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I. SYNOPSIS.

The determination of the best form of proteetion
against scour at the toe of the Wheeler Dam being built by
the Tennessee Valley Authority in the Tennesse¢e River approxi-
mately 20 miles east of Florence, Alabama (Fig. 1), has becn
the primary subject of extensive hydraulic mcdel experiments
conducted by the hydraulic research divisicn of the U. S.
Bureau of Reclamation in the hydrsulic laboratcry of the Cclo=
rado Agricultural Experiment Staticn, Fort Collins, Colorado.

From these cxperiments, a satisfactory design has
been developed such that the irmense potentially destructive
forces contained in the spillway discharge will be rendered
harmless.

Besides the experirients on the design of the still-
ing pool, studies were made on the design of the downstream
nose of the piers to improve the hydraulic conditions on the
apron.

Studies were made to determine a gate operating pro-
gram that would enable tiie cperating engineer to contrcl a
flocd without needlessly endangering the structure, snd ex-
tensive calibrations were riade to provide deta for the con-

struction of a spillwey discharge disgrern.
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IT. INTRODUCTION.

The Wheeler Dar: (forrierly Dam No. 3 of Muscle
Shoals), which is lccated in the Ternessee River abcut 20
miles upstrear: from Florence, slabama (Figure 1), is being
censtructed by the Tennessee Valley authority for flood con-
trol, power producticn 3nd improvenent of npevigation on the
Tennesses River.

The daia is of the gravity type, ond, when completed,
will be about 50 feet high, 6,350 feet long, =nd will have ss
an integral part of the structure a 2,700-fcot spillway capeble
of discharging a mexirum flocd cf 650,000 sccond-feet. The
reserveir will be maintained at Elevation 555 by sixty Tainter
gates, each forty feet long and fourteen fest high. A sur-
charge of thrce feet is provided for large flocods giving a
reservcir celevatisn of 558 for the maximum discharge. The
piers which separate the gotes are five feet in thickness and

.will serve as ancherages fcer the gete hinges., The struecture
will be provided with a trash gate near each end for removing
trnsh which accuwzulates behind tiae non-overflow sections and
will alsc be equipped with 2 navigation lock., The reservoir,
when full, will be about 85 miles long with a meximum depth
of 57 feet (Reservoir Elevetion 555) znd a capacity of approxi-
nately 700,000 zcre-feet. Figure 2 shows a secticn and plan

of the structure.
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The design! Af .this dam, . for which frequent reference
was made to House Documgnt Ne, 328, 7lst Congress, 2nd Session,
"Tennessee River and Tributaries, North Carclina, Tennessee,
Alabemz and Kentucky", wes developed in the Dernver office of
the Bureau of Reclamation.. The following is pertinent data obe-
tained from the above mentioned document:

Maximum recorded flocd at Florence, ilebama,

March, 19, 1897 - 465,000 second-feet..

average recorded flow for 25 years - 53,000 sccond-feet

Estimated 506,882 year floed - 494,000 seccnd-feet.

Minimum tailwater (Headwster Wilson Dam) Elev. 505.1.

Because of the characteristics of the Wheeler Dan
site, the problem cf protection agzinst scour 2t the toe was
cf majer importance and it was primarily for the purpcse of
determining the most effective =2nd@ eccnomical forrm that model
tests were mede. Other probleris encountercd and solved by
model studies were the design o¢f the downstrear nose of the
piers to give better hydraulic conditions on the apron, =nd the
design of the intermediate training wells to resist the differ-
ential pressures thet might cccur when the gates were operated.

Studies were made on the crest to determine a coeffi-
cient curve, tc cobtain a satisfactory prograr: for operating

the gates, and to obtain a discharge diagram tc be used by

=5=



the operating cngineer in determining the discharge through the
Tainter gates.

Studies were alsc nade tc determine the existence of
an undesirable pertizl vacuumi on any portion of the diffuser
sill.

The determination of the best form of protection
against scour at the toe of a dam is an importzmt feetor in
the design of the structure, because cf the vast amount of
enorgy contained in the water flowing over the spillwey and
the destructive action te the fcundation of the dam which is
possible if this erergy is not properly contrnllecd. In the
case of the Wheeler Dar, the maxirmum foll is abcut 70 feet
(fror: maximur: water surfacs ot Elev. 553 to water surface
irmedictely upstrear: from the hydraulic jump) but the quantity
is s¢c large that shonld = flood of 650,000 seccna-feet occur,
the energy «f the overfalling water would be 5,170,000 horse-
power. The proper design of the apron is, therefore, vital
to the safety of the structure.

Until recently, the principle ¢f protecticn against
scour below dams hns nct bean very completely uncerstocd., 4
detormiration for sach irdividual case by means of medel test-
ing has rapidly grown intc use, but the principles invclved
werc not in 211 cases well considered and the results of these
tests were, therefore, not os relieble as ctherwise might have
been the case. is o result of these studies by the Burezu of

B



Reclamation in connection with the Madden, Cle Elum cnd cther
dams, the prirciples governing the design of scour protecticn
have been worked out and the types of protecticn applicabla tn
conditions at various dem sites have beem classified. Model
studies are still necessary tc determine which of the several
forms that are applicable to the conditicns at a given dam site
is the best, but the classification of the principles narrows
the field which is necessary to study and insures that unsatis-
factory conditions are not overlocked.

The principles governing scour protection are outlined
in U. S. Bureau of Reclamation Technical Memcrandum #323, en-
titled "Protection against Scour belew Overfall Dams" (Appendix
No. I). Briefly stated, the type of scour prctection depends
upon the relaticm, throughcut the entire range of discharge,
of the elevation of the tailwater belcw the dam to the eleva=-
tion necessary to cause a hydraulic jump to form on a level
apron at the eclevation cf the stream bed, or, in other wcrds,
tc the relative positien of the tailwater rating curve and a
jump-forming Leight curve, for an apron at stream bed level.
This is true whethzr or not thke hydraulic jump is used fcr the
scour protection. The type applicable to the varicus relations
of the elevation of the tailwater rating curve are given on

Page 2, Apperdix I.



The characteristics of the Wheelsr Dam site from the
standpoint ©of scour protection are shown in Figures 3 and 4.
The cocnditions at this site are especially severe because the
slope of the river bed is stecp, the river is wide and the
tailwater depth is, therefore, shallow. Further rigid restric-
tions are inflieted by the small range of fluctuation of tail-
water depth due tc the regulation of the reserveir of Wilson
Dam to @ constant clcvaticon of 505, The rriginzl design of the
Wheeler Dam, with the crest at Elev. 535, provided for a2 dis-
charge of 700,000 seocond-feet wwith 2 meximum hezd of 20 feot,
The jump-height curve for an apron at stream bed level (Figure
3) fzlls ccmnsiderably sbeve the tailwzater curve, and this dam,
therefere, is in Case I, Appendix I. For this conditicn, the
pessible scluticns arc: (1) shaping thz bucket to throw the
overfalling stream far from the base of the dam, (2) rauising
the tailwater levcl by o secundary dam, (3) deepening the poc
below the dam, <nd (4) varicus f{erms cf baffles.

A better sgrecement of jump-height and tailwator curve
was obtained by using l4-foot gutes. 4As a result, the original
design was al tereé by rcising the crest elevotion six feet to
Elev. 9541 =nc providing for - discharge of 700,000 seconG-feet
with 2 naximun hezd of 14 feet. with this layout 2 length of

spillway of &,500 fest wis necessz2ry. Lstimatses showed that,
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although the lower gates required a longer spillway section,

and, therefore, a greater length of protection, the decrease

in cost of protection per foot for the lower gautes almost ertire-~
ly offset the increased length and resulted in practically the
same total cost on account of less severe scour conditions re-
sulting 2nd the less depth of pool required.

The principal dimensions required for certain forms
of protection may be predicted from Figure 4. To produce 2
sufficient depth to mnintain the jump on an apron at stream bed
level for all discharges up to the maximum would have required
& seconcdary weir with a crest at Elev. 510. Below this scecond-
ary weir, therc would be another problem of protectiomn, since
the jump-height curve for the flow over the secondary weir is
also higher than the natural tailwater rating curve. Figure
4 shows that a depressed pool forms@ by excavation to place the
apron at Elev. 487 would produce a jump for all discharges up
to 700,000 second~feet.

As the tailwcter roting curve is important in deter-
mining the action of the stilling pool, it was constructed as
accurately as possible. Up to 2 cischarge of 318,000 seconé-
feet, the elevation of the teilwater was based upon observation
of actual floods. The value of roughness of the river channel
was computed from the observed discharge ~nd the channel size

as determined by surveys. The stages which would be reached
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for dischzrges of 500,000 zund 700,000 seconc-feet were conputed
using these roughness voluss.e It is believed thzt this method

gives results whichk zre sufficisntly accurate for the purpose.

III. APPARATUS.

&. Hydraulic Laboratory.

he axperiments for the Cesign of the Wheesler Dam were
concucted in the hyéraulic laboratory of the Colorado Agricul-
tural Experirient Station, Fort Collins, Colorade, a genersl
layout of wihiich, together with the location of the model, is
shown on Figure 5.

The flow of water for tihc niodel was obtainad from the
200,000-gellon rescrvoir zbova the laborotory =nd was dischzrged
by hzné-operzted gates into = verging flume znd therce into
a2 concretec welr channsl 19“ feet lony, 10 feet wids =nd 7 feet
3 inches Geep. In the side of this channel, 13 feet wstrecam
from the weir was =~ by-pass gate 2nd 2 4-inch by-pess valve.
Srizll ad justoients of the dischurge quantity tuarough the weir
were nade by varying the flow through these by-passes. The
head orn t! e weir was observed by = hook geze a:d a Cornell type
float gaze. The giges were loczted in 2 stilling well, 9 irches
by 24 inches, connected to the weir ciiannel by 2 pipe. The weir
settings nnd weir s=re shown in ths frontispiece. The odel

Gischnrgs in the case of the Wheeler model was nieasured by two

=12~
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different types of weirs cdepencing upon the quarntity of water
to be measured and thz type of experiment in progress. For
all visual tests, the two-foot Cipolletti weir was sufficiontly
accurate, but when experiments required very small quantities,
as in cezlibratior work, the 90-degrec V-notch weir was used.
Fron: the weir, the water passed into a stilling pool
ané thenec into the flume, three feet ir width, in which the
riodel was constructed. This flume had a glass panel in one
side to facilitate visual tests ané psrmit photography. The
head on the crest was regulated by Tainter gates and measured
by = float gzge connected to an opening in the center of the
three-foot flume, three feet upstream fram the model. The
ailwater was regulated to the proper level by a spill gate at
the dischergc ené of the three-foot flume. The elevation of the
tailwater was meesured by a flozt gage connzccted to an opening
in the center of the flume at a position where it was not af-
fecteé by the jump or the <rawdown over the tailwater gate.
Profiles of the water surface and crosion were mensured by a
point gage. Plzte I shows the geges and type of recording ap-
paratus for setting tie Tainter gates.

B. The Mocel.

Due to the excessive length of the dam and the
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PLATE 1

A. HOOK GAGE. B. FLOAT GAGE.

C. POINT GAGE. D. BAR GAGE.

INSTRUWENTS FOR HEASURING QUANTITIES ON 4iODEL.



quantity cf water required, a ctmplete mcdel on a workable
scale could not be built and tested in the laberatory. It
was not decmed nccessary, however, because of the flatness
of the river bed between banks at the dam site and ths
nature of the tests required. Thersfore, a m:del (Plate 2)
on a scale ratis of 1:36, three feet long, representing
108 feet of the protctype spillway was used for all tests
perfcrmed by the research staff of the U, S. Bureau of
Reclamation.

These studies were baszd on the laws of hydraulic
similitude. The relation of the dimersions and quantities
of the mndel and prot-type are shown in the follewing table,

using the symbol N to express the scale ratic, i.e. N eguals

36,
RATIO OF PROTOTYPE TO IMODEL.

Quantity Formula Value
Linear Dimensicuns Nl'o 36.0
Head Nl'O 36,0
Velacity NO'5 6.0
Area 0 1296.0
Discharge No/2 7776.0
Time NO'S 60

=]16=



PLATE 2

A. LOOKING UPSTREALl.

B. SIDE VIEW.

MODEL READY FOR OPERATION.



Prototype Full Model Froction
of Mocel

Length, ft. 6,336 176 3
Gross Spillway, ft. 2,700 75 3
Net Spillway, ft. 2,400 66,667 2.653
Height, ft. 50 1.389 1,389
Gate Length, ft. 40 15195 1 o8I
Nuriber of Gates 60 60 2.390
Fall, ft. 74 2.056 2,056
Velocity, f.p.s. 69 11.5 11.5

Design Discharge,
Seconcd-feet. 650,000 83.59 3.327

Tc expedite tcsts on the design of the stilling pool,
so as not to celay construction, the first mocel built with a
wooden understructurc covered with sheet netal was useé for
Tests 1 to 66, inclusive.

The section was bolted to the floor of the three-
foot flume, which had been previously used for similar models.
The mcdel was mode water-tight by soldering the cmiés to the
flume lining. The aprecrns and buckets were macde of galvanized
iron to facilitete fastening the base of the nodel to the
floor. Piers of reéwood were fasterned to the erest by screws
through the coveriug into the uncerstructure of the model.
The gates werec mace of heavy galvanized iron rolled to the

proper racdius anc placec in an arc-shaped groove in the piers.
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Although the design of the <dam was changed from time
to time during the period of preliminary testing, the samc
rocel, with only the most critical <dimcnsions changed, was uscd
throughout. The most critical Zdimension in this case was the
difference in elevation ¢f the crest and apron.,

When the gemeral form of scour protecction for the
toe of the whaecler Dam had bcen determined, the design Lad
been so naterially changed that 1t was neccssary to replace
the mocel before making investigations concerning other parts
of the structure,.

Because of previous experience with the distortion
of wocecden :ocdels by swelling frem contact witih water, the least
anount of woed pessible was used in the ccnstructicn of the
second mecel, which was used in Test 67, et scq. Redwool was
useC ir most casecs, because, when properly treated it was
least affected by nmoisture.

The base of the rzodel was a2 framework of five angle
iron bents mounted on channel iron and installed in the
sane manner as tie first model. The upstream «néd downstream
faces, of galvanized iron, were fastened tc the bents with
serews. ‘The recwood crest, trocted with hot linsced oil,
was fastened with screws to the tops of the bents. Srmooth znd
water-tight joints betwecn the crsst and the faces were made
by rabbeting the crest =unc fastering the cdges cf the galvan-

ized@ iron with serevis inte the rabbet. Piers were alsc made

]9~



of redwocd and were attached te the crest by wood screws.
Galvanized iron Tainter goates were rolled tc¢ the proper racdius
and supplied with hinges to sirmlate the operation on the pro-
totype. The aprons tested on the first medel were used and
were installed in the same mamner as previously described.

When the model was completely installed and ready for
operation, it was carefully finished with emery and garnet
paper and painted with extra bright aluminum paint to prevent
rusting of exposed metal surface, swelling of wood surfaces,

and to improve the pbotographic qualities.

IV. PROCEDURE.

The design of the Wheeler spillway from a hydraulic
standpoint involved one major problem with a number of sub-
divisions. The major problem was to detcrmine the bsst form of
stilling pool for dissipating the vast amount of en=srgy con-
tained in the overfalling water without causing damage to the
dam or surroundings. The follcwing is an outline of the pro-
blems invaestigated by means of the model:

A. Type of Scour Portection.
(1) Four Gencral Types.

a. Shaping the bucket to throw the over-
falling stream away from the base of the dam.

b. Raising the tailwater level by a secondery
dam.

