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FOREWORD

The hydraulic models for the design of Marshall Ford Dam, as
described in this report, were designed and tested and the model
studies were made in the Fort Collins, Colorado, laboratory of the
Bureau of Reclamation under the supervision of James W. Ball,
Associate Engineer, by J. M. Buswell, R. A. Goodpasture, H. W.
Brewer, and D. M. Lancaster, Assistant Engineers.
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INTRODUCTION

l. Introduction. The Marshall Ford Dam, a part of the Colorado
River project, is located in the Colorado River in Texas about 12
miles northwest of Austin (figure 1). The dam will provide flood con-
trol and power development. The main portion of the dam is of the
concrete, gravity type resting on bedrock with an overflow spillway
crest 730 feet long built into this gravity section. On the left of
the masonry section an earth-fill dam extends to the high ground some
distance from the river. : 5

The dam was constructed in two stages, which will be referred to
in this report as the initial and the ultimate development. The ini=-
tial development spillway had its crest at elevation 640.00, while the
crest of the ultimate development spillway is at elevation 714.00
(figure 2). The additional height was grined by placing the upstream
face of the high dam about 5) feet upstream from the face of the low
dam, making the plane of the downstream face of the dem common to both
structures. An ogee crest tangent to the 0.7531 downstream face was
designed for each structure. Piers were not installed on the initial
spillway crest, making the net length of this crest 30 feet longer than
for the ultimate design. Pertinent data for the layout of the spill-
ways are outlined in table I.

TABLE I
Initial Dam Ultimate Dam
Crest elevation 640.0 714.0
Maximum reservoir water
surface elevation 670.0 740.0
Maximum head on spillway
crest 30.0 ft. 28.0 ft.
Design head on spillwey
crest 30.0 ft. 30.541 ft.
Net length of spillway 730.0 ft. | 700.0 ft.
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The proposed stilling pool was a horizontal apron connected to
the downstream face of the dam by a 75-foot radius bucket and a
sloping apron. A sill was placed at the end of the apron to assist
in dissipating the energy in the spillway flow. Training walls were
provided on each end of the spillway stilling pool to confine the
hydraulic jump (figure 2).

The first design of the ultimate development provided 28 individ-
ual siphons with their exits resting on the crest of the low dam.

River outlets 8 feet 6 inches in diameter were provided so that
the structure would serve properly the functions of flow control. The
spacing between conduits would allow 28 river outlets to be installed
in the spillway section; however, 4 outlets were omitted near the
center of the left half of the spillway to provide space for two 26-
foot diameter diversion conduits. These diversion conduits passed the
river flow during the construction of the low and the high dems, after
which they were plugged with concrete (figure 2).

2. The models. Since the same stilling pool was used for both
dams, the design was necessarily based on action for the more severe
conditions that were expected to exist after completion of the high .
dam. As-a consequence, most of the model testing was confined to the
ultimate development. Results of tests on four separate models, cover=
ing various phases of the project, are presented in this report. The
models discussed are a 1 to 40.8 sectional model of the initial crest,
a 1 to 40.8 sectional model of the ultimate spillway, a 1 to 68 model
representing half of the ultimate spillway, and a 1 to 25.5 model of
one river outlet.

3. Summary of tests. Tests on the 1340.8 model of the spillway
crest of the low dam showed that with the reservoir at elevation
670.2, areas of reduced pressure existed on the crest. Since this
pressure was never greater than one pound per square inch below atmos-
pheric pressure and would be present for only short periods, the con-
dition was not considered critical. Measurements of the thickness of
the jet flowing over the crest of the low dam at maximum discharge
indicated that the height of the proposed training wall should be in-
creased.,

The ultimate development crest operated satisfactorily at all
discharges after the siphons had been eliminated from the design.
With the reservoir at elevation 740.0, a very slight negative pressure
occurred on the downstream extremity of the crest. With water flowing
over the crest, the discharge of the river outletsremained about con-
stant. Calibration data was obtained from the model with the river
outlets and the crest operating separately and together.

The stilling pool studies demonstrated that a 200-foot radius
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bucket with a 2.094 to 1 slope to the flat apron at elevation 480.0
was superior to the original 75-foot radius bucket and the flatter

4 to 1 slope. This change in slope resulted in a saving in concrete
and a longer horizontal apron. Lowering the horizontal apron below
elevation 480.0 did not materially improve the stilling pool action.
A dentated sill at the downstream end of the horizontal apron pro-
duced better conditions than either the original 2 to 1 trapezoidal
sill or a 1 to 1 trapezoidal sill. The dentated sill was removed
from the entrance of the pool sufficiently to prevent any areas of
greatly reduced pressure on the dentates.

Investigations on the 1:;68 model of the ultimate development
showed that’ the location of the diversion conduits was satisfactory.
Intermediate training walls, sloping from elevation 517.0 at the
bucket to the top of the sill, on each side of the diversion conduit
were found necessary to prevent undesirable stilling pool currents
when the spillway and the outlets were operating.

Operation of the diversion conduits in a manner representing the
diversion period during construction of the high dam demonstrated
that conditions were better when the intermediate training walls were
in place. The diversion conduits were rated so that their capacity
might be known for any reservoir elevation.

The more severe stilling pool conditions existing with the high
dam were used to determine satisfactory training walls on each end
of the spillway. The original left training wall design was unsatis-
factory at high discharges because of the excessive flow from the
powerhouse tailrace over the wall onto the hydraulic jump. The final
designed wall, placed at elevation 548.0 with the downstream portion
on a 4.049 to 1 slope ending at elevation 513,0, gave satisfactory
stilling pool conditions.

The original training wall on the right end of the spillway did
not extend sufficiently far downstream to prevent an undesirable whirl
near the right bank. A trapezoidal extension on the end of the wall
removed this condition. The final wall was made similar to the left
wall in appearance. Where the rock level was higher than the sill
elevation, a 3 to 1 cut on the rock extending from the sill downstream
was found more desirable than the 1 to 1 slope originally proposed.
The backfill behind the training wall was severely eroded at high dis-
charges. Accordingly, it was recommended that the sloping portion of
this backfill be riprapped.

The problem of bringing the river outlets into operation at high
reservoir and minimum tailwater elevations was solved by installing
spreading exit transitions on outlets 10, 12, end 14. It was deter-
mined that the most satisfactory operating program would result when
these outlets were operated first, in the order named, and then the

5



remaining even-numbered outlets opened, from left to right. The odd-
numbered outlets could then be opened in any desired order.

Studies on the 1;25.5 model of one river outlet were primarily
for the development of a satisfactory spreading exit for three of the
river outlets to be opened first when bringing the outlets into
operation with a high reservoir elevation and low tailwater level.
Such an exit was evolved, and its operating characteristics were
studied.

