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1:30 scale model to develop the hydraulic design.- The general 
investigation included: 

1. Developing a spillway profile which exhibited acceptable pressure  
characteristics; 

2 .  Shaping the surrounding topography to obtain satisfactory patterns 
in the approach flow; 

3 .  Installing auxiliary structural features in  the shaft below the cres t  
to minimize tendencies toward spi ra l  flow; 

4 .  Developing the proper s ize of flow deflector in the shaft to prevent 
spi ra l  flow, and providing an adequate a i r  conduit a t  the underside of 
the deflector. 

The preliminary design, Figure 4, included a spillway 53 feet i n  
diameter, 7 guide piers  on the crest ,  and a 90-degree segment of the 
c res t  blocked to prevent water flow and to allow free passage of a i r  
down the shaft.  This design produced high negative pressures  along 
the profile and severe  spi ra l  flow down the shaft. In the course of 
the studies to rectify these difficulties, 5 spillway profiles were tested 
in sequence, each design being derived from the one preceding it. The 
use of cres t  piers of various sizes,  shapes, and positions, was thoroughly 
investigated a s  well a s  means to introduce a i r  into the shaft of the struc-  
tures for the prevention of high negative tunnel pressures .  

Several s izes  of flow deflectors were tested to determine the effect 
of each on the head required to pass the maximum discharge. A conduit 
of adequate proportions to supply a i r  to tile underside of the selected 
flow deflector was investigated, and ra tes  of a i r  intake for severa l  
spillway discharges were measured. 

Three r ib vanes were positioned in  the shaft to reduce spi ra l  flow, 
one of which was fitted with piezometers a t  the upper and lower ends 
to ascertain the magnitude of negative pressures  which prevailed. The 
r ib  vane nose was proportioned by t r ia l  to  reduce the subatmospheric 
pressures  to acceptable values. 

Considerable experimentation was done with shaping of the natural and 
artificial land features around the morning-glory to stabilize flow 
patterns in the spillway and in the approach. Changes in the topog- 
raphy were coordinated with changes in the spillway profile in an 
attempt to simplify o r  reduce the appurtenances used in the spillway. 







the r-esults of &vestiiations of the undernappe shape of water flowing 
over a sharp-crested c i r d l a r  weir.  The recommended design pro- 
cedures a r e  reported in the Transactions of the American Society of 
Civil Engineers, Volume 121, 1959. Profiles obtained from these 
studies a r e  correct  when (3 . )  the approaching flow is radial, and (2) the 8 

undernappe is at atmospheric pressure .  For  Trinity spillway, the 
first assumption is only partly true, and since the undernappe surface 
is in contact with a concrete surface, the second assumption may not t 
be true.  Therefore, the preliminary design must be regarded only a s  
a starting point from which deveiopment tes ts  may proceed. 

To provide ideal approach flow conditions, a morning-glory spillway 
should be located s o  that the entering flow is radial at a l l  points along 
the c res t .  For  the Trinity spillway, the proximity of the adjacent 
hill and earth dam prohibit radial  flow around 314 of the morning-glory 
periphery. For  a given flow, the approach flow varies in direction, 
therefore, from radial  to almost tangential, a condition conducive to 
vortex flow. These poor entrance conditions provided the principal 
difficulty in  obtaining acceptable flow patterns over the c res t  and in  
the shaft below. :: 

This investigation was concerned with the development of a c res t  
profile having acceptable pressures  throughout the discharge range; 
with reshaping the topography around and in the vicinity of the 
morning-glory to improve the approach flow conditions which affect 
the performance of the spillway; and with rectification of undesirable 
flow paYterns in the shaft, tunnel and two tunnel bends. Discharge , 
Limitations required that the spillway pass no more  than 24,000 
second-feet a t  a c res t  head of 17 .1  feet. Development of the structure 
at the o ~ t l e t  of the tunnel was part of a separate investigation made 
on another hydraulic model, and reported in Hydraulic Laboratory 
Report HYD-467. 

THE MODEL 

A model was built to a 1:30 scale to represent the morning-glory, a 
portion of the earthfill dam and natural topography adjacent to the 
spillway, an adequate a rea  of reservoir,  and the tunnel down to a ,; 
point 240 feet beyond the lower of the two bends. The model layout 
is shown indFigure 5 .  Figure 6 is a general view of the model 
s tructure.  

d 

Metal lath and mortar ,  supported by wooden ribs, were used to con- 
s t ruct  the dam and topography in a sheet-metal lined head box. Topography 

1 / "Determination of Pressure-Controlled Profiles", by William E.  
Wagner, Hydraulic Engineer, Bureau of Reclamation, Hydraulic'Labora- 
tory, Denver. One of 3 parts  in Paper No. 2802 "Morning-glory Shaft 
Spillway A Symposium. 





of thgse studies; therefore, provision was made for  removing the 
concrete spillway s t ruc ture  without disturbing the surrounding topog- 
raphy or  the shaft and tunnel. It  was equally convenient t o  make 
alterations in  the topography without removing the morning-glory 
c r e s t  s t ruc ture .  Such flexibility saved considerable labor during 
the course of the many s t ruc tura l  and topographical changes that 
were  necessary during the investigations. 

THE INVESTIGA TI ON 

The Problem 

The investigation was initiated to analyze the hydraulic adequacy of 
the preliminary design of the morning-glory spillway and to develop, 
in  cooperation with the designers, whatever improvements might prove 
to be  desirable.  T o  accomplish these objectives, it was necessary 

. to  study the patterns existing i n  flows approaching the morning-glory, 
the behavior of flows on the profile i n  the c r e s t  region, and the 
character is t ics  of flows i n  the succeeding -- bends and tunnel below. 

The extent to which studies would eventually be  pursued could be 
determined only after the preliminary model had been operated and 
i t s  performance analyzed. The principal problems which appeared 
to require solution af ter  operating the preliminary design may be 
briefly stated a s  follows: 

1. F o r  discharges of 18,000 to 24,000 cfs, p ressures  along the profile 
were sufficiently subatmospheric for cavitation to  occur in the proto- 
type s tructure around much of theperiphery of the spillway. The 
region of low pressures  extended f rom the c r e s t  to  about 20 feet 
below the c r e s t .  Thus, adjustment of the profile was required to 
r a i se  the pressures  to values nea re r  atmospheric.  

. 

2. Flow i n  the shaft was of a sp i ra l  type which persisted with little 
abatement through both bends and the horizontal tunnel. Excessive 
turbulence thereby resulted, and the bulked mixture of a i r  and water  

impeded the flow of a i r  along the crown of the tunnel. It  was 
agparent that some means was required to direct  the water along the 
invert  of the shaft and tunnel and to  control its course so  that 
flow streamlines were parallel  to the tunnel s ides .  

Although reshaping of the surrounding topography in the early s tages 
of the investigation did not appear to offer any obvious advantages, 
la ter  work with other spillway profiles proved that the topography 
could be  altered to  help stabilize the approach flows and to  reduce 



Profile coordinates a r e  contained in Table 1. 

Flow characteristics.  --Flow at  the spillway is shown in Figure 9 .  No 
water passed between Piers  1 and 7, and passzge of a i r  down the shaft 
was unrestricted for 5,600 and 11,200 second-feet. A t  16,800 second- 
feet, the fin of air-water mixture, caused by the collision of all 
elements of flow between piers,  became prominent enough to interfere 



position ofuthe fin were  i o t  steady, indicating that the flow between 
p ie rs  was not well distributed. At a discharge of 22,400 second-feet, 
considerable turbulence was created within the spillway, and the fin 
became a ma jo r  elenlcnt impeding the intake of a i r .  F r o m  this  d i s -  
charge to  the maximum of 24,000 cfs,  a i r  was taken rhythmically s o  
that the fin, o r  boil, r o s e  and fell  rapidly.  Directly over the c re s t ,  
the water  depth was fluctuating also; consequently, the r e se rvo i r  
water  sur face  beyond the drawdown varied,  though the frequency I 

and ,~,mpli tude of the fluctuations were  lower than those well  into the 
spil lway, 

Figure 9 may be  used t o  visualize the d issymmetry  of re la t ive flow 
contributions between p i e r s .  Looking a t  P i e r s  6 and 7 ,  mos t  of the 
flow was concentrated on the left  s ide of P i e r  6 .  A s imi l a r  dispro-  
portion existed between P i e r s  5 and 6, with m o r e  flow against  P i e r  5 .  
The resu l t s  of this  flow pattern were  twofold: (1) a high differential 
head acted on P ie r  6,,$nd (2) a flow conducive to  spiral l ing down 
the shaft  was maintained. 

Flow in  Bay 1-2 resembled that in  Bay 6-7, with the higher head acting 
against  P i e r  1. This  condition would not b e  as. se r ious  a s  the  one 
described above s ince P i e r  1 is supported by the wall  between P i e r s  1 
and 7 ,  but the direction of flow down the shaft  re inforces  the  s p i r a l  
action qriginating on the opposite s ide  of the c r e s t .  Flows in  
Bays 2-3 and 3-4 were  near ly  radial ,  and the flow i n  Bay 4-5, while 
not radial ,  caused l i t t le differential  head on ei ther  of the adjacent 
p i e r s .  

