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Denver, Colorado, January 15, 1933

MEMORANTXM TO CHIEF DESIGNING ENGINEER

>'By E. W. Lane, Research Engineer
Subject: Hydraulic ilodel Bxperiments for the Design of the Hoover Dam -

Book 1 - Results of Visual Tests on Preliminary Spillway Types.

The unprecedented height of the Hoover Dam necessitated thor-
ough study of many phases of its design to insure absolutely the safety
of the structure. The spillways were one feature which demanded espe-
cially careful attention. It;was found necessary to provide for a flow
of 400,000 second—feét, which with the fall of 500 feet represents hn
energy of 22,700,000 horsepower, or about seven times the energy of the
water passing over the falls at Niagara. Moreover, the velocity of the
water would reach 175 feet per second, or two miles a minute, which
considerably exceeds that in any similar structure so far constructed.
It is obvious, therefore, that the greatest possible céare was neceseary
to insure that these spillways would act axactly as expected, in order

that no damage might result.

History of the Spillway lodel Tests

To discharge so great a quantity of water over the top of
the dam, permitting it to fall down the face to the river below in-

volved great danger to the security of the dam foundations. The



large tunnels which were necessary to divert the river during the
construction of the foundation of the dam provided a possible out-
let for the water and would discherge it back into the river far
enough downstream to insure the safety of the dam. Spillway plans
were therefore developed utilizing these tunnels. The first draw-
ings of the project using the tunnels included one spillway of the
shaft or glory hole type on each side of the river, but this was
recognized to bte only a preliminary layout. When funds for exten-
sive study of the project became available, all practical forms of
spillways were laid out and estimated of theia prepared. These¢ in-
cluded glory holes, side channels with and without gates and vari-
ous cambinations of these forms. Spillways using an entirely sep-
arate tunnel systam were also planned and estimated. It was ev-
ident that extensive model tests would te necessary to secure an
econonical and safe solution of this problem and these experimonts
were carried nut along with the design and cost estimates. The
necessity of providing a spillway form which would discharge without
undesirable effects through the long tunnels proved to be unusually
exacting, and the spillways as finally evolved represent the result '

of a process of design, estimation, experimentation and elimination,

covering a period of more than two years of intensive study.
The hydraulic model tests were begun at tho hydraulic

laboratory of the Colorado Agricultural College at Ft. Collins,

Cfolorado. The first model was of the glory hole type on a 1:60



scale designed for a capacity corresponding to 100,000 second-feet
in the prototype. As a result of thé speedinz up of the Hoover Dam
Project as an erployment relief measure, it was necessary to make

a decision on the general tyme of spillway without the extensive
tests on this model as at first conteriplated.

The second riodel was of the side channel type without
crest rates also on a 1::4C scale Jesirmed for a prototype capacity

1234.5
of 100,00C second-fent at elevation/ and 140,000 second-feet
at the top of the dan:. Refcre th: expemiments on this rniodel were
completed, a decision was made to increasc the spillway canacity
to 200,300 sccond-feet. The next was a 1:6C model of the side chan-
nel t;ps with a Stonuy gate at onc ond.s While cxperiments on this
model werce beins conducted a large 1:230 scale niodel of the side
channel type with drum ates on the crost was built at a specially
constructed laboratory at l.ontrose, Colorado.

The Stoney g¢ate spillway did not yrove satisfactory but
tests were ronducted on the riodel of it to throw additional light
on certain diflficulties ﬁhich had developed on the large drum gate
crest model. From the results of the t.sts on both these models a
new 1:60 drum gate desisn was prepared and tested at the Colorado
Agricultural Coliege. After many chances were made a satisfactory
form of spillway was developed and a 1:20 scale model of this form
was built at the Montrose laboratcry for purposes of camparison.

3



Experiments were then undertaken to develop the form of
spillway crest giving the greatest discharge capacity. This work
was carried on at the Colorado Agricultural College laboratory.

Fram these experiments a more efficient form of crest was developed
and ugeful data was obtained for the design of the crest gates.
Forms of crest suitable for other forms of gate and for free crests
were also developed.

A8 a result of these studies, the crest of the side chan-
ncl model previously developed was altered to increase its discharge.
xModels of :l}:}:'ﬁinel q:as:l@ w?Irc? cgpst_ruc?d on scales of 1: 100, o “
2460 and 1: 50-- donparisons of the .resulta of theso models indicated = B
that substantially similar results would be obtained on tho prototypo.

The spillway model testing work at the Colorado Agr:lcultur&i
College labaratory was begun in Cctober, 1930, and carried on nearly
continuously until April, 1932, a large part of the time using two
shifts per day. Tests on the 1:60 mand 1:100 models of the final de-
sign were carried on intermittently from Septen:ber, 1932, through |

j
January, 1833. The plans for the laborétory at liontrose were started
in Pebruary, 1931, and it was completed in July of that year. ‘Ibats
at this laboratory were carried on continuously fram July until
closed down by freezing weather in December. Work was resumed in
August, 1932, and carried on for about four months. Including two
small models not previously mentioned, a total of eleven models

were tested, many of them with a large number of variations, using

4



i

linear scales fram 1:100 to 1:20 involving discharges of 2 to 112
second-feet. | '

Throughoufdthe entire series of tests, close contact was
maintained with the designing department in order that the plans
developed should be sound not only from the hydraulic but alsa from

the structural and construction standpoint.

Results of the Spillway Model Tests

The results of the model tests were hishly satisfactory.
Tho form developed is shovm by the drawings of the spillways on the
Arizona and Nevada sicdes of the Colorado Kiver shown on Figures 1
and 2 respectively. The location of the spillways with respect to
the dam and other features of the development is shown on Figure 3.
These s»illways anply satisfy the exacting rcequiremonts resulting
from the unprecedented agnitude of the Hoover Dar., at a reasonable
cost and with the assurance cf absolutc siafety. Tithout these ex-
periments, thc saie degreo of sccurity could only have bocn cbtained
by the uso of plans costingz suveral million dollars nore than those
adopted, and the savings mado possible by these tests have unques-
tionably justifiod the extensive studies which wore'carried out,
The bencfit of tho tests, however, will not be confined to the Hoover

Demy alone. Idoas have becn investigRtod and principles and data have

becn developed which will bo of groat benefit in the design of futuro

installations of many types. In order that information may be used
on the future spillway problams of thoe Bureau of Reclamation and
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other cngincerins agencics, the following; report of the tests has

been proparcd.

Hydraulic Labcratory oi' tlic Colurade A¢ricultural College

By the generous pernission of the Colorado Agricultural
College, the s::@all scale experimeints for the desirn of Illoover Dan
spillways were carried ou: in their hydraulic laboratory (Plate
1-4) which has been descrited in detail in the Ennineering News,
page Ac2, Vol. 70, Octvober 2, 1913. The facilities of the lator-
atory were adequate for tests o models of lioover spillway as large
as 1:60 scale. The permission to use the laboratery anc¢ the hearty
cooneration of the collrge stalff and of the staff of the U. 5. Bureau
of Agricultural IZagineerinz, who ordinarily use the laboratory, lLus
been greatly awnnreciated.

Moure 4 is a draia; ol tue laboratory showing the loca-
tion of the nodels first constructed.s The flow was obtaincd frown a
reservoir of 3C,C00 cutic fezt capacity locuted upon & hill behind
the laboratory (Plute 1-E). The Tlow out of the reservoir was con-
trolled by hand-ojerated gates. Trom these gates thc dischar:e
passcd into a weir box 19.5 fleet lons, 10 fect wice, and 7 foct deep.
In tho side of this box 13 fect upstrear. from the weir was a bypass
which was controllcd by a novableo crest, and another of smaller dis-
chérgo controlled by a valve. Fine adjustnents of the quantity dis-
charged throussh tiic model were made by varying the flow tiarough these
bypasses. Tho head on thc weir was observed by ricans of a float gage

é
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similar to that developed at the Corncll University.* The gage was

*Trans., Anm. SOCQ, C. Eo, Pe 1154, Vol. 83, 1920.

located in a stilling-pool connected 7itk a main channcl by a pipe,
as showin in Figure 4.

Tho discharges for all of the tests except the scries to
determine the best crest shape 7ore measured by means of either a
90° V-notch weir (Plate 1-C) or a 2' Cipolletti weir, both of which
had been volumetrically calibrated. For tlic oxperiments on the drum
gate model, the crest of the Cinolletti weir was somewhat submerged.‘
To detcrinine tio discharge for this condition an c¢xtcnsive set of
voluraetric calitration tcsts was 21lso mades The location of the

glory holc and first side ch@nnel rodels 2re shown on Figure 4.

The ontrosc laboratory

Because of the tramendous povicr of the v@ter to bo handled
by thcse spillways it was belicved to be nccessary to talic cvery
rcasonablc procaution to insurc that they would tunction in the man-
ncr dosired. It was thereifore decided to huild a model on as large
a scalc as 7@s rcasonably possible, in order to indicate any dis-
crcpancics between tho action of the model and prototype which might
arisc from tho smialler size of the model. A modcl scale of 1:20 was
dccided upon for those tests. This rcquirecd a discharge of 112 second-

foet and a fall within the modol of approximately 3C feet. As no

7



labecratory was available which provided satisfuctury facilitics it
vas decided to build onc on the Unedwpehgro Irrisasion Projcct at
ontrosc in southwestorn Colorado. At this point a drop in the
South Canal providcc a fall cf aporoximately S0 foct and a flow of
200 sccond-foct or morc throughout thc irrigation soason.

Fisure 5 is a drawing showing the layout of the laboratory
constructed at this point and Plates 2-A and B show the appearance
when completed. The water was tali:en out of the ditch above the
chute throush two 48" circular cates shown on Plates 2-C and 3-A.

A checl controlled by 4"x4<" needles (Plates 3-B and () was installed
below the sttes to raise the water in the ditch sufficiently in times
of lowr flow to permit the diversiun of' the desirecd quantit;r through
the laboratory. From the intaie rcates the vater rassced tivoush the
tvo barruls of the intallc gnte structure into the unper end of the
woir channcl. This channcl vas of wood frame construction, 12 Toot
wide with valls € feet high. The total length of this channcl up-
strcamn from the weir was 80 fcet.e At tho upper cnd woerce located
three sets of buf.’.s to quict the watcer approaching tlie weir (Plate
4-A). Thuse barrles were built with rancls of cross slats. The
spacing of thu slats was variocd as a rosult of cxperinclits until a
vory uniform distribution of' tiix velocitics was obtainud in the chan-
nuvl approachin;; tho wouir.