Observations and pressure measurements on the circular river out-
let, when fitted with the spreading exit, indicated that under full
capacity better conditions resulted when the air vents were closed.
With reservoir levels between elevation 551.78 and 610.0, the air
vents produced an objectionable pulsating flow through the outlet. Ac-
cordingly, it was recommended that valves be installed in the air
lines to control gates and that these valves be closed when the gates
are completely open.

MODEL OF INITIAL DEVELOFPMENT

4, The spillway crest. While the greater portion of the model
studies were made on the ultimate development, some features made
hydraulic model investigations on the low dam desirable. The tests
concerned mainly the crest of this structure. A 2-foot sectional
model of the crest of the low dam spillway was built on a scale ratio
of 1 to 40.8. This model was installed in a metal-lined flume con-
nected to the laboratory supply system. A gage was installed up-
stream from the model so the head on the crest could be recorded at
any discharge. The model stilling pool was not constructed, since
this problem was considered only in connection with the ultimate de-
velopment. Piezometers were installed on the crest for measuring the
pressure on the surface of the crest at various discharges (figure
3).

5. Tests and results. Piezometer pressures on the crest were
obtained et discharges of 60,000, 120,000, 180,000, 240,000, 300,000,
and 360,000 second-feet, respectively. Pressures below atmospherio
existed on part of the downstream portion of the crest at maximum
discharge (reservoir elevation 670.2). The maximum intensity of this
negative pressure was two feet of water (figure 4).

The discharge-coefficient curve obtained for the crest (figure
4) shows a maximum of 3.948 for reservoir elevation 670.0. This high
efficiency was due to the reduced pressure on the downstream portion
of the crest.

With a discharge of 500,000 second-feet passing over the crest,

6
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a profile of the water surface was taken along the face of the dam.
This was done to determine the necessary height of the training walls
(figure 15). This profile shows that no freeboard existed, the water
surface just reaching the top of the wall in one place. No doubt air
entrainment would causeé a higher water surface, but such a condition
would exist only for the low dam; so the occurrence was not considered
critical. Moreover, the occurrence of floods of this magnitude was
expected to be very infrequent.

STUDY OF SPILLWAY AND STILLING POOL
FOR ULTIMATE DEVELOPMENT

6. The spillway model. Design of the stilling basin for the
Marshall Ford Dam necessarily depended on the more severe conditions
that would exist after completion of the ultimate development. A model
of the ultimate development was therefore given early consideration.
Three methods of flood regulation in one structure made the stilling
pool more complicated and except for the siphons, pointed to a small
model including as much of the prototype as possible. However, the
subatmospheric pressure present in siphonic action made a large-scale
model desirable. Accordingly, a sectional model representing 105 feet
of crest on the left end of the dam was constructed, including four
siphons and four river outlets. A scale ratio of 1 to 40.8 was chosen
to permit use of commercial brass tubing in constructing the outlets.
This model required a flow about equal to the maximum capacity of the
laboratory pump.

A metal-lined tank 11 feet long, 2 feet 6-7/8 inches wide, and
8 feet deep was connected by a flange to one of the 24-inch conduits
of the laboratory supply system. The upstream face of the model dam
was installed at one end of the tank. The model understructure was
& framework of welded engle iron surmounted by 1l6-gage galvanized
iron bents shaped nearly to the crest outline. A covering of 20-gage
sheet metal gave the final crest shape. An apron of sheet iron sup-
ported by 16-gage bents was fastened to the floor and soldered to the
understructure. The flume contained the apron and extended 10.5 feet
beyond to provide a sand bed for erosion studies. Glass panels in
one side of the flume permitted visual and photographie¢ .studies of
the stilling pool action. The tailwater regulator at the end of the
flume was a wooden gate hinged at the bottom and regulated by a wind-
lass and a ratchet mounted across the top of the flume. The metal
siphons were installed in the model and held in place by flanges. The
river outlet conduits of parabolic profile were shaped from brass
tubing, soldered into the bucket at the downstreem end and held in
place by flenges at the upper end. Each tube was fitted with a bell-
shaped entrance (figures 5 and 6). A gage in the forebay was provided
to measure the water surface elevation at any discharge.
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Stilling Pool Studies

7. The original stilling pool apron. Visual studies on the
original model (design 1) shoved that the siphon jets produced very
rough flow on the spillway. However, the siphons were eliminated from
the design before organized testing began. The crest and the outlets
were calibrated individually and collectively to ascertain the proper
model quantity to represent a given prototype discharge. Throughout
‘all tests the tailwater elevation for any discharge was maintained in
accordance with the normal tailwater shown on figure 7.

Very satisfactory conditions existed in the stilling pool at all
discharges, with only the river outletsoperating. The remote possi-
bility of operating all outlets with a low reservoir elevation led to
further tests in which a satisfactory procedure was determined for
placing the outletsin operation with the reservoir near the crest ele-
vation. Outlet 1, nearest the powerhouse, was operated with minimum
tailwater, to represent conditions when it was opened with no flow in
the river below the dam. At 5,000 second-feet the jet swept down the
apron, over the 8ill, and scoured excessively the river bed immediately
downstream from the sill. When the dentated sill was placed on the
apron (figure 6), slight improvement was noted and a series of tests
was made with the left river outlet discharging at normal tailwater. A
disoharge of 2,000 second-feet gave conditions which were not alto-
gether undesirable. The return flow onto the apron from the right
crowded the jet against the wall, where rough conditions and consider-
able splash occurred. Although the jet continued downstream over the
sill, very little erosion was noted on the stream bed. Sand was de-
posited on the apron to the right of the outlet. Discharges of 3,000
and 4,000 second-feet, respectively, produced excessive scour below
the 8ill with an increased amount of sand deposited on the apron. Con-
ditions were practically the same with outlets 1 and 2 operating. A
visual test with the two center outlets discharging gave fairly good
results and indicated that a systematic operation of the river outlets
from the center of the spillway might eliminate any danger to the toe
of the apron. It also indicated that depressing the horizontal apron
immediately downstream from-outlets 5 and 6 and operating these first
might produce a satisfactory operating program. The short sectional
model prevented a satisfactory investigation either of the river outlet
operating program or of the depressed area. Accordingly, these features
were studied on the 1 to 68 model.

