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UNITED STATES . 
DEPARTMENT OF THE INTERIOR 

BUREAU OF RECLAMATION 

Design and Construction Division 
Engineering Laboratories Branch 
Denver, Colorado 
January 16, 1952 

Laboratory Report No. Hyd-329 
Hydraulic Laboratory 
Written by: Eo J. Rusho 
Reviewed by: A. J. Peterka 
Checked by: J. N. Bradley 

Subject: Hydraulic model studies of the service spillway-Shadehill 
Dam--Missouri River Basin Project 

SUMMARY 

Model tests were made to investigate the hydraulic performance 
of the service spillway of Shadehill Damo This was a tunnel spillway 
with a morning-glory ty:pe entrance, Figure 2, and -was designed for a 
maximum discharge of 5,000 second feet at reservoir elevation 2297.0. 
The model of the spillway, Figure 4, was built to a scale of 1:20.732. 
The.model studies indicated desirable changes to improve the hydraulic 
performance of the morning-glory entrance and the stilling basin. 

0 Tests of the preliminary spillway entrance, Figure 5, showed 
that the design in general was satisfactory. Flow through the entrance 
and the bend was smooth and pressures on the face of the crest and bend 
indicated satisfactory flow conditions. Small vortices appeared over the 
entrance in the vicinity of the piers and they became larger when the 
piers were submerged, indic~ting that the pier heights shou1d be increased
Calibration of the preliminary spillway, Figure 7, showed a discharge of 
4,530 second feet at reservoir elevation 2297.0, indicating that the throa
diameter should be.increased to give the required 5,000 second feet 
discharge. The spillway was operated after removing the deflector on the 
downstream side of the throat. At discharges above 3,300 second feot, wit
the crest sub~erged, th.e tunnel ran full: and pressures were below 
atmospheric in the spillway entrance. This unsatisfactory performance 
demonstrated the need for a deflector in the throat. · 

The recommended entrance ~tructure, Figure 9, has piers 14 feet 
high and a throat diameter of 13 feet 6 inches~ Flow was satisfactory at 
all discharges. Vortex action -occurred as before, but the higher piers 
reduced the size of the vortices. Pressures throughout the crest and 
bend were satisfactory. The discharge capacity curve for the recommended 
entrance, Figure 7, · showed a discharge of 5·,000 second feet at reservoir 
water-surface elevation 2297. The spillway capacity was influenced by 
the deflector width which was adju~ted to give the required discharge. 
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The preliminary stilling basin, Figure 11, gave unsatisfactory 
performance because the jet did not spread in passing down the chute, 
thus causing a now concentration in the center of the stilling basin. 
Stilling Basin·No. 29 Figure 13 9 had a longer and natter parabolic 
chute secti?n than Basin No. 1. The performance was improved, but the 
flow was still concentrated in the center of the basin, and the scour 
was practically unchanged. A longer chute with a more gradual parabolic 
slope was then used for Basin No. 3, Figure 15. The horizontal noor 
was lowered 4 feet and baffie piers and a solid end sill were used 
instead of the dentated end sill. Operation was satisfactory with the 
.spreader walls installed, but their removal resulted in better spreading 
of the now. Pressures on the chute and baffle piers were above atmos­
pheric and scour in the river channel was moderate. Accordingly, this 

-basin was recommended for construction. 

INTRODUCTION 

:Shadehill Dam in the Missouri River Basin.is located on the 
Grand River near Lemmon, South Dakota, at the northern border of the 
state, Figure 1. It is for the purpose of flood control and storage of 
irrigation water. The dam is a compacted earth-fill structure covered 
with a protective layer of rock riprap and the crest, at elevation 2318, 
is 125 feet ·above the streambed. An emergency spillway on the left 
abutment consists of,a fiat section 1,500 feet in length excavated•to 
elevation 2297, or 21 feet.lower than the crest of the dam. An outlet 
works installed at the left riverbank discharges into the stilling basin 
at the head of an irrigation canal, Figure 2. 

A service or tunnel spillway is located at the left riverbank 
as shown in Figure 3. The entrance to the spillway is ot the morning­
glory type with an outside diameter of 33 feet 8 inches, the erest at 
elevation 2272.00. A 90° bend connects the crest structure to the 13.5-
foot-diameter horizontal tunnel which was used to divert the river now 
during construction of the dam. The tunnel discharges into a concrete, 
hydraulic-jump-type stilling basin. Maximum spillway discharge is 5,000 
second feet at reservoir elevation 2297.00.· The model studies of the. 
service spillway, des.cribed in this report, were made to observe and, 
where nec·essary, to improve the hydraulic performance. 

