will close any of the river 

outlets cr the Friant-Kern Canal outlets, while a 9.86- by 9.86-foot coaster 

gate will close the Yriant-Madera Canal outlets. These gates will be oper- 

ated by gantry cranes at the top of the dam. The larger gate was designed 

to close one of the river outlets under an unbalanced head of 198 feet 

while the regulating needle or tube valve was wide open. It was also 

designed to close one of the Friant-Kern Canal outlets under similar con- 

ditions. The smaller gate was designed to close one of the Friant-bladera 

Canal outlets under an unbalanced head of 132 feet while the regulatiz~ 

needle valv~ was wide o~en. 
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The penstock coaster ga~es at Davis Dam. ~cth the penstock entrances 

and the coaster gates at Davis Dam were originally designed similar to 

those at Grand Coulee Dam, although larger. Fly6 2E-foot diameter pen- 

stocks will furnish power water to the main unit turbines a~ Davis Dam. 

The penstock entrances will be rectangular, 17.5 feet wlde! and 3~.66 feet 

high. The maximum head at the center llne of the penstocks will be approx- 

imately Ii0 feet. 

A 17.5- by 34.66-foot coaster gate will be installed in each of these 

penstocks. The ~ates - to be operated by hydraulic hoists attached to the 

face of the dam - are designed to close the penstocks under a head of iiO 

feet with a discharge of 5,000 second-feet through the turbines. These 

gates will be mounted on wheels instead of rollers, mince the unbalanced 

head of II0 feet will not be sufficient to require a roller train as in 

the case of Grand Coulee and ShastaDams. In  addition, it is not expected 

that the hydraulic downdraw force would be large, for the dlecharge of 

5,000 second-feet was relatively small and the ~ate would be almost closed 

before the gate became a control. 

The model. A 1:17 scale model of the original design of the outlet 

coaster gate for Shasta Dam was first constructed (Figure 2). Sheet 

metal of several ~a~es was used in its construction to represent the 

thickness of prototype plates, and a roller chain was used for the roller 

trains. This ga~e was placed in a 36-inch diameter head tank of an exist- 

ing I:17 model of a Shasta Dam outlet which was ideally suited to accommodate 

the gate, since the outlet entrance was attached to a diaphragm plate 

representing the face of the dam. Roller tracks and seal-eeatl were placed 

on this diaphragm plate. The head tank was lengthened to permit installa- 

tion of two 12- by 2~-inch windows for observation of the gate in operation 

and to provide e flanged opening through which the ga~e could be lowered. 

A mamual gate lift was first used consisting of a 3/8-1rich lift rod attached 

to the top of the gate and passed through the head tank by a packlmg gland. 

The rod was raised or lowered by turning a wheel threaded to the rod and 

attached to a yoke above the packing gland. Later thi~ manual gate lift 

was replaced by a mechanized gate lift designed primarily to measure the 

forces on the gate. In place of the rod, the gate lift consisted of a 
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length of piano wire, scales, and a 1-1nch bronze ribbon. The bronze 

ribbon wound on the slow-speed shaft of a motor reducer which raised or 

lowered the gate at a uniform speed of about 1-1/2 inches per minute. 

The trashrack and treshrack base were omitted in the model, since 

p r e v i o u s  t e s t s  on t h e  o u t l e t s  a t  Grand Coulee  Dam i n d i c a t e d  t h a t  t h e s e  

f e a t u r e s  as  s i t u a t e d  a t  S h a s t a  Dam were s u f f i c i e n t l y  f a r  f rom the  o u t -  

l e t  e n t r a n c e  to  no t  a f f e c t  the  p r e s s u r e s .  Some minor  f e a t u r e s ,  such  a s  

t h e  r o l l e r - t r a i n  s h i e l d s ,  were o m i t t e d  b e c a u s e  i t  was c o n s i d e r e d  t h a t  

t h e i r  p r e s e n c e  or  ab sence  would  n o t  have  an e f f e c t  upon t h e  do~rndraw. 

The r e c e s s  i n  t he  f a c e  o f  t h e  dam was n o t  i n s t a l l e d  o r i g i n a l l y .  

A d d i t i o n a l  t e s t s  to  s t u d y  t h e  Y r i a n t  o u t l e t s  were  made on t h e  same 

model  by  c h a n g i n g  the  o u t l e t  c o n d u i t  downs t ream f rom t h e  b e l l m o u t h  

e n t r a n c e  and  r e p l a c i n g  t h e  S h a s t a  t ube  v a l v e  w i t h  a model  o f  one o f  t h e  

F r i a n t  n e e d l e  v a l v e s .  T h i s  1"17 model  o f  t h e  S h a s t a  t u b e  v a l v e  had  s 

c o n d u i t  d i a m e t e r  o f  6 i n c h e s ;  so a s c a l e  r a t i o  o f  1 : 1 5 . 3 3  was e s t a b l i s h e d  

f o r  t he  F r i a n t  R i v e r  and Y r i e n t - K e r n  Cana l  o u t l e t s  and  a sce~le r a t i o  o f  

1 : 1 5 . 1 7  f o r  t h e  F r i a n t - M a d e r a  Canal  o u t l e t s .  The model  was q u i t e  f l e x -  

i b l e  i n  t h a t  the  n e c e s s a r y  r e v i s i o n s  t o  s u i t  a ; ~ a r t i c u l a r  t e s t  upon  t h e  

o u t l e t s  were  made e a s i l y .  

However ,  t he  model h a d  to  be c o m p l e t e l y  r e v i s e d  f o r  t he  p e n s t o c k  

coaster-~ate tests. A 1:30 model of the upstream section of a Shasta 

p e n s t o c k  wee d e s i g n e d  f o r  t h e  e x i s t i n g  h e a d  t a n k  ( F i g u r e  3)-  I t  wa |  not 

n e c e s s a r y  to  c o n s i d e r  t h e  l o w e r  p o r t i o n  o f  the  p e n s t o c k s  i n  t h i s  model 

a s  i t  was assumed t h a t  t h e  p e n s t o c k s  h a d  b u r s t .  

A new diaphragm plate was required to fit the rectangular bellmouth 

entrance (Figure ~), The columns at the sides of the gate and trashrack 

structure were made of redwood, lacquered and waxed to avoid warping and 

swelling. The penstock entrance included a recess in the face of the dam 

as shown in the original design, but the model recess was wider than the 

prototype recess. In the prototype this recess lies between the vertical 

seal-seat bars which extend above the penstock entrance, while in the 

mcHiel the recess lles between the roller tracks, and the vertical seal- 

seat bars above the entrance were omitted. This omission was to facilitate 

the model construction and was at first not considered important in the 

t e s t s .  
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The model g a t e  was s im~Xi f i ed ,  d u p l i c a t i n g  on ly  the  b a s i c  f e a t u r e s  

~ c i c h  would a f f e c t  t he  h y d r a u l i c  downdraw f o r c e ,  f o r  the  o u t l e t  c o a s t e r -  

ga t e  t e s t s  i n d i c a t e d  t h a t  a s imple  g a t e  would be  8 a t i s f a c t o r T .  A 12-gage  

8 k i n p l a t e ,  r e i n f o r c e d  b y  a n g l e s ,  fo rmed  t h e  f r ame .  P r o ~ e c t e d  s e a l s  were 

a t t a c h e d  to  the  downst ream s i d e .  The g a t e  was moved on, b a l l  b e a r i n g  

~ e e l 8  i n s t e a d  of  a r o l l e r  t r a i n .  The g a t e  b o t t o m  was made from a bab -  

b i t t  c a s t i n g  ~hich  f o r m e d  a t r u e ,  smooth p r o f i l e .  

The t e s t i n g  ~ r o c e d u r e .  The n a t u r e  of  the  h y d r a u l i c  d~wndraw f o r c e  

was such t h a t  i t  c o u l d  be  found e i t h e r  b y  p r e s s u r e  measurements  on the  

g a t e  or  by f o r c e  measurements  on the  h o i s t .  P r e s s u r e  measure~.ents were 

u sed  to  compare d i f f e r e n t  t y p e s  of  g a t e  b o t t o m s ,  w h i l e  f o r c e  measurements  

were u s e d  to  s t u d y  the  downdraw of  a g i v e n  g a t e  d e s i g n  under  v a r i o u s  con-  

d i t i o n s .  In  a d d i t i o n ,  a c o r r e l a t i o n  of  b o t h  methods  i n s u r e d  r e a s o n a b l y  

a c c u r a t e  r e s u l t s  f o r  the  f i n a l  d e s i g n s .  

To o b t a i n  the  downdraw f o r c e  by  p r e s s u r e  measurements ,  t h r e e  rows o f  

p i e z o m e t e r 8  were i n s t a l l e d  on the  bo t tom of  t he  g a t e ;  one row a t  t he  

c e n t e r ,  one a t  the  q u a r t e r - p o i n t ,  and one near  the  edge .  A d d i t i o n a l  

p i e z o m e t e r 8  were i n s t a l l e d  a t  o t h e r  p o i n t s  on the  g a t e  and i n  t he  o u t l e t .  

The downdraw on the  g a t e s  was measured  a t  v a r i o u s  h e a d s  and g a t e  o p e n i n g s ,  

depending  upon the  r e q u i r e m e n t s  of  the  i n d i v i d u a l  t e s t .  

A mea~Lrement c o n s i s t e d  of  p l a c i n ~  t he  g a t e  a t  a g iven  opening  and 

r e c o r d i n g  the  p r e s s u r e s  on the  p i e z o m e t e r 8  w h i l e  the  p r e s s u r e  head  in  

the head  t ank  r e n a i n e d  c o n s t a n t .  The d i f f e r e n c e  be tween  the head  and the  

p r e s s u r e  g r a d i e n t s  on the  g a t e  b o t t o m  was then  i n t e g r a t e d  over  an a r e a  

r e rp re sen ted  by a v e r t i c a l  p r o j e c t i o n  o f  the  g a t e  upon a h o r i z o n t a l  p l a n e .  

As the  r e c o r d e d  p r e s s u r e s  were r e f e r r e d  to  a c o n o n  datum and t h e  i n t e -  

g r a t i o n  measured o n l y  t he  p r e s s u r e  r e d u c t i o n  on the  b o t t o n  of  the  g a t e ,  

the  e f f e c t  of  buoyancy  o f  the  g a t e  was no t  i n c l u d e d  in  t h e s e  measurements .  

The downdraw o f  the  model was c o n v e r t e d  t o  p r o t o t y p e  by m u l t i p l y i n g  

by the cube of the ~cale ratio. The downdraw is essentially the weight of 

a column of water above the gate because of the pressure reduction under- 

neath it. The laws of similitude require that the volume of thls hypo- 

thetlcal water column of the prototype be related to that of the model by 

the cube of the scale ratio. The specific weight of the water being the 

uaae in both cases, the weight of the water columno or downdraw, of the 

p r o t o t y p e  must a l s o  l~e r e l a t e d  to  t h a t  of  the  model by the cubs  of  the  

s c a l e  r a t i o .  
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The p r e s s u r e  measu remen t~  were e s p e c i a l l y  u s e f u l  i n  t h e  t e s t s  t o  

i n . r o v e  t h e  d e s i g n  of  t h e  o u t l e t  c o a s t e r  g a t e  a t  S h a s t a  Dam, f o r  t h e  

~ r e e s u r e  g r a d i e n t s  on t h e  v a r i o u s  t y p e s  of  g a t e  b o t t o m s  c o u l d  be a n a -  

l y z e d  and  compared .  However ,  i n  l a t e r  t e s t s  where t h e  same t y p e  o f  ga te  

b o t t o m  was u s e d ,  t h e  downdraw was o b t a i n e d  by  m e a s u r i n g  t h e  f o r c e  on t h e  

g a t e  h o i s t  b y  t h e  m e c h a n i z e d  g a t e  l i f t .  The n a t u r e  o f  t h e  l a t e r  t e s t s  

was such  t h a t  p r e s s u r e  m e a s u r e m e n t e  would  become t e d i o u s ,  w h i l e  f o r c e  

m e a s u r e m e n t s  c o u l d  be made q u i c k l y  and  e a s i l y .  The f o r c e s  a c t i n g  on t h e  

g a t e  were t h e  w e i g h t  o f  t h e  g a t e  and  i t s  b u o y a n c y ;  t he  f r i c t i o n  of  t h e  

g a t e  a g a i n s t  t h e  f a c e  o f  t h e  dam; and t h e  h y d r a u l i c  downdraw. Only  t h e  

sum o f  t h e s e  f o r c e s  c o u l d  be  measured  d i r e c t l y ,  b u t  t h e  f i r s t  two c o u l d  

be d e t e r m i n e d  s e p a r a t e l y  and  h y & r a u l i c  dovndraw f o r c e  o b t a i n e d ,  f o r  i t  

was e q u a l  t o  t h e  measu red  f o r c e  on t h e  h o i s t  minus t h e  w e i g h t  o f  t he  

~ a t e  i n  w a t e r  and t h e  f r i c t i o n .  

