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ABSTRACT

Hydraulic model studies were performed to investigate flow con-
ditions in the diversion works, the tunnel spillways, and the river
outlet works. The alinement of the tunnels was satisfactory for
both diversion and spillway flows. A low, curved concrete wall
placed adjacent to the right canyon wall will protect the canyon
wall from undermining and erosion damage by diversion flows.
The spillway approach channels were greatly reduced from their
original size. Flow through the crest sections was excellent and
no adverse pressure conditions were noticed. However, the pre-
liminary tunnel transition was too abrupt as indicated by rough
flow conditions and subatmospheric pressures. A longer, ade-
quately streamlined transition was developed for prototype con-
struction. Flow in the 41-foot-diameter tunnels was excellent at
all discharges. The preliminary rectangular flip bucket at each
downstream tunnel portal was replaced by a bucket in which the
circular invert of the tunnel intersected the vertical curve of the
bucket. This type of bucket eliminated the need for a circular-
to-rectangular transition. The outside walls of both buckets were
turned inward to direct the flow into the river in a more favorable
pattern. Pressures as great as 211 feet of water were measured
in the invert and on the wall of the left bucket. The river outlets
were arranged in a fan shape to reduce their erosive tendencies
in the river channel. Tailwater drawdown tests indicated that the
tailwater elevation at the powerhouse will be as much as 30 feet
lower than the downstream water level,

DESCRIPTORS --*hollow jet valves/ *radial gates/ afterbays/
diversion tunnels/ *flip buckets/ hydraulic structures/ uplift
pressures/ cavitation/ control structures/ discharge coefficients/
flow/ Froude number/ head losses/ *hydraulic models/ jets/
Manning formula/ open channel flow/ spillway crests/ surges/
tailrace/ piezometers/ pressure measuring equipment/ energy
losses/ negative pressures/ stream erosion/ backwater/ draw-
down/ transitions/ training walls/ velocity/ velocity distribution/

IDENTIFIERS--approach channel/ tunnel transitions/ tunnel
spillway :
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UNITED STATES
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Hydraulics Branch Reviewed by: W. E., Wagner
Denver, Colorado Submitted by: H. M. Martin

February 18, 1964

HYDRAULIC MODEL STUDIES OF THE SPILLWAYS
AND OUTLET WORKS--GLEN CANYON DAM
COLORADO RIVER STORAGE PROJECT, ARIZONA

PURPOSE

The studies were conducted to thoroughly investigate the hydraulic
characteristics of the tunnel spillways and river outlet works to
provide reliable performance under all operating conditions.

CONCLUSIONS

1. The alinement of the tunnels, Figure 2, is satisfactory for diver-
sion flows and spillway flows.

2. Preliminary tests on a 1:88 scale model indicated that the most
satisfactory invert angle for the flip buckets was 35°. Subsequent
tests on the 1:63. 48 spillway model confirmed this.

3. A low curved concrete wall placed adjacent to the right canyon
wall will protect the canyon wall from further undermining and
erosion damage by diversion flows, Figures 24 and 25.

4. The spillway approach channels were greatly reduced from
their original size and still provided extremely smooth flow con-
ditions, Figures 26 through 36.

5. Flow through the crest sections was excellent and no adverse
pressure conditions were noticed, Figure 38. The maximum dis-
charge of 138, 000-cubic feet per second (cfs) per tunnel was
obtained at reservoir elevation 3711, the value used for design
purposes, Figure 39.

6. The preliminary tunnel transition was too abrupt. A surface
fin formed in the center of the tunnel and pressures on the side-
walls were in the cavitation range, Figure 38.
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7. The longer recommended transition, Figufe 42, is adequately
streamlined and provides smooth flow conditions with no adverse
pressures on the sidewalls, Figures 43 and 44.

8. Flow in the 41-foot-diameter tunnels was excellent at all
discharges.

9. The preliminary downstream circular-to-rectangular tunnel
transition was too short, as indicated by severely subatmospheric
pressures in the lower corners, Figure 45. Increasing the transi-
tion length from 70 to 100 feet increased the pressures to a satis-
factory degree. This transition was eliminated in the recommended
design.

10. The preliminary flip buckets, which were rectangular in
cross section, were replaced by a bucket in which the circular
invert of the tunnel intersected the vertical curve of the bucket,
Figures 60 to 63. This type of bucket also eliminated the need
for the circular-to-rectangular transition.

11. The flip buckets were moved upstream to the tunnel portals,
eliminating about 200 feet of open channel.

12. The outside walls of the buckets were turned inward 7 feet to
direct the flow in a more favorable pattern at their impact points,
Figures 65 and 66.

13. The outside wall of the left bucket was extended 32. 5 feet
downstream from the lip to deflect the flow from the canyon wall.

14. Pressure measurements on the wall and invert of the left
bucket showed that pressures as great as 211 feet of water should
be considered in the structural design of the bucket, Figure 64.

15. The river outlets were arranged to distribute the jets in a
fan shape, reduce their erosive tendencies in the river channel,
and lessen the amount of riverbed material that had been carried
upstream into the powerplant afterbay, Figures 71 and 72.

16. Erosion tests indicated that 24- to 30-inch-diameter riprap
would be adequate to protect the powerplant tailrace channel.

17. Tailwater drawdown curves indicated that the tailwater eleva-
tion at the powerhouse will be as much as 30 feet lower than the
downstream tailwater elevation for the maximum spillway discharge
of 276, 000 cfs, Figure 76.

18. TUplift pressures on the tailrace concrete slab were found to
be 3 feet of water or less, Figure 77.
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INTRODUCTION

Glen Canyon Dam is the principal feature of the Colorado River
Storage Project. It is located on the Colorado River in north-
central Arizona approximately 15 miles upstream from Lee's
Ferry and 13 miles south of the Utah border, Figure 1. The dam
is a concrete arch structure 710 feet high and approximately
1,550 feet long, Figure 2. The reservoir, at normal water sur-
face elevation 3700, will have a surface area of 161,400 acres
and a capacity of 27 million acre-feet, Figure 3. It will extend
186 miles up the Colorado River and 71 miles up the San Juan
River. The reservoir will be used for regulatory storage and for
the development of power in the eight-unit 900, 000-kilowatt (kw)
powerplant.

The principal hydraulic features of the dam are two tunnel spill-
ways and the river outlet works. The tunnel spillways are located
in each abutment. The spillway entrances are located about

600 feet upstream from the dam and consist of unlined approach
channels and reinforced-concrete crest structures, Figures 2

and 3. Flow in each spillway is controlled by two 40- by 52. 5-foot
radial gates. Downstream from each intake structure is a transi-
tion from a flat-arch roof section, 89 feet wide by 52 feet high, to
a circular section 482.5 feet in diameter, Figure 4. A tapered
circular transition reduces the tunnel diameter to 41 feet in 180
feet. The remainder of each tunnel is 41 feet in diameter, ter-
minating in flip buckets at river level. The capacity of each spill-
way is 138, 000 second-feet.

The studies on the, spillways included investigation of flow condi-
tions in the approach channels, gate structure, tunnel transitions,
tunnels, flip buckets, and downstream river channel. Studies were
also conducted to determine tunnel alinement and flow conditions

at the downstream tunnel portals during diversion.

The river outlets are located downstream of the dam near the left
abutment, Figure 2. Flow through the outlets is controlled by four
96-inch hollow-jet valves placed above the maximum tailwater to
discharge horizontally into the atmosphere. Investigations of the
river outlets were limited to alinement of valves and flow charac-
teristics in the river when operating singly, jointly with the spill-
‘ways, or with flow through the powerplant.
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THE MODELS

Two models were used in the tests on the spillways and outlet
works. The first was a 1:88 scale model for preliminary investi-
gations of the diversion tunnels and flip buckets, Figure 5. The
second was a comprehensive 1:63. 48 scale model of the spillways
and outlet works, Figure 6.

The 1:88 scale model was contained in a 12- by 30-foot box and
included an equivalent of approximately 1, 000-foot lengths of the
horizontal portion of each diversion tunnel and a sufficient area
of the canyon and river channel in the vicinity of the tunnel portals
so that exit flow conditions during river diversion could be eval-
uated, Figure 5. Water was supplied to each tunnel through sep-
arate pumps and measured by laboratory orifice-venturi meters
in each supply pipe. Computed flow depths and velocities in the
tunnels were established by slide gates placed at the upstream
end of each tunnel section. The river water surface level was
regulated by a tailgate at the downstream end of the model, and
water surface elevations were obtained by means of point gages
placed at appropriate locations.

The flip buckets used in the preliminary investigations were con-
structed of concrete screeded to sheet metal templates.

The 1:63. 48 scale model covered a floor space of approximately
27 by 90 feet. The headbox containing the portion of the model
upstream from the dam was 14 feet high, and the tailbox contain-
ing the downstream river channel was 3 feet high, Figure 6.
Incorporated in the model were a 1, 000-foot reach of the canyon
upstream from the dam and about 3, 500 feet of river channel
downstream from the dam.

The vertical drop in the model tunnels was 1. 35 feet (model)
greater than the scaled prototype dimension, and the lengths of
the horizontal tunnel sections were reduced by 5 feet (model) to
compensate for the added friction loss in the model. These
adjustments to the tunnel lengths and fall assured that the flow
velocity at the elbows and portals were correctly represented.
Tables 1 and 2 show the friction loss computations for maximum
discharge through the model and prototype.

The spillway crest sections, the excavated approach channels
between the canyon edge and the spillways, and the flip buckets

at the downstream end of the tunnels were modeled in smooth con-
crete screeded to sheet metal templates. The crest piers were
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~‘constructed from wood and the radial gates were made from gal-
vanized sheet metal. The topographic features of the canyon walls
and the outline of the arch dam were modeled in concrete placed
over wood templates and expanded metal lath. The river channel

in the canyon downstream from the dam was represented with a
movable sand bed. The general exterior outline of the powerhouse
was constructed from waterproofed plywood. Powerplant flows in
the river channel were accurately represented by an independent
water supply. The river outlet valves were machined from brass
stock and were individually operated. The tunnel transitions at the
spillway portals and the tapered tunnels downstream of the transitions
were made in clear plastic formed under heat over wood patterns or
molds. The 41-foot-diameter tunnels were represented by extruded
plastic pipe. The nominal diameter of this pipe was 8 inches but the
actual inside diameter was 7-3/4 inches which determined the
model scale.

Water was supplied to the model from the central laboratory supply
system and measured by venturi meters. The maximum combined
spillway discharge of 276,000 cfs was represented by a model dis-
charge of 8.6 cfs. Water surface elevations in the reservoir were
determined from a point gage in a stilling well. The opening to the
stilling well was in the center of the headbox, well upstream from
the effects of the spillway backwater curve. Tailwater levels were
controlled by an adjustable tailgate at the downstream end of the
tailbox. Tailwater elevations were measured on staff gages located
at the end of the tailbox and on the face of the powerhouse. Pres-
sures on the spillway crest, transition, tunnels, and flip buckets
were determined from piezometers connected to open-tube manom-
eters. Care was taken to make these piezometer. openings normal
and flush with the flow surface, burr free, and without change

in direction for a distance of at least 3 diameters from the
surface.

THE INVESTIGATION

Diversion Studies

During construction of the dam, the entire riverflow was diverted
through two 41-foot-diameter concrete-lined tunnels, one on each
side of the river channel, Figure 7. When the tunnels are no longer
needed for river diversion, about 1,000 feet of the downstream
sections of both tunnels will become a part of the tunnel spillways.

In the initial design planning, the diversion tunnels were 50 feet
in diameter, unlined, and approximately 2,500 feet in length.
Tests performed to determine whether the sandstone through
which the tunnels were bored could withstand the erosive force
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of sediment-laden, high-velocity flow indicated that the diversion
tunnels should be lined. 1/ Accordingly, lined tunnels were spec-
ified and the diameter was reduced to 44 feet. Subsequent to the
diversion studies, the diameter of the tunnels was further reduced
to 41 feet to match the final size requirement for spillway dis-
charges.

Hydraulic model studies were requested to check the alinement
and elevation of the diversion tunnels with respect to the river
channel. This model also was used for preliminary investiga-
tions of the flip buckets at the end of the tunnel spillway.

The two discharge quantities used for the diversion studies were
30,000~ and 65,000-cfs per tunnel. Tests were made with the
right tunnel operating singly and with both tunnels operating.
Since the intake portal of the left tunnel is about 35 feet higher
than the right tunnel intake, the left tunnel will not operate
singly.

Two tailwater elevation curves were used during the studies,
Figure 8. One was the "Phoenix'" curve, derived on the assump-
tion that Marble Canyon Dam will be built downstream from Glen
Canyon Dam and will control the tailwater elevations. The second
curve was based on observed water surface elevations for the
extreme lower range of flows at Glen Canyon and extended for the
higher flows from the shape of the Lee's Ferry tailwater curve
which is based on a comprehensive range of discharge measure-
ments. (Lee's Ferry is a permanent gaging station downstream
from Glen Canyon.) The tailwater curves, shown on Figure 8,
indicate a difference in elevation of approximately 5 feet for low
flows and 17 feet for maximum flows; the Marble Canyon curve
shows the higher tailwater elevations.

The investigations showed that, in general, the tunnel alinement
and grade were satisfactory for diversion flows. The curved
exit wall downstream from the right tunnel caused some eddies
in that vicinity, but when the curved wall was replaced by a
straight wall the eddies were eliminated and the flow was entirely
satisfactory. Figures 9 and 10 show the flow conditions in the
river channel during diversion.

Preliminary Flip Bucket Studies

Tunnel alinement. --For these studies, no change.s were made in
the 1:88 scale model other than to install the flip buckets at the
tunnel portals. Omne purpose of the investigations was to determine

1/Report Hyd-423, Erosion Studies on Sandstone Through Which
the Glen Canyon Dam Diversion Tunnels Will Pass. Glen Canyon
Dam, Colorado River Storage Project.
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if the alinement of the tunnels would be satisfactory when the
higher velocity spillway flows were directed into the downstream
river channel. The principal objective of the tests, however,
was to determine the optimum angle of flip for the invert of
the buckets. The flip angle was evaluated on the basis of water
surface drawdown at the powerplant tailrace, wave action in the
river channel, and the general appearance of the jets leaving
the buckets. A maximum discharge of 142,000-cfs per tunnel
for one- and two-tunnel operation with both tailwater: regimens
was used for these tests. The 142,000-cfs maximum discharge
was reduced to 138,000 cfs before the 1:63.48 scale model
studies were started.

Five buckets were investigated, Figure 11. The buckets differed
in the angle of the flip which was accomplished by varying the
length and radius of the invert curve. The location and elevation
of the bucket lip were the same for all buckets.

The tests showed that the alinement of both tunnels was satisfactory
for all spillway flows. The elevation of the bucket lip also appeared
satisfactory for the lower tailwater conditions; with the higher tail-
water conditions, the water surface touched the lower nappe sur-
face, causing the jet to intermittently depress. However, since

the tailwater curves are tentative, it was decided that the bucket

lip elevation should not be changed until a final tailwater curve

had been determined.

Water surface drawdown. --The following test procedure was used
in determining the water surface drawdown. With either tunnel
operating alone or with both tunnels operating simultaneously, the
tailwater elevation was set at the point gage located approximately
500 feet downstream from the tunnel portals; after allowing adequate
time to insure that the flow in the river channel had become con-
stant, the water surface elevation at the approximate location of

the powerhouse tailrace upstream from the tunnel was determined.
The difference in water surface elevation between the two stations
was used as a measure of the drawdown.

The curves on Figure 12 show the water surface drawdown for the
different flip buckets. The curves indicate that for single-tunnel
operation, the greatest drawdown occurred with the 30° flip bucket
and the least drawdown with the 35° bucket. Due to the relative
position of the buckets and their alinement with the river channel,
the drawdown for the 30° and 35° buckets was greater when the
left tunnel was operating than when the right tunnel was operating.
For the 25°, 40°, and 45° buckets, the drawdown was about the
same when either tunnel was operating. During single-tunnel
operation, there was greater water surface drawdown with the
higher tailwater elevation.
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When both tunnels were operating, the least drawdown occurred
with the 40° and 45° flip buckets using the high tailwater and with
the 35° flip bucket using the low tailwater. The greatest draw-
down occurred with the 25° bucket using the high tailwater, and
with the 30° bucket using the low tailwater.

On the basis of the drawdown measurements and the general flow
appearance, it was decided to use the 35° flip curve for both tun-
nel spillways. Figure 13 shows the operation of three of the buck-
ets during maximum discharge and the Marble Canyon (high) tail-
water elevations.

Diversion Studies in 1:63. 48 Model

Prototype operation. --The hydraulic model investigations were
performed concurrently with the construction of the dam. During
the first 2 years of construction, most of the riverflow had been
diverted through the right diversion tunnel; only small quantities
had passed through the left tunnel. The diversion flows caused
some undercutting of the right canyon wall and the appearance of
the flow downstream from the tunnel portal indicated that erosion
of the river channel was taking place, Figure 14A.

Model studies were initiated to investigate methods proposed to
prevent further erosion damage. In the early phases of the diver-
sion model studies, the full extent of the prototype erosion became
apparent when about 20, 000 cubic yards of the canyon wall imme-
diately downstream from the portal fell into the river, Figure 14B.
The rockfall had little effect on the diversion flow; the headwater
rose for a day or two, but returned to its former elevation after
the small debris had washed out. However, in order to forestall
further slippage of the canyon wall, the decision was made to
close the diversion gates of the right tunnel and to make repairs
to the area where the rock wall had slipped. These repairs would
include stripping of the canyon wall to prevent further falling of
the rock, construction of a protective concrete wall along the right
canyon wall, and filling the eroded hole in the channel with con-
crete to elevation 3130.0. While these repairs were underway,
diversion flows were passed through the left tunnel.

Initial studies. --One proposal for the emergency repair of the
scour hole was to install the bottom half of the flip bucket; at a
later date the top portion of the bucket would be added for final
operation. However, this two-stage bucket had been tested during
left diversion tunnel studies as a probable solution for difficulties
with the diversion water striking the canyon walls and had operated
so poorly that the plan was abandoned. The results of these studies
are given in Hydraulics Branch Report No. Hyd-468.
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The first emergency repair method investigated in the 1:63. 48
model was to install the complete flip bucket at the tunnel portal.
For most diversion discharges, the water poured over the bucket
lip and side without springing clear of the bucket. These flow con-
ditions could possibly cause additional rock erosion around the
completed bucket; therefore, the studies were directed toward
developing adequate protection to the canyon wall and channel down-
stream from the portal.

Side channel spillway. --The downstream cofferdam is located adja-
cent to the bucket. To prevent the diversion flows from eroding the
cofferdam, it was proposed to construct a concrete-lined channel
parallel with the flip bucket so that water passing over the side of
the bucket would be carried downstream away from the cofferdam.
Two types of channels were proposed; one was a deep channel on a
flat slope, and the other was a comparatively shallow channel on

a steep slope. Since it was desirable to keep the amount of rock
excavation involved to a minimum, the shallow channel was first
tested in the model, Figure. 15.

Flows up to 35, 000 cfs did not overtop the sidewall of the channel,
although a small amount of splashing did wet the adjacent cofferdam
Figure 16, Flows above 35, 000 cfs overtopped the wall and serlously
damaged the adjacent cofferdam Figure 16. On the basis of these
tests, further modifications were needed to prevent damage to the
cofferdam.

The side channel spillway was redesigned so that it was wider and
the left wall was curved toward the river., A 5-foot-wide seawall
or coping strip was placed on top of the wall to deflect the flow
downward, Figure 17. This protective device performed excep-
tionally well and protected the cofferdam against damage for flows
up to 100, 000 cfs, Figure 16. In addition to directing'the flow
away from the cofferdam, the jet spread into the river channel
and relieved some of the pressure against the right canyon wall.

