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FOREWORD

Hydraulic model studies of the outlet works for Horsetooth
Dam, Colorado-Big Thompson Project, were conducted in the Hydraulic
Laboratory of the Bureau of Reclamation at Denwver, Colorado, during
the period September 1946 to July 1947.

The final plans, evolved from this study, were developed through
the cooperation of the staffs of the Spillway and Outlets No, 2 Section
and the Hydraulic Laboratory.

During the course of the model studies Messrs. Ho W. Tabor and
E, 0. Sowers of the Spillways and Cutlets No. 2 Section frequently
visited the laboratory to observe the model tests and to discuss test
results. llessrs. W. H, Halder, Chief Designing Engineer, and K. B,
Keener, Head of the Dams Division, saw the model operate and approved
the structure.

These studies were conducted by W. E. Wagner assisted by T. Je
Khone under the direct supervision of A, J. Peterka and J. N. Bradley.
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SULLIARY

The hydraulic model studies discussed in this report were made to
deternmine the operating characteristics and adequacy of the stilling-
basin design for Horsetooth Dam ocutlet works., The results and recormen-—
dztions contained herein arce based on studies conducted on a 1:2L scale
nodel of the valves, stilling-basin, and a portion of the downstream
canal. This report covers investigations and tests made on two separate
and distinct plans for the outlet works stilling~basin, designated as
Scheme A and Scheme B. For each scheme several different designs were
tested and these are designated as Basin No. 2 or 3, etc.

The preliminary design for Scheme A, shovm on Figure 3, is the first
proposal received from the Spillway and Outlet Vorks Section NHo. 2. From
tests on this design and on Basins 2-5, showm on Figure 7, the recormended
design was evolved. Although the recermended des 1gn for Scheme A will
operate °at1si‘actor:.1y for all conditions of flow, i% is a relau:.velj
coJoly structure. It was apparent that a satisfactory design, using =z
different approach to the problem, could be developed vhich would be less
costly.

Scheme B, Figure 15, was developed from this idea, using nodel tests
to achieve the recormended design. The resulting structure was found to
perfom satisfactorily over the entire range of operation and was less
costly to construct. Consequently, Scheme B has been accepted fo:
construction in the field.

To avoid confusion in presenting the two studies, this report i
divided inte two parts. Part I covers the studies, results, and recomen—
dations for the design of Scheme A, and Part IT contains the same infor—
mation for Scheme 3.

Schene A, The gtn.ll:mg-oauln of Horsetooth ocutlet works is designed
for a masimm c:macltf of 1,500 second-feet, which may be released through
cither onc or both of the 72-inch hollow r—-geb valves. The preliminary
design of Scheme A, Figure 7, gave vatlg.LaCuovy per{fomance for the condi-~
tion with both valves discharging 1,500 second-feet. However, when only
one valve was operated at the maxdmum discharge, major changes in the pre-
liminary design vere required to obtain satisfactory ctilling-pool
operation.




Of the required changes, lengthening the stilling-basin 72 feet from
Station Up+58.75 to Station 15+30.75, Figures 3 and 9, was most important,
Thiz additional length is necessary to satisfactorily dissipate the energy
of the jot before the flow enters the canal when onc valve is operating.
Together with lengthening the stilling-basin,; the center dividing wall was
extended &l feet from Station 14+33.75 to Station 14497.75 to provent
gide eddies from forming in the stilling-basin when only one valve is
operating. In addition, better stilling-pool performance was obtained
by Joviering the stilling-basin floor 2 feet to elevation 5272.

The stilling-pool verformance was further improved and better
distribution of flow was obtained at the upper end of the hydraulic Jump
by deprcssing the valves 50 below the horizontal. The 5 tilt of the
valves caused the jets to strike the invert and spread more evenly before
entering the stilling-pool proper, Figure 8.

As a neans of reducing the height of waves in the stilling-basin and
canal, it is recommended that a surface baffle or curtain wall, the bottom
of which is at elevation 5285, be installed between the cenber. dividing
viall and each traiming-wall at Station 14+94.75, Figure ?. Vhen one
valve is operating at the maxdmum discharge of 1,500 second-feet, further
reduction of the wave heights can be obtained by placing baffle piers in
the stillinc~basin at Station 13+496.75, Figure 9.