At theo lower ond of the woodon channcl wes locatod the
woir box and measuring weir (figuso 5). In order that thuy =lovation

6
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PLATE 2










of the weir crest mizht not bo subject to change, the weir box was
constructed of concrote and rested on tho shale bedrock. ¢ sido
vAalls and floor werc smooth. Two drains extended through the floor
of tho weir box by means of —hich the weir tanit could dbec drained.
Tho weir w7ras a duplicate of the Francis woir with suppressed con-
tractions, except that the length was 12 feet instead of the 10 feet
which Francis used. 7The crest :as 4.6 feet above the floor and the
walls were offset dovmstrear from the crest to permit aeration of
the napme. The weir nlate -.@as built up of steel plate and structural
steel shapes (Plate 4-B). 'The crest wés foimed of a steel anzgle with
horizontal crest 1/4" :ride. Care s talen to leep the unstrearn face
of the weir smooth in the vicinit of the crest and to keep the un-
stream coi'ner true and sharp. Very smooth conditions of rlow ovar
tho weir were obtainzd (Platoc 4-C). . The hcad on the wuir was
observed on float pagos of the Cornell type set in conercte pits on
either side of the weir box (Plate 5-4). The scales were held in
netal frames attached to tie concrete in order that the zeros might
not be changed by siielling of the woods The float wells wore connocted
through a short section of rubber gardon hose to piezamctoer openings
in the weir box wulls, which opencd 6 fect upstream and 1.0 feet below
the weir croct, as on the Francis weir.

tor pagssing over the Tieir tiio w7ator turned at right angles,
passcd throu;h anothor sct of bafflos (Platc 5-B) into an cxpanding
forehay at the cnd of which s located the spillvay rceiel. Tho

9
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peculiar shape of the laboratory was dictated by the necessity of
having the water approach the model at right anzles to the spillway
crest. After passing through the spillway and twmnnelmodel, the
water was discharged into a rectangular woocen flume which empties

back into the irrigation canal (Plate -C).

THE GLORY HOLE SPILLWAY EXPERINENTS - MODEL C-1

The preliminary drawinzs of the Hoover Darn were rnade with
spillways oi the glory hole or shaft type, but this was merely a ten-
tative desizn, as it as expectied to malie extensive model experiments
and base thc sclection on the results obtained from them:. The design
of this type of spillway conterplated a dischargs of 100,000 second=-
foct for oach shaft, with the water surface in the reservoir at El.
1234.5, half-way up the parapct wall or 2-1/2 feet above the top of
thc dame In oxder to moct the condition specified for the Hoover
Dam Project, that tho discharge from a flood as large as that in
1884 should be carricd safely in the river channel below the dam,
the two spillweys had to limit tho dischargo to 62,500 second=-feet
(not including power house discharge) at El. 1229,

The spillway dusigned to meot these two requirements with
tho prototypc dimensions is sho'm on Figure 6. It consistod of &
circuler crost 234 feet in dianctor of ogeo cross section below which
was a morning glory shaped funncl loading to the 50-foot diameoter
shaft. Tho purposc of tho ogeco crest was to produce a high discharge

10
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coefficiont, in order to give a largc discharge per foot of crest
lengtl, as this &ould onable a shoxrter crest to by used, resulting
in a smallcr, chcancr spillway.

The mocdel of this spillway wag tesie? in the hydraulic
laboratory of tiie Colorado A:ricultural Tollege at Ft. Collins, on
a scale of 1:69 or 1" = 5', The relation of the quantities in the
nodel to those in the prototype for a 1:60 scale are -iven in Table I.

The nodel ol the glory hole for convenience was designated
as the C-1 model, the C indicatins Collins, and tlhe 1 that it was tle
first model tested tacre. Ghus -4 indicates the fourth model tested
at Lontrose. As tlic tesls deserived in this report were carricd on
with riodels of secveral differcnt scidlcs, zach of which had different
discharge an? other rclations tc the prototype, a great deal of con-
fusion will be avoided i. the corresronding dimensions and discharges
o' thv nrototype are uscd ratiwr tiwmn the actual quantitiics observed
on thu riodel. This will cnabls comparisons to by madse betweon the
performaitce of nodcls of differsnt scalos without the nccussity of
rcducing the vi-lucs on one to tho corrosponding valucs on the othor.
Morcover, it will cnabtlo ono to visuvalize and appreciate the truo
significance or thc effects as they would appcar in the actual spill-
way in a way that thc exprossions in torr.s of the actual model size
could not do without a great deal of computation., Throughout this
report, thorefore, all quantities such'as lengths, zlevations and
discharges, will, unlcss otherwise stated, te given in torms of the

11



corresponding quantities on the prototype rather than the actual
quantities observed on the model.

The discharge through the model was measured on a 2-foot
Cipolletti weir. The water was led to the srillway through a series
of bvaffles, which produced still water upstrear. from the structure.
The crest section of the spillway was built of paraffin. The paraf-
fin block was first cast approximately to the shape desired and then
cut accurately to dimensions by a template in the form of a knife or
screed which was revolved about an axis in the center of the spill-
way shaft as shown on Plate fi-A. The completed crest section is
shown on Plate 6-B. .lthough paraffin made a rather soft model,

_ easily scarred or nicxked, it was easily patched and for this type

of model is believed to have boeen as easy to build and satisfactory

in its operation as could have been securecd with any other material,
Same chnecking occurred, but this could be easily remedied, the only
permanent change being to the appearance, The vertical tunnel, ver-
tical bend and horizontal tunnel were formed of transparent pyralin,

a material similar to celluloid, in order that the action of the

water within them could be observed. The various sections of the

bend were made of pyralin sheets 1/8 inch thick, formed in a hydraulic
press. The straight sections were about 18 inches long, flanged at
.the ends and with a longitudinal butt joint with outside strap. The
90-degree vertical bond was r.ade up of four 22j-degree flanced bends,
each bhend bheins divided into two similar flanged sections on the plane

12
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passing throush the center line of the bend. The 90-degree bend was
made in sections in order to facilitate construction and to enable
experiments to be made with 82é-desree, 45-degree, or 67%-degree

tends also.

Results of Tests of Glory Fole Model

As a rcsult of the speeding up of the Hoover Dam Project
as an erniployment relief measure, it was nécessary to make a decision
on the gencral typc of spillway without the extensive tests at first
contcmplated. In order not *to delay work on the sido channel models,
ocxperiments on the glory hole typc consisted only of visual observa-
tions and photographs.

In the dosign of this form of spillway it was assumed that
the wator would flow over the crest and toward the spillway shaft in
a radjial diraction, which would maie equal dopths at all points equal-
ly distant from tho axis of the shaft, This would produce a smooth
condition of flow in the crest scction and‘dowvn the vertical shaft.
The model showed, however, that this condition would not be obtained
in the s»illway. A distinct concuntration of flow occurred along the
radial line from tho center to the point at the back side of the
spillway fornied by thc ends of the two approach channels, This con-
ccntration took the form of a ridgc, across tho intake section as
shown on Plate 6, C and D. As a rosult, tho wator did not flow dowm
the shaft cqually distributed around the walls, but in a concentrated

14



stream that jumped across the top of the shaft from the canyon wall
to the la'te side as shown on Plate 7, and dropped down the shaft with
a very irregular distribution. For very large flows this ridge or
jet tended to seal the top of the shaft and cause a suction and pul-
sation which was very unlesirable. This action passed through a
cycle of three stages as shown on Pliate 8. In the first stage, view
A, the strean flowing across the top of the shaft sealed the top and
a suction resulted which drew the water dcwn into the shaft as shown
ty view E. Vhen the vacuum in the shalt was bro:en by the centrance
of air frorm above, a distinet piling up of the water occurred owr
the top of the chaft as shown in view C. This was followed by the
condition showmn in view A and a repetition of the cycle.

tudics were undertaiken to ohtain a morc cqual distribution
of flow in the inlet section of tic spillway. Tho concentration of
flow was found to re due to the fact that the water did not enter the
intaie section in a radial direction. To bring the cost of the spill-
way to a reasonablc figure, it was nocessary to set the structure
partially in an excavation in the side of the canyon and atout half
of the water passing over the crest is carried to tho crost in the
excavated channcls A and B, in which the dircction of flow is not at
right anglos to the crest but follows tho paths shown in Figure 6.
The wator approachin;; tue crest, thercofore, has a componcat in the
direction of the crest, and did not flow over it radially, but took
an inclined direction as shown by the strcar lines of thc figure.

14



PLATE 7

A-DISCHARGING ONE-QUARTER CAPACITY

B-DISCHARGING ONE-HALF CAPACITY

- E ]
C-DISCHARGING FULL CAPACITY

LOOKING DOWN ON GLORY HOLE CREST- MODEL C-I



PLATE 8

B Bi

A~NORMAL CONDITION

B-SUCTION FROM SHAFT-ACTING

C-SUCTION BROKEN

THREE PHASES OF ACTION OF GLORY HOLE
WITH DIRCHARGF ARNVFEF DFSIGNFN CAPACIT Y —=MODFI C.~1
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As the water approached the center of the morning glory shaped sec-
tion, more of it tended to concentrate at C and enter the shaft on
that side, causing a disturbed condltion of f'low at that point. The
directions of these currents were deterriined b; inserting coloring
matter into the water us shovm on Plaie 9. View A shows the direc-
tion of the stream along; the ridge of concentration leading from the
ends of the two approach charnels. This was radial, as shown by the
black streak representing the path of the colored water, since the
flow fram the two approach channels which were inclined in opposite
directions and balanced sach other. At 90° to this line the flow
was not radial, but was nearly tangent to the edguo of the shaft as
shown on view B. It was the concentration of these non-radial flows
which forms the ridge.

It is believed that a more even distribution of the flow
entering tho spillway shaft could have heen secured with radial piers

on the crest and on the norning glory shaped section, similar to those

uscd on the Davis Bridfe spillway.* It was intended to test this out,

*The Hydraulic Design of the Shaft Spillway for the Davis Bridge Dam,
and Hydraulic Tecst on Wor::ing Mocols, by Pord rurtz, Trans., d. S.,
C. Z., P 1, Vol. 88, 1925.

and a sauwcwhat similar sct in the apnroach channel, as shown on Plate
9-C weorc tried out, with souicwhat favorable results. However, the
effect of the impact of tho woter at the bottom of the vertical shaft
would obviously bc so much more scvore even with a perfect distribution

15



PLATE 9

A-DIRECTION OF STREAM FROM ENDS OF APPROACH CHANNEL

B-DIRECTION OF STREAM 309 ROM ENDS OF APPROACH CHANNELS

C-FLOW COND'TIONS WITH GUIDE VANES

GLORY HOLE OR SHAFT SPILLWAY - MODEL C-I



of flow than after sliding down the inclined shaft from the side chan-
nel; with the unprecedented velocities resulting from the 600-foot
drop at the Hoover Dam it was telieved to be safer to use the side
channel type, and as an immediate decision on the work on tha glory
hole general type was necessary in order not to delay the work, the

side channel type was adopted and the model discontinued.