F o r  a l l  d ischarges,  flow charac te r i s t ics  in the  shaft, in both bends, 
and in the downstream tunnel, were  s imi l a r .  The  sp i r a l  flow and 
result ing turbulence mixed a l a rge  amount of a i r  with the water ,  and 
bulking occurred .  F o r  discharges over 10,000 second-feet, s p i r a l  
flow above the f i r s t  bend caused enough disturbance t o  make  s o m e  
water  c r o s s  over the tunnel crown. In  the tunnel between bends, the 
main body of water  swung f rom the  one s ide  t o  the other, ancl a s  it 
went into the  lower bend, the flow c rossed  over  the  crown again. 
Downstream f rom the lower bend, the water  continued to  swing f rom 
s ide  t o  s ide .  Considering s imi l a r  action in  the prototype s t ruc tu re  
which has over 1,200 feet of s t ra ight  conveyance downstream f rom the 
lower bend, it is doubtful that this  motion would subside sufficiently 
for the flow to have a ievel water  surface a s  i t  entered the flip 
bucket. 
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("! 
Following the t r i a l  runs  made  without;::eservoir topography, the land 
features  i n  Figure 4 were  installed.  Flow charac te r i s t ics  described 
above w e r e  found in  genera l  t o  apply with the topography i n  place.  
Topography in  some form was used in  a l l  t e s t s  which followed. 



relationships fo r  a l l  preliminary spillway profiles have been plotted 
in groups on 1I;'igul.c 10 ,  11, and 1 2 .  Figure 13 shows the relationship 
for the recommended design. 

Curve 1, Figure 10, shows that the variation of head with discharge 
for. the preliminary design was almost  l incar for the range 5,000 to 
25,000 second-feet. At 24,000 second-feet, the head was approximately 
1 . 8  feet below that desired.  No change in slope of the curve near 
maximum itischarge was apparent, s o  i t  may be concluded that the c r e s t  
was the hydraulic control feature for the full discharge range.  

,i 

The coefficient of discharge was computed from Q = C L H ~ / ~ ,  where L 
is the length of the spillwav a t  c r e s t  elevation, and I-: is the difference 
between c r e s t  and reserv;lb water surface elevations. At maximum 
discharge C = 3.59.  

All coefficients given in this repor t  were computed for  the maximum 
discharge a t  which flow free prevailed. No coefficients based on 
the preceding formula were computed for submerged flow. 

Profile p ressures .  --The four rows of 12 piezometers installed in the 
profile a r e  shown in Figure 7 . Piezometers 1 through 12 were in- 
operative because the a i r  intake wall prevented flow of water over them. 
Pressures  a r e  summariz3d in  Table 2 .  For  Data Set 1, i t  could be 
said generally that the higher negative pressures were encountered 
in the upper s ix piezometers of each row and that maximum discharge 
was required to produce those p ressures .  The highest negative pres-  
s u r e  i n  each row occurred in  the region of elevation 2367. A value of 
15 feet of water below atmospheric was reached a t  Piezometer 3 9 .  
Despite increasing velocity in  the throat, the pressures  steadily 
improved a s  seen by a r i s c  in  values a s  elevation 2340 was approached. 

Submergence of the morning-glory was not evident visually, but the . 
restorat ion of pressures to positive or  near positive values a t  a 
discharge of 24,000 second-feet was taken to indicate that the boil 
had .risen a t  least  to elevation 2350, higli enough to affect the 
lowest pair  of piezometers in  each row. 

The  position of the berm adjacent to the spillway with respect  to the 
c res t  influences the angle a t  which water flows over the c r e s t  approach 
surface and the coefficient of discharge. If approach flow depth on the 
berm is not sufficient, the combination of velocity and poor approach 
angle a r e  apt to produce negative pressures  in  the vicinity of the c res t .  
This combination prevailed i n  the preliminary design wi th  the topog- 
raphy in place. The pressure  on the two upstream piezometers in 
each row, however, became excessively negative a t  20,000 second-feet 
even without topography. 



pressure  r*eaiings. P rcssurcs  rose  and fell  with-the water level; 
however, piezometers showing high negative pressures  had a g rea te r  
range of fluctuation. Along the a r c  where radial flow prevailed, 
fluctuations were greatest  becaus c variations in velocity seemed 
to be most  pronounced thcre.  Around the remainder of the cres t ,  
particulalqly in the region directly opposite the portion of radial  
flow, the average velocities were lower and the heads somewhat 
higher; consequently, negative pressures were  not a s  high nor w e r e  ? 

the fluctuations a s  great .  

Scheme 2 

General operation. --To ascertain the effect of P ie r s  2 through 6 ,  
they were removed and the model was tested with discharges of 22,400 
and 26,700 second-feet. The stability of the fin and flow patterns 
in the shaft and tunnel worsened somewhat because the straightening 
action provided by the piers  was absent. As water swept around the 
cutoff wall toward P ie r  7 ,  a greater  depression was created on the  
right of that pier .  The decrease in effective c r e s t  length occasioned 
by this condition was m o r e  than offset by the increase  in  c r e s t  length 
gained through elimination of five piers .  

P ressures  that were  low for Scheme 1 r o s e  slightly, but they were 
still negative by m o r e  than 10 feet and therefore unacceptable. 

Scheme 3 

Descri.ption. --It was important to  tes t  the morning-glory without the 
auxiliary features such a s  c r e s t  piers and cutoff wall, because the 
information obtained could b e  compared with data from tes ts  using 
various modifications. In  previous tes ts  without topography, the  
water had a more-or- less  f r ee  access to the ent ire  cres t ,  though 
the velocities in the approach a r e a s  were probably affected by the 
vertical boundaries of the model head box walls .  With the topography 
in place access  f rom the southeast became severely restr icted by 
the dam and hill i n  comparison with the relatively unobstructed 
approach possible' from the northwest. 

Flow character is t ics .  --Spillway flow is shown in Figure 14, the 
ar rows indicate the direction of tunnel flow. Comparing these views 
with those of Figure 9, the fin had an entrance direction approximately 
100O counterclockwise from the tunnel line, o r  about 800 clockwise 
from the original position. The shift was unfavorable to satisfactoryy 
tunnel flow because the intensity of sp i ra l  flow in  the shaft  became 
greater .  

10 



the fin was formed by the ;ollision of opposing m a s s e s  of water 
well down in the throat, and it lay below the elevation of the spillway 
c r e s t .  The lat ter  fin was formed by flow along the face of the dam 
from the west intersecting that  following the topography around the 
c r e s t  from the north; thus, it extended over the berm, the c res t ,  
and into the throat .  Second, the f i r s t  fin was composed of an  air-water  
mixture,  while the lat ter  lacked any significant portion of a i r .  

I t  is evident i n  Figure 14 that a s  the discharge increased, a s e v e r e  
vortex formed i n  the shaft .  A further disturbance w a s  caused by the 
slow swinging of the fin from side to side over a 200 a r c .  This  
shift appeared to be caused by variable intensities of flows, alternating 
from f i rs t  the west and then around the c r e s t  from the north.  

F o r  discharges above 20,000 second-feet, the periodic bulking of 
water  in the shaft causeri by air-entrainment produced a rapid r i s e  
and fall  in  that portion of the fin over the shaft, through a range 
of 3 to  5 prototype feet. Vibration of the model s t ruc ture  could be  
felt when standing on the walkway. The cyclic r i s e  and fa l l  of the 
fin could a lso  be heard as the shaft flow alternately accelerated and 
decelerated. 

Photographs of the upper and lower bends companion to Figure 14 a r e  
shown in Figures 15 and 1 6 .  In views of the upper bend, the impact 
of high velocity flow elements on the tunnel surfaces can be identified 
f rom the m a s s  of air-entrained water which appears downstream from 
the contact a r e a .  Note that the a rea  moves clockwise up the sidewall 
of the tunnel from the invert  a s  the discharge increases .  Also, the  
a r e a  of impact shifted slightly for  a given discharge. 

Views of the lower bend, Figure 16, indicate that the flow swings 
from side to side within the bend, even for  only 5,600 second-feet. 
F o r  all flows over 10,000 second-feet, water crossed the crown of 
the tunnel in  the upper bend, and for flows over 18,000 second-feet 
like action was visible i n  the lower bend. F o r  maximum discharge 
water  rolled over the crown continuously downstream from the lower 
bend. 

Head-discharge relationship. --Curve 2 in Figure 10 shows a general  
decrease  in operating h e a d s f o r  a l l  discharges.  F o r  24,000 second- 
feet, the head was 3 . 2  feet beiow the design head. The  effect of 
vortex flow can be seen in t h e  upturn of the curve which signifies 
a reduction i n  spillway capacity beginning about 2 3,000 second-feet . 
The change in slope signifies, also, that hydr.r.ulic control of the 
flow was shifting from the c r e s t  to  the vert ical  shaft .  



Profile p ressures .  --Complete pressure  measurements  a r e  given in 
Data Set 2 of TabIe 2 .  P ressures  on Piezometers 1 to  12 were much 
improved over those of the preliminary design being generally above 
atmospheric instead of considerably below atmospheric.  Only three 
piezometers showed negative pressures  a t  10,000 second-feet, and 
a l l  pressures  were above atmospheric from 18,000 to 24,000 second- 
feet. No comparison was possible for Piezometers  13 to 24 since 
they were  inactive in the preliminary design. 

Piezometers 25 to 36 and 37 to 48 show the influence of water moving 
at higher velocities and somewhat lower heads than those prevailing 
a t  other piezometers 'rows. n.'Iaximum negative pressures  were  only 
about minus 9 feet of water, a s  conlpared to minus 15 feet of water 
in the preliminary design. P ressures  nea r  e l e ~ ~ a t i o n  2350 and below 
were s i s i f i can t ly  positive a t  a11 piezorneters for 24,000 second- 
feet; presumably pressures  around the entire periphery from elevation 
2350 and downward were positive. 

Scheme 4 

General operation. --Experience in previous tes ts  on other morning- 
glory spillways pointed the desirability of providing some positive 
means for supplying a i r  t o  the vert ical  shaft .  Accordingly, a s  a 
f i r s t  t r i a l  to  provide a protected a i r  intake which would not close 

.i. ' i 
a s  the discharge increased, a makeshift sheet metal  conduit was i '  
placed 30° clockwise from the tunnel centerline, a s  shown in Figure 
17A and B.' An a i r  intake 3 inches in diameter leads to a rectangular 
conduit 3 /4  by 4 inches, which was formed to f i t  the spillway profile. 
The outlet end was about 4 inches below c r e s t  level. Four piers  were  
placed on the cres t ,  two adjacent to the a i r  conduit and two others 
placed for bes t  control of the c r e s t  flow. 