=20~



c. Desepsning the pocl below the dam.
d. Various forms cof taffles.
B. Intermediatc Training Wall.
(1) Differential Pressures.
(2) Usefulness.
C. Pier Studies.
(1) Design of Downstream Ncse.
D. Crest Studies.
(1) Gate Operating Prozranm.
(2) Discherze Coefficients.
2. First hiodel.
b. Finsl dssign.
(3) Discharge Dizgroms.
&. Adjocont gates discharzing.
b. Adjacznt gates not discharging.

The four types cf protection faor Casc I conditions
werc 21l testz2d wnd in some cases combined in order to improve
the condivticviis in the stilling pool. Many major forms were
also tested with 2 nwsber of different shapss.

For the stucy pertaininz to scour protectiorn, gravel
was uscd to sirmmlate the river bed downstrcom from the apron.
In pravious rniodel studies in ths laboratiry, scome considcr-
aticn has boecn giver this subject. Conclusions were that the

size of material shoulcd depsné upon the senle ratic of the
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model end on the charaeteristics of the river bed, i.e. &
larger naterial would be used for a mocel with a seale ratio

of 1:20 thar cne with a ratio of 1:100. Also larger moterinl
should be used vhen the river bedé was solid rock, the size cde-
pencing upon the degrce of herdness. No fixed ratio has been
determinec, but the selection of tie size and characteristics
of the materiel is left to the judgment of the testing engineer
with the c¢bove only as a guide. Howevsr, it was kept in mind
that if satisfactory conditicns could be obtained with materisl
represcnting a river bed, composed of loosec materizl such cs
boullers &néd gravel, a certein factcr of safety was taken into
account, especially in the cuse of the Wheeler Dam site where
the river bed is presumably of so0lid rock with a laminatend
horizontel strata fairly well bonded tcxzether. With a sccale
ratio of 1:36 for the model, a gravel containing scrie fair sized
stones was used. BEvem with the size used, it is believeld to
give more severe conditicns than will be encounterecd at the
dan site.

The size of the gravel wus obtained by =2 screen an-
alysis of a represecntative sample =znd is shown by the following
tabulation:

100% passed a 2-inch mesh; 98.7% a li-inch; 91.9%

a l-inch; 81.8% a 2=inch; 70% & %-inch; 51% a 3/8-

inch; 37% a No. 4; 28.2% a No. 10; 15.1% a No. 20;

7.4% a No. 30; 3.6% a No. 40; 1.2% a No. 50; 0.55% a

-2 0~



No. 80; 0.21% 2 No. 100; and 0.08% a Nn. 200.

Each test was given ¢ number, which was chrcnclogi-
cal irn nature, as wes each run cf o test. Pictures were ziven
& letter z2lsc of chrcnolcgieal nature., That is, for phcto-
graphs the number was such that it could be associated with
its proper test and¢ run. A picture with the number 1-i-2 is
interpreted as Test or Set-up 1, Picture A «f Run 2. In each
picture the number was placed where it cculd not interferc witk
the photography.

During the pericd of tssting several raical changes
in cdesign were mode by the design office, and it is meinly
to clarify this report that the follewing table, which outlines
the desizgn coniitions, was prepared.

Design Conditicns,

Concd. Max. Max. Contrclled Design Length Test
No. Disch, Cmest WSk W.S. Head Net No.
Sec-ft. Elev., Elav.- Elav. Feet Spill

1 700,000 535 555 555 20 2050 1 & 2

2 700,000 541 555 555 14 3500 3-26

3 700,000 541 587 555 18 2865 27 & 28
4 733,000 541 557 559 14 3000 29-32

5 650,000 541 i 555 2 2830 33 & 34
6 650,000 541 558 555 187 £400 35-81
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Numerous minor changes were made on the model during
the period of testing and although each is given in detail on
ensuing figures, the record is not complete. To clarify the
text the following outline was prepared.

Test Mo, 1 - Design Condition No. 1.

Set-up: Level Depressed Apron at Elevation 484.

Various pool lengths with end of pool paved on a 1:1
slope to Elevation 498 (Figure 6, Test 1).

The purpose of this test was to determine the length
of pool necessary to form a satisfactory jump on the apron.

The results show a minimum length of pool as well as
a minimum depth is required to form a satisfactory jump. Al-
though this design was satisfactory from the stardpoint of
hydraulies and erosion, it was not recommended because of the
undesirably deep excavation necessary at the toe of the dam
and the excessive quantity of excavated material.

Test No. 2 - Design Condition No. 1.

Set-up: Level Depressed Apron at Elevation 484 with the
Rehbock Dentated Sill (Figurc 6, Test 2).
The purpose of this test was to determine the most
satisfactory position of the sills Thg design condition was
changed before thc test was finished.

Test No. 3 - Design Condition No. 2.

Set-up: Level Depressed Apron at Elevation 490. Three tri-

angular sills suggested by Mr. Savage (Fig. 6, Test 3).

-24-
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The purpose of this test was to determine the effect
of the sills on the jump. Although the sills aided in the re-
tardation of the water, their action was not sufficient to al-
low a reduction in pool depth. It would have beem necessary
to lower the apron to produce satisfactory conditions.

Test No. 4 - Design Condition No. 2.

Set-up: Level Depressed Apron at Elev. 490 with kehbock
Dentated Sill at Various Positions (Fig. 6, Test 4).

The purpose of this test was to determine the posi-
tion of the sill to give satisfactory conditions and to deter-
mine if the pool depth was sufficient.

The test proved that the sill necessitated consider-
ably less excavation, but that the sill depended largely upcn
direct impact for its action. It was indicatcd also that a
slightly deoper pool would imprédéve the conditions at the higher
discharges.

Test No. 5 - Design Condition No. 2,

Set-up: ILevel Apron at Elev. 498 with three triangular sills
suggested by Mr. Savage (Fig. 6, Test 5).
Same purpose as in Test 3.

Same results as in Test 3.

<BE~



Test No. 6 - Design Condition No. 2.

Set-up: Level Apron at Elev. 498 with Rehbock Dentated Sill
at various positions (Fig. 6, Test 6).

The purpose of this test was to determine if the
pool depth was sufficient to obtain satisfactory action with
sills at various positions.

The test showed that the apron was not sufficiently
low.

Test No. 7 - Design Condition No. 2.

Set-up: Level Apron at Elev., 498 with Secondary Dam and
Triangular Sill (Figure 6, Test 7).

The purpose of this test was to determine the tail-
water elevation required below the secondary dam and to deter=-
mine the action of the secondary dam.

The test showed that the secondary apron would have
to be lowered slightly or a third dam built to form a pool
below the secondary dam.

This set-up was not recommended because of the initial

cost and because it would offer difficulty in constructionm.
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Test No. 8 - Design Condition No. 2.

Set-up: Sloping Apron at Elev. 490 with an 18-foot radius

bucket; 4:1 slope znd a triangular sill (Fig. 6,

Test 8).

The purpose of this test was to determine the proper
elevation of the¢ aprom to give satisfactory conditions,.

The test showed that the apron produced good condi-
tions if lowered slightly.

When the apron was lowsred, however, it required too
deep an excavation at the tos of the dam.

Test No. 9 - Design Condition No. 2.

Set-up: Seamc as in Test 8 except triangular sill removed

(Figure 6, Test 9).

The purpose of this test was to determine the neces-
sity of a sill at the end of the apron.

The test proved that a sill reduced considerably thec
length of apron required for satisfactory jump conditions.

Test No. 10 - Design Condition No. 2.

Set-up: Deflecting Bucket with 20.7-foot radius and a 9-foot
horizontal lip at Elev. 495.5 (Fig. 6, Test 10).

Ths purpose of this test was to determine the elaeva-
tion of the bucket required to give best results with neormal
tailwater conditionms.

The test showed unstable conditions and excessive

erosion near the dam.



Test No. 11 - Design Condition No. 2.

Set-up: Deflecting Bucket with 19.2-foot radius and 1lip on
10:1 slope to Elev. 497 (Figure 6, Test 11).
Same results as in Test 10«

Tost No. 12 - Design Condition No. 2.

Set-up: Same as Test 11, except radius of bucket 18 feet with
lip on 7:1 slope to Elev. 497.875 (Fig. 6, Test 12).
Same purpose as in Test 10.
Same results as shown by Test 11, except erosion is
deeper and farther downstream.

Test No. 13 - Design Condition No. 2.

Set-up: Same as Test 11, except radius of bucket 17 feet with
lip on 5:1 slope to Elev. 499 (Fig. 6, Test 13).
Same purpose as in Test 10.
Same results as in Test 12 except erosion is farther
downstream.

Test No. 14 - Design Condition No. 2.

Set-up: OSame as Test 13, except radius of bucket 13.2 feet
with 1lip en 22:1 slope to Elev. 504 (Fig. 6, Test 14).
Same purpose as in Test 10,
Same results as in Test 13 except erosion is farther

downstream.
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Test No., 15 - Design Condition No. 2.

Sct-up: Same as Test 13, except trajectory-shapcd apron
extended downstream from bucket lip (Fig. 7, Test 15).

The purpose of this test was to stabilize conditions
in the bucket.

The test showed that hydraulic conditions wers stabi-
lized, but that the jet clung to the apron and deep crosion
occurred at end of apron. A satisfactory condition was ob-
tained by lowering the apron, but again deep excavation was
required near the toc of the dam.

Test Mo, 16 — Design Condition No. 2.

Set-up: Same as Test 15, except triangular sill at cnd of
apron (Figure 7, Test 16).
The purpose of this test was to reduce erosion at ond
of apron from that in Test 15.
The test showed th=t erosion was slightly reduced.

Test Noe. 17 - Design Condition No. 2.

Set-up: Dnieprostroy type bucket with 12.5-foot radius and a
9-foot lip on a 1.28:1 slope to Elev. 495 (Figure 7,
Test 17).
The purpose of this test was to determine whether the
set-up would be satisfactory, =2nd, if so, at what elevation it

would give satisfactory conditions with normal tailwater.
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The test showed minimum erosion and satisfactory
conditions, however, deep excavation at the toe of the dam was
still required.

Test No. 18 -~ Design Condition No. 2.

Set-up: Same as Test 17, except for curved apron extended down-
stream from bucket lip (Figure 7, Test 18).
The purpose of this test was to reduce the roughness
of the tailwater surface,
The test showed that bad conditioms were intensified.

Test No., 19 - Design Condition No., 2.

Set-up: Level depressed apron at Elev. 490 with three 3-foot
triangular sills on apron (Figure 7, Test 19).
Same purpose as in Test 3.
Same results as in Test 3.

Test No. 20 - Design Condition No. 2.

Set-up: Same as in Test 19 except 25-foot sills (Fig. 7,
Test 20).
Same purpose as in Test 3.
Same results as in Tast 3.

Test No. 2l - Design Condition No. 2.

Set-up: Same as Test 19, exccpt sills 13, 3 and 4% feet high
(Figure 7, Test 21).
Same purpose as in Test 3.

Same results as in Test 3.
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Test No. 22 - Design Condition No. 2.

Set-up: Same as Test 21, except 4%—foot sill removed (Figure
7, Test 228).
Seme purpose as in Test 3.
Same results as in Test 3.

Test No. 23 - Design Condition No. 2.

Set-up: Same as Test 22, except sills,Zi-and 3 feet high and
closer spacing (Figure 7, Test 23).
Samec purpose as in Test 3.
Same results as in Test 3.

Test No. 24 - Design Condition No. 2.

Set-up: Samec as Test 23, except trajectory shape between sills

(Figurc 7, Test 24).

Thc purpose of this test was to make the second sill
more active,

The test showed no difference in the action of the
sills.

Test No. 25 - Design Condition No. 2,

Set-up: Same as Test 24, except trajectory shape shortcned
(Figure 7, Test 25).
Sane purpose as in Test 24.

Same results as in Test 24.



Test No. 26 - Design Condition No. 2.

Set-up: Deflecting type bucket with horizontal apron at
Elev., 496.6 and breakers (initial type diffuser sill
suggested by Mr. Hornsby) (Fig. 7, Test 26).
The purpose of this test was to study the action of
this type sill and to determing its feasibility.
The test showed that this sill offered some reduction
in excavation and aided in the formation of the jump, but
not enough to balance the cost of the sill., This sill had
the advantage in that it did not depznd upon direct impact
for its action.

Test Nos 27 - Design Condition No. 3.

Set-up: An 18-foot radius bucket with 4:1 sloping apron to
Elev, 487 with a 3-foot triangular sill at end

(Figure 7, Test 27).

The purpose of this test was to study the action of
the sloping apron ir relation to the formation of the hydrau-
lic Jjump.

The tecst showed that, while conditions were not as
good as desired, there was a possibility of obtaining an im-

provement by lowering the apron.



Test No. 28 - Design Condition No. 3.

Set-up: An 18-foot radius bucket with 5:1 sloping apron to
Elev. 487.5; breaker blocks and 3-foot sill (Figure 7,
Test 28).
The purpose of this test was to improve conditions
without lowering the apron.
The test showed insufficient improvement.

Test No. 29 - Design Condition No. 4.

Set-up: Same as Test 28, (Figure 7, Test 29).
Same purpose as in Test 28,
Same results as in Test 28.

Test No. 30 - Design Condition No, 4.

Set-up: Same as Test 27.
Same purpose as in Test 27.
Same results as in Test 27,

Test No. 31 - Design Condition No. 4.

Set-up: A 27-foot radius bucket with 4:1 sloping apron to
Elev. 487 and 3-fcoot trapezoidal sill. Rock on
3:1 slope from top of sill to Elev. 498 (Fig. 7,
Tesit 3i) .
The purpose of this test was to further develop the

possibilities of the sloping apromn.



The test showed some improvement, but indications were
that if the apron were lowered, better conditions would result.

Test No. 32 - Design Condition No. 1.

Set-up: Same as Test 31.
The purpose of this test was to determine a coefficient
curve for the first model (wooden understructure).

Test No. 33 - Design Condition No. 5.

(Obsolets due to information from the design office
being incomplete).

Test No. 34 - Design Condition No. 5.

(Obsolete due to information from design offics being
incomplete. Superseded by Test 35).

Test No. 35 - Design Condition No. 6.

Set-up: Apron with 4:1 slope tangent at upper end of 27-
foot radius and at lower e¢nd to 18-foot radius.
Horizontal apron at Elev. 485.0. Sill with 2:1
slope to Elev, 488.0 and top width of 3 fest.

Rock on 3:1 slope to Elevation 498 (Fig. 7, Test 35).
Same purpose as in Test 31.

The test showed that the depth of pool was insuffi-

cient at maximum discharge.
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Test No, 36 - Design Condition Ne. 6.

Set-up: Same as Test 35 except sill with 1:1 slope to Elov.
490 and top width of 4 feet (Figure 7, Test 36).
Same purpose as in Test 31.
The test showed less erosion, but worse hydraulic
conditions.

Test No, 37 - Design Condition No. 6.

Set-up: Same as Test 35, except sill with 1:1 slopz to Elsv.
488.0 &nd top width of 6 feet (Fig. 7, Test 37).
Same purpose as ir Test 31.
The test showed rcsults practically the same as in
Test 35.

Tecst No. 38 - Design Condition No, 6.

Set-up: ©Same as Test 36 except with horizontal apron at
Elev. 484,0. Sill with 1%:1 siope to Elev. 489 and
top width of 1% feet (Figure 7, Test 38).