The model  g a t e  was w e i g h e d  w h i l e  submerged  t o  e l i m i n a t e  the  e f f e c t  

o f  b u o y a n c y .  I t  was n o t  p r a c t i c a l  t o  measure  the  s t a t i c  f r i c t i o n  o f  t h e  

gate; but the kinetic friction was determined by raising and lowering 

the gate past the desired ~ate opening. Since the direction of the 

frictional force was the oppoelte of the gate movement, the difference 

between the forces on the gate lift while it was movin~ up and then down 

was equal to twice the kinetic friction, while the average of the two 

forces represented the force that would exist if the friction vere zero. 

For  a g i v e n  g a t e  o p e n i n g ,  t h e  f o r c e  m e a s u r e m e n t s  were made a t  

s e v e r a l  h e a d s  and  t h e  d a t a  was p l o t t e d .  As t h e  downdraw was p r o p o r t i o n a l  

t o  t he  l o a d ,  t h e  d ~ t a  f o r m e d  a s t r a i g h t  l i n e  wh ich  made p o s s i b l e  t h e  

d e t e c t i o n  of  e r r a t i c  r e a d i n g s .  

The f i r s t  t e s t s  t h a t  were made u s i n g  f o r c e  m e a s u r e m e n t s  were n o n e  

t o o  s a t i s f a c t o r y  b e c a u s e  d i f f i c u l t i e s  were e n c o u n t e r e d  i n  m e a s u r i n g  t h e  

f r i c t i o n .  The f r i o t i o n  o f  t h e  r o l l e r  c h a i n s  was so l a r g e  t h a t  t h e y  had  

to be replaced with wheels. Flanged ball bearings that resembled mini- 

ature railroad wheels were used first. Under low heads they were 

s a t i s f a c t o r y ,  b u t  u n d e r  h e a d s  l a r g e r  t h a n  10 f e e t  t h e  f o r c e s  c o u l d  n o t  

be measu red  e a s i l y  f o r  t h e  w h e e l s  would s t i c k  i n  p o s i t i o n  and t h e n  r e l e a s e  

s u d d e n l y ,  o b v i o u s l y  b e c a u s e  t h e y  were o v e r l o a d e d .  
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Finally it was necessary to rebuild the gate, using wheels with 

diameter equal to the thickness of the gates. The diameter wee as large 

as possible to minimize rolling and bearing friction. These wheels 

turned on ball bearings which were strong enou@h to withstand the forces 

impose~ upon them. Nevertheless, the movements of the gate were still 

Jerk~, making the forces difficult to record, ~nd it was found finally 

that the roller tracks on the face of the dam had to be glassy smooth 

before the Jerking could be eliminated completely. 

CHAPTER IX - TESTS ON THE OUTLET COASTERGATE AT SHASTA DAM 

The original design. Tests on the 1:17 model of the original 

design of the outlet coaster ~ate at Shasta Dam were begun with pres- 

sure measurements on the ga~ and in the outlet entrance (Figure 5A). 

The pressures were measured at several heads and gate openings. Since 

pressures were found to be nearly proportional to the head, the results 

of the tests are given for a maximum design head of 323 feet, prototype. 

The relation o# the hydraulic downdraw force to gate opening is 

shown in Figure 5Y. With the gste in the full open position, the down- 

draw was appr~ mately 75,000 pounds, prototype. As the gate closed 

the force first increased to a maximum of 260,000 pounds at an opening 

of about S feet 6 inches and then decreased, becoming zero with the gate 

closed. The maximum downdrew of 260,000 pounds apparently occurred as 

the gate became a definite control for. ae the gate closed, presaaures 

on its downstream face and in the outlet entrance changed from positive 

to negative when the gate was approximately 8 feet 6 inches open. The 

down&raw was lees at lar~er gate openings because the control downstream 

from the gate maintained large positive pressures on the gate bottom. 

At gate openings less than 8 feet 6 inches, the control was at the down- 

stream edge of the gate bottom where the pressures were a minimum, being 

zero or less. Elsewhere on the gate bottom, pressures were positive. As 

the gate was lowered, the pressures at the downstream edge of the bottom 

remained the same but the pressures on the gate bottom increased, reduc- 

in~ the downdraw. This was s logical result, ssa closure of the gate 

decrea.ed the discharge and hence decreased the velocities upstream frem 

the control. 
22 
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The pressures on the downstream face of the gate and in the outlet 

entrance at g.te openings less than g feet 6 inches ep~roached absolute 

zero in the prototype. In this respect, however, rigorous similitude 

between the model and prototype cannot exist, as the air enterin~ the 

prototype vent would expand and afford slight relief. The vent was 

included to relieve the negative pressures sufficiently to prevent the 

severe vibration accompanying cavitation. However, when the gate was 

lowered in the range of gate opening between 2 and 3-1/2 feet, the Jet 

u n d e r  t h e  g a t e  impinged  on top  o f  t he  c o n d u i t  and c l o s e d  the  v e n t .  I t  

was anticipated that this undesirable condition would be eliminated in 

later tests by changing the location of the vent, if necessary. 

Reduction of downdraw in original design. The hydraulic downdraw 

force of 260,000 pounds, as determined by the pressure tests, did not 

agree with the original analytical estimate of 160,000 pounds. A review 

of the original calculations indicated that the figure of 160,O00 pounds 

considered only the pressure reduction on the sloping portion of the 

gate bottom and apparently assumed that recess in the face of the dam 

above the outlet entrance would balance the pressures on the projected 

seals. The model test was made without a recess, and the unbalanced 

pressures on the top projected seal contributed at least 1OO, OO0 pounds 

to the total downdraw of 260,000 pounds. A recess in the model would 

tend to balance the pressures on the top seal, reducing the downdraw; 

and it was Dossible that a closer correlation might be obtained. How- 

ever. the downdraw would still be excessive; so it was decided that the 

force should first be reduced by revision of the shape of the gate bot~m 

and then, when a final gate design was obtained, to find the effective- 

ness of the recess in the face of the dam. 

A study of the flow under the gate and of the pressure on its 

bottom demonstrated that it would be possible to obtain a large reduc- 

tion of downdraw by an apparently simple revision of the bottom (Figure 

6, Designs 1 and 2). The flow under the gate and into the outlet was 

studied by observing the movements of paper confetti in the head tank. 

The confetti approached the outlet from all directions, moving slowly 

until the paper particles were within a few inches of the outlet, where 

they appeared to be instantaneously drawn into it, indicating a rapid 

2~ 
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i n c r e a s e  in  v e l o c i t y  c l o s e  to  the o u t l e t  e n t r a n c e .  This  r a p i d  i n c r e a s e  

in velocity was also shown by the pressure gradient across the ~-degree 

e l o p i n g  p o r t i o n  of the  bo t tom of  the g a t e  ( F i g u r e  6, Design 1 ) .  At t he  

ups t ream edge the  p r e s s u r e s  were high.  On a p p r o a c h i n g  the  o u t l e t  t h e  

pressure drop was at first gradual, but it became rapid close to the 

downstream edge .  ~ t  the  p o i n t  where t he  4 5 - d e g r e e  s lope  ended,  the  p r e s -  

s u r e s  became a minimum. This  p o i n t  ~#ae obse rved  to be the  s p r i n g  p o i n t  

o f  the g a t e ,  t h a t  i s ,  the  p o i n t  where the  w a t e r  n o r m a l l y  sprang f r e e  of  

the  ga te  bo t tom to form a J e t  in  the c o n d u i t .  

~e tween the  s p r i n g  p o i n t  end the  f a c e  of  the  dam was a space  8 - 3 / 8  

i nches  wide.  formed by the  s k i n p l a t e  and r e i n f o r c i n g  p l a t e  2 i n c h e s  t h i c k  

and the  p r o j e c t e d  s e a l  6 - 3 / 6  i nches  wide.  The p r e s s u r e s  on the  bo t tom 

o f  the s k i n ,  l a t e ,  the  r e i n f o r c i n R  p l a t e ,  and the  p r o j e c t e d  s e a l ,  b e i n g  

very low, did not balance the high pressures which were above the~e mem- 

bers at the top of the gate. A. a result, this space betveen the spring 

~oint and the face of th~ dam contributed a large part of the dovndraw. 

In contrast, the larger area of the ~5-degree eloping portion of the 

bottom, u~stream from the ~pringpoint, did not cause as much downdraw 

because pressures on most of this area were high, being low only near 

the spring point. Therefore, the original design was revised by extending 

the  s l o p i n g  p o r t i o n  of  t he  g a t e  bottom below the  bot tom of  the  e k i n p l a t e  

and the p r o j e c t e d  s e a l .  Th i s  r e v i s i o n  p l a c e d  the  g p r i n g  p o i n t  c l o s e  to  

t he  f ace  of  the  dam. e l i m i n a t i n g  the e f f e c t  of  low p r e s s u r e s  on t hose  

members (Yi6~re  6, Design 2 ) .  The p r e s s u r e s  on t h i s  r e v i s e d  g a t e  bo t tom 

were s i m i l a r  to  the  o r i g i n a l  t e a t ;  h igh  n e a r  the  ups t r eam edge,  d r o p p i n g  

g r a d u a l l y  a t  f i r s t ,  bu t  more r a p i d / y  n e a r  the  downstream edge wi th  z e r o  

p r e s s u r e s  o c c u r r i n g  a t  the  s p r i n g  p o i n t .  The maximum downdraw f o r c e  was 

r educed  from 260,OOO to 103.000 pounds.  

In c o n t r a s t  to the  o r i g i n a l  de s ign  where the  maxi~aun downdraw occurred 

when the  c o n d u i t  was not  c o m p l e t e l y  f i l l e d  w i t h  w a t e r ,  the  m~ximum down- 

draw on the  r e v i s e d  g a t e  a p p a r e n t l y  o c c u r r e d  wh i l e  the  c o n d u i t  wa| f i l l e d  

w i t h  w a t e r ,  J u s t  b e f o r e  a s l i g h t  a d d i t i o n a l  c l o s u r e  would lower  the  p r e s -  

su r e s  so t h a t  t he  c o n d u i t  would tame some a i r  th rough  the  ven t .  

Al though t h e  f l o w  i n s i d e  the  c o n d u i t  a d j a c e n t  to  the  g a t e  c o u l d  not  

be observed ,  in  s i m i l a r  models  i t  had been  n o t e d  t h a t  when the g a t e  was 
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Dartlally closed and the conduit downstream from it was filled, a roller 

formed over the Jet issuin~ from under the gate. This roller has a down- 

ward movement along the downstream face of the gate. Such a roller must 

h a v e  e x i s t e d  i n  t h e  S h a s t a  mode l  f o r  t h e  ~ r e s s u r e s  on t o p  of  t h e  l o w e r  

horizontal projected seal of the gate were greater than the pressures on 

the bottom of the upper projected seal, indicating tha~ water must be 

imninging on the top of the lower seal. This condition caused a down- 

ward force estimated to be 5,000 pounds. However, this force was not of 

sufficient magnitude to be considered i~portant. In addition to reducing 

the downdraw, this revised design changed the shape of the Jet flowing 

into the outlet so that the Jet at no time impinged on tow of the conduit 

to close the air-vent, as was the case in the original design when the 

gate was open between 2 and 3-1/2 feet. 

Effect of extended lip below, downstream edge of flatbotto~ gate. 

The revised sloping-bottom gate reduced the downdraw from 260,000 to 

103,000 pounds, which was desirable because the gate hoist would not be 

overloaded. However, the gate was not structurally desirable, for the 

sloping bottom was difficult to fabricate and heavy wlates were r~quired 

to withstand the loads om its downstream edge. Accordingly, further 

test~ were made to develow some other t.vpe of ~ate which would have even 

less downdraw or at least a more acceptable structural design at the 

bottom. 