SICE CHANNEL SPILLWAY EXPERIMENTS - FREE CREST TYPE - MODEL C-2
The first side channel plan for the Hoover Dam contemplated

a plain ogee crest without gates. "The design of this spillway is shown
in Figure 7. This crest had a discharge capacity of 31,250 second-feet
at El. 1229 and 100,000 second-feet at El. 1234.5, the same as the
glory hole type, but the spillway side channel and the tunnel had
sufficient capacity to take care of the flow over the crest up to the
top of the dam, or approximately 140,000 second-feet, The model of
this structure was also erected in the Colorado Agricultural College
laboratory on a 1:60 scale. The position of the apparatus is shown
on Figure 4. The water ieasurement apparatus was the same as that

mreviously described.

The Construction of the IModel

The side channel of this model was constructed of galvanized
sheet iron supported on sheet metal buttresses. It was expected that
several sizes of channel would be tested and the buttresses wore de-
signed so that various cross sections of channel could be obtained by

16
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slighé chanses of the position of the buttresses. The ogee crest

of the structure was made of paraffin (Plate 10-D). A sloping floor,
sirulating the sloping mountain side intersecting the vertical face
of the spillway crest 3% feet below the top, was placed in the ap-
proach channel to the spillway (Plate 10-C). The transition from
the trarezoidal section of the side channel to the éircular 50-foot
dianeter section of the tunnel was constructed of reinforced con-
crete. It was built in halves, divided by a vertical plane along
the center line. Plaster of Paris cores for the orening were cast
around accurately spaced tesiplates, shown on Plate 10-A, A rein-
forcing of rods was built around the core (Plate 10-B) and the tran-~
sition cast around thzse using Lwanite cement. When the cement had
set the core was reroved and the two halves were bolted together.
Three windows were rast into the top through which the flow in the
transition could be observed. These windows could be closed with
concrete plugs accurately cast to fit the shape of the top of the
transition. The same pyralin tube which formed the model of the
vertical shaft and turnnel for the glory hole model was used for the
inclired and horizontal tunnels of this model. The slope of the in-
clined tunnel vas 45 degreces -7ith the horizontal and the bcnd be-
tween the two sections of tunnel was forumed of two of the 223-degree
bends.

17
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Action of the iree C.est llodel C-2

The action of the spillway channel for flowe of 50,000,
100,000 and 150,000 second-feet is shiown on Plate 1l. A flow of
150,000 second-feet entering the tunnel‘bortal is shown on Plate
12-C. Ior these flows the napre passing over tle cgee crest plunges
under the vAater in the trou;;h ar~d causes the water in the trough to
flow with a spiral motion; the iiotion at the bottom of the ‘channel
being from the weir side across diagonally to the opposite side.
Under favorable concditions this spiral motion is so pronounced that
the centrifu;zal force tends to nove tlie solid water to the outside
of the spiral and the li-hter air tubbles are forced to thc center,
forming a core of air in the center of the spiral for the full length
of the channel. When the discharge was raised sufficiently abave
that for which the spillway was desizned, the depth of flow at the
upper ond of the trough is raised until the nappe no longer dives
under the water in the trough, but passes over the top, as shown in
Platec 12-A. This tends to c2use a spiral in the trough in the oppo-
site direction from that forrmed when the nappe dives un&er. Fur ther
down the trough the water lcvel is lower and the nappe still dives
undor, with the result that tho spiral at tho uppoer end tends to
turn in a clociowisc dircction looking downstrcam and that at the
lower ond in a countercloc!awise direction. At the junction of these
two motions there is an unstablc condition set up and the point where
the nappe changes fror: a countcrclocicwise to a clockwise condition

18
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8 -100.000 SECOND FEET DISCHARGE
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PLATE 12

A=-PULSATING FLOW CONDITION - LOOKING UPSTREAM

B-PULSATING FLOW CONDITION-LOOKING DOWNSTREAM

C-FLOW AT PORTAL ENTRANCE

SIDE CHANNEL SPILLWAY-MODEL C -2



LY

moves up and dowm the cliknnel over a considerable rarge, giving rise
to a sort of pulsating condition of flow in the channel. The division

point betweesn the counterclocXkwise and cloc!wise rotation is clearly

shown on Plate 12-DB.

Scope of ‘luantitative Ixperiments

Soon after this model was completed it vas decided to in-
crease the capacity of each spnillvay frem 100,000 second-fcet to
200,000 second-fect. This necessitated a redesign of the spillway
ané while the office studies to devolop thc most economic design
for this size wcrec uncder way an cxtoensive seriocs of exn»eriments were
carried out on this rnodel to chack the theory of thc side channel
spillvay and to investigate a nwmber of ways of reducing its cost.

The basic theory of the side channol s»illway was devel-

opoed by }r. Julian Hinds* and is based on thc assumption that all

*Sido Channel Spillways, Julian Hinds, Trans., An. Soc., C. E., p. 881,
Vol. 89, 1926.

the energy of the wa@tor falling over the spillway crest is dissipated
as hoat and tho flow doﬁn tho spilltay trough is causcd only by tho
water surfaco slopc in this chanol itsclf,
There werc four series of tosts, the conditions of sach being
as followus:
I The sido channol w7ith trapezoidal cross section as dosignod,

with various dischargos.
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. IT Various discharges with submerged weirs across the downstream
end of the spillway channel to change the conditions of flow

in it.

v

IIT A channel with the saue sides as the original design but with
a flat floor at a higher elevation, formed by a false bottom.
IV A channel with practically the same sides as the original de-
sign Wwmt with the bottom formed by a circular arc tangent to
the sides (Plates 13-A and R). The bottam of the channel of
this model was slightly higher than the orisinal design.
Hycdraulically, the side chamnel spillway is a very ineffi-
cient device, as so muci of tie enersy of the water which falls over
the crest is used up in heat and does not cause flow down the side
channel. If part of the energy could be used in producing flow along
the side channel, a greater velocity in it would result and a smaller
and cheaper channel could therefore be used. To a certain extent
this can be accomplished by moans ol guide vanes or deflectors which
direct the floving water after passing over the crest into a direction
more or less parallul to the conter line of the channel. Different
e types and combinations of deflector vanes were tried to deterriine how
much could be accampnlished in reducing tho spillway cost by this moeans.
' One typc with vones on tha crost is shown on Platcs 13-C and D.
Ono of tho uncertainties of spillway dusizn is tho allowance
which rmst bo made for tho aiir twhich is entrained in the side chann.l,
duc to tho turbulont concditions of flow existing thoreimn. The thoory
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PLATE 13

A-LOOKING UPSTREAM B-LOOKING DOWNSTREAM
SIDE CHANNEL WITH ROUNDED BOTTOM

C-NO DISCHARGE

D-DISCHARGING
SIDE CHANNEL WITH VANES ON THE CREST

SIDE CHANNEL SPILLWAY-MODEL C -2
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ag developéd by Hinds considers only solid water, but if a quantity

of air is entrained in this water, its volume is correspondingly in-
creased 3and the size of the channel necessary to carry it is presum-
ably increased also. Measurements were therefore made of the air
entrained in the flow tirouch the r.odel.

The results of these tests were largely negative fram the
standpoint of producing rwueci sroother conditioﬁs of flow in the spyill-
way. They are of interest, however, from a hydraulic standpoint and

will be descrived in detail in the later portions of this report.

THE STCNEY ZATS SIDE ClLANEL SPILLVAY

When the decision was made to build for a total spillway
capacity of 400,000 second-feet instead of 200,000 second-feet, the
first design warked out to accomplish this increase in capacity con-
sisted of a side channel spillway with crest length of 700 feet dis-
charging 125,00C second-fe.t and a 50-foot by 50-foot Stoney gate at
the end, with a capacity of 75,000 éecond-feet. This design was in-
cluded in the contract drawinzgs (drawing No. 45-D-940). Further stud-
ies showod that a reduction in cost could be obtained by reducing the
length of the spillwd;r and increasing the size of thc Stoney gate.
The design sho'm on Figure 8 was de;eloped which used a 400-foot crest
without gatos, undor a 10.7-foot head, giving a discharge of 50,000
socond-fcet and a Stoney gate 60 feet wide and 80 feet high with a
discharge cgpacity of 150,060 sccond-Tect. The top of the Stoney gate
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when closed was at the sarme elevation as the crest of the weir, and

under certain conditions water passed over the top of the zate.

Stoney Gate licdel C-3

A model of the Stoney gute spillway shown on Figure 8 wmas
built on a scale of 1:60 or 1 inch = 5 feet at the Colorado Agricul-
turgl laboratory. Drawings of this model are given on Figures 9 and
10. 7ith this scale the model of the spillway, not including the
tunnel, was about 7 feet lons and 1j; feet high and the discharge
through the model was approximately 7.2 second-feet. The relation
between the model and prototype quantitios is the samc as that for
the glory hole model or a linear ratio of 1:60 (sce Table I}. .

The trough of the model was constructed of a wooden frame
covered with galvanized iron as shown on Plate 14. The ogoe crest
and the warped section below the gates were of wood. After assem-
bling the portions of the model tho surfacos representing the con-
crete wore painted with gray Duco and the remainder red enamel, to
contrast in the photographs. The topography of the canyon side in
the vicinity of the spillway ‘ras of a lamellar wood construction
with boards of a thickness corresponding to 4 feet on thc prototype,
which wero cut along the contour lines. The transition from the
traﬁozoidal side channel to the circular inclined tunnel was con-
structed of wood staves held in place by collars at intervals as
shown on Plate 14-B. The staves were smoothed down and painted on
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PLATE 14

A-INCOMPLETE MODEL. 8-INCOMPLETE MODEL.
LOOKING DOWNSTREAM LOOKING UPSTREAM

C-INCOMPLETE MODEL. D- COMPLETE MODEL.
L OOKING DOWNSTREAM LOOKING DOWNSTREAM

STONEY GATE SIDE CHANNEL SPILLWAY - MODEL C-3



TABLE I

Relation of Quantities in Moudel and Prototype '

: Latio of Prototype to lodel
:In Terms: : : : :
Cuantities: of N* :For Il = 20:For K = GO:ForAH = A4:Tor N = lOO;For N = 10¢

Length ¢ N : 20 : e : s : 100 : 106

Arca ; N2 : 400: 5,600; 4,096; 1o,ooo; 11,25
Volure i MO : 6,000:  216,000: 262,144: 1,000,000¢ 1,191,01
Velocity : NU*5 4,472 7.746i 8 0 10.2.
Discharge D N2e5 . 1,782.8 27,8852 32,7se§ 1oo,ooo§ 115, 66:
Tiine S0, 4,472 7.746 8 10 10.201
Snorgy ¢ N% : lG0,000;12,960,000216,777,2162100,000,000;126,247,09

Impulse : N9« 35,777: 1,673,136: 2,097,152: 10,000,000: 12,262,22¢

* N = Ratio of linocal diriensions of the prototype to thoge of the model.

