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ABSTRACT 

Hydraulic model studies were conducted to insure satisfactory per- 
formance of the spillway approach channel, spillway crest,  tunnel, 
and flip bucket and to determine tlle flow characteristics in the down- 
s t ream river channel when the spillway andlor the outlet works were 
operating. The spillway approach channel was considerably modified 
to  improve flow conditions. A combination circular pier and angled 
approach wall on the right side of the spillway entrance reduced the 
drawdown and improved flow conditions in the rrght spillway bay. An 
outward sloping nose on the spillway center pier reduced the water 
surface contraction in the left spillway bay. The center pier was 
extended downstream and tapered to eliminate a large fin of water 
in the tunnel. Pressure  measurements and water surface profile- 
indicated that the spillway ogee and the transition from the rectan- 
gular gate section to the circular tunnel were satisfactory. The dis- 
charge capacity of the spillway was greater than anticipated, per- 
mitting the cres t  elevation to be raised 1 foot. Flow in the sloping 
tunnel, vertical bend, and horizontal tunnel were excellent with syrn- 
metrical gate operation. Five angles of l i f t  were investigated for 
the flip bucket at  the tunnel portal; a 15" angle provided optimum 
flow conditions in the r iver channel. Pressures  up to 5 5  feet of 
water were measured on the invert of the flip bucket. The minimum 
pressure observed was 8 feet below atmospheric. The tailwater 
elevation at the powerplant might be lowered a s  much as  12.5 feet 
when the spillway is operating at maximum discharge. The extent 
of riprap protection needed downstream from the powerplant to pre- 
vent damage by the r iver  outlet discharges was determined. 

DESCRIPTORS--*Flip buckets/ outlet works / a i r  demand/ %unnels/ 
discharge coefficients/ :>hydraulic models/ jets/ pipe bends/ vortices/ 
water pressures/  afterbays1 bank protection/ open channel flow/ spill- 
way cres ts /  piezometersl *riprap/ negative pressures/  drawdown/ 
water surface profiles/ 

IDENTIFIER--Spillway profiles1 spillway approaches/ flow contrac- 
tions/ entrance transitions1 s t ream lining/ tunnel spillways/ spillway 
piers / 
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PURPOSE 

Hydraulic model studies were conducted to insure satisfactory per- 
formance of the spillway approach channel, spillway crest ,  tunnel. 
and flip bucket, and t o  determine the flow characteristics in the 
downstream r iver  channel when the spillway and/or the outlet works 
were operating. 

CONCLUSIONS 

1. The preliminary approach channel was modified to  improve flow 
conditions in the spillway entrance, Figure 6 .  

2. The excessive amount of excavation in the spillway approach a rea  
to accommodate the contractor's mix plant greatly improved the flow 
conditions in the approach channel, Figure 19. 

3. A combination circular pier and angled approach wall developed 
for  the right side of the spillway entrance, Figure 15, reduced the 
drawdown and provided smooth flow conditions in the right spillway 
bay. 

4. An outward sloping nose on the spillway center pier, Figure 13, 
reduced the water surface contraction in the left spillway bay. 

5. The center pier was extended downstream 30 feet and tapered to  
eliminate a large fin of water in the tunnel. 

6 .  Pressure  measurements and water surface profiles indicated that 
the spillway ogee and the transition from the rectangular gate section 
t o  the circular tunnel were satisfactory, Figures 16 and 23. 



7. Calibration of the spillway showed that the discharge capacity 
was greater than anticipated. Accordingly, the cres t  elevation was 
raised 1 foot, Figure 25. 

8. Flow in the sloping tunnel, vertical bend, and horizontal tunnel 
was excellent, Figure 26.  However, unsymmetrical operation of 
the gates should be avoided. 

9. A 15" angle of l i f t  for  th? flip bucket at  the tunnel portal provided 
optimum flow conditions in the r iver  channel, Figures 33 and 34. 

10. Pressures  up to 65 feet of water were measured on the invert 
of the flip bucket, Figure 36. The minimum pressure observed in 
the flip bucket was 8 feet below atmospheric. 

11. Water surface observations in the downstream r iver  channel 
showed that the tailwater elevation at  the powerplant would be 
lowered a s  much as 1 2 . 5  feet when the spillway is operating at  maxi- 
mum discharge, Figure 35. 

12. The extent of riprap protection needed downstream f rom the 
powerplant t o  prevent damage by the r iver  outlet discharges was 
determined. Figure 42. 

13. A temporary access road downstream from the flip bucket 
should be removed after the construction period. 
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INTRODUCTION 

Flaming Gorge Unit is one of the four storage units of the Colorado 
River Storage Project.  Principal features of the Unit a r e  the Flaming 
Gorge Dam and Powerplant located on the Green River in northeast- 
e rn  Utah about 40 a i r  miles north of Vernal and 6 miles south of the 
Wyoming-Utah state line, Figure 1. 



Flaming Gorge Dam is an arch-type concrete structure *502 feet 
high with a cres t  length of 1, 180 feet. The principal hydraulic fea- 
tures  of the dam a re  the tunnel spillway and the r iver outlets, 
Figure 2. The tunnel-type spillway, having a capacity of 28,800 
cubic feet per second and varying from 26.5 to 18 feet in diameter, 
is located in the left abutment. Flow through the spillway intake 
structure is controlled by two 16.75-foot-wide by 34-foot-high 
fixed-wheel gates, Figure 3. Flow from the tunnel spillway is 
directed into the r iver  channel by a flip bucket located at  the tunnel 
portal. The two 72-inch river outlets through the dam have a maxi- 
mum discharge capacity of 4,000 cubic feet per second and a r e  con- 
trolled by 66-inch hollow-jet valves which discharge from the left 
bank of the r iver  channel downstream from the powerplant tailrace. 

The model studies described herein were concerned with the tunnel 
spillway and the r iver  outlets. The studies were made to  investigate 
the flow conditions in the excavated approach channel t o  the spillway, 
the gate section and transition to  the circular tunnel, the sloping 
tapered tunnel, the elbow, the constant diameter horizontal tunnel, 
and the flip bucket at the tunnel portal. Also investigated in the 
model was the flow from the r iver  outlets. 

THE MODEL 

The model, built to  a geometrical scale of 1:36, included a section 
of the reservoir  area  behind the dam, the excavated spillway approach 
channel in the left abutment, the gate control structure, the tunnel 
transition, the spillway tunnel, the flip bucket, the powerplant, the 
r iver  outlets, and a section of the downstream r iver  channel. 