Same purpose as in Test 31,

The test showed satisfactory comditions at all flows
below 650,000 second-fcet. With a discharge of 650,000 second-
feet, the tailwater was barcly deep enough to cause the hydrau-
lic jump to form. This design was tertatively recommended as
a gensral type of scour protection subject to further develop-

ment,
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Test No. 39 - Design Condition No. 6.

Set-up: Samec as Test 38.
The purpose of this test was to determine the tail-
water elevation at which the hydraulic jump failed to form.
The results are plotted on Figure 26.

Test No. 40 - Design Condition No. 1,

Set-up: Crest designed for 20-foot head with Tainter gate
reised 9 feet.
The purpose of this test was to obtain discharge data
for Teinter gates.

Tost No. 41 - Design Condition No. il

Set-up: Same as Test 40, except gate raised l% fecet.
Same purpose as in Test 40,

Test No. 42 - Dasign Condition No. 1.

Set-up: Same as Test 40, except gate raised 3 feet,
Same purpose as in Test 40.

Test No. 43 - Design Condition No. 1.

Set-up: Seme as Test 40, except gute raised 4% feet.
Same purpose as in Test 40,

Tests 44, 45, 46 and 47,

These test numbers were earmarked for additional
calibration tests similar to Tests 40 to 43 inclusive.
Before they could be mads, howsver, the first model wos re-

moved. Similer tests were made on the fincl mocel.
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Tcst No., 48 - Dosign Condition No. 6.

Sct-up: 4 43.5-foot radius bucket with 8:1 sloping apron.
Horizont<l =pron at Elsv, 484; Sill with l%:l slope
to Elev. 489 ond top width of 1% feet. Roek on 3:1
slope to Blev., 498 (Figure 8, Test 48).

The purpose of this test was to moksz additionwl study
of tiae use of = sloping ..prorn to obtain satisfretory founcdation
concditions combinac with satisfactory hydraulic contitions,
particulaerly with o flow of 650,000 second-fect.

Tiie test showed thet conlitions were somewhat im-
proved but the exenvation required at the tos of ths &am was
too deep to mesct the requirements of the design office.

Tost No. 49 - Design Concitions Ho. 6,

Set-up: OSame as Test 48 except 77.6-Toot radius bucket

(Figure 8, Test 49).

Same purpose as in Test 4%,

While the hydraulic comditioms in Test 49 were not
as satisfactory as in Test 48, they were superior to those in
Test 38, ané the requirements of the design office as to found-
ation conditions were satisfied. The 77.6-foot radius bucket
with 8:1 sloring apron and unorizontal apron at Elev., 484.0 was

adopted as tie I'inal design with the sill lay-out still subject

to changa.
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Test No., 50 - Design Condition No. 6.

Set-up: Apron with 4:1 slope tangent at upper end to 27-foot
radius and at lower end to 18-foot radius. Hori-
zental apron at Elev. 484; pavement on 1:1 slope from
end of apron to Elsv. 498 (Fig. 8, Test 50).

The purpose of this test was to determine the feas-
ibility of pavirg the rock excavation at the downstream end of
the apron instead of constructing a sloping sill.

Hydraulic conditions werc rough but the jump formed
on the apron at all discharges.

T=zcet No. 51 - Design Condition No. 6.

Set-up: Same as Test 50, cxcept pavemcnt slope was l%:l

(Figure 8, Test 51).

Same purpose as in Test 50.

The jump did not form on the apron at mecdium flows.
Hydraulic corditions were smoother than with the 1:1 slope
when the jump was formed on th: apron.

Tost No. 52. - Design Condition Ne. €.

o

Set-up: Same as Test 50, except pavement slope was &£:1
(Figure 8, Test 52).
Same purpose as in Test 50.

Same results as in Test 51.
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Set-up:

Set-up:

Set-up:

Set-up:

Set-up:

Test No. 53 - Design Gondition No. 6.

Same as Test 50, except slope of pavement was 3:1
(Figure 8, Test 53).

Same purpose as in Test 950.

Seme rassults as in Tost S1.

Test No. 54 - Design Condition No. 6.

Same as Test 50, excecpt slope of pavememt was 4:1
(Figure 8, Test 54).

Same purposc as in Test 50.

Same results as in Test 51.

Test No, 955 - Design Cosrdition No. 6.

Same as Test 50, exespt pavement was parabolic in
shape (Figure 3, Test 55).

Same purpose as in Test &0.

Same results as in Test S81.

Tzst No., 56 - Design Condition No. 6.

Saie apron &s in Test 49, sxcept 1:1 slopc pavement
from end of apron to Elev. 498 (Fig. 8, Test 56).
Same purpose as in Test &O0.

Same results as in Test 50.

Test No. 57 - Design Condition No, 6.

Same as Test 56, zxcept l%:l slcpe pavement
(Figure 8, Test 57).
Same purpose as in Test 50.

Samc results as in Test S1.
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Further tests on sloped pavement were not made be-
cause the above did not differ from tests on the 4:1 sloping
apron.

Test No. 58 - Design Condition No. 6.

Set-up: OSame as Test 49, except 14-foot diffuser sill

(formerly called breaker blocks) (Fig. 8, Test 58).

The purpose of this test was to make further develop-
ment of a sill layout as outlined in Test 49.

The test showed practically no erosien and the sill
gave entirely satisfactory results, but objections were made on
the grounds that the sill structure was too large and consequent-
ly too expensive.

Test No. 59 - Design €cadition No. 6.

Set-up: Same as in Test 49, except sill with l%:l slope to
Elev., 487.0 and top width of 4.5 feet; pavement on 2:1
slope from top of sill to Elev. 498 (Fig. 8, Test 59).
The purpose of this test was to study the action of
the pavement in conjumction with the 1%:1 sloping sill.
This pavement did not allow a natural rctrogression
of the river bed tc produce stable hydraulic conditions, 2and as
a result, the jumip would not form on the apron for medium flows,

Test No. 60 - Design Condition No. 6.

Set-up: Same as Test 59, except slope of pavement was 3:1
(Figure 8, Test 60).
Same purpose =s in Test 59.
Seme results as im Tes® 595
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Test 61 - Design Condition No. 6.

Set-up: Same 2s Test 59, execept sill with l%:l slope to
Elevotion 489 (Figure 8, Test 61).
Szme purpose as in Test 59.
Seme results as in Test 99.

Test 62 - Design Condition No. 6.

Set-up: Same as in Test 61, exaept slope of pavcment was
3:1 (Figure 8, Test €2).
Saome purpose as in Test 59.
Same recsults as in Test 59.

Test 63 - Design Condition No. 6.

Set-up: Same os in test 49, except wiih o 5-foct diffuser-
type sill with curved upstre:m face (Figurc 9,
Test 63).
Stme purpose as in Test 58.
Comnsiderszble improvement over the lﬁtl sloping
sill was noted. However, additional improvemcnt s:emed
possible.

Test 64 - Design Conditiom No. 6.

Set-up: Same as in Tcst 49, except with 5-foot diffuser-
type sill with vertical upstream faece (Figure 9,
Test 64).
Same purpose a2s in Test 58.
hLetion was similar to Test 63, except that the sill

was subjected to more direct impaet which was objectionable.
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Test 65 - Design Condition No. 6.

Set-up: Same as Test 49, except 5-foot Rehbeck sill at

end of epror =znd 3:1 slope from Elev. 484 to

Elev. 498 (Figurs 9, Test 65).

Seme purposc as in Test 58.

This sill depcnds upon dircecet impact for its action
and requires more exzcavation for the same hsight of sill than
either the diffuser or the 1:1 sloping sill.

Tcst 66 - Design Condition No. 6.

Set-ur: 4 77.6-foot radius bucket with 8:1 sloping apron.
Horizontal apron at Elev. 484. Sill with 13:1 slope
to Elev. 489.0 and top width of 1.5 feet. Rock on
3:1 slope to Elev. 498.0. Internedicte treining
wall, downstrezm from every fifth pier, with top at
Elcvation 505.0 (Figure 9, Tast 66).

The purpose of this test wzs to obtain design datz in
the training wzll =nd study its action under extrens gate oper-
ation conditioms.

The walls facilitated the formmation of the jump on
the apron for extreme operating ccnditions of 2djacert sets of
gatss and showed nc umdesirable erosive conditiors, except for

meximum discharge.
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Test 67 - Design Condition No. 6.

(First Test on Sccond Modesl)
Set-up: A 1.58:1 sloping apron tangent at the upper end
to a 77.6~foot radius =2nd at thec lower end to a
15-foot radius with bottom at Elev. 480.0 and P.C.C.
at Elev., 482.0. 4 7.5-foot radius to Elev. 484.5.
A 7.5-foot diffuser type sill with curved upstream
face. Rock on 3:1 slope from top of sill at Elev. 492

to Elev. 498.0 (Figure 9, Test 67).

The purpose of this test was to study the action
of the diffuser sill in conjunction with the curved rucket
placed at =2 low elcvation.

The test showed more satisfactory conditions then
any previous set-up, but was not adopted beczuse the depth of
excavation required was not satisfactery to the design depart-
ment.

Test 68 - Design Condition No. 6.

Set-up: Same as in Test 67, except with 93-foot diffuser
sill (Figure 9, Test 68).
Same purpuse as in Test 67.

Srme results as in Test 67.

i



Test 69 - Design Coudition Nc. €.

Set-up: Szme =z2s Test 67, except with vertiezl upstroam
face of the diffuser sill 2nd slightly closer
spacinz of diffusion chambers.

Sazie purpose s in Test 67.
Szrie results as in Test 67.

Test 70 - Design Condition No. €.

Set-up: Deflecting type bucket with 125-foot radius
from the fuace of d=m to the 15-foot rzdius bucket
with bottom ot Elev. 482, lip at Elcv. 484 =ond
diffuser sill dowustrenm from bucket lip (Figure 9,
Tost 70).

The purpose of this test was to detzrming if the ex-
eovation at the toe of the dzzi 2culd be reduced without affect-
irg the hydraulic conditions of this particular tyne.

The test skhosied thizt hydraulic conditions ware not
as desirable as with the bucket ot o lower clevation.

Test 71 - Design Condition No. 6.

Set-up: Seame as in Test 63, except with an 8-foot diffuser
sill witk spacing of diffusion chambers to corform
to expausior joint spacing (Fizure 9, Test 71).
The purpose of this test was to obitzin & satisfactory

diffuser sill with a fixed number of diffusion chaibers betrezan

contraction joints.
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The test showed this sill action to be very satis-
factory with only slight erosion occurring at maximum dis-
charge. Paint tests were made and indications wero that a
low pressure crea existed on top of the chamber walls,.

Test 72 - Design Condition No. 6.

Set-up: Sare as Test 71, except top of diffusion chamber
walls were capped (Figure 9, Test 72),
The purpose of this test was to eliminate the low
pressure area on top of the walls.
The test showed the elimination of this undesirable
low pressure area. Hydraulic conditions were not =ffeccted

by the caps. Indications poimted to similer resulss 7 the

Test 73 - Design Cordition No. 6,

Set-up: Same as in Test 63, except 6.5-foot diffuser sill
with curved upstream fuce and spacing to ccniform to
contraction joint spacing (Figure 10, Test 73).

The purpose of this test was to obtain a more econ-
ormical sill that would give results comparable to thos=e in
Test 72.

The test showed that conditicns were not guite as
good as with the higher sill, but were superior to any other
type tested. 4s this sill gave adequate protection for all
flows, including maximur: discharge of 650,000 second-feet,

it was adopted for use on the Wheeler Dari.
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Tzst 74 - Desigr Coxnditicn No. 6.

Set-up: S#me as in Test 73. DPiezcmeters in diffusion

charber (Figure 10, Test 73).

The purpose of this test was to obtain the pressures
within the diffusion chomber of the sill.

The test snowed very slight negative pressures ot
the entrance with a discharge of 650,000 second-feet.

Test 75 - Design Conditicn ¥o. 6.

Set-up: Sams as in Tsst 73 (Figure 10, Test 73).

The purpuse of this test wes tc obtain discharge
ccefficisnts for the final dssign.

This test was suporsedaed bscouse letks were found in
the flume upstrear: fram: the riodel.

Tost 76 - Design Ccenditicn No. 6.

Set-up: arie as in Test 73 (Figure 10, Test 73).

The purpose «f this test was to obtain extensive
calibratior data on the Tocinter gotes with z2djecent gates
discharging.

& Gischarge diagram was prepared =ud coefficients

ccmputed from the observed dota.
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Test 77 - Design Condition No. 6.

Set-up: Sare as in Test 73 (Figure 10, Test 73).

The purpose of this test was to obt-in the ccefficient
of discharge for one gate cnly discharging with free flow con-
ditions.

A coefficient of discharge curve was plcoctted frorm the
observed data.

Test 78 - Design Condition Nc. 6.

Set-up: Sarme as in Test 73, except alterations werec made on
piers (Figure 9, Test 78).

The purpose of this test was to determin~< t.c shape
of the dcwmstream rose of the piers tc give best conliitions
on the apron.

Several shapes were tried and as a result a satis-
factory solution was obtained (Alteration No. 2, Flzure 3,
Test 78).

Test 79 - Design Condition No., 6.

Set-up: OSame as in Test 73.
The purpose of this test was tc obtain discharsge
data for one Teinter gate only discharging.

Sane results as ir Test 76.
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Test 80 ~ Desigr vondition Ilo. 6.

Set-up: Same as in Test 73. Pioczoeters in tho diffuser
Shillel ¢
The purpose of this test was tc obtain pressures cn
the upstream facc of the diffusion chamber walls.

Test 81 - Design Corditior Nc. €.

Set~up: TFinal Design.

The purpose ¢f this test was to obtain o gote cper-
«ting program.

4 setisfactory program wes preparec from ths observad

deta.
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V. RESULTS /iND CO.ICLUSIONS.

The exparimcnts on thc modecl of the spillway for
the Wheeler Dam cextended over a pzriod of ten months.
During this samc period, active experimentsol work was
being conducted on a model of the ultimate development of
the Grand Coulee Dam wherc a problcm of cimilar, dut more
severc, nature vas being studizd. It was thers that the

first development was made of the diffuscr type sill wiich

was finally adopted for usz on the apron of thc Whecler Dame.

Sincc the outline given previously is chronclogical

in naturc, the tssts hove bsen rcarranged as to typss to
simplify the comeiletion of results and conclusions. An

outline is as follows:

A, Stilling Pool

1. Level Depresscd Apron

ae. Level Depresascd Sipron - Test 1 (Figure 6).
b. Rchbock Sill - Tecsts 2,4 and 6 (Figurs 6).
c. Triangular Sills - Tests 3 and 5 (Figure 6);

19, 20, 21, 22, 23, 24, and 25 (Figure 7).
d. Breaker Blgcks - Test 26, Figure 7.

e. Secondary Weir - Test 7, Figure (6).
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2.

Deflecting Bucket

a. Deflecting Bucket (High elevation) - Test 10, 11, 12,

13 and 14 (Figure &) and

15 (Figure 7).

be Deflecting Buclket (high elevation) with tra jsctory

apron - Test 16 (Figure 7).

c. Deflecting Bucket (low elevation) Tests 17 and 18

(Figure 7).

d. Deflzcting 3Buciket with Diffuser Siil - Tests 67, 68,

69 and 70 (Figure 9).

Sloping Apron

a. Triangular 2ill - Tests 8
27 and 30 (Figure 7).
Sloping Sills

l. Apron with 4:1

Slonre -

anad Tests 27, 30, 31,

2., Apron with 8:1 Slope -
Paved Slopes
1. Apron with 4:1 Slope -

2. Apron with 8:1 Slooc -

5) and Tests

.