The model ratio is usually expressed in terms of 1l:N.
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the inside and the outside coated with a thick layer of éaraffin to
prevent swelling. The model with the adjacent topography is shown
on Plate 15-A.

The flow through the model was measured on the 2-foot
Cipolletti weir previously described. The water surface in the chan-
nel was observed by means of a point gage extending down from level
parallel bars above the channel as shown on Plate 15-B. A large
number of piezcmeters was instalied in the vicinity of the gate
transition to observe the pressure there. The location of the pie-
zameter openings is shovir on Figures 9 and 10 and the glass tubec

gages with which the pressures were observed as shown on Plato 15-C.

Outline of Tests

A large number of tests were made on the Stoney gBte model
to deterriine whether reasonably smooth flow conditions could be ob-
tained in it, and whether it would have the discharge capacity for
which it was designed.. A number of changes were made in the model
to improve the flow cohditions, the results of which were also re-
corded. The followiné is a brief outline of the observations whiech
were made in these tests:

A. The Original Design.
l. Flow for probable conditions of operation.
2. TFlow over spillway crest only.
3. Flow through gate only.
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PLATE 15

A-COMPLETED MODEL WITH TOPOGRAPHY

B-OBSERVING WATER SURFACE ELEVATION WITH POINT GAGE

C~-PIeZOMe Ter BCARD FOR OBSERVING PRESSURES

STONEY GATE SioE CAANNEL SPILLWAY - MODEL C-3



B. Alternatives in the Original Design.
l. Effect of denééted baffles on channel floor.
2. Tlow conditions with various types of Stoney gate piers.
3. Effect of alterations in gate approach chanrel.
4. Result of lengtnening the transition between the rectangular
gate section and the trapezoidal section of the channel.
5, IEffTect of suide walls at ends of ogee crest.
6. TFlow conditions with raised floor (to obtain data for drun
gate design).
C. Deternination of Discharge Coefficients.
1. Deverniination of crest dischargo coefficicent.
2. Deternination of Stoney gate dischargse coefficient.
3. Investigation of cffcet of Stoney gate draw down on dis-
charge over weir crost.
In the following psragraphs the action of thc spillway and
changes rade to try to irmrove it will be described. The results of
the quantitative hydraulic experiisnts will be discussed in a later

portion of this report.

Flow undcr liormal Cperating Conditions

In the spillvay shown on Figure 8 the top of the Stoney
gate, when closed, is at thc same clevation as the top of the ogee
crest. Under norr:al opcrating conditions, if thc vater rose in the
rcscrvoir, it would flow over both the ogee crest and the top of the
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gatc.until the discharge correspondod to approximataely 60,000 second-
foot, being tho flow which would pass when the resorvoir reached tho
maximum flow linc or Elevation 1232. If the reservoir tended to rise
further, the Stoney gate would be opened enough to prevent the reser-
voir rising above elevation 1232. For flows between 60,000 and slight=-
ly over 80,000 second-feet the gate would not open sufficiently to
bring its top above the water level in the reservoir and there would
be a discharge over as well as under the .e.ate. For greater discharges
the top of the gate would be above the reservoir water level and ai.l
the flow would pass beneath it.

The conditions of flow in the model for each multiple of
20,000 second-feet discharge are shown on Plates 16 to 20 inclusive.
With the lower discharges most of the flow enterod the spillway over
the ogoo crest and the condition in the channel was similar to that
in tho froe crost sido channcl type proviously described. In the
bottom of tho channe]‘;; it piled up on tho side opposite the crest to
a highor elovation than on the side adjacent to th'o'r crest. At about
60,000 second-foot dfischargo, .therc v@s a distinct stationary wave
against tho back side of tho channsl just bolow the gate as shown om
Plato 17. As tho flow was increasod this wavc bocame higher and
moved sormpwhat downatroam, The flow in tho channol was very turbu-
lent and much hizhor on tho back sido of tho chammol. As tho dis=
chargo approached tho dosign capacity tho flow conditions becamo
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PLATE 16

A - LOOKING DOWNSTREAM B- LOOKING UPSTREAM
DISCHARGE 20000 SEC F 7

C-LOOKING DOWNSTREAI.} D- LOOKING UPSTREAM
DISCH4RGL 40.000 SEC FT

STONEY GATE SIDE CHANNEL SPILLWAY-MODEL C-3



PLATE |7

A- LOOKING DOWNSTREAM B ~ LOOKING UPSTREAM
DISCHARGE 60.000 SEC FT

C-LOOKING DOWNSTREAM D- LOOKING UPSTREAN!
DISCHARGE 80000 SEC FT

STONEY GATE SIDE CHANNEL SPILLWAY - MODEL C-3



PLATE 18

A-LOOKING DOWNSTREAM B-LOOKING UPSTREAA"
DISCHARGE 100,000 SEC.FT.

C-LOOKING DOWNSTREAM D-LOOKING UPSTRE/.:2
DISCHARGE 120.000 SEC FT

LINNEY GATE SIDE CHAWNNEL SPILLWAY - MODEL ¢



PLATE i9

A-LOOKING DOWNSTREAM B-LOOKING UPSTREAM
DISCHARGE 140.000 SEC FT

C-LOOKING DOWNSTREAM D-LOOKING UPSTREAM
SCHARCE (NNAND SEC ©°

STONEY GATE SIDE CHANNEL SPI__NAr -MODEL C-3



PLATE 20

A=~ LOOKING DOWNSTREAM B-LOOKING UPSTREAAN
DISCHARGE 180.0C0 SECFT

C-LOOKING DOWNSTREAM L o
DISCHARGE 200.000 SEC FT ~THE DESIGNED CAFAS TN

STONEY GATE SIDE CHANNEL SPILLWAY-MODEL C-3



somewhat smoother, due no doubt to the greater flow beneath the gate
and the relatively smaller importance of the flow over the crest, the
worst condition bei;g about 120-139,000-eecond-feet discharge. In
all cases the water had a spiral motion and the greater depth on

the back side continued through the transition and into the inclined
tunnel, With the flow over the gate and crest, the condition at the
downstream end of the transition is shown on Plate 21-A. With a
200,000 second-feet flow the water still had some spiral flow but
the longitudinal flow from the gate gave it a greater longitudinal
camponent, as shown on View B, With all the flow under the gate
(View C) there was no spiral, but with 200,000 second-feet over the

crest only, the spiral was very decided (View D).

Flow over the Crestiogly and through the Gate Only

Cbservations were made on the flow in the channel with the
gate blocked off and all the water falling over the ogee crest. The
discharges wcrc carriod up to 200,000 sccond-feet although this was
a much greatcr discharge than the crost t@as designed for and necos-
sitated a higher levcl in the rescrvoir than would be possible at
Hoovor Dam. Pictures of the conditions for va@rious discharges are
given on Plato 228. Tho conditions of flow were similar to those
found in the freo crest side channcl (Model C-2), having the high
ridge on the rear side of the channol.

Obscrvations wore also made on the flow through the gate
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PLATE .

A-FLOW OVER CREST AND GATE 3~-FLOW OVER (LREST AND THRU GATE
POND AT ELEV 1232 DISCHARGE 200,000 SEC.FT.
C-FLOW THRU GATE ONLY D-FLOW OVER CREST ONLY
DISC-ARGE 200.0CG0 SEC.FT ™MSCHARGE 200000SEC FT

CONDITION OF FLOW AT END OF TRANSITION
SECTION OF STONEI ¢ GATE SIDE CHAMNNEL SPILLWAY - MODEL C-3



DI ATE 22

~~DISCHARGE 40,000 SEC.FT. 8 - DISCHARGE 100,000 SEC FT.

C-DISCHARGE 150000 SEC. FT D-DISCHARGE 200,000 SEC FT

FLOW OVER CREST ONLY-MODEL C-3



only with the flow over the crest btlocked off. The conditions for
several discharges are shcwn on Plate 23. At all flows there was

a distinct piling up of the water on the crest side near the entrance
to the tunnel, as shown on Views A and C. This was of about the same
magnitude for flows of 30,000 second-feet, and therefore represented
a relatively greater disturbance for the small flows. There was

also same piling up on the rear side of the chammnel, due no doubt

to the curvature o the channel. This was especially noticeahle

at hizh discharges; the water rose on a ridge first on the rear side
of the channel and then swung across and piled up on the crest side.
For low and medium flows the water passed under the Stoney gate with
but little disturbance, as shown by View B. At high discharges (View
D) there was a tendency to form a wave on the crest side just below
the gate, evidently due to the offset between the gate structure wall

and the ogee crest at this point.

Dentated Daffles on Channel Floor

A éow of dentated baffles was placed on the channel floor
to reduce the rotary motion of the water by dissipating the velocity
of the water falling over the ogee crest, and thus reducing the height
of the ridge on the side of the spillway channel opposite the crest.
Those baffles had curved faces which tended to throw the water, strik-
ing them bhack toward the crest side. Two heights were used, the
. larger height (15 feet) is shown on Plate 24-A. For the lower dis-
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SLATE 23

4=LOOKING DOWNSTREAM B-LOOKING UPSTREAM
DISCHARGE IOOO00 SEC FT

C- LOOKING DOWNSTREAM D-LOw~
DISCHARGE IS5000 SEC FT

FLOW THRU GATE ONLY-MODEL C-3



charges the action of these baffles was very satisfactory, as they
reduced to a large extent the height of the ridge on the rear side

éf the spillvay (Plates 24-B, C and D and Plate 25-A). A ccmparison
of the action with and without sills for a discharge of 150,000 sec-
ond-feet is shown on Plates 25-C and D respectively. TFor higher
discharges the effect of the baffles was less, as the water passing
over the crest represenfed a amaller proportion of the total dis-
charge, and the deeper water in the channel dissipated more of the
energy of the water coming over the crest before it reached the bafe
fles. A flow of 200,000 second-feet is shown on Plate 25-B. The
baffles used in the model were constructed of sheet iron and could
not be duplicated in the prototype without a considerable thickerning,
which would have offered more obstruction to the flow, but as the 1m-r
provement resulting from the baffles at high flows was slight, no

further study was made 2along this line.