Although this structure provided the necessary protection, a design
analysis showed that it would be too expensive for a temporary
structure because of the difficult construction and the lack of good
rock foundation in the area.

Deflector walls. --The rock fall from the canyon wall, described
previously, required that protection be provided to prevent further
undercutting and slippage of the canyon wall. Tt was decided,
therefore, to fill any eroded holes in the channel floor with concrete
and to develop a protective wall that would deflect the flow away
from the canyon wall.
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Cross sections received from the field indicated that the canyon
wall had been undercut as much as 50 feet to the right of the
projected right side of the tunnel. The model canyon wall was
modified to represent this undercutting and the overhanging rock
above the undercut section was stripped back, Figure 18.

To evaluate this proposal in the model, the right canyon wall and
the channel floor downstream from the tunnel portal were remolded
in a weak, easily erodible, sand-cement mixture. The erodible
mixture was composed of aluminous cement which formed a con-
crete that attained its ultimate strength in 24 hours. The strength
of the mixture was such that it would begin to erode at a model
velocity of about 1.5 feet per second (fps). 2/ The cement-sand
ratio of the mixture was 1:70, by weight, the water-sand ratio
was 1:5, by weight. The procedure for placing the material

was to mix the three ingredients thoroughly, and to tamp the mix-
ture firmly in the model with a wood hand trowel. The mortar
was placed to a depth of about 3 inches on the floor and 4 to 12
inches on the sidewall. The mixture was allowed to cure for a
minimum of 24 hours before an erosion test was started.

A vertical deflector wall was the first protective device investi-
gated with this model arrangement. The wall was placed to the
right of the tunnel and extended 50 feet downstream from the tun-
nel portal and converged about 8 feet toward the tunnel centerline,
Figure 18. This wall would eventually serve as a backing for the
right side of the permanent bucket.

Tests showed that this deflector wall failed to direct the water

into the river and was ineffective in preventing undercutting. The
flow impinged on the eroded area and tended to increase the canyon
wall erosion downstream from the presently eroded area, Figure 18.

The deflector wall was revised by increasing the amount of deflec-
tion at the end of the wall and by superelevating the floor, Figure 19.
This revised wall accomplished the purpose of deflecting the water
away from the canyon wall, Figure 19.

Although the model studies indicated that the superelevated deflector
wall was satisfactory under the assumed eroded conditions, it was
decided that, since the true shape and depth of channel bed erosion
downstream from the tunnel portal were not known, an alternate
scheme should be developed for use. The choice of the schemes
would be made after the area was unwatered and the extent of
erosion was determined.

2/Appendix C, Fontana Pfoject, Hydraulic Model Studies, Technical
Monograph No. 68, Tennessee Valley Authority.
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The alternate scheme consisted of a low wall laid against the
canyon wall along the curve of the eroded portion and extending
downstream from the tunnel portal. A structure of this type was
preferable to the superelevated structure because its removal
after temporary use during the diversion period was unnecessary.

The first wall investigated was 250 feet long and 30 feet high and
extended in.a long~radius curve from the tunnel portal to the point
where the canyon wall breaks away from the right flowline,

Figure 20. In general, this wall was satisfactory for all flows,
Figure 21. However, for discharges between 35,000 and 50, 000
cfs at certain tailwater elevations, an unstable flow condition
developed and caused the water over the entire width of the river

to fluctuate in a harmonic motion. This phenomenon was caused

by the tailwater alternately submerging the flow and being swept
away by the high velocity flow from the tunnel. The resulting
surges were about 15 feet high with a period of about 30 seconds.
Action of this type would probably cause extensive damage to the
cofferdam. Figure 22 compares the flow conditions when the jet
emerging from the tunnel is partially submerged by the high point
of the tailwater surge and when the jet flows free during the low stage
stage of the tailwater surge. In an attempt to eliminate the surging
action, the curved wall was replaced by a straight wall that extended
in a direct line from the right side of the tunnel portal to the down-
stream end of the curved wall, Figure 23. Surges as large as those
observed with the curved wall still persisted in the discharge range
between 35, 000 and 50, 000 cfs.

Since the straight wall did not improve the flow conditions and the
curved wall would require about 50 percent less concrete to con-
struct, testing was continued using the curved wall. The surging
action in the river was caused by the flow from the tunnel sweep-
ing the water away from its path; this displaced water moved
across the river in a surge, impinged on the left bank and was
deflected back across the river toward the right bank where it
again impinged on the flow emerging from the tunnel. It was rea-
soned that if the flow in the river could be kept from impinging on
the tunnel flow, the surging action would not start. Further test-
ing showed that either a spur dike or wall placed about 150 feet
from the canyon wall with its long axis parallel to the diversion
tunnel centerline and extending about 150 feet downstream from
the existing cofferdam prevented the unstable flow and resulted

in satisfactory operation for the entire range of discharges.

To effect the repairs at the tunnel portal and canyon wall, this
area must be isolated from the river by a cofferdam so that it
can be pumped dry. The cofferdam will extend between the exist-
ing main river cofferdam and the canyon wall about 300 feet down-
stream from the tunnel portal. It was recommended that the spur

11
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dike be the remains of this cofferdam. In other words, only that
portion of the cofferdam near the canyon wall would be removed
to allow passage of the diversion flow and the remainder would
serve as the spur dike between the tunnel flow and the river chan-
nel. Model tests of this scheme indicated that the dike was satis-
factory and fairly stable but might require some riprap protection
on the nose of the dike.

Instead of the curved wall, a wall consisting of three chords was
used, Figure 24. This wall was found to be less effective than

the curved wall but minor differences in performance were justi-
fied by the lower construction costs. It was demonstrated by con-
structing and later removing the downstream part of the cofferdam
that the dike thus formed would be effective in preventing the har-
monic motion surges in the tailrace for discharges in the 35, 000-
to 50, 000-cfs range.

The wall consisting of the three chords, Figure 25 and the spur
dike formed from the cofferdam were installed in the prototype.
Subsequent operation of the diversion tunnel showed this scheme
to be very effective in handling the diversion flows.

Spillway Approach Channels

The portals or gate control sections of the tunnel spillways were
located inland from the canyon rim to provide adequate rock cover
for the tunnels and to obtain an exit angle into the river. Open
cut approach channels extended from the canyon edge to the spill-
way portals to provide flow passages between the reservoir and
the tunnel spillways. The channels were unlined and, in plan,
were in the form of moderate curves. The sides of the channels
were excavated with 1/4:1 side slopes and converged slightly to
provide a gradual acceleration of the flow in the approach chan-
nel. The approach channels were studied to determine the mini-
mum size and optimum alinement that would provide smooth flow
conditions at the gate control sections and spillway portals.

Left Approach Channel

Preliminary channel. --The preliminary left approach channel,
Figure 26, had a bottom width of about 400 feet at the canyon rim
and gradually converged to approximately 110 feet wide at the
spillway crest. In plan, the left side of the channel followed a
mild reverse curve; the right side followed a large-radius curve.

Extremely smooth flow conditions throughout most of the channel
at maximum discharge indicated that the width of the approach
channel was more than adequate. The only disturbances were in
the form of eddies and reverse flow currents along the right

12
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boundary, Figure 27. Flow velocities were generally higher
in the right side of the channel than in the left. At the channel
entrance, the velocity was 7.3 fps near the right side, 4.3 fps
at the center of the entrance, and 2.1 fps near the left side.

At the spillway entrance, the velocity averaged about 15.5 fps
throughout the flow section. The velocity distribution in the
preliminary approach channel is tabulated on Figure 26.

These tests indicated that flow conditions in the approach channel
and particularly at the spillway gate section were entirely satis-
factory. They also suggested that satisfactory flow conditions
possibly could be obtained by reducing the length and width of the
channel. Testing of smaller approach channels, therefore, was
continued.

First revision. --The channel width was reduced by moving the
left wall in about 70 feet at the canyon rim and fairing it into the
original wall about 100 feet upstream from the gate section. The
right side of the channel was modified by using a short-radius
curve at the canyon edge, thus providing a more curved and abrupt
entrance, Figure 26.

Generally the flow in the revised channel was excellent. Flow
disturbances along the left wall were negligible, Figure 28A. A
comparatively large contraction occurred at the curved end of
the right wall where the water surface was depressed 4 feet and
eddy currents and reverse surface flow extended along the wall
from the depressed water surface to the gate section. However,
the effect of these eddy currents and reverse flow did not extend
beyond the tunnel portal and the flow distribution in the portal
transition was very good.

Second revision. --Since excellent flow conditions still existed

in the approach channel, it appeared that the channel width could
be further reduced without adversely affecting the flow conditions.
Accordingly, the left wall at the canyon entrance was extended
downstream an additional 50 feet and faired into the original
boundary about 50 feet upstream from the spillway entrance, Fig-
ure 26. The right wall was further modified by using a longer
radius curve at the canyon edge and a comparatively straight
approach to the spillway entrance.

At the maximum discharge, the flow appearance in the channel

was very good. A negligible rippling on the water surface near

the left wall indicated that the reduction in channel width was near
the optimum. The amount of contractiononthe right side of the
channel was still about 4 feet along the curve at the canyon entrance.
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Eddy currents and reverse flow along the boundary were more
prevalent, Figure 28B. However, these distrubances did not
extend beyond the gate section and the flow appearance in the
transition remained satisfactory.

Third revision. --The width of the approach channel was further

reduced by moving the left wall an additional 20 feet downstream
at the canyon rim; the right wall was not altered in this revision,
Figure 26.

At the maximum discharge, standing waves emanated from the
left wall and extended from the left wall toward the center of the
channel in the direction of flow. These waves were less than

6 inches in height and caused no adverse flow conditions in the
tunnel. The water surface drawdown and reverse flow eddies
along the right wall were the same as those observed for the
second revision. The appearance of the water surface in the
channel at the maximum discharge is shown on Figure 29A.

Flow velocities in the channel were generally higher than the
velocities in the preliminary channel due to the greatly reduced
flow area. However, the velocities still tended to be higher on
the right side than on the left. At the channel entrance, the veloc-
ities near the right boundary were about 11.0 and 8.0 fps at
the center of the channel, and 6.1 fps near the left wall.
Velocities immediately upstream from the gate section were
comparatively uniform. The velocity distribution in the chan-
nel is tabulated in detail on Figure 26.

Fourth revision. --The only undesirable feature in the revised

left channel was the flow appearance along the right wall., Although
detracting in overall operating appearance, the water surface draw-
down at the upstream end and the reverse flow eddy currents
between the point of drawdown and the gate section did not affect the
hydraulic characteristics of the entrance. The tests indicated that
these conditions probably could be alleviated by modifying the right
. side of the approach channel. Therefore, the comparatively abrupt
curvature of the right wall was cut back and replaced with a long-
radius curved wall from the reservoir to the gate section. This
change substantially reduced the length of the right sidewall,
Figure 26.

The long-radius curve did not improve the flow conditions along
the right wall. At the maximum discharge, a 4-foot drop in the
water level still occurred near the middle of the curved wall with
eddies and reverse flow currents between the depressed water
surface and the gate section.
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Recommended channel. --Although the long-radius curve did not
change the flow conditions on the right side of the approach, the chan-
nel width at the canyon rim was considerably increased. Since pre-
vious tests had shown that a comparatively narrow approach chan-
nel was adequate, the width could be further reduced without
upsetting the excellent flow conditions and a further reduction in

the quantity of rock excavation would be accomplished. Therefore,
the left wall was moved 20 feet downstream at the canyon edge and
faired into the previously revised wall, Figure 30.

At the maximum discharge, the flow appearance in the channel
was satisfactory, Figure 29B. The flow velocities at the channel
entrance were more uniform and generally lower than the veloc-
ities observed in the third revision; the average velocities at the
canyon rim were 6.7 fps near the right bank, 7.8 fps at the
center, and 6.2 fps near the left bank. The average velocities
immediately upstream from the gate section were 18.1 fps on
the right side, 16.8 fps at the center, and 15.1 fps near the
left bank. Although the flow velocities at the gate section were
slightly less uniform than those observedinthe preliminary or third
revised channel, the velocity distribution was considered entirely
satisfactory. Additional flow velocities in the approach channel
are shown on Figure 31.

Right Approach Channel

Preliminary channel. --The arrangements of the preliminary right
and left approach channels were similar. The gate section and
tunnel portal of the right spillway were set a greater distance back
from the canyon edge than the left spillway gate section. This
difference permitted a more gradual or longer radius curve for
the left wall of the right approach channel. The outside or right
boundary of the right approach channel was in the form of a mod-
erate ''s" or reverse curve between the canyon edge and the gate
section. The bottom width of the right channel was 460 feet at

the canyon rim and reduced to about 110 feet wide at the gate sec-
tion, Figure 32.

At the maximum discharge, the flow conditions in the approach
channel were ideal. Flow along the right side was excellent
except for small, very minor eddies atthe channel -entrance. The
water surface was depressed a maximum of 2 feet along the left
side where the curvature was greatest. Flow disturbances in

the form of standing waves less than a foot high formed approxi-
mately parallel to the wall. The approaching flow piled up to a
height of 1 or 2 feet in front of the piers on each side of the spill-
way entrance. This pileup was caused by a partial recovery of
the velocity head of the flow striking the flat surface of the pier
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face, Figure 33. Velocities at the channel entrance were about
3.9 fps near the right side, 3.7 fps in the center, and 4.5 fps
near the left side. In front of the spillway entrance, the veloc-
ities were about 14.6 fps on the right side, 15.1 fps in the
center, and 15.8 fps on the left side. The velocity distribution
for the maximum discharge in the preliminary channel is shown
on Figure 32.

Because generally excellent flow conditions and comparatively
uniform velocity distribution existed in the preliminary approach
channel, the tests were continued on approach channels requiring
less excavation.

First revision. --The preliminary channel was modified by moving
the right boundary downstream about 100 feet at the canyon rim

and fairing it into the preliminary boundary about 100 feet upstream
from the gate section, Figure 32. The left side of the channel was
not modified.

At the maximum discharge, the appearance of the flow in the chan-
nel was very good, Figure 34; additional eddy currents developed
at the upstream end of the channel near the right side, but these
seemed to be caused by the shape of the natural topography rather
than by the restricted flow passage. The flow pattern along the
left side was essentially the same as that observed in the pre-
liminary channel.

Observations using dye streams and floating confetti confirmed
that flow conditions in the restricted approach channel were
excellent and indicated that the channel width might be further
reduced.

Second revision. --The right wall was moved 75 feet farther down-
stream at the entrance and faired into the preliminary wall similar
to the first revision, Figure 32. No changes were made to the left
side.

Again, the appearance of the flow in the channel was very good,
Figure 34. Surface disturbances appeared in the center and along
the left wall of the channel, indicating that the channel width was
near the minimum required for satisfactory flow.

Third revision (recommended). --The right wall was moved down-
stream an additional 30 to 40 feet at the canyon edge and faired
into the original wall similar to the previous changes, Figure 30.
No changes were made in the left wall.

The standing waves and surface disturbances first noticed in the
previous revision at maximum discharge were more apparent,
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Figure 34. However, the flow conditions were considered satis-
factory since the water surface atthe gate section was symmetrical
without excessive disturbances.

Flow velocities in the channel near the canyon rim were about

6.2 fps near the right side, 8.5 fps in the center, and 10.6 fps

on the left side. Immediately upstream from the gate section,

the velocities were about 14. 2 fps on the right side, 13.2 fps in
the center and 16. 9 fps on the left side. Additional flow velocities
in the approach channel are shown on Figure 31.

Fourth revision. --A comparison of the above flow velocities with
those recorded for the preliminary channel indicates that a narrow
approach caused a slight flow concentration on the left side of the
approach channel. To alleviate this asymmetrical velocity distribu-
tion and still retain the narrow approach channel, a small fill was
placed in the upstream portion of the approach channel. The fill
near the canyon rim sloped laterally from a height of 15 feet at

the left bank to the original floor elevation on the right bank. The
fill also sloped downward in the direction of flow to the original
floor elevation about 120 feet upstream from the gate section.

The raised floor caused only a slight redistribution of the flow at
the smaller discharges. At the maximum discharge, there was
no noticeable difference in the flow except near the gate section
where more surface disturbances in the form of waves and eddies
were observed, Figure 36. These disturbances carried down-
stream into the tunnel transition and caused a rough water surface
and uneven flow distribution in the tunnel. Because of these
undesirable flow conditions, the narrow approach channel with a
horizontal floor (third revision) was chosen for prototype use.

The recommended approach channels were considerably shorter
and narrower than those proposed in the preliminary plans. It
was estimated that the reduction in the volume of rock excavation
was about 440, 000 cubic yards.

Spillway Crest (Overflow Section)

The right and left spillways are identical from the gate section to
the horizontal tunnel. Each overflow section includes two symmet-
rical 40-foot-wide flow passages separated by a center pier, Fig-
ure 37. Flow is controlled by two 40- by 52. 5-foot radial gates.
The ogee section in each passage is turned inward 6° to provide
converging sidewalls and the center pier is tapered to provide a
constant width of passage through the ogee section. The stream-
lined nose of the center pier and the side piers extend upstream
from the ogee section to assist in developing good flow condition

in the control section. The radial gates seat 11 feet downstream
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from the crest axis at an elevation 6 inches below the crest eleva-
tion.

Since the two spillways are identical, certain model data includ-
ing water surface profiles, piezometric pressures, and general
flow characteristics in the tunnels-and transitions were obtained
only in the left spillway, but apply equally well to the right spill-
way. Although the two approach channels were slightly different,
the flow appearance and velocity distribution at the gate sections
indicated that the flow conditions in the two structures were
similar.

Crest pressures. --Piezometers were placed in the overflow sec-
tion along the centerline of the left bay of the left spillway. Since
flow conditions were similar in the four bays of the two spillways,
piezometers were not placed in the other bays. Pressure meas-
urements made for free flow at the maximum discharge showed
no subatmospheric pressures on the crest profile. The piezom-
eter locations and pressures at each piezometer are shown on
Figure 38. Pressures for gate controlled discharges were either
near or above atmospheric, Figure 44.

Discharge capacity. --The discharge capacity of both spillways
for controlled and free flow was determined from the model. The
flow quantities were obtained with both spillways operating; for
controlled flows, all four gates were equally opened. Several
scattered points were obtained with only the left spillway operat-
ing to determine if the flow through both spillways would be equal.
At the points checked, the flow was exactly 50 percent of the
quantity that had been measured for similar reservoir elevations
and with both spillways operating.

The discharge capacity of one gate for free flow and for controlled
flow at gate openings in 5-foot increments is shown on Figure 39.
At the maximum design discharge of 138, 000-cfs per spillway, the
reservoir elevation was 3710.65. The discharge coefficient for
the maximum flow was 3. 48.

"Tunnel Spillway Transition

Preliminary. --The change in cross section from the rectangular
spillway crest section to the 41-foot-diameter inclined tunnel was
accomplished by a curved transition from the rectangular spill-
way to a 50-foot-diameter circular tunnel followed by a section

of tunnel tapering from 50- to 41-foot diameter, Figure 40.

The horizontal projected length of the transition invert was about
101. 4 feet with a vertical drop of 94.6 feet. The horizontal length
of the tapered tunnel was 135.9 feet with a vertical drop of
194.1 feet.
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In side eélevation, the transition invert, spring lines of the upper
and lower radii, and the crown of the transition were parabolic
curves as shown on Figure 40. In plan, the sides converged in
a straight line.