The indications fromothe original test~ were that a gate having a 

minimum downdraw would be one with a li~ ~laced st the downstream edge 

of the bottom and extended vertically below the gate. This would place 

the sprin~ woint st a distance from the bottom, and the rapid drop in 

pressure which occurs near the spring point would be upon the vertical 

plane of the extended lip. To verify the~e indications a test was made 

to determine the effect of an extended llp by reducing the lip, In 

successive st~ps, from an extension nearly eqttal to the thickness of the 

gate to zero (Fi~Are 7). 

A flatbottom gate was selected for these tests, since it appeared 

most practical. The upstream edge of the bottom was curved on a 9-inch 

radius, prototype, to reduce the effect of the pressure on the bottom 
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when t h e  f l o w  down the  u p s t r e a m  f a c e  o f  t h e  g a t e  c h a n g e s  d i r e c t i o n  b e l o w  

the gate. The thickness of the extended llp was 3/4 inch (prototype), 

and its bottom wee beveled at h5 degrees to place the spring point at 

the downstream edge of the llp and reduce the effect of its thickness 

upon the downdraw. The extended llp was supported by gusset plates 

attached to the bottom of the gate. These plates were in the plane of 

flow as that their effect upon the downdraw would be small and could be 

n e g l e c t e d .  

The tests were made in the same manner as for the original design, 

that is, by measuring the pressures across the bottom of the gate to 

determine the downdraw. The pressure gradients were similar to those 

of Deei~m 5, Figure 6, except that negative pressures occurred on the 

bottom of the lip. There was a reduction of pressure near the upstream 

edge, as was anticipated, since the flow down the upstream face of the 

gate had to change its direction. However, the pressure increased 

rauidly, becoming a maximum at the downstream corner where the lip Joins 

t h e  g a t e  b o t t o m .  T h i s  c o n d i t i o n  i n d i c a t e d  t h a t  n o t  o n l y  d o e s  t h e  e x t e n -  

ded l i p  k e e p  t he  rawid  r e d u c t i o n  i n  p r e s s u r e  n e a r  t he  s p r i n g  p o i n t  on 

the vertical plane of the li~ where it cannot cause downdraw but that 

it alms tends to form a stagnation point in the downstream corner, noted 

by an increase of pressure at that point. The original gate tested had 

a large fillet in this corner; later tests indicated that its effect 

upon the downdraw was negligible. 

Although the bottom of the lip was beveled at 45 degrees to place 

the spring point on its downstream edge, the contour of the Jet was so 

steep that it flowed free from the bevel, and the spring point was on 

the upstream edge of the lip. The resulting negative pressures on the 

bottom of the lip would cause a downdraw of approximately 15oO00 pounds 

when the lip was 3/~ inch thick, 8s indicated on Figure 7. 

This curve of Figure 7 was plotted by finding the maximum downdraw 

force £or different lip extensions. The maximum extension considered 

was approximately equal to the thickness of the gate, as a greater 

extension would be impractical structurally. This curve shows that an 

extension of ~0 inches would reduce the downdraw to approximately 65,OOO 

pounds. As the extenmlon was decreased, the do~mdraw increased grad- 

ually until at a lip extension of I~ inches the downdraw was llO, OOOpounds. 
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A further decrease in the extension caused a more rapid increase in down- 

draw which finally became 360,000 pounds when there was no extension. 

Structural designs of fletbottom gate vlth extended lip. To build 

e flatbottom gate with an extended lip below its downstream edge which 

would develop a downdrsw of IIO,000 pounds, equalling that of the slolMm4~- 

Bottom gate of Design 2 (Figure 6), a lip extension of 17 inches would 

be necessary. Bnt this was not ~ractlcal, since the horizontal forces 

on it would be excessive. Nevertheless, a flatbottom gate having an 

extended llp was s simple design compared with the sloping bottom of 

Design 2; so further studies were proposed to see if a design involving 

a flat bottom and extended llp could be used, even though a slightly 

larger downdraw would result. 

Design 3, Figure 6, was conservative from a structural viewpoint, 

havin~ a lip extension of 10-3/4 inches which, from the curve of Figure 

7, indicated a downdraw of approximately 130,OOO pounds. The radius at 

the upstream edge of the bottom was 7-1/2 inches instead of 9 inches, 

prototype, as in the general test, and the thickness of the lip was 

i-I/~ inches instead of 3/4 inch. It was anticipated that ~he smaller 

radius would increase the downdraw a small amount. The bottom of the 

lip was beveled at a steeper angle, 67 degrees 20 minutes, to place the 

spring point at its downstream edge to reduce the downdraw on the lip 

(Figure 6). The tests showed that the downdraw would be approximately 

138,OOO pc~ands. The steeper bevel on the lip placed the spring point 

at It~ d~wnstream edge. Piezometers placed on the lip to determine pr~ o.'~ 

uuree indicated that the downdrsw on the 1-1/h-lnch llp was nearly equal 

to that on the 3/b~-inch llp of the general test in which the spring poiut 

was st its upstream edge. Accordingly, the curve of ¥i~u . re  ~ could be 

used to predict ~he downdraw of a gate having a l-I/~-inch lip with a 

67-de~ree bevel at its bottom. 

In design h, Figure 6, a slm~llfication of the structural details 

was made by using flat plates and angles to eliminate the curved section 

at the upstream edge of the gate bottom. The end of the plate at the 

u p s t r e a m  edge  was r o u n d e d  t o  a v o i d  a s h a r p  c o r n e r  a t  t h a t  p o i n t .  A 1-1/~-  

inch lip having a steep bevel, similar to Design 3, was extended 12 inches 

below the upstream edge. The downdrsw was 150,000 pounds, which repre- 

sented a 25 p e r c e n t  i n c r e a s e  o v e r  t h e  dowadraw t h a t  was o b t a i n e d  when • 



u s i n g  a 9 - i n c h  r a d i u s  a t  t he  ups t ream edge o f  the  g a t e  bo t tom and a 12- 

~nch lip extension, as on the gate in general test (Figure 7) '  

The final Shasta design. Neither Design 3 nor ~ was satisfactory 

for the Shasta Dam outlet coaster gates, for their downdraw of 135,000 

and 150,000 pounds, respectively, was excessive. A careful analysis 

of the stresses on the bottom of a gate similar to the model used in the 

general teat revealed that this gate would be practical i~ the lil~ exten- 

sion did not exceed 14-i/2 inches; and the curve of Figure 4 indicated 

that the gate would develop a do~mdraw of ii0,000 pounds. Since this 

downdraw was no t  e x c e s s i v e ,  Des ign  5 was c o n s t r u c t e d  and t e a t e d  ( F i g u r e  

6 ) .  Design 5 d i f f e r e d  f rom the ga te  o f  the  g e n e r a l  t e s t  in t h a t  a 1 - 1 / ~ -  

inch l i ~  h a v i n g  a 6 7 - d e g r e e  b e v e l  a t  i t s  bo t tom was u s e d  i n s t e a d  o f  a 

3/4-inch llp having a h~-degree bevel. It was found previously that the 

downdraw on the 1-1/M-Inch lip ~rae nearly equal to that on the 3/~M-inch 

lip with a 45-degree bevel. This downdraw of 112,000 pounds on Design 5 

checked the do.draw predicted of II0,000 pounds. The gate of the final 

design was made an inch thicker than the gate tested; therefore the value 

of 112,000 pounds was rechecked and the estimate increased to 1'13,O00 

p o n d s .  

I t  was a p p a r e n t  t h a t  any chan~e o f  the  g a t e  to r e d u c e  the  do~ndraw, 

such as e x t e n d i n g  the  l i p  f u r t h e r ,  was no t  d e s i r a b l e ;  so t h i s  g a t e  was 

s e l e c t e d  as  the  f i n a l  d e s i g n .  Three a d d i t i o n a l  t e s t s  were made on i t  

t o  conc lude  the  s t u d i e s  of  the  o u t l e t  c o a s t e r  g a t e s  a t  S h a s t a  Dam: (1 )  the 

maxizlzm downdraw of 113,000 pounds, obtained by pressure measurements, 

was checked by force measv~rements; (2) the effect of the gusset plates 

which supported the extended lip was checked; and (3) the effect upon 

do~mdraw of a recess in the face of the dam above the outlet entrance was 

s t u d i e d  to g i v e  the  f i n a l  d e s i g n  e s t i m a t e  o f  a maxi~nun downdraw of  

70,000 pounds .  

Correlation of downdrew b~ force measurements. Alt~ough the down- 

draw was estimated to be 113,000 pounds, a conservative allowance was 

necessary because the pressure measurements might be slightly in error 

due to unbalanced pressures existing on some portion of the gate not 

covered by piezometere during the teats. Therefore, the downdraw was 

checked by measuring the forces on the ga~e. The manual gate lift was 
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r e p l a c e d  by  a m e c h a n i z e d  g a t e  l i f t  d e s i g n e d  t o  m e a s u r e  t h e  f o r c e s  on t h e  

h o i s t  w h i l e  t h e  g a t e  w~s i n  m o t i o n ,  p.s d e s c r i b e d  i n  S e c t i o n  9- 

Two ~ a t e s  were  u s e d  f o r  t h e s e  c o r r e l a t i o n  t e s t s .  Ga te  1 was t h e  same 

Bs u s e d  i n  t h e  p r e s s u r e  t e s t s ,  o v e r h a u l e d  f o r  t h e  f o r c e  m e a s u r e m e n t s .  Ga t e  

2 was ostensibly the same as Gate i, except it was designed specifically 

for force measurements. 

To reduce the friction of Gate i the roller chains were replaced with 

fla~ged bearings, and the seals were reduced until they were flush with the 

downstream edge of the lip so they would not rub against the seal seats. 

The resulting gap between the seals and their seats was between 0.02 and 

0.0~ inch (model). At that time it was believed that the leakage thro~h 

t h i s  gap would n o t  a f f e c t  t he  downdraw. The downdraw on Gate  1 was r e c o r d e d  

over a range of gate openings (Figure 8), whereas the pressure mea..urements 

had been recorded only at maximum downdraw. The gate openings were based 

on the distance from the bottom of the lip to the lower edge of the bell- 

mouth (Figure S). 

The maximum downdrsw of 113,000 pounds on Gate 1 recorded by force 

measurements chem..karl closely the downdraw by pressure measurements of 

ll2,000 pounds, indicating that the pressure measurements were reliable. 

The gate oloening at which these maximum values occurred was 50 percent for 

the pressure measurements and 55 wercent for the force measurements. 

Gate 2, upon which the final measurements were made, was constructed 

more c~refully than Gate I in that the gap between the seals and the seal- 

seats was st all points less than 0.17 inch (0.01 inch, model), while the 

gap on Gate 1 wee about 0.50 inch (between 0.02 and 0.0~ inch, model). The 

extended li~ w~.s set upstream from the face of the seals, forming a lip 

clearance of 0.85 inch (0.05 ~nch, model), while there was no llp clearance 

on Gate 1. Otherwise, the gate bottoms were identical. The maximum down- 

dr~w of Gate 2, occurring at a gate opening of 55 percent, was 139,000 

pounds. Some discrepancy was expected between Gates i and 2, but not 2~ 

percent. However, a study of ~he ~ates revealed that a large part of this 

difference was caused by the 0.05-inch llp clearance of Gate 2 and that 

some of the dlscrep~ncy might be caused by the la~fer gap between the seals 

and  their s e a t s  on Gate I. 
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The i m p o r t a n c e  of  t h e  l i p  c l e a r a n c e  was d e m o n s t r a t e d  i n  t he  t e s t s  to  

r e d u c e  t h e  down&raw i n  t h e  o r i g i n a l  d e s i g n  when i t  was n e c e s s a r y  t o  p l a c e  

the  s p r i n g  p o i n t  as  c l o s e  to  t h e  f a c e  o f  t h e  d~n a s  p o s s i b l e  mo t h a t  t h e  

l i p  c l e a r a n c e  would be a minimum. An i d e a l  g a t e  would  have  t h e  downstream 

edge o f  t h e  e x t e n d e d  l i p  t o u c h i n g  the  s e a l - s e a t s .  T h i s  i s  n o t  p o s s i b l e ;  so 

a li~ clearance is necessary. Since it was recommended that this li~ clear- 

ance be as small as rosslbls, it was felt that the unbalanced pressures on 

the portion of the seals over this llp clearance would not cause an 

appreciable increase in the downdraw. However, the tests on Gate 2 further 

emphasized its importance; and when the lip clearance of the final design 

was established as 1/2 inch, it was necessary to revise the maximum down- 

draw obtained from preBaure measurements from 113,000 pounds to 123,000 

pounds (Figure 8). In a similar manner the downdraw curve of Gate i was 

revised with a maximum downdraw of 122,000 pounds. The lip clearance of 

Gate 2 being 0.85 inch, prototype, the downdraw curve for Gate 2 was revised 

to a maximum downdraw of 131,000 pounds. 