Typos of Stoney Gate Piers

In this spillway as originally desighed, the structure in
which the gate was set uresented sharp ct.ar‘ners on both sides to the
flow of the water entering tho gate (Plate 26-A). The cormor on the
hill side did not cause much disturbance, as it did not project far
out fram tho side of the cﬁamel leading toward the gate. On theo
other side, however, a pronounced swirl was set up, due largely to
the water being drawn toward the gate at a sharp angle past the emd
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A-ISFT.DENTATED BAFFLES B-FLOW OF 20,000 SEC FT.
WITH BAFFLES

C-FLOW OF 40,000 SEC.FT. D-FLOW OF 60,000 SEC FT
WITH BAFFLES WITH BAFFLES

DENTATED BAFFLES ON CHANNEL FLOOR-MODEL C-3

PLATE 24



A £ OW OF.100,000 SEC.
WITH R2FFLES

F LOW QF 150000 SEC
WITH BAFFLFS

DENTATED BAr
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PLATE 26

A-ENTRANCE CONDITIONS FOR B-SWIRL AROUND OUTSIDE
STONEY GATE GATE PIER

D-FLOW WITH ROUNDED
NOSE ON-PIER

C- ROUNDED NOSE ON
GATE PIER

EFFECT OF STONEY GATE PIERS -MODEL C-3



of the structure supporting the gate. To correct this swirl a rounded
nose was placed on the outer pier uas shown on Plate 26-C, but this did
not cause apvreciatle improverent as the water still flowed from around
the end of the gate pier. A curved dpproach wall was then placed above
the outer gate pier, as shown on Plate 27-A. This cut off the flow
around the end of the pier and produced smooth entrance conditions as
ghovmn in View R. The exact position and dimensions of these wclls
together with a discussion of their effect on the flow through the

gate are discussed in the later section of the report dealing with

the hydrauvlics of the Stoney gate.

Shape of Stoney Gate Approach Channel

Experiments were undertaken to determine how much the cost
of the spillway might be reduced by cutting down the excavation in the
arnroach channel to the Stoney fate. TFour shapes of approach channel
were tested. The dimensions of these are shown in the section on
Stoney gate hydraulics. The sides of the channels were formed by tem-
porary sheet iron wallg, as cshovm on Plate 27-C. In the original de-
sign there was a space of nearly dead vwater along the right side of
the approach channel. With the channel narrowed, this condition was
removed and the flow conuiticns of the water approaching the gate
were not adversely affected. It was found that the size of the chan-
nel could te reduced nearly one-third without appreciable detriment
to the action of the incoming water. Zspecially good conditions were
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PLATE 27

A-NO FLOW B8-DISCHARGE 200,000 SEC F 7
CURVED APPROACH WALL ON OUTSIDE OF STONEY GATE PIER

C-TYPE I -NO FLOW

O~TYPE I-DISCHARGE WITH
RESERVOIR AT ELEV 1232

“EFFECT OF SHAPE OF GATE APPROACH CHANNEL-MODEL C-3



red

obtained by a cambination of narrowing the approach channel on the
right side and with the curved wall on the left side, as shown on

Plate 28-A. This produced very smooth, well balanced entrancg con-
ditions, as shown on Views B and C. The discharge coefficients fcr

these conditions will be discussed later.

Transition from Gate @979h9nqglg§gg§;pn

The shape of the cate approach channel did not greatly in-
fluence the flow in the side channel section, as the water upstream
from the gate was at greater than the critical depth. It passed
throush the critical depth at the gate section and downstream fraom
that point was at less than critical depth. In this condition it
is very difficult to change its direction without producing a dis-
turbance. As shown (Figure 9), the transition from the gate section
to the trapezoidal channel section takes place rather suddenly, giv-
ing rise to a rather rapid enlargement on the rear or hill side of
the channel, and a change of di£ection between the gate section and
the channel sections. These conditions combined to cause a wave to
rise on the rear side of the chamnel just below the gate as described
on page 27. By making the transition longer and the change of direc-
tion less abrupt, as shown on Plates 29-A and B, the height of the
wave below the transition was considerably reduced, although it was
still pronounced, as shown on View C.
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PLATE 29

A-LOOKING DOWNSTREAM B-LOOKING UPSTREAM
MODEL WITH MORE GRADUAL TRANSITION

C~ LOOKING DOWNS | REAM D-LOOKING UPSTREAN!
DISCHARGE WITH RESERV@®IR AT ZLEVATON 232

EFFECT OF TRANSITION FROM GATE TO CHANNEL SECTION - MODEL C-3



Stoney Gate Type Abandoned

Although several changes indicated that improvement was
possible in the Stoney gate spillway as first designed, no major im-
provements were obtained. It is believed that by making the spillway
channel straight and putting all the curvature into the gate approach
channel where the flow was below the critical velocity and therefore
easily changed in direction, much better flow conditions in the spill-
vay and tunnel could havé been obtained. This, however, would have
greatly increased the cost. A decrease in the drop between the water
surface in the reservoir and that in the channel,brought about by
raising the channel floor, would have improved conditions, but would
have decreased the head on' the gate and roquired an increase in its
already unprocedonted size. Moreover, the geological conditions at
the site of the Arizoma spillway of this type were unfavorable, and
as estimates showed that the cost of a .spillway with d&rum gates was
vory favorable, attempts to further perfect the Stoney gate modol
were discont{nuod and further tests on it were made only to aid im
tho dosign of the drum sate type. When later experiments developed
a satisfactory type of drum gate spillwey, the idea of using the

I3

Stoney gato type was abandoned.

Effoct of Channel Slope

Tho latter part of tho testing of the Stonoy gate model was
carriod on at the same time as thoso on the first drum gete model at
the Montrose labaratory. When unsatisfactory conditions doveloped
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in the drum r;ate model, experiments were made on the Stoney gate
model to indicate how steep a floor might be satisfactory in the drum
gate spillwary., In these tests the Stoney gate was blociied off and
the model opcrated as a free crest side channel spillway. The slope
of the floor of the Stoney gate model was rolatively flat and the
conditions of flow when it was operated with flow over the crest only
are described on page 26. =xperiments wcre made with bottoms having
15, 30 and 45-foot groeater slopes than the orizinal design by placing
in the model a false floor of uniform slope with its upstream end at
these distances above the floor of the original model. '
Sone of the results of these experiments are shown on Plate
30. At the lower discharges the flow over the crest swept entirely
across the channel floor and formed a high ridge on the rear side
of the spillway. At the maximum discharge all the various slopes
produced very rough conditions in the spillway, as shown on Views
B, C and Ds The corresponding condition for the origzinal model is
shovn on Plate 22-D. In general, the flatter the slope the better
the resulting condition, since flatter slopes produced less longi-

tudinal velocity in the spillwzy and therefore greater depths, which

.provided a greatcr mass of water in which tho cnergy of tho stream

passing over thc crest could dissipato itsclf.
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PLATE 3@

A-BOTTOM AND UPPER END 3-BOTTOM WITm 45FT RISt
SWEPT CLEAR DISCHARGE 200.000 SEF FT.
-BOTTOM wiTH 30FT Rioe =BOTTOM df|Tk 5 5T

DISCHARGE 200000 SEC FT DISCHARGE 2nGone: 3gz ==

EFFECT OF SLOPING FLOORS IN MODEL C-3
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TEE FIRST DRUM GATE SPILLWAY MODEL M-l

Estimates of' cost for spillways of various types showed
that a spillway with drunm gntes could be built at a lower cost than
the Stoney rate tyme and as the model exneririents indicated that a
spillway of the 3toney zate type would be saiewhat unsatisfactory
in its action, a model of & drum gate type of spillway vas construct-
ed on @ 1:20 scale at the iiontrose laboratory.

The method of construction of this model is shown on Figure
11, In order to prevent possible settlemient of the model, it was
supoorted on piles driven into firm earth or to shale bedrock. A
sloging floor was first constructed at the level of the side channel
bottom as shown on Plate 31-A. This floor carried the buttresses
supparting tihe rear wall of the spillway channel (Plate 31-R) and
one end of the ribs of the downstream face o} the ogee crest (Plate
31-C). The other end of these ribs and the unstream face of the ogee
crest were supported by a framinsg resting directly on the piling.
The piers were constructed of solid blocks of wood accuratecly shaped.
The gates were not Muilt to represent the entire drum gate, but only
the upper face, and were raised and lowerecd by means of adjustable
screw supports inside the ogec crcst, as shown on Figure 1ll. This
pecrmitted a much simpler construction than would be roquired by an
oxact duplication of the drum gate, and from the standpoint of hy-
draulic action produced the same result. The comiplected ogee and
channcl are shown on Plates 31-D and 34-A.
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The model of the mountain-side in the vicinity of the spill-
way was constructed to form the bulkhead .across the end of the forebay
section of the laboratory flume. It was supported by a sloping floor
resting on buttresses carried in turn by the floor of the forebay.

In effect, this model~t§pography support formed a framed timber dam
across the end of the forebay. Templates cut to represent the topog-
ranhy of the mountain-side were placed on the sloping floor, as shown
on Plate 32-A,. and the space between the templates was Tilled with’
rammed clay (Plate 32-B). The clay was ccvered with a layer of tar

to prevent the alkali which the clay contained from injuring the
mortar cover. This was then covered with a 2-inch layer of dense
mortar reinforced with chicl-en-wire,. the thickness of the mortar being
gaged by means of nails projecting 2 inches above the wooden templates
(Plate 32~C)o.. A water seal strip of sheet iron was provided to join
the mortar coat to tho floor and sides of the farebay and to the ogse
crests A space fillad with tar was provided where the martar joined
tho sidos of the fwebay and the ogeo crest _to poermit the model topog-
. raphy to sottlo independently of tham without dangor of craciting tho
mortar. This modol topography proved to be very satisfactory and with
minar changos was usod also far models M-3 and M=5.