The invert of the tapered tunnel sloped downward at an angle
of 55°. The top and sides of the tunnel converged lineally
until the 50-foot diameter was reduced to 41 feet.

The center pier on the crest extended down into the transition
section for a horizontal distance of 65 feet. The downstream
end of the pier rose vertically from the invert for 35. 24 feet
then extended to the roof on a line normal to the roof. The
pier tapered from 8.5 feet wide at the start of the transition
to 5.0 feet wide at the end. The nose of the pier was stream-
lined, in plan, with a 15-foot radius and the downstream end
of the pier with a 2. 5-foot radius.

Flow conditions in the preliminary transition were unsatisfac-
tory. At the small discharges, up to about 50,000 cfs, a fin
formed in the tunnel which, although not pleasing to the eye,
caused no apparent difficulty. For flows between 50,000 and
100,000 cfs the flow exhibited some instability downstream
from the transition; however, the center fin had reduced in
magnitude. For discharges greater than 100,000 cfs, the flow
instability increased considerably; a definite "hump' formed
in the water surface near the top of the tapered tunnel section;
and the flow appeared to separate from the sidewalls, Fig-
ure 41. These observations indicated that the change in sec-
tion was too abrupt.

Piezometers were installed throughout the walls and invert
of the transition section, Figure 38. Pressure readings at
piezometers located in the upstream end of the tapered tunnel
indicated pressures in the cavitation range at the maximum
discharge. Other piezometers in the sidewalls and curved
corners of the transition showed subatmospheric readings
during maximum discharge conditions; piezometers on the
invert indicated above atmospheric pressures for all dis-
charges. A complete tabulation of the pressures is shown on
Figure 38.

Recommended transition. --Data from pressure measurements,
water surface profiles, and general flow appearance were
analyzed to determine what modifications should be made to the
transition section to provide satisfactory operation. It was
concluded that a curved transition approximately 50 percent
longer than the preliminary would provide sufficient stream-
lining to insure stable flow conditions. In addition, it was
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reasoned that the pressures on the sidewalls of the tapered tun-
nel would be improved if the convergence was accomplished with
curved sidewalls tangent to the tapered tunnel rather than with
straight sidewalls and an angular intersection with the tapered
tunnel.

The recommended transition, Figure 42, had the same general
appearance as the preliminary except that the side convergence
was accomplished in a curve and the horizontal length was
increased about 26 feet.

The flow stability in the modified transition was greatly improved.
The general appearance of the water surface in the tunnel was not
improved; the center fin that formed downstream from the center
pier was still present at low discharges, but did not impinge on
the roof or cause unsymmetrical flow in the tunnel. The fin was
not present at flows greater than 75,000 cfs. At discharges
greater than 75,000 cfs the water surface drawdown at the side
and center piers at the tunnel portal caused surface disturbances
that carried down into the transition; this rough water surface did
not create unsatisfactory flow conditions in the tunnel, Figure 43.

Piezometers were installed on the invert and sidewalls of the
left tunnel transition in locations similar to the piezometers in
the preliminary transition. The pressures obtained on the invert
were the same as those observed in the preliminary transition.
All pressures on the sidewalls where cavitation pressures had
been observed previously were near atmospheric. A complete
tabulation of the pressures is shown on Figure 44.

Since no pressures near the cavitation range were observed in
this transition, and since the flow appearance was satisfactory,
the transition was chosen for prototype installation.

Forty-one-foot-diameter Tunnels

Downstream from the tapered section, the tunnel is 41 feet in
diameter and follows the 55° slope for about 75 feet and then
changes direction to the near horizontal tunnel with a 350-foot
radius bend. The near horizontal tunnels continue for approxi-
mately 1, 080 feet for the left tunnel and 910 feet for the right
tunnel, before emerging from the canyon wall, Figure 42.

Flow in the 41-foot-diameter tunnels was excellent at all dis-
charges. The minor water surface roughness that was notice-
able in the transitions and tapered sections had smoothed out

in the first few feet of the constant diameter tunnel and continued
smoothly through the vertical bend; consequently the flow in the
horizontal tunnel was also satisfactory.
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Piezometers were installed on the tunnel invert at intervals from
the downstream end of the tapered section through the vertical
bend. No subatmospheric pressures were indicated at any of the
piezometers. The piezometers along the vertical bend showed
the increased pressure due to the centrifugal force of the flow

in the elbow; the maximum observed pressure in the elbow was
equivalent to 88.7 feet of water, approximately twice the hydro-
static pressure.

Downstream Portal Transition

A transition was planned for the downstream end of each tunnel
to guide the flow from the circular conduit to the rectangular
channel between the tunnel portal and the flip bucket. Details

of the preliminary transition, which was 70 feet long, are shown
in Figure 45A.

The flow appearance in the transition was very good. However,
piezometers along the lower corner of the transition indicated
subatmospheric pressures in the cavitation range. Piezometers
were installed as shown in Figure 45A. The piezometers along

the bottom tangent line indicated above atmospheric pressures for
the full length. The piezometers along the side tangent line showed
above atmospheric pressures at the upstream end of the transition,
4 feet of water below atmospheric about 17 feet downstream from
the start, and a steep increase to 13 feet of water above atmos-
pheric at the third piezometer 11 feet farther downstream. The
center row of piezometers indicated severe subatmospheric for

the first 17 feet, the lowest pressure being 23 feet of water below
atmospheric 3.5 feet downstream from the start of the transition.
The pressure 29 feet downstream from the start of the transition
increased to about 26 feet above atmospheric; pressures remained
above atmospheric through the remainder of the transition, Figure 45A.

The subatmospheric pressures indicated that the change in ¢cross
sectioninthe transitionwas too abrupt. Accordingly, the transition
was modified so that it was 100 feet long with the centers of the
radii on each side tracing a parabola, Figure 45B.

The appearance of the flow in the modified transition was excellent.
Pressure readings from piezometers in locations similar to those
in the preliminary transition were above atmospheric along the

full length, Figure 45B. On the basis of these tests, the second
transition was considered satisfactory for the field installation.
However, during subsequent model investigations of the flip buckets
downstream from the transition, it was determined that better
bucket performance could be obtained if the semicircular invert

of the tunnel was continued downstream and allowed to intercept

the upward curve of the flip bucket. This not only provided good
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bucket performance, but eliminated the expensive formwork needed
for the transition construction. The description of these investiga-
tions is included in the following section.

Flip Bucket Investigations

Preliminary. --In the preliminary layout, 41-foot-wide open chan-
nels extended downstream from the transitions terminating in flip
buckets. The combined length of the open channel and flip bucket
was 251, 5 feet in the. right tunnel and 280 feet in the left tunnel,
Figures 40 and 46. The bottom slopes of the channels were the
same as the circular tunnels. The inverts of the flip buckets con-
sisted of segments of a 109. 92-foot radius circle. The flip angle
of both buckets was 35° above the channel floor, or approximately
35°-12'" above the horizontal, Figure 40.

Because of the difference in their alinements and lengths of the
horizontal tunnels and open channels upstream from the buckets,
the left bucket was 319. 64 feet farther downstream than the right
bucket. This bucket arrangement was very desirable hydraulically
because it spaced the spillway flow over a long reach of the river
channel and prevented a concentration of the jets in a relatively
small impact area.

The appearance of the flow from the left bucket was very good at all
discharges. The jet cleared the flip bucket smoothly with no appre-
ciable lateral spreading. However, the jet spread longitudinally
and the length of its impact area was comparatively long, particu-
larly for flows less than 50,000 cfs. Figure 46 shows the flow from
the flip bucket for two discharges, which were representive of the
full range of discharges.

The flow from the right bucket was also very good; the jet appeared
similar to the jet from the left bucket, Figure 47. However, the
alinement of the right tunnel was almost parallel to the canyon wall,
and for spillway flows of 75,000 cfs and larger, the right side of
the jet impinged on the canyon wall.

When both spillways were operating with a combined discharge of
150, 000 cfs or less, the flow conditions were completely satisfac-
tory. For combined discharges greater than 150,000 cfs, the
conditions were fair. During small discharges, the jet impact
areas were independent of each other and the quantities involved
were so small in comparison to the size of the river channel

that no adverse flow conditions were noticed. During the larger
discharges, the jet from the left bucket landed near the center of
the river, well downstream from the structures; the jet from the
right bucket landed near the right side of the river with part of
the jet impinging on the canyon wall. The flow pattern resulted
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in a concentration of flow along the right side of the canyon. Fig-
ure 48. This flow distribution caused an eddy current to originate
near the left side of the left jet and to move upstream under the jet
toward the impact area of the right jet. The eddy current carried
some of the riverbed material thdt was being churned up by the
force of the jets landing in the river and was deposited in a sand-
bar that extended across the river approximately in a line between
the two buckets. The sandbar did not affect the spillway flow in
the river but with no flow through the spillways and only the power-
house in operation, the sandbar caused a 4-foot increase in the
water surface elevation in the powerplant afterbay.

First revision. --Before tests were made to determine the posi-
tions of the buckets to obtain proper jet dispersion in the river, it
was decided to eliminate the transition between the circular tunnel
and the rectangular open channel by extending the circular tunnel
until it intersected the vertical curve of the flip bucket, Figure 49.
Figure 50 shows the revised left channel and flip bucket.

With this arrangement, the flow seemed to diverge at the lip of

the bucket and resulted in considerably more lateral dispersion
of the jet. At the maximum discharge, the jet covered the entire
left half of the channel at the point of impact, Figure 50. This
lateral dispersion of the jet eliminated the eddy that formed with
the preliminary bucket and prevented the upstream sandbar deposit.
However, a wide, high sandbar formed downstream from the
impact area.

Second revision. --Based on the overall good appearance of the
flow, coupled with the apparent cost advantages of eliminating the
transition, the designers decided that the bucket with the circular
invert in the channel should be used for both spillways. In addi-
tion, the location of the buckets was changed, so that they would
be more nearly opposite one another, by moving the left bucket
100 feet upstream and the right bucket 100 feet downstream.

At the maximum discharge, the two jets landed in practically the
same impact area. However, the jets from both buckets impinged
on the canyon walls to a greater extent than previously. There was
extensive erosion of the riverbed but all of the disturbed material
moved downstream. The water surface was much rougher than it
had been with the preliminary buckets. Figures 51 and 52 show

the flow appearance from the buckets.

Third revision. --For the third revision, both buckets were moved
upstream so that their vertical curve started 17.72 feet down-
stream from the tunnel portal. This arrangement resulted in a
staggered impact area similar to that with the preliminary buckets.
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The buckets were next moved upstream to the tunnel portals when
subsurface exploration and field core drilling showed that the rock
foundation on both sides of the canyon downstream from the tunnel
portals was not as sound as expected.

In addition, the wall onthe canyon side of eachbucket was turned inward
(toward the flow) 8 feet in adistance of 40 feet, Figure 53, and the opposite
wall of eachbucket was turned outward 4 feet in 20 feet.

With this revision, the jets landed in tandem and the deflection

of the outer side of the jets was moderate for all discharges,
Figure 56. The wall deflector caused the outside of the jet to rise
vertically and fold over into the main body of the flow. The side

of the jet next to the river was ragged and dispersed. The jets
became more compact as the discharge increased. Figures 54, 55,
and 56 show the flow conditions for several discharges representing
the complete range of operation.

At the maximum discharge, surges in the river channel developed
and caused a 6- to 8-foot variation in the water level in the power-
house afterbay. This condition seemed to originate when a wave
caused by the impact of the right jet moved diagonally upstream
toward the left bucket, passed under the left jet, and reached the
end of the bucket. The wave then rose to bucket lip and struck

the lower surface of the jet causing the jet to depress. The
depressed jet created another wave that moved toward the right
bucket where a similar action would take place. This alternating
action continued with the waves becoming progressively larger

and eventually extending upstream into the powerhouse afterbay.
Occasionally, anirregularity inthe periodicity of the action would cause
it to stop for short intervals. Althoughthis action would have tobe cor-
rected before a bucket would be acceptable, it was decided to proceed
with the tests to develop the wall deflectors.

Fourth revision. -~Before making major revisions of the flip
buckets, several quick tests were made with several wall deflec-
tors. These included deflectors having a width of 4 feet in the
left bucket and widths of 6 and 7 feet in the right bucket. The
diverging walls in the buckets were not changed.

Based on the results of these tests, the fourth revised buckets

were developed. The wall deflector of the right bucket was main-
tained at 7 feet wide by 40 feet long; the diverging wall remained

at 4 by 20 feet. In the left bucket, the 4- by 40-foot converging
wall was extended downstream an additional 30 feet making a
deflector 7 feet wide and 70 feet long; the 4- by 20-foot diverging
wall was unchanged. Figure 57 shows the revised buckets.
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The converging left wall of the left bucket had been extended an
additional 30 feet downstream as a result of model studies on the
tunnel plug outlet works, 3/ which were being conducted simul-
taneously with this study. During initial construction, the river-
flow will be passed through the diversion tunnels, Figure 7.

After the concrete dam has been constructed to a predetermined
elevation, the right diversion tunnel will be permanently plugged
at the vertical bend, Figure 3, and the riverflow will be diverted
through the left tunnel. This flow will be controlled by three 7-
by 10-foot high-pressure slide gates installed near the vertical
bend, Figure 58. Unsymmetrical operation of these gates caused
the flow to swing from side to side of the tunnel, Figure 59. For
certain combinations of head, discharge, and gates in use, the
jet leaves the flip bucket at an angle and impinges on the canyon
wall. The 30-foot-long extension of the deflector was found neces-
sary to prevent the jet from striking the canyon wall.

The flow from the revised flip buckets was very good. A small
part of the jet from the right bucket struck the canyon wall at
flows less than 50,000 cfs, but the impingement was not severe
since the direction of flow and alinement of the walls were nearly
parallel. At the larger discharges, the deflector directed the

jet away from the canyon wall. In the left bucket, the deflector
directed the flow away from the canyon walls at all discharges.
The portion of the jet that impinged on the deflector rose vertically
along the wall, in effect forming an L-shaped jet. This jet shape
caused a concentration of the flow in the river at the impact point
but flow conditions were satisfactory except at the maximum dis-
charge. At the maximum discharge, the jet was compact at the
point of impact and set up an eddying action that caused erosion

of the riverbed; however, since the eddies did nnt extend upstream
this was not considered objectionable.

The wave action depressing the jets downstream from the buckets
also occurred with these revised buckets. The action was similar
to that previously described except that the waves were higher,
reaching heights equivalent to 50 or 60 feet midway between the
buckets and about 15 feet high (in the form of slow surges) in the
powerplant afterbay.

Fifth revision (recommended). --At this stage of the model investi-
gations, excavation at the damsite had shown that the rock founda-
tion was not as extensive as originally indicated and the small

ridge of rock behind the river wall of the buckets could not be relied
upon to take the hydraulic loads transmitted by the walls. Possible
bucket modifications included placing the buckets on firm rock by
moving the buckets upstream into the tunnels or reducing the load

3/Air and Hydraulic Model Studies of the Left Diversion Tunnel
Outlet Works for Glen Canyon Dam, Report Hyd-468.
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on the walls either by reducing their height or reducing the overall
size of the buckets.

Temporary modifications of the buckets were made and tested to
determine which of the above changes was most effective. These
exploratory tests showed that the buckets could be moved upstream
the necessary 20 feet, but that no significant changes should be made
in their radius of curvature, angle of flip or length.

The amount of deflection on the left wall at the lip of the left
bucket was increased from 4 to 7 feet to provide better protection
against the jet impinging on the canyon wall. As determined from
the left Diversion Tunnel Outlet Works tests, the 30-foot extension
beyond the end of the bucket was retained, making the total amount
of deflection at the end of the wall 12 feet 3 inches.

The exploratory tests also indicated that the river wall of the bucket
could be reduced in height. When the portion of the wall above the
tunnel springline was removed from the model bucket, reducing the
wall height by more than 20 feet, flow from the river overtopped

the wall and interfered with the jet during spillway discharges greater
than 75,000 cfs. When the wall height was raised 5 feet above the
springline, flow from the river did not overtop the wall at any spill-
way discharge. Although the depth of water in the bucket was greater
than the height of the wall, the flow velocity was sufficiently high

that very little lateral expansion of the jet occurred.

The buckets were rebuilt to incorporate most of the desirable
features determined during the temporary modifications and dis-
cussed above. Both buckets were identical except for length of
canyon wall, Figures 60-63, and consisted of the following features.
The invert radius was 108. 95 feet with the PC's located at the tun-
nel portals; the length of each bucket, from the PC to the lip, was
67.50 feet; and the lift or change in elevation was 23. 43 feet. The
outside walls converged 7 feet toward the centerline in 40 feet and
the convergence started 30 feet downstream from the portals. The
inside walls diverged 4 feet in a distance of 40 feet; the divergence
was accomplished by an arc segment of a 202-foot radius circle
starting 30 feet downstream from the tunnel portal. The outside
wall of the left tunnel extended downstream 32.5 feet beyond the

lip of the bucket at the same rate of convergence. The outside wall
of the right tunnel and the inside walls of both tunnels terminated
2.5 feet downstream from. the bucket lip. The tops of the inside
walls of both tunnels were about 6 feet above the springline of the
tunnels. The tops of the outside walls were 2 feet high at the portal
and sloped upward on a 33. 47 percent slope.

A total of 32 piezometers were installed in the left bucket--6 in the
invert, 17 in the left wall, and 9 in the right wall, Figure 64.
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The performance of these flip buckets was excellent in every
respect. At maximum discharge, the jets leaving the buckets
were very compact, and at their impact point the jets from the

two buckets covered the width of the river channel in such a man-
ner that there was no return flow along either bank, under the

jets, or in the center of the channel. Some return flow occurred
along the banks with the smaller discharges, but the eddies did

not extend far enough upstream to erode the river banks or channel
bottom in the tailrace area. Figures 65, 66, and 67 show flow
conditions with the recommended buckets.

Top profiles of the jets for maximum discharge were obtained for
the purpose of determining whether the powerlines in their proposed
location over the river channel would be endangered by splash and
spray. The profiles, shown on Figure 68, indicated that relocation
of the powerlines was unnecessary.

Pressure measurements were obtained at the maximum discharge
and three smaller discharges as an aid in the structural design

of the buckets and to determine whether any cavitation pressures
were present. These measurements indicated that the highest
pressures would occur along the invert at Piezometer 1 at maxi-
mum discharge and would be equivalent to about 211 feet of water.
The lowest observed pressure occurred at Piezometer 26, and
was equivalent to 7.6 feet of water below atmospheric. The pres-
sure readings are tabulated in Figure 64.

The performance of the fifth revised flip buckets was satisfactory
in all respects and they were recommended for prototype installa-
tion. :

River Outlets and Powerplant Afterbay

The river outlets and the powerplant afterbay tests are necessarily
grouped together since flow from the river outlets affects the flow
conditions in the afterbay. These investigations were concerned with
dispersing the flow from the outlets with minimum flow disturbances
in the afterbay and minimum riverbed erosion. The minimum size
riprap protection in the afterbay area was also determined.

River outlets. --The river outlets are four 96-inch hollow-jet valves
located on the left side of the river 150 feet downstream from the
machine shop, Figures 2 and 69. The outlets will be used principally
to maintain the minimum downstream riverflow before the power-
plant is in operation and to control storage in the reservoir during
the flood seasons after the right diversion tunnel is closed. In the
latter instance, the valves will be used in conjunction with the tunnel
plug outlet works. The valves will also be used to supply sufficient
releases during floods which approach the magnitude of the ultimate
design flood. The maximum discharge capacity of the four valves is
only 15,000 cfs due to the velocity limitations in the conduit. The
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comparatively large valves are needed because it might be neces-
sary to release the maximum discharge at very low heads during
initial operation. At high reservoir elevations the valves will be
operated only at partial openings. In the preliminary layout, the
valves were horizontal and parallel in plan with all centerlines at
the same elevation.