Stilling~pool studiec were «lso made using a vertical step or rise
at Station 15+30.75, but no effect, either beneficial or detrimental, on
the operation of the stilling-pool or the height of waves in the canal
vias observed,

Figure 7 shows the six different designs of the stilling-bagin which
were tested and Figure 9 is a detailed drawing of the recommended design
Tor Schene A. '

Scheme B. Because the cost of the stilling-basin required in.Scheme
A hed increased considerably as a result of the necessary lengthsning of
the entire structurc, immediate attention was given to developing an
alternate scheme which would be less coustly to construct. 7Tt was believed
in the laboratory that a satisfactory design could be evolved which elimi-
nzted the long, expensive dividing wall between the valves. As a result
of discussions between the laboratory and design persomnel, the Design
Section furnished the laboratory with a preliminary design for Scheme B,
Firure 15, on which model studiecs were made.

rests on the preliminary design for Scheme B indicated that, although
vhe plan was feasible, changes in the proposed design were necessary to
obtain satislfactory performance of the stilling-basin. Excessive splash
ena nigh fins formed immediately downstream from the valves where the jets
impinzed on the 10° slope, Figure 15. Exbtensive model studies were made
to develop the proper slope and profile which would bring the water smoothly
inte the clmbte with a minimum of splash. Fipure 17 shows the profile
gvolved from these studies.



The distribution cf flow at the dovmstreanm end of the horizontal chute
vwhere the water drops into the stilling=basin (Figure 15) was satisfactoxry
when two valves wrere operating. However, when only one valve was discharging,
the water concentrated on onc side of the chute, causing an unsyrmetrical
Junp in the stilling-basin. To improve this condition the valves were
converged 2-1/2° toward the centerline of the chutc. Further improvement
of the flow distribution was obtained by placing a crowm on the horizontal
chute from Station 1+1L.70 to Station 17+12.47, Figure 17. The crovm
tended to force more flow toward both training-walls, which helped to
stabilize the hydranlic jump in the stilling-basin.

Studies of the stilling=pool performance indicated modifications of
the stilling-basin design were necessary to provide a stable jump and
reduce to a minimum the height of waves in the canal. A steeper parabolic
curve connecting the botton of the chute with the stilling-basin floor and
lowering the stilling-basin floor 3 feet provided a more stable hydraulic
jump. The shape and length of the transition from the stilling-basin to
the canal vas also changed to improve the flow entering the canal. These
changes are shown on Figures 15, 16, and 17. The recomiended design is
shovm on Figure 17.

Coaprenensive data on the performance of the recomended design sms
tallen from the model to determine the performance characteristics of the
stracture and also for correlation with similar data to be obtained from
the prototype at a later date.

Figures 19 to 27, inclusive, are water surface profiles extending
throughout the length of the structure for discharges of 500, 1,000, and
1,50C second-feet passed through one and both valves at the masximum
reservoir elevation of 5430 feet and reservoir elevation 5340 feet.
Piezometric pressures in critical areas, Figure 28, for the same operating
conditicns were obtained and are shown in tabular form on Fipure 29 and
schematically on Figures 30 and 31. Table 2, Page 18, shows the height of
waves in the canal which were measured vnder similar operating conditions
and ranges of discharge.

Tests were also made to determine the feasibility and length of a
cover or hecod required to prevent splash and spray from flying over the
training-walls onto the banks. The cover would extend over the width of
the structure in critical areas of splash and rest on the training-valls.
This phase of the investigation is discussed on Page 16.




PART I--SCHELE A

INTRODUCTION

Horsetooth Reservoir, writh a eapacity of 146,000 acre-feet; is a
part of the Colorado-Big Thompson Project and the major storage reservoir
on the eastern slope for storing irrigation water diverted from the
vestern slope through the Alva B. Adams Turmel. Horsetooth Dam vill be
one of four ear*h-fill dams impounding irrigation water in Horsetooth
Heservoir approximately 10 miles west of Fort Collins, Colorado, Figures
1 and 2. The Horsetooth Dam vwill be approximately 1,500 feet long, vith
a crest elevation of 5LLO feet and rising 140 feet above the original
ground surface., The mazdmum water surface of the reservoir will be at
clevation 5430,

The principal hydraulic featurws of Horsetooth Dam is the outlet works
vinich consists of the outlet conduits, the stilling-basin, and two 72-inch
hollow~jet valves for rcleasing irrigation wmter through a supply canal to
the Cache La Poudre Iiiver and thence to existing irrigation systems.

Water from the reservoir will fiow through an 8-1/2-1‘00’0 diameter
circular conduit, 35u4 feet in length, to the gate chamber which encloses
two 5 by 5 feet high pressure emergency gates. Irom “he gate chamber the
water will pass through two 72-inch steel conduits, L80 feet in length,
to the hollow-jet valves and thence to the stilling-basin, The hydraulic
nmodel tests discussed in this report were confined to studies of the entry
of the jet from the valves into the stilling-basin, the stilling-basin
performance, and flow into the canal.