The spillway tunnel and transition were fabricated from transparent 
plastic. The fixed-wheel gates and flip bucket were made of galva- 
nized sheet metal. The piers in the gate control section and the 
powerplant structure were constructed of wood treated to resist  
swelling. The spillway crest  in the gate section was formed from 
concrete screeded to sheet metal templates. The topographic fea- 
tures  in the reservoir  and the rock outline of the downstream river 
channel were reproduced in rough concrete. The overburden in the 
r iver  and on the r iver  banks were represented by a 4- to  6-inch 
layer of sand. 

Discharges in the model were measured using calibrated Venturl 
meters permanently installed in the laboratory. Water surface ele- 
vations in the reservoir  were measured by point gages. The 

e u i v a l e n t s  of Important Quantities is given 
following page 21. 



Spillway Approach 

.Preliminary;--The entrance to  the preliminary approach channel 

the. axis of the dam,  -Figure 4. A gradually con- 
channel 200 feet long terminated at  the 50-foot-wide 

tailwater elevations: i i ~  the r iver were controlled by an adjustable 
tailgate at the downstream end of the model and were measured by 
a staff gage. 

Pressure  measurements were made in c r i t i c 4  flow areas  throughout 
the model by means of piezometers connected to  open-tube glass 
manometers. Piezometers in the flip bucket were also connected to 
a pressure cell and recording oscillograph and instantaneous dynamic 
pressure curves were obtained. 

The theoretical velocities in the model and prototype spillway tunnels 
1.49 213 S1/2 A were computed using the Manning equation, V = -Ti- 

h e  of n = 0.014 was used for  the prototype computation and 
. . 0. OOY was used for the model computations. The computations 
il.:.icated that at  the start  of the elbow, Station 3t56.58, the proto- 
type velocity would be 141.4 feet per second. The corresponding 
model velocity at this station would be equivalent to 138.6 feet per 
second. The proper prototype velocities were represented in the 
model by increasing the vertical drop between the model spillway 
crest  and the elbow by 1 foot. The 55O bottom slope of the tunnel 
was retained, but the convergence of the tunnel diameter was modi- 
fied s o  that it reduced from 26.5 to  18 feet in the longer length. 

In addition, the length of the horizontal portion of the model tunnel 
was reduced by 2.43 feet to  assure  that the portal velocity in the 
model would be equivalent to  the portal velocity in the prototype. 

THE INVESTIGATION 

General 

Although various features of the spillway were studied at  the same 
time and modifications to  one feature affected the operation of other 
features, each will be discussed separately in this report for  rea- 
sons of clarity. 



elevation 6030 and was topped off with a flat berm at  this elevation. 
In addition, for  construction purposes a notch was excavated 
between the face of the dam and the portion of the canyon forming 
the right side of the approach channel, Figure 5. The bottom of 
the notch was at  approximately elevation 5995. 

The investigations of the approach channel were made with uncon- 
trolled o r  weir flow through the spillway section t o  provide the 
severest operating conditions in the approach. Normally, releases 
through the prototype structure will be controlled by the gates t o  
maintain the reservoir  at elevation 6040 o r  higher. 

At a d i s c h a r e  of 5,000 cubic feet per  second, the flow in the 
approach channel was very smooth. The flow through the notch 
caused negligible disturbances at the spillway entrance, Figure 6. 
At a discharge of 15,000 cubic feet per  second, the flow from the 
reservoir  topped the berm on the right side of the approach channel 
and the flow through the notch became significant. The flows over 
the berm and through the notch were nearly normal to  the flow 
through the channel and consequently caused considerable disturb- 
ance at  the right spillway bay. Figure 6. At the maximum discharge, 
28, 800 cubic feet per second, this condition became very objection- 
:%ble and caused severe flow asymmetry at  the spillway entrance, 
Figure 6. 

First modification. --The notch at  the upstream face of the dam was 
D e d  in and a training wall was placed on top of the berm, Figure 7. 
The training wall followed the curve of the original cut and, i n  cross  
section, was a continuation of the cut slope of the original wall. The 
wall extended upstream for about 120 feet and terminated in a small  
radius curve. 

At the maximum discharge, the flow approaching the spillway entrance 
was greatly improved. However, there was a 1- to  2-foot drop in the 
water surface where the flow entered the approach channel at  the 
upstream end of the right wall. This drawdown caused considerable 
surface turbulence that carried downstream along the right wall to  
the spillway entrance, Figure 7. 

Second modification. --The approach channel was further modified by 
moving both channel walls inward to reduce the channel width. 
Although the channel entrance was wider than the original, it pinched 
down almost immediately and formed a constant width channel 
approaching the gate structure, Figure 7. A training wall with its top 
at elevation 6046 was placed on the berm on the right side of the 
channel. 

Eddy currents and extreme surface roughness caused by the drawdown 
still occurred in the flow around the upstream end of the right wall. 



Figure 7. To smooth out this condition, a long-radius streamlined 
nose on the right wall would be necessary, since previous tes ts  had 
indicated that it was not feasible to  provide a satisfactory approach 
wall utilizing the right canyon wall. The decision was made, there- 
fore, to entirely remove the island between the dam and the channel. 

Third modification. --For the third modification, the island on the 
right side of the approach channel was removed. Provisions were 
made so  that semicircular piers with different radii could be installed 
on the right side of the spillway entrance, Figure 8. 

Four piers with radii of 9, 18, 27, and 36 feet were investigated. 
The adequacy of each pier was judged on the appearance of the flow 
along the pier and the effect of the pier on the spillway discharge 
coefficient. The tests  showed that the 27- and 36-foot-radius piers 
provided very good flow conditions at the gate structure, but that 
larger  discharge coefficients could be obtained with the 9-, 18-, and 
27-foot-radius piers. The discharge coefficients related to  the pier  
radii for  maximum discharge a r e  shown on Figure 9. Since these 
test results were encouraging, it was decided to determine how f a r  
the left wall could be moved to  the right without causing undesirable 
flow conditions at the spillway entrance o r  a reduction in the dis- 
charge coefficient. 

Fourth modification. --For the fourth modification, the left wall was 
moved to  the right so  a s  to provide a constant channel width from 
the gate structure upstream to  about halfway to the reservoir.  
Farther upstream the left wall gradually diverged to  provide approxi- 
mately the original width at  the entrance to the channel, Figure 10. 
With the 36-foot-radius semicircular pier installed, the appearance 
of the flow in the approach channel ..:as very good. Some drawdown 
in the water surface occurred along the pier and carried down into 
the gate structure, causing a standing wave to  form in the center of 
the right bay. The water surface elevation in the left bay of the 
spillway was also lowered 1 foot due to  the increase in velocity in 
the narrower channel. 