These revised curveB of Gates Iard 2 ere in gool agreement at all 

points except at their peak where a discrepancy of 7-i/2 percent exists. 

This discrepancy is probably due to ~he lar~er gap of 0.02 to 0.0~ inch 

(model) between the seals and the seal-seats of Gate I, which tended to 

reduce the downdraw. • test was made, by removing the seal-seats, to 

increase this gap to approximately 0.08 inch, and the down,raw was further 

reduced about 25 percent. Evidently water flowing through this gap formed 

pressure o . on the under side of the upper seal frame, producing an upward 

force. This test demonstrated the possibility of reducing the downdraw by 

increasing the clearance between the seals and seats. The same action was 

accomplished by placing a recess in the face of the dam above the outlet. 

Effect of the gu~et p lste~ Supporting the extended ~ lip. Before 

tests upon the effect of s recess in the face of the d~m were be~'~u~, the 

influence of the gusset plates supporting the extended lip web studied. 

These plates were placed vertically in the plane of flow so they would not 

c a u s e  downdraw. P i e z o m e t e r s  on t h e  b o t t o m  of  t he  g u s s e t  p l a t e s  i n d i c a t e d  

a p r e s s u r e  r e d u c t i o n  on ~hose members ~ r e a t e r  t h a n  on t h e  g a t e  b o t t o m ,  b u t  

t h e i r  c o n t r i b u t i o n  to  t he  downdraw was n o t  a p p r e c i a b l e  b e c a u s e  the  a r e a  on 



the bottom of the gusset plates was small compared with the total area of 

the gate bottom. To confirm these finding~ force teats were made on Gate 1 

with the gusset ~l~tes removed, but no difference in down&raw could be 

observed. 

It wee concluded that a reasonable number of gusset plates could be 

need to ~u~port the extended lip without increasing the downdr~w. These 

~nxsset plates should end at the point where the bevel of the extended llp 

begins, approximately 3 inches above the spring point. It la suggested 

that any sharp curves on the bottom of these gusset plates be rounded by 

grinding. 

• ffect of a recess in the face of the dam. The maximum downdraw 

obtained from force measurements on Gate 2 was 131,000 pounds. It occurred 

at a gate openin~ of 55 percent. There were indicetlons that this force 

could be substantially reduced by a recess in the face of the dam above the 

outlet entrance. When the gate w~s partially open, water would fill the 

recess and pressures on the under aide of the upper, horizontal, projected 

seal would tend to balance the static pressure on top. Without a recess. 

pressures on the under side of the upper projected seal woul~ be low, the 

same as pressures in the outlet entrance; so the static pressure on top of 

the upp. er projected seal would exert a downward force which becomes part af 

the downdraw. 

The actual effectiveness of the recess was questioned. The water 

would flow continually from the portion of the recess abov~ the gate, past 

the opening between the upper projected zeal and the face of the recess into 

the portion of the reces~ below the top of the gate, thence past the opening 

between the skinplate and the upper zeal-seat on the dam and into the outlet. 

If the Jet of water flowing into the outlet were to impinge upon ~he top of 

the lower projected zeal, the impact would create a downward force which 

would nullify the advantage gained by Increasing pressures on the bottom 

of the upper seal frame. Where the depth of the recess is limited, the 

opening between the upper projected zeal a~ud the face of the recess may 

become a control, resulting in reduced pressures on the under side of the 

upper projected seal the same as if no recess existed. To be effective, 

the control has to be at the opening between the skinplate and the upper 

seal-seat; therefore the pressures in the lower portion of the recess, below 

the top of the ~ate, are nearly the same as the ztatlc pressures above the 

top of the gate. 
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Model studies were made to find the actual effectiveness of the recess, 

to observe whether the Jet from the recess would impinge on the top of the 

lower projected seal, and to determine the minimum depth of recess which 

would be practical. To make the l:17 model correspond with the prototype, 

the proposed recess, as determined analytically, would have to be at least 

1 inch deep. Such a recess could not be used without major revision of the 

model. A recess I/~ inch deep was possible and would be satisfactory if 

the tests were of a general nature rather than a specific study o~ the recess 

at Shs~ Dam. Therefore, the results are shown only in model dimensions 

(Figure 9). The downdre~ of the final design of the Shasta Dam outlet 

coaster ~ate with the recess was calculated from these findings. 

The model of the final Shasta Design, Gate 2, was used for the tests, 

and the relationship of the downdraw to the gate opening for this model, 

without a recess, was used as a basis for comparison (Figure 9). The seal 

projection of the model, about 3/8 inch to correspond with the final Shasta 

Design, was reduced to 3/16 inch when preliminary tests demonstrated that 

the projection must be less than the depth of the recess. 

Two preliminary tests were made, one with a seal projection of 3/g inch 

and one with a projection of i/4 inch. With a zeal projection of 3/5 inch 

the ooen~n~ between the upper seal and the face of the recess was definitely 

a control and no reduction of downdraw was observed. With the projection of 

i/~ inch the opening between the upper seal and the face of the recess was 

the same as the openlnK between the sklnplate and the top seal-seat on the 

dam. So two controls mi~ht exist. Some reduction of downdraw was observed, 

but ~re~sures on the under side of the upper projected seal were considerably 

less than the static pressure on top. 

However, with the 3/16-inch seal projection, the control was at the 

space between skinplate and top seal-seat and a substantial reduction of 

downdraw was observed (Figure ~, curve with sharp edge at top of gate). The 

pressures on the ~.~uder side of the upper horizontal seal frame were about 

half the static pressure on top, which indicated that a further reduction 

of downdraw could be obtained by a deeper recess, for the velocities past 

the upper seal would be less and the pressures on its under side greater. 

As a deeper recess was difficult to install in the model, the same 

result was accomplished by placing a curved section on top of the upper 
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s e a l .  The s q u a r e  edges  o f  t he  u p p e r  p r o j e c t e d  s e a l  f o r m e d  a c o n t r a c ~  L 

which  i n c r e a s e d  the  v e l o c i t i e s  a r o u n d  t h e  p r o j e c t e d  s e a l  and  d e c r e a s e d  the  

pressmLres u n d e r  i t .  With a c u r v e d  s e c t i o n  on top  o f  t h e  p r o j e c t e d  s e a l ,  

t he  f l o w  w~s s i m i l a r  t o  t h e  f l o w  t h r o u g h  a b e l l m o u t h  o r i f i c e  w i t h o u t  c o n -  

t r a c t i o n .  T h i s  r e v i s i o n  was e f f e c t i v e ,  f o r  t h e  o b s e r v e d  downdraw reaso~lx l¥  

c h e c k e d  a c a l c u l a t e d  c u r v e  b a s e d  u~on t h e  r e d u c t i o n  of  downdraw due to  t h e  

r e c e s s ,  which  e.ss~nned p r e s s u r e s  on t h e  t op  and  the  u n d e r  s i d e  o f  t h e  u p p e r  

seal to be balanced. These curves checked closely between gate openings of 

20 to 50 percent. Between openings of 0 to 20 percent the observed curve 

had larger values; but this was ant!cipated, for when the gate was nearly 

closed the recess would not be effective. Between gate openings of 55 to 

70 percent the calculated values were larger than the observed values. In 

this region the flow conditions became complex and the values of the cal- 

culated curves were based upon conservative assumptions. When the gate was 

about 50 percent open, the recess was ineffective, for the bottom seal con- 

tacted the top seal frame. Under this condition no flow passed through the 

recess and static pressures on top of the bower projected seal exerted a 

downward force with the same effect as if no recess existed. 

The agreement between the observed and the calculated curves between 

~ate openings of 20 to ~0 percent, where the calculations were reliable, 

w~s at first dlsconcertlng because the pressures on the bottom of the upper 

projected e~al were about ~5 percent of the ~tatlc head, and, if pressures 

on top of the seal ~ere static, as flret assumed, then the reduction of 

downdraw should be only ~5 percent of the reduction obtained by assuming 

balanced pressures on the top and the bottom of the seal. However, pres- 

sures on the curved section on the top of the upper seal must be less than 

the static and would tend to balance the pressure on the bottom. No pressure 

measurements were made on the curved section above the uoper zeal; but other 

studies hove indicated that a reduction in pressure will occur on any curved 

entrance similar to the arrangement of the model. Should it be necessary to 

use a shallow recess in a future prototype sCructure, a curved section 

similar to the section used in the model might be placed at the top of the 

upper seal. The radius should be at least equal to the projection of the 

seal and should be almost flush with the contact lime of the seal, to be 

effective. 
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No such  c u r v e d  s e c t i o n  was c o n s i d e r e d  n e c e s s a r y  on t h e  S h a s t a  o u t l e t  

coaster gate because the recess was made IS inches deep, approximately 

t h r e e  t i m e s  t h e  d e p t h  o f  t h e  s e a l  p r o j e c t i o n .  From t h e  f i n d i n g s  o f  t h e  

g e n e r a l  t e s t  t h i s  wag c o n s i d e r e d  t o  be a r e a s o n a b l e  d e p t h ,  s u f f i c i e n t  t o  

b a l a n c e  t h e  p r e s s u r e s  on t h e  top  and  t h e  b o t t o m  o f  t h e  u p p e r  s e a l .  F i g -  

u r e  g shows a c u r v e  o f  t h e  p r o b a b l e  downdraw on t h e  S h a s t a  g a t e  w i t h  

r e c a s t ,  c a l c u l a t e d  i n  t he  same manner as  t h e  c a l c u l a t e d  c u r v e  o f  F i g u r e  9. 

These  c a l c u l a t i o n s  were b a s e d  upon the  a s s u m p t i o n  t h a t  t h e  p r e s s u r e s  on 

t h e  uppe r  z e a l  were b a l a n c e d .  The r e d u c t i o n  i n  downdraw from the  u n b a l -  

a n c e d  c o n d i t i o n  (shown b y  t h e  f i n a l  d e s i g n  c ~ r v e  w i t h o u t  r e c e s s  i n  f a c e  

of  dam), w i l l  be e q u a l  t o  t h e  p r o d u c t  of  t h e  h e a d  d i f f e r e n t i a l  b e t w e e n  

t h e  top  of  t h e  g a t e  and  t h e  o u t l e t  e n t r a n c e  and t h e  e x p o s e d  a r e a  o f  t h e  

projected seal. Assuming a differential head o f  323 feet, a seal projec- 

tion of 5-7/16 inches, and a seal width of 11.05 feet, this reduction 

would be I01,000 ~ounds. This reduction would occur at gate openings 

from 0 to 50 percent when the pressures in the outlet entrance are 

atmospheric or negative. 

Negative downdraw or uplift forces Would occur at gate openings less 

than hO percent. As shown by the curves of Figure 9, an uplift force wa~ 

o b s e r v e d  on t h e  model .  D u r i n g  the  t e s t a  i t  was d e m o n s t r a t e d  t h a t  t h i s  

force could prevent the model gate from closing. To avoid this condition ~ 

the prctotype recess was tapered so that as the gate closed the recess 

would begin to lose its effectiveness at a gate opening of 45 percent and 

become completely ineffective when the gate was 20 percent open. The 

actual downdraw on the gate while it was being lowered from 45-percent 

to 20-percent openings would be uncertain, as shown by the dashed portion 

of the curve. At gate openings larger than 50 percent the h~ad of 323 

feet would be reduced by the pressure in the conduit then flowing full. 