(3
~
H
9]
(€]

Tssts 8 and 9 {Figare 6)

35, 36, 37 and 33 (Figure 7).

Tests 48 and 49 (Fimare 8).

Tests 50-54 incl., (Figure 8).

Tests 56 and 57 (Figurc 8).

Combination Sill and Pavad Slonc

1. Thrae-foot Sill - Tests 59 and 680 (Figure 8).

2. Five-foot Sill -~ Tests

6l and 62 (Figure 8).

Breakers - ‘Tests 28 and 22 (Figure 7).

Diffuscr Sills - Test 53 (Figure 8), 63, 64, 65, 71, 72

(Figare 9), and 73 (Figure 10).
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B. Intermediate Tralning Wall.

Ce. Pier Stulies.

D. Gate Operating Progren.

l. With Dividing Wall.
2. Without Dividing Wall.

E. Tainter Gate Discharge Data.

1. Discharge Coefficient.

2. Discharge Diagrean.

A, Stilling Pool.

1. Level Depressed iprcn.

The simplest and perhnps the niost perfuet s> uticn
of the dissipation of energy in water flowing a% & =ik velo-
city is the idecl formatisn of 2 hycérzulic jump. The
energy is dissipated in internal impact to such cn sxtent
that little energy remains to cause erosion. In t:: 22 cf
cverfall dams, there is 3 Cistinct advantzge in <: 33ning
the dam so that tke jump will cccur, thus rceducing t~ a mini-
rmun the protection requirea to prevent erosion, especiazlly
since the action can be predicted within reasonsbly close
limits,.

The forrula for the hydraulic jump in a rectangular

bhorizontel chanrel is
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the depth upstrear. frcm the junp,

3|
=
o
H
(O]
&)
'_I
t

Do = the depth downstream from the juwp,

=5
"

the velaelty cerresponcing to Dy
Vo = the velccity corresponding to De.

&5 nutlined in sppendix I, "The ideal concition would
be to hzve & tailwater a2t suck o heigh~ abcve ths river bed
for each dischargce that it would form o perfcet junp for $iuc
depth and velccity which wculd nceur in the overfalling
strean at the toe of tie Jdam for that discharge. The height
of the tailwater, however, is ceontrclled by the conditions
ir the stream channel dawmstrearn: from the dam ond this ideal
condition is nsver attoined.”

as further explained, *he relcticns between the tail-
water rating curve and a cyrve of the depth of water necessary
to form 2 hydrsulic juap may be divided into four clzsses.

The case of tho Wheelcr lam, wherc the jump-height curve for
ar apron at stream bed levsl (Figure 3) falls censiderably
abeve the tailwater curve, is Case I, Appendix I.

A study of the conditizns eof the Whesler Dan site
resulted in the initial use of a 2epressed aspron cn the
model at Elev, 484 with tha znd of the pool puved on 2 1:1
slcpe upward t¢ the river bed (Figure 6, Tsst 1). The obove
clevation was computed ftc give a satisfcetery jump on the
apron for the maxirum discherge with the first design condi-
tion.
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Studics with cifferent pool lengths prcvad that a
minirmum length, as well as cepth, is requirecd for the satis~
factory formation of the hydrauvlic jump (Plate 3). /L8 the
length of pool is inereased, tlie effectiveness of the stilling
action is improveéd (Plates 3 =nd 4j. This form of pool would
be very satisfactory frori the hycraulic stendpoint, but would
have the disadvantages of a high initial ccst anf a ceep
excavation at the toe of the damn,

Ir an attempt to bcth shorten thiz necessary length
of apron end decrease the depth of excavation, varicus types
of baffles were investigated cn the criginal depressed apron
placed at different slevations. ZFrom o study of the action
of a perfect hydraulic jump, it was coacluced that any focrm
of baffle or sill used cn a level apron nust be so placed
as to decrease the velocity, Vg, rather tham Vp, for if any
obstruction is plsced in the path of the high velocity water
it will cCestroy only a small ancunt of ths energy by impact
but at the same time it will deflect the jet from its natural
course and break up the perfect formaticn of the jurmp. The
effect of any sill shculd be to inerease the cownstream depth,
Dy, hence decreasing Vg and mcving the forration of the jump
upstreari. &another sffeect of ths sill should be tc properly
distribute the flow of water beycnd the jurp and prevent the
jets cf watecr, flowing =t relstively low velocity, from im-
pinging on the river bed thereby causing erosion.

5o



A. POOL LENGTH 24 FEET. B. POOL LENGTH 42 FEET.
DISCHARGE 300,000 SECOND-FEET.

C. POOL LENGTH 60 FEET. D. POOL LENGTH 78 FEET.
DISCHARGE 300,000 SECOND-FEET.

¢ AL

ACTION OF LEVEL AFRON AT ELEVATION 484.



A.

C.

POOL LENGTH 24 FEET. B. POOL LENGTE 42 FEET.

DISCHARGE 700,000 SECOND-FEET.

POOL LENGTE 60 FEET. D. POOL 1ENGTH 78 FEET.
DISCHARGE 700,000 SECOND-FEET,

ACTION OF LEVEL APRON AT ELEVATION 484.



Since the hydraulic jump must form in more or less
perfect condition upstream from a sill tc make it satisfac-
tory, with the same length cf apron, the sill will make pos-
sible the use of a slightly less pool depth and the addi-
tional ccst of a sill can be balanced against the cust of a
deeper pcol.

The first ¢f these was the Rehbock dentated sill
(Tests 2, 4 and 6, Figure 6), patented by Dr. Theodcr
Rehbock, of the Uriversity of Karlsruhe, Germany. With this
sill at various pcsitinns on the aprim at stream bed level,
a jump wculd nct form upstream from the sill and the dentates
were subject to excessive impazct (Plate 5). The distance
of the sill from the dam had little cffect on its acticn.
Better results were obtained by placing the sills on a de-
pressed apron &t Elevation 490 (Plate 8).

Sets =f small triangular sills ¢f different sizes
and shapes wsra tried (Tests 3 and 5, Figure 6 apd Tests 19
and 25, ineclusive, Figure 7 but were not satisfactory, be-
cause the depth of pocl reguired was practically the same
as for the depressed aprom alcore, At stream bed levsl, the
water swept across them at a high vslccity to the end of the
aprcen (Plate 7 A & B). A scmewhat imprcved aecticn is ob-

tained by lowering thc apron (Plate 7 C & D).
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A. DISCHARGE 350,000 SECOND-FEET. B. DISCHARGE 700,000 SECOND-FEET.
SILL 42 FEET FRGI TOE OF DALN.

C. DISCHARGE 350,000 SECOND-FEET. D. DISCHARGE 700,000 SECOND-FEET.
SILL 78 FEET FROM TOE OF DALL.

ACTION OF REHBOCK SILL ON LEVEL APRON AT ELEVATION 498.
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A. DISCHARGE 350,000 SECOND-FEET. B. DISCHARGE 700,000 SECOND-FEET.
SILL 60 FEET FROW TOE OF DAM.

C. DISCHARGE 350,000 SECOND-FEET. D. DISCHARGE 700,000 SECOND-FEET.
SILL 78 FEET FROL TOE OF DAM.

ACTION OF REHBOCK SILL ON LEVEL APRON AT ELEVATION 490.
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A. DISCHARGE 350,000 SECOND-FEET. B. DISCHARGE 700,000 SECOND-FEET.
APRON AT ELEVATION 498.

C. DISCHARGE 350,000 SECOND-FEET. D. DISCHARGE 700,000 SECOND-FEET.
APRON AT ELEVATION 490.

ACTION OF TRIANGULAR SILLS ON LEVEL APRON.
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Tests were also made on a breaker type sill (Fore-
runner of the diffuser type sill finally adcpted) suggested
by Mr. G. J. Hornsby (Test 26, Figure 7). This sill had the
advantage over previous forms cf sills in that therc was no
direct impact of water on it. The acticn cf this sill was
not sufficiently effective to permit the elimination of the
depressed apron, but it would make pecssible scme reducticn
in the length cf apron. Plate 8 shows the action at stream
bed level and depressed five feet.

The use of a secondary weir cr dam (Test 7, Fig. 6)
tc raise the tailwater tc a height sufficient to form a jump
on an apren at stream bed level shcowed a satisfactory acticn
belov the dam (Plate 9 4 & B), but confirmed the predicticn
that the depth of tailwater belcw the secondary dam would be
insufficient tc form a jump. As the velocities below this
weir could reach 35 feet per second, somz form of protection
would be necessary. A depression of the secondary apron
to about three feet below strcam bed levsl, or soms form of
baffle would probably z2ccomplish this result (Plate 9 C and
D). The secondary weir form of protection is undesirable
from a construction standpoint as it would necessitate a
nore extensive cofferdam znd prevent the use of a compact
construction plant. It also would interfere with the diver-

sion during construction.
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A. DISCRARGE 350,000 SECOND-FEET. B. DISCHARGE 700,000 SECOND-FEET.
APRON AT ELEVATION 498.

C. DISCHARGE 350,000 SECOND-FEET. D. DISCHARGE 700,000 SECOND-FEET.
APRON AT ELEVATION 493.

ACTION OF DIFFUSER SILL, INITIAL TYPE, ON LEVEL AFRON.
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s DISCHARGE 350,000 SECOND-FEET.

C. DISCHARGE 350,000 SECOND-FEET.

APRON AT ELEVATION 498.

APRON DEPRESSED.

ACTION OF SECONDARY WEIR.

B. DISCHARGE 700,000 SECOND-FEET.

D. DISCHARGE 700,000 SECOND-FEET.

YT
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2. Deflecting Bucket.

Another possible solution of the dissipation of
energy at the toe of the Wheeler Dam would be the use of
& short curving apron called a "dzflecting bucket®™ with the
low point placed near the minimum tailwater elsevation so
that the stream of high velocity wzter at the toe of tha
dam is throwzn upward and outward striking the str=am bed
sone distance away from the structure whzre th:z energy is
dissipated by impact\on tlic river bottom and adjacent water.

|

For these tests o flexiblc adjustahle bucket was
used on the riodel (Tests 10 to 14 inclusive, Figure 3 =nd
Tests 15 and 16, Figurc 7). ZRBuckets witih lips at Elcv.
495,5, 497.0, 497.9, 492.0 ard 504.0 were tested (Plates
10 and 11). The upward slops of the bucket infreused with the
lip elevation and moved the point of secour downstream, pro-
ducing & deeper scour and unstablz flow conditions with the
strean éiving under port of +he time (Plate 10 A and B).
If sy of these types were used, the scour below the dam would
probably not endanger it, but a piling up of rock wouid occur.

To sliminate the unsitzble condition of ths jst, =
trajectory shaped apron was extcnrded downstrsam from the lir
of the deflecting bucket (Tests 15 ard 16, Figure 7). Wkilc

the condition was stabilized, the strecam clung to the apron

-



A. JET DIVING UNDER. _B. JET SHOOTING ALONG TAILWATER SURFACE.
BUCKET LIP AT ELEVATION 497.8 - DISCHARGE 700,000 SECOND-FEET.

C. DISCHARGE 350,000 SECOND-FEET. D. DISCHARGE 700,000 SECOND-FEET.
BUCKET LIP AT ELEVATION 495.5.

ACTION OF DEFLECTING TYPE BUCKET.
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A. DISCHARGE 350,000 SECOND-FEET. B. DISCHARGE 700,000 SECOND-FEET.

BUCKET LIP AT ELDVATION 499.0.

C. DISCHARGE 350,000 SECOND-FEET. D. DISCHARGE 700,000 SECOND-FEET.
BUCKET LIP AT ELEVATION 504.0.

ACTION OF DEFLECTING TYPE BUCKET.

T ZToVyTd



and sroded a deep hole at thc downstream end (Plate 12 A and
B). It was found that by lowering the apron about eight fect
the hydraulic jump hed more of a tendency to form and very
little erosion resulted (Plete 12). Such & design would re-
quire a deep excavation at the toe of the dam which would be
undesirable from the standpoint of botl cost =nd design.

This sore typc of short curved apron, whem placed
a2t a lower elevation produced an cntirely different action by
allowing the highsr tailwater to =2ct aéﬁnst the high velo-
city sheet tending to cause it to become necarly verticzl and
part of it falling backward into the bucket along the face
of the deam. This serves to form a highly turbulent roller
which dissipates a large amount of energy in itself and
acts as a brake on the approacking high velocity sheet. The
energy is thoroughly dissipated without cxcessive crosion
below the apron.

This particular phenomenon was studied by raising
the tcilwater in Tests 10 to 16, inclusive, to an abrormally
high elevatiom thus simulating the placing of the bucket at
a low elevation (Plate 13 A ané B).

This action could only be accomplished at the Wheceler
Dam by placing the bucket at a sufficiently low clevation,
which, again would result in a deecp cxcovation at the toe of
the dam with its relatively high cost, beth of which would be
objectionable.
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A. DISCHARGE 350,000 SECOND-FEET.

\B. DISCHARGE 700,000 SECOND-FEET.
HIGH POINT OF APRON AT ELEVATION 500.

C. DISCHARGE 350,000 SECOND-FEET."

) D. DISCHARGE 700,000 SECOND-FEET.
HIGH POINT OF APRON AT ELEVATION 492.

ACTION OF DEFLECTING TYPE BUCKET AND TRAJECTORY SHAPED APRON.
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4. DISCHARGE 350,000 SECOND-FEET. B. DISCHARGE 700,000 SECOND-FEET,
DEFLECTING BUCKET LOWERED.

C. DISCHARGE 350,000 SECOND-FEELT. D. DISCHARGE 700,000 SECOND-FEET.
DEFLECTING BUCKET WITH STEEP LIP.

DEFLECTING TYPE BUCKET PLACED AT 1LOW ELEVATION.

T dIVId



To completely study tais action, tha bucket on ths
mcdel was lowered nné altcred (Test 17, Figure 7) with 2
steeper slope of the bucket 1lip which procuced & better nction
ané reducel the scour in the river bed (Plate 13 C zné D).
This form of protection is not expsnsive where there is a
normally deep tailwater sufficisnt to allcw the comstruction
of the bucket without sxcessive cexeavation.

while the grosion in Test 17 was very slight, there
was consicerable roughiiess of tiis tailwater surface. It
was for the purpose of smocthing the water nsar tha buckst
that o curved apron was extented 4dawnstrear: froo the bucket
lip (Test 18, Figurs 7). Tiis gave unstable conditions
(Plate 14 B anc C) anf increased erosionm.

During the lapsse cf tirie between Test 26, which was
the bresker blccks (forerunnsr of the diffuscr sill) and
Test 58, the fiffuser sill had been cevelopeld to such an
extent for ths Grznd Coulee Dar: that a similer solution w#is
scugiht for tis dissipation of suergy at the tce cf the
Wheeler Darm. The apromn cf the Wheeler rodel was altered to
use a ciffuser sill in ccijunction with the deflecting bucket
piaced at a low e¢levation (Tests 67 to 69, inclusive, Figure
9). The tests on this set-up gave very satisfactory flow con-
ditions with verv little ercsicn (Plate 15). At all discharges

back rcll, which was influznced by the curved upstream

=



PLATE 14

A. DISCHARGE 350,000 SECOND-FEET.

B. DISCEARGE 700,000 SECOND-I'BLT.
TAILWATER ELEVATICH 509.

C. DISCHARGE 700,000 SECOND-FEET.
TAILVWATER ELEV.TION 509.

DEFLECTING TYPE BUCKET PLACIED AT LOW LLEVATICI.
ACTION WITH CURVED APRON.