The jets from the valves, in effect, landed as a unit and caused
considerable disturbance at the point of impact, Figure 70. The
churning action of the jets eroded the riverbed at the point of impact
and displaced large amounts of material. The eroded material
moved in the direction of flow and formed a sandbar, semicircular
in plan, downstream from the jet impact area. After 1 hour of
operation (model time) this semicircular sandbar had extended
across the width of the river channel and had moved 200 to 300

feet downstream from the jet impact area. The height of the
deposited material was about 8 feet higher than the original bed.
As the sandbar built up, it turned part of the flow, causing eddies
to form on each side of the impact area. On the right side, a
clockwise eddy formed and moved upstream toward the tailrace,
passed in front of the powerhouse, then moved downstream, and
re-entered the area where the jets were striking. On the left side,
a counterclockwise eddy formed and moved toward the left canyon
wall, turned, flowed upstream along the wall, and re-entered the
jet impact area.

The riprapped apron in front of the powerhouse was represented

in the model by a concrete surface. Initially, the eddies carried
some of the eroded riverbed material onto this concreted surface;
as the action progressed, the eddy removed material from in front
of the concreted surface. The erosion in this area after about

3 hours operation of the outlets is shown on Figure 70. The over-
all severity of the erosion and the formation of large eddies indic-
ated that modifications of the flow pattern from the river outlets
were necessary.

,'To determine if the erosion pocket in the afterbay would eventually
stabilize, the deeply eroded areas adjacent to the concrete apron
were filled with sand and the downstream sandbar removed until
the riverbed was at elevation 3130f. The deep hole that was
eroded by the impact of the jets was not filled. The water level

in the model tailbox was slowly raised until the tailwater eleva-
tion was at 3144; then the river outlets were opened to discharge
15,000 cfs. Almost immediately the same eddy action started

and after a few minutes the flow pattern and eroded areas were
identical to those observed in the first test.

The concrete apron downstream from the powerhouse was removed
from the model and replaced with 3/4- to 3/8-inch gravel, repre-
senting 30- to 36~inch prototype riprap. Sand representing the
erodible material in the river was extended upstream to the riprap.
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Operation at 15, 000 cfs showed the same eddy patterns as observed
in the previous tests. The erosion after 3 hours' operation also was
similar; all of the loose bed material along the downstream edge of
the riprap was removed by the eddies but none of the riprap was dis-
placed.

To disperse the jets from the valves over a wider area, the valve
alinement was modified by turning the three right-hand valves to the
right. The left (No. 4) valve alinement was unchanged; No. 3 valve
was turned 5° to the right, No. 2 valve 10°, and No. 1 valve 15°,
Figure 71A. Spreading the jets helped the flow pattern considerably.
After 5 hours' (model time) operation, the eddies and erosion were
reduced over that observed with the original alinement after 1 hour's
operation. There was no movement of the riprap in the afterbay
area. However, the riverbed material that eroded from the impact
area moved downstream and formed a sandbar across the river
approximately on a line between the two flip buckets. When the

river outlets were shut down and the only flow was through the power-
plant, this bar became the water-level control and raised the water
surface elevation at the powerhouse about 5. 3 feet above normal tail-
water elevation.

To further disperse the flow from the river outlets, the angle
between the valves was increased an additional amount. The left
valve was unchanged; the second, third, and fourth valves from the
left were turned to the right of their original alinement 7-1/2°, 15°,
and 22-1/2°, respectively, Figure T71B. e

The model was then operated with 15, 000 cfs through the valves,

32, 000 cfs through left spillway, and 24,000 cfs through powerhouse;
the jets were well dispersed, Figur Eventually the flow pattern
became the same as described in the original tests, but since the flow
was more dispersed the length of time required to attain this flow pat-
tern was longer. The riverbed erosion at the end of 10 hours' model
operation was similar to that obtained in the previous test; the eroded
material formed a sandbar far downstream from the flip buckets,
Figure 72. The top of the sandbar was at elevation 3047 and caused
the tailwater elevation to be 5 feet above normal during subsequent
runs with only the powerhouse in operation. Some of the riverbed
material that was disturbed by the jets moved upstream with the clock-
wise eddy and was deposited on the riprap apron of the afterbay, Fig-
ure 72. Examination showed that this material came from the area
along the right riverbank between the riprap and the right tunnel
portal. It was estimated that close to 35, 000 cubic yards of material
moved into the tailrace.

The deposition of riverbed material on the riprap apron might entail
costly maintenance problems; therefore, methods of preventing the
deposition of material were investigated in the model. The first
method consisted of preexcavating the area along the right riverbank,
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where previous model tests had indicated that most of the river
material had originated. Figures 73 and 74A show the outline of
the preexcavated area,

The model was operated (left spillway--32,000 cfs, outlet works--
15, 000 cfs, and powerplant--24, 000 cfs) for 8 hours and examined
to determine the amount of riverbed material that had moved into
the tailrace area. Very little material was deposited so the opera-
tion was continued for an additional 8 hours. Figure 74B shows the
appearance of the tailrace after 16 hours' operation. No additional
riverbed material had moved into the tailrace. This corrective
method involved the removal of approximately 30, 000 cubic yards
of riverbed material a costly undertaking.

The second method of preventing the deposition of material on the
riprap was by regulating the discharge through the valves. This method
consisted of operating the two left-hand valves (No. 4 and No. 3) for
as long as possible to direct the outlet flow downstream and to limit
the operation of the two right-hand valves to only when large releases
were necessary. For the model investigation of this method, the
riverbed was reformed as shown in Figure 74A and the model was
operated with 24, 000 cfs through the powerplant, 32, 000 cfs through
the spillway and 7, 500 cfs through the two left-hand valves. At the
end of 7 hours' operation, an equivalent of approximately 5, 000 yards
of material had moved onto the riprap; most of the movement had
taken place during the first 2 hours of operation so a longer test was
deemed unnecessary. Figure 74C shows the tailrace area after this
test.

This method of preventing excessive sedimentation in the tailrace

was considered satisfactory. Although it was less effective than

the first method, the second method was adopted over the first method
which was considered too costly for the improbable flow conditions
that would require operation of all four outlets.

The riprap in the tailrace had been subjected to over 30 hours' opera-
tion during these tests without being disturbed. This indicated that
the size of riprap in this area might be reduced. Originally the speci-
fications called for 30- to 48~inch-diameter rock; in the model these
were represented by stones 3/8- to 3/4-inch in diameter. This rip-.
rap was replaced by stones 1/4- to 3/8-inch in diameter, represent-
ing prototype rock 18 to 24 inches in diameter. The smaller size
riprap was in place during the two tests to determine a method of
reducing the sedimentation in the tailrace. There was no movement
of the riprap during these tests; some settlement or consolidation
was apparent but easily identified individual stones were noticed in
the same places after each test.

These tests showed that the riprap in the tailrace could consist of
rock 24 to 30 inches in diameter, rather than the 30- to 48-inch-
diameter rock originally specified. However, because of sub-
sequent design and cost considerations, a concrete slab was placed
in the powerplant tailrace instead of the riprap.
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Water surface drawdown--Spillway operation. --A major concern
relative to the operation of the structure was the lowered tailwater
elevation at the powerhouse during operation of the spillways. The
reduction in water surface elevation or "drawdown'' was caused by
the ejector action of the jets striking the river and forcing the
water downstream; the upstream water was drawn into the jet
impact area to replenish the ejected water, resulting in a depressed
upstream water level.

Approximately 3,000 feet of river channel downstream from the
powerhouse was represented in the model. The estimated solid
rock boundary of the river channel had been placed in concrete and
the sand and gravel of the riverbed were represented by sand
placed on the concrete. In this manner, the stable riverbed and
the erodible bedload deposits were represented. The estimated
solid rock outline and the extent of sand deposits in the river were
obtained from field drawings. The river outline was established
from specification drawings.

In preparing the model for determining the water surface drawdown,
the sand bed was leveled and lightly compacted, and the riprap cover
was placed in the tailrace. The operating procedure was to discharge
24, 000 cfs through the powerhouse and to pass a known flow through
the spillways. The tailwater elevation corresponding to the com-
bined flows was set by the tailwater control gate at the downstream
end of the tailbox. When the water levels had stabilized the water
surface elevation in the tailrace 20 feet (prototype) downstream
from the powerhouse was recorded. The difference between the
recorded and the normal tailwater elevations was the amount of
drawdown.

The water surface did not have a uniform slope between the two sta-
tions; the surface sloped slightly downward from the powerhouse

to the point of impact of the jets where there was an abrupt increase
in the water level and an area of extreme turbulence followed by a
mild slope from the turbulent area to the tailgate control.

The water surface drawdown was determined for the range of spill-
way flows from no flow increasing to the maximum discharge in
increments of 50, 000 cfs, and then in decreasing increments to

no spillway flow. The fluctuation in water surface at the power-
plant was also measured. The drawdown in the increasing-flow
cycle was greater than that recorded in the decreasing-flow cycle
because of the difference in riverbed erosion.

Three theoretical tailwater elevation curves were available, Fig-

ure 75. These curves were contained in the report, ''"Tailwater
and Degradation Studies--Colorado River Below Glen Canyon Dam, "
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prepared by the Hydrology Branch. The three curves were (1) ini-
tial conditions, (2) after channel degradation, (without Marble
Canyon), and (3) with Marble Canyon Dam, (no channel degradation).
The first curve represented initial operation without backwater
effects from Marble Canyon and before channel degradation down-
stream from Glen Canyon Dam. The second curve assumed that
clear water releases from Glen Canyon had caused downstream
channel degradation, resulting in a lower water surface elevation.
The third curve assumed that backwater from Marble Canyon Dam
affected the tailwater elevation and no downstream channel degrada-
tion had occurred. The third curve was used in the tests to deter-
mine the water surface drawdown.

The tailwater elevations at the two stations, the water surface draw-
down between the two stations, and the water surface fluctuation at the
powerplant are shown on Figure 76.

Before erosion the maximum drawdown occurred for a combined
flow of 300, 000 cfs; the amount of drawdown was 30 feet. The
maximum water surface fluctuation of 5 feet occurred during the
maximum discharge.

A water surface drawdown curve was also obtained without the
sand placed on the concreted solid rock outline of the riverbed.
This curve was almost identical with the drawdown curve after
degradation. One run was made at maximum discharge with the
downstream tailwater elevation corresponding to Curve 2 on Fig-
ure 75 (after channel degradation, without Marble Canyon). The
controlled downstream and observed upstream tailwater elevations
were 5 feet lower than for the previous tests, suggesting that the
amount of water surface drawdown would be the same for any of
the three tailwater conditions.

One measurement was made with the left spillway discharging
138,000 cfs and no flow through the right spillway. For the
three tailwater conditions, the water surface drawdown was
slightly greater than when the combined discharge of both spill-
ways was 138,000 cfs.

The same series of water surface drawdown tests were made

with 15,000 cfs discharging through the river outlets, 24,000 cfs
through the powerhouse, and both spillways operating. In general,
the operation of the river outlets increased the drawdown about

1 foot; this was true for the full range of spillway discharges and
for before and after riverbed erosion.
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Limited investigations were made to determine the effect on the
upstream water surface elevation after the spillways had operated
at a combined flow of less than 100,000 cfs for relatively short
time periods. The model tests consisted of preparing the river-
bed to represent the predegradation conformation (8-10 inches of
sand on top of the concrete). Flow included the spillway discharge
plus 24,000 cfs through the powerhouse and, in some tests,

15, 000 cfs through the river outlets. For spillway discharges up
to 75,000 cfs, the spillway jets eroded the riverbed material
forming a sandbar downstream from the impact area. The loca-
tion and size of the sandbar depended on the spillway discharges.
After the spillway flow was shut down, the sandbar controlled

the upstream water level for powerhouse and outlet flows and

for all spillway discharges less than the discharge that had formed
the sandbar. This sandbar increased the water surface elevation
at the powerhouse by 5 feet for lesser spillway flows and for
powerhouse operation only.

A sandbar also formed for spillway discharges greater than
75,000 cfs. It was not possible to record conclusive tailwater
data in the model because the sandbar moved rapidly downstream.
After 2 to 3 hours of model operation, the sandbar had moved
beyond the model tailgate and no longer controlled the tailwater
level. These results are only qualitative because the sandbar
would control the tailwater for discharges above 75,000 cfs if a
longer reach of the downstream river channel had been included
in the model.

Water surface drawdown in powerplant afterbay. --A cost analysis
indicated that it would be less expensive to place an 8-inch-thick
concrete apron in the powerhouse afterbay rather than the riprap.
To assist the designer in determining the number of weep holes
necessary to relieve uplift pressures on the slab, water surface
profiles for various operating conditions were measured.

Five electronic water-level measuring gages were placed on the
center of the river channel between the powerhouse and the down-
stream tailwater control. Water surface variations at the five sta-
tions were simultaneously recorded on a Sanborn recorder so that
the change in water surface with respect to time could be obtained.
The water-level gages were arranged so that gages one through five
were 53, 96, 210, 340, and 3, 000 feet downstream from the power-
house. The concrete apron will extend about 250 feet downstream
from the powerhouse.

Three different operating conditions were tested. In Test 1, the

powerplant was operating at 24,000 cfs with the tailwater stabilized
at elevation 3146. The four river outlets were opened over a period
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of 8 minutes (all values are prototype), ultimately discharging

15, 000 cfs, giving a total flow of 39, 000 cfs. Operation was con-
tinued at this flow for about 7 hours. The recorded water surface
profiles with respect to time, Figure 77, showed that at Stations 1
and 2 the water surface dropped about 1 foot in the first 45 minutes,
dropped another foot in the next 75 minutes, and stable for the
remainder of the test. The water surface at Station 3 dropped 1 foot
before the valves were fully opened, increased to the original eleva-
tion during the ensuing 15 minutes, then gradually dropped about

5 feet during the next 200 minutes, and then fluctuated between 4 and
5 feet for the remainder of the test. The water surface at Station 4
dropped 3 feet as the valves were opening, recovered about 1-1/2
feet during the next 10 minutes, then gradually dropped about 3-1/2
feet over the ensuing 60 minutes, at which time the measuring device
became inoperative due to a sandbar that formed directly under it.
The water surface at Station 5 raised 1 foot during the time the valves
were being opened, then remained constant for the duration of the
test, which represented the normal rise in tailwater elevation for
this increase in discharge. This test showed that for this operating
condition, the most critical period for uplift would be while the
valves were being opened and the drop in the water surface at the
end of the apron would be about 2 feet.

In Test 2 the powerhouse was discharging 24, 000 cfs with the
tailwater stabilized at elevation 3146. The four spillway gates
were opened at the rate of 2 feet per minute (fpm) until the com-
bined spillway flow was 15, 000 cfs. This flow was used because it
was the minimum discharge at which the jets swept out of the flip
buckets. This operation was continued for about 2 hours; then the
spillway flow was increased to 30, 000 cfs and continued for about
1-1/2 hours. The spillways were then slowly closed over a period
of about 1 hour; the test was continued for an additional hour with
only the powerhouse operating.

The water surface profiles, Figure 77, indicated that the water
level at Station 1 rose less than 1 foot in the first hour and then
remained constant until the spillway flow ceased. At Stations 2,

3, and 4 the water level rose 1-1/2 feet in the first hour, remained
constant until the spillway flow increased to 30, 000 cfs, then drop-
ped about 0.25 foot and remained constant until the spillway gates
were closed. The water surface level at Station 5 increased 1.5
feet as the spillway discharge increased to 15, 000 cfs, remained
constant until the spillway flow was increased to 30, 000 cfs when
the water level raised an additional 1.5 feet. The water level at
Station 5 dropped as the spillway flow was shut off.

This test indicated that there should be no uplift problem during
this operating condition.
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In Test 3, the powerhouse was discharging 24, 000 cfs with the tail-
water stabilized at elevation 3146. The left spillway gates were
slowly opened until the spillway discharge was 29, 500 cfs, repre-
senting the maximum discharge of the tunnel plug outlet works.
Operation was continued at this flow until the tailwater had stabilized;
then, the powerhouse flow was slowly shut down. The tailwater

was again allowed to stabilize; then the river outlets were slowly
opened until they were discharging 15, 000 cfs. This operation was
continued for approximately 80 minutes; then the river outlets were
slowly closed.

The recorded water surface profiles, Figure 77, showed that the
water level at Stations 1 through 4 would increase about 1 foot as
the spillway flow increased. When the spillway flow reached

29, 500 cfs, the water level slowly dropped about 1.5 feet over a
period of 45 minutes. When the powerhouse flow was shut off, the
water level at Stations 1 through 4 dropped about 4 feet in a period
of 10 minutes. The water level was stable at these stations until
the river outlets were opened. As the river outlets were opened,
the water level dropped 2 feet at Stations 1 and 2 and 5 feet at Sta-
tions 3 and 4. During the first 25 minutes of the river outlet opera-
tion, the water level rose about 1.5 feet at Stations 1 and 2 and
2.5 feet at Stations 3 and 4. When the river outlets were closed,
the water level rose about 2.5 to 3.5 feet. The water level at Sta-
tion 5 increased 3 feet as the spillway flow increased, dropped 2
feet when the powerplant was closed, and rose 1.5 feet when the
river outlets were opened.