Also, the reduction of downdraw would be lessened, since the top of the 

lower projected seal would be near the top of the circular bellmouth and 

only a portion of the seal width of II. O5 feet would be effective. It 

wee assumed that only the portion of the top of the lower projected seal 

spanning the opening of the circular bellmouth was effective. From these 

calculations the maximum downdraw of 70,000 pounds wee estimated to occur 

when the gate was 80 percent open. 
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CHAPTER III - ADDITIONAL OUTLET COASTER-@ATE STUDIES 

Co~rparieon o f  o u t l e t  c o a s t e r  K a t e s .  The o u t l e t  c o a s t e r - g a t e  s t u d i e s  

were c o n t i n u e d  to  o b t a i n  s u f f i c i e n t  d a t a  f o r  e s t i m a t i n g  t h e  downdraw o n  

t h e  ~ a t e s  a t  F r i a n t  Dam ( S e c t i o n  25) and  on o t h e r  s i m i l a r  o u t l e t  c o a s t e r  

g a t e s .  The v a r i o u s  o u t l e t s  and  t h e i r  c o a s t e r  g a t e s  were  s t u d i e d  and com- 

p a r e d  t o  d e t e r m i n e  t h e  a d d i t i o n a l  t e s t s  n e c e s s a r y  so t h a t  the  r e s u l t s  of  

t h e  t e s t s  on the  o u t l e t  c o a s t e r  g a t e  a t  S h a s t a  Dam c o u l d  be a p p l i c a b l e  to  

o t h e r  i n s t a l l a t i o n s .  A l t h o u g h  t h e  o u t l e t  e n t r a n c e s  and g a t e s  were s i m i l a r  

(FiA~zre 10A). t he  o u t l e t s  were  o f  s e v e r a l  t y p e s  ( F i g u r e s  1C~, C, and D) 

and  the  d i m e n s i o n s  o f  c e r t a i n  f e a t u r e s  which  would  a f f e c t  the  downdraw were 

not similar (Figure IOE). 

Since the outlets varied in size, the diameter was used as a basis of 

comparison. If two outlets of different sizes were geometrically similar, 

such ae a model and a prototype, the dimensions of their various features, 

such as the length of the conduit, would be the same when based upon the 

diameters; so their performance could be compared by principles of simil- 

itude. However, if two outlets were similar except for some dimension, 

as the conduit length, that dimension based upon their diameters would not 

be the same. Nevertheless, their performance could be compared if the 

effect of feature, such as a difference in length, were known. Moreover, 

the performance of two gates could be compared if they were different in 

several respects, providing the effect of all of the differences were 

known. Thus the effect on downdraw of the features shown in Figure fOE had 

to be determined before the results of the model studies on the Shasta Dam 

outlet coaster g8tes could be applied to the Friant Dam coaster gates. 

The effect on downdraw of the following features was studied in the 

Shasta Dam outlet coaster-gate tests: (I) the reservoir head, H; (2) the 

gate lip extension. Y; (3) the bottom radius, r; (it) the gate liw clear- 

ance, n; (5) the gate seal projection, $; and (6) the recess depth, K. 

Additional outlet coaster-gate studies were necessary to find the effect 

on downdraw of: (i) the drow through the conduit, H~, (2) the resistance 

to flow through the conduit caused by the conduit length, L, and the regu- 

lating valves; (3) the thickness of the gate, T; and (h) the distance of 

the traehracke base from the edge of the bellmouth, C. Also, tests were 
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made to  s t u d y  [ u r t h e r  t h e  g a t e  l i ~  e x t e n s i o n  and t h e  r a d i u s  a t  t h e  u p s t r e a m  

edge  of  t h e  ~ s t e  b o t t o m .  From t h e s e  t e s t s  t h e  downdraw on t h e  o u t l e t  

c o a s t e r  g a t e s  a t  F r i a n t  Dam was e s t i m a t e d ,  a s  e x p l a i n e d  in  Sec t ion  25. 

E f f e c t  o f  d rop  i n  c o n d u i t .  The d o w n s t r e a m  s e c t i o n s  o f  t h e  S h a s t a  

Dam o u t l e t s  were  c u r v e d  downward t o  d i r e c t  t h e i r  J e t s  a l o n g  t h e  f a c e  crf 

t h e  dam, mak ing  t he  c e n t e r l i n e e  o f  t h e  e ~ i t s  a p p r o x i m a t e l y  1 6 . 6  f e e t  

b e l o w  t h a t  o f  t h e  e n t r a n c e s  ( Y i g u r e  lOB) .  Th i s  d rop  t h r o u g h  t he  c o n d u i t  

was n o r m a l l y  p a r t  o f  the  e f f e c t i v e  h e a d  a c t i n g  on t h e  o u t l e t .  ~ e v e r t h e -  

l e s s ,  i n  t h e  t e s t s  on t h e  S h a s t a  Dam o u t l e t  c o a s t e r  g a t e  t h e  head  was 

m e a s u r e d  f r o m  t h e  c e n t e r l i n e  o f  t he  o u t l e t  e n t r a n c e  and  t h e  d r o p ,  H ' ,  

was no t  c o n s i d e r e d  a s  p a r t  o f  t he  heed .  The e f f e c t  upon  downdraw o f  t h e  

drop, H', was not established clearly in those tests because the drop 

represented only 5 percent of the total head. However, the drop, H', was 

50 feet at the Friant Dam River outlets, which was 25 percent of the head, 

H, above the gate. Therefore, it was necessary to determine the effect cf 

the drop through the conduit. 

The model was revised to represent a Friant Dam River outlet by 

changing the scale ratio to 1:18.33, filling the recess in the face of 

the dam, removing the regulating Shasta tube valve, installing an elbow 

in the conduit to produce a 2.73-foot drop (50 feet prototype), and plac- 

ing a 1:18.33 scale model of a Frlant needle valve at the exit. The 

model coaster gate, the final Shasta design, was not revised for this 

test. The hydraulic downdraw was measured at several heads and gate 

ooenings and co~Poared with similar measurements on the same model with 

no dro~ in the conduit. 

The tests were not completely satisfactory because the effect of the 

drop of the conduit was uncertain at gate openings between ~8 and 58 per- 

cent where the downdraw was a maximum. Nevertheless, the effect of the 

drop was shown clearly for other gate openings. Until the gate was c~sed 

to a point where the pressures in the outlet entrance decrease rapidly 

with further closure, at about 5S-percent opening, the drop H' increases 

the effective head on the gate, increasin~ the downdraw. When the gate 

became a definite control, openings less than ~5 percent, the drop in the 

conduit had no effect upon the downdraw. With the gate as a control the 

pressures in the outlet entrance were negative, being relieved by aeration 

t o  t h e  e x t e n t  t h a t  t h e  h e a d  on t h e  Ka te  wee i n d e p e n d e n t  o f  t h e  d r o p  i n  t h e  

conduit. 41 



From t h e  t e s t s  i t  was c o n c l u d e d  t h a t  t h e  d rop  i n  t h e  c o n d u i t  wou ld  

i n c r e a s e  t h e  downdraw o n l y  when t h e  c o n d u i t  was f u l l  o f  w a t e r  w i t h  p o s i -  

t i v e  p r e s s u r e s  i n  t h e  o u t l e t  e n t r a n c e .  S i n c e  the  maximum downdraw was 

o b s e r v e d  t o  o c c u r  when t h e  c o n d u i t  was f i l l e d  and w i t h  s l i g h t  p o s i t i v e  

p r e s ~ L r e s  a t  t h e  e n t r a n c e ,  i t  may be f u r t h e r  c o n c l u d e d  t h a t  t h e  maximum 

down&raw would  be i n c r e a s e d  by a drop i n  t h e  c o n d u i t .  I t  was c o n s e r v a t i v e  

to  base  t h e  downdraw on a head  H .~ H ' .  

E f f e c t  of  r e s t r i c t i n ~  o u t l e t  f l o w .  The d e s i g n  of  t h e  o u t l e t  c o a s t e r  

g a t e  a t  S h a s t a  Dam was Based  upon the  a s s u m p t i o n  t h a t  t he  r e g u l a t i n g  t u b e  

valve in an outlet might fail in an open position and that the gate would 

then have to close the outlet. Therefore, the tests to measure downdrRw 

were made with the tube valve wide open, for it wPs apparent that closing 

the tube valve would restrict the flow and reduce the downdraw. Thee a me 

premises were used in the design of the outlet coaster gates at Friant 

Dam although the downdraw was to Be estimated from the results of the 

Shasta tests. However, the relative discharge of the Friant outlets was 

less than that of the Shasta outlets. So the flow through those outlets 

might be compared with the flow through a Shasta outlet when Its valve 

was partly closed. No tests on the Shasta outlet were made with the valve 

partly closed; so it wal necessary to study the effect of restricting the 

flow through the outlets. 

The restriction of flow through outlets was expressed as an overall 

coefficient of discharge C O obtained from the expression 

Q=OoA 

where 
Q = d i s c h a r g e ,  

A = a r e a  o f  t h e  o u t l e t  c o n d u i t ,  and 
H = t o t a l  h e a d  on t h e  o u t l e t .  

C O i n c l u d e d  a l l  l o s s e s  i n  t h e  c o n d u i t  and  was r e l a t e d  t o  t he  more common 

K2 • K3 W expression for the total head H = (i 4 K 1 4 ,..) ~ in the follow- 

ing manner: 

~=CoA 

or  @2 = Co2 

- o  oA 

V 2 
A 2 .  2g (1 • 1 , K  2 + x  3 . . . )  
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Q2 : (I • K I • K 2 + 
2g A 2 C°2 

from which 

Co = 1 

V2 K3) 

~i , K I ÷ K 2-~ K 3 ... 

The downdraw on t h e  S h a s t a  o u t l e t  model  w i t h  C O = 0 . 6 9  was c o m p a r e d  t o  

t h e  downdraw on a F r i a n t - E e r n  Canal  model  w i t h  C O - 0 . 5 6  and  w i t h  two o t h e r  

a r r a n g e m e n t s  made by  r e m o v i n g  t h e  e x i t  cone  and  e lbow f r o m  t h e  S h a s t a  model  

w i t h  C O - 0 . 7 9 ,  and by  r e m o v i n g  a l l  c o n d u i t  downs t r eam f rom t h e  b e l l m o u t h  to 

p r o d u c e  f r e e  d i s c h a r g e  C O = 0 . 9 7 .  The same model  g a t e ,  t h e  f i n a l  S h a s t a  

d e s i g n ,  was u s e d  f o r  a l l  t e s t s .  The r e s u l t s  were  c o r r e c t e d  t o  a mode l  h e a d  

o f  20 f e e t  a s  shown on t h e  g a t e  o p e n i n g  v e r s u s  h e a d  c u r v e s  o f  F i g u r e  11.  

These  c u r v e s  show t h e  maximum downdraw f o r  t h e  s e v e r a l  o u t l e t s  t o  be  

r o u g h l y  p r o p o r t i o n a l  t o  t h e  o v e r a l l  c o e f f i c i e n t  o f  d i s c h a r g e  C o . T h i s  

relationship appears feasible to compare quickly the effect on downdraw of 

similar coaster gates used at outlets where the overall coefficient C o is 

not the same. However, a more reliable method for computing an outlet hav- 

ing a given C o is possible since downdraw is proportional to the velocity 

head under the gate. Such a procedure may be used to advantage if the down- 

draw curve for unrestricted discharge ie known and the effect of a given 

restriction desired. The computed curves for the Shasta tube valve, Figure 

II, and for the Friant needle valve were obtained from the curve for free 

discharge, C O = 0.97. The method of obtaining these curves will be deecrlbed, 

for the same procedure was used later to estimate the hydraulic downdraw 

forces on the penstock coaster gates at Davis and @rand Coulee Dams from 

basic data obtained on a model of a Shasta Dam penstock coaster gate tested 

for free dlschar~e. 

The free discharge curve C o -- 0.97 was selected as the basic curve 

because the velocity head for this curve was nearly constant. With a con- 

stant head of 20 feet on the gate, the velocity head was 20 feet at a 

75-percent gate opening which increased to approximately 22 feet for gate 

openings between 30 and 60 percent, for negative pressures existed in ~he 

short bellmouth entrance. The curve C O = 0.97 demonstrates that the down- 

draw was a maximum at a gate opening of 75 percent if the velocity head were 
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n o t  r e d u c e d .  With r e s t r i c t e d  f l o w ,  ~hown by the  o t h e r  c u r v e s ,  t h e  downdraw 

was the  same a s  f o r  f r e e  d i s c h a r g e  as  l o n g  a s  t h e  g a t e  was a c o n t r o l .  The 

p r e s s u r e s  i n  t h e  o u t l e t  e n t r a n c e  were t h e n  n e g a t i v e .  However ,  a t  w i d e r  

g a t e  o p e n i n g s ,  when the  c o n t r o l  was n o t  a t  t h e  g a t e ,  t h e  downdraw was redmced.  