With the 18- and 27-foot-radius semicircular piers installed, the 
water surface drawdown at the gate structure was about 1 foot greater 
than that observed for the third modification, but about halfway around 
the right pier the drawdown was 5 to  6 feet greater.  Except for  the 
greater drawdown, the flow distribution and appearance in the 
approach channel were better than they had been with the previous 

. 
channel alinement. Figure 11A. 

Fifth modification. --The approach channel was widened by moving 
the left wall about If3 feet t o  the left for the fifth modification; the 
27-foot-radius was installed on the right side, Figure 12. 



The appearance of the flow in the approach channel was very good 
with this modification. The water surface was smooth and the fl3w 
approached the gate structure linearly except along the right pier. 
A drawdown in  the water surface of about 5 feet occurred midway 
around the right pier and carried downstream into the gate section 
and caused some asymmetry in the flow in the right spillway bay, 
Figure 11B. 

Dye streams were introduced at  various depths to  t race  the flow 
lbes in the approach channel. At the maximum discharge, most of 
the surface flow from about halfway upstream in the approach chan- 
nel entered the right spillway bay; the flow between middepth to the 
bottom flowed predominantly toward the left bay; and, generally, 
the flow velocity in the right half of the channel was higher than the 
flow velocity in the left half. This flow asymmetry resulted in very 
poor flow conditions in the transition downstream from the gate 
section. 

Sixth modification. --For the sixth modification, the upstream face 
of the enter pier in the spillway section wab sloped upstream at  an 
angle of 21° from the vertical to form an overhanging nose, Figure 13. 
A 30-foot-radius semicircular pier was placed at the right side of 
t i e  spillway entrance. The left wall alinement was the same a s  in 
the fifth modification. 

The flaw appearance in the approach channel was very good at all 
discharges. The overhanging pier provided adequate flow area  at  
the larger  discharges and still retained directional control at the 
intake entrance. There was a 2- to 4-foot drawdown in the water 
surface around the pier faces, but the flow entering the spillway 
was still symmetrical. 

Recommended approach channel. --Although the approach channel 
aescribed in Modification 6 was satisfactory in all respects, the 
30-foot-radius semicircular pier would require a considerable 
quantity of concrete, and i t  was thought that, if possible, a smaller 
p ier  should be used. Further investigations showed that an 18-foot- 
radius pier could be used if it was placed about 27 feet to  the right 
of the gate section. 

F o r  the recommended approach channel, the alinement of the left 
side was the same a s  for the previous channel, and the overhanging 
center pier  was used. The right training wall consisted of a verti- 
cal  wall  extending upstream from the end of the right pier at an 
angle of 30" with the face of the dam and curving on an 18-foot radius 
to join the face of the dam, Figure 14. The angled wall became tan- 
gent to  the 18-foot-radius curved wall 27 feet t o  the right of the 
spillway. 



The flow in the approach channzl was satisfactory in all respects 
with this arrangement. There was some water surface drawdown 
in the flow around the curved part  of the right pier; a slightly dis- 
turbed water surface appeared along the angled wall; and another 
surface depression u-as present a s  the flow entered the gate sec- 
tion, Figure 15. A r i se  in the water surface occurred on the right 
side of the center pier, caused by the flow impinging on the pier 
face. On the left side of the center pier, the water surface depressed 
due to the centrifugal force of the flow going around.the pier nose. 
There was a slight buildup where the flow struck the left pier nose 
and a slightly depressed water surface a s  the flow passed around 
the pier and entered the gate section. The profiles showing the 
flow along the piers a r e  shown on Figure 16. 

8 

An adverse flow condition occurred with this arrangement when a 
large vortex formed in the right spillway bay for discharges at  gate 
openings over 50 percent. Figure 17. 

Construction changes. --During the construction of the dam, the con- 
tractor elected to  install the concrete mix plant in the vicinity of 
the spillway approach channel. To obtain sufficient area  for the 
plant, it was necessary to  excavate a large a rea  at the canyon edge 
upstream from the recommended approach channel. This a rea  was 
excavated t o  elevation 6007 and was equivalent to  the preliminary 
approach channel, Figure 18. Since the model was operable when 
this change became known, the prototype excavation was reproduced 
in the model t o  determine its effect on the approach flow. 

The model was operated at  discharges ranging from 7,200 cubic feet 
per second up to  the maximum discharge of 28, 800 cubic feet per 
second. The contractor's excavation opened up the approach area  
and greatly improved the flow conditions, Figure 19. 

Intake Structure and Transition 

The intake structure and transition include that portion of the spill- 
way between the approach channel, Station 01-89, and the spillway 
tunnel portal, Station 1+74.98, Figure 20. The studies of this sec- 
tion were concerned with the center spillway pier, the discharge 
capac'ty of the spillway crest,  and the pressure investigations of the 
spillway crest  and transition. 

Spillway pier. --The center pier on the spillway was 8 feet wide and 
- 

=ded the spillway into two 16.75-foot-wide rectangular passages. 
In the preliminary design, the nose of the pier was at Station 01-89 
and the pier terminated at Station 1+20. Both the nose and the tai l  
end of the pier were streamlined. Figure 21. 



While conducting the investigations to  develop the approach channel, 
an overhanging nose was placed on the upstream end of the pier to  
improve the flow distribution, Figure 13. These tests  were 
described in the previous section. Concurrently with the tests  in 

a sec- the approach channel, the pier modifications described in thi- 
tion were developed and the flow improvements were probably 
equally due to  the improved approach channel and to the modifica- 
tions of the pier. 

Preliminary tests  indicated that the center pier, Figure 21, was 
tao short for  its width. At all discharges, a fin of water formed 
immediately downstream from the pier. At the maximum discharge. 
the fin was very large and occasionally struck the tunnel roof at  the 
tunnel portal, Figure 22. The fin fluctuated from side to  side of 
the tunnel where it struck the walls with considerable force. The 
fluctuation seemed to  be caused by the flow asymmetry in the 
approach channel and was greatly reduced by the channel modifica- 
tions previously described. However, it was apparent that modifi- 
cations to the downstream end of the center pier were necessary t o  
eliminate o r  reduce the fin. 

P i e r  modifications. --The streamlined tail  of the pier was cut off 
at  Station 1+15, leaving a flat face 4 feet wide. Another tail  that 
was 15 feet long and tapered from 4 feet wide at Station 1+15 to  
2 feet wide at Station 1+30 was added to  the shortened pier.  The end 
of the pier was normal to  the tunnel invert, Figure 21. This pier 
reduced the center fin which still had a tendency t o  strike the roof 
of the tunnel portal, Figure 22. 

Shortening the pier by 7.5 feet and increasing the convergence of 
the tail  to  a width of 1 foot at the end did not improve the per- 
formance. 