Test 3 indicated that for this operating condition the slab should be

designed to provide for a water pressure differential of 3 feet when
the river outlets were initially opened.
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TABLE 1
PROTOTYPE SPILLWAY VELOGITY COMPUTATIONS

le-~--5ta. 20 + 0O
I
SR E.G.L. + Losses (EI. 3712.0)
B e S | DATA
—_— E.G.L ~~ o :( _____ H d 1 uh i
- Rl PSR VI ead foss  hf [. Max. W.S. EL 3712.0.
-— ~~--Sta -~f--- 2. Max. Q = 142,000 c.fs.
{ . . 3, Critical depth at Sta. 20 +32.33.
~---Velocity head " h, 4. Roughness coefficient n estimated to be 0.014.
/‘: ! 5. For diameter of tunnel see figure.
\
\
G NN F oDDozIs Xr_‘—‘
* _.--dy cos ©
Tunnel Portal--_ .
‘ S~ FORMULAS
k---~Sta. 26 +11.72 |
i : 2 2,2
L =9 = M - n-y . -
i 0 V=3 h3g: S=7z8rer 5 hf*Sarl
| 2 3 4 5 6 7 8 S 10 I 12 13 14 {5
Stati Elevati p q o A v h s s L h S h dn cos © | Elevation
ation evation cos r
n n v av f f +hv,+zhf +
20+32.33| 3642.9 | 46.08 | 46.08 | 1843.2| 328.52 | 23.04 | 13.95 {0.003924| — — —_ — 69.12 3712.0
21+46.38| 3543.5 | 34.91 | 20.02 | 1462.5 97.09 | 146.37 | 14.80 | .025939|0.014931 | 153.89 2.30 2.30 | 168.69 3712.19
22+10.91] 3451.3 | 30.20 | 17.32 | 1148.7 | i23.62 | 237.30 | 13.23 | .043340] .034640| 112.49 3.90 6.20 | 260.82 3712.12
22 +75.43| 3359.2 | 28.45 | 16.32 982.7 | 144.50 | 324.23 | 12.16 | .066319| .054830| 112.49 6.17 12.37 | 352.92 3702.12
23 +26.24| 3286.6 | 26.30 15.09 894.3 | 158.78 | 391.41 i1.73 | .083893| .075106| 88.58 6.65 19.02 | 425.52 3712.12
24+50.20| 3177.1 24.17 | 21.42 810.2| 175.26 | 478.92 | 11.28 | .108154| .096025| 167.38| 16.07 35.09 | 535.43 3712.63
26+ 11.72] 3137.4 | 23.80 | 23.80 793.4 | 178.97 [ 497.36 | 11.19 | .113680| .110917| 167.38| 18.56 53.65 | 574.81 3712.21
28+ 11.72] 3136.7 | 24.25 | 24.25 811.9| 174.89 | 474.95 [1.28 | .107257| .110468] 200.00 | 22.09 75.74 | 574.94 3711.64
32+ 11.72| 3135.3 | 25.15 | 25.15 848.9 | 167.27 | 434.46 11.48 | .095886| .101572| 400.00| 40.63 116.37 | 575.98 | 3711.28
34+51.72| 3134.2 | 25.70 | 25.70 870.8 | 163.08 | 412.97 [1.60 | .089838| .092862| 240.00| 22.29 138.66 | 577.33 3711.53