THE MODEL-

The model of the morning-glory spillway was built to a scale 
of 1:20.732. This scale ratio resulted from using 7.81-inch-inside­
diameter plastic conduit, which was in stoc_k in the laboratory, to . 
represent the 13.5-foot-diameter tunne~. The model, Figure 4, was built 
in two sheet metal-lined wooden boxes. A 6-inch supply pipe from a 
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portable pump emptied into the head box behind a rock baffle which stilled 
the flow before it entered the spillway entrance area. An ori:_fice meter 
in the supply line was used to measure the flow to the model which required 
a maximum discharge of 2.5 second feet. 

The 8- by 10-foot head box supported above the laboratory floor 
contained the morning-glory entrance and bend which were made of trans­
parent plastic. The tunnel was also made of transparent plastic and the 
piers on the crest wer~ built of wood. Topography surrounding the spill­
way entrance, which represented the upstream face of the dam embankment, 
was formed of concrete plastered on metal lath and held in place by 
wooden supports. 

The tail box contained the stilling b~sin and a portion of the 
downstream. river channel. The horizontal apron and chute of the basin 
were made of concrete screeded to metal templates and the training walls 
were made or wood faced with sheet metal. Chute blocks, baffle piers, 

. spreader walls, and end sill were made of wood. An erodible riverbed 
was formed by using sand of which all passed a No. 8 sieve and 90 percent 
was retained on a No. 50 sieve. A hinged gate at the end of the tail-box 
was used to regulate the tail-water elevation which was measured with a 
staff gage. 

The model was geometrically similar to the prototype except 
the model slope of the t~el was increased to 0.05378 from the prototype 
slope of 0.04344. This distortion is a necessary correction for models 
of this type and the following discussion explains briefly the reason for 
the increase in. slope!/. A model requires extremely smooth surfaces to 
represent the prototype surface to the proper scale. Since such a 
surface cannot be produced, the friction losses in the model are too high 
and velocities at the terminus of a model structure are lower than the 
scale velocity. Increasing the slope of the tunnel compensates for the 
greater model friction so that the proper velocity is obtained for the 
flow entering the stilling basin. 

. In testing the model, flows representing up to the maximum of 
5,000 .second feet were passed through the structure. The morning-glory 
entrance and bend were first studied and modified until satisfactory 
results were obtained~ Then the stilling basin was tested and altered 
until the operation was satisfactory.· Pressures were measured on the 
entrance and bend by two rows of piezometers located, as shown in Figure 6, 
and pressures were obtained on the chute and baffle piers of the stilling 
pool as shown in Figure 17. All pressures are reported in terms of 
prototype dimensions. Erosion of the river channel was used.as a criterion 
in determining the effectiveness of the stilling basin. 

i/A more detailed account can be found in the Hydraulic Laboratory 
RepQrt No. Hyd-158. 
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INVESTIGATION OF MORNING-GLORY ENTRANCE AND BEND 

Preliminary Entrance and Bend 

Operation and pressures. The preliminary spillway entrance 
and bend is shown in Figure 5. The crest was at elevation 2272.00 and 
the maximum entrance diameter was 32 feet 8 inches, with a throat 
diameter of 12 feet 6 inches at-elevation 2260. A.transition bend 
started at the throat and connected the moming glory to the 13.5-foot­
diameter horizontal tunnel. Six piers 10 feet high were spaced equi­
distant around the crest and a deflector was located on the downstream 
side of the bend consisting of a projection 5 feet 9 inches wide, as 
shown in Figure 5. 

The spillway was operated at various capacities up to 5,000 
second feet, and the appearance of the flows through the morning-glory 
entrance and bend was observed. The deflector prevented the horizontal 
tunnel from running fulls Hydraulic performance of the preliminary 
design was considered satisfactory as judged visually. Other considera­
tions, as discussed later, required some modifications to the entrance 
structure. 

Pressures were measured along the upstream and downstream side 
of the crest and bend at the locations shown in Figure 6. The Curves A, 
B, and C in the figure show the pressures for three different discharges. 
With a discharge of 2,950 second feet the ~ressure near the throat was 
2 feet of water below atmospheric but at all other piezometers and with 
various discharges, pressures were above atmospheric. Since the lowest 
pressures were only slightly below atmospheric, the entrance and bend 
were considered satisfactory in regard to cavitation. 