A. DISCHARGE 150,000 SECOND-FEET. B. DISCHARGE 350,000 SECCID-FEET.
BOTTOLI OF BUCKET AT ELEV. 480.

C. DISCHARGE 600,000 SECOND-FEET. D. DISCHARGE 650,000 SECOND-FEET.
BOTTOM OF BUCKET AT ELEV. 4&60.

DEFLECTING TYPE BUCKET PLACED AT LOW ELEVATION.
ACTION VWITH DIFFUSER SILL.
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face of the diffusiorn chamber walls, was forrmed in the

bucket zn¢ impinged on the inflowing stream. This facili-

tated the fdissipation of energy as 4id thc action in the dif-
fusion chamber., The area of exit of the chamber was greater
than that of the entrance, thus causing a decrezse in the
velocity of the water flowing through the chamber. The combined
action of roller znd the sill cCistributes the velocities in

the tailwater below such that the higher occur «long the upper
surface and the lower along the river bhed.

The first sill tested (Test 68, Figure 9), with top
at Elev. 494 and large diffusion chambers, was 9% feet high.
A more economical set-up was sought by removing two feet
from the top of the first sill (Test 67, Figure 9). There
was no apparent difference (Plate 16 A and B) and a sill 7%
feet high, top at Elev. 492, with smaller diffusion chambers
(Test 69, Figure 9) was constructed. This also proved suf-
ficient (Plate 16 G) and an attempt was made to decrease
the undesirable excavation at the toe of the dam by alter-
ing and raising the bucket to &lev. 482 (Test 70, Figure 9).
The action proved satisfactory for small quantities over the
spillway, but proved undesirable from both the hydraulic and

erosion standpoint with the maximum discharge (Plate 17).
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PLATE 16

A. 74-FOOT SILL - LARGE CEAMBERS.

B. 93-FOOT SILL - LARGE CHAIBERS.

C. 74-FOOT SILL - SMALLER CHAMBERS,

DEFLECTING TYPE BUCKET PLACED AT ELEVATION 480.
ACTION WITH DIFFUSER SILL - DISCHARGE 650,000 SECOND-FEET.



A. DISCHARGE 150,000 SECOND-FEET. B. DISCHARGE 350,000 SECOI{D-FEET.
BOTTOM OF BUCKET AT ELEV. 482.

C. DISCHARGE 500,000 SECOKD-FEET. D. DISCHARGE 650,000 SECOND-FEET.
BOTTQ.: OF BUCKET T ELEV. 482.

DEFLECTING TYPE BUCKET PLACED AT LOW ELEVATION,
ACTION WITH DIFFUSER SILL.

1d
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3. Sloping Apron.

A satisfactory solution would result from the use
of zither the level apron or the deflecting bucket, but in
each casc a decp excavation was required near the toe of
the dam. As this produced foundation conditions which
were not satisfactory to the design office, exhaustive
model studies werc made to debterminc tihie possibilities of the
sloping apron, which, if properly constructed would regquire
somc excavation downstream from the toe of the dam.

The sloping apron, built above the river bed,
would not have bcen a solution as the jump would not
form on it. With the apron depressed tc obtain the
proper relation to thc tailwater level, the action was
the same as described in Apvendix I. Many tests wers
made to determine the properties of a sloping apron that
would satisfy all conditions.

The first apron investigated (Tcsts 8 & 9,

Figure 6) had a 4:1 slopre with the lowest point at Elev.

490, first with a horizontal sectiorn at the cend and sscond,
with a 6:1 slope upward. Improvement was indicated (Plate
18). The apron was lowered 3 feet with the horizontal szction
lengthened and a trinagular sill placed at thz cnd (Tests 27

& 30, Figure 7). Conditions were slightly improvasd, but the
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A. DISCHARGE 350,000 SECOND-FEET.

|
-

C. DISCHARGE 350,000 SECOND-FEET.

ACTION OF SLOPING APRON -~

B. DISCHARGE 700,000 SECOMD-FELT.

HORIZONTAL SECTION AT END.

D, DISCHARGE 700,000 SECOND-FEET.

SLOPE OF 6:1 AT END.

PRELIMINARY DESIGN.
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excavation at the toc of ths dam was still too dcep. As a
result, the upstrcam <nd of the apron was fixed by the design
officz 'such that the elsvation of the point of intersection
of the 0.7 slopzs on the downstrcam face of the dam and the
4:1 slops of the apron shoild not fall below Hlev. 498. In
order to obtain satisfactory conditions, thercforz, ths down-
strecam end of the apron was lowersed. This was done by lower-
ing the horizonval sscction along the 4:1 slope at the same
time lengthening the apron. Tests werc first made with tha
horizontal part of tho apron at Flev. 487 and a trepezoidal
shapcd sloping sill placad at the end (Tast 31, Figure 7).
ffor a flood of 350,000 sccond-foet, for Thich the avarage
frequency is orce in ten vcare, therc would bc practically

no erosion with *he river bad sxcavated orn a 3:1 upward slope
Acmstream from the end of the apron (Plate 19). Should a
flood occur wiich would reguaire thae full capacity of ths spill-

way with & surcharge of two foet, ziving & flow of 733,000%

sccond-faet, somc erosion wowld taks place (Plate 19, B).
Althousgh the tailwater yproved to be materiaily lower than that
computed, ths scour would not be sarious (Plate 19, C).
However, the tailwater is more likoly to be highor then com-

putzd, esneclally if portions of the cofferdam and the exca-

vated rock sre lefi in the river bottom, producing an

* Dosign Condition MNo. 4, Page 23.
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A. DISCHARGE 350,000 SECOND-FEET. B. DISCHARGE 733,000 SECOND-FEET.

NORMAL TAILWATER.

SHALLOW TAILWATER. D. DEEP TAILWATER.

DISCHARGE 733,000 SECOND-FEET.

ACTION OF SLOPING APRON AT ELEVATION 487.
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obstructing cffect. Also the spillway occupies only part

of the width of the river and some drop is necessary for the
flow over it to sprcad ths full vidth. If the higher tail-
water cxists, the conditions would be much better than in-
dicated by the model tcsts (Plate 19, D). The action of

this form of protection would, therefore, be satisfactory
from the hydraulic standpoint and since its cost would be be-
low any othsr form giving satisfactory results, this general
typc was recommznded for usce on the spilliay of the Wheelsr
Dam.

All the tests lecading to thz recormended apron
werc not thorouzhly investigated. It wWas necessary to ex-
pedite dasigns and only cnough testinz was donc on each type
to investigate its feasibility and obtain comparable data.

A change in crest decsign, “hich provided for 650,000
second-feet through 60 gates, cach 40 feet long, made it
nceessary to furthor investigats the sloping apron.

The relation between th: tailwater rating curve and
the jump-height curve (Figurc 11) for eprons at various clzs-
vations, shows that a levcl apron at Elev. 484 would not be
adequate for flows greater than 450,000 second-feet and that
ona at Elev. 482 would be much better. Thc apron would be
below the strecam bed and th: cnd of the pool would have the

samec effect as a sccondary dam, 14 feet high ith the crest
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at Elev. 428, thus causing the jump to form mcre easily for
higher flows. A study of Figire 11 and a consideration of the
depressed apron resulted in the horizoatal part of the aprcn
being lowered to Elzv. 485 (Test 35, Fisure 7). This did

not give satisfactory ressulis (Plete 20, A) and differcnt sills
were tricd (Tssts 36 & 37, Figure 7) to improve conditions.
Very little difference was noted (Plate 20). The flat part

of the apron was lowsred to Zlev. 484 (Tost 33, Figure 7)

and a 5-foot trapozoidal shapzd sill with a l%:l slope on

the uvstream face was placed at the znd. Considzrable im-
provement was ncted (Plate 20, D) but no factor of safety

was provided for the mazimum discharge (Flate 21, A) and it

T -
L3NE

was deemed necessary o provide more pool zth. One method
mould have been to lower =nd léengthen the dovwnstream snd of
ths apron; anciher, to lengthen the horizontal portion of the
apron by moving the sill farther dovastream. Either would

-

have accomplished ths desired results, brt ~onld have natural-

[0

ly increased thiz cost of protection and a mure economical
mecthod was souzht.

The pool was lengthern:zd by flattining the sloping
part of ths apron =2nd using a larger radius from the face
of %the dzri to the slope. Two sct-ups wers mede on an 8:1

sloping apron and thz results compearcd with thosc obtainsd
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A.

3-FOOT SIIL WITH &:1 SLOPE.

C.

B. 3-FOOT SILL WITH 1l:1 SLOPE.
DISCHARGE 650,000 SECOND-FEET.

5-FOOT SILL WITH 1:1 SLOPE. D. 5-FOOT SILL WITH 1%:1 SLOPE.

DISCHARGE 650,000 SECOND-FEET.

ACTION OF TRAPEZOIDAL SILLS AT END OF AFPRON.
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PLATE 21

A. 27-FOOT RADIUS BUCKET - 4:1 SLOPING APRON.

B. 43%-FOOT RiDIUS BUCKET - 8:1 SLOPING APRON.

C. 77.6-FOOT RADIUS BUCKET - 8:1 SLOPING APRON.

ACTICN OF SLOPING AFRONS - DISCHARGE 650,000 SECOND~FEET.



on the apron with the 27-foot radius bucket and 4:1 slope.
The first 8:1 sloping apron had a 43.5-foot radius bucket
(Test 48, Figure 8) and the second had a 77.6-foot radius
(Test 49, Figure 8). A comparison of the results (Figure
12 and Plate 21) shows that morc water was retained on

the apron with the 43.5-foot radius which resulted in
slightly less erosion. However, this particular set-up
mould not satisfy tac foundation conditions stipulated by
the design office 2nd a cormpromise resultecd betwecen minimum
excavation and best hydraulic conditions. The 8:1 sloping
apron with a 77.6-foot radius bucket with the horizontal
part at Elev. 484 was adopted with ths type of sill at the
ond of the apron subject to change.

The necessitiy of a sill on an apron, for discharges
other than those for which the hydraulic jump would form
iithin the length of the apron, 7as rzvealed by the initial
tests on the sloping avron (Plate 22). A sill allovws a con-
siderable shortecning of an apron which reduces the cost of
excavation in any case. The cost of material in the sill is
balanced by the saving in thc longth of apron.

Wumerous sille, some of which were used in the
preliminary tests, Ticre investigated to improve thec hydraulic
conditions in the stilling pool and give the necessary factor

of safety for the maximum flood. The first, a triangular

_®g_



PLATE 22

A. DISCHARGE 700,000 SECOND-FEET.

B. DISCHARGE 700,000 SECOXD-FEET.

C. DISCHEARGE 350,000 SECOKD-FELT.

LCTION SHOWING NECESSITY OF SIlL AT END OF APRON.
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sloping sill (Teste 27 & 30, Figure 7), was umsatisfactory
because of the sharp corner on the downsirzem top cdge. This

conGition was muc

cxsuadineg the s5ill a shorw
distancz horizontally dovmstrcam thus forming a flat top
(Tost 31, Figure 7).

Sills 3 feet high (fests 35 & 37, Figurc 7) with
differeat slopass on the upstrzam face were tested (Plate
20, A and B). “these wsre found insdequate from the stand-
point of erosion and thz neigat of the sill was incrcascd

to five fest (Tests 3

(97
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reducad crosion vt avparently produced lage dosirablie hy-
drzulic conditicns {(Plate 20, C and D). 4 close study of
Plate 20 shuws that, in the case of the smallcer sill, ths
river bad was zsroded to such an extent thot tiie cffective
length of tho pool vias incrsascd and thus allcowicd a betisr
formation of the jump. As in the case >f tho smallar sill,
tests wiows mads on sho 5-fout sill with diffsrent slopes on
the upstream face. Visual tests prov cd that the l%ﬂl slop-
ing sill gave bettor surface conditions than the 1:1 slops
(Plate 20, C and D) 2nd rsducad the ercsion from bhat with the
2:1 slepse. It can be ncicd alsc (Plzte 20) that in all cazses
the jump 1s very imperfoet ot the maximam discharge. This

~ould indicate thz nocessity of langthening the apron. Bocecause
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of the remote possibility of the occurrence of thc maximum
flood and the slight erosion czused by it, the cost of length-
ening thc apron vias not justified. It Tas folt that any
improvericnt must bc madc by the uszc of an auxiliary structure
at tho cnd of the apron, such as a sill or baffle.

Mr. Charles H. Paul suggecsted excavating on a slope
at the znd of the apron and paving to thc river bed at Elev.
498, Scveral slcpes Werc tricd with the 4:1 sloping gpron
(Tests 50 to 54 inclusive,'Figure 8), but non> were satisfac-
toery from the hydraulic standpoint and in all cases construc-
tion would have been more expensivz than the 5-foot sloping
(trapezoidal shape) sill.

With the 1:1 slops and maximum discharge, a very
imperfcct jump wes foried noar the cnd cf t:e apron (Plate
23, D), but it was th3 cnly slope that kept the jump on the
apron for 211 discharges. Tho ncetion wWas very poor with a
flow of 350,000 sccond-fect (Plate 23), and, clthough it
seemcd rawcre satisfactory in scme respects then the 8:1 slop-
ing apron 7ith a 5-fcot slcping sill, its action was prccarious
since a change in sleope from 1:1 to 1%11 precvented the Jjump
from forming on the apron ot maximum discharges (Figure 13).
There was riore Water in the pool with the 1:1 paved slcpe than
with the 5-foot sill, giving a morc effcctive cneorgy dissi-

pation with less scour (Figurce 14).
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A. DISCHARGE 150,000 SECOND-FEET. B. DISCHARGE 350,000 SECOND-FEET.

C. DISCHARGE 500,000 SECOND-FEET. D. DISCHARGE 650,000 SECOND-FEET.

4:1 SLOPING APRON - NO SILL.
ACTION WITH PAVEMENT ON 1:1 SLOPE FROW END OF APRON TC ELEV. 498,
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was tested to determine its effect upon the cction .:f the
sloped pavcment. Rgsults on the 1:1 and the l%tl slope Twere
practically th: same as for the 4:1 sleping 2pron cnd the
complete set uf tests was not made.

The advisability of excavating and paving on a
slope upward frowm the top of a sloping €111 to the river bed
was investigated. A 3-foot sill with o 2:1 sloped pavercnt
was first tried (Test 59, Figurc 8) but the jump feiled to
ferm on the apron ot flows as luw as 430,000 second-feet
(Figure 16) and the pavenent slope was changed to 3:1 (Test
60, Figurc 8). The conditizms wers samevhat improved with a
very imperfect jump forming at a discharge of cbout 485,000
second-feet (Figure 16). The 3-foot sill was replaced by a
5-foct 8ill and both slopes (Tests 61 2nd 62, Figure 8)
were tested. The conditiocns with thz 5-fcot sill were less
desirable (Figure 16).

With the l.wer sill and the 3:1 slope, more excava-
tion was requirsd and the pool size was increascd (Figure 16),
thus allowing the jumpn to Torm on the gpren for larger dis-
charges thon ony of the usther set-ups. 4 difference in hy-
draulic conditi.ns at mediwa flows was apparent (Platc 24)
and becerwo muore proncuncad as the flouw increesed. With a
discharge of 650,000 sgeond-feet and the teilwater dopth to
give a satisfoctory jump on ths apren, tha same differecnce
was noted (Plate 25)., The high sill and the shorter pcol

=90 =



A. PAVEWENT CN 2:1 SLOPE. B, DAVEEENT ON 2:1 31LOPE

5-FOOT SIIL - DISCHARGE 350,000 SECCKND~FEET - NORii4iL TAILWATER.