Column 3 assumed
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TABLE 2

|:.63.48 MODEL SPILLWAY VELOCITY COMPUTATIONS

<~~-Head loss 'hg
~~~~~~~~ DATA
l. Max. W.S. EI. assumed to be 100.000 .
--—-Velocity head "hy" 2. Max. Q = 4.422 c.f.s.
3. GCritical depth at Sta. 0.510'.
4. Roughness coefficient "n' estimated 0.010.
5. For diameter of tunnel use model scale on fig.
““““ dn cos. ©
Tunne! Portal---___
_ ~—
TTT"-Sta. 9.633 i FORMULAS
) o V= Q. h,, = Lz s S = —ﬁvz_‘7_ : hg= S L
— —) (——= Ao Ny g’ z.208 r 0 f av
| 2 3 4 S5 6 7 8 9 10 11 12 13 14 15
. . dn cos © | Elevation
Station | Elevation| dp dhcos®| A Vv hy r S Sav L he Zhe
tht2he| + @
0.510 98.91! .726 | 0.726 | 0,457 4.84 | 0.363 0.220 | 0.0080 — — — — 1.089 100.00
2.305 97.346 .553 317 .365 12.12 | 2.28" .234 .0461 0270 | 2.423 |[0.0655 | 0.0655 2.662 100.01
3.32| 95.895 480 .257 .288 15.35 | 3.66 .209 .0861 0661 1.771 L1170 1825 4.099 99.99
4.337 94.444 .455 .261 .248 17.83 | 4.94 .192 .1300 1080 1.771 1913 .3738 5.575 100.02
5.138 93.30I .423 .243 227 19.48 | 5.88 187 1607 1453 1.395 .203 5768 6.710 100.01
7.092 91.577 .392 347 .208 21.26 | 7.02 .180 .2014 1810 2.636 477 1.0538 8.421 100.00
9.633 90.950 390 .390 .207 21.36 | 7.09 .180 .2033 2023 2.636 534 1.5880 9.068 100.02
11.995 90.941 .402 .402 .215 2057 | 6.57 .182 .1857 1945 2.362 .459 | 2.0468 9.019 99.96
12.784 90.939 .408 .408 .218 20.28 | 6.39 183 1793 1825 0.789 .144 | 2.1908 8.989 99.93
19.082 90.917 .438 .438 237 18.66. | 5.41 189 .1453 1623 6.299 | 1.022 | 3.2128 9.061 99.98
22.862 90.900 .460 .460 .250 17.69 | 4.86 193 1270 | .136l 3,780 .514 3.7268 | 9.047 99.95

Column 3 assumed

69t ‘OAH L Y043y



FIGURE |
REPORT HYD. 469

r~-0. & R.G.W.
\ | Marysvale Sr:
©
A PI1UTE E ]
5 72
o) ’ w®
Beaver  * 3 .
e ur
Circleville g e
e - .
H / YAntimony
2
X / 3
A~ A
' ef A R F I E L D il F
™ I Panguitch & Boulder " foracr=ll
" Parowan N \ w7
X U"’&I Escalante N N NES
Newcastle = g6 ~t=flCedar City /S {s3 o’
\-/ Hatch, ] % 4
s / S'BRYCE CANYON
1 : 7§ NaTLPARK ?f‘é, Ny ~
—-y —=- T - - - AN {4 s A N
@ \ SN
Q . 4
WASHINGTQ L R \ =,
W N \
PmTur b, oA \e, 9 J u/ A N
And%a;son Or‘derwlle y PAN Y an
A N E " W S
o y
Ve‘"k'nu ,\v‘k : N\ / M‘f Carmel N WAHWERP p San J",.rr (pcu
ﬂ‘;"L 3 DEPOSIT 1{ SIS -/ NTer
~/ Hurricane = -~ baRk" & N h\\-\’?., ' AR ¥ g
N > 7 .
St. George ! R S W R 1Y A e oy inpow srince Mexican
~ Coni
UTAH | Kanab \ urad VNG P . NAVAJO Hat
.- - N -~ - -- A - -
ARIZONA us S SuRainbow
Lodge
, Marb| CANYON
Cgr';yoﬁ i A M I ND LA N '
/'.
w
JacobY™
Lz?akeb Shonto Kayenta
M O H A v 3 ' Spring S"ERVA|TION
. N
%
2, —_
S ) (4]
—I ADQ GRAND CANYON ’
[ o% .'1\
— CO"‘ L J _ PARK
e | -
GRAND )
T Grand Canyor
CANYON
NAT'L.
PARK/S .
.
C o] C o]
Peach
SpPrings st
1. &
%
‘
v
MOHAVE | \____Seligman
oy
L A S A TN [ '
e p=——==""\illiom
SCALE OF MILES Ashfork ams A
T e 2. SALT Lake
TWendover {
Prove
2] ﬁ¥ 4-18-58 ADDED LOCATIONS OF TESTED AGGREGATE DEPOSITS
N EV AD A o ! S2 | Pecp ).
@a Arsow °,. : - ;‘;v; 4-1-527 & ADDED THE LOCATION OF THE COMMUNITY SITE
‘cRAMENTO .N' § u'&lg o kS AT GLEN CANYON DAM
\ © b wz [R35| r2-re- 5st ADDED OUTLINE OF RESERVOIR
o e | 3 By -
" =3 <}
5“ N terced Caliente, : &g 2&:‘»:‘ UNITED STATES
N\ - Sanfars DEPARTMENT OF THE INTERIOR
\, O o e 555"5“, BUREAU OF RECLAMATION
\ Frdonoly ¢\ Los c,nyof"""‘ L EN Al 385 COLORADO RIVER STORAGE PROJECT
NS CANYON /][\ SR YE, | MIDOLE RIVER-DIV.--GLEN CANYON UNIT - ARIZ.-UTAH
N 2wz 34
’ K kam - S GLEN CANYON DAM
Q i @
Barstow v rﬂ Tginslow E:E!E;g LOCATION MAP
LR R -
LOS ANGELES . . H
K= ) T Wickenburg ? W'—.
e MO X R RS
. o ¥. PHOENIX P k ":‘,’ % l’l
KEY MAP 63- "2? CHECKED B/K,‘_ m_appnovsn
EQ ne DENVER, COLORADO ~ AUG, (, 1986




FIGURE 2
REPORT HYD. 469

3 \ J
A
A0 >
\ L)
6\ \\ z = \ P
40'x52.5' Radial \\ o€ Service rdgd Ao

2,161,000

\@
0

Nz,159,000

N2t
?

N2,160,500

Q ° N
Intersection af € spiliwa with (2‘

Diversian Vi\
axes of crest-Sta. 20+0 | gafes/ . R el plug A
N2.16L414, ) T n. T "\~&"41'Dia Diversian \ //‘ -
E627.178~-__ A\ ' s 3 tunnel~= 3 N L@, /
Al

_-EL3715-<

N 2,162,000

e —JIF T NN e X /" 2
TS 1S g S o N N
= /

f bucket
If’\ -Portal,Sta. 36 + 96

i

Gate hoist bridge =~
Guardrail--___
P -

Spiliway approach -
channel,£1. 3635 -
Service area

E 627000

=25 ; 7 Thain- link ~
\\{-@/jence_andgate L

~{E1.3730 4\
‘ ﬁ et S
- E /Rif"lfgsf?rljuck structiE

. e
— el 4=
=SHas: £

o

ersian tunnel
Chain-link fence and 9o
}tunnel plug L=~

REVISEQ TO CONFORM WITH CONSTRUGTION DRAWINGS

~22-62 REVISEO ANO REORAWN.

& B

3-8-57 : REVISED ALINEMENT OF S5PILLWAY APPROACH CHANNELS.
0. ERD. <

UNITED STATES
DEPARTMENT OF THE INTERIOR
BUREAU OF RECLAMATION
COLORADO RIVER STORAGE PROJECT
MIDDLE RIVER DIV-GLEN CANYON UNIT-ARIZ~UTAH

e

. \‘10
500t
GLEN CANYON DAM AND POWER PLANT
Lys PLAN
g Highway A 77‘ -
0 o 89/ al ( . orawn_EAL-RKS. _susmirreo . QL.Rice
e of 7 \ N 7T T/ RSO NN T VY S 8 v A6 switchyerd Y VL8 oV L | oRAwN SRR SuBMiTTED L S R
s g /\ :: /5 . ‘Esesr‘:::gh{gagg C._ mecommenceo_._ KB Kesner . _
o ~of '9/ cHeckeEp LK TERD. appmrovED.
> of \ g DENVER,COLORADO, NOVEMBER 19, ID8E I
=




299

I —--Valve

|

™~

”

o
o
" ©
“ T
8 — i
w1 T
6% - e

SECTION A-A

| o 1 2 3
[ 1 [ |

SCALE OF FEET

6" 1.D. Pipe--<

_______________________________________________________ >
i
3= 6" - e 21" =
i
I
/l
Tailgate--—H-f~
Sand Trap-,
’
/ 3
oy o
v w
¥ £
2
]
@
/Baffles i
: Y
| S-S
Qﬁ:‘\
1
¥
1 0
= X
=l
—KkN
[
¢
PLAN Y

| y -~--Tunnel Portal 33 Tailgate ---
& - 4 ———— El X .
L X F“---Ey 3130 - .
: : i 1
5. Sand 077 - El. 3024 x A
T ! '
:‘; Sand Trap--~
g ELEVATION

GLEN GCANYON DAM SPILLWAYS
1.88 SCALE MODEL
DIVERSION STUDY LAYOUT

69t ‘GAH 1L¥0d34

G 34n9id



Figure 6
Report Hyd-469

GLEN CANYON DAM SPILLWAYS
1:63. 48 Scale Model



FIGURE 3
REPORT HYD. 469

€ Service .
Road--- -

Crest-£1. 3648
EL 3635y -1

outlets trosh-
rack structures-:

--Gate erectian plotfarm

Elevatar tower -~

|
\
i
\
\

“-€ Left spiliway
tunnel

Axis of crest-,

Sta 20+00-

.

-

Vista canopy-_

-Gate haist

i\\sfrucfur‘es Ty

~~165 Ton gantry crane
{

~Vista canapy

~Elevatar tower

cGate hoist and stems f
1]
/ Y Top of dam-£1.375

53

\._storoge platform

¢ Service road -
El. 3750\_——'\’

bridge---. ="

- \

|
“Penstock trashrock
structures-----

El. 3425

“~~€ Floatwell intake-

[
¢ River outlet
\ intokes-£13374

—e = —— -

N

== o ——— —————— T —po e —————
s L) | 420
40 = 701 - ><----- 1‘ _________
1440+ - L-L-wo _B_/Qc_k,nu_"zb.ef _______________
I
i
\
\
\
- - \
: /7
*}-€ Penstock f/ /
intakes-£l 3470 P - /
-~ ' . .
; P / ~.---Excavation line
| ! //’ 4 /“’
| . i 4 “~~ X 0riginal ground
Rz)f(c:gegrc: gplfgg far damy | // / sugrfacegaf oxis
| { o / .
! ; i/ <€ Right spillway
Pawer Plant - Axis Sto * - tunnel

’;—Reference plane far

10400 .

~=--Cantraction joints

UPSTREAM ELEVATION
DEVELOPED ALONG AXIS

Min. ws. for pawer

aperation-£l.3490°;

\
~\

SeoN
g N

2R

Mox WS EL371F
Nor. WS, EL. 3700

Trashrack o
structure----- -

E1.3470-
- b4

Axis of dom-

Pump chomber
gollery ----

Foundation
gallery- .

Drainage gallery-"

--—Gote hoist

Tap af dam-E1. 37157

Trashrack sfrucfure.j
Filling line gallery----___

Gote chamber - - _

El 3374~

96" Ring-follawer gate-

Adit to
faundation

gallery----

Foundatian gallery->

Drainage gollery--"

“-Utility gallery

A--30"Dia air vent

-Filling line goller
ond gc.hambgr, y
-4396 x22.45 Fixed
wheel gate

_-—Contraction jaint

-15-0"LD. penstock

E1.3140---

v

IR

-

400" At Sta 10 +00- - - =
£l 3157,

7 _ -~,.,
“~Backfill

€ 112,500K.W. generatar

L~ Utility gallery

~6"Dia.air vent

SECTION T

-Gantry crane

|| -£1302
| N

“-Mass cancrete

SECTION THRU PENSTOCK AND POWER PLANT

———————————————————————— 41" Dig. $€CHION -~~~ ~ = == mm e m L

~E1.3137.37~,
pael

-

2
Q
r
[+
+
~
N P
\

)

N
A2

3
I~<~.-Sta. 26+83.15

.—;Sfa. 35+22

! 55ta35+89.50
T EL 3I576

-~El 3126

SECTION THRU RIGHT SPILLWAY TUNNEL

El. 3134. 43---

RS £ )

100
L

RESERVOIR ELEVATION

_---Gate service shaft

--Contraction joint

-96"1.0. autlet pipe

-Adit ta drainage galler,

RU RIVER OUTLETS

9-2-300 Ton power plant cranes

,--Machine shap

= C_YTEL 3?5

96" Hollaw- jet vaive

Lo

100

200
{

1
SCALE OF FEE

T

! T
oo T gD 3
t iReservoir areg-, 4 ‘
w . ; - 1T i -

w z o% se00 ' — - - — 4 -
© 0z3 P [ < | U 1~YReservair capacity
[ 4 : ap A oy Py et e
< 38 P --4:96"Qu tlets
T 37e0 L L5 3s00 o =
a AR : Z -
N 3700 & E .IL_J 3400 } ”"
§ so¢ ‘ |t
3 3880 E o 8 3300 1] +
z oLE e S piliway dischorge |

« > T N o T

2 —~
3660 ® 3p00 o
dima
se<0 3too o : - 1= 15 20 25 30 35
RESERVOIR CAPACITY-1,000,000 A F
RESERVOIR AREA- 10,000 ACRES
SPILLWAY DISCHARGE - 10,000 G.F 5.
RIVER QUTLETS DISCHARGE-1,000 C.FS.
AREA, CAPAC!TY, AND DISCHARGE CURVES
,--El1. 3132 ]

S L.--Backfill

I ~28-64N REVISED TD GONFDRM WITH CONSTRUCTION ORAWINGS
0.e®..3.

1~22-62 Y REVISED AND REDRAWN.

0.ER. DS

UNITED STATES
DEPARTMENT OF THE INTERIOR
BUREAU OF RECLAMATION

COLORADO RIVER STORAGE PROJECT
MIDDLE RIVER DIV.~GLEN CANYON UNIT - ARIZONA-UTAM

GLEN CANYON DAM AND POWER PLANT
ELEVATION AND SECTIONS

%8, _ svemsrren._ QL. Rice

omawn E:2
TRACED.CO

cHECKED. VNI ERD._

AB800. OWIEF ENG/NEER

| 557-D-73

DENVER, COLORADO, NOV. 19,1980




FIGURE 4 _
REPORT HYD. 469

€ Service bridge---.... .- Operating bridge
£1.5730.00--===- ‘*;. | _Intersection of axes af crest -

Mox.ws. £l 3,,,,..\‘ A/ Sto.20+00 (Alang € of tunnel)

Nor. W.S. E1. 3700 -y — — :

Spillway intake-~---— . _

Crest - £1.3648.00---- |
“ REFERENCE DRAWINGS

SPILLWAYS: -
/ \ SPILLWAY APPROAGH CHANNELS ~ EXCAVATION . - — o e e e e . 557D~ 442
TN N SPILLWAY INTAKE STRUCTURES - EXCAVATION_ . . _ _ _ - 557-D-5/0
Sta. 20 + 45.000--" R RIGHT ANO LEFT TUNNELS - ELEVATIONS AND SECTIONS_ _ _ _ _ . _ _____ __557-D- 444
RIGHT AND LEFT TUNNELS - GROUTING AND DRAINAGE DETAILS _ _ _ _ _ _ _ _ _ 557 -D- 445
INTAKE STRUCTURES -~ SHEET | OF @ _ . _ _ _ _ o e e 557-D- 601
INTAKE STRUCTURES ~SHEET20F @ _ _ _ _ _ _ 0 _ 557 - 0- 602
HOIST BRIDGES - PLAN AND SECTIONS_ _ _ _ __ ___ __ ___ e e — . 557~ D- 678
DISCHARGE CURVES . _ . oo o o __557-D-1386
40'X 52.5'RADIAL GATE ~ GENERAL INSTALLATION_ _ _ _ _ . . _ _557-0-777
RADIAL GATE HOIST - INSTALLATION . _ _ _ _ o _ _ _ _ . __ _ . 557-D- 1478
RIGHT SPILLWAY : —
Sta. 26+12.943 -~~~ e DOWNSTREAM PORTAL - DEFLECTOR BUGKET - PLAN AND SECTIONS - SHEET | OF 2__ . _ __ 557~ D~ 982
> DOWNSTREAM PORTAL - DEFLECTOR BUGKET - PLAN AND SECTIONS - SHEET 2OF® _ . . _ _ 557-D-1983
£1.3487 363----. i TUNNEL - INVERT REPAIRS _ _ _ _ _ _ e e 557-D- 2807
— —al
LT LEFT SPILLWAY : -
I DOWNSTREAM PORTAL - DEFLECTOR BUCKET - PLAN AND SECTIONS - SHEET 1 OF8_ _ _ _ _ 557- 0- 2099
i P DOWNSTREAM PORTAL - DEFLEGTOR BUCKET - PLAN AND SECTIONS -SHEET 20F2_ _ _ __ 557-D-2100
/’ ! !
d / 1
Pl / 1
=4 ’ I
. / i
e / 1
e / !
- , |
’ s t
P ! +
e / ]
- ’ il
e / i
e /! 1
E1.3349.331---"~ P s . - / ;
|
Sto. 22 +82. 32}—-""‘ !
:
1
PC.-El 3286. 6//-\ !
]
]
E
510.23+26.240----" !
|
]
: :‘\
1 13134179
i 5 \/ (Right tunnel)
! |
1
' '
] ] c
L N— - > o . El. 3157.00

* "\l 3157.61 (Right spillw
p_—-i Tunnel (Rig piliway)

PI-El. 3138.000- -, \ _--P.T.-E1.3137 365 R -£1. 3130.00

. o } ; 77 AN
Sta. 24+30.298 ! Sta. 36+ 96.00—--"" 1 “--Deflector bucket
Sta. 35+22.00 .~
PROFILE ~ LEFT SPILLWAY ' (Right tunnel)--~
{RIGHT SPILLWAY SIMILAR)
NOTE

Far sheet | of 2, see Dwg. 557-D~443.

T-31-64 4| DELETED REFERENCE TO DWG. 557-D-2806
D-&£®.3.

@ suavs uink SAFETY

UNITED STATES
DEPARTMENT OF THE INTERIDR
BUREAU OF RECLAMATION

COLORADO RIVER STORAGE PROJECT
MIDDLE RIVER DIV.-GLEN CANYON UNIT--ARIZONA-UTAM

GLEN CANYON DAM

SPILLWAYS
PROFILE

ORAWN. ... :l-_M;':-____susulrrEo__.m?,‘ _}nﬁ ______________

DENVER, COLORADO, MAY 28,/963
SHEET 2 OF 2

557 D-28I10




299

WATER SURFACE ELEVATION-FEET

3180 /<
/ T~ L ~—~Phoenix curve used in Marble
A Conyaon studies.
3170 //
// /‘/ "T=1-- Estimated curve based on
observations shown and shape of
3160 | . P
y " Lee's Ferry Curve.
//
//
3150 ,/{\ NOTE
/ _I>0bserved T.W Elevations Observed T.W. curve, assumes
P -~ Marble Canyon holds water
- surfoce at El. 3i40.0
3140
0 50 100 150 200 250 300

DISCHARGE IN THOUSANDS OF GFS.

GLEN CANYON DAM SPILLWAYS
1:88 SCALE MODEL

PRELIMINARY TAILWATER GURVES

69 ‘GAH 1¥0d3Y

8 34¥N9i4



Figure 9
Report Hyd-469

Discharge = 30,000 cfs
T.W. Elev. = 3043, 6
Discharge = 65,000 cfs
T.W. Elev. = 3048, 2
Discharge 65,000 cfs

T.W. Elev. =3053.1

GLEN CANYON DAM SPILLWAYS

1:88 Scale Model
Diversion Studies
Flow Conditions with Right Tunnel Operating
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Q = 60,000 cfs

Q = 60,000 cfs

T.W. Elev.

T.W. Elev.

= 3047, 17 Q =130,000 cfs

= 3052. 4 Q =130, 000 cfs
GLEN CANYON DAM SPILLWAYS

1:88 Scale Model
Diversion Studies
Flow Conditions with Both Tunnels Operating
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T.W. Elev. = 3064.0
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FIGURE 11
REPORT HYD. 469
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Figure 13
Report Hyd-469

25° Flip Angle

35° Flip Angle

45° Flip Angle

Discharge
T. W. Elev.

121,000 cfs each tunnel
3182.0

GLEN CANYON DAM SPILLWAYS

1:88 Scale Model
Preliminary Flip Bucket Operation



Figure 14A
Report Hyd-469

GLEN CANYON DAM

Project photographs of undercutting of right
canyon wall during river diversion Dec., 1959
Jan. 1960



Figure 14B
Report Hyd-469

GLEN CANYON DAM SPILLWAYS

Project photographs of canyon wall failure
Right Diversion Tunnel Portal, June 13, 1960



FIGURE 7
REPORT HYD. 469

%3800’_/ <

LEFT
DIVERSION
TUNNEL - +TUNNEL PLUG ‘\
\&m&“ wx% ! OUTLET WORKS
,\\\“ TR AN K\L\
N
— = iﬂl.c\v..:: ————— 3600 :,,' ....o . ”. N 3800
, /rrph \40//"/ ':.’ ",""; -.::‘. \\\\‘\\ {‘\\\\\
e e . o 7 '.. ”,. ,:: .«.&})\\;‘\‘, \\
EL.3171.25 / \ \, :,},\3400 R \§§§§§\\‘\\\“¥‘“ 3600 _—
--COFFERDAM EOOJ\. .,":',"' ,:___/'\—'\_3200 ’ - &ﬁi\lﬂ:.. ~ e
EL.3130--
cEL.3136.1 ---COFFERDAM

DIVERSION R
TUNNEL —

1?\ N m S —

GLEN CANYON DAM DIVERSION TUNNELS



Figure 16
Report Hyd-469

15, 000 cfs 50, 000 cfs

A. Preliminary Side Channel

15,000 cfs 50, 000 cfs

B. Modified Side Channel

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow at right diversion tunnel with side channels.



FIGURE 17
REPORT HYD. 469
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Figure 18
Report Hyd-469

50-foot long deflector wall on right
side at tunnel portal. Canyon wall
and riverbed molded in erodible
sand-cement mixture.

Extent of canyon wall erosion after
30 minutes operation at 50, 000 cfs.

Discharge = 50, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Right Diversion Tunnel Deflector Wall Studies



Figure 19
Report Hyd-469

Q =15, 000 cfs Q = 50,000 cfs

Superelevated extension wall downstream
from deflector wall.

GLEN CANYON DAM SPILLWAYS

. 1:63. 48 Scale Model
Right Diversion Tunnel Superelevated Deflector Wall



FIGURE 20
REPORT HYD. 469
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Discharge =

15, 000 cfs

Discharge = 35, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Right Diversion Tunnel
Flow conditions with low curved wall
protecting right canyon wall

Discharge = 70,000 cfs
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697 -PAH 110doy



Normal flow from tunnel. Jet deflected by tailwater surging.

Discharge = 50, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Right Diversion Tunnel
Surging action caused by tailwater conditions

gz aandtg

69%-PAH 3x10day



Discharge = 35, 000 cfs

Normal flow from tunnel. _ Jet deflected by tailwater surging.

Discharge = 50, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Right Diversion Tunnel
Flow conditions with low straight wall
protecting right canyon wall

£¢ 2andrg

69%-PAH jaoday



FIGURE IS
REPORT HYD. 469
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Figure 25
Report Hyd-469

GLEN CANYON DAM SPILLWAYS

Protective Wall at Right Diversion Tunnel



FIGURE 26

REPORT HYD. 469
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Discharge = 138, 000 cfs
Reservoir Elev. 3711.0

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Preliminary Left Spillway Approach Channel

Figure 27
Report Hyd-469



Figure 28
Report Hyd-469

. Discharge = 138, 000 cfs
A. First Revision Reservoir Elev. 3711.0

Discharge = 138, 000 cfs
Reservoir Elev, 3711,0

B. Second Revision

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Revised Left Spillway Approach Channel



Figure 29
Report Hyd-469

Discharge = 138, 000 cfs
Reservoir Elev. = 3711.0

A. Third Revision

Discharge = 138, 000 cfs
Reservoir Elev, =3711,0

B. Recommended

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Revised Left Spillway Approach Channel
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FIGURE 32,
REPORT HYD. 469
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Discharge = 138,000 cfs
Reservoir Elev., 3711.0

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Preliminary Right Spillway Approach Channel

Figure 33
Report Hyd-469



Figure 34
Report Hyd-469

Discharge = 138, 000 cfs
Reservoir Elev. = 3711, 0

A. First Revision

Discharge = 138, 000 cfs
Reservoir Elev, = 3711.0

B. Second Revision

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Revisions to Right Spillway Approach Channel



Discharge = 138,000 cfs
Reservoir Elev. 3711.0

GLEN CANYON DAM SPILLWAYS

1:63, 48 Scale Model
Recommended Right Spillway Approach Channel

