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UNITED STATES
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Subject: Hydraulic model studies for the design of the Angostura Canal
outlet works-~Missouri Basin Project, South Dakota.

SUMMARY

This report describes model studies on a 1 to 12 scale medel of
the Angostura Canal outlet works. The model studies indicated that
improved operation could be obtained by modifying the layout of the
stilling-basin and the canal. The original design is shown in Figure 1
and the recommended design in Figure 2. Improved operation was obtained
as a result of the followlng changes and additions.

1. The width of the stilling-basin was
increased from 9.67 feet to 14.00 feet

2. The horizontal floor and vertical step
were replaced with a sloping floor

3. Four undercut teeth 8 feet high and
1.675 feet wide, Figure 3, were placed
in the stilling-basin

The top of the center pier in the stilling-
basin was lowered 3 fest to elevation 3165

The vertical wing-walls connecting the
stilling-basin to the canal were replaced
with a smooth transition
A minimum length of 40 feet of dumped
riprap in the canal immediately below
the transition is recommendec
These changes improved stilling-basin operation and materially

reduced wave heights in the canal.




DESCRIPTION OF THE PROJECT
The Angostura Dam, Missouri Basin Project, Angostura Unit,
South Dakota, is located on the Cheyenne River, south of Hot Springs,

South Dakota, Figure 4. The dam, Figure 5, will consist of a concrete

gravity-type overflow spillway and left abutment sections. The right

abutment section will be of earth-fill construction. The overall
length of the dam will be 1,900 feet; 1,000 feet of concrete and
900 feet of earth fill.

Both the river and the canal outlet works originate in . the short
concrete section to the right of the spillway. Over 500 feet of 72-inch
pipe carries the water from the reservoir to the canal headworks. A
7.8-foot wheel slide gate at the face of the dam permits inspection
and repair of the pipeline.

The canal discharge is controllied by two 3.5-foot square high~-
pressure slide gates located in the canal headworks structure. The
difference in elevation between the maximum reservoir watersurface
and the center line of the control gates is 42.7 feet. The main canal
will be about 25 miles long with a maximum capacity of 840 second-feet.
The normal flow is expected to be 490 second-feet. Plans of the canal

outlet works are shown in Figure 6.

DESCRIPTION OF THE MODEL
A 1 to 12 hydraulic model of the Angostura Canal outlet works was
constructed in the Hydraulic Laboratory in the Denver Federal Center.
The 500 feet of 72-inch pipe from the reservoir to the canal headworks
was not reproduced in the modei. In its place, to obtain steady and

uniform flow through the two slide gates, a head box was placed 1 foot
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upstream from the gates, Figure 1. The two slide gétes ﬁére constructed
of 1/4-inch brass platé. A verﬁical screw with a crank operated the

gateé. The stilling-basin, center pier, and teeth were constructed of
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wood with the exception of one undercut tooth\containing'ZB‘piezometer
connections. This tooth was constructed of sheet metal. The plezometer
openings were 1/16-inch in diameter. The transitions were constructed

of concrete while the canal materials were rock, scaled down from the

expected prototype size of dumped riprap, and sand.
Model layout and details for the original design are shown in
Figure 1 and for the recommended design in Figure 2.
canal watersurface elevations for various diachgrgebvware~obtained.
from a curve furnished by the Design Division and are .shown in Figure 8.
Normal flow in the canal:is expected to be 490 segond—feet.
Normal operating conditions call for both gates to open’uniformly. .The

Design Division computed the maximum discharge on the assumption that

both slide gates might be fully opened with the reservoir at maximum

elevation., Under this eztfeme-condition,the discharge would be

840 second-feet.

- THE INVESTIGATION

Original Design

The original design of the Angostura Canal outlet works‘is,ahown

‘”:'@;q, in Figure 1 (model) and Figure'ébkprototype). In model opetatiénathe .
watersurface in the stilling-pool was very rough. Undesirabie'sgngg
frequently overtopped‘the stilling-basin walls, Figure 7. The rough
watersurface in the stilling-pool caused 3-,to,5-foo£ wavéé,in the N
canal. The vertical wing-walls that directed the flow from the -stilling-
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basin to the canal, Figure 1, caused eddies to form with objectionable
wave action in the canal.

stilling-basin Studies

General

To produce amoother flow conditions in the canal, various widths
and floor elevations of the stilling-basin were tried. The effects on
flow conditions of different numbers and sizes of teeth were studied
as well as the effect of changes in the length and height of the

center wall.

Width of the Stilling-basin

Two widths of stilling-basins, 9.67 and 14.00 feet, were studied.
Operation with the narrower width basin was unsatisfactory. Neither
changes in the stilling-basin floor nor the addition of teeth improved
flow conditions. The watersurface in the stilling-basin was very rough
with undesirable waves in the canal. Operation was greatly improved
when the width was increased to 14.00 feet. The dimension of
14.00 feet was selected because this is the base width of the canal.
The improvement obtained through this increase in width was not suffi-
cient to_give completely satisfactory operation. The increased width
in conjunction with floor changes and the addition of teeth (described
elsewhere in this report) did result in satisfactory cperation.