THE 1:2); SCALE MODEL

A nmodsl of the outlet works, consisting of a headbox, two 3-inch
hollow-jet valves representing the T72-inch prototype valves, the stilling-
basin, and a sectlion of the canal, was constructed on a geometric scale of
1:24, as showvm in Figure L. Vater was supplied to the headbox from one of
the laboratory pumps through a venturi orifice meter for-accurate measurc—
ment of the water. The valves were attached to two short sections of
3-inch brass pipe leading from the open~top headbox. The stilling-basin
was constructed of wood and lined with galvanized sheet metal, while the
invert curve, transition leading from the pool to the canal, and the canal
were made of neat concrete formed tc sheet metal templates. A tailgate
was installed at the end of the canal to control the tailwater elevation.
Tailwater clevations for various discharges, furnished by the Design Section
cnd used in the model, arc shovm in Figure 32. Flow through the valves was
controlled by the small handwheel incorperated in the valve.
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PART I--SCHEIE A

INTRODUCTION

Horsetooth Reservoir, with a capacity of 146,000 acre-feet, is a
part of the Colorado-Dig Thompson Project and the major storage reservoir
on the eastern slope for storing irrigation water diverted from the
western slope through the Alva B. Adams Tunnel.. Horsetooth Dam will be
one of four earth-fill dams impounding irrigation water in Horsctooth
Heservoir approxdimately 10 miles west of Fort Collins, Colorado, Figures
1 and 2. The Horsetooth Dam will be approximately 1,500 feet long, with
a crest clevation of 5440 feet and rising 14,0 feet above the original
ground surface. The nmadmum water surface of the reservoir will be at
elevation 5430,

the principel hydraulic feature of IHorsetooth Dam iz the outlet works
vihich consists of the outlet conduits, the stilling-basin, and two 72=inch
hollow=jet wvalves for rcleasing irrigation water through a supply canal to
tihe Cache La Poudre Iliver and thence o existing irrigation systens.

Water from the rescrvoir will flow through an 8-1/2-foot diameter
circular conduit, 354 feet in length, to the pgate chamber viuich encloses
two 5 by 5 feet high pressure emergency gates. From the gate chamber the
water will pass through two 72-inch stecl conduits, L8O feet in length,
to the hollow-jet valves and thence to the stilling-basin. The hydraulic
medel tests discussed in this report were confined to studies of the entry
of the jet from the valves into the stilling-basin, the stilling=-basin
performanze, and flow into the canal.

THE 1:2L SCALE lODEL

A model of the outlet works, consisting of a headbox, two 3-inch
hollaw-jet valves representing the 72-inch prototype valves, the stilling-—
basin, and a section of the canal, was constructed on a geonetric scale of
1:2l;, as showm in Figure L. Water was supplied to the heachox from one of
the laboratory pumps throurh a venturi orifice meter for accurate measure-—
ment of the water., The valves were attached to two schort sections of
3-inch brass pipe leading from the open-top headvox. The stillinpg-basin
wac constructed of wood and lined with galvanized sheet metal, while the
invert curve, transition leading from the pool te the canal, and the canal
were nmade of neat concrcte formed tc sheet metal templates. 1A tailgate
was installed at the end of the canal to control the tailwater elevation.
railwater elevations for various discharges, furnished by the Design Section
and used in the nodel, are shown in Figure 32, Flow through the valves vwas
controlled by the small handwheel incorporated in the valve.




THE INVISTICGATION

The outlet works is so designed that the maxdmum canal capacity of
1,500 cubic feet per second may be discharged through one or two 72-inch
hollow=jct valves at a maximum reservoir clevation of 5L30 feet. In
addition, the valves are designed to discharge 1,250 cubic fect per ‘
sccond tlhwough one valve at reservoir elevation BL40l. To assure that the
investigation covered all possible conditions, ~the tests included discharges
up to a mazDinum of 1,500 cubic feet per second through one and two valves.

The prelimiriry design {irst received by the laboratory called for a
canzl with side zlopes of 1/L:1, and the model was so constructed. However,
before any; tests were made the slope of the canal walls was changed to

'1-1/L:1. A1l {ests were conducted using a canal with side slopes of

1-1/h:1, and all references made to the preliminary design in this report
include 2 canal with 1-2/4:1 side slopes. Figures 3 and 5a show the pre-
liminary design of the outlet works.

3tillinp-basin Studies

Preliminary basin., Initially, the nodel was constructed zccording to
the prelinminary design, Figure 3, and operated with varying discharges
from 500 to 1,500 cubic feet per second through one and two valves at a
head corresponding to a maximun reservoir elevation of 5430 feet prototype.
TAth both valves equally discharging a total of 1,500 cubic feet per
second, Figure Sc, the flow within the stilling~pool appeared satisfactory
with the hydraulic jump forming well up on the invert curve and smooth,
uniforn £low occurred throughout the basin. However, when 1,500 cubic
feet per second wvas discharged through one valve, the hydraulic jump was
swent from the basin, Figure 6a, causing high-velocity flow throughout
the canal. Test runs with one valve operating were made as follows:

a. A constant discharge of 1,500 cubic feet per second with
tailwater elevation above normal and gradually reduced to normal.

b. A constant tailwater at normal elevation with gradually
increased discharge to 1,500 cubic feet per second.