The deflector in the spillway throat was then removed and the 
tunnel ran full for-flows above 3,000 second feet. Curves D and E, 
.Figure 6, show the pressures for two discharges with the tunnel filled. 
The pressures were lower than those obtained at corresponding discharges 
with the deflector in place, the lowest pressure measured being 29 feet 
of water below atmospheric at Piezometer 19 with a discharge of 4,980 
second feet. With the tunnel running full, a suction head was produced 
causing the general lowering of all pressures and an instability of 
flow. · Th·e low pressures demonstrated the need for a deflector to keep 
the water surface free of the inner radius of the bend and the tunnel 
roof. 

Calibration. A discharge capacity curve was obtained for the 
preliminary entrance, with deflector, by determining the reservoir water 
surface elevation for various discharges measured by an orifice meter in 
the supply line. The curve, plotted on Figure 7, has two predominant 
slopes, with the change occurring at reservoir elevation 2277. At 
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reservoir elevations below this point, free flow exists over the crest 
and an increase in head results both in aJ1 increase in area and veloc­
ity so the discharge depends on H3/2. When the crest becomes submerged 
above reservoir elevation 2277 an increase in head increases the 
velocity through the entrance, but the area remains constant; conse­
quently the discharge depends~ Hl/2. These two relations of discharge 
to H explains the change in slope of the discharge curve that resul~s 
when the crest becomes submerged. 

The discharge at reservoir elevation 2297 was 4,530 second 
feet, or 470 less than the required 5,000 second feet. This lack of 
capacity indicated that an increase in the diameter of the morning­
glory entrance would be necessary and this was one of the changes made. 

Pier and vortex studies .. With the spillway operating 
submerged, small vortices occurred on the water surface over the 
entrance for reservoir elevations between 2277 and 2290. The vortices 
were largest when the piers.were submerged between reservoir elevations 
2282 and 2286, indicating higher piers were necessary. As the reservoir 
water surface was raised above elevation 2286, the size of the vortices 
decreased until no vortex action was present at reservoir elevation 
2290 and above. This test established.that at a head of 18 feet or more 
over the crest no vortices occurred. 

The model was next operated with the piers removed to deter­
mine if they were necessary for proper operation of the spillway. 
Vortex action occurred over the same range of reservoir elevations as 
before when the piers were in place. However, the vortex was much 
larger than occurred with the piers installed. The size of the vo~tex 
was a maximum at reservoir elevation 2279 and measurements were made 
of the diameter of the vortex at various distances below the water 
surface. This data is plotted in Figure 8. The curves through these 
points, representing the water surface of the vortex, are defined by 
the equation hr2 = 11.3. The vortex extended belm~ the spillway crest 
with the tail of the vortex ending at the downstream end of the 
vertical bend. The large vortex that formed without piers on the crest 
showed the importance of piers in decreasing the vortex size. 

Recommended Entrance and Bend 

Operation and pressures. The second entrance and bend tested 
is shown in Figure 9. The diameter.of the spillway throat was equal to 
that of the tunnel or 13.5 feet, so that the vertical bend was of 
constant diameter. The maximum spillway entrance diameter was increased· 
1 foot to 33 feet 8 inches. The crest remained at elevation 2272.00 
and the shape of the morning-glory crest section was the same as that of 
the preliminary entrance. The piers were 14·feet high, an increase of 
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4 feet over those initially tested. The deflector on the downstream 
side of the throat was reduced from a 9-inch width at the bottom to 
a 4-inch width. This di.m.ensioriwas actually determined in the model 
from calibration tests. 

The spillway was operated throughout its range of reservoir 
elevations and discharges up to the maximum of 5,000 second feet. The 
flow had a satisfactory appearance throughout the entrance, the bend 
and the tunnel. Small vortices occurred on the water surface near the 
piers for reservoir elevations 2277 through 2290. With the 14-foot­
high piers the vortices were smaller for reservoir water surface 
elevations 2282 through 2286 than had occurred in the test using 10• 
foot-high piers. This reductien in vortex action justified the 
increase in pier height and the 14-foot piers were recommended for 
construction in the prototype. 

· Pressures were measured on two opposite faces of the entrance 
by the 14 piezometers located as shown in Figure 10. The curves in 
Figure 10 show the pressures on these piezometers for the four discharges 
indicated. The mini.mum pressure occurred just above the throat as on· 
the preliminary entrance, and was 3 feet of water below atmospheric at 
Piezometer No. 6 with a discharge of 2915 second feet.· A water-s:urface 
profile through the bend, as showri in Figure 10 for a discharge of 
5,000 second feet, shows the effectiveness of the deflector in forcing 
the water to remain free of the roof of bend and tunnel. This arrange­
ment was considered satisfactory from the results of the pressure 
studies and from visual observations • 

. Calibration. The discharge capacity was then checked, using 
the 4-inch-wide deflector in the throat. The curve, labeled recommendea 
on.Figure 7, shows the desired discharge of 5,000 second feet at 
reservoir elevation 2297. This curve.has the same characteristics and 
shape as the former, but it is shifted to the right because of the 
increased diameter of the entrance structure. ·The calibration completed, 
the spillway entrance t'ests and studies were next made on the stilling 
basin at the tunnel portal. 