Tho modol of the transition from the trapszoidal modol sec-
tion to tho circular tunnel scuction was made by forming splined red-
wogd staves on the inside of accurately cut wooden collars, in a.
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manner similar to the transition of the Stoney gate model previously
described. In order to prevent distortion from the forces arising
from the bending of the staves, these collars had to be heavy and
securely held in position by an outside toxing, reinforced with iron
rods. This transition was supnorted on piles driven to shale. |
The contracting circular section of the inclined tunnel!
was formed by using wedge-shaped stavcs in a wood-stuve pipe. Th;
pipe was carried in a cradlc supported at its upnmer end on the piles
carrying the lower end of the transition section, and at the other
by the concrete block forming the model of the vertical bend in the
tunnel (Plate 33-A). The concrete block was connected to the wood-
stave pipe above and helow it by means of a stoel slecve. Two win-
dows fitted with removable concrete plugs were cast into the top of
this bend in order that the action of the water in it might bo observed.
Because of the topography at the laboratory site, the model
of the tunnel was built in a deep trench. The horizonfal tunnel and
horizontal bend was formed of 30-inch wood-stave pipe. The pipe
throughout was carrie¢ in collars and braced to the sides of the
trench to prevent displacement in case of an accident which might fill
the trench with water and tend to float the pipe. The horizontal bend
had a radius of 41 feet (model dimension} which was much smaller than
ordinarily considered feasible in a wood-stave pipe. By closely spac-
ing collars and soaking the staves, the staves were, with considerable
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PLATE 33

C-COMPLETED TUNNEL MODEL

B-CONSTRUCTION OF HORIZONTAL BEND

A-INCLINED TUNNEL&VERTICAL BEND

MODEL OF INCLINED TUNNEL, VERTICAL BEND,
HORIZONTAL TUNNEL AND HORIZONTAL BEND- MODEL M-I-3 AND 5



effort, jacked into place, temporarily nailed to the collars{ and fi-
nally banded into a complete and satisfactory pipe, with the breakage
of only a few staves. In this construction all the staves were car-
ried along simultaneously around the bend, in the manner shown on
Plate 33-B, For the benefit of anyone who may have occasion to con-
struct a sharp curve with wood-stave pipe it may be said, however,
that better results would probably have been secured if the center
bottam stave had been carried entirely around the bend and for soms
distance beyond first, and adjacent staves be placed next throughout
this entire length, each successive stave being carried the entire
length before another is added. The completed model tunnel is shown
on Plate 33-C, Windows were placed in the top of the pipe at inter-
vals in order that the conditions of flow in it might be observed.
Bxcept for a movement of the inclined tumnel and vertical
bend a short distance downstream, the model of the ontire tunnel reo-
mained the same for Models -1, M=-3 and M~5. In order to guard
against sliding banks resulting from the slight loakage fram the
forebay and model, retaining walls were placed in the trench at the
vertical bend, and a gravel-covered tile collecting drain was run
along the bottom of the trench to carry any lcakage or seepage back

to the irrigatfon d4itch.

Tostg on thpru-i Model
 Extensive experiments wero carried out on the M-l model.
A large variety of devices was tried to improvo the flow conditions

36



in the spillway channel and down the tunnel. These are described in
detail in the following paragraphs. To give the details of these set=
ups would unduly expand this report, but in order to preserve a record
a copy of a sketch of.-each setup is filed with the office file copies
of this report. Quantitative experirents were made on the depth of
flow in the spillway channel and on tho dischargec coefficients of the
spillway crest. The rasults of thesz are discussed in detail in the
later sections of this rcport which doal with these phases of spill-

way dcsigne.

Results with Original Design of Model I'-1

Tho prototype for model M-l is shown on Figure 12. It had
four drum gates cach 100 feet long with 10-foot piers between. The
channel bottom had widths varying from 26.5 to 52.4 fe:zt and sloped
rather steeply, having a fall of 104 feot in the 403-foot length to
tho boginning of the transition section. Tho roar wall had & slope
of 0.375:1. The dimonsions were computed according to the theory
developed by Hinds, as described on page 19.

Plate 34-A shows the completed model. The action of the
model was not favorable. Bocause of thc steep slope, the velocity
of flow along the channel was great, and the cross scction of tho
flowing water i/@as relatively small. The depth of flow vas thereforo
loss than in the models previously investigated. The average fall
of the water passing over the crest between the reservoir level and
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the channel level was also somewhat greater. This greater fall
tended to make the water pile up on the side of the channel opposite
the crest to a higher elevation. The smaller depth of flow in th
channel also offered less resistance to this tendency, since the
greater the depth of water tle greater is the tendency to dissipate
the energy of the overflowing stream. The combination of greater
fall and sraller depth of flow‘resulted in a high wave on the back
side of the channel, whkich caused considerable impact on the end
wall at the portal of the tunncl for discharges of 100,000 sccond-
fect and over. The action of the model is shown on Plates 34 and
35. Plate 34-B shows the conditions for a 35,000-sccond-foot dis-
charge. This would be approxiriately the conditions with the largest
flood of which there is a record. At tie upper end of the che&nnel
at discharges up to 15C,000 second-fect, the water flowing over the
crest swopt the floor clear ard formed on the back side of the chan-
nel a ridge resembling a wave on an ocedn beach just as it breaks,
shown on Plates 34-F and C and Plates 35-A and B The conditions
for flows of 150,000 and 200,000 second-feet, the latter being the
capacity for which the spillway was designed, are shown on Plates
35-C and D.

The relatively large drop of the water between the reser-
voir and the channel together with the slight depth in the channel
caused a decided spiral motion in the flow down the channel, which
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the channel level was also scmewhat greater. This greater fall
tended to make the water pile up on the side of the channel opposite
the crest to a higher elevation. The smaller depth of flow in the
channel also offered less resistance to this tendency, since the
greater the depth of water the greater is the tendency to dissipate
the energy of the overflowing stream. The combination of greater
fall and smaller depth of flow resulted in a high wave on the back
side of the channel, which c2used considerable impact on the end
wall at the portal of the tunnel for discharges of 100,000 sccond-
feet and over. The action of' the model is shown on Plates 34 and
35. Plate 34-B shows the conditions for a 35,000-sccond-foot dis-
charge. This would be approxinately the condipions with the largest
flood of which there is a record. At tie upper end of the chennel
at discharges up to 15C,000 second-feect, the water flowing over the
crest swopt the floor clear and formed on the back side of the chan-
nel a ridge resembling a wave on an ocean beach just as it breaks,
shown on Plates 34-F and C and Plates 35-A and B. The conditions
for flows of 150,000 and 200,000 second-feet, the latter being the
capacity for which the spillway was designed, are shown on Plates
35-C and D.

The relatively large drop of the water between the reser-
voir and the channel toscther with the slight depth in the channel
caused a decided spiral motion in the flow down the channel, which
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PLATE 34

A-NO FLOW

B-D!SCHARGE 35000 SEC FT.

C-DISCHARGE 50.000 SEC. FT.

FLOW IN ORIG'NAL DESIGN DRUM GATE SPILLWAY-MODEL M-I
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set up considerable commotion in the transition section at the top of
the inclined tunnel. Sovore splashing also resulted at the vertical
bond at the bottom of the inclined tunnel. Water began to splash out
of the lower of theo two windows in the bend at a discharge of 110,000
and scvere splashing occurred at 120,000 second-fecst. With a dis-
chargc of 200,000 second-feot thoro was a very disturbed conditioﬁ
of flow at this point and tho splashing togcthor with the air brought
do7n by the water exertod consideorablo pressurc on tho windows in the
top of the bonde The flow throuzh the pipe, as obscrved through tho
windows, wvas vory much disturbcd and near tho end of the tunnel gavo
rise to scvere vibration.

The cause of this vibration or thumping is not certain but
seeris to be related to the well-known fact that resistance to flow of
water in pipes decreases as the depth of flow increases until a depth
of about 0.95 of the diameter is reéched, beyond which point the re-
sistance:rapidly increases. In an inclined pipe into which water is
emitted Ln gradually increasing quantity, when a depth of 0.87 of the
diameter is reached, if the water splashes to the top it suddenly fills
the whole pipe and in this condition the pipe will no% carry as great
a discharge as when flowing 0.87 full, As the mater flowed down the
tunnel its velocity was reduced by friction and the depth of flow im=
creased. Near tho downstream end, for discharges of nqaf 200,000
second-focet, the depth approached 0.87 of the diampter of ths pipe.
Whon a surge or splash occurred the flow suddenly jumped to the full
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condition, instantly increasing the resistance to flow and causing
a hammer or thump in the pipe. The flow did not continue at the
full depth, however, but quickly dropped down to part depth flow.
This may have been d&; to air wrought in at the upper end of the
tunnel forcing itself out at the lower end. Another possible ex-
planation is that the sudden increase in resistance tended to form
terporarily a hydraulic jump, which could not maintain itself be-
cause the friction loss to the end of the pipe was not sufficient
to create the 1equired back pressure. These changes betweenr full
and partially full flow gave rise to a scries of thumps or blows
of varying intensity at irregular intervals, which were felt only
near the dovmstream cnd of the pipe. For the original design a
scvere blow came about once every ten seconds. In the prototype,
thesc disturbances would no doubt set up a perceptible jar in the

rock of thc canyon wall, which would be undesirable.

Raised Floor in [’-1 Model

In order to reduce the height of the wave on the back wall
of the channel, the floor of the channel was raised a maximum of 19
feet at station 3+00 and sloped from this point to the original bot-
tom levels at the upper end of thé channel and down to the beginning
of the transition. The grade of this channel is shown on Figure 12,
This decreased the slope of the.upper end of the channel, at the same
time decréasing the height of the fall of the water over the crest.
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The conditions of flow in the channel were improved but there was
still considerable splashing at the portal of the tunnel. The ef-
fect of the raised floor with a discharge of 10C,000 second-feet may
be seen by a comparison of Plate 35-A with Plate 40-B. (In the lat-
ter view the spillway was provided with a different shaped tunnel
portal and transition but tliese did not affect flows as low as
100,000 second-feet.)

The smoother condition of flow is evident, particularly
near the downstream end of the channel and in the improvement of
the wave formation at the upper end. The water, however, still rose
to an undesirable height on the rear wall, but on account of these
improvements, in all the succeeding tests on this model the‘raised
floor was used.