The stilling pool conditions were studied next, with the crest and
the river outlets operating. With a 2 to 1 trapezoidal sill, condi-
tions in the pool were very rough at high discharges, although the jump
did not sweep off the apron. With various discharges, the tailwater
level was raised above normal until a good pool was obtained. This
procedure (figure 7) was used to determine approximately the distance
the apron should be lowered to obtain good conditions. Results showed
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that with the original 2 to 1 trapezoidal sill the apron should be
lowered about 3-1/2 feet. With the 7-1/4 foot, 1 to 1 trapezoidal
8ill, the pool became rougher and a slight additional depth was neces=-
sary to produce a satisfactory jump. When the dentated sill was in-
stalled on the apron, conditions were improved, with a satisfactory
jump forming on the apron at normal tailwater.

Comparative scour and erosion profiles were taken along the center
line of the model flume for the three sills at discharges of 125,000,
300,000, and 500,000 second-feet, respectively, (figure 8). The den-
tated sill gave the best scour conditions and the smoothest wmter
surface, with the 2 to 1 trapezoidal sill being somewhat more efficient
than the 1 to 1 sill. The dentated sill was accepted as the final de=~
sign and was used during the remaining studies.

8. Apron design 2.. A 75-foot radius bucket appeared to turn the
flow too abruptly as it entered the pool. The apron design was chenged
to a 200-foot radius bucket tangent to the face of the dam, the invert
of the parabolic river outlets, and a 4:1 sloping apron. It was be-
lieved that the decrease in pressure on the outlet exits would increase
the quantity flowing through them when the crest was discharging. The
4:1 sloping apron was moved upstream from its original position, pro-
ducing a longer horizontal apron and resulting in a saving in concrete
(design 2, figure 6). The scour and water surface profiles, taken at
discharges of 125,000, 300,000, and 500,000 second feet, respectively,
are shown on figure 9, together with the corresponding data for the
original design. While there was little difference in the results at
the first two discharges, design 2 produced less scour and a greater
depth of water on the apron for the 500,000 second-foot discharge.

Although this improvement was encouraging, means of further im-
proving the stilling pool action at meximum discharge were sought.
Two. methods of accomplishing this were considered. One was to lengthen
the horizontal apron either by moving the sill downstream or by steep-
ening the sloping apron; the other was to lower the horizontal apron,
thus increasing the effective tailwater depth. Moving the sill down-
stream would increase the cost of the spillway, and it was therefore
not considered a satisfactory solution.

9. Apron design 3. Design 3 was formed by removing the down-
stream portion of the bucket and placing the sloping apron tangent to
the 200-foot radius bucket and the parabolic outlets. This resulted
in a 2.094:1 sloping apron which lengthened the horizontal portion of
the apron (figure 10).

The action of the outlet jets with a discharge of 125,000 second-
feet was prectically the same as for the preceding design except that
the more abrupt change in direction at the toe of the 2.094 to 1 slope
gave a greater spreading effect. This condition produced a satisfactory
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jump and reduced the impact on the sill. An improved stilling pool
with less scour downstream resulted for all discharges (figure 9).

The appearance of the stilling pool with only the spillway dis-
charging was improved, a very satisfactory jump forming for discharges
up to 200,000 second-feet. Increasing the flow to 360,000 second-feet
(reservoir elevation 740.0) gave a rough water surface in the pool,
but the jump formed well up on the apron. The resulting scour appeared
less than with the maximum discharge when the river outlets were also
operating.

10. Apron design 4. This design was formed by lowering the
horizontal apron and the sill of design 3 two feet, to elevation 478.0.
Flow conditions were not improved over those for the preceding design.
The water surface and the scour profiles gave no improvement over de-
sign 3 (figure 10). These results demonstrated thet the improvements
obtained with the 2.094 to 1 slope were due to the increased length of
the horizontal apron. Accordingly, the lower apron would not be Jjus-
tified.

1ll. Final design apron. Design 3 was considered a satisfactory
solution of the stilling pool problem. Accordingly, this apron, with
slight changes, was installed on the model and termed the final design.
The downstreem end of the apron was lowered from elevation 479.75 to
479.63, and the spacings of the dentals on the sill were altered
(figure 10). These slight changes were not sufficient to alter the
action of the stilling pool in scour and water surface profiles from
those for design 3.

A condition might arise on the prototype whereby a meximum flood
must pass the dam before the river outlets could be opened. Accord-
ingly, with 500,000 second-feet passing over the crest, the resulting
water surface and the scour profiles were obtained (figure 9). These
profiles were practically identical with those for the crest and the
sluices both operating. While the water surface was very rough, the
Jjump formed well up on the apron, demonstrating that the apron and
the sill were effective when the maximum discharge passed over the
crest. However, conditions should improve when the spillway and the
river outlets operate together.

Piezometers were installed in the final design apron and sill to
investigate the distritution of pressures throughout the stilling
pool. Two rows of piezometers were installed, one along an extension
of the center line of one river cutlet and another equally spaced
between a pair of outlets. Piezometers were also installed on the
upstream face, the top, and one side of a dentate to investigate the
existence of negative pressures. Pressures on the apron and the sill
were obtained at discharges of 125,000, 300,00C, and 500,000 second-
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feet with crest and outlets operating, and at discharges of 200,000,

360,000, and 500,000 second-feet with the outlets closed (figure 11).
At no discharge did any negative pressures exist on the apron or the

"s8ill. Stilling pool conditions are shown on figure 12.

Spillway Studies

12. Dischurge calibrations. Calibrations on the 1 to 40.8 ulti-
mate model included celibration of the river outlets with the orest
closed, calibration of the crest alone, and determination of the dis-
charge characteristics of the outlets with the crest discharging.
Discharge coefficients for the crest and the river outlets are shown
on figure 13. From these coefficient curves, prototype discharge
curves were ocalculated for 700 feet of crest and 24 river outlest
(figure 14). These curves do not include the effect of piers that
will be present on ths prototype crest. At a reservoir elevation of
740.0, a discharge of about 490,000 second-feet could pass the dam
with both the crest and the river outlets operating. A reservoir el-
evation of 740.4 would be required for a discharge of 500,000 second-
feet.

13. Spillway training walls. Tests were made next to determine
the adequacy of the proposed training walls on the spillway. This
was accomplished by recording water surface profiles along the side
of the flume at various discharges (figure 15). The proposed train-
ing walls for the ultimate development were considered to be suffi-
ciently high to pass 500,000 second-feet over the crest without over-
topping the wall.

14, Crest pressures. Piezometers were installed in the curved
portion of the crest (figure 6) to determine pressures at crest dis-
charges of 60,000, 120,000, 240,000, and 300,000 second-feet, and at
reservoir elevation 740.063 (figure 16). A very slight negative
pressure was found to exist on the downstresm portion of the crest at
high discharges.