Floor of the Stilling-basin

in the original stilling-basin design, the floor was horizontal
at elevation 3153.50 with a 4.5-foot vertical step at vhe end of the
basin, Figure 1. This step was of no apparent hydraulic value and was
replaced with a 0.045 sloping floor, Figure.2. The sloping floor




reduced the necessary excavation and also decreased the stilling-basin
wall heights. In itself the sloping floor did not improve flow condi-
tions but satisfactory opergtion resulted when the sloping floor was

used in conjunction with the undercut teeth described in the following

section.

Teeth in the sStilling-basin

Tests on teeth in the stilling-basin were made in conjunction with

changes in the floor and in the width of the stilling~basin. The use

of teeth in the narrow, 9.67 foot, basin was unsuccessful. A satis-
factory stilling-basin was evolved using the 14.00-foot wide basin with
undercut teeth. The different floor designs had a negligible effect

on the operation of the stilling-basin when teeth were used.

Various combinations of small teeth were tested in the model.
These teeth ranged from 1.25 to 5.00 feet in height and were submerged
during operation. When the teeth were located close to:the outlets,
the water was deflected upwar@s and over the teeth resulting in a very
rough waﬁersurface in the stilling~basin and undesirable waves in the
canal. In moving the teeth downstream to a point where they did not
deflect the water upwards they became reléti#ely ineffective as energy
dissipators. 1In no case was there a noticeable improvement in flow
conditions.

Since the small teeth proved unsatisfactory, it was believed that
properly shaped larger teeth might not deflect the water upwards.
These teeth projected above the maximum watersurface., One, two and
three teeth were placed below each gate. The single-tooth layout was

the least effective of the three. The three-tooth layout was discarded




because the thinness of the teeth would result in construction diffi-
culties, A thickness of 1.675 feet for each of the two teeth equally
spaced below each gate proved to be most effective and practical. At

the maximum discharge of 840 second-feet the teeth providéd good stilling-
basin operation with reduced wave heights in the canal. Through a

series of tests it was found that the tooth height could be reduced to
8.00 feet without being detrimental to flow conditions. 'At the normal
discharge of 490 second-feet flow conditions were unsatisfactory since

the teeth, with the lower tailwater, did not offer enough resistance

to the flow to disaiﬁate the ehergy. '

In order to obtain better flow conditions at intermediate
discharges the teeth were undercut on a 3-foot radius, Figure 3. The
best location for the teeth was found to be 24.50 feet from the upstream
end of the atilling—basin; Very satisfactory stilling-basin operations
with reduced wave heights in the canal were obtgined for diﬁcharges
of 840 and 490 second-feet with both gates opeh:and at 420 and
200 second-feet with one gate open, ’ |

These preliminary tests Qere made with sq@are édges on the undercut
portioﬁ of the teeth. Experience has shown that,squére edges of this
type are difficult to construct and maintain in'the prototype. Further,
the sharp edges often result in subastmospheric pressures on the
structure during operation. To avoid these difficulties, the square
edges were rounded. Twenty-five piezsmaters, Figure 3,.vere installed
in one of the teeth té check ﬁhe effectiveness of the. rounded corners

in preventing low pressures. At the maximum discharge of 8LO second-

feet, both gates open, subatmoapheric pressures of 2.5 feet of water




prototype were observed at piezometers 7 and 10. All other piezometers
showed greater than atmospheric pressures. With 420 second-feet dis-
charging through one gate, subatmospheric pressures between 0.7 and
2.4 feet cof water rprototype were obsérved on piezometers 2, 7, and 10,
At normal discharge of 490 second-feet with both gates open, all pres-
sures were above atmospheric. The piezometer pressures are shown in
Table 1 in tabular form. The observed pressures could probably be
increased by further rounding the edges on the undercut portion of the

teeth but this would also reduce their efficiency as energy dissipa-

tors. Considering the infrequency of operation with full gate openings

and the small magnitude of the subatmospheric pressures, the above

tooth design, Figure 3, is recommended.




PRESSURES IN FEET OF WATER ON RECOMMENDED TEETH#*

TABLE 1

AW N [w B o e o]

Piezometer 3 Gates 2 Gates 1 Gate
Number 840 SF 490 SF 420 SF
1 9-1 14-06 503

2 0.7 2.5 -0, T3t
3 2.3 3.0 Oy
4 3.4 3.7 1.2
5 7.1 4.0 2.2
6 10.0 6.8 908

7 -2 .5** . 2 08 "201}**
8 L9 L8 3.2
9 e 9,0 e

10 -2, 5% 2.9 =1 T
11 3.2 443 1.0
12 3.8 5.1 1e9
i 13 2.9 6.0 el
14 6. 6.1 Leb
15 W 9.8 e
16 1.5 562 2.3
17 8.2 T4 6.6
18 3H3¢ A et
19 ‘82 8.2 Tl
20 7.6 T9 6.1
2 7.2 7.9 6.1
22 7.9 8.4 6.6
23 9.00 8.6 T.3
24 9.7 8.8 7.8
25 9.7 8.8 7.8

* Pressure in feet of water prototype at the piezometer.
%% Minus(-) indicates that the pressure is subatmospheric.
% Pressure is greater than 10.0 feet of water prototype.