C. PAVRELINT ON 2:1 SLCPE. D. PAVEMEKRT ON 3:1 SLOPE.

3-FOOT SILL - DISCHARGE 350,000 SECOND-FEET - NORWAL TAILWATER.

ACTION ON APRON WITH SLOPING PAVEWENT FROW TOP OF SILL TO RIVER BED.
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A. PAVFXMENT ON 2:1 SLOPE. B. PAVEWENT ON 3:1 SLOPE.

5«FO0T SILL - DISCHARGE 650,000 SECOND-FEET - HIGH TAILWATER.

C. PAVE.ENT ON 2:1 SLOPE. D. PAVELENT ON 3:1 SLOFPE.

3-F00T SILL - DISCHARGE 650,000 SECOND~FEET - HIGH TAILWATER.

ACTION ON APRON WITH SLOPING PAVEMENT FROM TOP OF SILL TO RIVER BED.
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Plate 25) and it was tho

this tyre of protection was
not as satisfactoryv as thzs sille alone because they éid no%
allow a natural retrogrezsion of the river bed necessary to
form a good jump.

A natural retrogression c¢f the river bed was proven
essential to the Fermaticn of a satisfactory jump on the apron,.

The diffuser

\,4

twvpe sill had proven so effeciive on the Grand
Coulee model that tests were ads to cbtain the proverties
of such a sill for the #hecler avron.

The diffussr sill was macde up of numerous diverg-
ing chambers iun which the arca of ¢xit was greater tran ths
areca of ocrtrancc thus simulaiing thiz action ¢f a draft tube

and causing a decrcasc in tne velociiy of the water as it

passed through the chembors. Part of the stream of water is

S

turned upvard and backward by bthe chaw

walls formingz a roll
on thz apron (Platc 28). Thie roll impinges unon and tonds

to reducz ths velocity of the inflowing shecet. Also, the
impingement of the jets issuinz from thc chamber sxits re-
duces thz veloecity, aiding in tho dissipation of th. contained
energy. Probably the most usceful featurc of this type of sill

was the distreibution of velocities in the tailwater downstrecam.

The highsr vclocitivus weore near the surface and the lower along

-103-



A+ DISCHARGE 350,000 SECOND-FEET. B. DISCHARGE 650,000 SECOND-FEET.

n

7.

LARGE DIFFUSER SILI.

DISCHARGE 350,000 SECCND-FEET. D. DISCHARGE 650,000 SECOND-FEET.

SMALL DIFFUSER SILL WITH CURVED UPSTREAM FACE.

ACTION OF DIFFUSER SILLS.

93 IV



the river bed which causcd a formation of currents such
loose matcerial was deposited immediately below the sill L.
only slight erosion at a considcrable distance domstrean.
The above characteristics apply to all diffuser sills with
their effectiveness depending uvon the efficiency of design.

Different sizes and shapes of diffuser sills
(formerly called breaker blocks) were tried. The first, a
1l4-foot sill with curved upstream facz and top at Elev. 498
(Test 58, Figure 8), gave good hydraulic action (Plate 26,
A and B) and slight erosion (Figure 17). The sscond, a
H-foot sill with curved upstream face and top at Elev. 489
(Test 63, Figure 9; Plate 26, C and D), caused considerable
increase in erosion (Figure 17). Scme improvemsnt over
the 5-foot sloving sill was noted in the second case (Figure
18). The upstream facc of the sill was made vertical (Test
64, Figurc 9) in an attempt to improve the conditions. More
impact resultcd and slight improvement was noted {Plate 27,
A and B, and Figurc 19) but the inereasced impact was undesir-
ablc and further studies were mads=.

A comparison betwecen the sill described abowve and

the 5-foot Rehbock dentated sill was madec (Test 65, Figure 9).

Conditions ware improvs3d (Figure 19) but since this sill

-105-



A. DISCHARGE 350,000 SECOND-FEET.

B. DISCHARGE 650,000 SECOND-FEET.

SMALYL DIFFUSER SILL WITH VERTICAL UPSTREAM FACE.

C. DISCHARGE 350,000 SECOND-FEET.

DIFFUSER SILL OF FINAL DESIGN TYFE.

ACTION OF DIFFUSER SILES.

D. DISCHARGE 650,000 SECOND-FEET.
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A

UDPSTREALL SIDE VIEW.

C. UPSTREAL VIEW.

DIFFUSER SILL WITH FLAT TOP.

CAPPED DIFFUSER SILL.

FLOW LINES AS SHOWN BY PAINT TESTS.

B. TOP VIEW.

D. DOVRSTREAL SIDE VIEV.
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depends upon dircct impaet for its acvion and requirses cx-
cessive excavation, it was considcred undesirable.

No considecration up %o thig tirc had been given to
obtaining an agrecment betwecn the spacing of the diffusion
chambers and the spacing of the contraction joints in the
dam. With a contraction joint spacing of 45 fzet, a sill
8 feet high with top at Elov. 492 (Tewt 71, Figure 9) was
constructed *to prowvids s2ven chambers between the contrac-
tion joints. Tais sill gave very good hydraulic and erosion
conditions, but raint teosts indicated ths orescnce of a low
pressure area on top of the walls (Platz 23, A and B) and
cape were added (Test 72, ¥isure 9) to eliminate it. The

ceps nrcduced no anparaznt eiffccet on the aydranlic conditions

5}

and paint tests indicated that no vscuum was vrescent (Plate
28, C and D)., Although tho sill was very effective, it was
th.ught to be more than adecquate and a smaller sill with

3

nine chambars betwsen contraction joints (Test 73, Figure

10) was trizd. A comparison (Plate 27 C and D and Plate 29)
shows that while tac action is not as desirable as the higher
sill, it is vory effective and thz difference in crosion

is slight. Profiles of weter surface znd rivsy bed (Figure 20)
show these conditions. There was also a ncted improverient over

the 5-foot sloping sill (¥isure 21) and the diffuser sill was

-111~



A. DISCHARGE 150,000 SECCND-FEET. B. DISCHARGE 350,000 SECOND-FEET.

DIFFUSER SILL - FINAL DESIGY.

- C. DISCHARGE 500,000 SECCHD-FELT. D. DISCHARGE 650,000 SECOHD-FELT.
DIFFUSER SILL - FIMNAL DESIGI.

ACTION OF ADOPTED DIFFUSER SILL AND SLOPING APRON,
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recommendsd for use on the Whecler apron.

After its tentative adoption, tcsts were madc on
the sill to eliminate any undesirable features that might be
presont. Paint tests were made and results comparablec to
those for the high sill were obtained (Plato 30). Profiles
of water surface and river bed werc taken which show (Figurc
22) a comparatively smooth tailwater surfacec and slight
erosion.

The tailwater elevation for which the jump failed
to form on the apron for various flows was obtained (Figure
23). It was found that for discharges up to about 500,000
second-feet, the jump could not be made to swesp off tho
apron. At higher flows it would not fail to form except
with abnormally low tailwater. The jump alrost fails to
form on the apron for thc maximum discharge with the tail-
water at Tlev. 509.5 or 2,1 fect beclow normal. A greater
factor of safety was also obtained by using the diffuser
sill,

Piczometers werc inctalled (Figurc 24) to verify
the existence of ncgative pressures within thz sill chambers
and to determine the impact on the chamber wall. Those
openings were connccted to glass tubes mountsd on a graduated
board outside the flume to which the cocnter of each opening

was referrcd. With stecady flow conditions, rcadings to the
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PLATE 30

A. UPSTREAL VIEW.

B. DOWISTREAi SIDE VIEW.

C. TOP VIEW.

FINAL DESIGN DIFFUSER SILL - FLOW LINES AS SHOWN BY PAINT TESTS.



5
s

490,

. // ‘ e il T’ B . R ,A . , b L
S S 73,00 N NN i | '
520 ( do Run No. 4, |04650,00q c.f.s) . S R B
- ‘ - wel L Lo L L |
1 T = a Rk Sy > ey ;
. B T SR IR B N 5 it S B N N R : ST T
500 . \\h.____‘ L ,_,,:’1;/ S T s . oAl [ e
g I =

- 4801 -

\ ) 500|

‘ : . ; i ; 1
NP2 B _ AN N Y I D 4
~ 1e® : : : : - o 5 | i i »
L : ; * " f ' i ! :
520] ( ~{Run Mo. 3. |Q=5Q0,00Q c.f.s.l.i L i o | oo bt
o : ; | i L] o
j T Tw Y [ f i i-
- 810 \ . ‘ Ce 7&4?‘."‘ B — e T R e N B ¥ -
\4\ : ,;; A . -
. D ~ . R L B gl I *_ RS NP IO I .
. N s i et b T T
i D ! J -t 3 o . .—-—?A/ : ]
- 490+ L . . — — — A" e RPSHY S SO B ;
m s ~_$\‘.\k, t : T
. 430 . N\, i - ' - o
Z ‘@// L : . . 5
o & ‘ : :
Lso0 ( . * . .{Run No. 2. Q=350,000 c.ts - S B -
@ , ) .! ;
jw \ ‘ ; ' '
sto) N - b b g V.V,§(,__;_____ b - i
\ : _.474’1 ; T e =
- gy . V
' \ B e '—q—_.s._*_.u.._emf/', - . .
. - — "‘ 3
TR s (0
-480 Ve
+ ]
R ‘
t‘
520 { Run fllo.l. |Q= 150,000 c.fs.
510 \\ ,
s09) ¥:<-— == ““ —t ] Original river bed —# :
|
4s0 :

480

e
1

o A I e Voo
§: RN ‘ ;

VO : [T 18
‘ Dfls?;Ncg? FROM UPSTRE

0 . 240

e

Drnfilo

Af

EXPL

tor citrfnna

slopin

Test
apr|

No. 49. A
on .at jeleva

nnd _» J-1d h d' nn al ¢ “cujflfgr

776 £}. radi Js,buike't .ujxh;au
ion 484, Trapezgidal gill: af

DEPA ‘of

end o

—_

f apry

Tast

No 78, A

76 ft_radihs budket J;mj 81

BUREAY OF AEC|
FENNESSEE VALY

HE § 10R

MATI !
Y AUTHORITY

| WHEELER

N

s

slopin
Final {

apr

bn a1 |eleva
at end of

ion 484, ,le'fu.ser;sil_‘gf
apron

STILLING..POOL G

DA
ARAGTERISTICS |

el SuB(MITTED.

Hesign

TRACED.D. § Y...RECQMMENDI

T

. |cnacren. 22 appRovED

1 .4 hn? ...
"7 J|fr-Cociws Cocdl 77233 12321D-79)



e O BT Y Y
i

ISR N B85 & L

I
R A
Y 1]

T
T
I
4 T
dmraa g .1\_[; -
TP

HT NH

“_i i

RENES

thiﬂ_m »Hd

- l,,

B e S

1t -

iHit

L
L

T4

b

g aﬁg T

B

% .

|

TT

e

o o
L

[}
s
FE

=t

S SR ; ==

SN

141“1.

+H



FH-

R

Fle. 23

uﬁv‘
eI REE
FTTI



T 5
¥ -
=
- L]
A - BN
L= ' B i [
pe ST | T “ SN il
e e R Tt
Plai A/ e T L/ — . r\: - . .g
ot LD LR ghe!A
pis” ~ { . .} I BILIN
///4/ /P/ L~ Q‘-:- : sg

Q
= = - f’:
3 T\l\\ &z, }_ ?
Q : . . . :
n
[l

/
—
d
)
lé’
<};
PRESEURE FE.

[ ;
(R B S ?
g ; i i
ﬁ ! — - —
c '3b0 “Spho " &do 740 T
ISCHARE E N /v 0/-' UB/E FRET AR SECOND N
1] . l !
i i i
.‘L“ - b %,  — - = i ll,
: j i | : | i
i i : i | ‘ R | *
292 : e I S il el ol IS I l N : : i _:
Lo Lo Lol Lty s deinsbarsida ! ding o] '
=00 » K ‘
B H B
| ! | i
288 e
4% "ca_lqg I N RV ___L_J_ TR T T :_/-"L \l L | [ l_v,_ ! 1
<86 I : S
M o — B Rrom
-9 E \ L -LX 1 X | i a2 EE Ty
289 . T - TS T T e} T8 ¥ w
o1 RERRANAN A4 N e e
/da 105 (L 7;? ‘ 1
Orstance FRbar WPsTREA e ]
G
4 | SIS SEEEE S SN il Y, TLAR b e ol I




thousandth of a foot were made, which, when referred to the
piezometer opening, gave tho pressure at that point on the
model in fest of water. These results were coaverted to pro-
totype pressure by ths equation

H, = Hy 0 where N = 36.

D
The prototype pressures :Table 1 arc plotted on Figure 24,

Some of the pieczometers were located in pairs, at ths same
relative position on cach wall of the chamber, and the average
reading was uced in plotting the results.

With a flow of 650,000 sccond~feet, z very slight
negative pressure was found to occur on the walls at the
entrance cnd of tho chember. Results showed that with the
smaller discharges, s pressurc cxisted at all piezometers and
that as the flow incrcased the pressures increascd or decreased
(Figurc 24) depzsnding upon the action of the water at the
piczometer opcning. The draft tube action was substantiated
by the gradual increcese in pressure from ths entrance to the
exit of the chomber. <Comc impact by the inflowing stream wWas
recorded on the upstrcam cnd of the chambor walls.,

As & Tosult of the extensive studies on tho stilling
pool of thc Whecler model, the sloping opron (Test 73, Figure
10) with a 77.6-Tfoot radius bucket and 8:1 downward slope to

Flev, 484 z2nd 6.5-foot diffuser sill at thc end was adopted

as the final design.
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TABLE NO. 1

STTRT S [z \RTQ T R MOV N ) T
N dLk

SUMMARY OF DATA AND TRANSFERENCS CF RuSULTS - WIIEELER DAY

Diffuser Sill Pressures

1

Fressures in Feetv of Water

i SSp— AR

! { Run No. 1 | Run Noe 2 : Run oe 3 i Run Ho. 4

e i - | =B i ! { = .
{Piezometer! §=150,000 |  ©=350,000 i Q=500,000 I (=650,000 Plezometer
! Humber iodel i__ProtoJ slodel ; Proto {sodel j Protoj kiodel i Protc | Elevation

. ! ' - !
10,3913 | 14409 | 0.1847 | 6.65|0.1365 | 4.91 f0.0443 | 1.59 | 485.72

i |
- % | :
2 | +5656 ;20436 6008 | 21.83 | 6366 | 22452 | 48696 | 24.11 455.01
i3 44066 | 14.64 .1958 | 7.05 i .0844 | 3.04 [-.0664 i- 2,39 485467
bog | .3059 |14.25 | .2889 | 10.40 | .2299 | s.28 | .1429 | 5.14| 488.11
i 5 i «4738 | 17.06 4154 | 14.95 | .3828 [13.78 | .5248 | 11.6¢ 486428
I P.5086 | 14.17 «2856 ] 10.28 | 42166 | 780 | 41266 4456 488416
(- i «4120 | 14.83 <3795 | 13.64 | <3500 | 12.60 | 3050 SwS8 483472
8 | «4484 | 16414 4150 | ldeod T 03864 £13.91 [ 3374 | 12.15 487,59
9 | +4116 | 14.82 3700 | 13.52 | .3360 [12.10 | .2210 | 10.48 488472
| 10 [ 7045 Y25486 .9905 | 35.66 | 1.1031 | 39471 |1.2355 | 44.48 484487
b 11 $6477 123432 | J9497 | 344192 [1.0923 | 39.32 {1.2707 | 45.75 487403
12 5133 18448 | 47369 | 26.53 | .8727 | 31.42 11,0187 36437 | 489,04
F 13 4149 [ 14495 | o5203 | 18473 | <8007 [21e65 | «7O77 f 25448 489465
Io14 «5703 |20.55 | .7953 | 28.63 | .9343 | 33.63 {1.0883 | 39.18 488416
15 6367 122492 | 8581 | 30489 | 9721 | 35.00 }1.0831 } 38.99} 486.28
1 |




B. Intermediate Training Walls.

The length of the Wheecler Dam is such that it would
not bec logical to opecrate ths sixty gates individually, and as
a result thcy were divided into sets of five gates each. In
the operation of these sets, cross-currents would bde cncountered
in the stilling pool when ths gate opening of adjacont sets
wias diffcrent. It was for the purpose of facilitating the
action in the pool that thc intermediate training walls wWere
included in tie design of the dam. These walls were located
dovnstream from every fifth picr and extended at Elev. 505.0
to the end of the apron (Tcet 66, Figure 9). The necessity
of the walls was guestioned and tests Wworc made to detecrmine
thcir fsasibility. The results from the wmodcl used vwhich re-
prescnted only 108 feet of tha prototype spillway indicated
that thie quastion wonizld be satisfactorily answered only by
tests on a model representing a length of spillway containing
at lecast thres sats of gates. Tiace tests were made with the
assumption that all gates cxcept one set at the cnd of the spill-
way were discharging. Thec reason for such an assumption was
that it gave the vorst conccivable cross-currents causcd by
the high hecadwater and low tailwater. Photographs of the

action of the wall (Plate 31) and of the position of the
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A. IKTERMEDIATE TRAINING Vall. B. DISCHARGE 350,000 SECOND-FEET.

