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Subject: Hydraulic model studies of the Ceder Bluff Dam Outlet Works
regulating gate and stilling basin--Cedar Bluff Unit--~Missouri
River Basin Project,

PURPOSE

To determine the flow characteristics of the Cedar Bluff Dam
Outlet Works regulating gate and the effectiveness of the stilling basin
in dissipating the destructive energy of the released water,

CONCLUSIONS

1, The standard high-pressure slide gate (Figure 5) is not suitable
for use in Cedar Bluff Outlet Works or in any similar structure where
the flow passes directly into a stilling basin which utilizes a hydrau-
lic jump for energy dissipation. At small gate openings and at heads
greater than 30 feet the flow from the gate forms a solid, high=velocity
jet in the center of the chute downstream from the gate (Figure 4A), A%
heads of 50 feet or more the jet springs free from the floor of the
chute and at heads of 90 feet or more the jet sweeps the water out of
the stilling basin,

2. The convex upstream face and rounded upstream lower edge of the
gate leaf, together with the wide gate slots of the standard design,
produce a nonuniform~flow contraction through the gate which results in
the flow concentration described in Conclusion No, 1,

3, Modifying the gate by replacing the standard convex leaf with
a flat one, 3 inches thick, and narrowing the gate slots to accomodate
the thinner leaf greatly improve the flow characteristics of the gate,

4, A better flow distribution than that with the flat leaf is
obtained by using the concave leaf tested in the laboratory (Figure 7).

56 The wedge=shaped deflectors placed immediately upstream from
the gate slots in the design recommended for the Cedar Bluff Outlet
Worlks deflect the water past the slots and prevent regions of severe
subatmospheric pressure and possible cavitation (Figure 8),



6, When the gatz is operated wide open, a flow contraction and a
subsequent expansion ogcur as the Waber passes the gate slot deflestors.
The expanding flow impinges on the training walls and forms large, objec~

tionable fins. These fins are ellmlna ed by closing the gate about 5
percent,

7. The Cedar Bluff Outlet Works stilling basin, as originally
designed effestively dissipates the destructive energy of the discharging
water when +thig water enters the basin with uniform distribution,

&, The redugtion in the rate of divergense of the stilling bq31n
training walls st Station 11+31.80 (Pvzur@ 13) results
fing along the walls., By exbending the training walls
from the gate to Station 11+77.50 7F1bur, 3), the fins

ir ¢bjectionabl
in 3uralgh* lines
are eliminated,

9, Discharge capssiby curves fo: the sbaundard design and for the
modified design with narrow gate slots, slot deflectors, and either the
flat cr the concave leafl are presented in IFigure 10,

10. Discharge capaciby surves for the outlet works with the modified
sate are presented in Figure 11,

RECOMMENDATIONS

1, TUse the flat gate leaf togebher with narrow gate slots and gate
slot deflectors in the Cedar Bluff Outlet Works structurs,

2, Limit the gate opening to zbout 95 percent of full-open exsept
in casss of emergeney when the full capasity is required,

3, Counstrust the stilling besin training walls in straight lines
from the gate to Station 11+77.50,

INTRODUCTION

Cedar Bluff Dam is losated on the Smoky Hill River, 22 miles west of

Hoys and 19 mileg south of Wakesunsy in West-Central Kansas (Figure 1),
It is a compacted earth structure rising 1386 fest above the rivarbed and

forms a reservoir with s sborage *qnﬂaifv of 788,400 scre=feet. An over-
flow spillway to pass flood watsrs is provided at the right bank of the

dsm &nd an outlet works for the normal releass of river waber iz provided
near the lef't bank.

e

The outlet works consisht of a trashrack structurse, a conduit which

passes theough the dam, a 4 b 5 foct emergency gate; a 4~

regulating gate, a wonsrete stllli 2 basin, and a shaunel whlﬁn couveys

the digcharged water tc the riverbed (Figure 2). Present plans call for
the release of 200 second- i‘er+ of water at & noymal opersating head of 80
feat and a maximum head of 130 feeb, Hydrsulic modsl studies were

e :‘-- n-i«
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conducted on the regulating gate and the stilling basin to determine the
operating characteristics of these structures eand to meke any design .
changes indicated to insure proper hydraulic operation.