Recommended pier. --Satisfactory entrance conditions had been 
obtained by modifying the approach channel and placing an over- 
hanging nose on the upstrea.m end of the center pier. Elowever, a 
center fin still formed in the transition downstream from the pier.  
The pier tai l  that was most effective in eliminating this fin was  a 
tapered section extending from Station 1+15 to  Station 1+50.0. At 
the upstream station. the pier was 4 feet wide and 24.50 feet high. 
At the downstream station, the pier was 2.25 feet wide and 23.81 
feet high. The end was vertical, Figure 13. 

This pier was very effective in smoothing the flow. A small  fin 
formed downstream from the pier at discharges up to  about 20,000 
cubic feet per  second; above 20,000 cubic feet per second, the flow 
closed over the top of the pier, the fin disappeared. and the wate- 
surface was smooth and level, Figure 22. 



When the flow closed over the top of the pier, a whirling rope of air, 
similar to  the submerged portion of a vortex, formed beneath the 
surface and parallel with the end of the pier. Figure 22. Over a 
short period of time, the "vortex" grew gradually smaller and moved 
closer to  the pier; above the "vortex" a depression formed in the 
water surface. As the size of the "vortex" diminished, the depres- 
sion gradually grew deeper; and about the same time that the "vor- 
tex" disappeared, a sluf of air broke through the depressed water 
surface with an audible 'pop" and another "vortex" formed and the 
water surface became level. This cycle consistently repeated itself 
in about 2- to  3-minute intervals in the model. Piezometers placed 
in the end of the pier indicated that the pressure gradually reduced 
from atmospheric when the "vortex" first formed to about 15 feet 
below atmospheric, when the "vortex" disappeared. When a i r  was 
supplied to the end of the pier through a vent pipe, the cyclic action 
stopped and the pressures remained near atmospheric. An air 
vent in the downstream face of the pier would be desirable to  pre- 
vent possible vibrations from occurring. However, due to  the 
infrequency of operation at the maximum discharge, the air vent 
was not installed. 

This pier was also tested with the downstream end normal to  the 
tunnel invert rather than vertical. With this end shape, the water 
surface was not a s  smooth but was still adequate. The "vortex" 
cycle at the end was still  present but was not a s  severe. 

Although either end shape would be satisfactory, the vertical end 
was chosen for prototype construction, since it would be simpler to 
construct. 

Intake transition. --The spillway tunnel transition extended from the 
end of the gate section at Station 1+10 to the tunnel portal at Sta- 
tion 1+74.98, Figure 20. The transition changed the shape of the 
flow passage from two 16.75-foot-wide rec t~ngula r  sections to a 
single 26-foot-diameter circular conduit. The center pier, which 
formed a common wall for  the rectangular passages, extended into 
the transition t o  Station 1+50. 

With the recommended approach channel and center pier in place, 
the flow in the transition was very good, Figure 20. At the maxi- 
mum discharge, 28,800 cubic feet per second, surface fins of water 
formed along the sidbwalls in the transition. As the walls pinched 
in, the fins became larger and impinged on the headwall of the tunnel 
intake. Although the fins did not fill the tunnel, it was desirable to  
reduce a s  much a s  possible the large amount of splashing an@ spray 
at the tunnel portal. To reduce the splash, the fins were contained 
and directed into the tunnel by reducing the width of the headwall at 
the tunnel intake from about 18.9 feet to  12 feet 3 inches, Figure 20 



and Section H-H of Figure 3. This change in effect supported the 
flow over more of the tunnel periphery. The additional support was 
very effective in preventing the excessive spray and splashing at the 
portal and the change was incorporated in the recommended design. 

Pressures  on the invert and sidewalls of the right half of the transi- 
tion were obtained for gate-controlled discharges at the maximum 
reservoir  elevation. Pressures  were recorded for flows with both 
gates at equal openings from 2 feet to fully open, Figure 23. The 
pressures were either near o r  above atmospheric for al l  gate open- 
ings. The lowest pressure, 2.1 feet of water below atmospheric at 
Piezometer 40, was well above the cavitation range. A complete 
tabulation of the pressures is given on Figure 23. 

Intake structure. --The lntake structure includes the portion of the 
structure between Stations Dt89 and 1+15, Figure 20, and consists 
of the overfall spillway crest  and the two fixed-wheel gates. The 
investigations of the intake structure were concerned with the flow 
characteristics in the gate section, the pressures along the spillway 
crest ,  and the discharge capacity of the spillway. 

Although water surface drawdown occurred at the center ana side 
piers, the flow through the intake structure was generally satis- 
factory. The profile of the water surface at the upstream edge of 
the fully open gates is shown on Figure 24. This profile may be 
used t o  insure that the gates will clear the flow at maximum dis- 
charge. Piezometers were installed along the invert centerline of 
the right bay. Figure 23. Pressure  measurements were made for 
gate-controlled flow at the maximum reservoir elevation and for 
the maximum discharge with the gates fully opened. The pressures 
were near o r  above atmospheric for  al l  discharge conditions. A 
complete tabulation of the pressures is shown on Figure 23. 

After the recommended approach channel and center pier had been 
developed, the spillway was calibrated to determine the discharge 
capacity and head discharge curves over the full range of reservoir 
elevations for regulated and free flow. The discharge capacity for 
regulated flow was measured for gate opening intervals of 2 feet 
with both gates equally opened. 

The results of the calibration a r e  shown by the curves of Figure 25. 
The calibration showed that for uncontrolled flow the maximum dis- 
charge was 28,800 cubic feet per  second and occurred at a head of 
39 feet above the crest.  The coefficient of discharge at maximum 
reservoir was determined to  be 3.527 from the equation 



Q = discharge, 28,800 cuGic feet per second 
L = spillway width at crest  axis, 33.5 feet 
H = total head, 39 feet 

Fo r  design purposes, a value of 3.40 had been used for  the coeffi- 
cient of discharge. The larger coefficient determined from the 
model permitted the spillway cres t  to  be raised from elevation 6005 
to elevation 6006, which reduced the amount of rock excavation in 
the approach channel and spillway. 

Flow in Tunnel 

Tapered shaft. --From the tunnel portal, Station 1+74.98 t o  the P C  
of the elbow, Station 3+56.58, the tunnel diameter decreased from 
26.50 to  18.00 feet. Figure 3. In this length, the tunnel invert 
followed a 55" slope from elevation 5952.46 to elevation 5693.25. 

When the gates were equally opened, the flow in this section was 
very uniform with no vacillation from side to  side throughout the 
tapered length. Water surface profiles in the tunnel for discharges 
of 15,000 and 28,800 cubic feet per  second a r e  shown on Figure 26. 

Vertical bend. --The 18-foot-diameter tunnel changed direction from 
%he 55" slope to  near horizontal with a 200-foot-radius vertical bend 
o r  elbow. Figure 3. 