Piezometer locations are shown in Figure 3.




Center Pier in the Stilling-basin

The original design of the center pier in the atilling—basin ¥

is shown in Figure 1. The top is at elevation 3168. Model tests

showed that the top elevation of the pier could be lowered 3 feet to
elevation 3165 with very minor changes in flow conditions. With this
lower elevation and with the maximum discharge of 840 second-feet, the
watersurface in the stilling-basin was Q.5 feet above the top of the
pier. At lower discharges the watersurface was always below the top
of the pier. Any reduction in the length of the pier increased the
wave heights in the canal. The recommended pier is the same length as

the original, with the top lowered 3 feet to elevation 3165, Figure 2.

Transition .Studies

In the original design, Figures 1 and 6, vertical wing-walls,
25 feet long, conducted the flow from the stilling-basin to bhg canal
causing eddies and objecticnable waves to form in the canal. The wing-
walls were replaced with a 25-foot long, gradually-changing transition,
Figure 2. This transition carried the water from the stilling-basin
to the canal with a2 minimum of disturbance. A second transition,
50 feet long and following the general lines of the first transition,
did not improve flow conditions. Therefore, the 25-foot long,

gradually-changing transition is recommended.

Cenal Studies

In the original canal design the riprap extended beyond the
transition for L0 feet, Figures 1 and 6. The riprap section in the

original model was paved with concrete with the remainder of the canal
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of sand. The smooth surface of the concrete paving exaggerated the

wave action along the banks of the canal. To more nearly represent
conditions that would obtain in the prototype the concrete paving was
replaced in the model with rock, scaled down from the expected
prototype size of dumped riprap. The rougﬁ)surface of the dumped
riprap tended to absorb the waves and reduced the wave heights in the
canal. The model studies indicated the need for a minimum length of

4O feet of dumped riprap in the canal below the transition.

Recommended Design

The recommended design of the Angoscura Canal outlet works
includes the 14.00-foot width of stilling-basin with the sloping
floor, four undercut teeth and the revised center pier. The revised
transition and 4O feet of dumped riprap in the canal are included.
This recommended design is shown in Figures 2 Pnd 9B. Details of the
undercut teeth are shown in Figure 3. Energy dissipation in the
stilling-basin was satisfactory for all discharges with both one and
two gates open. In no case did waves or surges overtop the stilling-
basin walls. The transition conducted the flow smoothly from the
stilling-basin into the canal. The dumped riprap Sélow the transition
protected the canal against scour and because of its rough surface
helped to reduce wave heights along the canal banks farther downstreanm.

The stilling-basin center wall is at elevation 3165.0, the side
walls are at elevation 3170.0, while the top of the canal banks are at
elevation 3168.5. Figure 10 shows model operation at the maximum dis-
charge of 840 second-feet with both gates open. The canal watersurface

is at elevation 3167.8. The downstream end of the center wall is

10




submerged but the side walls of the stilling~basin are not overtopped.
Figure 11 shows model operation at the normal discharge of 450 second-
feet with both gates open. The canal watersurface is at clevation 3165.4.
Figure 12 shows model operation at a discharge of 420 second-feet
through one gate. The canal watersurface is at elevation 3164.8..
Figure 9A shows one gate discharging 200 second-feet with the canal
watersurface at elevation 3i62.8.

Table 2 shows wave heights for the recommended design as

measured at four locations on the centerline of the canal for discharges

of 840 and 490 second-feet with both gates open and for 420 second-feet

with one gate open.

TABLE 2

WAVE HEIGHTS IN PFROTOTYPE.FEET

Dischargs
Number of
gates open

Station 1
Station 2
Station 3
Station 4L

Location of Stations - On canal centerline

Station 1 - end of stilling-basin - 0 feet
Station 2 - end of transition - 25 feet
Station 3 - end of dumped riprap - 65 feet
Station 4 — end of model - - 105 feet
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FIGURE 7

A, Low Surge
840 Second-feet
Both Gates Open

B. High Surge
840 Second-feet
Both Gates Open
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One Gate Discharging 200 Second-feet

<
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Model Ready for Operation

B.




FIGURE 10

Maximum Discharge
840 Second-feet
Both Gates Open
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Normal Discharge
490 Second-feet
Both Gates Open
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Maximum Discharge
420 Second-feet
One Gate Open
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