In each case the jump wms swept out. Under condition a, the jump
began to move dovmstrean at a tailwater elevalion of 5293, 1 foot above
the normal elevation., Under condition b, the jump held momentarily and
then gradually noved dovmstrean until it was entirely svept out. These
teosto indicated the stilling-basin had insufficient depth and was probably
too short: but, before concluding that the basin should be made decper

and loncer, a costly procedure, other remedies were tested.

Basin No. 2. In an attempt to prevent the jump from being washed
out of the basin the gloping floor connecting the bottom of the stilling-
basin with the bottom of the canal vas replaced with a single step, as
ghovm in Firure 7. thourh vater remained in the stilling-bhasin at all

ischarges and tailwater clevations, it was due to the obstruction of the

o
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Tlow by the step rather than to the fact that the step was helping to
oroduce an hydraulic jump. This arrangement appeared fairly good fLox

& maximum discharge of 1,500 cubic feet per second througlh two valves,

but when the madimun discharge vas put through one valwve, the disturbance -
at the step caused large boils and standing waves in thre transition and
waves of smaller magnitude (about 2 feet in height) dowvmstiean in the
canzl. v

Basin No. 3. Trom the outset of the experinents, the jet from the
valve did not strike the invert curve leading to the stilling-basin.
This lack of contact resulted in a concentration of flow in a small
arca, circular in cross-—section. It was felt that a level section of
channel of suitable length placed bhetween the valve and the origin of
the invert curve would cause the jet to strike the level section, flatten
out, and evenly distribute the {low across the width of the trajectory
section before reaching the stilling-basine. Computations by the Design
Section showed the level section should be 196 feet in length. This

sipgn was tested and is illustrated in Figure 7, as Basin No. 3.

TA.th this design the hydraulic junp moved farther upstream on the
invert curve, but the jet was unevenly distributed and the flow concen-—
trated near the training—walls., This condition existed regardless.of
which valve was operated. It was first thought this phenomenon was due
to nisalinement of the valves, but horizontally shifting the Jjet toward
or away from the cemter pier did not correct the difficulty.

Basin Wo. L. In Basin No. L it was believed that the performanca of
the structure could be improved by tilting the valves downward to obtain
greater spreading of the jets before they entered the jump and by lengthen—
ing the stilling-basin to provide a greater volume in which energy
dissipation could take place., Basin No. 3 was altered by adding 72 feet
to the length of the basin and depressing the valves in successlve trials
to 2-1/29, 59, and 7-1/2° below the horizontal, In all cases the angle of
depression was varied by placing a shim or dutchman at the base of the
valve rather than by bending the approach pipe. From observations of the
flow, it was found that a 5° depression gave the best stilling—action in
the basin, Figure 8, Although depressing the valves 7-1/2° gave the
greatest spread, part of the jet was deflected from the invert curve which
caused less effective stilling—action. '

After the best angle of depressing the valves had been determined,
studies of the stilliag-basin were comtimwed. With the longer stilling-
basin, Basin MNo. L, Figure 7, the maximum flow of 1,500 cubic feet per
second through two valves appeared satisfactory within the stilling-basin
and the length of the basin was ample. Yhen the maximum discharge was put
throuch one valve, the jump formed about 15 feet downstream from the lower
end of the invert curve, indicating the depth of the stilling-pool was
insufficient. By raising the tailwater an eguivalent of 2 feebt prototype
above nomal, the jwmp was satisfactory and formed well up on the invert
curve.




Basin No. 5., The floor of the stilling-basin was then lowered L
feet to clevation 5270 and the 0.2% slope at the end of the invert curve
was extended dovmstream until it intersected the lewvel floor of the basin,
Basin No. 5, Figure 7. Four feet was considered more than an auple amount
to lower the basin, but since raising the floor of the basin to a suitable
clevation vas a simple operation in comparison to another lowering opera-
tion, a floor was constructed which was lower than necessary. Tests run
vwith this design were satisfactory for all conditions of flow, including
the action with one walve operating, and there remained to be determined
the highest elevation of the stilling~basin floor at which the stilling-
nool would function satisfactorily for all flows,

Recormrended basin. The proper elevation of the stilling-basin floor
was determined by loweriny the tailwater and observing the hydraulic jump
in the sbilling-pool, Basin No. 5. It was found that the taiiwater could
be lowered as much as 2 Teet below normal and still maintain good stilling-
action. Conscquently, it was decided that the stilling-basin floor could
be raised 2 feet to elevation 5272. :

Vhen two valves were operabing at a maximum discharge of 1,500 cubic

Teet per second, the length of the stilling-basin appeared too long with
the hydraulic jump making wie of approximately the upstream two-thirds of
the basin, Figure lla. However, with 1,500 cubic feet per second

ischarging through one valve, the entire length of the basin was required
vo fully dissipate the energy of the jet, Figure 1lb., It was decided to
use this length in the recommended design, Figure 9., Figzures lic and d,
and 12a and b show the stilling—basin operation at discharges of 1,000 and
500 second-feet, :

Waves in the Canal

Iuring the tests on Scheme A it was apparent that excessively high
waves were being genorated in the stilling-basin and were traveling dovm—
strean into the transition and the downstream canal section. Due to the
comparatively smooth concrete lining and the l—lﬂ.ul sloping sides of the
trapezoidal canal, the waves appeared to magnify after they entered the
trapezoidal section umtil waves from 2.5 to 6 feet in height were measured
at the edges of the water surface in the canal, Fipures 13c and d.