Piezometer pressures  worsened i n  c onlparison with those of the previous 
scheme.  Higher negative values were  reached in Piezometers 1 t o  12 
and 37 to 48, and the overall  average p ressure  decreased a t  a l l  d is -  
charges .  The range of profile pressure  fluctuations was reduced. The 
peripheral a rea  under positive pressures  a t  24,000 second-feet decreased 
considerably. 

An appreciable local drawdowrz occurred a s  the water flowed around the 
east side of the-vertical pipe, and though no attempt had been made to  
shape t.his facility for best  llydraulic operation, streamlining would be  
necessary in a refined design. The drawdown affected adversely 
the p ressures  on Piezometers 1 to 12, and poor flow distribution forced 
an excess of water against the left side of the adjacent pier, producing 





averages a r e  givenin ~ a b i c  5 ,  Data Set 3 .  

Scl~eme 6 

Description. --Since Scheme 5 showed that flow patterns in the shaft 
and tunnel below were much improved by the use of guide vanes, a 
pier with an a i r  vent tlaving approach nose and guide vane arrangment 
asaan integral unit was built for evaluation. This design, Figure 18, 
was included in the f i rs t  s e t  of specifications issued for bid invitations. 
Walls of both approach nose and pier were built to scale and the guide 
vanes were given relative prototype thiclcness in contrast to the 
unrealistic thickness of the sheet metal vanes used in the previous 
scheme, 

Though not called for in the f i rs t  specifications design, a wedge- 
shaped deflector 10 feet'high, between elevations 2248 and 2238, and 
projecting 2 feet into the flow a t  center, was tested with the pier and 
vane arrangement. 

Flow characteristics.  --Flow patterns a t  the c r e s t  a r e  shown in 
b'igure 19. For  a discharge of 5,600 second-feet, the fin formed 
over the cres t  in such a position that in  falling onto the half guide 
vane, the flow was divided unsymmetrically. Bearing of the fin 
was approximately northwest. Flow from the west around the 
pier nose produced some disturbance visible on the surface.  A t  
this discharge, a i r  was f ree  to  pass into the shaft. .- -- - .,-"--. % 

Flow lines for a discharge of 16,800 second-feet fhay be seen in 
Figure 1913. Intake of air was principally through the pier, some 
down the shaft on the side of radial  flow, none through the pass- 
age adjacent to and counterclockwise from the pier, and only a 
smal l  amount through the next opening between guide vanes. The 
a i r  demand was nonuniform in  ra te  and frequency cycle in a l l  
intakes. These factors combined to cause mild vibration of the 
model s tructure.  Since water levels were affected by the varying 
a i r  demand, the fin moved back and forth over a wider a r c  than 
before. The mass  of th is  body of water was such that side-to-side 
movement eventually caused vertical motion in the reservoir  water 
surface. 

When the discharge neared 20,000 second-feet, almost a l l  intake of 
a i r  except that within the pier was cut off; however, intermittent 
slugs of a i r  were taken down the shaft on the radial flow side. 
The fin was very large, increasing the depth and reducing the 
turbulence in the a rea  of drawdown. 



over the guide vanes. Air  demand through the pier was not constant, 
and some vibration and accompanying noise were noticeable. The 
effective discharge a r e a  was reduced when guide vanes scaled to  
prototype thickness were  used ra ther  than sheet metal  vanes. The 
spillway throat thus filled a t  a lower discharge. 

The scale guide vanes performed satisfactorily i n  minimizing sp i ra l  
flow i n  the shaft .  However, they offered a ser ious restr ict ion to the 
passage of debris which might reach the spillway. To a s s e s s  the 
possibj.lities of plugging, t imbers equivalent to  4 feet square  in 
cross-section and 30 feet long were  allowed to approach the spillway 
from al l  s ides and at a l l  discharges.  The resul t s  a r e  shown in 
Figure 20.  An average of 7 of i O  t imbers  failed to pass the guide 
vanes into the throat. Since the t imbers used did not have branches, 
such a s  fallen t rees  might have, it is probable that most  large t r e e s  
would fail to pass betwee3 the vanes. 

Figures 2 1  and 22  i l lustrate  the improvement in tunnel flow provided 
by the guide vanes. In general, it can be  said that flows up to about 
15,000 second-feet passed through the bends and tunnel wit11 elements 
parallel  to  the sides of the tunnel with only a slight tendency to swing. 
Above this discharge, flow downstream from the bends began to 
oscillate ac ross  the tunnel centerline with sufficient energy to ro l l  
over the tunnel crown. 

The frequency of vibrations seemed to be  related through lag factors 
to  the intake of a i r  slugs a t  the spillway throat.  Shortly af ter  a 
momentary bulking of water by entrained a i r  occurred, the flow 
crossed the tunnel crown and produced the accompanying vibrations. 

A flow deflector was installed in the vert ical  shaft to  provide a 
c lear  separation of a i r  and water  from the upper bend downward. It 
is shown in operation for th ree  discharges in Figure 23 .  The deflector 
forced the flow to the outside of the bend and provided a n  a i r  passage 
along the crown of the tunnel. It a l so  helped to straighten the flow 
lines, preventing flow from spinning over the tunnel crown. In th is  
f i r s t  trial ,  no a i r  was provided on thedownstream side of thedeflector.  
Even unaerated, however, the deflector gave indications that it would 
help perform the func.tion des i red .  At discharges higher than 15,000 
second-feet, the lack: of a i r  caused the void beneath the deflector to 
begin the fil l  with very turbulent water .  Though the p ressure  
reduction was not measured in the void, a 118-inch-diameter 
hole drilled in  the pipe drew a i r  into the void with a perceptible 
whistle . 
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discharge relationship for &is scheme.  cap;city of thi spillway 
increased for  a l l  hcads. Above 23,000 second-feet, the slope of 
the curve increased a s  the throat began to  f i l l  and hydraulic 
control shifted away from the c r e s t .  The head for maximum required 
discharge 24,000 second-feet, was 14.6 feet or  2 . 5  feet below that .. 
desired. 

Whether the deflector was exerting enough influence to accomplish a 
shift in hydraulic control from the c r e s t  to  deflector is unknown, 
particularly since a s imi lar  increase i.n slope of the head-dis<iharge 
curve had been observed in an ear l ie r  tes t  without a deflector. 

The coefficient of discharge computed f o r  a discharge of 23,000 
second-feet was 3.57.  

Profile pressures .  --The pressures  measured for Scheme 6 a r e  in- ): 

cluded under Data Set 4 of Table 2 .  There  was some improvement 
in  the overall pressure  picture.  Negative p ressure  a r e a s  either 
decreased in s ize  or  the magnitude of subatmospheric pressures  
decreased.  P ressures  on Piezomete'rs 1 to 12 were positive for 
discharges over 20,000 second-feet, a s  were  most  pressures  on 
the lowest four piezometers i n  each row. Lowest negative p ressures  
of minus 11 feet occurred in Piezometers 13 to 24 for discharges 
of 20,000 second-feet and higher near  the elevation of the c r e s t .  

Conclusions. --It was concluded that the restr ict ion in flow a rea  
caused by the pier and guide vanes was too great for f r ee  passage 
of debris,  and that since the s tructure continued to  draw an appreci- 
able amount of a i r  down the center of the shaft independent of the 
pier,  there was no adequate justification for providing such a pier .  
The s t ruc ture  was modified, therefore, and further tes ts  conducted. 

Scheme 7 ': 

General operation. --The pier with a i r  vent and guide vanes were  r e -  
moved, and a single diametrical guide vane of 2-foot thickness was  
placed between elevations 2325 and 2350. The shaft deflector was not 
removed nor was an a i r  supply conduit installed below it. 

The guide vane was rotated in  the shaft to  find the position which 
was most  conducive to satisfactory shaft and tunnel flow. In the 
selected position the fin which formed external of, and continued 
over, the c r e s t  was split  by the vane a t  lower discharges. Figure 24 
shows the appearance of r e se rvo i r  flows for the full discharge 
range. Above 18,000 second-feet severe  vortex action existed. 
Figure 24D shows the vortex a s  i t s  most  prominent stage. The opera- 
ting noise level was probably the highest for any scheme tested. 



that necessary for submer2cnce of the spillway; consequently, thep 
reservoi r  surface disturbance increased because a i r  was being talren 
into the shaft in  varying quantities instead of a t  a steady r a t e .  
Tile vertical position of the boil fluctuated rapidly. 

1. 

Tunnel flow patterns were the best obtained up to  this stage of the 
studies, a s  seen in the lower bend views, Figure 25. Occasional 
oscillations of the flow in  the upper bend momentarily rolled water * ,  
over the crown from both s ides of the tunnel, but this action persisted 
only over the range of 21,000 to 24,000 second-feet. 

Piezometer pressures  a r e  given in Data Set 5 of Table 2 .  A maximum 
negative pressure  of minus 9 feet was observed on Piezometer 29 a t  
20,000 second-feet. Most pressures  a t  24,000 ,second-feet were  
positive. 

The computed coefficient of discharge for 20,000 second-feet was 
3 . 1 5 .  

The single guide vane did not r e s t r i c t  the passage of logs a s  severely 
a s  the multiple guide vane schemes.  I-Iowever, the presence of a 
severe  vortex for discharges over 18,000 second-feet more  than 
offset the advantage of the excellent tunnel flow patterns obtained 
at lower discharges. 

Review of Tes t  Data 

The test  data collected thus far  in the investigations were  thoroughly 
analyzed for any generalizations which could be derived from it. 
The following summary was compiled to se rve  a s  a guide in continuing 
the studies: 

1. Placement of the morning-glory close to the hillside topography 
and the earth dam, which formed two sides of an enclosure, is -the 
direct  cause of unsymmetrical flow entering the spillway. Structural 
and topographical treatment unique to  this spillway is required to 
obtain satisfactory flow in  the spillway and tunnel. Lessons learned 
in the study may be applicable only i n  a general way to future designs. 