MODEL OF LEFT HALF Or SPILLWAY FOR ULTIMATE DEVELOPMENT

15. Description of the model. The 1:40.8 sectional model of
the Marshall Ford ultimate development was necessarily limited in
its usefulness to study of the stilling pool and the crest. To study
river outlet combinations, the effect of the training walls on the
stilling pool, and conditions in the diversion conduit area, a model
was built representing half of the spillway. A model scale of 1 to 68
permitted use of commercial tubing in the construction of the circu-
lar river outlets. With a model of half the spillway section on this
scale, the model discharge represented about the maximum capacity of

19



FIGURE 11

[
(7
[~

w LY R A T o 10
E 540 \i\ . .~-Pressure elevations midway between two river outlets. » ‘

4 ’ ’
o Y
[
] N N AN
& o0 N [~ f 3 \
5 s20 AR B
w N =
w N —~ ~ L
:5|0 \1\_\ ] e et TN I " _
= K\ ny‘—."!q_. _//4"

180 200 220 240 260 260 300 320 340 360 380 400 420

DISTANCE FROM AXIS OF DAM IN FEET-PROTOTYPE

550

w T

[3 .. Pressure elevations on center line of one river outlet. .

k- 540

2 AN /

& 530

o 1

W 520 o= ZEN < —=

w 7 N ~ / /’__4 P——-Y

; 510 b L > - O Ll

= o A - —- -

2 eSS e TN~ o ]

O 500 ;

5. ™~

3 4% - ™~ 7.\

i , [7
W 480 ‘ q

220 240 260 280 300 320 340 360 380 400 420
DISTANCE FROM AXIS OF DAM IN FEET-PROTOTYPE

CREST AND RIVER OUTLETS OPERATING

DENTAL PRESSURES IN FEET OF WATER-PROTOTYPE

550 T T T !

T T T T T T T T
-Pressure elevotions midwoy between two river outlets. P

N /
X Sl

e Xa/)k\l\ T -
o i /. .
Al L

I
I =8

200 220 240 260 280 | 300" 320 3a0 ' 360 ' 380 ' 400 420
DISTANGE FROM AXIS OF DAM IN FEET-PROTOTYPE

540

530

77
/4
/

520
AN
510 NS

500

490

ELEVA ON IN FEET PROTOTYPE

480

w 550 T T
& - Pressure elevations on centerline of one river outlet. i
E 540
2
€ s30 L\
a B / \ 7
1 1 Vd
Y s20 : Eeid
14 L PU st
L 510 = .Y’ \ T L=t=—
2 ao | g NN —_ -]
Z 00| T M —/ \ LT |
T ™~
3 4% —
2 ™~ Zd
o 240 260 280 300 320 340 360 380 400 420
DENTAL PRESSURES IN FEET OF WATER-PROTOTYPE DISTANCE FROM AXIS OF DAM IN FEET-PROTOTYPE
CREST ONLY OPERATING
NOTES EXPLANATION
Pressures are in feet af water o———Discharge 500,000 second-feet
prototype. a— —Discharge 360,000 second-feet
Normal tailwoter elevations were o——-Discharge 200,000 second-feet

used an these tests.

MARSHALL FORD DAM
ULTIMATE DEVELOPMENT
HYDRAULIC MODEL STUDIES - SCALE 1:40.8

APRON AND SILL PRESSURES

JMB-HWB. 6-26-37 249-D-108)



FIGURE 12
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the laboratory pump and supply system.

Two metal-lined tanks (figure 17) were constructed; one to provide

a forebay for the model end the other to contain the topography down-
streem from the dam representing half of the width of the river bed,
with a reach of 800 feet. The topography was molded in sand. A gate
at the downstream end of the tailrace tank controlled the tailwater
level, and a hook gage measured its elevation. The forebay tank was
connected to the laboratory supply system and fitted with baffles to
quiet the inflowing water. A forebay gage was installed so that the
reservoir elevation could be measured.

The model was constructed of angle-iron bents covered with sheet
iron (figure 18). The 2.094 to 1 slope was installed on the apron and
connected to the spillway face by a 200-foot radius bucket. The hori=-
zontal apron extended from elevation 480.0 at its upstream end to
elevation 479.75 at its downstream extremity. A dentated sill, with
dimensions proportional to those for the first sill used on the 1 to
40.8 ultimate model, was installed at the end of the apron. Fourteen
of the 24 river outlets were installed in the model, making it possible
to represent either half of the spillway. The circular outlets were
fitted with bell entrances, while the downstream portions were para-
bolic curves tangent to, and terminating at, the point where the
inverts intersected the 200-foot radius bucket. The outlets were fit-
ted with small gates near the upstream end so that any flow combination
could be studied. The outlets were numbered from left to right, look-
ing downstream.

The pier spacings were so arranged that the crest represented the
left end of the spillway. A wall, extending above the tailwater, was
pleced on the right end of the apron and extemded 3 feet 11 inches
downstreem from the sill (figure 17). Training wall design 1 was
placed on the left side of the apron (figures 18 and 22). Since con-
sideration was being given to operating river outlets 5 and 6 first,
when the outlets were brougnt into operation at minimum tailwater and
high reservoir elevations, that portion of the horizontal apron im-
mediately downstream from these outlets was placed at elevation 470.0
to provide deeper tailwater.

16. River outlet stilling basin. With only outlets 5 and 6
discharging into the depressed stilling basin at normal tailwater,
the flow conditions were not satisfactory. Severe return eddies on
each side carried sand and gravel upstream onto the apron where it
would have caused severe abrasion in the prototype. Low, interme-
diate training walls (design 1, figure 19) were installed on each
side of the depressed basin. With a total discharge of 5,000 second-
feet through the two outlets, little scour occurred at the toe of the
sill although some sand was carried onto the left portion of the
apron. When the discharge was increased to 10,000 second-feet, the
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erosion was materially increased, with sand being carried onto the
apron on each side of the stilling basin. An undesirable grinding
action on the apron was produced by a large whirl on the right. A
large amount of sand was deposited on the downstream left portion
of the apron, completely covering the sill in this region. With one
outlet discharging 5,000 second-feet, conditions improved but were
still undesirable,

Consideration was given to the possibility of opening either
alternate outlets or even every third outlet when outlets were placed
in operation. Further study was deferred, however, until other de-
tails in the stilling pool design were determined. The depressed
area was removed to permit these other studies.