The maximum downiraw w i t h  t h e  r e s t r i c t i o n s  was c o n s i d e r a b l y  l e s s  t h a n  t h e  

downdraw f o r  u n r e s t r i c t e d  f l o w  end a p p e a r e d  to  o c c u r  a t  a g a t e  o p e n i n g  

s l i g h t l y  l a r g e r  t h a n  t h e  o p e n i n g  where t h e  g a t e  became a d e f i n i t e  c o n t r o l .  

The n a t u r e  of t h e s e  c u r v e s  s u g g e s t e d  t h a t  t h e  downdraw f o r  any  g i v e n  

r e s t r i c t i o n  may be f o u n d  f r o m  t h e  cu rve  of  downdraw f o r  f r e e  d i | c h a r g e  b y  

o b t a i n i n g  t h e  v e l o c i t y  h e a d  u n d e r  t he  g a t e  ove r  a r a n g e  o f  g a t e  o p e n i n g s .  

Wi th  the  r e s t r i c t i o n s  i n  t h e  o u t l e t ,  t h e  v e l o c i t y  h e a d  w i l l  be r e d u c e d  a t  

wide gate openings when the gate is not a control. The downdraw will be 

reduced proportionately. The velocity head H v maybe expressed as H v = 

~ 2  where Q equals the discharge and A I the area of the Jet flowing 

2g A I 

under the gate at its point of contraction. The discharge may be estimated 

from the expression 

/ HI A2 
Q= \/.. ! .+ l _l+ A2 

.2g "2 co 2g 2 2g A12 

where  H 1 = head on the gate (20 feet), 

A 2 = area of the conduit, and 

C = the overall coefficient of discharge. o 

This formula for discharge was developed by using the principle of the con- 

s e r v a t i o n  o f  momentum to  d e t e r m i n e  t h e  l o s s e s  a s  t h e  w a t e r  p a s s e d  u n d e r  a 

p a r t l y  c l o s e d  g a t e  and  e x p a n d e d  i n t o  t h e  o u t l e t .  A d i s c h a r g e  c u r v e  b a s e d  

on t h i s  f o r m u l a  c h e c k e d  t e s t  d a t a  c l o s e l y .  I t  was f o u n d  t h a t  t he  v a l u e  o f  

A1, t h e  a r e a  o f  t he  J e t ,  a t  i t s  c o n t r a c t i o n  p o i n t  wee d i f f i c u l t  t o  d e t e r m i n e .  

If the area A 1 was expressed ae 0.63 of the area of the outlet entrance 

beneath the gate, the computed curves for C o- 0.56 and Co= 0.69 a~ree closely 

with the test data. However, the contraction of a ~et flowing under a partly 

closed gate was uncertain, and, with no other information available, it is 

often considered to be 0.60. If the value of 0.60 were used, the computed 
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c u r v e s  wou ld  be  a b o u t  1 - 1 / 2  p o u n d s  l a r g e r  t h a n  t h e  t e s t  d a t a  shown f o r  c u r v e s  

f o r  C O = 0 . 5 6  and  C O = 0 . 6 9 ,  d e m o n s t r a t i n g  t h a t  ~t  i s  c o n s e r v a t i v e  t o  u s e  a 

c o n t r a c t i o n  f a c t o r  o f  0 . 6 0 .  

E f f e c t  o f  g a t e  t h i c k n e s s .  P e r h a p s  no o t h e r  b a s i c  d i m e n s i o n  o r  f a c t o r  

wh ich  a f f e c t s  t h e  downdraw w i l l  v a r y  ae ~uch  ae  t h e  g a t e  t h i c k n e s s ,  f o r  t h e  

s i z e  o f  t h e  beams which  f o r m  t h e  f r a m e  o f  t h e  g a t e  w i l l  d e p e n d  upon t h e  

s t a t i c  h e a d  o v e r  t h e  o u t l e t .  To compare  t h e  g a t e  t h i c k n e s s  T f o r  d i f f e r e n t  
T 

g a t e s ,  a c o n v e n i e n t  r a t i o  was t h e  g a t e  t h i c k n e s s  t o  o u t l e t  d i a m e t e r ,  ~ . 

~f~e Shasta ~ outlet coaster gate, operating under a static head of 323 
T 

feet, has a ~ ratio of O.~27, while the Yriant-Madera Canal outlet coaster 
T 

gate operating under head of 132 feet has a ~ ratio of only 0.321. 

The effect of gate thickness on downdraw was studied by revising the 

final design of the Shasta Dam outlet coaster-gate model so the thickness 

was changed from 2.57 to 2.61 inches, 2.16, 1.75, and 1.43 inches, respec- 
T 

tively; thus the range of ~ extended from 0.466 to 0.239. The data is 

presented in dimensionless form on Figure 12. The abscissa is the ratio 

of gate thickness to outlet diameter ~.; while the ordinate is a downdraw 
T 

factor N, which is the ratio of downdrav for any value of ~ to the downdraw 

T for ~ : 0.50 for the same gate opening. The downdraw factor N was based on 
T 

t h e  r a t i o  o f  ~ = 0 . 5 0 ,  s i n c e  t h a t  r a t i o  was c o n v e n i e n t  t o  u s e ,  b u t  t h e  fo rm  

o f  t h e  c u r v e  wou ld  n o t  be  c h a n g e d  i f  t h e  f a c t o r  were  b a s e d  on some o t h e r  
T r a t i o  o f  ~ .  As t he  d a t a  was ~ n o t  s u f f i c i e n t  t o  show any  c o n s i s t e n t  t r e n d ,  

i t  c a n  be  u s e d  o n l y  t o  e s t i m a t e  t h e  e f f e c t  on down&raw by  c h a n g i n g  t h e  g a t e  

thickness and its use should be restricted to gates similar to the final 

design of the Shasta Dam outlet coaster gate. 

Effect of trashrack base. To pl.otect the outlets from debris, trash- 

rack structures are placed in front of the entrances (Figure IOA). The 

frame of each trashrack consisted of five or six concrete columns surround- 

ing the outlet entrance and extending to the top of the dam. These coltunns 

were supported on a trashrack base, either at the bottom of the dam or 

attached to the face of the dam as a bracket. 

To avoid significant pressure disturbances at the outlet entrance, the 

concrete columns are streamlined and the floor of the trashrack base is 

placed at a reaeonabie distance below the outlet entrance. The effect o f  
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t h e  t r a s h r a c k  and  t h e  t r a s h r a c k  b a s e  ~a downdraw was n o t  c o n s i d e r e d  i n  the  

d e s i g n  o f  t h e  S h a s t a  Dam o u t l e t  c o a s t e r  ~ a t e  b e c a u s e  p r e v i o u s  mode l  s t u d i e s  

i n d i c a t e d  t h a t  t h e s e  s t r u c t u r e s ,  a s  s i t u a t e d  a t  S h a t t e  Dam, we re  t o o  f a r  

f rom the  o u t l e t  e n t r a n c e  t o  a f f e c t  t h e  p r e s s u r e s .  At F r i g h t  Dam, h o w e v e r ,  

t h e  e n t r a n c e  o f  t h e  F r i a n t - M a d e r a  Canal  o u t l e t s  and t h e  F r i e n t - K e r n  Cana l  

o u t l e t s  were  c l o s e  t o  t h e  b o t t o m  o f  t h e  dam; eo t h e i r  t r a s h r a c k  b a s e s  woul~ ~ 

have  some e f f e c t  upon  p r e s s u r e s  a t  t h e  o u t l e t  e n t r a n c e  a n d  t e n d  t o  i n c r e a s e  

t h e  down&raw on t he  g a t e ,  s i n c e  t h e  p a s s a g e  t o  f l o w  u n d e r  t h e  g a t e  w o u l d  be  

r e ~ t r i c t e d  enough  t o  i n c r e a s e  v e l o c i t i e s  and r e d u c e  p r e s s u r e s  on t h e  g a t e  

b o t t o m .  

Th~ l o c a t i o n s  of  t h e  t r e s h r a c k  bameu a t  t he  d i f f e r e n t  e y e l e t s  w e r e  

compared  b y  u s i n g  t h e  r a t i o  o f  t h e  d i s t a n c e  o f  the  t r a s h r a c k  b a s e  b e l o w  
C 

t h e  o u t l e t  e n t r a n c e  C t o  t h e  D i a m e t e r  of  t h e  o u t l e t  D. T h i s  r a t i o  ~ wag 

1 . 9 4  a t  t h e  S h a s t a  Dam o u t l e t s  b u t  on~y 0 . ~ 3 6  and O. 740 a t  t he  F r A ~ u t - K e r n  

and F r i a n t - M a d e r a  Canal  o u t l e t s ,  r e s l m ~ c t i v e l y  ( Y i g u r e  10E) .  To f i n d  ~ 

e f f e c t  o f  t h e  t r a s h r a c k  b a s e ,  mode l  s t u d i e s  were  made b y  p l a c i n g  a ~ . rash-  

r a c k  b a s e  i n  s e v e r a l  p o s i t i o n s :  C -- ~ - 3 / 8  i n c h e s ;  O = 2 - ~ / 8  i n c h e s ;  O - 

C v a r i e d  f rom 0 . 7 3  to  O, a s  t h e  o u t l e t  I-i/8 inches; and .a_ O. Thus 

diameter of the model was 6 inches. The downdraw on the gate was measured 

at several head-~ and gate openin6e for each position of the traehrack ~ase 

end compared wlth the down4LTaw on the 6ate when the tra~hrack base wee 

removed. The finsi design of the Shasta Dam outlet coaster gate wa~ used 

for these tests, but the outlet was ck~n6ed to simulate a Yrlan~-Kern Canal 

outlet. This intermixing of models was not important for ~he gate would be 

similar at all outlets, and the type of outlet tested was immaterial since 

t h e  downdraw was oomparec  ~ d i f f e r e n t  g a t e  o p e n i n g s  i o  t h a t  t h e  r e s u l t |  

would be applicable to any outlet (Figure 13). C 

These results were plotted as a dimensionless curve with the ratio 

as the abscissa and the percent increase in down&raw as the ordinate. The 

curves were shown for different overall discharge coefficients of the out,- 

lets ¢o" These curve8 are no~ exact, since they were obtained by co=paring 

the incre,,se of downdraw at the approximate gate opening where the down- 

draw becomes a maximum for the given values of C o. If a recess in the face 

of the dam is used to reduce the downdraw, it is I~g~ested that the curve 

C O = 1.00 be used to estimate the increase in downdraw, for the .mxiaum 
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downdraw i s  then l i k e l y  to  o c c u r  wi th  the  g a t e  n e a r l y  v i d e  open ( F i g u r e  11). 

Be curves of Figure 13 will be satiefactory to estimate the effect of 

the location of the traehrack 1~ase on the downd.r~w. These curves show the 
C 

increase of downdraw to be negligible where ~ is larger than i. The value 

C of ~ has to be lees than 0.5 before the do~rndraw will be increased I0 percent. 

Effect of lip extension and radiue at upstream edge of ~ate bottom. 

The gate lip extension Y and the radius at the upstream edge of the gate 

bottom r were studied in tests to develop a design for the outlet coaster 

gate at Shasta Dam (Section 9). The results (Fi~-~re 7)were shown in pro- 

t o t y p e  s i n c e  the  s t u d i e s  a t  t h a t  t ime were c o n c e r n e d  on l~  w i th  the  g a t e  f o r  

S h a s t a  Dam. Yor a g e n e r a l  s t u d y ,  however ,  the  r e s u l t s  a r e  p r e s e n t e d  i n  

t imenmion l ee s  te rms ( ¥ i g u r e  l h ) .  The a b s c i s s a  im the  r a t i o  o f  the  l i p  

e x t e n s i o n  Y to  the  g a t e  t h i c k n e s ~  T. and the  o r d i n a t e  i s  the  r a t i o  o f  the  

maximum h ~ d r a u l i c  downdrnw to  a t h e o r e t i c a l  h y d r a u l i c  do,redraw. This  

t h e o r e t i c a l  downiraw i s  a f o r c e  equa l  to  the  p r o d u c t  o f  t h e  g a t e  t h i c k n e s s ,  

T, the  nominal  g a t e  w i d t h ,  W, and t h e  head H + H' above  t he  o u t l e t  e x i t .  