Although the orizinal design was computed to have a cross
section just sufficient to ecarry the 200,000 second-foot discharge
without causing sufficient subinergénce of the ogee crest at the
upstream end of the channel to reduce the flow over it, it was
found that the floor could be raised and the flow over the crest
ap the upper end still maintained. This was probably due to the
fact that the water lovel determined in the camputations 1is the
mean wator lcvel in the channel cross section, while the level which
controlled the sulmergence cffect was probably the level on the side
of the channel near the weir, which was considerably lower than the
moan lovel.
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Coping on the Baci: Wall

In order to recuce the height to which the water rose against
the back wall a curved-faced baffle in the form of a coping was placed
along this wall, with the top of the curved face about 20(feet above
the floor. The position of this baffle is shown on Plate 36-~D. This
tended to throw the water out toward the center of the channel and re-
duced tite height of tiie wave against the wall. It ccnsiderably im-
rroved the conditions &% the entrance to the tunnel and reduccd the
disturbances “iroughout thc tunncl. The improverment due to this baf-
fle at 100,000 second-fcect dischargé may bec secn by comparing Plate
3C-B with Plate 40-D. In the foruier, the height of the wave against

thc rear vall w/as materially less.

Flat Tom Contraction in the Transition

ihe original design contemplated a free surface for the
water flowing in the spillway and tunnel. On account of the turbu-
lent conditions of flow, this surface was very rough and produced a
great deal of splasiiing and imdact. In order to smooth out the water
surface a contraction was placed in the transition section as shown
in Pigure 12 and on Plates 37-A and 40-A. This consisted of a flat
top in the transition iradually contracting the waterway fram zero
at the upper end of thé transition to a distance 20 feet down from
the top at the lower ead. A veiit was built at the lower end to admit
air above the water in the inclined tunnel dovnstream fram fhe con-
traction. For.dischargos over about 175,000 second-feet this formed
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PLATE 36

A-QUTLET OF TUNNEL-ORIGINAL DESIGN MCODEL M-I
TUNNEL FLOWING FULL DURING THUMP

B-QUTLET OF TUNNEL FLOWING PARTLY FULL-MODEL M-I

C-CHANNEL WITH RAISED FLOOR AND COPING BAFFLE
MODEL M-I



B-DISCHARGE 1S0000 SEC T

L I
A-NO DISCHARGE

FLOW WIiTH RAISED BOTTOM, COPING BAFFLE AND
20FT FLAT TOPIN TRANSITION-DRUM GATE SPILLWAY~MODEL M-I

PLATE 37

D- DISCHARGE 180.000 SEC FT

C - DISCHARGE 150000 SEC.FT



PLATE 38

A-DISCHARGE 180.000 SEC FT

B8-DISCHARGE 200.000 SEC FT

C-TUNNEL OUTLET DURING THUMP

FLOW WITH RAISED BOTTOM, COPING BAFFLEAND ISFT. FLAT TOP IN
TRANSITION AND IMPROVED PORTAL SHAPE-DRUM GATE SPILLWAY-MODEL M-I



an orifice with a horizontal top edge at the 'upper end of the inclimed
tunnel and caused the water to start down the tumnel with a flat upper
surface, thus largely reducing the splashing in the pipe. When this
contraction acted as an orifice it raised the surface levels in the
side channel, reducing the drop of the water falling over the crest
and increasing the depth in the chanmel, both of which effocts temded
to improve the flow conditions. Plate 37 shows the conditions of flow
in the channel with this contraction acting in conjunction with the
raisod bottom and the coping on the back wall. Althouzh the contrac-
tion considerably raised the water lovel in the channel at the lowar
end, it did not back tip enough at the upper end to reduce tho flow
ovor the spillway crust. The conditions of flow in the pipo waro
considerably improved, both in rogard to the spléshing at the vertie
cal bend and the thumping at fhe ond of tho pipe. The splashing fram
the lower window in the vertical bond startod at 130,000 socond-fieot.
Aftor the improved portal montioned in tho following par-
agraph was :p.nstalled, a contraction in the tranaif';_ion! which restricted
tho opening less than that previously describod, ﬁs also tested. Tho
flat top 1n this caso oxtonded 15 feot down from tho top of tbo transie
tion soction as compared with 20 foet in the previous cases The condi~

tions of flow in tho channol, vertical bend, and at the end of tho tun=

nol woro all somowhat loss dosirable than with tho greater comtracticno

In all tho following oxporimonts, theroforo, tho groater comtraction

was usad.
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Inproved Portal Ghape

In the orizinal design the face of the portial was at right
angles to the tunnel and there was considerable impact on it. To im-
prove this ent;;nce the portal was altered to Dresent the form of bell
mouth, as shown on Plate 39-A. Since the tunnel portal as originally
built was practiéally opposite the end of the ogee crest, these bell
moutiis extended beyond tlie end of the crest aad it was necessary to
leave a sbace on the crest side of them tarough which the rlow fram
the end of the crest could pass. This would not be a practical form
of construétion for the prototypc, but the set-up served to indicate
what results might be sccured witi a bell mouth entrance and if it
woro installod in tho prototype the nccossary adjustments could be
mado. The largor.boll mouth improved catrancc conditions considur-
ably and it was uscd throuzhout the raasinder of the tests. Tho flow
conditions with this portal for various discharges aro showvn on Plate
39. This set-up was also tcsiud with the coping balflc removed, as
shown on Plats 40, but tiic conditioas in the channel, vertiecal bend,

and at the ond of the tunnul were all less satisfactory and thc coping

bvaffle vas therefore rcinstallud.

Vano in Inclined Pipe

The wator(flowing over the ogoe crest imparted to the water
in the side channel a spiral motion, which persisted for a long dis-
tance down the tunnel, and caused at least a portion of the disturb-
ance in the flow. In order to reduce this spiral motion, and hence
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PLATE 39
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FLLOW WITH RAISED BOTTOM, COPING BAFFLE,
20FT. FLAT TOP IN TRANSITION AND IMPROVED PORTAL SHAPE.
DRUM GATE SPILLWAY - MODEL M-I



A-NQ DISCHARGE

C-DISCHARGE 180,000 SEC. FT.

B- DISCHARGE IOQ,QOS SEC FT

D-DISCHARGE ZO0,00_mFT
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the disturbance, vanes in various positions in the transition and in-
clined tunnel were experiménted upon., The first vane was about 6 feet
high and extended dovm the center of the flat top contraction in the
transition. No bereficial effect from this was observed. A vane 6
feet high was then placed aiong the bottom of the inclined tunnel from
the end of the transition to the beginning of the vertical bend. This
resulted in a marked improvement in the splashing at the vertical bend.
With the flat top contraction in the transition and the coping on the
roar -R1ll this vane increased the discharge at which splashing began
at the lower window from 130,000 second feet to 162,000 second feet.
Suvore splashing did not occur until the discharge reached 190,000
second-foct.

As tho splashing out at the window alwvays occurrsed on the
left side, it vms at first thought that by inclining the vane tovard
the right side of pine more vater could bo forced to that sido and the
snlashing rclioved. The direction of the vane was therefore changed
so that it uvxtended from the middle of the bottam of the pipu at the
upper end to 5 feet to the right of the middlec at the lover end. This
change, howover, increased the splashing, reducing the discharge at
.which splashing bsgan fram 162,000 socond-feet to 155,000 second-faeet
and the discharge for seveore splashing from 190,000 second-feot to
170,000 second-feet. The vane wus then moved so that the lower end
was 5 feet to the left of thq canter of the bottom. In this position
the splashing fram the lower window began at about tho same discharge
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As with the vune in the center, but no severe splashing occurred far
dischiarges up o 200,000 soéond-feet.

The explunation oi tliis unexmected uction sceei:s to be that
tiie water approached the vertical bend with a grester deptir on the
richt side. In passing around thc vertical bond it was actel upon
by a centripetal forcu, und since the muss of witer on the right side
was greater than on the left, the force wais greater on the right side.
This groater forcc caused @2 @greater pressurc in the mter at the bot-
tom of the right side *han at tho bottorr of the left side and the
writor moved from the position of greatest pressure tov@rd that of
less mressure; thct is, from the riht side to the left sido. The
frcater mass at the beginning of tic bend was on the right side and
in passing around =ihic bend moved across the bottom tovard the left
sidc, un the left side and across the top of the bend towerd tlic
right, having moved with a spiral cloc!wwisc motion and across the
fzaec of the window, vhich is in thoe upper sidec of the bond, in a di-
rcction inclincd toward the right. The vaunc with its c¢nd toward the
lcft reduced this motion hcetusce it forced more water in thc inclined
tunncl toward the left side of the pipc and thus mcde the contrifugal
force on the two sides of ‘the pipe moro ncarly cqual. Moving the vane
toward the right sidc at the lower ond inercdscd the mass on tho right
sidc, mnaking the two sides more uncqgual, and, tharoforeo, increasing the .
cross motion which causcd tho splashing.
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The best conditions with the li-1 model were obtained with
the raised floor, coping baffle, 20 feet flat top in the transition,
improved portal form and vare in the pipe as previously described.
The conditions of flow in the channel were as showa on Plate 39.

The condition of flow at the outlet of the tunnel was similar to that

shown on Plate 36-B except at the rare intervals when shocks occurred.

Cylindrically-Faced Baffles

In order to break up the wave which piled up on the side
wall of the spillway, and to more equally distribute the flowing water
in the cross section of the chamnel, various combinations of bafflee
with cylindrical faces were investigated. The first set-up of those
baffles is shown in Plate 4l-A. It consisted of sections of baffles
10 feet long with 10-foot spaces betweon, set on the center lize of
tho channel. The cylindrical faco of the baffle had a radius of 8
foot, g;;iving it a height of 12 feet, and the baffle had an overall
heighti of 14 feet. Thuse baffles inproved the flow in the chanmcl
and tynnel samowhat, but not as much as the baffle on tha rear walle
The splashing bezan at tha lowur window in tho vortical bénd with a
discharge of 130,000 socond-foet. The conditioms ‘of flow aro shm
on Plates 41-B, C and D. The bafflos considerably obstructed the flow
in tho channel, howover, and sutmorged the woir at the uppar end to
sufficient extont to obstruct tio flow ovor it and require a highar
headwator level than contemplaffed in the design to pmdﬁce tko £00,000
socond=foot discharge.
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PLATE 41
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CYLINDRICALLY FACED DENTATED BAFFLES ON
CENTER LINE OF CHANNEL -DRUM GATE SPILLWAY-MODEL M-I



The Saffles located on the center line of the channel, with
their faces parallel to it, were not exactly at right angles to the
direction of flow, and a considerable portion of the water was deflect-
ed downstream and impinged on the nexi baffle below, as shown in Plate
41-B. To remedy this ;ondition the baffles were placed with their
faces inclined upstream 15 degrees with the center line of the channel,
the row of baffles still extending down the channel center line as
shown in Plate 42-A. The flow conditions (Plates 42-B and C) with
this set-up were a slight improvement over those with the previous
onoc, both in the channel and in thec tunnel, but the baffles still so
obstructed the flow in the channel that a water lovel ab;ve eclcvation
1232 was necessar in the forobay to produce a discharge of 200,000
sccond-fect. The location of tho baffles was then changed from the
centor line tc a line halfway betweon the center line and the bottom
of the crest, the individual baffles being inclincd 15 degrees with
thc center line of the channel as bofore. This set-up was slightly
botter than the nrcceding one (Plate 42-D) but the obstruction caused
by the bafflcs was still too groat. As the two upstream baffles
seacned to obstruct the flow without bettering conditions, they wore
removed, but the result @s not a material improvement,.