17. Location of diversion conduits. At the completion of the
construction, according to the specifications, the diversion conduits
in the ultimate development would be filled with concrete. Outlets
7, 8, 9, and 10 in the model were closed to represent this comdition.
Visual observations demonstrated that with the river outlets only
discharging, good conditions in the pool could not be obtained unless
low training walls were placed on each side of that portion of the
apron immediately downstream from the diversion conduits. A proposal
to place the diversion conduits on the left end of the spillway,
since only one intermediate training well would be needed, was studied. .
This condition was represented by closing outlets 1, 2, 3, and 4 in-
stead of outlets 7, 8, 9, and 10.

To facilitate testing, the intermediate training walls were re-
moved, it being planned to develop the correct shape for these walls
after the conduit locations had been fixed. Observations were made
with various discharges passing the dam; first with the diversion
conduits on the left end of the spillway and then by repeating the
tests with the conduits located according to the specifications. The
left training wall design had not been decided. Since its shape would
have an effect on the stilling pool, several walls were tested to ob-
tain comparisons. Training wall designs 1, 2, and 3 were tested under
the above procedure (figure 22).

Stilling pool conditions were always better when the diversion
conduits were located according to the specification drawings. With
the diversion conduits on the left end of the spillway, a strong re-
verse current deposited sand in the powerhouse tailrace. This condi-
tion became worse at high discharges when water began spilling over
the training wall onto the hydraulic jump. Raising the top of the
wall to the maximum tailwater surface did not eliminate these unde-
sirable conditions, demonstrating that a sloping training well could
be developed which would give satisfactory conditions. Location of
the diversion conduits according to specification drawings would con-
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sequently produce a saving in cost of the large training wall which
would partially compensate for the necessary additional intermedia te
training wall.

18. Intermediate training wall studies. The complexity of the
stilling pool proolem did not permit the independent development of
any particular feature. While the initial tests for the location of
the diversion conduits served their immediate purpose, they also
furnished material for the design of & better training wall on the
left side of the spillwaey. A new training wall (design 4, figure 22)
was placed on the left of the spillway. This wall was neer enough to
its final shape so that tests to determine a design for the interme-
diate training walls oould proceed unhindered. The powerhouse wall
was installed before testing was started.

With no intermediate training walls, an upstream flow onto the
epron toward the region of the diversion conduits carried sand onto
the apron. The flow then divided, turning outward and crowding the
outlet jets toward the sides of the spillway (figure 20). A discharge
of nearly 300,000 second-feet over the spillway was required to pre-
vent this return flow. Necessity for the intermediate training walls
was obvious. Tests were made to determine the design of these walls,
using discharges of 130,000, 200,000, end 240,000 second-feet, respec-
tively, since the stilling:.pool conditions were most unsatisfactory at
those flows. Five designs were studied before an acceptable one was
evolved.

In design 1, low training walls with their tops horizontal at
elevation 497.0 were placed on each side of the diversion conduits
and extended from the 2.094 slope to the downstreem extremity of the
sill (figure 19). Conditions were somewhat improved but still re-
mained unsatisfactory, the general flow conditions being similar to
those with no walls. Above a discharge of 200,000 second-feet thse
spillway flow was sufficient to produce e&n acceptable pool.

Design 2 wms formed by adding trianguler pieces on the upstream
portion of the walls of design 1 to prevent the excessive flow over
the walls onto the Jump in the upper end of the pool. These additions
extended on a 6.46 to 1 slope, from elevation 517.0 at the bucket to
the horizontal wall at elevation 497.0 (figure 19). Elevation 517.0
was chosen as the maximum elevation of the wall, since this will be
the tailwater for a dischurge of 130,300 second-feet. The top of the
wall next to the spillway face was beveled to minimize interference
with the flow down the spillway face. This bevel was used on all
subsequent tests. Higher discharges over the crest prevented exces-
sive {low over the training walls near the face of the spillway. 1In
this design stilling pool conditions were much improved over those
for the preceding designe. With a discharge of 130,000 second-feet,
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the jump was improved and less sand was carried onto the apron. Slight
improvement was also noticeable at a discharge of 200,000 second-feet.
At higher discharges no difference could be detected.

The walls downstream from the intersection of the 6.446 to 1 slope
and the horizontal pértion at elevation 497.0 were removed, resulting
in design 3 (figure 19). With discharges of 130,000 and 200,000 second=-
feet, the undesirable whirl on the apron was more pronounced, deposit-
ing sand well up on the apron. A flow of 240,000 second-feet gave about
the same characteristics as the preceding designs except that most of
the sand deposited on the apron was removed.

The training walls for design 4 had horizontal portions at eleva-
tion 517.0 extending 51 feet out from the face of the bucket, thence
on a 1,995 slope to the horizontal apron at elevation 480.0 (figure 19).
With this design the whirl on the apron was distinctly worse than in
any previous trial. When the discharge was increased to 240,000
second-feet, the sand deposited on the epron by the lower flow was re-
moved.

‘Comparison of designs 3 and 4 with design 2 showed that ths exten-
sion of the walls downstream to the sill materially improved the hy-
draulic jump. Design 2 demonstrated the advisability of building the
walls higher near the bucket. These two ideas were combined in design
5 by sloping the training walls from elevation 517.0 at the bucket to
the top of the dentated sill (figure 19). Good conditions were ob-
tained at a discharge of 130,000 second-feet, with some sand carried
onto the apron between the walls. The water flowing over the walls
did not prevent a good jump from forming. This condition was better
than for design 2. With higher discharges, practically the same condi-
tions existed as with design 2. Since these walls presented a pleasing
appearance and their flow conditions were satisfactory, this design was
chosen for future tests with other spillway features.

The left training wall design was fixed, and it wms installed on
the model with piezometers on both sides of the left intermediate
training wall. Pressures were obtained with discharges of 125,000,
200,000, 300,000, 400,000, and 500,000 second-feet, respectively, with
outlets 7, 8, 9, and 10 closed. These pressures (figure 21) were used
in the stress analysis on the design of the walls.

19, Studies on left training wall. During the tests to determine
the correct location of the diversion conduits, studies of left train-
ing wall designs 1, 2, and 3 (section 17 and figure 22) indicated the
need for further development of the training wall to prevent adverse
flow conditions in the stilling pool. %While better scour conditions
existed at the toe of the sloping wall of design 1 than for the other
two walls, with discharges up to 300,000 second-feet, water spilled over
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‘the walls from the powerhouse area, drowning the jump edjacent to the
training wall. Test results obtained with design 1 suggested the use
of a sloping wall with its upstream portion at the elevation of the
meximum tailwater. Design 4 was a wall of this type, sloping from
elevation 548.0 at the downstreem face of the powerhouse to elevation
530.0 at the end of the apron (figure 22). This wall, with the end

of the powerhouse in place, was used in connection with the studies on
the intermediate training walls. After a satlsfactory design for the
intermediate training walls had been developed and installed on the
model, testing was ocontinued to obtain an improved shape for the left-
training wall with all discharges. The flow conditions in the spillway
stilling pool were good. A small amount of sand was carried into the
powerhouse tailrace, and a hole was scoured at the downstreem toe of
the left wall at high dischargese Nevertheless, this design was con-
sidered a satisfactory-solution. However, additional testing was
desirable to determine how much the wall could be lowered in the region
where the differenlce between spillway stilling pool and powerhouse
tailrace water-surface elevations was small. This would effect a sav-
ing in construction costs.