2 .  The angle between the tunnel line and the general direction of 
approaching flows helps to  produce sp i ra l  tunnel flow. i: 

I.' 

3. Pie r s  on the c res t  do not exert  sufficient straightening influence 
to prevent the spiralling of flow i n  the shaft. Also, when placed 
to accomplish an adjustment to  radial  direction of flow, there is an 
appreciable difference in  the depth of flow on opposite s ides  of any 
pier, resulting in a high overturning force. 



4 .  Blocking a portion of the c r e s t  length does not provide in  i tself  the 
positive access  of a i r  necessary  in  the  shaft .  

5 .  Substitutj.on of a vent for an  air- intake wal l  allows a m o r e  positive 
intake of a i r ,  but s ince  much of the a i r  demand is satisfied through 
vort ices  external of the pier,  the use of the p ie r  does not s e e m  justifi- 
able .  Because of the angle between the r ad ia l  axis  of the pier  and the  
approaching flow, the flow acce lera tes  a s  it pas ses  around the p ie r  ( j  
causing a drawdown which extends over  the c r e s t .  Special t rea tment  
of the pier  design would be  necessary  to  minimize this  effect which 
r e su l t s  in  a reduction of effective spillway c r e s t  length. 

6 .  The be rm adjacent to the spillway should be  lowered a s  a 
measu re  to  improve the c r e s t  coefficient of d i scharge ,  With a 
grea te r  approach depth the angle a t  which flows r i s ing  from the 
be rm pass  over the spillway c r e s t  sur face  may  produce m o r e  favorable 
p r e s s u r e s .  

7 . Adjustment of the spillway profile curve  is required to  reduce 
the negative p r e s s u r e s  encountered. Some inc rease  in  the spillway 
c r e s t  length may b e  necessary  to permit  this  adjustment.  

8 .  A flow deflector i n  the ver t ica l  shaft  s e e m s  to  offer these 
desirable  character is t ics :  

a. Flow on the crown s ide  of the shaft  would be  directed 
toward the invert  s ide .  

b.  P rope r  s iz ing of the deflector could r e su l t  in a shift 
of hydraulic control  f rom the c r e s t  t o  the deflector, thereby 
providing positive means  to adjust  the r e s e r v o i r  elevation 
for maximum discharge.  li 

c .  Should an  a i r  conduit on the underside of the deflector 
prove necessary  to  prevent subatmospheric p r e s s u r e s  i n  that 
region, the introduction of l a rge  quantities of a i r  should 
aid in keeping the tunnel f rom filling, thereby maintaining 
open-channel flow. 

9. Some a s  ye t  undetermined s t ruc tu ra l  fea tures  within the spi l lwaT 
shaft a r e  required to  give axial  direction to  the flow, thereby I 

I '  , , 
reducing o r  eliminating sp i r a l  flow. - -. 

Topographical Modifications 

Description. --The purposes  of this repor t  will be  served  best  if 
depar ture  f rom the chronological report ing is followed here  and 



tes ts  progressed that the relative positions of berm, dam, and natural 
topography were important in  determining the balance of flow around 
the morning-glory, the formation and stability of the fin,_and the 
operating head necessary to produce a particular dischap&. Changes 
in  the topography alone did not cause sufficient improvement in  flow 
patterns, but in  combination with auxiliary s t ruc tura l  devices, 
such modifications proved to be worth evaluating. Figure 26 shows 
the modifications evaluated. 

In the original design, Figure 4, the berm surrounding the morning- 
glory was a t  elevation 2364, 5 feet below the spillway c res t .  Minimum 
width was 20 feet on the east, southeast, and south and the maximum 
width was 25 feet on the northwest. Since the operating head for 
maximum discharge is 1 7 . 1  feet, and the total depth of flow over the 
berm is 2 3 . 1  feet, the depth from berm to c res t  amounts to 26 percent 
of the total. 

By use  of a dye s t ream,  the approach paths of the water a t  various 
depths were made visible and rough cor~iparisons of velocities could 
be made. The dye s t r eams  showed that water entered the a r e a  south- 
east of the spillway with high velocity from two directions, along 
the dam face from the east  and along the natural topography from 
the north. The two components were vectorially opposed a s  well a s  
tangential to the circular  spillway. When the flows came together 
the flow direction changed from tangential to  radial and the conversion 
of velocity head to pressure  head was responsible for creating the 
prominent fin seen a t  most  discharges. It was reasoned that i f  
the depth of water in this region were increased, a reduction in 
tangential velocities might be  realized and the magnitude of the fin 
reduced. The f i r s t  topographical modification, Figure 26A, then 
consisted in  par t  of lowering the berm to elevation 2358 while 
maintaining a minimum berm width of 10 feet. The depth from berm 
to c res t  was then 41 percent of the total water depth. 

The effort was moderately successful in reducing the height of the 
f i? .  Tangential velocities were  lowered, and the position of the 
fii. rotated about l o 0  counterclockwise, o r  away from the tunnel line, 
a shift considered unfavorable since vortex formation was further 
encouraged. Vortex action a t  20,000 second-feet was indeed more  
severe,  and both the boil and reservoi r  elevations became less  s table.  
Tunnel flow patterns vvere again errat ic ,  and pressures  near  the 
c r e s t  in the region of radial  flow dropped t o  about minus 12 .5  feet 
of water .  The coefficient of discharge a t  26,700 second-feet was 
2.84.  



approaching along the dam from the east  had increased whereas the 
quantity flowing around the spillway from the north had decreased. 
Consequently, it was reasoned that to r e s to re  the original fin 
position, o r  to move the fin closer  to the tunnel line, it would be 
necessary to increase flow from the north. Since moving the spill- 
way to the west was impracticable, the only recourse was to reshape 
the natural topography to produce a greater  access  area  for flow 
north and eas t  of the s tructure.  In studying how much excavation 
was necessary, it was decided to excavate a 2:l  slope, the bearing 
of the slope contours to  be t rue north-south, Figure 26A, from the 
dam to a point approximatsly 200 feet north of the s t ruc ture .  Such 
extensive excavation would not be practical for the prototype, but 
using it in the model would indicate the nlaximum benefit that could 
be derived from topographic modification. 

Ideally, if a fin must be tolerated a t  a l l  i t s  axis should be on the 
tunnel centerline and i t  should discharge into the shaft on the 
invert  s ide.  The m a s s  of water would then enter the tunnel in the 
most favorable manner since the flow would not requi re  turning 
or straightening into the correc t  path. I-Iowever, the location of 
this morning-glory makes attainment of the ideal impossible and 
a compromise must  be accepted. 

When the topography was changed a s  described in  Figure 26A, the 
fin moved clockwise about 250 toward the tunnel centerline to a 
position approximately 700 counterclockwise from the tunnel line. 
In the new location the fin was compact, and it was m o r e  stable 
in s ize  and position, though a slow angular swing of some 100 existed. 
Pressures  near  the c r e s t  were s t i l l  about 13 feet of water below 
atmospheric, demonstrating once again that the shape of the spill- 
way profile had greater  influence on pressures  than the topographical 
shapes external of the s tructure.  

In Figures 26B and 26C a r e  shown intermediate s teps in topographic 
reshaping, and Figure 26D shows the final configuration used in the 
remaining t e s t s .  A s  might be expected, the fin rotated somewhat 
counterclockwis~~ a s  the excavation was filled in toward the original 
topographic arrangement.  

When i t  appeared that further restoration of topography would hinder 
the f ree  passage of water from the north and upset the balance of 
contributing tangential flows a t  the fin, attention was focused on 
flow patterns in the draw formed by the intersection of natural 
topography with the upstream slope of the dam. It  was suspected 
that the interaction of flows from the north and west was responsible 
in part  for the instability in fin position. Exploration with dye 





Several single vanes of diffcrcnt radial hcig!lt were  t r ied.  A pract ical  
height was ~oug l l t  s ince too great  a projection would res t r i c t  the 
passage of debris in the shaft and a low height would not have adequate 
flow straightening influence. The 4-foot s i z e  seemed a reasonable 
cornpromisc to satisfy these conflicting c r i t e r i a .  

Anotl~er  vane was installed directly above the flow deflector on the  
tunnel line. I t  extended from elevation 2330 to  an elevation just 
above the deflector. This  vane was moved successively to three 
positions away from the tunnel line to ascer ta in  the effect on flow 
patterns above and on the deflector, but no advantage in s o  placing 
i t  could be observed, and it was returned to  the original position. 
A s  the s ize  of the deflector was changed, the length of r ib  vane 
was adjusted. In the final design, the r i b  vane intersected the 
sloping surface of the deflector. 

A third vane r ib  to  supplement the two discussed above was installed 
between elevations 2250 and 2330 .  In the many following tr ials ,  
the f i r s t  and third r i b  vanes were individually moved around the 
shaft circumference in a search  for the bes t  combination of positions 
for a l l  three.  After tentative locations had been determined, the 
f i r s t  and third r ib  vanes were moved individually to determine the 
sensitivity of the flow patterns to their respective positions. 
Fortunately, an angular range o f t  5' could be permitted for each 
without significantly. impairing their combined effects. This range 
is great  enough to establish confidence that the positions indicated 
by the model studies can be  relied upon fo r  satisfactory operation 
in the prototype. 

In the final positions, the vanes effectively reduce sp i ra l  flow in  
the shaft. For  flows a t  depths up to the radia l  height nearly a l l  
elements a r e  redirected to vertical patlls . F o r  depths greater than 
the radial height the influence of the vanes is still of sufficient 
magnitude to prevent the development of detrimental sp i ra l  action, 
s o  that the direction of flow a t  the downstream end of the shaft 
is essentially paral lel  to  the vertical axis .  