To find 2 meens of dampening and comtrelling these wave heights in
vie canal, several tests were conducted using wood floats, baffle piers,
and surface balfles. A wooden fleoat placed in the sbilling-basin and
attached to the end of the center pier was effective in reducing the wave
neishts in the canad, btat due t+ the maintenance requirenments and diffi-
culty in maldng it cffective for all flows and tailwater elevations, the
Zloat nethiod of danpening the waves was abandoned.

Comnrehensive tests were also conduched using various combinations of
balfle piers -t Station 13+96.75, a surface baffle between the center pier
and each %r.r.onp-wall at Station 14+9L.75, and the effect of placing a




10-foot vertical rise or step at Station 15+30.75 from the stilling~basin
loor to the canal bottom elevation of 5282 feet, Figure 9. The results

of these tests are shown in Figure 1L where height of waves, as abscissa.
arc plotted against the elevation of the bottom of the surface baffle

(ordinate), for a discharge of 1,500 cubic feet per second through one
and two valves under the following conditions:

't

a. Step and baffle piers removed.

-

b. Step installrd and baffle piers removed.

c. Step removed and baffle piers installed., With the step
removed, the transition corresponded to that shown in Figure 9, while
Basin No. 2, Figure 7, shows the profile of the transition when the
step was insballied, except that the basin floor was 2 feet. lower.

From visual observations of these tests and a study of the curves in
Firure 14 the following conclusions were reached:

a. The use of a 10-foot vertical step had no effect upon the
height of waves in the canal vhen the surface baffle was in place.
Compare Figures 12¢ and 4 with Figures 1la and b.

b. Installation of baffle piers at Station 13+96.75 reduced
the height of waves especially when ones valve was discharging 1,500
cubic feet per second., Compare Figure 11b with Figure 13b.

c. JThe surface baffle considerably reduced the height of the
waves for bte%th conditions of one or two valves operating at maxdmum
discharge o 1,500 wubic feet per second, Figures 13a and b, and the
optimum elevation »f the surface baffle vmas reached vhen its bottom
was at elevation 7285 feet, Figure 1lu. Below this elevation the wave
heights, with the baffle piers installed; increased when only one
valve was discharging.

The choppy vater surface and the wave heights in the canal are quite
prominent in Figures 13c and d when the baffle piers and the surface
baffles were removed.




PART II—SCHELE B

INTRODUCTION

The outlet works sitilling-basin, Scheme A, discussed in Part I
proved to be undesirable from an economic standpoint. Vith the inten-
tion of developing a less costly plan, Scheme B, shown in Figure 15,
was tested., Scheme B differs from Scheme A in that the center dividing
vall is eliminated and a long, £lat chute is placed between the valves
and the stilling-basine. Since the canal below the stilling-basin will
be concrete lined, the long chute requires little more concrete per
linear foot than the canal itself, and the economy in concrete for Scheme B
is found in the smaller required stilling-basin and elimination of the
sxpensive center dividing wall of Scheme A.

TIIE 1:2 SCALE MODEL

The 1:2}; scale model used to test Scheme A was modified where
necessary and used in studying Scheme 3. The flat clute was placed below
the valves and the stilling~basin moved farther downstream. Iaboratory
space limitations necessitated a shorter canal section in which to study
waves, but othervise the model was essentially the same as that used in
the development of Scheme A.

TiE INVESTICGATION

Chute Studies—Upper End

In the preliminary design, Scheme B, Figure 15, the wvalves discharged
onto a plane surface inclined upward 10° from the horizontal. The incline
was comnected by a parabolic curve to the lewel portion of the clte. 1In
the initial tests it was found this slope was too steep and caused the
jets from the valves to deflect and leave the surface of the incline form-
ing a high fin of water in the centers of the jets and inducing consider—
able spray, soms of which splashed over the training-walls, Figure 33a.