The flow in the elbow was excellent in all respects for al l  discharges. 
Figure 26. The change in direction of the flow was smoothly accom- 
plished with a uniform flow depth and no disturbances. 

Horizontal tunnel. --The near horizontal tunnel extended from Sta- 
tion 51-18.31 to  Station 7+50 on a 0.01 bottom slope, Figure 26. 

The flow distribution was good for the full length of this section, 
and the flow appearance was satisfactory in every respect, Figure 26. 
At the maximum discharge, the depth of flow in the horizontal sec- 
tion was about 0.85 of the tunnel diameter, but because of the smooth 
flow conditions the space above the water surface was considered 
adequate. The profiles of the water surface in the horizontal section - 
for discharges of 15,000 and 28,800 cubic feet per second a re  shown 
on Figure 26. 

Unequal gate openings. --Flow conditions with unequal gate openings 
were very poor. The flow switched from side to  side in the tunnel 
and on,oc"casion would swirl over the crown. Unsymmetrical gate 
operation should be avoided. 
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Flip Bucket Studies 

A flip bucket was used at the downstream portal of the tunnel spillway 
to  direct the flow into the r iver  channel where the high-velocity flow 
was dissipated. In place of a transition between the circular tunnel 
and the rectangular flip bucket, the semicircular invert of the tunnel 
intersected the upward curve of the flip bucket. The r iver channel 
downstream from the flip bucket was in a comparatively narrow 
canyon having steep sides. Downstream from the tunnel.porta1, the 
centerline of the r iver  was almost directly in line with the center- 
line of th,e tunnel, Figure 2. The bucket lip was at elevation 5614.62, 
about 10 feet above the normal r iver  water surface elevation with the 
powerplant discharging 4,260 cubic feet per second. The powerplant 
and r iver  outlets were about 600 feet upstream of the flip bucket. 

The canyon walls have a comparatively small amount or overauraen 
o r  talus over fairly sound rock; however, most of the overburden is 
found near the riverbanks and will be easily moved by flowing water. 
A large fault is located in the canyon wall on the right side of the 
r iver  approximately 500 feet downstream from the tunnel portal. In 
the model, the approximate sound rock outline was reproduced in 
concrete. River sand placed over the concrete represented thetalus. 

The model studies of the flip bucket were directed toward developing 
a bucket that would deflect the flow away from the tunnel portal with- 
out impinging near the fault zone o r  causing excessive tailwater 
drawdown o r  eddies at the powerplant. 

Preliminary bucket, 35O flip angle. --The PC of the preliminary 
bucket was located at elevation 5605.65, 14.10 feet downstream from 
the tunnel portal. The bucket invert curve was formed by a 48.00- 
foot-radius circular a r c  which terminated in a 2-foot-long horizontal 
lip at elevation 5614.62 and provided a lift of 35" above thk horizon- 
tal, Figure 27. 

The jet was well dispersed at  the lower discharges and became more 
compact a s  the discharge increased, Figure 28. The water rose on 
the sides of the bucket at  low flows, forming in effect a "U" shaped 
sheet of water in which the bottom and sides were of equal thickness. 
The vertical sides of the "U" followed the line of the bucket sidewalls 
after leaving the bucket, while the bottom sheet tended to  diverge. 
The vertical fins had a shorter  trajectory than the lower sheet, and 
on falling penetrated the lower jet, tending t o  spread o r  disperse it, 
Figure 28. As the discharge increased, the size of the fins relative 
t o  the thickness of the lower sheet became insignificant and the jet 
no longer tended to  spread. At the maximum discharge, 28,800 
cubic feet per second, the jet impact a rea  was slightly downstream 



from the fault area; at  15,000 cubic feet per second it was opposite 
the fault; and at 7,200 cubic feet per second it was slightly upstream 
from the fault. 

Second bucket, 30° flip angle. --Since it was desirable to  move the 
point of impact of the iet away from the fault zone, the angle of flip 
bf the buckit was rediced to 30" above the horizo&l. ~ h <  invert - 
curve was formed with a 67.00-foot-radius circular arc .  The ele- 
vation of the bucket lip was not changed, but the bucket lip was 1.5 
feet long and sloped downward 12.5" below the horizontal, Figure 27. 

The appearance of the jet from this bucket was similar  to that with 
the previous bucket. The jet was greatly dispersed at  the lower 
flows and became more compact a s  the discharge increased, 
Figure 29. 

The "U" shaped sheet of water in the bucket was also similar  in 
appearance and effect. The jet impact a r ea  had moved upstream 
a small  amount, but it still impinged very close to the fault zone. 

Third bucket, 30° flip angle with wall deflector. --In an attempt to  
move the impact area  of the jet away from the fault zone, the final 
10 feet of the right wall of thk secoGd bucket was turned inward 
8"301 toward the tunnel centerline. The deflector wall directed the 
right side of the jet toward the center of the r iver channel; however, 
the jet was more compact and caused considerable turbulence and 
swirling action in the r iver  near the fault zone, Figure 29. 

Fourth bucket, 25" flip angle. --For the fourth bucket, the angle of 
the flip was reduced to  250Xove the horizontal. The P C  of the 
bucket invert was moved to the tunnel portal, Station 7i50. The 
invert curve was formed with a 96.00-foot-radius circular arc .  A 
2.34-foot-long horizontal lip at  elevation 5614.65 was at the end of 
the bucket, Figure 27. 

The appearance of the jet from this bucket was also very similar  to  
that from the 35O and 30° buckets. The flow dispersion was not a s  
extensive and the point of impact was farther upstream than with the 
previous buckets, Figure 29. However, the turbulent area  in the 
r iver  where the jet struck was still considered too close to the fault 
zone. 

Fifth bucket, 15O flip angle. --The angle of flip was reduced to  15O 
above the horizontal for the fifth bucket, which was formed with a 
160-foot-radius circular arc.  The bucket lip was 1.5 feet long and 
at elevation 56 11. 11, Figure 27. 



The jet from this bucket was not a s  well dispersed a s  the jets from 
the previous buckets, and the jet impact a r ea  was considerably 
upstream from the fault at all discharges, Figure 30. Because of 
the flat angle of the jet trajectory, the jet did not penetrate the 
water surface and caused considerable surface turbulence down- 
s t ream from the point of impact. However, the surface turbulence 
was not accompanied by the severe swirling and eddy action that 
had occurred with the other buckets and consequently would be less  
apt to  cause damage in the fault area.  The comparatively flat angle 
of the 15O trajectory caused greater water surface drawdown in the 
powerplant afterbay, but the difference was considered minor when 
compared to  the better overall performance of the bucket in other 
respects. 