THE MODEL STUDIES

Description of the 1312 Scale Model

The model was constructed on a 1:12 scale in a wooden box lined with
sheet metal (Figure 3)s The outlet works conduit was constructed of sheet
metal and terminated in a model of the 4= by 5=foot highepressure regulat-
ing slide gate, The conduit was made shorter than the true scale length
because the study was concerned only with the outlet end, However, the
proper model to prototype relationship of pressures and velocities at the
gate was maintained for amny discharge by proper settings of the gate and
the 6-inch control valve. A flow straightener was placed in the conduit
immediately downstream from the control valve to provide uniform flow
into the model. The stilling basin chute and floor were formed in con-
crete soreeded to metal templates and the training walls were made of oil=
treated plywood. A section representing 148 feet of the canal downstream
from the stilling basin was formed in pea gravel. The stilling basin tail
water elevation was regulated by a tailgate placed at the lower end of the
model. Suitable gages were used to measure the tail water elevation and
the pressure head in the pipe immediately upstream from the model gate.
Water was supplied to the model by the laboratory system which contained
venturli meters for measuring the rate of flow,

Initial Testing of Outlet Works

At large openings the flow through the standard gate occurred
smoothly., However, at near-closed gate settings and at heads greater
than 30 feet the flow became concentrated into a single, high=velocity
jet in the center of the chute downstream from the gate. At heads of
50 feet or more the jet sprang free from the chute floor and impinged on
the surface of the stilling pool (Figure 4A). At the 20-percent open
position and at a head of 90 feet the action of the jet was so violent
that the tail water was swept completely out of the stilling basin, It
was obvious that-the flow through the gate would have to be improved if
the outlet works were to function properly.

Investigation of Slide Gate

Standard Design

Model tests were conducted in an attempt to isolate the effect of
various parts of the standard gate design on the flow pattern. The
effects of the 2-inch offset in the floor of the gate, the gate slots,
and the shape of the gate leaf were investigated.

The centerline of the downstream gate frame of the 4~ by 5=foot
high-pressure slide gate is 2 inches lower than the centerline of the



upstream frame. This results in a 2-inch offset in the floor of the gate
structure; the floor at the lower end of the upstream frame curving down=
ward on a 30=inch radius to meet the bottom seal and the floor of the
downstream frame (Figure 5). To determine the effect of this offset on
the flow through the gate, the floor of the downstream frame was covered
with beeswax so that the passage floor continued level from the upstream
frame until it faired into the chute. The flow through the modified gate
was similar to that with the offset; except that less spray was present
(Figure 4B), thereby indicating that the offset was not a major factor
contributing to the flow concentration. The beeswax was therefore removed.

The effect of the gate slots on the flow when the standard leaf was
used was determined by filling the portions of the slots exposed to the
discharging water with modeling clay to meke the sidewall surfaces con-
tinuous. No basic change in the flow pattern resulted from this alter=-
ation; the only effect was a reduction in the amount of spray.

The other feature tested was the shape of the gate leaf. The leaf
of the stendard gate is constructed with the downstream face flat, the
upstream face convex in the horizontal plane, and an 18mL/8-inch radius
in the vertical plene at the lower upstream edge (Figure 5), To determine
the effect on the flow of changing the shape of the leaf, rectangular
bars: equivalent to 3, 6, and 9 inches high, 6 inches thick, and extend-
ing the full width of the gate were fastened to the bottom of the model
leaf, Considerable improvement in the flow resulted, the greatest improve-
ment being noted for the highest bar. In all cases when leaf bars were
used the gate slots had a pronounced effect on the flow. With the slots
open there was a heavy spray and the flow sprang free of the chute floor.
With the slots filled with modeling clay the flow was smooth, spread
relatively well on the chute floor, and showed little tendercy to spring
free of the floor. The disturbance produced by the slots when the bars
were used was due to the control point being at the upstream bottom edge
of the gate leaf. This permitted the high-velocity water to enter the
slots and cause considerable turbulence.

To move the control point as far as possible downstream, .a leaf
extension equivelent to 1 inch in thiclmess and 7-1/2 inches high was
fastened to the bottom downstream corner of the leaf. The flow obtained
with this modification and with the gate slots open compared favorably
with that obtained with the 9=inch high bar and the slots filled. Little
improvement was obtained in the flow pattern by filling the gate slots
when the leaf extension was used.