To determine the proper slope of the incline an adjustable floor was
set in the model in place of the 10° slope. By altering the incline of
this floor, slopes for the floor could be determined which gave compara-
tively smooth flow. TIrom visual observation, using slopes varying from
10 to 10° and commecting curves of different radii, it was found that
slopes of 1° 40! and 100, joined by curves of 8C~foot radius, gave the
best results, Figure 17, Although the appearance of the flow using this
arrangement was satisfactory for all discharges, there was still the
vossibility that pressures beneath the jet might be unsatisfactory.
Piezoneters were installed in the model and pressurc measurements made.
These studies are discussed on Page 15,




Up to this point in the investigation of Scheme B the valves were
set to discharge horizontally and parallel to the centerline of the
chute. This arrangement produced satisfactory flow distribution through-
out the chute when two valves were operating. However, with one valve
di.ccharging, there was a tendency for the flow to concentrate on one side
of the downstream end of the chute at all discharges which caused an
unsymmetrical jump in the stilling-basin, Figure 3La. To improve this
condition and to obtain more symetrical {low at the upper end of the
stilling-basin, the valves were turnsed horizontally toward or away from
the centerline of the chute., The valves were tested for a range of angles
from a divergence of 2-1/2° to a convergence of 5°. From visual observa-
tions it was determined that a convergence of 2-1/2° to 3~1/2° gave the
best distribution of flow in the chute with no appreciable difference in
operation bebween the two angles.

The valves were also elevated from 0° to 5°, However, as the angle
of elevation was increased, the extent of deflection of the jet and splash
also increased. As a result of these tests, it is recormended that each
valve converge 2-1/2° on the centerline of the chute and remain horizontal
in the vertical plane.

Chute Studies--Lover End

Althouzh the changes described above helped to spread the flow over
the widtn of the chute, several suggested methods were tested for further
improving the flow distribution at the end of the chute. Among these were:
(z) a small crest or rise in the chute floor beforc dropping into the
stilling-basin; (b) a streamlined pier in the center of the chute to force
nore Tlow near the edges of the chute; (c) a submerged pier, triangular in
cross—-section and 36 feet long, Figure 354, located in the center of the
cmute 30 feet upstream from the stilling-basin; and (@) a crown on the
chube floor placed throughout the length of the horizontal chmte.

lethods (a) and (b) provided no solution for amy operating condition.
The small crest caused a jump to form in the chute at the lower discharges.
vhile a satisfactory positicn for the streamlined pier was found for one
operating condition, for other operating conditicns the position was
unsuitable. :

The submerged pier forced the flow toward the training-walls and a
fairly symetrical junp formed in the stilling-basin, Figure 35. However,
thic sulmerged pier suggested another method of providing the same results—
that of placing a crovn on the bottom of the chute and throughout its
lencth., The crown consisted of an upward slope, 1/ inch to 1 foot,
c:cbending from each training-wall to the centerline of the chute. The
crovn was placed only on the flat portion of the chute from Station 13+96.20
to Station 17+30.97, Section c—c, Figure 17. The crovm was also desirable
in that it will provide drainage for the chute during periods when the
outlet worls vms not operating. Like the submerged pier, the crovm servad




to force a greater quantity of the flow toward the training-walls and
provided a more even distribution of flow at the dowmstream end of the
clmte, Lowever, further improvement of the stilling~basin performance
was necessary before a satisfactory structure could be :recommended.

Preliminary Stilling~basin Studies

Tests were made on eight different designs of the stilling-basin,
Figure 16, to investigate the effect of various elevations of the stilling-
basin floor and of the canal bottom, the steepness of the parabolic curve
commecting the bottom of the chute with the stilling-basin floor, the
inclusion or omission of z step oxr abruplt rise in the downstream end of
the stilling-basin, and the shape of transition between the rectangular
basin and the trapezoidal canal.

Tests on Basins No. 2, 3, and L, Figure 16, were made to iniprove the
operation of the preliminary stilling-basin before an adequate valve
arrangenent and clute entrance were obtained.

The remaining designs, Basins No. 5, 6, 7, and 8, were made with the
valve positions and the clute as showm for the recormended basin of
Scheme B, Figure 16, which gave a satisfactory flow distribution for all
flows at the end of the chuate.

Preliminary tasin. The operation of the stilling-pool in the pre-—
liminary design was, in general, unsatisfactory. The distribution of flow
at the end of the chute was poor for all flows, Figure 33. Vhen one valve
was discharging 1,500 second-feet, the hydrawlic jump was concentrated on
one side of the stilling-basin and the opposite side was occupied by a
slow eddy. This condition resulted in considerable turbulence and excessive
waves in the canal. #hen both valves were discharging, the stilling-basin
performance was improved, but the flow concentrated in the center of the
basin with comparatively quiet water along the outer edges of the basin,

Basins lo. 2, 3, and L4, Before modifying the valve arrangement and
the chute of the preliminary design, an effort was made to improve the
stilling-basin performance in spite of the fact that the flow distribution
was poor ab the downstream end of the chute.

The floor of the stilling-basin was lowered 2 and L feet in Basins
lio, 2 and 3, respectively, and a step was placed at the end of the basin,
Sirure 16, These changes had no appreciable effect in the basin action,
and there was little improvement in the excessive waves and turbulence in
the canal.