The nominal g a t e  wid th .  W. the  span a c r o s s  the  o u t l e t  e n t r a n c e ,  was u s e d  

r a t h e r  than  the  t o t a l  g a t e  w id th  b e c a u s e  t h i s  d imens ion  was a l s o  ,1sad t o  

designate the size of the gate (Section 6). 

In Figure i~ the tests to develop the gate for the ShaetaDam outlets 
r _ 

are shown by the heavy curves labeled ~ = 0.20 (Desicn 5, Yigure 6), ~ - 
r 0.167 (Design 3), and ~ -- 0.05 (Design ~). In additional tests a gate was 

studied which had a sharp corner at the upstream edge of the bottom, 

r = 0. These curves showed that increasing Y or the radius R reduced the 

downdraw. However, their scope was limited, the tests having been made on 

an outlet with a constant overall coefficient of discharge C O = 0.6~ and a 
T constant thickness ~ = O. ~3. As the maximum ~owndraw was rouF~hly propor- 

tional to the ooefficient C o, the ratio of downdraw to theoretical downdraw 

would increase with an increase of the overall coefficient C O or decrease 

with a decrease of C O . The effect of changing the coefficient C O can ~e 

computed ae described in Section 21. The ratio of downdraw to theoretical 

downdraw will increase as the gate thickness decreases, as shown by the 
r T r T 

light curves of Fugure I~ for ~ = 0.2T6, ~ = 0.321, and ~ = O.ITT, 15 = 0.50. 
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These curves were obtained bY selecting values from the curve of studies on 

the effect of gate thickness (Section 22). The ste~s to be taken to obtain 

these points are outlined in Section 25. 

To have complete, accurate data, it would be necessary to develop a 

series of curves similar to those of Figure ~ which would show the varia- 
y r A 

tion of ~ for different combinations of ~, ~, and C O . A large number of 

tests would be required to obtain such curves. It being possible to make a 

reasonable estimate of downdraw of the gates at Frlant Dam from the existing 

data, additional tests were not made. The basic design of gates at future 

installations may be changed, requiring further studies at that time. 

H~draulic downdraw on outlet coaster gates at Friant Dam. The maximum 

hydraulic downdraw force on the 11.92- by ll.92-foot coaster gate for the 

river outlets at Friant Dam was estimated to be 67,700 pounds. When this 

~ate was used for the Friant-Kern Canal outlets the force was estimated to 

be 34,700 pounds. The maximum downdraw on the 9.86- by 9. g6-foot gate for 

the Yriant-Madera Canal outlets was estimated to be 25,600 pounds. These 

estimates were obtained from the results of the general tests, Sections 20 

through 24. The actual steps to estimate these forces were similar in each 

case. Briefly, they consisted of finding the ratio of maximum to theoret- 

ical do~rndraw by curves of Figures 12 and I~. This ratio was corrected for 

C O and the effect of the trashrack base. To the resulting downdraw, obtained 

by u s i n g  t h e  c o r r e c t e d  r a t i o ,  t h e  downdraw c a u s e d  by  l i p  c l e a r a n c e  was added .  

I f  a r e c e s s  i n  t h e  f a c e  o f  t h e  dam were  u s e d  a t  t h e  F r i a n t  o u t l e t s ,  a n o t h e r  

s t e p  wou ld  be  to  e s t i m a t e  t h e  r e d u c t i o n  o f  downdraw c a u s e d  by t he  r e c e s s ,  

S e c t i o n  lB.  

The ~ ) rocedure  f o r  c a l c u l a t i n g  t h e  do~ndraw on t h e  c o a s t e r  g a t e  f o r  t he  

r i v e r  o u t l e t s  a t  F r i a n t  ])am i s  o u t l i n e d  i n  d e t a i l  i n  t h e  f o l l o w i n g  ~ a r a g r a p h  

to  s u g g e s t  a method of  u s i n g  t h e  d a t a  p r e s e n t e d  i n  S e c t i o n ~  20 t h r o u g h  24. 

The c u r v e s  o f  F i g u r e  1 4 , y e X p r e s s i n g  t he  ratioT o f  maximum to  t h e o r e t i c a l  

downdraw for ~iven values of ~, were based on a ~ ratio of 0.430 and ~ ratios 

of O, 0.05, O.167, and 0°206° A curve for the Friant gate must be based on 
T r a ~ ratio of 0.364 and an-~ ratio of 0.231. Such a curve may be approximated 

by using the results of tests on gate thickness (Section 22). Point A of 
T 

Figure 12 represents a gate of thickness ~ = O. M30, the same as the curves 
T 

of Figure llt, while Point B represents a thickness ~ : O.~6tt, the same as 

the Friant gate. To further describe these gates, the gate represented by 
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r Y 
P o i n t  A has  an ~ r a t i o  of  0,206 and a ~ r a t i o  of O. 322. S ince  the  o n l y  

change from P o i n t  A to P o i n t  B was i n  t h i c k n e s s ,  the  g a t e  r e p r e s e n t e d  by 
r Y 

P o i n t  B has  an ~ r a t i o  o f  0.2~3 and ~ ~ r a t i o  o f  0 .361.  T 
r __ 0°~.31, and ~ = 0.375 a r e  The ratios of the Friant gate, ~- 0.36~, 

nearly the same as those of Point B; so Point B may be used to estimate the 

downdraw on the Friant gate. Th~_s was IDossible since the downdraw of the 

gate represented Y,y Point B was ~ ~ of the downdraw of the gate represented 

by Point A, which can be found from Figure I~. However, if the design of 
r T 

the Friant ~ete were changed so that vaAues of T and ~were no longer the 

same as those for Point B, a more complicatedprocedure would be necessary. 

Point B would have to be located on Figure I~ and a curve could be drawn 
~F 

through Point B to the desired value of T by assuming that the curve ie 
r 

similar to other cv.rves of constant ~. The effect of changing ~ can be 

estimated from the test curves ~ = O, 0.05, 0.167, and 0.206.~ Such a pro- 

cedure  should be reliable f o r  e , t i m a t i n 6  the  e f f e c t  o f  --~ and ~ on g a t e s  which 

dO not differ greatly from those teeted~ 

The location of Point B on Figure lh may be confusing becsuse the 

ordinate is the ratio of maximum to theoretical downdraw. From Figure 12 

the downdrsw of Point B ie ~A of the downdraw of Point A. The theoretical 

downdraw of Point B is related to the theoretlcal downdraw of Point A by 
T B 
TAA ' since only thickness of the gate changes. Therefore, the ratio of 

NB TA 
maximum to theoretical downdraw for Point B is ~A ~ of the ratio of maxi- 

mum to  theoretical downdraw for Point A. Since this ratio for Point A was 

o. I x 
0.130, the ratio for Point B will be 0.130 ~ = 0"130 O. 90 x 0.364 = 0"138" 

For t he  e s t i m a t e  of maximum downdr~w on the  Yr i an t  g a t e  t h i s  r a t i o  was 

c o r r e c t e d  to  a ccoun t  f o r  t h e  d i f f e r e n c e  of  downdraw due t o  the  d i f f e r e n t  

coefficients C O = 0.6~ and C O : 0.56 (Figure Ii). From the theoretical 

down&raw (H + H' )- ¥ -T -- (198 + 50) x ~0 x 11.92 x ~ = 616.000 pounds 12 

(Figure i0), the resulting ~owndraw of 61,600 mounds was obtained. To this 

force the effect of lip clearance was added, N • W • H, of 6,100 pounds to 

make a total estimated down&raw of 67,700 pounds on the coaster gate for 

the river out %~~ ~i Friant Dam. 
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CHAPTER IV - PENSTOCK COASTER-GATE TESTS 

..The o.ri.6.1nal d e s i g n  of  the  Shas t a  Dam De na tock  c o a s t e r  g a t e .  A l though  

i t  was n e c e s s a r y  to f i n d  the  downdraw on ~ e n s t o c k  c o a s t e r  g a t e s  a t  Shas t a ,  

Davis ,  and Grand Coulee Dams, the  t e s t i n g  was done on the  1:30 model of  a 

Shas t a  Dam p e n s t o c k  ( F i g u r e  3) ,  and,  as the  e n t r a n c e s  a t  a l l  t h r e e  dams 

dams were s i m i l a r ,  the  downdraw on the  c o a s t e r  g a t e s  f o r  Davis  and Grand 

Coulee Dams c o u l ~  be e s t i m a t e d  from the  r e s u l t s  of  the  S h a s t a  t e s t s .  

The o r i g i n a l  d e s i g n  of the  c o a s t e r  g a t e  f o r  the  S h a s t a  Dam p e n s t o c k s  

had a s lop lng  bot tom (Type 1, F i g u r e  15) p a t t e r n e d  a f t e r  the  p e n s t o c k  

c o a s t e r  g a t e s  a t  @rand Coulee Dam. I t  was a n t i c i p a t e d  t h a t  the  slopin/~ 

bottom of the original Shasta design would be revised to a fletbottom with 

an extended llp similar to the Shasta Dam outlet coaster gate. Neverthe- 

less, the original design was tested to check the accuracy of the original 

e s t i m a t e  of downdraw and to  p r o v i d e  d a t a  to f i n d  the  downdraw on the  s l o p h ~  

bot tom g a t e s  a t  Grand Coulee Dam. 

Only a s h o r t  l e n g t h  of  c o n d u i t  was p l a c e d  downstream from the  r e c t a n -  

g u l a r  bellmouth entrance of the model; so the discharge was completely 

unrestricted. This was to assimilate the prototype should a portion of 

the exposed penstock below the dam buret, In which case the penstock would 

have to be closed by the coaster gate. Obviously this was the worst 

condition under which the gates would operate, as any flow through the 

powerhouse would be restricted at the turbines. The downdraw on the model 

was obtained for both pressure and force measurements, for several heads 

and over s complete range of gate openings. The results, in prototype, ~ere 

for a maximum design head of 250 feet and were shown as a downdraw versus 

gate opening curve (Figure 15, original design). The maximum hydraullc 

downdraw force was 630,000 pounds by pressure measurements and 660,000 

pounds by force measurements. This maximum occurred with the ~ate 7~ ~per- 

c e n t  open. The downdraw, based  on e s t i m a t e s  by the  d e s i g n  d e p a r t m e n t  of  

570,000 pounds ,  was r e a s o n a b l y  c l o s e  to  the  r e s u l t s  of  t h e  model s t u d i e s ,  

althot~h slightly low. 

Revisions to recess at Shasta Dam penstocks. Since the maxi~ram down- 

draw occttrred with the gate 75 percent open, it was apparent that the 

recess in the face of the dam was improperly designed, for it was restricted 

in height and not effective after the gate was 50 percent open. Becomm~ns 
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were made to  e x t e n d  t h e  r e c e s s e s  a t  S h a s t a  Dam p e n s t o c k s  i n  h e i g h t  s o  

t h a t  t h e y  would  become e f f e c t i v e  a s  soon as  the  g a t e  began  to  c l o s e .  

However,  e x t e n d i n g  t h e  r e c e s s e s  i n  the  model  to  c o n f o r m  w i t h  t h e  r e c o m -  

m e n d a t i o n s  d i d  n o t  change  t h e  downdraw c u r v e s  o r i g i n a l l y  o b t a i n e d .  

Investigation disclosed that the recess of the model was wider than the 

r e c e s s  a t  t he  p r o t o t y ~ e .  To f a c i l i t a t e  c o n s t r u c t i o n  i n  t h e  model ,  t h e  

r~csss extended to the tracks and the frame for the vertical seal-seats 

extending above the ouI~let entrance was omitted. Omission of these 

frames permitted ~ter~/.~o flow into the recess from the sides of the 

gate at any Kate openLIng; so the recess on the model was effective at all 

gate openings. 

This condition was corrected later, and a te~t was made to demonstrate 

the effect of eliminating the recess which was to increase the downdraw 

curve about 117,000 pounds. Action of recess in reducing downdraw on the 

coa.-ter gate wee discussed in Section 18. Throughout the remaining pen- 

stock coaster-gate tests on the model, the reces, was used eo that its 

e f f e c t  would be i n c l u d e d  i n  t h e  measurement  o f  downdraw. 

Use of fl~-tbottom gate with extended lip, Type 2. A maximum downdraw 

of 660,000 pounds was larger than desired. Therefore a flatbottom gate 

with an extended lip wa~ suggested (Figure 15, Type 2). To simplify its 

construction, the upstream edge of the bottom was made with a sharp corner 

although it was realized that the downdraw would be lees if the upstream 

edge of the gate bottom were curved . . . .  