Mrator Sowing down the shaft  s t ruck the upper ends of the vanes a t  
a smal l  acute angle with respect  to  the ver t ica l  axis of the vane. 
Some water was deflected downward along the vane, and some was 
deflected upward and over the rib; thus positive pressures  may b e  
expected in  the a r e a  of impact, and negative p ressures  may be 
produced on the opposite s ide.  



upper ends of tlie r ib  vanes w e r e  determined from extensive hydraulic 
t e s t s .  Six of the many shapes investigated a r e  shown in  Figure 27, 
along with the piezometers employed to measure  pressures ,  piezometer 
locations, and the numbering system for each r i b  vane. -The recommended 
shape approximates that in F igure  27F. Results of a l l  p ressure  
measurements  a r e  summarized in Table 3 .  

The recommended location of the r ib  vanes is shown in Figure 28 .  
The recommended design for the r ib  vane top is also shown in  
Figures 28 and 29. 

Flow deflector. --In the " ~ e v i e w  of Tes t  ~ a t a "  section, the des i r -  
ability of a flow deflector was briefly discussed. Concurrent 
with modifications of the profile, tes ts  were  made on eight flow 
deflectors to evaluate their performance. For  a l l  s i z e s  tested, 
from 2 by 10 feet to 7 .15  by 24 feet (the f i r s t  dimension is the 
radial  projection and the second is the vertical height) the deflector 
had a beneficial effect in diverting water from the crown s ide  of the 
shaft  to  the invert of the tunnel a s  the flow passed through the upper 
bend. The direction imparted to the flow leaving the deflector was, 
in general,  parallel  to the tunnel centerline. 

Another important benefit of the deflector was the control it 
could exercise on the rese rvo i r  water surface elevation near  
maximum discharge. By increasing the radial projection, it was 
possible to shift the hydraulic control from the c res t  to  the 
deflector.  Thus, the type of flow was either weir flow when 
control was a t  the cres t ,  or or if ice flow when the deflector was 
the control.  As the projection was increased for discharges over 
2 1,000 cfs, the operating level  of the reservoi r  rose, and by 
incremental  adjustment, the recommended s i z e  for the design 
c r e s t  head could be  determined. Sizes tested were a s  follows: 
2 by 10,  4 .25  by 18, 5 by 18, 6.25 by 24, 6.56 by 25, 5.97 by 25, 
7 .10  by 24, and 7 .15  by 24 .  

The head-discharge curves, Figure 12, reflect the effect of the 
deflector. In a l l  cases,  the shift  of hydraulic control f rom c r e s t  
to defiector is evident as a change in slope of tile curves.  The 
rese rvo i r  level is verv sensitive to deflector s i ze  because of the 
relationship between &ea of flow, A ,  and head, H, i n  Q = CA 2gH. 
F o r  example, it was found by tes t  that f o r  a projection of 6.97 feet 
the design reservoi r  level was reached, but for a projection of 
7 .10  feet the design level was exceeded by many feet. 

It was  observed that spray w a s  formed in the region immediately under 
the deflector.  A smal l  hole dril led through the shaft wall  directly 
below the deflector allowed air to pass  into the shaft with such 



velocity that a perecptible whistle was audible. A conduit was 
therefore provided to supply the a i r  demand. The s ize  was progres- 
sively increased from 2 by 4 feet to  2 by 10 feet.  Piezometers 
on the underside of the deflector indicated that atmospheric 
pressures  existed when the conduit was 2 by 8 feet, but an arb i t rary  
increase  to 2 by 10 feet was made to insure adequate capacity 
because of uncertainties in  model-prototype relationships where 
a i r  is used for  ventilation purposes.  

A single piezometer was installed in the center of the sloping face 
of the deflector to measure  the impact pressure  a t  maximum discharge. 
The pressure  indicated on a deflector 6.97 by 10 leet was equivalent 
to about 70 feet of water .  To reduce the face pressure,  the deflector 
height was increased in successive steps to 25 feet, leaving unchanged 
the bottom elevation. The deflector 6.97 feet by 25 feet was fitted 
with piezometers on the sloping face and underside, a s  shown in 
Figure 30. Table 4 gives the p ressures  measured for 4 discharges 
on the recommended deflector.  Piezometer 50, for 24,000 second-feet, 
showed a pressure  of 54 feet of water .  The impact p ressure  was 
therefore reduced by 16 feet of water when the deflector height was 
increased from 10 to 25 feet. 

The deflector and a i r  supply conduit shown in  Figure 30 were 
recommended for prototype u s e .  Later, i n  the specificgtions design, 
the flow deflector was increased in s ize  from 6.97 by 25 feet to  
7.10 by 25 feet.  When model head-discharge relationships were 
applied to the design flood hydrograph, the a i r  supply conduit was 
made 4 . 5  feet square when practical dimensions were determined. 

The a i r  demand of the recommended deflector 6.97 by 25 feet was 
measured s o  that comparisons could be made with future prototype 
measurements .  A circular  sharp-edged orifice was used to determine 
the quantity of a i r  required for  7 spillway discharge r a t e s .  The 
coefficient of discharge of the orifice was a d to be 0.60. 
Table 5 gives the a i r  quantities i n  the mode r e  31 ~ v a s  
plotted f rom Table 5 to  show the variation mand with spill- 
way discharge. The maximum prototype demand of 78 second-feet is 
reached a t  21,000 second-feet. At 24,000 second-feet, with the 
spillway submerged, the a i r  demand shows a marked decrease t o  60 
second-feet. The general shape of the curve conforms well to  a 
s imi lar  curve based on a i r  demand measurements made a t  Shadehill 
Dam, shown in Figure 52 of Engineering Monograph No. 16. 

The water discharge for which a i r  demand is a maximum does not 
correspond to that which indicates an impending shift of hydraulic 
control from c res t  to deflector, Figure 13. F r o m  visual observa- 
tion of flows above 2 1,000 second-feet, it did not appear that 
there was an increase  in the intake of a i r  through the water down 



the shaft to  compensate for the decrease  measured in the a i r  conduit; 
to the contrary, this quantity seemed to decrease  a s  the c r e s t  began 
to submerge.  One plausible explanation is that a shift i n  control 
had begun near  21,000 second-feet, but the height of the boil in  the 
shaft was not sufficient to affcct the c r e s t  head until the discharge 
was 23,000 second-feet. Between 21,000 and 23,000 second-feet, 
there could be two controls; (1) the cres t ,  and (2) an orifice in a 
horizontal plane of unstable elevation. Both controls adjust to 
discharge the same quantity of water a t  the same t ime.  The point 
of r eve rsa l  in the curve of Figure 31, therefore, may be an accurate  
indicator of the beginning of a shift in hydraulic control, to the 
spillway throat.  

Spillwa pier --In the discussion of topographical modifications, 
t e tendency of the water f i n  on the spillway c res t  to E a h -  

swing from side to s ide  was mentioned. Finalized topography did 
not eliminate the movement, though the strength and range were rnucl.1 
reduced. -1s a final s t ep  in stabilizing the fin position, a pier 
30 feet high, 40 feet long, and 3 feet thick was located a t  the 
mean position of the fin, or 2780 clocl<wise from the tunnel line, 
Figures 26D and 32. The pier nose extended 3 feet downstream from 
the crestline, with the remaining 38 feet extending radially to 
intersect  the excavated slope in the topography. Above 5,000 second- 
feet, the reservoi r  level was high enough to allow a smal l  amount of 
water to flow around the upstream end of the p ier .  No ill effects 
were observed from such flow even a t  maximum reservoi r  elevations; 
thus, i t  was not necessary for the pier top to extend into the topography. 
Considerable concrete can be  saved by s o  limiting the pier length, and 
from the safety standpoint unauthorized persons will not have easy 
access  to the pier top for use a s  an observation point. 

F o r  a period of a fcw seconds, smal l  differential heads may ac t  
against the pier a s  the water level on each side fluctuates. Based 
on observations of the model, this head is expected to be  l e s s  than 
1 foot, unless 1:igh winds in  the prototype increase the differential. 

Interim Considerations 

Despite a l l  efforts toward reduction of negative profile pressures ,  
by topographic reshaping, use of p iers  or  flow directing walls, 
varying the distance from berm to cres t ,  and the use of a i r  intake 
devices, spillway profile pressures  remained unsatisfactory. It 
was apparent that adjustments in the spillway profile itself would 
be  required to provide satisfactory p ressures .  

In considering methods to bc" used in adjusting the preliminary profile 
conflicting courses  of action were indicated by the information a t  
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became larger than was believed necessary after the blocked part 
of the c res t  was opened. A revised c res t  with the full circum- 
ference used to discharge water should be of smaller  diameter 
according to theory. On the other hand, negative pressures  
occurred because of the steep profile, and t o  relieve them the 
diameter should be increased. In the first case, decreasing the 
diameter could cause the operating head to  increase above that 
desired; for the second case, the operating head would probably 
decrease below the design value. The courses of action chosen 
a r e  discussed in  the following paragraplis. 

PROFILE I1 

Scheme 8 

Description. --The original spillway diameter and the profile from 
spring point to c res t  were retained, but the profile downstream 
from the c res t  was revised, Figure 33. Auxiliary features used 
with Profile I1 include a deflector 5 by 18 feet, and three r ib  vanes 
in the final described positions. The deflector was aerated by a 
conduit 2 by 7 feet in  cl-oss-section, Profile I pressures  had indi- 
cated that the region of high negative pressures  was just downstream 
from the c res t  and that there was general improvement toward 
atmospheric values a s  the  flow passed downstream and approached 
the upper bend. Therefore, the ra te  of change in slope downstream 
from the c res t  was decreased for the f i rs t  1 0  feet of drop, to 
elevation 2360, and increased from that point to elevation 2340 s o  
a s  to use the same shaft diameter from the lat ter  elevation down- 
ward. If the changes were of sufficient magnitude, negative pressures  
between elevations 2370 and 2360 o r  below could be expected to r i s e  
toward atmospheric while pressures near elevation 2340 would be  
expected to drop below atmospheric. Such changes would be con- 
sidered a s  overall improvement. 