INVESTIGATION OF SPILLWAY STILLING BASIN 

Preliminary Stilling Basin 

Ope.ration and erosion. The preliminary stilling basin, 
·Figure 11, was 151 feet long and the maximum width was 44 feet. A 
transition section 28. feet long changed the circular tunnel to a horse­
shoe tunnel at the portal~ The horizontal basin floor, except for side 
fillets, was at elevation 2i86.0; giving a tailwater depth of 18.5 feet 
at the maximum discharge of 5,000 second feet. Diverging walls placed 
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on the chute were expected to help s~read the now from the 13.5-foot 
width at.· the portal to the 44 ... foot width at the toe of the chute. 

Operation of the stilling basin with the maximum.discharge 
of 5,000 second feet is.shown in Figure 12A. The j~p.formed too far 
downstream as ·-the toe of the chute was exposed. The water surface iri 
the channel was rough with .3-foot high waves. The profile of the 
chute did nob-·eonform to the trajectory of the water flowing over it. 
This caused low pressures on the chute, and very little spreading of 
the now •. The now was concentrated in the center of the basin, thus 
the spreader walls were ineffective • 

. ·An erosion tel:lt was run by operating ·the moo.el for 1 hour 
at a ~ischarge of. 5,000 second feet with the tail water at elevation 
2204.5 •. The.scour that resulted is shown in Figure 12B. The lowest 
streambed elevation was 3 feet below the a,pron floor .and occurred at 
the cut-off wall on each side of the basin. While the condition of 
the bed showed fair stilling action, the removal of all sand from the 
concrete side slopes indicated turbulent flow and high velocities near 
the water-surface. 

Stilling Basin No. 2 

Operation and erosion. The concentration of now in the 
center of the basin was the greatest objection to the performance of 
the preliminary stilling basin. This was caused by the shape of the 
chute section ~.o this portion of the basin was modified for Stilling 
Basin N.o. 2. The training wall divergence was changed by eliminating 
the 90-foot radius at the·tunnel portal to give straight walls, 
Figure 13. The vertical curve and steep slope of the chute floor 
were replaced by,a parabolic-shaped floor as shown in the same figure. 
Remaining features of the basin were unchanged from the preliminary. 

Operation of the model with the maximum discharge of 5,000. 
second feet is shown in Figure 14A. Comparison of the photograph with 
Figure 12A shows a smoother water surface in Stilling Basin No. 2 than' 
in the preliminary basin. The change in the shape of the chute 
resulted in this improvement since greater spreading of the now 
occurred, ·giving a more uniform energy distribution across the stilling 
bas~n. The flow spread more in the chute because the parabolic floor 
conformed to the trajectory of the water, giving higher floor pressures, 
which is· essential to spreading of the flow. -However, the velocity of 
the water at the training walls of the stilling basin was lower than in 
the center which showed that further spreading of the flow was desirable. 
'nhe jump was contained in the basin and the chute blocks were not 
exposed as in the preliminary design. However, the depth of water over 
the horizontal floor was riot considered great enough for safe operation 
since a 2-foot decrease in tail water caused the jump to sweep out. 
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The erosion resulting from operating the model 1 hOur at a 
discharge of 5,000 second feet is shown in Figure ;L4B. The scour was 
similar to that obtained with the preliminary stilling basin, but a 
depression in the streambed attending 150 feet downstream from the 
right side of the·basin indicated a concentration of flow in this 
region. Less scour would occur by having more uniform flow across the 
stilling basip together with more tail-water depth. 

Stilling Basin No. 3 

Basin with spreader walls. Stilling Basin No. 3 is shown in 
Figure 15. The length of the chute trajectory and horizontal section 
were both increased so that the total length was 190 feet instead of 
the previous length of 151 feet. Length of the tunnel transition at the 
portal was increased to 40 feet to allow more length for spreading of 
the flow. The horizontal flool" was lowered 4 feet to elevation 2182.00 
and a solid end sill, 3 feet high, and baffle blocks were used instead 
of a dentated end sill. The parabolic chute floor was less steep than 
the parabola of Stilling Basin No. 2. Spreader walls were also used 
and are shown by the dotted· lines in Figure 15. Five piezometers were 
installed along the centerline of the chute and four piezometers were 
placed in one of the baffle piers. 