~In designs 5, 6, and 7, the downstream end of the wall was
lowered progressively to elevations 521.5, 513.0, ‘and 504.5, thus
steepening the slope of the wall (figure 22). With a discharge of
300,000 second-feet no difference could be detected between designs
4 and 5. At e disoharge of 500,000 second=-feet more water spilled
over the wall onto the jump, but with no pronounced effect on the
pool. The hole scoured at the toe of the wall was larger in plan but
not so deep. With design 6, no change in the pool could be detected
at a discharge of 300,000 second-feet, but improvement was noted in
the scour. While more water spilled over the wall onto the jump when
the discharge was increased to 500,000 second-feet, the pool was very
satisfactory, with less scour than in any preceding design. The ob-
jectionable hole at the end of the wall had almost disappeared.
Design 7 produced conditions differing but little from those of design:
6. The increased slope on the wall allowed more water to spill onto
the hydraulic jump from the powerkouse tailrace, but this action did
not noticeably affect the jump. A slightly increased amount of sand
was carried into the tailrace at the higher discharges. Scour condi-
tions were very similar to those in design 6.

\ The tests demonstrated that the training wall should be tuilt to
elevation 548¢0 in the region of the powerhouse, with a sloping down-
stream extension. Both designs 6 and 7 were considered satisfactory
solutions, with scour conditions slightly better with design 8.

Since the tailwater will be at or nsar elevation 505.0 a large portion
of the time, the wall with its downstreem extremity at elevation 513.0
would present a better appearance than one whose downstresm end would
‘be submerged a portion of the time. Design 6 was altered slightly by
construction considerations and accepted as the final design.
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The final wall extended level; at elevation 548.0, a distence of
20.67 feet downstream from the face of the powerhouse, thence on a
4,049 to 1 slope to elevation 513.0 on the apron. The model wall was
fitted with piezometers to obtain pressure data for structural-design
purposes. Pressures were obtained at discharges of 125,000, 200,000,
300,000, 400,000, and 500,000 second-feet, respectively. Water-surface
profiles along the spillway face of the wall were also measured at
these discharges and are shown, tog®ther with the pressures, on figure
23. Water was admitted into the model ‘powsrhouse so that pressures
were obtained on both sides of the wall in this region. Flow condi-
tions with the final design are shown on figure 24.

20, Diversion conduit studies. After the location of the diver-
sion conduits, the type of lntermediate training walls, and the shape
of the left training wall hed—beemrdetermined, the diversion conduits

were installed in the model to determine their operating charaocteris-

tics., Ip‘previous tests the intermediate training walls had been
placed with their outside faces along construction joints in the epron.
To strengthen these walls by meking them part of a T-beam, they were

 moved 4in toward the diversion conduits. This neceSsitated moving the

conduits cloeer together than was proposed 'in the original specifica=
tions. The revised conduits were installed in the model and the
dentates for the sill were respaced in accordance with the new .training -
wall locations (figure 25). :

21. Evacuation of the reservoir storage through the diversion. ;
conduits., It was originally planned that between the time of completion’

of the initiael- dam and that of the ultimate structure the two diversion !

conduits would be closed by wooden. bulkheads. Each bulkhead was to'’
contain two 3- by 3-foot gates, to be used in the evacuation of storage
water in the extreme bottom of the reservoir after most of the evacua-
tion had been made through the river outlets. : The studies of the
diversion conduits were mdde on that assumption. Later, plans were [
changed, whereby the diversion conduits were not closed until the base
on the addition to the upstream face of the initial construction had *
been poured to a point above the intake to the river outlets and the
diversion could be made through them. The diversion conduits were then
plugged permanently.

To provide hydraulic date for the originel plan small plates, with
holes in them to represent the small 3- by 3-foot gates, were placed .
over conduit entrances of the model to represent these bulkheads (fig-
ure 25). Observations with the small gates discharging when the reser-
voir was below the invert of the river outlets showed that satisfactory
oonditions existed either with or without the intermediate training
walls. A rating curve was prepared for the four 3- by 3-foot gates
(figure 26).

L
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22, Diversion. InveStigations of the flow conditions through
the diversion conduits during the proposed period of construction of
the second stage, according to the original plan, led to the operation
of the diversion conduit8 at various reservoir elevations below the
invert of the river outlets, with and without the intermediate train-
“ing walls.

With the intermediate training walls.in place, disoharges in the
region of 5,000 second-feet gave satisfactory stilling ‘pool conditions.
Very little sand was carried onto the apron, and practicelly no erosion
occurred downstreem from the sill. When the discharge was inoreased to
14,500 second-feet, the pool was satisfactOry, with a smell increase in
the amount of send oarried onto the apron.. A discharge of 36,200
second-feet, which was approximately the cepacity of the diversion
conduits with the reservoir at the invert of the river outlets,. gave an
increased amount of materiel deposited on the apron. The excessive
'scour below the s8ill on the right probably would not exist if the ocom-
plete model were installed,-as the whirl would “extend farther to the
right and would be reduced in intensity (figure 27).

The intermediate training walls were removed, and the test was re-
peated. Discharges of 5,000 and 14,600 second-feet, respectively,
gave satisfactory soour conditione downstream from 'the sill, with more
sand’ carried onto the apron than when the walls were in place. A dis-
charge of 36,200 second-feet gave' ‘conditions similar to those obtained
when the walls were in place, with no apparent increase in the amount
of sand deposited on the epron, and with less socour downstream from the
8ill. ' The heavy scour downstream would have been less if the entire
apron had been included on the model, since the adverse ocurrents in the
stilling pool would then have been’ reduced. These studies indicated
that the intermediate training walls should be installed during con-
‘8truction of the low dem.’

23, River outlet studies. Studies on the 1 to 40.8 model to de-
termine some satisfactory program for bringing the river outlets into
operation with a full reservoir and a minimum tailwater were unsuc-
cessful. Initial tests on the 1 to 68 model with a stilling basin
downstream from outlets 5 and 6 also gave unsatisfactory conditions
when various programs were investigated. Observations on the models
have shown that after three outlets are in operation the tailwater is
sufficiently deep to prevent excessive erosion from any additional
outlets that may be opensd.