The coordinates For a l l  spillway profiles tested a r e  contained in 
Table 1. T o  facilitate comparisons of them two plots were prepared: 
(1) profiles plotted from a common crest  point without regard to 
c res t  diameter, Figure 33, and (2) profiles plotted in proper vertical 
and horizontal positions, Figure 34. 

Though the adjustment from Profile I to Profile I1 appears minor 
in  retrospect, it was necessarily a conservative s tep  to learn how 
sensitive pressures  were to profile slopes. 



Tlow pattcrns could be  observed. The adjugtment of the profile was 
not of sufficient magnitude to  produce any noticeable effects. 

Head-discharge relationship. --Curve 1 of Figure 11 shows the variation 
of c res t  head with disciiarge for Profile 11. Less  head was required to  
pass a given discharge with Profile I1 than with any scheme using 
Profile I .  The upturn in the rating curve for Profile I1 showed that 
the deflector began to  decrease the discharge and ra i se  the head on 
the c r e s t  at a point near  24,000 second-feet, but the head a t  this 
discharge was over 4 feet lower than desired.  The increase  in 
deflector s i ze  from 2 by 10 feet t o  5 by 18 feet was therefore inadequate 
to produce the design reservoi r  head. 

The computed coefficient of discharge a t  22,400 second-feet was 3.42. 

Profile p ressures .  --Since the tes ts  on Profile I served to  identify 
the regions m which the more  ser ious pressure  problems would exist  
it was not necessary to construct Piezometers 1-12 and 13-24 i n  
the succeeding profiles. 

Data Set 9 of Table 2 gives the resul t s  of p ressure  measurements  on 
Profile IT. Compared with those i n  Data Set 6, l i t t le improvement 
was evident with Profile 11. Along the portion of Profile I1 which 
was flatter than Profile I, there  was a noticeable r i s e  toward 
atmospheric pressure,  but overall  improvement was not significant. 

PROFILE I11 

Scheme 9 

Description. --Analysis of t e s t  resul t s  on Profile I1 gave r i s e  to  two 
conclusions which were  applied in defining a new profile. First, the 
negative pressures  on the shor t  curve upstream of the cres t ,  the 
approach curve, could be  interpreted a s  indicating that flows r i s ing  
from the berm passed the spillway spr ing  point a t  an angle much 
steeper  than the angle of a tangent drawn to the spillway surface 
a t  the point. It was believed that a milder  curve downstream f rom 
ffie spring point would improve the p ressures  in this region. The 
f i r s t  s tep  in  modifying Profile 11, therefore, was to  lengthen the 
approach curve, Figures 33 and 34.  

Second, since changes made in the profile downstream from the c r e s t  
for  Profile I1 were  demonstrated to b e  too mild to attain the p ressures  
desired, the slope of the profile used for the first 8 feet of drop 
Profile 111- was much mi lder .  Using the same  spillway c r e s t  diameter,  
however, it was necessary to increase the slope of the profile between 
the elevations 2362 and 2340 s o  that the s a m e  shaft diameter could be  
used . 



diameter was increased from 53 to 5 7 . 5  feet. This caused a smal l  
encroachment on the berm wiciih, but the effect was not noticeable 
in  operation. Coordinates for the profile a r e  contained in Table 1. 

The r ib vanes and deflector were the s a m e  a s  used in tes ts  on 
Profile 11. 

Flow character is t ics ,  --No measurable departure from ear l ie r  flow 
patterns was observed. 

Mead-discharge relationship. --Curve 2 of Figure 11 shows that more  
head was required to pass a given discharge than was required with 
Profile 11. Curves 1 and 2 a r e  separated by about 0 . 5  foot. Though 
the c res t  diameter was not changed, flattening the profile in the 
c res t  region apparently made the spillway l e s s  efficient and produced 
a r i s e  in operating head. Curve 2 a lso  shows a gradual shift i n  
hydraulic control from c r e s t  to  the deflector. At 24,000 second-feet, 
the c res t  head was 13 .5  feet, s t i l l  about 3 . 5  feet short  of the design 
head. 

The computed coefficient of discharge based on a discharge of 22,400 
second-feet was 2.87.  

Profile pressures .  --Data Set 1 0  of Table 2 is a summary of p ressures  
measured on Profile 111. Because the c r e s t  approach curve was 
lengthened an additional piezometer was installed in each row t o  
better, define the p ressure  variations upstream of the c r e s t .  The 
piezometers a r e  identified a s  C and D, located a s  shown i n  Figure 33. 

Increasing the approach curve length had the desired effect of rais ing 
pressures  on that portion of the spillway. All pressures  in the region 
were positive. The a r e a  of maximum negative pressures  had moved 
down the spillway profile, due primarily to the increased profile 
slope below elevation 2362. This condition was anticipated, and no 
concern over i t s  existence was felt since the s teep slope of the 
model could be modified for the prototype design. 

The overall performance for  this profile was bet ter  than for the 
4 -. 

previous profiles. --,  

PROFILE IV 

Scheme 10 

Description. --Profile IV is shown in Figures 33 and 34. The c r e s t  
approach curve was the same  a s  that for  Profile 111. The portion 



Curve 3 gives a c lear  picture of the ma,pitude of the adjustment in  
profiles, and it  se rves  to emphasize, and confirm the belief, that 
the departure from Profile I11 to Profile I V  was too severe .  





i n  F igure  3 6 .  The fin position in Figure 36A for  a discharge of 
15,000 second-feet reflected the influence of g rea t e r  contributions 
of flow from the west  along the d a m .  As the discharge approached 
20,000 second-feet, the fin shifted slightly clockwise. Finally 
a t  22,500 second-feet, just before  submergence of the spillway, 
the fin reached the position shown in  Figure 36C. F o r  this discharge,  
the elevation of the boil was fluctuating rapidly, and the r e se rvo i r  
water  su r face  evetltually oscillated rhythmically in  response  to  this  
action. Below 22,500 second-feet, the  fin position was unstable 
because the distribution of flow around the spillway var ied over  
sho r t  per iods.  

F o r  a discharge of 24,000 second-feet, Figure 36D, a l a rge  vortex 
formed over the shaf t .  The vortex shown is for  maximum water  
sur face  level, but i t  was even l a rge r  in  d iameter  a t  lower r e s e r v o i r  
levels .  A periodic r i s e  and fall  of the r e se rvo i r  sur face  accompanied 
the variation in  vortex s i z e  and considerable vibration of the model  
s t ruc tu re  could be felt .  

Head-discharge relationship.  --Curve 4 of F igure  11 shows the 
variation of c r e s t  head with d ischarge .  In comparison with Curve 3 
for Profile IV, l e s s  head was required to  pass  a given discharge,  
and the discharge curve was  not appreciably different than the one 
for Profile 111. 

The computed coefficient of discharge a t  22,400 second-feet was 2 .91 ,  
a substantial  improvement over  the coefficient for  Prof i le  IV, 2.24, 
and just slightly higher than that for Profile 111, 2 . 8 7 .  The  operating 
head a t  design discharge was about 3 . 5  feet, below the des i red  head. 

Prof i le  p r e s s u r e s .  - - P r e s s u r e  measurements  a r e  summar ized  for  
this  t e s t  setup in  Data Set 12 of Table 2 .  In cont ras t  to  the  p r e s s u r e s  
obtained with Profile IV, the p r e s s u r e  pat terns  with Profi le  V w e r e  
considered quite sat isfactory.  The  lowest negative p r e s s u r e  was 
-6 feet a t  elevation 2363, and p r e s s u r e s  above and below this  
elevation were  higher than atmospheric  a t  the c r e s t  and elevation 
2340, respectively.  

Comparing p res su res  in Data Sets  10 and 12, those for  Profile V 
showed fur ther  improvement.  I t  had been determined from discussions 
with the designers  that  a profile exhibiting negative p r e s s u r e s  n o  
lower than -6 feet  would be  acceptable; Profile V was tentatively 
suggested for the final design.  



submerged conditions, a l l  piezom-etric pressures  fluctu%ted some- 
what. Outside of this range, however, a l l  pressures  were reasonably 
constant a s  indicated by the steadiness of the liquid levels of the 
manometer tubes. In ear l ie r  tes ts  of the other profiles, and 
particularly in  the case  of Profile I, there was considerable 
fluctuation in liquid levels throughout th c discharge range.  

Scheme 12 

Description. --The flow character is t ics  of Scheme 11 formed the basis  
for  reshaping the topography around the spillway. Natural topography 
to the east and northeast of the s tructure was modified a s  shown in 
Figures 26D and 35C. The draw to the southeast was filled in to 
provide a gradual transition in  slope from that of the dam on the 
south to the slope of the reshaped topography on the eas t .  The berm 
was widened on the eas t  and south to provide a minimum width of 6 
feet at  elevation 2358. 

Tes ts  were run with and without a spillwa pier  described under the 
I t  ,Y section, Auxiliary Structural ~ e a t u r e s .  In successive steps, the 

s ize  of the shaft deflector was increased to 6 . 9 7  by 25 feet. 'The 
demand for  a i r  beneath the deflector was satisfied by enlarging the 
a i r  vent to 2 by 1 0  feet in  cross-section. 

Coordinates for the profile and locations of the r ib  vanes were 
unchapged from Scheme 11. 

Observations were made with a spillway pier irl place and also with- 
out it, a s  follows: 

Flow character is t ics  without spillway pier .  --The existence of the 
draw a t  the intersection of the natural topography with the dam 
was detrimental to  uniform flow into the spillway. The direction 
of flow a t  any point in the draw was variable with no consistent 
pattern observable. T o  reach the draw, water flowed through 
restricted passages between the c r e s t  s t ruc ture  and the dam or  
the natural topography. Having reached the draw, water velocities 
decreased and consequently the depth increased measurably. Ear l i e r  
attempts had been made to reshape or f i l l  the draw, but until com- 
plete topographic modification had been accomplished little improve- 
ment wasdnoted. 