C. DISCHARGE 500,000 SECOND-FEET. D. DISCHARGE 650,000 SECOND-FEET.

ACTION OF INTERMEDIATE TRAIFING WALL.
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gravel after cach run (Plate 32) indicated that at all dis-
charges, water flowed from the static side over the wall and
into the jump on the other side. This action had very littlec
cffect at the lower flows, but proved undesirable for the
larger floods, in that the jet croded just downstream from the
end of the wall (Plate 32) and a whirl on the apron helow the
closed set piled a considerable amount of sand on the apron.
Tests werc not mede with the final design but it is reasonable
to believe that the action would be improved with the usc of the
diffuser sill. In fact onz of the rcasons lzading to the de-
sign of the final diffuser sill 7was an cffort to climinate
the possiblec undesirable cross-currents in the stilling pool
caused by an unbalanced operation of the spillway gates.
The possibility of an sxtrcms unbalanced condition ocecuring
with the larger discharges is very rcmote, thus only the action
at lower flows necd be seriously considercd. This action would
be irmediately climinatcd as soon as the closed setswere allowed
to discharge. The recsults would indicate that the walls sta-
bilize thec unbalanced condition cf high hcadwater and low tail-
water, thus aiding in simplifying thc gatc opcrating program.
To design the wall to withstand the differential
pressures existing, vhen tho gatcs cn orne side of the

wall were discharging and those on the other side were
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A. DISCHARGE 150,000 SECOND-FEET. B. DISCHARGE 350,000 SECOND-FEET.

C. DISCEARGE 500,000 SECOND-FEET. D. DISCHARGE 650,000 SECOND-FEET,

ACTION OF INTERMEDIATE TRAINING WALL.
POSITION OF GRAVEL AFTER RUN.
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closcd, it was nocessary to obtain the pressures which were
not obtainable excent by mndel studies. Piszometcrs instal-
led at intervals along cach side of the wall (Figurc 25)

were conrected to glass tubes mounted on a graduatsd board
outside the flume to which the center of cach opening was
referrcd. With stecady flow conditions, readirgs werc mads
wnich, when referred to tho niczometer opsning, gave the pres-

r

sure at that noint on the model in feet of watesr. Thesc re-
sults were converted to prototypc pressurzs by the cquation
whoere N = 36,

The prototype pressures (Table 2) are plotted on Figure 25.

The prescsure crerted on the static side was due to
the tailwater elevation while that on the kinetic side depends
upon the formation of the jump. It is obvious (Figure 25),
that as the dischargs increases the jump moves toward the end
of the apron causing a greater differcntial pressure. Tho
safety of thc wall would be increcased in the final desigr as tha
diffuscr sill holds more water in tho pool which increases the
pressure on the kinctic side and decreases the differential
pressure.

C. Piers
During the entire set of tesits on the action of the

stilling vpool an undesirable condition of flow occurred dovmn-

stream from the swillway piers.
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NEES

TABLE NO. 2.
SUMMARY OF DATA AMND TRANSFEREINCE OF RESULTS - WIEZLER DAM.

Insermediate Training Viall Pressures.

— Pressures in ¥est of Vater 3
" Run No. 1 " i My & i _Efn_\?o_.“ﬁ__ . Run No. 4 |
Piezemeter e Q=150 OOO § =350,000 ==500,000 i Q=650,000 I Pizzometer
Number Model i Proto. Model ;Proto. | Model I Proto. i ¥odel i Proto. Fievation
_____ i ; ; I ‘ .
1 ; 0.00186 § G.06 | 0.0114 0.41 | 0.0E38 i 1,94 10,0720 ! 2459 519.46
! 2 | .0012 | 0.04 | .0820 2423 1472 | 5.30 | .2004 7.21 507/g6il
@ 3 00924 | 3.33 | .0682 2.46 -1328 | 4.78 § .2090 7.52 497,79
4 «3104 | 11.17 | .2036 7e51 | 1504 6.71 i .25C6 9.24 491.02
5 «2946 | 10.6 «2033 734 <1752 6.31 | .1558 5.60 491.67
8 Jozes- T 1196 .2512 9.04 | .2580 | 9.29 | .2866 10.32 491.60
7 B0 | Uz67 03164 [11.39 | 3152 | 11.35 | .3448 | 12,41 491.56
: 8 3832 | 13.80 4032 [ 14.51 ! 4238 | 15426 | .4602 | 16.57 491.60
9 AP R <4360 14.67 | 4408 | 15.87 [ 4740 17.06 491.63
10 ! « 3800 ! 13.68 | .4138 14.90 | 4422 18,17 | %798 17.27 491.70




The originel design on the piers had a flat face
on the downstream side (Figure 9, Test 78). The streams
from the adjacent gates came abiuptly together behirnd the
piers and formed a fin shapzd Jjet ncar the FP.C. of the bucket
(Plate 33, A and B). This condition was intensified by th
tendency of the strsams to filatten as they flowesd down the
face of the dam and by the centrifugal action in the bucket.
At the larger discharges, the fin-shaped stream continuesd a=
cross the apror above the sill and slightly eroded the river
bed. The stream interfored with the formation of the jump
on the apron and produced an intermittent boiling coffecct domi-
stream from thc sill (Plate 33 A). Visual tests indicated
that the elimination of this fin would »reveunt these undssir-
able conditions. Scveral alterations were made and a satis-
factory design was devcloped. The alterations were made on a
single pier as this expedited testing and at the same time
geve a compariscn with the original design. In nearly all
photographs the original and altered conditions arc showm.
In each case the pier to the left is the altered once.

The first alteration (Test 78, Figure 9) was the
use of a 5.87-foot radius in the horizonval planc on each

side of the sloping part of the pier nosc. Considerable
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PLATE 33

A. TOP VIEW- B. DOWNSTREAM VIEW.

ORIGIWAL DESIGN -~ DISCHARGE 500,000 SLCCLD-FELT.

C. TOP VIEW. D. DOVNSTREA: VIEW.
ALTZRATION XO. 1 - DISCEARGE 500,000 SLCOLiL-FLLT.

ACTION ARCUND DOWNSTREALl NOSE CF FPIER.



improvement was noted (Plate 33, C and D) and the size of ths
fin was matcrially rczduced.

A second alteration (Test 78, Figure 9) was the use
of a 36.5-foot radius in a plane perpendicular to a line
through the dommstream face of the pier at Elev. 545 and per-
pendicular to the surface of the spillway crest. The fin was
noticeable only at high flows and all undesirable conditions
wers ecliminated (Plate 34, A and B). The fin of water was
lowered to such an cxtent that it was practically eliminated
by the sill and no srosion occurred.

Altcration No. 3 (Test 78, Figure 9) with a 64.3-foot
radius in the same plane as Alteration No. 2 produced no ap-
parent improvement (Plate 34, C and D). An undesirable feature
of this design was the undercutting of the pier which reduced
the concrete under the gate hinge.

A fourth shape (Test 78, Figurc 9), designed to
prevent the undercutting of thoe pier, did not allow the streams
to mecet far cnough upstrecam from thie bucket and the resulis
were not as desirable as in Alterations 2 and 3 (Plate 35).
The added concrecte 21 so increased the ccst of each pier.

The improved hydraulic conditions and reduction in
the amount of concrete resulted in the adoption of Alteration

Now 2.
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A. TOP VIEW B. DOWNSTREAL VIEW.

ALTERATION NO. & - ADOPTED DESIGN - DISCHARGE 500,000 SECOND-FEET.

C. TOP VIEW. D. DOWNSTRE:ul VIEW.

ALTERATION NO. 3 - DISCHARGE 500,000 SECOND-FERT.

ACTION AROUND DOWNSTREANM NOSE COF PIER.
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PLATE 35

A. TOP VIEW

B. DOWNSTREAM VIEW.

C. SIDE VIEW.

ACTION AROUND DOWNSTREAK NOSE CF FIER.
ALTERATION NO. 4 - DISCHARGE 500,000 SECOND-FEET.



D. Gate QOperating Program for ¥hezler Dam.

Assuming a flow condition such that only ths power
house is operating, in which case the flood gates would all
be in a closed position, ths reservoir would be at Elev. 555
and ths tailwater surface would be at Elev, 505.1l. Furthsr,
assuming that the gates are divided into sets of five by inter-
mediate training walls, with the approach of an oncomingz flood
there would be a definite limit to which this set of five
gates could be raiscd end a satisfactory hydraulic juup still
form in the stilling pool below. To determine this limitation,
tests werc made on the modzl such that the elevation of the
tailwater and tho gats opening wiere determined at which the
hydraulic jump would satisfactorily form.

With the reservoir of Wheeler Dam maintained at
Elev. 555, or 14 feet abovs the crest, arnd ths tailwater pre-
vailing due to the headwater regulation at Wilson Dam, indi-
vidval gates or sets of gates should not be completcly raised
for any length of tie except in cases of extreme emergsency.

The original plans of the ¥Wheeler Dam provided for
intermediate training walls betwsen ecach set of five gates,
As the inclusion of thase walls was open to question in ihe

design office, gats opsrating programs were studied for the
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conditions which would exist with or witihnout thenm.

(1). Gato Opcrating Program with Intermediatc Training Walls.

In the model studiss of the final sot-up, using
the diffuser type sill, it was detcrmined that a flood flow of
350,000 sccond-feet could be distributed squally through the
entire sixty gates and a satisfactory jump would still form
'7ith a minimum tailwater at Elev. 505.1 which is thc minimum
rogulated hcadwater at Wilson Dam. Thus onc gate could
be allowed to discharge 5,930 second-feet, or say 6,000 second-
feet, and a set of five gatss could discharge 30,000 sccond-
fest and a satisfactory jump would be formed in the stilling
pool, From the Tainter gutc discharge diagram, a flow of
6,000 second-fect per gate will requirs an opcning of 8,7 faet.

With this as & criterion, the folluing program is
suggested in opeorating the Taintor gates vroviding the inter-
mcdiatc training walls arc constructcd: As a flood approachcs,
the first sct of gatcs ncarcst the powmcrhousc should be raiscd
to a maxinrnum opcning of 8.7 feet. With a furthsr incrcase of
flood flow, thc adjoining set of gates can be opencd a similar
amount, and so on across tha dam until the ontirc sixty gates
arc raised 8.7 feet which will provide a flood capacity of 360,000

sccond-feet, With a furthcr increasg in flood flow, gll ths
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gatcs can be opened coapletely as nceded to maintain the rescr-
voir at Elev. 555, The neximun capacity »f 650,000 second-fect
can be discharged with the gates completely opsn and the reser-~
voir allowod to riss to Elav. 558,

(2). Gatec Operating Progran without Intermscdiate Training ¥Wall.,

A program of operation without the use ¢f the train-
ing walls will be morc complicatzsd due to the cross-currcents
e¢xisting in the stilling pool and because the gatec opcning 7ill
be governcd by these cross-currents rather than the discharge
conditions at which the jump fails to form on ths apron.

As previously meantioncd, the nodel represcnted only
a short section of the spillway ond contai:ned but 2.39 gates.
With onc gatc closed and wwith the rceservoir held constant at
Elcv, 555 ~ud the tailwater at Zlev. 505.1, the flow through
the romaining gates was increascd until the hydraulic condi-
tions in the stilling pool became unbalanced such that undosir-
able conditions were apperent. At this point, thco gages sers
read and the gate opening determined., The gete opening, which
wos found to be 3.42 feet, is the naximun amount the gates
could bec raoised without obtaining unbelanced conditions

which might needlcssly cndanger the structure., Whon the
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gates were raised %.42 feet and the tailwater held at ZElev.
905.1, a whirl formcd on the apron duvwnstream from the closcd
gate., Somc erosion took placo below the sill, and rock and
sand wicre washed baclt on the apron. The abrasive action of this
material vhils probzbly not serious would be undesircble in
that it might wear the corners of the diffuser sill when it
washed off the opron as the gate is opened. Thz flow thmugh
all sixty gates, raised 3.42 fest, was cbout 156,000 sccond-
feet as determined frcm the dischorge diagran.

To determinz the amsunt of additional cpening to pro-
vide furthcr capecity one gote was set with on opening of
3.42 fcet, the teilvwater was held constent for 156,000 sccond-
feet nnd th: flow inercascd with thc reservoir at Elev. 559.
Vhen undesireblo conditions were again opparent, the goges
were read as before. 7The gote opening was noir 8.36 fect.
The whirl on the apron was prectically eliminzted ond nz sand
wns apparent aos when part of the gates werec closad. However,
with the low tailwater clevation some srosion took place in-
mediately dovmstream frum the sill and thus limited tiic amount
of the sccond rcise. The flow for ell sixty gates raised 9.36
feet was 386,000 secund-foot.

For the third setting, it was detcrmined tihot ths

gates could be raised completely.
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Assuning that the intermedizte troining walls care
not constructed, the following nrogram of gote operation is
suggested: With the approcch of the oncorming flood, the
Tninver gates should be raised ir sets of five to provide an
opening of three feet. When 2ll sixty gotes are open thot
amount and additional capacity is requirad, the gates should
be opened in sets of five until the opening is 8 feet. To
further incrense the discherge cepacity, the gotes can bo
opened completely. In the event of a small flood which would
not require ~1l1 thc gates to be raised three fest, it is
recormended thot the roisz bo smaller and as mony gates as
fecsible be usecd.

In either casz the gotes should be lowered in re-
versc order to the clevation from which they werc last raissd.
This procedurc should be followed during the receding of a
flood until the initial opening hes been reachsi, at which

time cach sst of gotes cnn be completely lowered as necded.
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E. Tainter Gate Dischargc Data.

(1) Dischargs Coefficient.