Figure 35
Report Hyd-469



Figure 36
Report Hyd-469

Discharge = 138,000 cfs
Reservoir Elev. = 3711.0

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow with superelevated floor in
recommended approach channel
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FIGURE 38
REPORT HYD. 469

po———-AXIS OF CREST
STA. 20 + 00

TUNNEL PORTAL-~.
(PIER NOT SHOWN)

,---E). 3648.0

ELEVATION ALONG TUNNEL €

PRESSURES (iN FEET OF WATER)

PIEZ PIEZ
# STATION | ELEV. |PRESSURE] # | STATION ELEV. |PRESSURE
I [19+856] 36415 57.5 20 | 21+ 99.5| 34667 16.8,
2 19 +90.6 3646.0 33.0 21 [20+54.2 | 36538 1.3
3 [20+000 | 36480 [ 225 22 [20+700 | 3643.4 6.0
4 |20+055| 36477 23.1 23 [20+941 | 36286 6.7 NOTES
5 |20+ 11.0 36474 20:2 24 [21+098 | 36169 4.9 1. For detaiis of tronsition see figure 42.
6 |20+ 17.0 36465 16.8 25 | 21+ 17.7 | 3609.0 5.5 2. For defoils of crest see figure 37.
7 |20+23.0| 3645 15.4 26 | 21 +29.0) 3601.0 5.0 3. Piezometers locoted in left boy of left spillway
8 |20+ 29.0 3643.3 14.6 27 | 20 + 210 3590.0 7.3 nos. 1-20 on invert €, nos. 21-38 on left woll.
9 120+ 350 36411 138 28 | 21 + 495 | 3583.1 23 4. Pressures obtoined for dischorge of 138,000 c.f.s.
10 |20+ 41.0 3638.6 1.2 29 | 21 +39.6 3575.1 -0.7
Il |20 +61.0] 36284 9.3 30 | 20 +64.0| 3561.4 0.3
12 120 +79.0| 36155 7.1 31 [ 21 +57.5( 3556.1 —12.9 o © 10 2 3 40 80
13 [20+93.6 | 3603.0 -7 32 [21 +703 | 3556.7 -9.3 E— L L L L !
1 |21 +61.5] 35992 [ 15 33 | 21 + 642 35490 | 137 SCALE N FEET
15 {20+ 12.3 | 35834 12.9 34 |2t +77.6| 3543.4 1.4
16 |21+ 27.5] 3565.6 4.2 35 | 20 +72.7| 3538.4 1.7
i7 |21 + 42.0 35473 1.8 36 | 21 +93.6 3510.6 6.2
18 |21 +56.5| 3528. 6.3 37 |22 +15.2| 3481.9 14.0
19 [21+78.0| 34974 16.2 38 [22 +23.7] 34699 2.0

GLEN CANYON DAM SPILLWAYS
1:63.48 SCALE MODEL
PRESSURES ON CREST AND PRELIMINARY TRANSITION




FIGURE 38
REPORT HYD. 469

fe———~-AXIS OF GREST
STA. 20 + 00

TUNNEL PORTAL-~.
(PIER NOT SHOWN}

,---El. 3648.0

2
1
ELEVATION ALONG TUNNEL €
PRESSURES (IN FEET OF WATER)
PIEZ PIEZ
™ STATION ELEV. PRESSURE] # |STATION ELEV. |PRESSURE
1 (9 +85.6 3641.5 57.5 20 21+ 99.5| 3466,7 16.8,
2 19 +90.6 3646.0 330 21 20 +54.2 36538 11.3
3 |20+ 00.0 3648.0 T 22,5 22 |20+ 70.0 3643.4 6.0
4 20 + 05.5 36477 23.1 23 | 20 +94.1 36286 6.7
] 20+ 11.0 36474 20.2 24 {21+ 098 36169 4.9
6 |20+ 17.0 36465 16.8 25 | 21+ 17.7 3609.0 5.5
7 20+ 23.0 3645.1 15.4 26 2l +29.0 3601.0 5.0
8 |20+ 29.0 36433 4.6 27 | 2t + 210 3590.0 7.3
9 |20+ 35.0 36411 13.8 28 21 + 495 3583.1 2.3
[0 |20+ 41.0 36386 1.2 29 2l + 39.6 3575.1 -0.7
Il {20+ 61.0 3628.4 9.3 30 | 21 +64.0] 3561.4 0.3
12 [20 +79.0 3615.5 7.1 3i 21 +57.5 3556.1 -12.9
13 |20 +93.6 3603.0 -1.7 32 2l +70.3 3556.7 -9.3
4 121+ 0.5 3599.2 -1.5 33 21 + 64.2 3549.0 -13.7
15 21+ 12.3 3583.4 12.9 34 20 +77.6 3543 .4 [.4
16 |21+ 27.5 3585.6 4.2 35 21 +72.7 3538.4 1.7
17 |21+ 42.0 35473 1.8 36 2l +93.6 3510.6 6.2
18 |21 +56.5 3528.1 6.3 37 |22 +15.2 3481.9 14.0
9 |21+ 78.0 34974 6.2 38 (22 +23.7 3469.9 2.0

2o

El. _3451.27

NOTES:
1. For details of transition see figure 42.
For details of crest see figure 37.
3. Piezometers located in left bay of left spillway
nos, 1-20 on invert €, nos. 21-38 on left wail.
4. Pressures obtoined for dischorge of 138,000 c.f.s.

~

(] [+] 10 20 30 40 so
Iy N N N}

SGALE IN FEET

GLEN CANYON DAM SPILLWAYS
1:63.48 SCALE MODEL
PRESSURES ON GREST AND PRELIMINARY TRANSITION




FIGURE 38
REPORT HYD. 469

te———-AXIS OF CREST
STA. 20 + 00

TUNNEL PORTAL-~.
{PIER NOT SHOWN)

,---El. 3648.0

ELEVATION ALONG TUNNEL €

PRESSURES (iN FEET OF WATER)

20
PIEZ PEZ
# |STATION| ELEV. |PRESSURE| # |STATION | ELEV. PRESSURE €. 345127
| |[19+856] 36415 57.5 20 | 21+ 99.5| 3466,7 8. | U H
2 [19+90.6 | 3646.0 33.0 21 |20+54.2| 36538 1.3 STA. 22 +10.9--~-~ gl
3 [20+000 [ 36480 | 225 22 |20+ 70.0 | 3643.4 6.0
4 |20+05.5| 36477 23.1 23 [ 20+94.0 | 36286 6.7 NOTES:
5 120+ 11.0 ) 36474 202 24 |21+ 098 | 36169 4.9 1. For details of transition see figure 42.
6 |20+ 17.0| 36465 16.8 25 |21+ 17.7| 3609.0 5.5 2. For detoils of crest see figure 37.
7 [20+23.0 36451 15.4 26 | 20 +29.0| 3601.0 5.0 3. Piezometers located in left bay of left spillway
8 [20+29.0 36433 14.6 27 | 21+ 210 | 35%0.0 7.3 nos. 1-20 on invert €, nos. 21—-38 on left wall.
3 |20 +35.0] 36411 3.8 28 | 21 + 49.5 | 3583 2.3 4. Pressures obtained for discharge of 138,000 c.f.s.
10 [20+41.0| 363886 1.2 29 |21 +396| 35751 -0.7
11 |20 +61.0] 36284 9.3 30 | 21 +640] 3561.4 0.3
12 (20 +79.0| 36155 7. 3 |21 +57.5| 3556. -12.9 o o 10 20 3 40 8o
13 |20+93.6 | 36030 -1.7 32 |21 +70.3] 3556.7 -9.3 i scx‘u.s I'N FEE"r L
14 [21+61.5] 3599.2 -1.5 33 [ 21 +642] 35490 -13.7
15 {21+ 12.3| 35834 12.9 34 |21 +77.6| 3543.4 1.4
16 |21 +27.5] 35656 4.2 35 | 21 +72.7] 3538.4 L7
17 |2t +42.0] 3547.3 1.8 36 |21 +93.6] 3510.6 6.2
18 [21+56.5] 35281 6.3 37 j22 +15.2| 3481.9 14.0
19 |21+ 78.0] 3497.4 16.2 38 [22 +23.7] 3469.9 2.0

GLEN CANYON DAM SPILLWAYS
1:63.48 SGALE MODEL
PRESSURES ON CREST AND PRELIMINARY TRANSITION




FIGURE 37
REPORT HYD. 469
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FIGURE 39
REPORT HYD. 469
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Flow appearance in transition No separation Flow separated from wall

Flow appearance downstream from transition

Discharge = 138,000 cfs, Reservoir Elev. 3711.0

1% eandrg

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow Conditions in Preliminary Transition

69%-PAH 3x0day



FIGURE 40

REPORT HYD. 469
e e
\\b\,xm-.‘_u.oo_m.
r<----Axis of crest ;
= “Pier not shawn
Y8
El. 3648.00 &
) U X "~~7 See Detoil Z
Y |
14.32--- . ] ! +
o --Tunne! diameter varies uniformly ~----f4------- - !
.m ¢ ! Ve
g . S £ — 8 . s ;
Sta. 20+00" 4 - T S P
|||||||||||| : b ‘© ﬁ
; iy S
El. 354958 . _ i M ¥ ¥
: 4 y L_
-612.34' To axis of crest o U |
....... N <~ - 12.00"
#-ﬂ.-umuﬁwm?
\\_
I ,
e P 4641 oo oo mmeomsmemomem s e 140,355 mmmemomoomosommmme e e et 237.00 -~ emommomo s o
i
N e
! (DEVELOPED ALONG BASE LINE)
i
M -
i
: X
I ‘o
3 wy
i o
] o~
i )
: SECTION C-C SECTION B-B __E1 315285 (Left tunnel)
: c 35° 12", _ 1. 3153.40 (Right tunnel)
m A.l_ Alw 109.92'
;;;;;;;;;;;;; m 11 -
o T8 T N — M “ -Origin of equation
El_3672.00 __ .mwru_lﬂpob:lll/wﬁ 111111111111111111111111111 “"m_4 3i37.36 $ = 0.0035 > v.n S =0.0035 —>
= 59.87" =-------- -- 104.08' ----- e (8147 —mmemm e > - . : . 3133.73 (Left tunnel)
e e e e e e e e 104000, Left tunne ;
N . [ 1910.00° Right tunnel; . 313418 Mz_oz tunnel)
~0rigin for equations - - , <
/ o o fe===Tunnel portal N b e 280.00, Left tunnet . i
Parabola x* = -205Y-, 1251.50° Right tunnel;
f ELEVATION ALONG % TUNNEL
“t-El. 3648.00
[ -~ 45.00 - -~ - -3 >
Base line-~~
€ Spillway tunnel------ =

- DETAIL Z

El._3572.15

8.50'>

[ el » It ]

SECTION A-A

PORTAL

GLEN CANYON DAM SPILLWAYS
1:63.48 SCALE MODEL
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Figure 43
Report Hyd-469

Flow in transition. Note small surface fin.

No separation. Occasional separation from wall.
Flow Downstream from Transition

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Recommended Transition



_--~AXIS 'OF GREST
STA. 20 +00.0

TUNNEL PORTAL-—--~
(PIER NOT SHOWN)

~EL

NOTES:

I. For details of tranmsition see figure 42.

2. For details of crest see figure 37.

3. Piezometers located in left bay of left spillway
nos. 1-2! on invert €, nos. 22-48 on left wall.

4. Pressures were taken with reservoir at top of gates
or elevation 37110, whichever was lowest.

10 0 10 20 30 40
Ceacatioaal L L L I}

SCALE [N FEET

STA. 21+ 7216-

ELEVATION ALONG TUNNEL ¢

el

STA. 22 +10.9-——->i

GLEN CANYON DAM SPILLWAYS
1:63.48 SCALE MODEL
PRESSURES ON CREST AND RECOMMENDED TRANSITION

PRESSURES AT VARIOUS

GATE OPENINGS

PIEZ|STATION | ELEV.
5T [ 1552072530 | 35] 40 | 45| 50 |Full
| | 19+856 | 36415 |67.7|68.4(69.2)|66.7|64.3|62.6|66.1|61.4| 61.3] 6.3 |57.5
2 [19+90.6 | 3646.0 | 61.5]52.7/53.5[47.4[44.6[39.9|383|38.2[37.3]36.2 |330
3 [20+00.0 | 364B.0 |49.7|35.7]29.5| 250 23.2| 22.7 | 23.1 | 23.7| 24.2| 24.6 |22 .5
4 [20+055 | 3647.7 [279] 194178168 17.4[ 185][20.1] 21.2[22.7] 23.4 [23.1
5 [20+11.0 | 36474 | 45| 6.4 7.3] 90| 07| 128148 i64] 16.7]200 |20.2
6 | 20+17.0 | 36465 |-0.7| 0.4] 07| 24| 45| 71| 8.6] 1.4] 13.6] 160168
7 | 20+230 | 36451 [-03|-02[-07| 0.7 28[ 52} 62| 89| 3l 42154
8 | 20+29.0 | 3643.3 [-06] 07| 0.1 1.2| 27| 51| 57| 8.1| 10.4] 135|146
9 | 20+350 | 3641t | 15] 19] 18] 2.7 38| 55[ 64 83| 103[12.9 140
10 | 20+41.0 | 3638.6 | 1.7] 20| 23| 3.1 | 43| 58| 68| 84| 104] (24| 18
it [20+63.2 | 3628.2 | 09] 0.7] o7 14| 18] 24| 28] 38] 4.7] 63 85|
12 [20+82.0 | 3614.7 | 1.9] 1.9] (9] 2.2] 25| 28] 2.7] 36| 40| 48] 59
13 | 21400.0 | 359%9.2 | 23[-03] 0.2] 0 [ 05| 2.6] 20{-06] 02| 05| 14
14 | 21+16.0 3581.7 | 2.4 36| 39| 44[ 49| 59] 6.2] 66| 75] 99128
15 [ 31+22.0 | 3574.7 {-02] 05| 07| 1.7] 27] 36| 42| 57| 76| 98] 93
16 | 21429.2 | 35656 | 7] 23| 25| 43| 58[ 81| 75| 87| 8.8 9.7| 8.4
17 | 21+46.2 35434 | 24| 39] 46| 51| 60| 73] 69| 7.2[ 74| 75/ 83
18 [ 21+59.7 | 3524.0 | 33] 6.2| 75| 84 8.7] 97| 93] 97| 97| 70| i0
19 | 21+ 635 3509.9 | 40[ 55| 66| 7.8| 84| 87| 91| 94| 9.7] 98] 98
20 | 21+785 | 34974 [ 2.1 46| 66| 78] 91] 99] 05[] n3|[ 3] 123 [109
21 | 21+996 | 34669 | 3.3] 53] 73] 9207 us[r22[133]145] 150 (160
22 [20t578 | 36543 | - [ = [ - [ = | = | =1 32| 0] 54| 63| 98
23 [ 20+64.2 | 36288 | 2.1| 24| 35| 43| 54| 63| 73| 82| 92 1.3 127
24 | 20+656 | 36303 | 24| 24| 34| 42| 53] 65] 72] 80] 9t 110|126
25 [20+739 | 36458 | - | - | - | = | - | = [-15]-76[-60] — | 58
26 | 20+83.0 36159 | 30| 36| 35| 40[ 42[ 5.1 53| 60| 65 79| 89
27 | 20+86.5 3619.4 | 15| 18] 21] 22 20] 34 37] 48[ 49| 62 [ 75
28 | 20+940 | 36294 | - | - [ = [ = | o [-75]-64]-68[-63[-43] 49
29 | 20+0L4 36011 | 27| 36| 36| 40| 44| 52| 55| 56| 63| 70| 7.2
30 | 21 +07.0 36060 | 14] 24| 23] 34| 39| 46| 49| 53| 63| 63| 72
31 | 21+138 36136 | - | - | - | — [ 12] 27] 22| 30| 36| 51 | 58
32 | 21+194 | 35843 | 53] 76| 80] 83 82| 90] 93] 96| 98] o |13
33 | 20+27.2 35908 | 29| 3.1] 38] 43] 46| 52| 50| 52| 63] 67| 60
34 | 214351 35980 | — | — | - | - | — | 18] 18] 24| 27| 39 21
35 [ 2t+256 | 35775 | 1.7] o | o8] 09| 1.2] 1.9] 24] 27| 34| #2 43
36 | 21+344 | 35846 | 14| 210 19] 19 i6] 23] o8] 21| 30[ 33 27
37 214432 | 35920 [ - | = [ =T~ —=To2ai]eo[ 13] 23] 34] 08
38 | 21+32.0 | 3568.7 | 35| 4.2] 43| 47| 50| 56| 59| 62| 70| 78| 78
33 | 214443 | 35765 |—04| 18] 16| 22| 22| 28| 28| 33| 40| 45 48
40 | 21+514 | 35827 | = | = 1= | = | =] tifoo] (5] 18] 24[ 18
41 | 204515 | 35471 | 03[-02[-16]-20{-2.1]-20-t9]-t7[-14]-2.0 [-10
42 | 21+652 35563 | — [ = [ =1 - | =T os[-02] o ]-02[-02]-01
43 | 214680 | 3580 | — | — | — | = |— |07 07| 01] 03] 13| 04
44 | 214793 | 35380 [ — | — | — | = 1 — [ (s5]-04] 137 18] 1.1[o1
45 | 21+895 | 35238 | — | — | = | = | — | 23] 9] 23 23] 27| 19
46 | 21+97.5 35t06 [ - [ = T =1 3] 3] 18] 19] 20[ 23 297 24
47 | 22+182 34810 | ~ [ -~ ] =~ 1 o8] 16] 28] 34 46] 35| 59 [ 62
48 | 22t22.8 | 34749 | - | — [ — [-22]|-t6]-18][-10] 07] 06] 20 t6
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FIGURE 45
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B. REVISED

GLEN CANYON DAM SPILLWAYS
1:63.48 SCALE MODEL
TRANSITION AT DOWNSTREAM TUNNEL PORTAL




Discharge = 25, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Preliminary Left Flip Bucket

Discharge = 138, 000 cfs
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Discharge = 25, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Preliminary Right Flip Bucket

Discharge

138,000 cfs
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Figure 48
Report Hyd-469

276,000 cfs
3180.0

Discharge
T.W. Elev.

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow Conditions with Both Preliminary Flip Buckets



299

i LY Y
| N

x‘(
l../

< - ~
A PL AN B C SECTION A-A SECTION B-B
R:=109.92'
i\ A=35°12
| \ \
| \
' \\ \\ ]
!
| _-TUNNEL PORTAL . \ < !
e’ | \
I ! \ \
I X \ AN
I \ \
| \ N
: \ Y
[}
1
1
\
1
|
!
|
(

SEGCTION G-C

|

\

[}

':

: \ ' » , i
Sz 0.0035-. | : R e

A | |

1

i

t

SECTION D-D

GLEN CANYON DAM SPILLWAYS
1:63.48 SCALE MODEL
FLIP BUCKETS~—FIRST REVISION
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Discharge =

25,000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Left Flip Bucket - First Revision
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Discharge = 25,000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Left Flip Bucket - Second Revision

Discharge = 138, 000 cfs
Jet intermittently depressed by
tailwater surges.
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Discharge = 25,000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Right Flip Bucket - Second Revision

Discharge = 138, 000 cfs
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FIGURE 53
REPORT HYD. 469
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SECTION A-A

GLEN CANYON DAM SPILLWAYS
1:63.48 SCALE MODEL
FLIP BUCKETS —THIRD REVISION




Discharge = 25,000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Left Flip Bucket - Third Revision
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Discharge = 25, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Right Flip Bucket - Third Revision

Discharge = 138, 000 cfs
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Figure 56
Report Hyd-469

Discharge = 25, 000 cfs

Discharge = 75,000 cfs

Discharge = 138, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow from Both Flip Buckets - Third Revision



FIGURE 57
REPORT HYD. 469
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FIGURE 42
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REPORT HYD. 469

ADDED TUNNEL INVERT REPAIRS AND ELBOW TRANSITION
NOTES
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(Left tunnel )
BASE LINE ROOF LINE ELEMENTS OF TRANSITION SECTIONS BASE LINE ROOF LINE _|ELEMENTS OF TRANSITION SECTIONS CONCRETE REQUIREMENTS
| Station |Elevation|Stotion |Elevotion H h T w R, Ra T Station |Elevotion] Station | Elevation] H h w R, Rp FINISHES
,., 20+45.000|3638. 122 |20+65.903|3685.735 | 52+0' |15-0" 7355 o |86 2/+19.300|3578.573 | 21+57.946|3611.777 501§ 2463 627§ 32"-3F 13- 11 : Tumne! belaw € or spring line Fé or U3
20+48.650{3636.455 |20+71.05! ;3683.651 |52-2%"|16-0%" 6812 | 5% g-3f [27+21.900|3575. 514 | 21+60878)3608.288 | 50'-115’) 2487 |6r-7iF | 3-7" l14-8 3 Tunne! below £ from Sfg, 23+20
20+52.230|3634.693 |20+75.995/3681.331 | 52-4f |16-10]" 64-0%" 21+24.470 3572.425 | 21+63.756|3604.777 | 50102 | 24-9 leuM 3041155 to Sta. 26415 : F4 with secil finish or U3
! 20+55.750|3632.839 | 20+80.763| 3678.826 | 52~ i, 17-7%" 8.-&. 21+26.970] 3569.359 | 21+66.5363601.300 | 50-107%° 24"ty uﬂum. 30-¢f All other surfoces. . . .. . C Fparu?
% 20+59.250| 3630.875 | 20+85 418 | 3676.144 | 52-3% | 18~3° 5805 2/+29.480| 3566 219 | 21+69.307]3597.747 2508 | 589§ 29-9F| 16-113 STRENGTH TToTrTTTTToTmTTmmrTo T
20+62680)3628.835 | 20+89.905| 3673.356 18- 9% 55-8" 21+31,.960 3563.056 | 21+72.023 3594.175 | 50-8% | 2 un..sw. mwu.u.”.‘ 177 Cancrete design is bosed on a compressive strength of not
20+66.0803626.700 |20+94.288| 3670.454 | -35 153463 | 21434.380_3559.912 | 21+74.65/ 13590630 | 50"7:¢'| 2 57-0f| 289" less than 3000 Ibs. per sq.inch at 28 days.
“ 20+69.440| 3624.478 |20+ 98561 | 3667 464 |5~ 7& 13 ") [2i+36800  3556.711 | 21477258 3587025 | 506 25+ mm.ww 283¢ 19°0p,
- N . igil jon- ! 2.71 a1 2 Lof /+39.180 3553.507 | 21479798 3583.420 | 50~55 251 F | s5:4d 279|198 T
" | -intersection of oxes P (. of sidew \\ curve- Origin of equation- . : 20+472.7103622.211 | 21+02.671 | 3664.448 ] 49" 63 " u.lowml: 21+39.180 3553.50 i -5 .25 el il NOTES
& afcrestwith € of tumeb | Sta. 21400 Sta 2+72.148- . 1 20+75.940| 3619.869 |21+ 06.689| 3661.372 : & 48"- uu: 6-10¢ 21+4153D 3550 289 | 2/+82.2683 3579.804 | 50'3; 25 5475 mw.&ﬂ. 2074 Reinforcement required but not shawn
$ |i Sta.20+00 ) =-0.00000203456 X >-0.00086594 X +Q0I948iX-24125- . 20+79.140|3617.448 |2(+410.632| 3658.236 20° ‘wwl i 3 21443880 3547.017 |21+84.745 3576./30 | 5023 | 25717 . 53405 27" 05 201" Chamfer gll exposed carners § unless otherwise specified.
s [ : R 20+82300| 3614.960 | 21+14.494| 3655.056 2r-2” 2146180 3543763 [21+87131 3572477 | 50-0F |25-05 | 5325 | 267 (216 "A" Line is line of minimum concrete thickness.
%5 - - E g 7 . ; 81~ [20+85370| 3612 449 |21+18.2191 3651 889 a1 5§ | 2/+46.385 3543470 |21#87.343 3572149 | 50-0" | 25:0" | 53"13 T i3-36 TRACED
« ,Wn b € Tunnel.-- N = 20+88430|3609 859 |21 +21.906] 3648657 “ T2k 21448.970 3540493 | 21489.312 ' 3569.090 | 49105 2411} | 52-6% b £@.A. &
o ! ; ! I 91.43 45417 221 ¥ 770. 3537.208 | 21+91.484 - 3565.716 | 49™-8, .W;..Sp. 51-10%
e e Fy* trical /; 9 20+91.430 | 3607222 |21+25.500 36454 21+50.770 . - 3 THI5 DRAWING SUPERSEDES OWGS.S57-D-86 AND 87 IN PART
T - wa«.c.m--!-,, 7] ,\uﬁwﬂwﬁ Y are symmetrica . § 20+94.400 3604530 | 21+29.037] 3642.139 22 9F 21+53060; 3533.938 | 21+93646 ' 3562356 | 496 24’95 5/-3F —NTTESSTATES
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Figure 59
Report Hyd-469

Left gate full open, Q = 5, 760 Left gate 75% open, Q = 3,630

Left gate 50% open, Q = 2,290 A 100 Foot Head Left gate 25% open, Q = 1, 150

Left gate full open, Q = 10, 770 Left gate 75% open, Q = 6, 780

Left gate 50% open, Q = 4, 290 B. 350 Foot Head Left gate 25% open, Q - 2,150

GLEN CANYON
LEFT DIVERSION TUNNEL OUTLET WORKS