No flip bucket. --To determine whether it would be possible to  
eliminate the flip bucket, the bucket was removed and the circular 
tunnel was extended 72 feet downstream from the portal to the edge 
of the r iver channel. 

The performance was adequate for discharges below 10,000 cubic 
feet per  second, Figure 31. Above this discharge, the flow in the 
r iver  channel became quite rough. The turbulent a rea  downstream 
from the jet impact area  shifted from one side of the r iver  to  the 
other, causing severe eddies along the banks. Although discharges 
above 10,000 cubic feet per second will seldom occur, it was decided 
that a flip bucket was needed to lift the flow into the downstream 
r iver  channel and provide better flow conditions over the full dis- 
charge range. 

Recommended bucket. --The bucket with the 15" flip angle was 
selected for the prototype structure since it most nearly provided 
the desired flowconditions in the downstream r iver  channel. How- 
ever, due to  foundation and structural considerations, it was neces- 
s a ry  t o  make minor modifications to the basic bucket design used in 
the previous tests .  Accordingly, the bucket was rebuilt to  reflect 
these modifications. 

The P C  of the invert curve was moved upstream in the tunnel to  
Station 7+37.50, Figure 32. The radius of the bucket was 145 feet. 
The Lip at the end of the bucket was at  elevation 5610.34 and sloped 
downward on a 1: 1 slope but the sidewalls extended beyond the end 
of the bucket a distance of 1.42 feet. Because of the position of the 
bedrock on the right side, the right wall of the bucket was constructed 
only a s  high a s  the springline of the circular tunnel downstream from 
Station 7+60.00. The top of the left wall was at  elevation 5626.00, 
approximately 11.00 feet above the springline. 



Flow conditions in the r iver  channel with the recommended bucket 
were identical to  the flow conditions with the initial 15O bucket for  
discharges up to  and including 15,000 cubic feet per second, 
Figure 33. The point of impact of the jet was well upstream from 
the fault area  and, due to  the flat trajectory of the jet, consider- 
able turbulence occurred downstream from the point of impact. 
The jet was very compact with no appreciable divergence. At the 
maximum discharge of 28, 800 cubic feet per second, the water 
surface in the bucket was higher than the right wall and consequently 
the top portion of jet spread to the right, Figure 34 .  The divergence 
of the right side of the jet caused no adverse flow conditions and the 
greater part of the jet remained compact. Generally, the flow con- 
ditions were excellent. 

Water surface drawdown.--A ser ies  of tests  was made to determine 
the amount €he tailwater elevation at the powerhouse was lowered 
when the spillway was operating. The test  procedure was asfollows: 
With a known discharge from the spillway, the design tailwater ele- 
vation was se t  at the downstream end of the tailbox, o r  a distance 
equivalent t o  about 800 feet downstream from the flip bucket; after 
the water surface level in the channel had become stable, the water 
surface elevation at the powerhouse was measured. The difference 
in the two elevations was the amount of drawdown. The measure- 
ments were made with no flow through the r iver outlets and with 
either no flow o r  3,000 cubic feet pe r  second discharging through 
the powerplant. The measured water surface elevations at the 
powerplant and downstream r iver  channel and the amount of draw- 
down a r e  shown on Figure 35. The greatest drawdown, about 12.5 
feet, occurred at the maximum discharge with the powerplant shut 
down. At the maximum discharge and with the powerplant dis- 
charging 3,000 cubic feet per second, the drawdown was 9.6 feet. 

P ressure  investigations. --During the flip bucket tests ,  extensive 
pressure measurements were made on the 35" bucket and on the pre- 
liminary and final 15O buckets. The purpose of the tests  was to  
determine the pressure distribution on the invert curves and on the 
bucket sidewalls. 

A total of 17 piezometers was installed on the invert of the 35O bucket, 
Figure 36. Ten piezometers were spaced along the centerline, 5 
piezometers were spaced in a row midway between the centerline 
and the wall, and 2 piezometers were placed at the base of the wall. . 
In addition, 6 piezometers were placed on the right wall of the bucket. 
Thirty-five piezometers were placed in the preliminary 15O bucket: 
14 on the invert curve and 21  on the sidewall, .Figure 36 .  Seventeen 
piezometers were installed in the recommended 15O bucket: 12  on the 
invert curve, 2 on the sidewall, and 3 on the inside top edge of the 
right wall. Figure 36 .  



Pressures  on the invert of the 35O bucket varied from 12 feet of water 
below atmospheric to  50 feet of water above atmaspheric at a dis- 
charge of 5,000 cubic feet per second and from near atmospheric to  
156.0 feet of water above atmospheric at the maximum discharge of 
28,800 cubic feet per second. The sidewall pressures ranged from 
near  airnospheric to 20 feet of water above atmospheric at  the 
smai ier  discharge and from 23 feet of water to 125 feet of water 
above atmospheric at  the maximum discharge. The pressure read- 
ings a r e  tabulated on Figure 36. 

F o r  the preliminary 15" bucket, the invert pressures varied from 
about 5 t o  65 feet of water above atmospheric for  the maximum dis- 
charge and from near atmospheric to  25.6 feet of water above atmos- 
pheric at a discharge of 7,200 cubic feet per  second. The sidewall 
pressures showed similar  variation, depending on the location. The 
location of the piezometers and the pressures for three discharges 
a r e  shown on Figure 36. 

Pressures  on the invert of the recommended 15" bucket varied from 
8.0 feet of water below atmospheric to  64.7 feet of water above 
atmospheric for  the maximum discharge and from 8.2 feet of water 
below atmospheric t o  23.2 feet of water above atmospheric for  a 
discharge of 7,200 cubic feet per  second. The sidewall pressures 
were about 5 feet of water at the maximum discharge and atmos- 
pheric for  the 7, 200-cubic-feet-per-second discharge. The piezom- 
e te r  locations and the pressure  values for three discharges a r e  
shown on Figure 36. 

The pressures were not excessively high nor dangerously subatmos- 
pheric in any of the three buckets. However, some interesting com- 
parisons can be made between the theoretical pressures and the 
measured pressures on the invert. The maximum theoretical pres- 
sure ,  PT, given by D. B. Gumensky, - 11 can be expressed as: 

in which 

where V = average flow velocity 

.. - ...:. 
R = radius of the invert 

. ~ .~ \'. 

and 

Dl = flow depth at the PC 

1I"D esign of Sidewalls in Chutes and Spillways, II by D. B. Gumensky, 
Transactions ASCE, vol. 119, 1954. 