The c¢ylindrically-faced baffles weré next placed in a con-
tinuous line down the channel, boginning 6; feet to the right of the
center line at station 1+00 and 15 feet to the loft of the center line
at station 3+50. The submergence effect was not as great as for the

weceding test (Plate 48) but was still t-n r-.%, and sovere thump-
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inz occurred at the dowmstream end of the pipe.

In order to reduce the submergence, amaller-sized baffles
were used in this test (Plate 43-A). These had a cylinder radius of
4& feet and an overall height of 11 feet. They extended in a line
from 8% feet to the right of the center line at sﬁtion 0+65 to 20
feot to the *left of the center line at station 3+75, With this .
baffle the sutmergzence did not obstruct the flow over the crest
(Plates 43-C and D). The results of this set-up seer:ed to be sorie-
vhat of an improveraient over the previous ones and the baffle was ex-
tended downstream to station 4+50. The extonsion, however, resulted
in bvad splashing at the vertical bénd. The splashing bogan at
132,000 second-feet, and was scvere at 150,000 second-feet. The
shoc!:s at the lower end of the tunnel wore not large and occurred
on an avaerage of once every S5 seconds.

The continuous balffls of the previous run was made up of
blocks 10 feet lons. A test was made with every other block removed.
This set-up was similar to tho first ones run with the cylindrically-
faced baffles but the bafflos in this caso were smallor. Tho condi~
tions of flow in the channel wore fairly good and excessive subtmer-
gonce at the upper end did not occur. The splashing from tho lower
window began at 155,000 second-feet and became sevoro at 178,000
second-foet. T"he conditions at the end of the tunnel wore very de-

sirable, shocks occurring at average intervals of 40 seconds.
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The conditionsof flow with small cylindrical-faced baffle in channel
are shown on Plates 43 and 44.

Cylindrically-faced baffles were also placéd as shown in
Plate 45-A. The water flowing over the crest, upon striking the face
of these baffles, was det'lected dovmstream thus tending to increase
the velocity in the channel and reduce the cross section necessary
and consequently the cost of tho spillway. At small discharges the
artion of the bhaffle in deflecfing tho flow from thc crest downstream
could be observed. This action probably continued for higher flows
also, but thec obstruction offercd by the barfles offset thc adﬁantago
gained and at the 200,000 sccond-foot discharge (Plate 45-3) the con-
ditions of flow were not appreciably improved over the conditions for
no baffles.

Tests were also made with the cylindrically-faced bvaffles
placed as shown on Plate 45-C. With taffles in this position it was
bolicved that the water would be forced toward the ogee side, making
the flow on the two sides of the chamnel at more ncarly the same
height. Plate 45-D shows that at a 100,000 second-foot discharge this
rcsult was acconplished. Tho obstruction of the baffles and the ef-
fect of the upstream deflection of the water so inpeded the flow in
the channcl that at a 200,000 second-foot discharge subtmorgence at
the uppor end of the channel bec&me oxcessive and a water level of
more than El. 1232 was required to produce a 200,000 second-foot

discharge.
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Deflector Vanes on the Ogee Crest

Deflector vanes on the ogse crest were also tried to direct
the overfalling water downstream and permit the use of a smaller chane
nel. The first set-up is shown in Plate 48-A., The wEter falling
over the weir was not deflected directly dowmstream but aWt out
to fhe side with a considerable downstream component, as shown in
Rlate 46-Bo At the larger discharges these vanes obstructed the
flow and caused excessive sulmergencoe at the upper end of the orest.
Tho conditions in tho channel for 200,000 second-foot discharge are
shovn on Plate 46-C. Considorablo vibration also resulted at the
dotmsetream ond of the tumnol, tho avorage period far severo shocks
being 4 seconds, Tho upstroam four vames were raemovod, as tha7.0p
pearod to obstruct tho flow (Plate 46-D), This slightly improved
conditions in tho channol but' excussivo submorgence was still prosucat
az{rd tho frequoncy of sovero shocis at tho tunnel oxit was mmm
to a 3-socond averago. The downstream four vanos !rbro raisod to &
p"oaition whoro they would not éo greatly obstruct _.tho flow (Plato Q'?l)o
This oliminatod the vibration at the cnd of the tummol, but producod
an unstable condition in tho channolo At timos tho chammo)l at the
lower ond was fullr to Bl, 1885 and af othars it dropped to a loved
20 feot lowar. No roason for this was apparent, ‘ |

51 |



I-W 13A0NW  AFM1T11IdS 3LVO WNYA - LS3Y¥D 3390 NO SIANVA

A - DISCHARGE 100,000 SEC.FT
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A-FULL SET OF VANES ON OGEE CREST

C-DISCHARGE 200000 SEC FT.
WITH FULL SET OF VANES

B-DISCHARGE 30.000 SECOND FEET WITH
FULL SET OF VANES

D-DISCHARGE 200.000 SECOND FEET WITH
UPSTREAM FOUR VANES REMOVED



Trough on Crest Side of Floor

This.modq; (Plate 48-A) was made by removing the false
floor and building ; raised section on the wall side. For flows
up to 100,000 second-feet the raised section caused a very disturbed
condition in the channel, with a stream of water risinz up in a foun-
tain'erfect along the center line of the chamnel. The condition far
a 100,000 second-foot discharge is shown in Plate 48-B. Disturbed
conditions still existed at 150,000 second-feet (Plate 48-C), 'At
200,000 second-feet the conditions in the channel were reasonably
good (Plate 48-D). The severe shocks at the end of the tunnel oc-
curred at intervals of about 15 saconds.

A dentated sill 6 feet high was placed at the left edge
of the raised portion of the channcl floor. This tended to hold the
water to the right side of thc chanaecl and at low flows caused *he
trough at the upper end to he swept out and produce very truvulent
conditions. A weir was also tricd across the lower portion of the
channol bottom at ths douwnstream end, but this did not noticeably

improve the flow.

Plain Sill and Dent8ted Sill on Channel Floor

Experiments wore made with a plain sill with vortical face
6 feoct high (Plate 49-A)., AT high flows this produced very good
conditions in the channel and at the end of the tunnel, small shocks
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occurring only about once in 15 seconds. At low flows, howeier, the
conditions in tﬁe channel were undesirable. At a discharge of 15,000
second-feet the stream was thrown vertically into the air in a foun-
tain formation (Plate 48-B), At a samewhét higher flow é pressure
area was formed upstrean from the baffle which forced the stream up-
vard ad that it passed over the baffle without impinging on it, but
instead rose high above the bottom and dashed against the rear wall.
The plain sill was replaced by a dentated sill 6 feet hizh
extending fram 23 feet to left of the center line at station 3+00 to
a position 14 feet to left of the center line at station 0+50. Tﬁis
improved the conditions of flow in the channel at low discharges.
At the discharges the conditions at the end of the pipe, however,

were worse, as severo shocks occurred at intervals averaging l.3

soconds,

IRUM GATE TYPE SPILLWAY - 1:100 LODEL M~2
A small modol of thoe drum gate typo of spillvay was con-
structo;i by lire We He Price on a 1:100 scals to test out thu possi-
b1lity of uging a trough in the floor of tho channol along tho bét-
tom of the rear wall, It was expocted that this would reduce the
' hoight of the wavo along the Teer wall. Tho chamnol of this modol
was apﬁiuximately the same dosign as that of the M-l modol, but the
transition of the former was slightly larger in proportion and of
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less abrupt curvature. The plan of the }-2 model was reversed, the
crest being on the right-hand side of the chamnel, but this did not
affect its action. 1In order to simplify construction it was built
without gates or the intermediate piers. Plate 50-A shows the spill=
was with no flow in it, The trough on the wall side of the floor :
proved ineffective in reducing the height of the wave. The stream
from the weir seemsd to jump off the edge of the trough and flow in
an inclined direction downward to the bottam of the trough, thence
across the bottom and up the rear wall, with practically as much
energy as with no trough. The condition of flow in this model for
a 200,000 second-foot discharge is shown in Plate 50-B.

The trough was then moved to the ogee side with better
results. The action in this case was very similar to that for the
-1 model. The conditions of flow for 100,000 and 200,000 second-
feet are shown on Plates 50-C and D, respectively. A comparison of
Plate 50-C with Plate 48-B shows a very close similarity for 100,000
second-foot flows on the M-é and M-l models, respectivély. The pic-
ture of the two models for a 200,000 se;:ond-foot flow are not com-
parable, as the flat top in the transition of the M-=1 was not built
in the M-2 model. At the 100,000 second=foot discharge this top
did not come into action.

This a;nell model was also tested with a flat floor similar
to the raised floor in the M-l model. The ccnditions far discharges
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of 100,000 and 200,000 second-feet are shown on Plates 51-A and B.
The results on this modél were similar to those on the 1:20 model, as
may be seen by a comparison of Plate 51-A with Plate 40-B. The im-
proved portal and flat top in the transition were not in action in
the latter view.

It was believed that considerable improvement in the flow
conditions at the lower end of the spillway could be made by altering
the transition between the channel and the inclined tunnel pripe. The
top of the transition was raised at the upper end and made to incline
more steeply dovnward. The results, however, were unsatisfactory; at
a 200,000 second-foot discharge the water from the ridge against the
rear wall impinged on the top of the transition and formed an unde-
sirable wave, as shovwn in Platc 52-B, The conditions for flows of
100,000, 150,000 ;nd 180,000 are shown on Plates 51-C and D and Plate
52-A, respectively.

A few quantitative observations were made on this model to
determine the cross section of flow in the chamnel. The results of
these are discussed in the section of this report deal;ng with this

feature of the spillway design.
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PLATE S2

A- DISCHARGE 180,000 SEC.FT:

C-SLIGHTLY SPIRAL FLOW AT
END OF TRANSITION
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