Tunnel Flow Conditions With Parallel Conduits - Left Gate Only
1:24 Model



FIGURE 58
REPORT HYD. 469

o N~ i i e T e L T ST

*Axis m

IOID [+] 100 2100

1 1
SCALE OF FEET

Trashrock . A .
-Canstruction raise fo be used
structure-. Extent of final tunnel plug- " for air supply
) [, Yo
. S : . . ) .=.-Deflectar bucket
7N 5 4 ~~__ - Trace of spillway tunnel L -+ 7 -Detlectar: bucke _
. — : ] W2z 7 i
PR i - E1.3156.00- ~_ 7 / --AEl 3157.00 y;
fhpde iz - e iy
. .90°" LSRR S T A
' Sta. 22+03.20-~ w-=-Sta. 23+78.20 : -
- Sto. 2641172 -- El 3133.57
ELEVATION ALONG € 41'DIA. CONCRETE LINED DIVERSION TUNNEL o
' ,,70;/qina/ concrete
Lo L unnel lining
426" e
) c > e _:i:al
Gate operatin 3 . ¢ 5'x7" Access adit .
chamber __Hq ~GA £1.3186.00 ¥ € Diversion tunnel, £1. 315787
3" Ventilating pipe . peemem—mmmms o y
. / P .-Qriginal concrete
£l 3/55.00\\\ ) ! / 715 Access adit far o7 ACC&SS;/-Z I,',q”‘ng
| N steel {"backfilling chamber it
RA "‘5.’0”,' bulkhead [ ! SRS vpuupup
DA e I /S L
; > i Note: Reinforcement for gate operating € >~
o — ‘ |2 chamber, 7't5' access odit,gates and conduits not
B oL AT, supplypiges ] shown. Gates to be left in place and gate € Diversion tunnel, £ 315787 )
& Diversion tunnel,£1. 315787 operating chomber, downstreom section of ; SECTION C-C
. ] J2 i — %ng;.lifs, 7'x 5[;aciefs§’uddir, %d 5% 7fameze§fadif
1.7 | -7-0"x 146" Conduit (stee o dom 1o be backfilled and grouted before -E1 3156.0 i o 5 10 15
E1.3156.00 lined bottom ond sides) final sectign of tunnel plug is placed. £1 3156.00 [PV S S T S I S e | 12-14-62 ] MEVISEO TOP DF OAM AND SPILLWAY DEFLEGTOR BUCKET
| SCALE OF FEET SECTION B8-8 | 2£x.3
E’ 3’3737__ ) D'_-[I;!;- ~ WIDENEO ACCESS ADIT IN TUNNEL PLUS AND REVISED NOTE
T EVE \/ :,*?&53 REVISED TO CONFORM TO THE DETAiIL DRAWINGS TO DATE.
Sfa' 22".0320“‘;: . ) : UNITED STATES
DEPARTMENT DF THE INTERIOR
BUREAU OF RECLAMATION
GOLORADO RIVER STORAGE PROJEGT
MIDDLE RIVER DIV.-GLEN CANYON UNIT--ARIZONA- UTAH
GLEN CANYON DAM
LEFT DIVERSION TUNNEL
SECTIONAL ELEVATION THRU OUTLET GATES SECTION A-A OUTLET WORKS
20 9 20 40 s o 5 o 5 20 mnwn.._,_-l;l:____-___.sunu:rrsa_-‘Q_Zz@'!—_‘__.__-;_
i 1 1
SCALE OF FEET Lt ISCALIE oF :_EET i TRACED ._ J.FM._ _ __ ___RECOMMENDED _7_2'_4_/_%___
cnecken L nde ER AL Appnovsp%*_‘:-:'& Weodgood ___ _ ___
DENVER, COLDRADO, JAN. 30, i1958 ‘-.‘i. “"g 5 7 D Gaq



3
o [~ €
2
<1A «?ﬂ?<-[') <-T <§ - El_3189.3Q ____
= _EL 3OTI6
AT | --30-32
6191 11 22-25,} I .
; 2o L2t | 126-29 Note: For Details of Bucket
A . - ’ Fl- 3194 88).32 See Figures 60,61,62,63
13 B OB B 00 ) - G
EL.21600_ .. €L.260.60. .21
L 37126 3
! S 1V G-I Tt S 420 FLAATLES
!
€1, 349.20
ol Iﬁlxz it e e mso0 _  [pLzsaee) 30
14 El_3187.0
‘l 8 9 A F El. Nd2.76___ T E ATl
( < ddd | PRESSURES IN FEET OF WATER
s AR R lan SECTION G-C SEGTION F-F
~~PORTAL STA. 37+40 STA. 37+ 635 PIEZ |Q= 138,000 | Q@ = 100,000 Q= 75,000 Q=50,000
STA. 36 + 98
1 2113 166.6 132.9 95.2
2 205.0 164.7 132.3 93.9
3 2063 164.0 133.6 95.8
[ 4 146.8 ns.z ot3 64.1
_EL_3190.97_
L] 34.4 278 28.t 17.9
IV I TS R o8 420 28 ¥ EL_2m4.40 L 23 o o o o 5
1 7 9.7 27.4 44.0 19.8
6L Meoses | . 2721423 G271 3P e woro L azuz6. L 24 8 53.6 e 1.0 -
IR 110 16 420,22 .“/?* Wikt ] 67.4 298 6.6 0.4
N - t0 132.3 106.6 59.5 29.8
X _El_ 800 _
A, I 65.5 3.7 7.3 —
> B~ 22 12 150.8 119.0 84.6 s2.9
?/‘T el 402 3 82.3 509 27.8 9.9
— 5 R LA L 14 99.9 80.7 60.2 35.7
foeeen P.C. EI 3133.57
SECTION G_G SEGTION D_D 15 138.9 80.7 6.0 —_
STA. 37 + 45 16 133.9 74.0 25.1 -
i ¢- (k4 71.4 14.5 -1.4 —
£ 2846 & _EL_3eTez . 18 -4 -0.7 — —
£1_sinase Lo 9 _ - _ —
' 20 143.5 88.6 46.3 9.9
€1 389.98) 2o :
‘§L_3_|'_’|_A_'i§,___l8 21 91.3 37.7 1.2 4.0
22 138.9 90.6 56.9 22.5
L-E1. 3160.0
ks 23 92.6 47.6 25.8 6.0
b 17
64 El. 210239, 24 7.2 4.0 3.3 0.7
-6 25 —1.6 - — —
26 123.0 94.6 76.4 52.9
27 90.3 60.8 43.6 25,1
/e manre__ /.61 4072 __
28 28.1 53 1.3 1.0
29 —7.6 —4.6 -3.3 -=1.6
SEGTION A-A SECTION B-B SEGTION E-E 0
STA. 37+26 STA. 37 +35 STA. 37+54 30.4 228 2238 7.2
3 2L8 10.6 5.3 3.0
32 -33 —4.0 —3.3 —2.6

PIEZOMETERS AND PRESSURES

GLEN CANYON DAM SPILLWAYS
1:63.48 SCALE MODEL

IN RECOMMENDED LEFT BUCKET

69t 'GAH Ld0d3Yy

9 34N914



Figure 65
Report Hyd-469

Discharge = 25,000 cfs

Discharge = 75, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Recommended Left Flip Bucket



Figure 66
Report Hyd-469

Discharge = 25, 000 cfs

Discharge = 75, 000 cfs

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Flow in Recommended Right Flip Bucket



Left Bucket

Discharge = 138, 000 cfs each bucket
Tailwater Elevation = 3180.0

> GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Operation of Recommended Flip Buckets
at Maximum Discharge

Right Bucket

L9 2anst g

69%-PAH 1x0doy
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|

L &
£1.8--"% £l B | * -
‘i":"‘i . 2t g '/ Groting not shown, +
¥ -l
|- K '
. N X ' {
Ei.B- - )
. L
125> » | 3 el )
&°C.l.pipe drain ---- &°C.1. pipe drain -- 8C.1.pipe drain--t--~~ ol P SR
i ™o T
“ v e 23%6% ~mm o - i % ey oo T —
. X ’ A 3
N =y L™ | Y .
- Spiliway tunnel ‘& Spillway tunnel £ Spillway tunnel----- Y “-8°C./ pipe drain
50" .-" y 131606/ 5L0*(Radial)--"" S ‘ 510" (Radial)---"" ) . r
- A . + - - [ - 2= - v
:EL8160.41-~, I ] El316001---, iy TEA3Me0E weloooy g7 s160.60 ‘ v
i - R - i - P #i,
0333:4-, - . 0333:1 (Radiol)-, |  |le------ G- —m e e ey T L e N - Fomommon oo DETAIL Z (1982
! X___| ™ E/3I54.68-- : --£13154.68 EL3154.68--7 e e lome 4 )
» —— 7 / : ) ) £1.8/76.18--" 7 Slope}
Excavate os ’20 6/?"/'0 :\\::\ - T H-=-ommoes >l -t
sfeefg abs/ . N, ;ELD —-4-;/z’~«-%4=——l Ly EL 31758
racticable in - . N - SN A
/:oundroch, jgp/gaf/!:;ag _____ H=m=m=- e N \I ) :.rh d> K3 |
Sta 35 442/9° ‘T-E1.D PRV S~ El. Ty ek 3I74.00
‘‘‘‘ Y. 20-6'RX . £lLA ¢ L3I
N e~ /8" =
) ELA--" = f— 30w
£1.3/40.00 ' N g £ j.c"l' pipe
E13136.26>. ain -~
cline a’r///m souna YOS S /
Y rock below EI. 3/?;%0,3:5_- = /3/35_5 o E;cav:;e;:s::/ep L |
L J os praocticable lu-f jpe drill SECTION H-H
-E/3/2845fa%72'215éa56* Rl'ma'e\e\)usfmg ‘PE, . . |
! |/ Elev. varics uniformly froin alc‘“l \cancrefe U _W \‘t;;/csvé:rgm’s;g?;*é 3 ,_i £1.3130.0 J/ £1.3/300 i
- ot 92 33737 to ST300 37306 aT35752-|—* ” - \/ AR | % 1z= 777 ”
WHTE ¥ aisitin ine o minimm "SECT/ON £-E (1982) o SECTION £ -F (/952)
hace of stryctore SECTION D-D (/982 excavation TYPICAL FROM STA.35+52 TO STA.35+67.96 TYPICAL FROM S7T4. 85+67.96 TO STA.35+92
St 35937 1 S 95452 TYPICAL FROM STA.35+22 TO STA.35+52
TRANSITION DATA
T £1.3198.61 . VALUES OF OFFSET H
§ 2t STATION| &/ A ElLB | E STATION} .E£/. A ELB £1c | E F G g 50A [ 554 35:56 |95+5850 35+61 - 6350} 95+66 95+6796!3 35¢71_|35¢7350| 85+76 |35¢T850} 35481 ]55-6150 3546561
r 35+22 (313443 317618 | 0 '35+54 | 313898 | 3/185.89 | 315091 | 13 24 |20 /¥ 20%6# |BI38.98 119 25 o L
35+2938[ 313443 | 3i77.65 | 0 |\ 35+86 | 3/39.62 | 3186.56 | 3149.37 /3710 | 15-9f | 2D"6%]5139.62 1311~ | 18Itk
"35+310 [ 3/34.55 | 3/78.19 [2°3W") | |35+5850| 314048 | 318740 | 314795 | 14-9§"| /9°4#§"| 20-74"13140.48 {i4-9F | /4-9F"| I4*10f
35+ 330 | 313474 | 3178.86 |3 7%" 35+6] | 314140 | 3/168.23 | 314680 /578 (18~ 1if | 20 8f|314T80-{ 7578 ({5-7F | 15°68 | 15-9Y"
35+350 | 3134.96 | 3179.53 | +-9%"| | (35+63501 3142.39 3189.07 | 3145.82 {76 ~4f"|/8-5F | 2093 {3142.397({16"-5" [/6:5]"| /6 64| /67" [ 76768~ ]
|[35+370 ['3/35.22 | 3180.20 | 5-9% | -55w66 | 3/43.46 | 3/69.91 | 814496 [7:14" |i160f | 207§ (3143.46 (17 2" |/7°28") /734" |17°24 | 17-5F} | 17°7F
1 35+393413135.57 | 3180.98 | 6-//W) | [35+6796 | 3144:.95 | 3190:56.| 2144.35 |i7-8§"117°84" | 21-1f"|3/44.35 | 176§ [r7-9" | 17°98"|i7 108 {18 0k | 18-2§ Y18 4"
T35+4/25 | 3135.89 | 318/.62. | 7-/0%"| | (B5ve8.50| 3744.60 | 3190.74 172747 21-24"|3mR460 H1740F |17 10F ) 17118 |18 0| 1624 |18 =-4" | 168-5¢ (166t
-F1.3173.00 85+43/913136.26 | 3/82,27 | 90" |/ |'85+7/ |3/4582 | 3191.58 K (17 24"| 2i~ad 1312582 [15-6" |16 68 | /g 78 | 1864 | 18-9L | 18 18" 19 1F | 1917 | 194t
N8 L pipe drain 35+4350|3136.32 | 3182.38| 9-If | |T5+7350| 314712 | 819242 _\16-88"| 21°7¢" |5raT.r2 {79 0 (/9 14" | /2210 | /98" 19744’ |19 64 | 1964 | 19°6F | 19 1/E | 20728 |
bl _35+46 1313686 | 3183.2] (w-I§" | [35+76 | 314850 3/93.25 ] 16-3§"| 21114 [3148.56-11961 /3 7" |/ 9~7§ |1 9-971/9-lok 1 200k | 2024’ | 20-2§ | 20-5¢ | 20"8% | 20~11F |
ﬁ._...u__ﬂ 28067 -—~—= == SN ~35+49 13137.58 | 3184.22  /1-3f | |35+7850) 3/49.97 | 3194.09 | 15-1F| 23" [5149.97 119 11£ |19~ 1E'| 20-0f | £0-1§"| 20-3¥"| 20"5¢| 207" | 20-74'| 20~ I0F1 2116 2144 | 21-8F"
| “Espitiway funnel 3575 | 3188.39 | 3185.22 /2°5F | |I5+81 | 315154 | 819493 | _ 15°54" 22°74713151.54_120-3F | 20-3§ | 20-4}" | 20*54 | e0' -7 T 20-8] | PO-10f | 20/ | 21-18"| 214F | 21°8¢" 220" 2 4%
8578350 | 3/53.20 | 3195.76 | v lmtngtlzeug 13153, 2052051 | 20-5E | 20-6; L2078 20%94" 20T L 210 | 21-14 " er-44 | 2177 | 2i-10f g2t 2t"| 22%6¥ | 22 11"
Sl - B5+856] | 3154.68 | 3196 47 B 1474 | 255 [3154.68 | 20'6d | 20657 207 | 20%6E" | 20% 9| 2O | 2I-1F | 2124 L BL4d | 21-7F | 21t 223" get " ee 1| 23 3E
ka N | 85+86 | 3154.96 | 319660 |~ -\ |i¢ 6§ | 234§’
L5 76,5/'3’60-6’ TN Erse0n 35+8950| 3157.6] | 3197.77 - == I3 UF| 24-of
\" ELYS e ,_5__,{_-“@1 35%92 | 3157.11 | 3198.61_ ] —}18-6" | 246"
]
| \ NOTE
! - for gerieral notes and coricrere re ts,
Elgy. varies —y see Dwg 557-0-/982 requirements
': [ " REVISED INVERT TO MATCH
U PYIPY SR P Py 1L R G2 Rl SPILLWAY TUNNEL REPAIRS
THIS DRAWING SUFPERSEDES DWG. 557-D-86 INPART
|
i [~ EL3M0.00 DERARTIENT Dars;:: i TERIOR
i i BUREAU OF RECLAMATION
! - - COLORADO RIVER STORAGE PROJECT
}q.__- I/"//f“ “MIBOLE RIVER DIV~GLEN CANYON UNIT-ARIZONA-UTAH
! GLEN CANYON DAM
RIGHT SPILLWAY-DOWNS TREAM PORTAL
,—-"E/ 3/30.0 DEFLECTOR .  BUCKE
PLAN AND SECTIONS
L L J / 2 /; ﬁ E‘ 2 omawn. FEQ. . . .. .susmiTTED. ..._.M ..............
SECTION G- 6(1982) TRAGED.................nEcOMmenpeD- .. £, M

crecken bl SilRE arrnoven.. ... O,
DENVER, COLORADO, ~ JNE 25,151 | 55 7-D- [983

e o oo o

EET 2




FIGURE 62
REPORT HYD. 469

C 8(2/00) . £V, -
8208.04 -7
Bl £(2100) _La
Gratin ] - 75"‘-/2 )
Wrhtrse ii ci,rl"— -E1.3242.52 \
4 ;‘\‘— - S1a.37+66 ‘\-.-.l
‘7 RN £, 3/3800‘} 5
4 " 7race of typical wall constriction joint--y
4 N A T T Mt e e e e e e —
Lo R1.,5ta.37+26- s
IR H . s
hS) | ! U=~ | P "&\ S .
M I d \ 1 P x S5ta.37+96 -~
1 1 i Sta. 31466 N
- | { : B
2_ ' GJ ) - y 3 ’:::E 1.3/82.00 \\
® : 1 : “ ~t - \\
SO ) | ; ! . ® CE1.3/75.57 \
boig S LT € seiiway tunel -y v ¥ ¥ S.7700 £y R N
I T ' HI e ‘ A Y8 .
< ~ ' Vo
2 . : Dot e ) " £1.317150 - -}
8 ! T~ : Vo IR -3 ik B e e R R 1
B - P ] o £1.3173.50- . S
< ~_ W Do N £1.8190.0- N CHCHE, £, 36700,
Q ! . by ! "‘\‘ 9 | , . - N \ S
IN " i Y 5 NIy /5 R . \ i Y
1 [N DI . \ . .. [ T <. . N -7
’= ! ' E N N 4 v Contraction joint- 708~ R~ *R1, 572.3T+ 26 N
! ' P | o~ | \ . 4 :.‘.u'
: ; Lo ' | \ Sta. 37+68.50% 1 | | =<-~Sfy, 37466
! ¢ o i i k BINTY I
{ : ? : ~ETunnel | | £1.3157.00~-"3 Y| || 1E1.356.50
1= ¥ +— ! ;- Sta.87+87.20 ; - EL 915407 Y -
'S o £1.3/60.00 ---- | et ine betve |} 5700085 ----EL5I54. ) \ 570.37+59.6/--"71 "\ | | e F2 Finish below £1.3156.50
& | ; ; <" Contact line belween o ; N P AN e - = = Construction joints, £
; £/.3/59.50-1 - - U S Te and mck P \ gﬁ' e PN " onstruction joints, for
. ¥ y g 3 re concre N - \ . 3151 .95 2 ; -
L“"’f" S : [ Sta.87+59.61- g ) ,: , Portal, Sraserse-I> I \ S0.37+50-7 - y details see Owg.55 7-0-2i0/
; N | ,,' ’ o 9 | . o \ E1.3147.89~-"% £l 3/5250
H - .-P B . 4 . L K —-:4 ————————————— \» . '
c: \f{ E1.312000 | G5 37+26 | 190°6R ; RIS L E 9 o ety e - K £1.3/145.9 - -~ s 06
Portol,Sta 36496 o2 | EN— T [<y97'0'R ‘,‘ \ ancrets o aall \ £1.3/48.74-"Roey %~ 513, 37+4/.96 \
d . Y T \ - - PR / :
lZT‘"‘Sf"' ari | E O \‘\1 L ! ¥ sta37ez6-, |\ ELATYT £ L1540 . 2
Ao eeEoR G RF L, Lo £1.3/13778-" 3 | :
< --E1.8138.57 -t , -~~-E.5/35.9 }
¥ - : X
5-0. a 095- v /fcmove exisling concrefe ~ H
) 504252 = | 5+0.57426 S1a.37+87.20 -~ \_py
PLAN 7.8242.52- [ K -=-E1.8120.0 i
N :
i L N7 7T g/ Z 07T 77 4
7 ssra. 96496 St 3741/ i N "
VR LLine of minimm excavaliar SECTION A-A
el fts il Y £
7 "- 1
/ & Sprltway tunnal CONCRETE REQUIREMENTS
; £/.3182.00- \ £1.3/182.00--7, ~ FINISHES :
, / T Allinterior surfaces exceptasnoted_ . _ __ Sf4orUs3
/ / Constwsction joint surfaces Floril
// ’ - All other surfaces_ __ . _ .. ________. F2aorug
SECTION H-H / £1.817457-7, £1.8175.57-" STRENGTH:
7 / - /2‘_4 Design of concrete isbased on o corripressive
e ) \ strength of 3000 Ibs. per sq.irich ot 28 days.
/ o
108-1§ R-"""""7 . NOTES
y J - Excivate as steep Cham fer # or tool atf exposed corners unless
7 / “Contraction joint . . ‘otherwise speclfied,
Sta.37+63.507 e IR / / f,; Z;z‘;:éc::éek‘ .\ Reinforcement required butnot shown.
I = ===£1.3160.00 / 503
St 87+66 L # / £/.3159.50- b- -4 -0 Dto. tunnel
L, s~ E1.3157.00 !
£1.3156.50-") £ / £ Tunnet-—, |
LSty BT+59.61 )i y,’ """""" E/. 3/54.07-”‘\\ -5 =0.0085 " ;
Construction joints === = -~ = : - -
onstruction join . ] | \-Stg. 37 +55 / Remove existing 0.883:/-~.,
Y £r381500-° -~ 2-5/0.87+50 ) concrele in mll:,_
| £1.3120.93-" N\ _§ £/ 3/47.89 T A o ] /
F2 finish~~~._ L £l3le59 < E1143.74 / Sta. J1 40 - R THIS DRAWING SUPERSEDES DWG.557-D-87 IN PART
~ D'
as // Sra37+4196"~y ¥ // i \-Portal, S+a.36+96 CEPARTAENT OF THE iNTERION
. 3 E1.3141.0~-7 b ELA - COLORA;: ‘;:/;:RO’S;;;:‘GI;A;:;JEC T
i . L t ==~ -St0.B7+26 | _.-Remove existing A £ 3’40'00_'_','_ MIDDLE RIVER DIV~ GLEN CANYON UNIT- ARIZONA=UTAH
ko / / 1155 FEL813778 1 e ™ L GLEN CANYON DAM
S0, 3748720~ i pErsI559 [ | £48183.57-- |} LEFT SPILLWAY - DOWNSTREAM FORTAL
: ] | jE 2700035 e of sfrocture DEFLECTOR BUCKET
raceof structure
~EL300 | 1. 5190.0-- - < S5ta.57+26--") / TS nr St 37E 1ot Z PLAN AND SECTIONS
] . - 4 i T — 7 oh. J7'Fd\r R it ,/-771;cse'of"33f;:{7;yre omawn, PEO- ... sussirreo. & Q8.
m $ %ﬁﬁv/ X/ A z ! _£131278- y g ya) ar ofa. TRACED. -« eceozmneenn recoumenoeo Pl ot 2. ...
4 i L “Excavatian variss vaiformly from L ’ f" 4
SECTION B-8 Line of minimum excavation Sto. %496 1o Sto. 87411 SECTION C-C CHECKED? ﬁ u‘e.‘nnnov 0. x A e e
DENVER, co:.ozazo’g., o’_JgIE n, s 5‘57 D - 2099




FIGURE 63
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FIGURE 69
REPORT HYD. 469
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Figure 70
Report Hyd-469

River outlets discharging 15, 000 cfs.

Erosion after 3 hours (model time) operation
at 15, 000 cfs.

GLEN CANYON DAM SPILLWAYS

1:63. 48 Scale Model
Operation of River Outlets, Preliminary Design



FIGURE 7!
REPORT HYD. 469
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A, FIRST REVISION

B. RECOMMENDED

GLEN CANYON DAM SPILLWAYS

1:63.48 SCALE MODEL
RIVER OQUTLETS —VALVE ALINEMENT




Figure 72
Report Hyd-469

Discharge = 15,000 cfs from River Outlets;
32,000 cfs from T.P.O. W., 24,000 cfs
through powerhouse.

Erosion after 10 hours operation under
above flow conditions.

GLEN CANYON DAM SPILLWAYS

1:83. 48 Scale Model
Operation with Recommended Valve Alinement



FIGURE 73
REPORT HYD. 469
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Figure 74
Report Hyd-469

A,
Pre-excavated erosion hole along right bank in
powerplant afterbay.

B.
Erosion after 16 hours operation, 24, 000 cfs
thru powerplant, 15, 000 cfs thru river outlets,
32,000 cfs thru left &pillway. No sand moved
into afterbay.

C.

Erosion after 7 hours operation. Valves 3 and 4
discharging 7, 500 cfs, 24, 000 cfs thru powerplant.
32,000 cfs thru left spillway. About 5,000 yards
of material moved into afterbay.

GLEN CANYON DAM SPILLWAYS

1:63. 48 Model Studies
Results of Erosion Studies in Powerplant Afterbay



FIGURE 75
REPORT HYD. 469
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FIGURE 76
REPORTHYD. 469
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ABSTRACT

Hydraulic model studies were performed to investigate flow con-
ditions in the diversion works, the tunnel spillways, and the river
outlet works. The alinement of the tunnels was satisfactory for
both diversion and spillway flows. A low, curved concrete wall
placed adjacent to the right canyon wall will protect the canyon
wall from undermining and erosion damage by diversion flows.
The spillway approach channels were greatly reduced from their
original size. Flow through the crest sections was excellent and
no adverse pressure conditions were noticed. However, the pre-
liminary tunnel transition was too abrupt as indicated by rough
flow conditions and subatmospheric pressures. A longer, ade-
quately streamlined transition was developed for prototype  con-
struction. Flow in the 41-foot-diameter tunnels was excellent at
all discharges. The preliminary rectangular flip bucket at each
downstream tunnel portal was replaced by a bucket in which the
circular invert of the tunnel intersected the vertical curve of the
bucket. This type of bucket eliminated the need for a circular-
to-rectangular transition. The outside walls of both buckets were
turned inward to direct the flow into the river in a more favorable
pattern, Pressures as great as 211 feet of water were measured
in the invert and on the wall of the left bucket. The river outlets
were arranged in a fan shape to reduce their erosive tendencies
in the river channel. Tailwater drawdown tests indicated that the
tailwater elevation at the powerhouse will be as much as 30 feet
lower than the downstream water level,
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