A transition at the exit of the outlet was developed which could
spread the jet more evenly over the apron (figure 28). Original
recommendations were that three alternate outlets, between the left
intermediate training wall and- the left spillwey training wall, be
constructed with this spreading exit and opened first when placing
the river outlets in operation. By the time the desired spreading
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exit had been completely developed, construction on the left end of
the spillway had progressed too far to permit its inclusion in that
area. It was necessary, therefore, to place the spreading exits to
the right of the intermediate training walls, nearer the center of
the spillway.

The development of the spreading exit was studied on a 1 to 25.5
model of one river outlet and will be described in detail in subse-
quent sections.

24, Exit transitions on outlets 8, 10, and 12. The spreading-exit
transitions were installed initially near the left end of the model
spillway. When it was learned that the construction had progressed
too far to permit such construction in the prototype, the exits were
moved to outlets 8, 10, and 12 by extending the apron, fitted with the
proper training walls, farther to the left (figure 28). While this
arrangement did not allow detailed testing of all combinations, since
outlets 1 to 6 and the extreme right end of the spillway were not re-
presented in the model, it was considered the most practical for deter-
mining the flow action on the apron to the right of the spreading-exit
outlets.

The problem resolved itself naturally into two parts - the
sequerice of opening the outlets with the spreading exits end the se-
quence of opening the other outlets. Throughout all the outlet tests
the reservoir was maintained at approximately elevation 714.0, the
elevation of the fixed crest of the spillway, while the tailwater was
varied according to the quantity of water being discharged by the out-
lets.

With one spreading outlet in operation, best conditions were ob-
tained with outlet 10, while least desirable conditions occurred when
outlet 8 operated alone. In the two-outlet combination, best condi-
tions were obtained with outlets 10 and 12 operating together. With
outlet 8 discharging, the flow pattern was crowded toward the interme-
diate training wall, and this condition persisted with the three-
outlet combination although some of the unsymmetrical flow was elimi-
nated. Accordingly, the best initial operating program for this
arrangement  would be to open the spreading outlets in the order 10, 12,
and 8. Results indicated that improved flow patterns would be obtained
if the spreading exit on outlet 8 were placed on outlet 14. It would
improve the spreading outlets to be opened from left to right.

With the three spreading-exit outlets in operation, even-numbered
outlets to the right of outlet 12 were opened next, proceeding from
left to right. The flow conditions were rough, end the return flow
onto the apron from the right become more pronounced as additional
outlets were opened. Better results were obtained when three of the
outlets to the lef't of the intermsdiate training walls were opened

45




following the opening of the spreading outlets and before any of the
regular outlets on the right were opened. When the latter method was
represented by raising the tailwater, the action of the spreading
outlets was improved and the undesirable eddies on the right were re-
duoed.

25, Exit transitions on outlets 10, 12, and 14. The preceding
studies illustrated the desirability of placing the spreading exits
on outlets 10, 12, and 14. To represent this condition on the model,
the intermediate and the left training walls were moved 9-11/64
inches toward the left. Outlets 1 to 8 and 23 and 24 were not repre-
sented because of the restricted length of the model.

The results of the previous test suggested the desirability of
opening outlets 10, 12, and 14 in that order, which proved correct.
As in the preceding test, observations indicated that best results
would be obtained if three outlets to the left of the intermediate
training walls were to be opened following the opening of the three
spreading outlets and before any further outlets were opened to the
right. This produces a deeper tailwater which improves the action
below the spreading outlets and reduces undesirable eddies. The re-
maining even-numbered outlets should then be opened, beginning with
outlet 8 and proceeding toward the right. The odd-numbered outlets
can then be operated in any order. Figure 29 shows the general flow
characteristica with this operating program.

26. Pressures in outlet conduits. A circular'and a spreading-
exit river outlet were equipped with air vents and all outlets were
closed. The air vents were connected to manometers so that the
pressures within the outlets could be measured. With the spillway
only operating, negative pressures were present in both outlets.
These negative pressures varied from 6.5 to 10.2 feet of water, pro-
totype, for discharges between 200,000 to 500,000 second feet.

These objectionable pressures will be relieved by having the air
vents open when the outlet control gates are closed.

MODEL OF RIGHT HALF OF SPILLWAY FOR ULTIMATE DEVELOPMENT

27. Description of the model. The 1 to 68 model was modified
to represent the right half of the spillway (figure 30). The piers
were rearranged and the high wall, formerly on the right end of the
spillway, was moved to the left end. The topography was placed as
shown on figure 17. Tests on this model were for the purpose of
establishing satisfactory flow conditions in the spillway around the
right wall. Since these studies were made before the installation
of the diversion conduits in the model, there were 14 outlets in the
model .
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28. Studies of right training wall. The original design of the
right training wall was tested first. This wall ended 72.5 feet up-
stream {rom the end of the spillway apron and was at elevation 537.0
throughout, with an additional wing wall extending at right angles
from the end of the main training wall to the side of the model tank.
The original information indicated that the river bank was rock.

Loose rock was used in the model to represent a strip of topography

102 feet wide, downstream from the apron sill. A discharge of 125,000
second-feet gave satisfactory stilling pool conditions. With dis-
charges of 300,000 and 500,000 second-feet, a large flow onto the apron
from the right drowned the hydraulic jump near the training well. The
loose rock was scoured excessively at moderate discharges, indicating
that the rock was not represented correctly on the model. The strip of
topography downstream from the sill was replaced on the model by con-
crete, and the tests were repeated. At the higher discharges, the re-
turn flow onto the apron was very pronounced. The 1 to 1 slope on the
hill downstream seemed to turn the water upward too suddenly, resulting
in a shortening effect on the stilling pool in that area.

To minimize the excessive flow onto the apron from the right, a
trapezoidal shape was added to the training wall (figure 30). This
second design sloped from elevation 537.0 at the end of the original
wall to elevation 513.0 at the end of the apron. The objectionable
return flow was reduced materially. The shortening of the pool on the
right was still present, indicating that the slope of the topography
should be flattened.

Design 3 was obtained by moving the cutoff wall to the downstream
end of the apron and placing the wall on a flatter slope with the down-
stream end at elevation 513.0 (figure 30). The cut on the rock
topography downstream from the sill was flattened to a slope of 3 to 1l.
With discharges of 300,000 and 500,000 second-feet, conditions in the
right portion of the stilling pool were materially improved. The jump
formed with no undesirable return flow over the training wall onto it.