The model tests conducted to this point indicated' that.the' convex
upstream face and the rounded upstream lower edge of the gate leaf were
the primary causes of the concentrated flow. The secondary cause was
the disturbance produced by the wide gate slots when the point of control
in the gate was at the upstream bottom edge of the leaf.



Flat Gate Leaf

A new gate leaf was developed through the combined efforts of the
Mechanical Design Section and the Hydraulic Laboratory which could be
used for this and other installations. This gate leaf eliminated or
minimized the sources of flow disturbances found in the standard leaf.
First, the upstream face of the leaf was made flat, Second, the bottom
of the gate leaf was made with a square edge on the upstream face. Third,
the gate thickness was reduced from the previous minimum of 6.6 inches to
3 inches. This permitted the use of narrow gate slots (3.8 inches wide
as compared with the previous width of 6,8 inches) with a corresponding
reduction in the flow disturbances produced by the slots. All of these
design chenges were readily adaptable to the standard gate frame,

The performaence of the gate structure using the flat leaf and the
narrow gate slots was considerably better than any previous design. The
spreading action in the chute was greatly improved even though most of
the water was still concentrated in a stream the width of the gate
(Pigure 4C). This concentration resulted in a rougher stilling pool
action than would be obtained with an even sheet of water entering the
pool. There was no tendency for the flow to spring from the chute floor
and the water could not be swept out of the stilling basin under any
operating condition of the prototype structure.

The flat gate-~leaf design, although recommended for use in the
Cedar Bluff Outlet Works, does not represent the best design, from a
hydraulic standpoint, evolved from the model studies. The design was
chosen because it was a modification readily adaptable to the standard

gate frame, was acceptable structurally, and presented few manufacturing
difficulties.

Concave Gate Leaf

Further studies were conducted to develop a gate leaf design which
would produce a better flow pattern in the outlet chute than the flat
leaf, It was reasoned that because the change from a convex to a flat
surface on the upstream face of the gate improved the flow characteris-
tics of the gate, additional improvement could be realized by meaeking this
face concave, Accordingly, model tests were made on a number of designs,
all essentially concave on the upstream face (Figure 6). Design 12 (Fig-
ures 6 and 7) was evolved from this study end, when used in the stendard
gate frame with narrow gate slots, it produced a nearly uniform sheet
that moved smoothly down the chute into the stilling basin. The action
of the pool was excellent, and the variation in water surface from wave
crest to trough was less than that for any other design. Leaf Design 12
should ‘therefore be considered for use in future structures where uniform
flow is required downstream from the gate.

Gate Slot Deflectors

Pitting by cavitation in the region immediately dovmstream from gate
slots has occurred in Bureau structures and those of other engineering



orgenizaticng, The dav ar*e has been so severs in some cases thab
investigations were made to find means of eliminating the low-pressure
reglons causing the cavitation, Laboratory and field studiesz showed that
these eritical pressures @ould be avoided by placing wedge-shaped deflec~
tors Jjust upstream from the gete slots to direct the flow past ths slots,
In acceordance with this experience slot deflectors, which exbtend into
the passage 1 inch and faired upstream into the maewalls at a 159 angle,
were installed on the modz2l gate with the flat leaf (Figur»:e 8)

Dusring the tests in which the deflestors were used, lerge fins
formed along the training walls immedietely downstream from the gats when
the gate was operated in ths full-open position (Figurs 9A), Au exanine-
tion of the flow revesled that & contraction cocurred as the water passed
the slot deflecters, and as the wabtey entered the outlet chute the stresm
apread at a rate greabtar than that at which the walls diverged. The
water, therefore, lupinged uwn the walls %o form the fins. Further modsl
tests showed that by closing the gate shout 5 persent, the fins were
entirely eliminated (Figure 9R), This partisl gate closure veduced the
naximum rate of dischazrge at an 8C«foot head from &05 to 776 =2fs, or
about 3 percent, Since this reducticon in capacity is not sericus, it is
recomaiended that the msximun gate opening be limited to 9E percent of
full=open for all normal opersating conditions, In cases of emergency.
‘the maximum capacity may bs obtained by opening the gate fully,

; Discharge capacity curves were determined for the svandard design
(Figure 1QA) and for the modificd design with the narrow gate slots,
slot deflectors, and pltﬂbr the flat or the concave leaf (Fig Zurse lOJ),
The capacity of the mcdified design is somewhal less than the standard
design due to the obstruction cdused by the slot deflecters and to the
flow contrastion which oscurs dowustream from the square edge of the
ljeaf, The coefficient of discharged based on the total head on the
gate genterline, the area of the conduit at the gate entrance, and the
gate 100% opsn is 0,84 for the modified gate with either the fleh or
concave leaf, and is 0,95 for the standard gats.