Bagin No. L differed from the above designs in that the bottom of the
canal was raised 3 feet to elevation 5285 and the stilling-basin floor to
5283 feet, Figure 16, The entire canal was raised 3 feet due to field con—
siderations rather than results of the hydraulic studies. In general, the
operation of the stilling-basin was unsatisfactory and worse than the
orevious tests.
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Basin Mo. 5. Following the above basin studies it was decided little
improvement in the stilling-basin performance could be attained until a
more uniforn distribution of flow was obtained in the chute, Therefore,
the chute studies described on Pages 9 and 10 were nade at this point of
the investigations and the chute results and recommendations contained
therein were incorporated in the model.

‘ 2

In addition to the chute changes, a steeper parabolic curve, ¥y = — %—6:
was inctallew at the upp%r end of the stilling-basin in place of the
original curve, y = - TJZC—S' This change in the stilling-basin is showm as
Basin No. 5, Figure 16, The steeper curve noticeably improved the opera-
tion of the stilling-basin. The jet from the chute penetrated more deeply
into the stilling-peol, producing a more uniform hydraulic jump., However,
duc i~ the deeper penetraticn of the jet, the appearance of the stilling-
action indicated that a deeper pool vmas required.

Basins Ho, 6 and 7. The floor of the stilling-basin was then lowered
2 feet to elevation 5281 in Basins Ho. 6 and 7, Figure 16. Lowering the
stilling~basin floor improved the stability of the jump and the action
in the stilling-basin was acceptable with either the
2 .2
¥ o= - %5 or y s — i_% curve installed, Figures 35a and b. However, the

steeper curve ,v Vo=~ %.0., gave @ more stable hydraulic jump and resulted in

satisfactory stilling~basin operation for all conditions of discharge. The
hydraulic jump formed well up on the curve for both conditions of the maxi-
mum discharge of 1,500 cubic feet per second through one or o valves.

2 )

With the milder curve, y = - 'i"’—?c_%" and with enly one valve discharging,
the hydraulic jump was less sta.ble; The instability of the Jump was denon-—
strated by churning the water in the stilling-pool in a circular manner
either cloclawise or counterclockwise. The jump could be made permanently
unsymmetrical in this manner. With the steeper curve installed the jump
could not be made unsymmetrical for any flow conditicn.

To determine the effect of changing the length and shape of the
transition a reverse parabolic itransition, 60 feet in length, Figure 17,
was sunstituted for the 30~foot straight-line transition of the preliminary
designe. Iydraulically, the 30-foot straight-line transition was an unsatis-—
Tactory design for this structure since it wos comparatively short and
because, by use of this transition, there resulted two distinet breaks in
the fow fron the stilling-basin to the canal——one at the upsitream end of
the transition and the other at the point where the transition joins the
canal. On the other hand, the reverse parabolic transition was twice as
long and was tangent to the rectangular stilling-basin and the trapezoidal
canal at the ends of the transiition,

1z




The parabolic transitioniras a definite improvement over the shorter
straight-line transition, Waves in the canal werc noticeably reduced
and the flow throughout the transition was comparatively uniform,

Pigure 38c.

Basin No. 8. In Basin No. 8 the l-foot step at the dovmstream end
of the stilling-basin was eliminated and the bobtom of the transition
sloped from the basin floor to the bottom of the canal. With this change
there was very little difference in the height of waves or in the flow
through The transition over Design Noe. 7, but there appeared vo be less
stability in the hydraulic jump.

itecormended Stilling-basin

In view of the above stilling~basin tests it is recommended that
Basin No, 7, Figures 16 and 17, be accepted for construction in the f:.eld
his bagin includes the steeper parabolic curve,

o= - 3'5’ a step at the end of the stilling-basin and the reverse parabolic
trensition from the basin to the canal.

Figure 36 contains pho’oograpm of the model of the recormended
structure with no flow and Figures 37 to L6 are similar views of the recom-
rended design for discharges of 500, 1,000, and 1,500 second-feet through
one and two valves at reservoir elevations of 5)430 and 5340 feet. TFipures

¢ to 27 are complete wvamter surface profiles for the recomnended design
Tor the same discharges and operating conditions.

llo studies were nade employing baffle piers since satisfactory
stilling-basin perfornance was obtained without their use.

The various basin desipgns studied are shovm in detail in Figure 16,
and a tabuwlation of the results of the tests on the different designs is
—resented in Table 1.

lieight of waves in the canal. For the purpose of correlating the
relationship between the height of vaves in the model with those of the
prototype, model wave heights for the recomended design were obtained for
discharges of 1,500 1,000, and 500 cubic feet per second through one and
twe valves at reservoir elevations of 5430 and 5340 feet. These results
are showvm in Table 2, The height of waves shown in the tabulation is the
difference in feet between the elevations of the masdmom crest and the
minimun trough of the waves over a btime period of about 1 mimite. The
wave heichts werc obtained in the canal near the water's edge by means
of a point gage located at Station 19+50.