29. Final design of right training wall. Complete information
on the rock conditions along the right bank were lacking during the
initial studies on the training wall. It was known that a large por-
tion of the bank was solid rock; but the extent of the overburden was
not known. When detail informetion on the position of the rock sur-
face became available, it was represented in the model in concrete.
The cut in the rock, downstream from the apron sill, was placed on a
3 to 1 slope, and around the toe of the wall on a 1/4 to 1 slope
(figure 30). The earth overburden was placed on a 1 to 1 slope. A
large portion of the earth overburden would be moved downstream during
medium and high discharges. The training wall for the final design
was altered little from the design 3 (figure 30).

Lowering the rock topography to its correct position materially
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improved the stilling pool conditions at high discharges. The up-
stream flow over the wall from the right was not present at discharges
of 125,000 and 300,000 second=-feet. At 500,000 second-feet this flow
was small and had little effect on the jump (figure 31). With a dis-
charge of 300,000 second-feet, erosion was noticeable on the down-
stream portion of the backfill on the right of the training wall.
When the discharge increased to 500,000 second-feet, this erosion in-
creased in intensity; so a large portion of the backfill was removed
near the wall., This condition can be prevented by riprapping the
downstream slope of the backfill,

MODEL OF RIVER OUTLET

30. Description of the model. The problem of the spreading of
the jet from certain river outlets led to a more detailed study of a
single outlet to develop pressure data and the most effective shape
both hydraulically and structurally. The model was constructed to a
scale of 1 to 25.5, which permitted the use of standard 4-inch brass
tubing in the construction of the model. The upstream face of the
dam was represented by one side of a rectangular, metal-lined tank.
The outlet, fitted with a bell entrance, extended out from the tank
and downward on a parabolic curve. A section of the apron was in-
stalled downstream with a grid painted on it so that the spread of
the jet could be measured (figure 32). Piezometers were installed in
the outlet to msasure the pressures within it, and in the sides, the
crown, and the invert of the exit so that pressure distributions in
that region could be investigated.

31, Outlet exit studies. The exit design used on 21 of the 24
river outlets was installed first. The invert of this design was
circular and tangent to the apron. With reservoir water surfeaces
near the initial and the ultimate spillway-crest elevations, the
pressures were measured on the sides and at the invert of the exit
and within the outlet (figures 33 and 34). While some negative pres-
sures occurred within the outlet, tley were not excessive to the
extent of causing ocavitation. Pressures and water surface profiles
were also taken on the sloping apron at right angles to the center
line of the jet (figure 34).

The exit was then modified to cause the jet to spread on the
apron, to induce the formation of a hydraulic jump more quickly than
it could be formed with the jet from the circular exit. Design 2 was
a transition from a semicircular invert at the end of the tube to a
horizontal line at the point of tangency. The sides of the exit were
vertical (figure 32). Design 3 was essentially the same except that
the sides were given a warp, changing from vertical at the exit to
horizontal at the point of tangency. Observations were also made on
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FIGURE 31
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design 3 with a pad in the invert downstream from the circular outlet
(figure 35). Exit pressures and water surface profiles on the apron
were measured for design 2 (figure 34). All of these designs were
ineffective in spreading the highevelocity Jjet over the apron; but
they did demonstrate that effective spreading could be accomplished
only by constructing a transition exit within the dam.

Design 4 was a preliminary design of transition attached to the
end of the circular outlet to determine the effectiveness of such a
structure (figure 35). The results were gratifying, with no adverse
pressures indicated.

Design 5 was similar to design 4 but constructed more carefully
(figure 35). It was added to the end of the original outlet; hence
the pressure and the discharge characteristics were slightly in error.
The spread of the jet was greater than necessary to give a good flow
distribution on the apron. As spread on the apron would be increased
with the transition in its correct position farther upstream, the
width of the transition could be reduced. The pressures through the
outlet with this exit are shown on figure 33.

The results of the preceding tests were used in designing a
constant-area spreading exit (design 6, figure 35). A portion of
the circular pipe was removed and the transition installed in its
proper relation to the face of the dam. Discharge characteristics
of this transition were good, and the design was adopted as final.
The details of the prototype conduit are shown on figure 36.

The proposed air vent was installed in the outlet to study its
effectiveness. Pressure measurements were made with discharges of
2,500, 3,000, and 4,000 second-feet, respectively, with the air vent
both open and closed, while corresponding data was taken at higher
discharges with the vent closed (figure 37). The outlet was cali-
brated at the same time (figure 328). The lowest negative pressure
was =12 feet of water with the air vent closed and the reservoir at
elevation 567.8, and a discharge of 2,500 second-feet. The minimum
reservoir water surface at which the outlet would flow full continu-
ally with the air vent closed is shown on the discharge curves as
2,000 second-feet with reservoir elevation 553.0. At this flow the
minimum pressure would be slightly lower tian for 2,500 second-feet.
Average pressures at low flows, with the vent open, were higher than
with it closed. The pressures became zero or positive throughout
the outlet when the discherge reached 4,C00 second-feet. High pres-
sures were present on the top of the transition for the larger dis=-
charges, the maximum - 40 feet of water - being near the upstream
end vhen the water surface in the reservoir was elevation 714.0.

The operating cheracteristics of the outlet were investigated
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with and without air being admitted through the vent. This was done

by increesing the discharge, by small increments, from reservoir
elevation 542.7 to 714.0. With the air vent open, acceptable condi-
tions existed until the reservoir reached elevation 551.8. The outlet
flow then began to pulsate rapidly, with the outlet flowing alternmately
full and free. This condition, which prevailed until the reservoir
water surface reached elevation 610.0, was considered undesirable be-
cause of the vibrations which might be created in the prototype struc-
ture.

Acceptable conditions were obtained with the air vent closed
until the water surface in the reservoir reached elevation 550.35.,
At this point the outlet began to flow completely full and the dis-
charge increased, drawing the forebay of the model down rapidly to
elevation 546.43 where the conduit became aerated and the free flow
stage reoccurred. The discharge was decreased by this aeration, the:
water level in the small forebay of the model gradually rose to ele-
vation 550.4 where the outlet again flowed full, and the cycle was
repeated. This condition could not occur in the prototype because of
the size of the reservoir and the remote possibility of operating at
this quantity and head. When the reservoir reached elevation 552.8,
the outlet flowed full continually.

Because the reservoir probably never will be at these low ele-
vations after it is filled, and, since it is likely to be receding or
raising while operating near this level, it does not seem essential .
to provide air to the river outlets when the gates are completely open.
However, air should be supplied to the outlets while the gates are
being opened and the vents should be left open when the gates are
closed. Flow characteristics of the recommended design of outlet and
outlet exit are shown on figure 39. :
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FIGURE 39
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