Flow patterns for  s ix discharges a r e  shown in Figure 37A, B, C 
and Figure 38 A, B, and C .  These views may be compared with 
those i n  Figure 14. Filling the draw produced a beneficial effect over 
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area  normally occupied gy the fin decreased s o  that a prominent fin 
did not form until the discharge was about 15,000 second-feet. F o r  
greater  discharges, the fin had a clearly defined shape unlike 
previous fins. 

The spillway submerges to the degrec shown'in Figure 38B for 23,000 
second-feet. There was about a 400 second-foot range near  23,000 
second-feet over which wntcr coming from the southeast on the 
bearing of the fin appeared to override radial  flow from the north- 
eas t .  A s  the hydraulic control shifted from the c r e s t  to the shaft 
deflector and back, the period of submergence was about 4 seconds 
prototype. The rese rvo i r  surface was s c t  into motion by this action. 

F o r  the maximum discharge of 24,000 seco~zd-feet, Figure 38C, a 
s m a l l  vortex formed. The direction of rotation was always counter- 
clockwise, and the center  moved but slightly over the shaft. 

The s ize  of a i r  orifice beneath the shaft deflector was considered 
adequate because p ressures  measured on the und,:rside of the 
deflector for al l  discharges were atmospheric.  

Flow characteristics with spillwhy pier.  --It was noted i n  the above 
tes ts  that the fin had a tendency to move slowly from s ide  to side, 
through an angle of about l o 0 .  The spillway p ie r  described on 
page 25 stabilized the fin by providing a solid boundary for flows 
of opposing direction to s tr ike;  thus the effects of differential 
velocities no longer were  ma.nifest in  a moving fin. 

Flow patterns for five discharges with tlle spillway pier  in  place a r e  
shown in Figures 39 and 40. These views may be  compared with 
those in which no pier  was used. For  discharges below that required 
for  submergence of the cres t ,  the  advantage of the pier  is found iri 
stabilization of the fin. At maximum discharge, Figure 40E, the 
pier  provided a corltrol over vortex formation which had not been 
possible in any o t i ~ e r  scheme tr ied.  As shown in the photograph, 
the water surface was  more  tranquil than ever  before, and no 
sudden deviation in flow regimen occurred. Small vortices formed 
and disappeared, singly and i n  pairs .  The directions of rotation 
were  alternately clockwise and counterclockwise. 

Tunnel flows a r e  shown in Figures 41 and 4 2 .  Air and water masses  
remained separate a t  a l l  discharges. Between 20,000 and 22,000 
second-feet, a smal l  proportion of tlie flow downstream from the 
upper bend occasionally crossed the crown of the tunnel, sometimes 
from one side and sometimes from the other; for the remainder of 
the discharge range tile water remained centered over the tunnel 
invert without appreciable variation. In the horizontal tunnel 
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parallel  to  the tunnel bearing with little side swing. 

l-Iead-discharge relationship. --Figure 12 il lustrates the effect of 
a shaft deflector cn the operating head. Differences in  s lopes and 
ordinate position of the curves from 5,000 to about 22,000 second- 
feet can be  charged to various topographic arrangements o r  to 
the c r e s t  p ie r .  Above 22,000 second-feet differences a r e  caused 
principally by the s izes  of shaft deflector being used. As  the 
deflector s ize  was increased in Curves 1, 2, 3, and 4, the portion 
of the curve reflecting orifice flow steepened until, i n  Curve 4, 
it was difficult to determine t!le discharge or  c res t  head a t  which 
the transition from weir t a  tirifice flow began. 

Figure 13 shows the head-discharge curve for the recommended 
profile, deflector pier, r i b  vanes, shaft deflector, and modified 
topography. 

The computed coefficient of discharge for a flow of 22,000 second- 
feet was 3.41. 

Profile  pressure^. --Data Set 13 of Table 2 is a summary of p ressure  
measurements  obtained with the c r e s t  pier  in place. The effects of 
using the c r e s t  pier and a la rger  ai,:: orifice a r e  readily apparent.  
For  24,000 second-feet, all pressur'es were well above atmospheric; 
whereas, in Data Set 12, a few piezometers  showed negative pres-  
sures .  Of those above atmospheric, none were a s  high a s  indicated 
in Data Set 13. 

The greatest  subatmospheric pressure ,  -7 feet of water, occurred 
near  elevation 2363 a t  20,000 second-feet. This pressure  prevails 
from about 18,000 second-feet to  slightly over 21,000 second-feet. 

Considering a l l  profiles and s t ruc tura l  features tested, and com- 
binations thereof, tlic resul ts  obtained with this test  scheme a r e  
the most  satisfactory. 

P ressures  in  Upper and Lower Tunnel bends. --Ten piezometers for  
measuring pressures  along the inver ts  of tile upper and lower bends 
a r e  shown i n  Figure 43. Measured pressures  were a l l  above at- 
mospheric, ranging from 3 to 49 feet of water, Table 2 .  Especial  
ca re  in  prototype forming and surface  finishing was recommended 
to eliminate tlie possible harmful effects of high velocity flows. 

Tunnel velocity measurements.  --Depths of flow for five discharges 
were measured  in the tunnel a t  a point 240 feel (prototype) down- 
s t ream froin the lower bend. Assuming a uniform distribution, the 
depths were  converted to flow velocities, in rnodel and prototype 



second fo r  maximum discharge .  This compares  with 143 feet-per 
second assumed in the  prel iminary design.  

I t  is lcnown that tlie plast ic  pipe used in the model  is rougher,  
(considering the model  sca le )  even thougt~ the "n" value is 0.008, 
than the concrete in  the  prototype assumed t o  be 0.013. T o  obtain 
velocit ies in the model  comparat ive to those i n  the prototype would 
Irave required cor rec t ive  m e a s u r e s  in thc model .  The  vclocity 
in  the  upper par t  of tile model  was probably ve ry  close t o  the c o r r e c t  
value because slut1 fr ic t ion l o s s e s  tzad not yet accumulated to  any 
degree .  Velocities in the spillway and upper bend a r e a  of the  model 
were  therefore m o r e  i n  agreement  than indicated by the measurements  
of Table 6 .  Velocities i n  the lower bend a r e a  of the model were  
probably l e s s  than those  which would obtain in the  prototype; however, 
this  a r e a  and the  tunnel downstream were  not  cr i t ical ,  with respect  
to  velocity simili tude and it is believed that t he  model represented 
the prototype to  every necessa ry  deg ree .  

CONCLUSIOISS CONCERNING PROTOTYPE FACILJTIES 

The  followin requi rements  for  the proiotype were  derived from 5 the model studies repor ted  herein: 

1. The morning-glory spillway should have an  outside d iameter  of 
6 1 . 5  feet, a c r e s t  d iameter  of 54 feet, and prof i le  coordinates a s  
l isted under Profile V, Table  i .  (A reduction of outside diameter  
to GO. 25 feet was agreed  upon following completion of these  studies).  

2.  Tile berm should be placed a t  elevation 2358 and the width 
between spillway and topography should be not  l e s s  than 6 feet .  

3 .  A c r e s t  pier f rom the b e r m  to elevation 2387 and approximately 
40 feet  long should b e  constructed with r ad ia l  direction 2780 clock- 
wise of the crown point on the tunnel Line, F igu re  32. Thickness 
of the  pier is not c r i t i ca l  f rom a hydraulic standpoint except as i t  
will  increase  o r  dec rease  the usable c r e s t  length; the p ie r  used 
i n  the model tes t s  w a s  3 feet  thick.  

4 .  A flow deflector i n  the shaf t  is required to  diver t  the  water  
f rom the crown side of the  shaf t  t o  the inver t  s ide in  the vicinity 
of the upper bend. A wedged-shaped deflector on the crown side 
between elevations 2257 and 2282, projecting radially 6.97  feet 
f rom the shaft boundary a t  the lower elevation, is recommended, 
F igures  3 and 30. The  deflector should be placed s o  that it is 
symmetr ica l  about a line defining the tunnel bear ing.  



. 

should be provided below the def lec t~;  to ventilate the upper end 
of the tunnel. 

6. Three  vertical r i b  vanes a r e  required to reduce sp i ra l  flow 
down the shaft, Figures 28 and 29. Each is 2 feet thick and 4 feet 
in radial height and extends from elevation 2330 downward. With 
reference to the crown side of the shaft on the tunnel bearing, 
one r i b  vane intersects  the sloping surface of the flow deflector. 
Another r i b  vane is located 108O cloclwise from the reference 
point, and terminates a t  elevation 2255. The third r i b  vane is 
located 1370 counterclockwise from the reference point, and the 
lower end is a lso  a t  elevation 2255.  

7 .  Topographic boundaries in  the vicinity of the morning-glory 
should be formed a s  indicated in  Figure 26D to provide satisfactory 
entrance flow conditions. 



Crest Coordinates f o r  Prof i l es  I - V  
Profile I Profile 11 Frofile 111 Profile IV Profile V 

Crest Diameter P 50 f t  Crest Diameter = 50 ft Crest Cianeter = 50 f t  Crest Diameter = 50 f t  Crest Diameter = 54 f t  
Outside Diameter P 53 f t  Outside Diameter = 53 f t  Outside Diameter = 57.5 f t  Qutside Diameter 5 57.5 f t  Outsidf: Dianeter = 61.5 f t  

.K Y x Y x Y X Y 'X Y 
Distance from : Elevation i n  : Distance from : Elevation i n  : Distance from : Elevztion in  : ~ i s t a n c e  from : Elevation i n  : Distance from : Elevation in 

crest  center l jne : fee t  : crest center l i ne  : feet : crest center l ine  : fee t  : crest cecter l i n e  : fee t  s crest certer l i n e  : feet  
in feet  in feet  i n  fee t  i n  fee t  i n  feet  : 4. 