Hrdraulic jump at the valves. Since the chute approach umned:.a.tely
dovmotreen fron the valves is lower in elevation than the main cimte,
""d.rau_.ic jump forms at the valves for the lower ranges of discharges a.nd

goervoir elevations, Pimwre L5c. llodel tests for a range of discharges
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were made to determine the reservoir elevations At;which a jump forms
at the valves and at Wwhich the jump sweeps out.
for the recommended design are shown below:

Results of these tests

Twio valves discharging

One valve discharging

Reservoir eleva~-
tions when jump
forms
(Reservoir eleva-
tion falling)

Reservoir eleva-
tion when jump -
sweeps out
(Reservoir eleva-
tion rising)

Reservoir eleva-
tion when jump
forms
(Reservoir eleva-
tion falling)

Reservoir eleva—~
tion when jump
sweeps  out
(Reservoir eleva-
tion rising)

53LL
5329
5324
No jump at 5328%

Sh3le
5377
5362
53L3

53L6

5335
5350
5L 30m%

5327
No jump at 5331
No Jjump at 5350

No jump at 5,30

#Lowest reservoir elevation which will provide the given discharge
with the valve(s) 100 percent open.

#eservoir elevation required to sweep out a jump which was forced
to form at the valves by temporarily placing an obstruction in the chute.

##4This elevation is L feet above the maximum reservoir.

To illustrate the use and significance of the above table, two
hypothetical examples are cited. Assume that it is required to release
a constant discharge of 500 second~feet through the outlet works and the
reservoir pool is at elevation 53L6 feet or higher. The 500 second~feet
can be released through oune or two valves and no jump will form at the
valves. Now suppose the reservoir pool begins to fall. If two valves are
equally discharging the 500 second-feet, a. jump will form when the reser-
voir drops to 53LL feet. However, if the 500 second-feet is released
through one valve, the reservoir must drop to elevation 5327 feet before a
Jump will form. Now assume that the reservoir begins to rise. The jump
will remain in, when one valve is discharging, until reservoir elevation
53L6 feet is reached; but, if two valves are being used, the reservoir
must rise to elevation 5L3L (or L feet above maximum pool ) before the jump
is swept cat.

As another example, assume that it is required to reléase the maximum

canal capacity of 1,500 second-feet. The lowest reservoir elevation at
which 1,500 second-feet can be released is 532 feet. Both valves must
bs fully open at this head to provide the required discharge and no jump
will form at the valves. However, if an obstruction is placed in the




chute until the water backs up to the valves and the obstruction is then
renoved, a jump will form and remain in until the reservoir pool rises to
elevation 5343 feet.

To release 1,500 second~feet through one valve the reservoir must be
at the maximum elevatlon, 5430 feet. Under these conditions a jump will
not form and, if artificially forced to form by an obstruction, the Jjump
will be swept out.

The above reservoir elevations at which the jump formed were determined
by adjusting the hollow~jet valve or valves for a constant discharge and
allowing the reservoir water surface to drop. When water just began to
fall back toward the valves, the reservoir clevation, shown in the table,
was recorded. In a similar manner but with the water surface in the
reservoir rising slowly, the reservoir elevation at which the juap began
to sweep from the chute approach was noted.

The above data must be considered approximate only because of the
higzher relative friction losses in the model, Another consideration is
the fact that the model conduit upstream from the valves could be con-
structed to represent prototype losses only for one discharge; in this
casc the maximum discharge of 1,500 cubic feet per second through tvwo

valves., For a discharge of 1, SOO cubic feet per sccond through one valve
or for amy lovwer dluchargeo, the nodel pipe losses no longer represent
rrototype losses and slight inconsistencies between model and prototype
nay exist.

Pressures. Iressures on the floor of the recommended design in the
replon where the jets strike the invert and on the parabolic curve at the
stilling-basin entrance were measured for a range of discharges and
rescrvoir elevations, Figure 28. The greatest negative pressure recorded
was for one valve discharging 1,500 cubic feet per second at mazcirmm
reservoir elevation and was 2.3 feet of water (prototype) below atmospheric
pressure at Piesometer 29, Another low pressure area at the upper end of
the chute was in the region of Piezometers 8 to 11, inclusive, Figures 29
and 30C.

‘ressure neasurements, made on the parabolic curve at the entrance
vo the stilling-basin, Figure 31, were all above atmospheric for the
recommended design except for Piezometers L9 and 60. The lowest negative
aressure at these points was mimus 0.25 foot of watber.

lio effort vas made to increase any of the above pressures by changing
the profile, since the lowest pressure recorded on the model was vell above
the cavitation ranpe.

Splash tests. ‘“he model indicated in the final stages of the study that
some provision should be made to prevent the splash which occurred dovmstrean
from the valves from passing over the training-wslls near the upper end of
the chuve and at the stilling~basin entran