Operation of the model at 5,000 second feet discharge and 
tail water at elevation 2204.5 is shown in Figure 16A. The performance 
was greatly improved over that of Basin No. 2. The jump was contained 
in the basin and the water surface in the river channel was smooth. It 
required lowering of the tail water 6 feet before the jump would sweep 
out. 

The erosion resulting from operating 1 hour at a discharge of 
5,000 second feet is shown in Figure 16B. The stream.bed at the end of · 
the basin was 1 foot above the apron floor instead of 3 feet lower than 
the· apron as occurred in the two former studies. Erosion was less 
throughout the length of the tail box than had occurred in any previous 
tests. 

With the spreader walls in place, pressures on the.chute and 
water-surface profiles were measured. The results are sho:wn in 
Figure 17 with a discharge of 5,000 second feet and tail-water elevation 
2204.5. All pressures were above atmospheric and varied from 7 feet to 
l foot of water. The water surface profiles showed a greater depth of 
water at the centerline of the chute than at the sides. Transverse 
Section AA of Figure 17 shows this greater depth at the center. The 
spreader walls shown in the section ~ppear to confine the flow to the 
center instead of acting to spread the water to the training walls. 
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Ba.sin without spreader walls-Recommended. The spreader walls 
on the chute were removed and the concrete side slopes in the tail box 
were cut off for a length of 50 feet at the end of the basin and 
replaced with sand. Performance of the basin with a discharge of 5,000 
second feet, Figure 18A, showed improvement over that with the spreader 
walls in place. A more uniform flow distribution occurred across the 
basin with a resulting smoother water surface in the river channel. 

Pressures were measured on the centerline of the chute and on 
the four piezometers on the baffle pier; the results for discharges.of 
3,400 and 5,000 second feet are shown in Figure 17. Pressures on the 
chute were all above atmospheric and showed less variation along the 
iength of the chute than occurred with the spreader walls installed. 
The pressures on the baffle pier were above atmospheric for all oper­
ating conditions, pressures being higher for the lower discharge as 
shown in the table of Figure 17. Water surface profiles are shown in 
the figure for a discharge of 5,000 second feet with tail-water eleva­
tion 2204.5 and 2215.0. The depth of water in the chute was more-uniform 
than had occurred with the spreader walls in place. A second transverse 
Section AA in Figure 17 shows the depth of water at the.training walls 
to be only slightly less than the depth at the centerline which was an 
improvement over any results obtained with the spreader walls installed. 

. Two erosion tests were run without the spreader walls. The 
first test was for 1 hour at 5,000 second feet, Figure 18B. Greatest 
depth of scour was 1 foot below the apron floor at the cut-off wall on 
the right side of the basin but was considered satisfactory._ Sand on 
the concrete side slopes indicated a less turbulent water surface than 
occurred with any of the previous basins. 

The second erosion test made use of a different bed material • 
. The sand in the tail box was stabilized by mixing with cement in the 

ratio of 1 part of cement to 90 parts of sand by weight. The materials 
were formed to the shape of the river channel and after setting for 

· 48 hours, the bed was firm and ready for the erosion test. The model 
was operated for 7 hours at the maximum discharge of 5,000 second feet 
and tail-water elevation 2204.5. The resulting erosion is shown in 
Figure 19A and B. Scour was not severe and was confined to the bed of 

· the channel. The banks were smooth indicating minor erosion from wave 
action.' With stabilized sand, holes eroded in the channel were not 
filled by loose sand so that areas subjected to the most scour could 
be located. This test indicated erosion to be greatest, not at the end 
of the stilling basin, but 100 fee\ downstream from this point. From 
these tests, together with the operating and pressure test, the stilling 
basin was .considered satisfactory and was recommended for construction. 
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A. Operation at 5,000 second-feet 
Tailwater elevation 2204. 5 

B. Scour after 1 hour at 5. 000 second-feet 
Tailwater elevation 2204. 5 
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A. Operation at 5,000 second-feet 
Tailwater elevation 2204. 5 

B. Scour after 1 hour at 5. 000 second-feet 
Tailwater elevation 2204. 5 
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Without Spreader Walls--Recommendecf 

FIGURE 18 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



A. Scour aft-:r 7 hours at 5, 000 second-feet 
with stab~ed sand-overall view 
Tailwater elevation 2204. 5 

B. Scour afttJr 7 hours at 5,000 second-feat 
with stabjlized sand-~closeup view 
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