.-. . ., 2370.0 0 2370.0 '3 237C. 0 0 2370.0 + I  - 237C .O 
-F -25 69-97 -0.25 69.97 -1.79 69 75 -1 . 79 69 -75 1.73 * 69.75 
-G. j < t  60.92 -Oe50 69.92 -2.50 69.50 -2.50 69.50 -2.5.2 69-5G 
4 - 7 5  49-85 -0.75 69.85 -3.00 69-25 -3.00 69.25 - -3.00 69.25 
-1.00 69.72 -1.00 69.72 -5.41 69.00 . : -3.41 69.00 -3.41 69.00 
-1.25 69-55 -1.25 09.55 -3.75 68-75 -3 .75 68.75 *' : -3 .75 
-1.50 69.30 -1.50 69 30 1.70 69.75 3 08 69.75 1.87 69 075 

68-75 

0.56 69 95 1.62 69 75 2.39 69.50 4.27 69 50 2.65 
0.81 

69 50 
63.90 2.18 69.50 2.98 69.25 5-07 69-25 3.28 

1. j 2  
69-25 

69.80 2.64 69 025 3.41 69.00 5 -72 69-00 3.74 
69.60 

69.00 
1.64 3.02 69.00 4 -10 68.50 6.72 68.50 4.60 68.50 
2.24 69.30 3.63 08.50 4.85 68.00 7.51 68.00 5.26 68.00 
:! ,. 67 69.00 h -11; 68. 00 5 -88 67.00 8.63 67.00 6.40 67.00 
3.27 68-50 5 .UO 67.00 6.70 66.00 9.39 * : 66.00 7-29 66.00 
3.76 68.00 5 -69 66.00 7-39 65.00 9-87 65.00 . 8.03 65 -00 
4-59 67.00 6.28 65.00 8.38 63.00 10.15 63 .75 9-15 63.00 
5 -24 66.W 7.18 63.00 9-02 61 .OO 10.30 50.00 9-99 61.00 
5.81 6?:5ci7, 7.88 61.00 9 69 58.00 10.37 40.00 10.97 58.00 
6 -70 €;3.OO 8 .70 58.00 10 10 55 *Oo - .  U. 54 

:" 61::W 
55-00 

7-37' 9.24 55 000 10.30 50.00 12.07 . " ' - -  
50.00 

8.14. 58.00.: 9.75 50 .0  10 33 45.00 12.29 45.00 
8 "70 55 .OO 1 0 . ~ 1  45 .oo 10 . 37 40.00 12 37 40.00 
9.44 50.00 19 37 40.00 . . *  

9.96 45 .OO 
10 - 37 40.00 

E 







Pressures on Flow Deflector 
Pressures in feet of water 

Q I 10,000 : Q - 20,000 : Q P 22,000 : Q 24,000 . . . . . . 
49 . 9 22 . 44 65 . 
50 6 . . 22 . 41 . . 54 
51 2 5 10 . 14 
52 . 0 . 0 0 0 
53 0 . 0 0 0 

54 0 0 0 0 

< ,- , c- I 

/ ' 

Table 5 1 8  

X ~ R  DEMAND M>R RECOMMENI~ED now ~ C M R  
Discharge in cubic feet per second 

Water Air demand 
Prototype : Model . M o d e l  : Prototype . 

5,000 . 1.01 0.0047 . 23 
10,000 2.03 .00685 : 34 
15,000 3 0 0 4  60093 46 
20,000 4 .& .0144 V. 
21,ooo . 4.26 0159 . 78 
22,500 4.56 . .0136 67 
24,000 4.87 0123 61 



Table 5 

TRINITY MOFUiING-GLORY SPIWAY Sl!UDIES 
Tunnel Velocities 

Discharge, : -low depth, : W e l o c i t y ,  ft/sec 
cf s f ee t  : Model : Prototype 

5,000, 0.148 : 17.5 : 
10,000 .226 : 19.4 : 

96 
107 

15,000 : 307 : 19.4 : 107 
20,000 .368 : 20.5 : 113 
24,000 : .392 : 22.8 : 125 

Tunnel diameter = 0.667 foot. 

*asured i n  model 

Wmputed from depth measurements 













Figure 6 
Report HYD - 447 

TRINITY MORNING-GLORY SPILLWAY . 1: 30 MODEL HEADBOX AND TUNNEL 





TRINITY MORNING-GLORY SPILLWAY 
MORNING -GLORY STRUCTURE BEFORE 

INSTALLATION O F  TOPOGRAPHY 
1:30 MODEL 



A. Discharge 5,600 cfs  B. Discharge 11,200 c f s  C. Discharge 16,800 c f s  

D.  Discharge 22,400 c f s  E .  Discharge 26,700 c f s  

TRINITY MORNING-GLORY SPILLWAY 
CREST FLOWS, PRELIMINARY DESIGN, 1:30 MODEL 





TRINITY MORNING - G L O R Y  SPlLLMlrPY 

H.EAD - DISCHARGE CUR\/ES 
V A R I O U S  C R E S T  P R O F I L E S  

1 : 30 MODEL 







A. D i s c h a r g e  5 ,600  c f s  B. Discharge  11,200 c f s  C .  Discharge  16,800 c f s  

D. Discharge  22,400 c f s  E. Discharge  26,700 c f s  

TRINITY MORNING-GLORY SPILLWAY 
C R E S T  FLOWS, F R E E  CREST,  PRELIMINARY P R O F I L E  

1:30 MODEL 



A .  D i s c h a r g e  5 , 6 0 0  c f s  B. D i s c h a r g e  11 ,200  c f s  C. D i s c h a r g e  16,800 c f s  

TRINITY MORNING-GLORY SPILLWAY 
D. Discharge  22,400 cfs FLOW IN U P P E R  BEND E. D i s c h a r g e  26,700 c f s  

PRELIMINhRY SPILLWAY PROFILE 
1:30 MODEL 





F i y r e  17 
)port HYD - 

A. Air Intake Device, 4 p ie r s ,  Discharge 16,800 cfs 

B. Air Intake Device, 4 p ie r s ,  Discharge 26,700 cfs 

C. Air Intake .Pier, Metal Guide Vanes, No Flow 

. TRIMTY MORMNG-GLORY SPILLWAY 
PRELIMINARY PROFILE, AIR INTAKE DEVICES 

1:30 MODEL 
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A. Discharge  5,600 cfs  B. Discharge 35.800 cfs  

C . Discharge 22,400 cfs  D. Discharge 26,700 cfs  

TRINITY MORNING-GLORY SPILLWAY 
PRELIMINARY PROFILE, SCALEE AIR INTAKE PIER AND GUIDE VANES 

1:30 MODEL 



Figure 20 
port HYD - 447 

TRINITY MORNING-GLORY SPILLWAY 
:ELIMINARY PROFILE, SCALED AIR INTAKE P E R  AND 

LOGS JAMMED IN THROAT OF STRUCTURE 
1:30 MODEL 

GUIDE VANES 
2 



A. Discharge 11,200 cfs 

C. Discharge 22,400 c f s  

TRINITY M ORITIN( 
FLOWS IN 

PRELIMTI ' I.:?" J PROFILE,  SCALED 
1: 30 

F igure  2 1  
Report  HYD - 447 

B. Discharge 16,800 c f s  

2 -GLORY SPILLWAY 
UPPER BEND 
AIR INTAKE PIER AND GUIDE VANES 
MODEL 



A. Discharge  11,200 cfs B. Discharge  16,800 c f s  C.  D i scha rge  22,400 cfs 

D. Discharge 26,700 c f s  E. Discharge  22,400 c fs  

TRINITY MORNING-GLORY SPILLWAY 
FLOW IN LOWER BEND AND TUNNEL 

PRELIMINARY PROFILE,  SCALED AIR INTAKE P I E R  AND G U D E  VANES 
1:30 MODEL 



A. Discharge 5,600 cfs 

B. Discharge 16,800 cfs 

C. Discharge 26,700 c f s  

TRINITY MORNING-GLORY SPILLWAY 
PRELIMINARY PROFILE ,  FLOWS AT PRELIMINARY D E F L E  

1:30 MODEL 

Fig1 
Report  

CTOR 

















DEFLECTOR AIR DEMAND VS. SPILLWAY DISCHARGE 
REGOMMENDED DEFLECTOR 6.97' x 25' 

1:30 M O D E i  
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Figure  37 
Report  HYD - 447 

A. Discharge 5,000 cfs  

B. Discharge 10,000 cfs  

C.  Discharge 15,000 cfs  

TRINITY MORNING -GLORY SPILLWAY 
PERFORMANCE O F  RECOMMENDED PROFILE WITH FINAL TOPOGRAPHY 

1:30 MODEL 



~ e ~ o r t  HYD - 447 

A. Discharge 20,000 cfs 

B. Discharge 23,000 d f s  

C.  Discharge  24,000 c f s  

TRINITY MORNING-GLORY SPILLWAY 
PERFORMANCE O F  RECOMMENDED PROFILE WITH FINAL TOPOGRAPHY 

1: 30 MODEL 



Figure 39 
~ e p o r j  HYD - 447 

A. Discharge 5,000 cfs 

B. Discharge 10,000 cfs 

C. Discharge 15,000 cfs 

TRINITY MORNING-GLORY SPILLWAY 
OPERATION O F  RECOMMENDED DESIGN 

1:30 MODEL 



Figure 40 
Report  HYD - 447 

A. Discharge 20,000 cfs  

B. Discharge 24,000 cfs  

TRINITY MORNING -GLORY SPILLWAY 
OPERATION OF RECOMMENDED DESIGN 

1: 30 MODEL 



A. Discharge 5,000 cfs  

D. Discharge 20,000 c f s  

B. Discharge 10,000 cfs  C. Discharge 15,000 cfs  

FLOW UPPER BEND E. Discharge 24,000 c f s  7 2  
1:30 MODEL L 



A. Discharge 5,000 cfs  B. Discharge 10,000 c f s  C. Discharge  15,000 cfs  

D.  Discharge 2il,000 c f s  E. Discharge 24,000 c f s  

TRINITY MORNING-GLORY SPILLWAY 
RECOMMENDED DESIGN 
FLOW IN LOWER BEND 

1: 30 MODEL 