Two tests were made with this gate by changing the lip extension. Wi~ 

a lip extension of 22-1/2 inches (3/b~inch model), the maxi..,m downdraw was 

600,000 pounds; but with a lip extension of 15 inches (I/2-inch model), the 

downdraw was increased to 660,000 pounds. It was determined that a lip 

extension of 15 inches was the largest that was practical structurally. 

Therefore, this gate with the sharp corner at the upstream edge of its 

bottom was not satisfactory because the downdraw was too large. 

Use of holes in 6ate bottom to reduce downdraw. It was suggested thst 

holes in the bottom of the gate might materially reduce the downdraw by 

permitting flow to pass through the bottom, thus reducing the velocities 

under the gate and consequently the downdraw. However, no tests were made 
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w i t h  h o l e s  in  t h e  g a t e  b o t t o m  i n  t h e  c o a s t e r - g a t e  s t u d i e s .  As t he  beams 

f o r m i n g  t h e  g a t e  b o t t o m  w o u l d  b e  f u l l y  s t r e s s e d  when t h e  g a t e  was c l o s i n g  

u n d e r  a maximum head ,  s u f f i c i e n t  h o l e s  t o  be  o f  any u s e  v~ re  ou t  o f  t h e  

q u e s t i o n .  H o l e o  i n  t he  b o t t o m  o f  the  p e n s t o c k  c o a s t e r  g a t e  were  a l s o  con -  

s i d e r e d  i m p r a c t i c a l  i f  a f l a t b o t t o m ,  e x t e n d e d - l i p  t y p e  o f  g a t e  were  t o  be  

u z e ~ .  N e v e r t h e l e s s ,  t e s t s  were  made t o  d e t e r m i n e  t h e i r  e f f e c t .  

Four 3/8-inch diameter (ii'I/~ inche~ prototype) holes were drilled 

between the gusset ~lates along the centerline of the beam forming the 

gate bottom. These holes represented 5 percent of the area of the gate 

bottom. The downdraw was measured with a lip extension of 1/3 inch and 

3/~ inch to compare with the ~revious tests (Section 28). With the 1/2- 

inch li~ extension, the reduction of downdraw was approximately 7-1/2 per- 

cent. With the 3/~-inch lip extenelon, the reduction was approximately 9 

percent. 

These t e s t ~  were  n o t  c a r r i e d  f u r t h e r  b e c a u s e  i t  wa~ a p p a r e n t  t h a t  a 

large portion of the gate bottom would have to be removed to obtain a 

substantial reduction of downdraw. Even the 3/8-inch holes (II-I/M inches 

prototype) were large compared with the thickness of the gate bottom. 

The final design. When the flatbottom gate, Type 2, was pzoposed, 

it was realized that the downdrav would be leee if the upstream edge of 

the bottom were curved. Nevertheless, the sharp corner at the upstream 

edge was simpler to buill and would have been recommended if any ~ubetan- 

t i a l  r e d u c t i o n  o f  downdrav  had  b e e n  o b t a i n e d  b y  t h a t  r e v i s i o n .  S i n c e  t h e  

downdraw was still excessive, another gate, Type 3, was proposed which ~as 

similar to Type 2 except the upstream edge of the gate bottom was curved 

on a 3/~-inch radius (iI-i/~ inches prototype). A lip extension of 1/2 

inch 415 inches prototype) vae used mince this was a practical structural 

limit. Force meam~rements indicated the maximum ~owndrav on this gate to 

be 465,000 pounds (Figure 15). 

The f i n a l  d e s i g n  of  t h e  p e n s t o c k  c o a s t e r  g a t e s  a t  S h a s t a  Dam was 

p a t t e r n e d  a f t e r  t h i s  model  e x c e p t  t h a t  t h e  r a d i u s  a t  t h e  ups t ree~a  e d g e  

of the gate bottom was 9-i/~ inches instead of iI-I/~ inches. This 

~maller radius will increase the downdraw somewhat. Also, the extended 

lip of the final design was lh-7/g inches instead of 15 inches. The 

increase of downdraw by these two factozs would not be le~-ge, but the final 
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e s t i m a t e  of  downdraw was p l a c e d  a t  500 ,000  pounds ,  which i n c l u d e d  a c o n s e r -  

v a t i v e  a l l o w a n c e  f o r  the  d i f f e r e n c e s  be tween  the  m o d e l ,  Type 3, and the  

f i n a l  de s ign .  

Compar i son  of o u t l e t  and p e n s t o c k  c o a s t e r  g a t e s .  ~he s i m i l a r  d e s i g n  

of  the  o u t l e t  and the p e n s t o c k  c o a s t e r  g a t e s  s u g g e s t e d  t h a t  r e s u l t s  o f  the  

o u t l e t  c o a s t e r - g ~ t e  t e s t s  c o u l d  be  use~  ~ti~ e s t i m a t e  the  d o w n d ~ w  on the  

~ e n s t o c k  c o a s t e r  g a t e s .  Th i s  was not  done,  f o r  the  m a s s i v e  c o n c r e t e  c o l -  

umns a t  the  s i d e s  o f  the  p e n s t o c k  c o a s t e r  g a t e s  w o u l d  r e s t r i c t  the  p a s s a g e  

of  f low under  the  ga te~  and the  p r e s s u r e  r e d u c t i o n ,  and c o n s e q u e n t  downdraw 

f o r c e  would be  r e l a t i v e l y  l a r g e r  than f o r  the  o u t l e t  c o a s t e r  g a t e s .  

These f a c t s  were v e r i f i e d  by  p r e s s u r e  measurements  made on a p e n s t o c k  

coaster gate which had a hS-degree eloping bottom similar to the original 

design of the outlet coaster gate for Shasta Dam. Nevertheless, the form 

of the pressure gradients was similar, and a correction factor was suggested 

a. a method of comparing the downdraw. As tests to find such a factor would 

have to be extensive to include several types of gates, it was more erpedlent 

to consider the outlet and the penstock coaster-gate studies as separate 

problems, although closely related. 

The hvdraulic downdraw force on penstock coaster ~stes st Davis and 

@rand Coulee Dams. The maxi~om hydraulic downdraw force on the penstock 

coaster gates at Davis Dam. estimated to be II0,000 pounds, would occur if 

the gate were lowered under a maxinmun head of 108 feet to make closure with 

a discharge of 5,000 second-feet. This force ac~d with the gate approxi- 

mately g feet open. The maximum downdraw on the penstock coaster gates at 

Grand Coulee Dam, estimated to be 125,OO0 pounds, would occur if the gates 

were lowered under a maximum head of 250 feet to ~ke a closure with a dis- 
lJ 

charge of 3,~03 second-feet. Yf the discharge were 5,O00 second-feet, the 

maxi~om downdraw would be 170,000 pounds. Such forces would occur with the 

gate open approximately 3 and h feet, respectively. The~e estimates were 

made by m o d i f y i n g  the  r e s u l t s  of  the  Shas ta  t e s t s  to  a c c o u n t  f o r  d i f f e r e n t  

c o n d i t i o n s  of  c ! o - u r e .  In the  e s t i n ~ t e  o f  downdraw on t he  c o a s t e r  g a t e  f o r  

Davis Dam, corrections were necessary to account for the differences in 

the size of the gates. 

The steps required to estimate the do~ndraw on the gates et Davis Dam 

are explained in the following paragraphs~, the procedure to estimate downdraw 
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on the  p e n s t o c k  c o a s t e r  g a t e s  b e i n g  d i f f e r e n t  from t h a t  u s e d  on the  o u t -  

l e t  c o a s t e r  g a t e s  ( S e c t i o n  2~). 

The bottom shape of final design of the Davis gate was basically 

similar to gate (Type 2) vsed in the Shasta tests, for the upstream edge 

of the gate was a sharp corner and the ratio of lip extension below this 
Y 

corner to gate thickness ~ was nearly the same as for gate Type 2, Figure 

15. Therefore the downdraw curve, .."~e 2, was modified to apply to the 

D~vi, gate by making corrections to account for differences in lip clear- 

ance and seal extension, velocity head, gate thickness, gate width, and 

trashrack base. 

The use of a recess at the Shasta Dam penstocks reduced the downdraw 

on the gates 117,000 pounds by balancing pressures on the top and the 

bottom of the upper seal which projected 5-7/16 inches. On the Davis gate 

the seals projected only 2-1/16 inches; so the reduction of down&raw would 

not be so large. Furthermore, a large lip clearance on the Davis gate, 

2-1/16 inches, would tend to increase the downdraw the same amount that 

the seal projection would reduce it. The resulting effect would be the 

same as if no recess were used at Davis Dam. To compute the down&raw from 

the Shasta test, Type 2, the curve was therefore increased I17,000 pounds. 

Since the downdraw was proportional tc the velocity head under the 

~ate, this curve was further corrected to correspond with the velocity head 

under the Davis gate. The curve, Type 2, represented a relationship of 

down&raw to gate opening for a constant velocity head of approximately 250 

feet with pressures on the downstream side of the gate and in the penstock 

entrance being atmospheric or slightly negative. This condition was 

obtained on the Shasta tests by permittin~ the water to discharge freely, 

representing a burst penstock. The velocity head under the Davis gate was 

obtained for vallous gate openings by using discharge8 based on the formula 

Q = I ~ 1 1 + AI2 

2 A2(0o)2 2gA 2 1 2g 

where  
Q = di s a h a r g e ,  
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' 1 
H total head, the difference between the reservoir surface at 

= elevatiOn 625 .00 and the tailwater at elevation 517 .00, 

(0o) 2 - an overall discharge coefficient based on the turbines 
" discharging 5, 000 second-feet with gate open and includes 

lo~c in the penstock, 

A 1 -- the contracted area of the Jet under the gate, 

e,B A 2 -  a r e a  of the pens tock  s e c t i o n s .  

This formula for discharge was &eveloped by using the ~rinciple of the con- 

servation of momentum to determine losses am the water passed under a partly 
ended i n to  the condu i t .  The v e l o c i t y  head was ob ta ined  

c l o s e d  gate  and e ~  ~2 . . . . . .  ~ecke~ in the  o u t l e t  
from the f o r ~ l a  ~v = ~ '  This ~ roceaure  w~u ~ , ,  

c o a s t e r - g a t e  t~mts and found ~o be ~u i te  r e l i a b l e  i f  the c o r r e c t  va lue  of 

A1, the c o n t r a c t e d  a rea  of the ~et under the ga te ,  can be obta ined  ( S e c t i o n  

21). Since no o the r  in fo rmat ion  was a v a i l a b l e ,  i t  was as |~med tha t  A1 wss 

0.6 of the a r ea  o i  condui t  ~nder the ga te .  I~ wam b e l i e v e d  t ha t  the f a c t o r  

was actual l .v  l a r ~ e r  than 0.~,  ~ut i f  t h i s  were the c a s e ,  the  use of the  

~actor 0.6 was conservative. 
The correction for velocity head was made for correml ~°nding gate open~ 

ingm ~aeed on ~he r e l a t i o n  o~ ga te  t h i c k n e s s  to gate  o~ening. Thi~ warn 

l o g i c a l  s ince  the r e c t a n ~ l a r  opening of the pens tocks  wi th  the  columns a t  
to  ~ake the f low p a t t e r n s  under  

t h e i r  s i d e s  to c o n s t r i c t  the flow tended 
the gate  two-d im,ns iona l  so t ha t  the f low under  the ga tes  would be ~ i m i l a r  

fo r  a ~riven ga te -open ing  g a t e - t h i c k n e s ~  r a t i o .  This could  not  ~e done wi th  

a c i r c u l a r  en t r ance  such as was uned in  the o~ t l e t  c h e s t e r - g a t e  t e s t ~ .  By 

assuming such a two-dimenetonal  f low p a t t e r n  under the  ga te ,  the  downdra~ 

may ~e assumed to be ~ ropor~ iona l  to  the gate  t h i c k n e s s  a~d width.  The 

e~fec t  of the d i f f e r e n c e s  in  ga te  t h i c k n e s s  and gate  width  were i n c l u d e d  in  

t h i s  ~ n n e r .  
Since the t r a s h r a c k  base ~ s  c l o s e r  to the pens tock  en t r ance  a t  Davis 

Dam than a t  ~has ta  Dam, the e s t ima te  of do,redraw on Davis Dam was i n c r e a s e d  

l~ercent to account  for  t h a t  f a c t o r .  
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