The available total heads at the gate centerline after the losses
through the conduit @'tz wcture have heen subtracted are ghown ia dashsd
lires in Figure 10A and B for heads of 80 and 100 faeet (reservoir
elevabtion 2144,0 and 2124.0 respec ulvely)a

Discharge capacity curves for the outlet works sre presented in
Figure 11 from which the discharge can be debtermined whern the wvessrvoly
elevation and the gate satting sre knowun,

Pigure 12A shows the aperation of the stilling basin at the design
discharge of 200 second-=fesl ot the normal head of 80 fest and with ths



modified gate using the flat leaf. The operation of the basin at the
near-maximum flow of 760 second=feet and a head of 80 feet is shown in
Pigure 12B. The velocity distribution at the end of the basin apron
was good and no objectionable eddy currents were present., The maximum
variation in water surface at the end of the apron, or the difference
in elevation between the highest wave crest and the lowest trough for
the discharge of 760 second=feet was 2 feet prototype. At the design
flow of 200 second-feet the maximum variation in water surface was 1
foot prototype. The scour in the pea gravel used in the model at the
canal entrance was negligible.

Effect of Baffle Piers

Baffle piers were installed in the model and moved upstream and
downstream on the basin floor to determine, by visual examination, the
optimum location in the basin. The best location was found to be
Station 11+87.50 or 10 feet downstream from the toe of the basin chute.
Little change in the operation or the appearance of the basin was noted
with the piers installed. The profile of the water in the basin was
determined both with and without the baffle piers installed, at flows
of 200 and 750 second=feet end using the flat gate leaf, At both flows
the change in the profile due to the piers was negligible., On the basis
of these results, and because little difference was evident in the wave
action and velocity distribution at the canal entrance, it was concluded
that baffle piers were not required,

Training Wall Rate of Divergence

In the original design of the stilling basin, the divergence of *he
treining walls from the gate to Station 11+31.50 was 1.43 feet in 10
feet, while the divergence from this point to Station 11+77.50 was 1,11
feet in 10 feet (Figure 13). The model tests showed that the gate dis-
charge spread on the floor of the chute immediately downstream from the
gate with the water near the walls flowing parallel to them., When the
flow passed into the section of lesser divergence, the water was deflected
inward, forming fins at the walls. These fins were present at all flows
but were more pronounced when moderate quantities of water were released
at high heads. By modifying the model training walls to provide straight
surfaces with one rate of divergence from the gate to the pool entrance
(Station 11+77.50), the fins caused by the change in divergence were
eliminated. Therefore, this change was recommended for the prototype
strusture.

Tailwater Elevation Requirements

Further model tests were made to determine the tail water elevations
rsquired for various operating heads to prevent the water in the basin
from being swept out. The results of the tests are shown in Figure 14,
together with the tail water elevations which are expected to ocecur at
the structure. It is apparent that in all cases the tall water elevation
available will exceed the elevation required, and therefore, there is no
danger of the water being swept from the basin.

Intericr = Reclamation = Denver, Colo.
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A, Standard gate.

B. Standard gate with level floor.

C. Modified gate with flat leaf.

Effect of gate design on flow distribution--
gate 23% open, 80 foot head, and 200 cfs discharge
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Figure 9
Hyd. Report 245

A. Wide open. Q = 785 cfs.

B. 5% closed. Q = 760 cfs.

Modified gate with flat leaf--operating in wide-open
and 5% closed positions.
CEDAR BLUFF OUTLET WORKS
1:12 Scale Model



FIGURE 10
HYD. REPORT 245
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FIGURE 11
HYD. REPORT 245
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Figure 12
Hyd. Report 245

A. Modified gate with flat leaf discharging 200 cfs into stilling
basin at a head of 80 feet.

B. Modified gate with flat leaf discharging 760 cfs into stilling
basin at a head of 80 feet.

Flow conditions in the stilling basin.
CEDAR BLUFF OUTLET WORKS
1l:12 Scale Model
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FIGURE 14
HYD. REPORT 245
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