The road f i l l  was reproduced in a weak, easily erodible, sand- 
cement mixture composed of 1 part aluminous cement to 75 parts 
of sand and allowed to  cure for  a minimum of about 24 hours, 

Using this equation, the highest theoretical pressures for  rhe maxi- 
mum discharge become 166.9 feet of water for  the 35O bucket. 
64.7 feet of water for the preliminary 15O bucket and 72.3 feet of 
water for  the recommended 15" flip bucket. The highest measured 
pressures for  the three model buckets were 156.0, 64.5, and 64.7 
feet of water, respectively. 

Thus, the maximum measured pressures in the model were very 
close to the theoretical values. These maximum pressures 
occurred approximately 0.6 of the bucket length from the upstream 
end. Pressures  rapidly decreased near the downstream end of the 
bucket and reached atmospheric at the bucket lip. The ratio of the 
measured pressures to the theoretical pressures along the bucket 
invert is shown on Figure 37. The envelope curve includes pres- 
sures  on all three buckets operating at four different discharges. 

Pressures  measured just upstream from the bucket lip were con- 
sistently subatmospheric when the lip was horizontal a s  shown in 
Figure 37. Experiments on the model buckets showed that the lip 
pressures were affected by the shape o r  angle of the downstream 
portion of the bucket lip. The curve of Figurr 38 indicates that for  
a given angle of inclination of the bucket invert, the downstream 
portion of the lip should be inclined 35O o r  more to insure atmos- 
pheric o r  higher pressure at  the lip piezometer. 

Pressures  measured on the sidewalls of the 35" bucket indicated 
that the meximum pressure was approximately 11 times hydrostatic 
pressure and occurred near the base of the wall at about three- 
quarters of the bucket length downstream from the PC. At the end 
of the bucket, the maximum pressure was 4 times greater than 
hydrostatic. F o r  the 15O bucket, the maximum pressure was 4 
times greater than hydrostatic and occurred from about one-quarter 
to three-quarters of the bucket length. At the end of the bucket, 
thamaximum sidewall pressure was about twice the hydrostatic 
pressure. 

Pumping plant access road. --To provide access to a water supply 
pumping plant, a temporary road will be constructed along the left 
side of the r iver  downstream from the flip bucket. The road will 
encroach on the r iver channel and reduce the available flow area.  
To determine the effect of the road on the riverflow conditions, the 
outlets were operated with the road installed in the model. 



Figure 39. The model was operated fo r  several  hours with 4,000 
cubic feet per  second through the outlet works and no flow thraugh 
the spillway. This operating condition did not erode any material 
from the road embankment. Fo r  the next tes t  the model was oper- 
ated with the spillway progressively discharging 5,000, 10,000, and 
15,000 cubic feet per second. The model was operated for  about 
3 hours at  each discharge and the extent of erosion aetermined at 
the end of each period. The two lower discharges caused only 
moderate e ros im of the road fill; however, the 15,000-cubic-feet- 
persecond discharge eroded a considerable amount of material,  
Figure 33. 

The tes t s  indicated that no harmful effects would occur during the 
outlet discharges but that large spillway discharges would destroy 
the roadway, move material into the r iver  channel, and possibly 
increase the tailwater elevation in the powerplant afterbay. The 
temporary road, therefore, should be removed after  the construc- 
tion period. 

River Outlets and Powerplant Afterbay - 
The r iver  outlets and po.verplant a r e  located at the toe of the dam 
in the center of the r iver  channel, Figure 2. The powerplant con- 
tains three 36,000-kilowatt units with a discharge capacity of 
1.420-cubic-feetpersecond per  unit. The tai lrace downstream 
from the powerplant is a riprapped channel that slopes upward on 
a 6:l slope from elevation 5578.25 to  the normal riverbed eleva- 
tion 5595.0. 

Flow through r iver  outlets, located on the left side of the powerplant 
and about 140 feet downstream, is controlled by two 66-inch hollow- 
jet valves. Figure 40. The va?.ves a r e  parallel and discharge hori- 
zontally into the atmosphere and a r e  d ined  s o  that the flow is directed 
toward the center of the r iver channel, Figure 2. The maximum 
design discharge of each valve is 2,000 cubic feet per  second. 

The model tes ts  were concerned with determining the flow conditions 
in the r iver  channel and powerplant afterbay when the r iver  outlets 
a r e  operating and the erosive effects of r iver  outlets flow impacting 
in the r iver  channel. 

Valve alinement. --Ifi-ihe initial tes ts  the valves were operated at  
total discharges from 400 up t o  4,000 cubic feet per  second. No rip- 
r ap  protection in the r iver channel was provided but a 5-foot-thick 
layer of riprap was placed in the afterbay, Figure 42. 



An eddy formed to  the right of the jet impact area  at a l l  discharges, 
Figure 41. The eddy moved upstream along the right bank, across 
the channel in front of the afterbay, then under the jets and down- 
s t ream into the impact area.  At maximum discharge the eddy 
eroded large quantities of the riverbed material which was carrir d 
downstream to form a bar  across the full width of the r iver.  Thc 
force of the eddy moving in front of the afterbay was sufficient to  
undercut the r iprap and cause extensive damage to  the sloped floor. 

In an attempt to  reduce the force of the eddy, both valves were 
turned 5O to the right. This change in alinement did not prevent the 
eddy from forming, Figure 41. Because of design limitations it 
was not practicable t o  turn the valves more than 5O s o  no further 
tests  were made on this type of correction. The original alnement 
was restored and other methods of protection were investigated. 

Riprap protection. --The tests  indicated that adequate riprap could 
be provided to  protect the r iver  banks and to prevent erosion in the 
afterbay, but that ripr2.p protection of the jet impact area  would be 
impracticable for  economic reasons. The model operation showed 
that a considerable erosion hole would be formed and the eroded 
material would be deposited in the channel and would raise the tail- 
water for  flows through the powerplant. To  recover full power 
head, a channel excavated through the eroded material would be 
necessary. 

Two schemes were proposed for  placement of the riprap protection. 
In Scheme No. 1, 30- to  54-inch-diaraeter stones were placed on a 
1:l shope along the right bank of the channel between elevations 5600 
and 5610 and extended about 200 feet downstream from the afterbay. 
Stones, 12 to  27 inches in diameter, were placed across the r iver  
channel on the 2:l slope from elevation 5590 to  5600 downstream 
from the afterbay. It was estimated that this scheme would require 
over 3,600 cubic yards of riprap. 

F o r  Scheme No. 2, 30- to  54-inch-diameter stones were placed on a 
2: l  downward slope from elevation 5600 at  the downstream end of 
the afterbay down to elevation 5585 in the r iver  channel and extended 
to  sound rock on both sides of the channel, Figure 42. No riprap 
was placed along the right bank. It was estimated that this scheme 
would require about 1,600 cubic yards of riprap. 

O I , ~  test was made with riprap placed a s  proposed in Scheme No. 1. 
The discharge was 1,000 cubic feet per second through each valve 
with no flow through the powerplant. After 2 hours operation (model 
time) extensive erosion had occurred downstream from the riprap 
which was relatively intact, Figure 41. The eroded material had 
moved downstream and formed a sandbar about 5 feet higher than 
the normal riverbed elevation. 



The riprap proposed in Scheme No. 2 was installed in the model 
and tested a t  varying discharges. The initial tes ts  were with 1, 000 
cubic feet pe r  second through each valve and no flow through the 
powerhouse. After 2-112 hours operation (model t ime) there was 
extensive erosion downstream from the riprap, but no movement 
of the riprap was observed, Figure 43. The discharge was 
increased to  2,000-cubic-feet-per-second per valve, Figure 43, 
and the tes t  continued for 1- 1 /2  hours. After this period of oper- 
ation, the extent of the erosion had not materially increased, 
Figure 44. The test  was continued for  an additional 4 hours at 
the same discharge, during which the erosion in the jet impact 
a r ea  was very extensive but the riprap had not moved, Figure 44. 

To further evaluate the riprap protection in Scheme No. 2 and t o  
assure  that the powerplant access road along the left bank would 
not be endangered, the same ser ies  of tes ts  was repeated. The 
results  were identical t o  the previous tests .  Another tes t  was 
made to  determine the erosive effects of an extended period of 
operation with a discharge of 400 cubic feet per second a t  a low 
head in the r iver channel. The model was allowed to  operate for 
a period of 48 hours (model time). The tes t  indicated that the ero- 
sion hole would be relatively shallow and that the riprap protection 
in the tailrace would be unaffected by this discharge. 

Recommendations. --Based on this se r ies  of tests, it was recom- 
mended that the riprap be placed a s  proposed fo r  Scheme No. 2; 
the suggested gradation should be a s  shown in the following table: 

Suggested Riprap Gradation 
S u e  Percent  

Larger  than 1 .5  cubic yards 5 percent 
0.6 to  1 .5  cubic yards 20 percent 
0.2 t o  0.6 cubic yards 50 percent 
0.1 t o  0.2 cubic yards 25 percent 



Table 1 

METRIC EQUIVALENTS OF IMPORTANT QUANTITIES 

Feature 

Height of dam 
Length of dam at  cres t  
Volume of concrete 

i n  dam 
Size of gates 

Width of piers  
Diameter of tunnel 

spillway 
Head on cres t  at maxi- 

mum discharge 
Maximum discharge 

-Radius of flip bucket 
Hollow-jet valve 

diameter 
Size of riprap in 

afterbay 

ED TO IN THIS 
Xnglish 

units 

502 feet 
1, 182 feet 
922,000 cubic 

yards 
16.75 by 

34.00 feet 
4 feet 
26.5 t o  18.0 

feet 
39.0 feet 

28.800 cubic 
feet pe r  
second 

145.0 feet 
66 inches 

30 to  54 
inches 

LEPORT 
Metric 
units 

153.0 mete& 
360.3 meters  
705,000 cubic meters  

5.11 by 10.36 mete rs  

1.22 meters  
8.08 t o  5.49 meters  

11.89 mete rs  

816 cubic meters  per  
second 

44.20 mete rs  
1.68 mete rs  

76.2 t o  137.2 cms  
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FIGURE 25 
SEPORT HYD-531 



Figure 26 
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P L A N  SECTION ALONG ( 

A. PRELIMINARY BUCKET 

P L A N  SECTION ALONG Q 

8. BUCKET NO. 2 

PLAN SECTION ALONG B 

C. BUCKET N 0 . 4  

I 
p---Tunnel Portal 

P L A N  - SECTION ALONG Q 

D. BUCKET N0.5 









Q = 7.200 cfs 

F L A m  GORGE DAlVI 
1:36 Scale Illcdel 

Flon from Tunnel 
with no Flip Eudret 





Discharge = 7.200 c f s  
T. W. elevation = 5607.0 

Powerplant operating 
Discharge = 3.000 cfs  

FLAmTG 'GORGE DAM 
1:36 Scale Model 

Flow in Recommended Flip Bucket 

~ i s c h a r ~ n  = 15.000 cfs 
T. W. elevation = 5612.0 







' \  
ELEVATION ALONO RlOMT WALL 

A. PRELIMINARY BUCKET 
35' F L l P  A N G L E  

+I. 
P.C. 

,El. 5605.5 *:: 
%. 

ELEVATION ALONO RIGHT W A L L  

B. BUCKET NO. 5 
15.FLIP  ANGLE 

F L A M I N G  G O R G E  DAM 
I \?6 S C A L E  MODEL 

PRESSURtS IN FLlP BUCKETS 

ELEVATION &LONG RIGHT W A L L  

C. RECOMMENDED BUCKET 
I S ' F L I P  ANGLE 



Envelope includes 
values for 
e = w  a 350 
and discharges 
of 2 200,15,000 
and 2 8 , 8 0 0  cfs. 

P =Measured pressure X 
Pt =Theoretical pressure; ( 1 . 9 4 w 2 ~ + 6 2 . 5 )  0, ;  

where w = V/R 

X = Developed distance from PC. t o  piezometer 

1 = Developed distance from I? C. t o  end o f  bucket 

, . . I 

. . I '  , .. . . . ., . :.: . :..:::.:.:. . ..;.. I .: . . .. . . . . . . . . . . 
R ,,-Piezometers *- --x ,.-' j 

.*- -- - -- -- ---- -3- 

S E C T I O N  ALONG O 

F L A M I N G  GORGE DAM 
1 :  36 S C A L E  M O D E L  

P R E S S U R E  D I S T R I B U T I O N  ON B U C K E T  I N V E R T  



' IGURE 30 
PORT HYD-531 

ANGLE B 
P,; Measured pressure a t  end of bucket. 
Pt = Theoretical pressure. 

F L A M I N G  GORGE D A M  
1 : 3 6  S C A L E  MODEL 

PRESSURE A T  E N D  OF BUCKET 



I Pumping Plant Access Road 

Figure 39 
Report Hyd-531 

Pumping Plant access road 
(left river bank). Molded in 
weak concrete mixture. 

Erosion after 10 hours model 
operation at flows of 5,000 to 
15.000 cfs  

FLAMING GORGE DAM 
1536 Scale Model 





Preliminary alinement Both valves turned So to right 

Erosion pattern after 2 hours model operation 
at a discharge of 1,000 cfs per valve. Preliminary 
valve alinement. 

FLAMING GORGE DAM 
1:36 Scale Model 

Valve alinement and Sheme No. 1 Wprnp Prcrtectbn 





Figure 43 
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Figure 44 
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