"hen the experimental swork on the model of the
#heeler Dam was first instigated, the urgency of obtaining
immediate results led to the construction of what might be
called a "rough" model, constructed with a wooden undor-
structure, which, when subjectod to muisture, swelled and
became distorted in shape. Saue idea of this distortion
can be scen on Figure 26 vherc a comparison is made between
the shape of the crest as dessigned and the shape as it was
tested after being exposzd to water.

For the ealtc of obtaining comparison of the dis-
charge coafficient on such a model as compared to a care-
fully built model, calibration tssts were made itk free
ilow conditions (Table 3) on this so~called "rough" modecl.

Later as time permitted, znd after a gocnsral type
of scour rrotection had bsen adopted, a new model, here-
after referred to as the final nodel, was constructed of
metal with the exception of the redwood crest and gate
niers which werc carefully protected by impregnating with
hot linszed oil and »luminum paint. As in the case of
the "rough" model, discharge msasurcments were made for

the frece flow conditions of ths spillway gates on the final
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rodel (Table 4) and a comparison of rosults was made
(Figure 27).

In the computation of the ccefficient for both
"rough" and final odels (Tables 3 and 4) the head on the
crest was corrcctsa for velocity of approach to obtain com-~
parable ceefficient data not only betiicen the two models but
with similar data from outside scurces.

The chanuncl apovroach conditicns in the final model
were made to comform to thosg at the dam site by placing a
false floor at Eleve. 498 in the »udel flume so that the ve-
locity of anproach would be correct, Extecnsive tssvs weore
then madc to cbtain sufficient datz with vhich to coustruct
discharygs cosfficient eurves for (1) Pree flow confi tiens
%ith adjacent gatss dischorging, (2) fres flow conditions
with adjocent gates closed, (3) the Tainter gatecs with
adjccent gates discharging, and (4) the Tcinter gates with
adjacent gates closed.

So far as is known, no exberimental wwork has been
donc on & Teinter gate used in conjunction with an -gce
crest. An effort was made to obtain sufficient data from the
nisdel such that o general equabtion for discharge through
Tainter getas could bz evolved. Several tgsts werc mede on
the first mzdel, which, although incomplcte, aave been filed

with the complete dasa frum the final model and will be use
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in the futurc as ting permits in an atteapt to derive a
general equatione Study haes already bocon done to some cxtent
in this effort but the results have indicated that such an
analysis will bg scmewhat difficult on acecunt of the large
number of veriables prescent, such s the shape of the crest,
the curvature of thc gates, length of gotes, position of gate
hinges, gate opening and head on crest.

This apparcntly fruitiess effurt to derive a
general cquetion 6id not prevent o sctisfactory enalysis
of the obscrved data in its application to the particular
case of the Whesler Dom and the entire solution wos approach-
cd Inpgh=1| ISrahtl.

In the case of free flow conditions with cdjacent
gates open, the semc data (Table 4) was used 2s in the conm-
parison between the discharge conefficicnts on the "rough®
model znd the final mwdel, cxcept the deta was not corrected
for "velocity of apprcach” (Table 5). The effect on the
coafficient of discharge (Figure 28) with the adjacent gates
closed (Table 5-A) can be ascribed to the variation of the
velecity of approach £nd the unsuppressed ection with one
gete only discharging.

The coefficient of discharge data (Tables 6 and

6-4) for the Tainter gates was acquired in a simila
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manner to that for free flow conditions. ‘The results
are more extensive due to the necessity of cobtaining suf-
ficient data to construct curves to provide for a vari-
able reservoir surface and a variable gate openinge.
This was accomplished by setting the gates at a nre-
determinsd opening ond measuring the flow of water required
to give a ccrtain reservoir clevation. These resiilts were
plotted (Figures 30 and 31) to obtain smocth curves so that
interpolations couid be made in the construction of the
discharge diagram.

The characteristics of the coefficient of dis-
charge, Co, in ths orifice fornula

Q = 2/5 oL (28)% (H3/2 - HT3/2>

are snown on Figures 29.

2. Discharge Diagram.

Tainter zate discharge diagrams for adjacent zatcs
discharging (Figure 32) and adjacent gates closcd (Figurs
33) were construct2d by using the coasfficient of discharge
curves for free Tlow conditions (Fieure 28) and thc Tainter
gate discharge curves (Figures 30 and 31). In the casc of
the frec flow conditions, thc valucs of haad/and coefficient
of discharge werc rcad from the curves and thz discharge
cuantity computcd in Tables 7 and 7-A. The Tainter gate

opcnings and discharge guantities for a giwen reservoir
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elevation, read directly from Figures 30 and 31, are rccorded
in Tables 8 and 8-A.

While the accuracy of the discharge diagram may
be affectcd slightly by the rclatvively short section of
spillway recpresentcd by the model, it is believed that the
degrec of accuracy is well within the limits of experimental
error and as accurate as can bz obtained by ficld tests on

the prototypec.
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FIGURE 26
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TABLE NO. 3.

SUMMARY OF DATA - WHEZSLER DAM (Liodel).

Discharge Coefficients for First Model.

it 2 2 4 5 - i 7 . 3 e 10 1
Test i Head Area Observed | Velocity g ; Velocity | Total i i
and on of Quantity ! alil ! i Head Head ] |
Run Crest | Approach | Qg | Flume ! | "me | I | |
No. = R(EEER) (moafBal | lektiue ;1 (£t/s8es) i ¥ | {reet) |} (#eet)]l HS/Z @

I ] : | | |
32-2 ! 0.1139 i G2l 0182155 ! 0.0532 ! 0.0028 - J.1139 I 0.0335} 3,176 |

3 . 1849 ! 5,33957 FARPIE | oAkl 56 i .0128 0.0002 «1851 SO RBRETE
4 2572 6.5226 L2279 3 «1883 1 +0355 .C008 C2D) (/&) «1308 5o BILEINE
5 | 3078 | 5.7044 1.6445 |  .2453 | ,0502 .0009 3087 AL BubEe |
€ : BB 85,8879 2.1646 | o5 i 0994 l .001.5 «3638 | 2194 3,701 |
7 i «3924 6.9582 2.4701 «5HE0 i 1280 .0020 | .3944 .2477; 5.741l
8 4433 7.1109 55 024 4203 | @U8Es 0028 | .4461 «2930 { 3.808‘
Q ! SRR 7.3281 3.9000 | o DA i 2332 .0044 | o201 NSL | 5.901,

10 0724 5.9982 0.1569 (262 i .0007 - ! 0724 «0195: 3,019
! i

I
!

!
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SUMEARY OF DATA - I

TABLE NC.

4.

iSELER DAM (Model).

Di=charge Coefficisnts for Final Xodel.
] e [ = l 3 i 4 i 5 i 6] ] 7 H 5 ; 9 : 10
FTest | MHead | Area |} Observed ; Velocity j i Velocity | Total |
and E on : of | Cuantity | in |  Head | Tead I
! Run Cre s‘t | Approach | Qo i Flume 5 Ny i =i ‘ 3/2
e | & (Fh. ls0aftnd | lafase) L (Fhlead | A (feeyl 1 (Reeit)l . F ®
i | | ! E ! i
75-43 § 0.45%8 4,9644 | 3.3658 | 0.6779 1 0.4585 I 0G.0071 | 0.46869 { 0.3190 & 970)
44 : «4552 4,.2506 ; 743076 | «E5881 4464 | .0059 04621 3141 3965
45 | 5840 L5775 770) S A L S (65) R « 5207 7L TG .0042 3882 «2419 3.839
46 | 38D | 4.6827 ¢ 2.2717 ! 4851 i 28959 'l .0037 « 3696 2247 3,806
287 W w2423 1 4.8119 21002616 «4394 1 ,1931 0030 I 3453 «2029 B5761
45 | .3158 | 4.5324 1.774 | .5008 | .1527 ! .0024 | .3l82 ' .1785 | 3.716
aee F o ,289% 4 4.4840 1.5248 | .3423 | SaLIL7) 0018 | .2515 . ST 3.648
50) ! 2553 | 4.2509 1.2505 | 2874 1y <0826 | .0013 2956 i 500 BRISENE
51 | .2248 | 4.2504 1.0127 | .emes | w0569 | .0000 | .2257 1072 | 3.568
s2 1 .1835 | 4.1505 0.7534 i FEHAE | .032¢ ! .0005 | 1890 ; .0822 3451
5% o L4532 4,0148 Je4327 O 227 SOESIE .0002 | 1434 @ .09543 3347
54 .0925 SRISH2IS 0.2365 | <0612 | «0038 { 0001 § .0926 | .0281 | 170
55 3936 ! 4,7658 2199218 i HOBD6 | .2869 | .0045 | .398l . JEEe 3.826
56 o ILILEZ [ WG 5\ /6)CE 0.3497 l . 03883 «0079 i .0002 1184 ! « 007 | 3289
57 COIS} B 3,8469 0) AL Z0) . S0652 0030 i .0001 .0874 | .0259 3.086
58 | +4075 4.8375 2 +6990 f « D614 3152 | 0049 4124 i 20649 BlI8%Y
e «458% | 4 ,8996 3.0704% i «GR67 cOZE) { .0061 | ek ELD | 2962 ! 3.903
60 4242 | 4.8576 2.9045 I «5979 OB M | .0056 +4298 2818 3.881
61 o584 | 4.9542 3« 30:49 | oG o &45C | 0069 ! 4633 | «31Lb3 3.947
62 5015)010) 45900 1.9782 | « 4310 .1853 | .0029 i 3379 | .1964 393
| 63 NN 25285 | AL5005E i 0 2015.0) .0559 : .0009 2236 j +1087 3583
| O « LG66 440848 | 0.6289 | Sie 20 -1 LG i .0004 i JLETO 3t 0682 Eskds
i 8 | Itk 3.9186 | 0.3223 | ,0824 .0068 | .0001 | .1115 | .0372 | 5.268




HIPLAVATION O TADLES 3 AND 4

Column 1 - Test and Run Fumbecr, Zach test ond each run of
the tcst was given a number waich was chronological in nature,
except in casscs wherc it was nccessary to make rc-runs.
Column 2 - Head on Crest, fcet. The elevation of the water
surface in the reservoir was mecasured by a float gate con-
nected to an opcning in the center of the flume, three feet
upstream from tlic model. The reading of thz gage less a
correction factor for thc crest slcvation gave the net head
on the crest. %he corrcction factor applicd was:

Test 32, Runs 2 - 10, inclusive 0.7119

Test 76, Runs 43- 85, inclusive 0.7138
Column 3 ~ Area of Avproach to the Model, square~fect.
The area through which the water approachsd the model was
obtained hy multiplying thz width of the flume at the gage
by the depth of water in ths flume. 'The depnth of water
depsnding unon the head over thc crest and the distance from
the crest to the floor of the flume.
Column 4 - Observed Quantity, c.f.s. The flow into thec model
was measured by a 2-foot Cipolletti weir, the formula for
which is Q = CLHB/Z, where C is a variable and depends upon
the head on the weire. The value of C had previously baen

determined by calibration tests. L, in this case,; is equal
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to 2.

The hcad on the woir was mecasurcd by a float gagze
and a hook gage and tho rcesults from the two gages were
averaged after a correction factor for each was applied.

The correction factors were:
Hook  Float
Test No. 32 - Runs 2-10, inclusive 1.0546 77979
Tcst No. 76 - Runs 43-65 Ui 1.0586 7.7970
Column 5 - Velocity in Flume, feet per second. The velocity
of approach was detcrmined by dividing the observed guantity,
Column 4, by the area of apprcach, Column 3. From the
formula Q = AV, V = 2/A.
Column 6 - The squarc of the velocity. Obtainsd by squaring
the results of Column 5.
Column 7 - Velocity Head, fect. The velocity head is found
by substituting the value of V found in Column S5 in the

2/2g or dividing Column 6 by the value of 2g

forrmula hy = V
which is 64.29 for the Fort Collins laboratory.

Column 8 - Total Head on Crest, feet. The total head, H,

was found by adding the measured head, h, Column 2, and the
computed velocity head, hy, Column 7.

Column ¢ - HZ/Z. ‘The total head, H, wWas raised to the three-

halves power in order to use it in the general weir formula

in solving for the coefficient of discharge.
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Column 10 = Discharge Coefficient, C. The general weir
formula @ = CLH5/2 was used in obtaining the coefficient
of discharge. It was obtained by dividing the observed
quantity, Column 4, by Column 9 times the length of crest,
L. The length of crest was:

Test No. 32 - Runs 2 - 10, inclusive, 2 .6655 feet

Test lo. 76 - Runs 43- 65, inclusive, ZOCDSIIRIE IO
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Discharge Coefficisnts - I'reec Flow Conditione - Adjaccat

TABLE NO. 5.

SUMMARY OF DATA - VHUELER DAM (Model)

Cates Dischargirng.

i 1 2 i Z 5 i S
Test Head on | o Head on i Model
and Crest Crest el Q |
{ Run No. | Hy(Feet) /2 | Ea(Peet) | 1HO/2 i cufus. | G
76-43 0.4598 0.8118 | 16.558 0,8281 | 3.3656 | 4.0613 |
44 45352 3071 | 16.337 8156 | 3.3076 | 4.0554
45 3540 +2330 13.824 6321 | 2.4665 ! 13,9021
46 3559 .2213 13,172 VG878 12,2717 | 3.8647
47 3423 2003 ! 12,323 | .5320 | 2.0266 i 3.8094 |
48 .3158 JA94-] 11,339 b Javiz b 1.7714 ] Bav598 4
49 .2397 .1560 | 10.429 ! .,4143 | 1.5248 | 3.6804
50 2553 .1290 9.191 | .2426 ! 1.2505 | 3.6500
51 .2248 1066 |  8.093 | .2831 } 1.0157 | 3.5878
52 .1885 0819 | 6.785 | .2175 | 0.7534 | 3.4539
53 1432 0542 | 5.155 | .1430 | 0.4827 | 3.3544
54 .0925 0282 | 3,330 | ,0749 | 0.2385 | 3.1576
55 <3936 2469 ‘ 14.170 | .6557 I 2.5525 | 3,8928
| 56 .1182 .0406 4.255 | .1078 | 0.3497 %.,2440
57 .0873 .0258 1 3,143 | .0885 | 0.2123 | 3.0993
i 58 .4075 2602 | 14,670 | L6311 | 2.6990 %.9054
| 59 4332|2901 i 15.775 | .7705 | 3.0704 | 3.9850
: 80 4242 | .2763 | 15.271 | 7338 | 2,9045 | 3.9582
61 4564 | .3083 | 15,430 | .8188 | 3.3049 4.,0363
62 } .3350 | .1939°] 12,060 | 5150} 1.9782 3.8412
63 i 2227 1051 { 8.017 | .2791 | 1.0058 3.6037
64 1,165 L0680 | 5.993 L1806 | C.6289 3.4823
66} .1113 sOF7ILH | 2008 .0985 | 0.3229 3.2732 |
TARLE NO. 5. ~ Adjacont Gates Closad.
o TR e b 3 Y
Tost I HoaG on ; Head on Vodcl
and Crest . l Crust | _ Q
Run No. | H+(Fect) 29/2 1 gp(zset) | 1m®/2 | c.f.s. g
WA 0.3897 0.2433 § 1+.029 Os2 702 =1  1s0Som 3.7198
B 36156 | .2174 | 13.014 ‘ 2414 | 0.8939 | 3.7030
3 5888 [ .l972%] 1R.197 2190 | 0.8040 | 3.0712
4 5132 | 1753 ] 11.275 [ .1947'| 0.7143 3.6682
5 2866 | .1535) 10.318 | .1705 | 0.5169 3.6182
6 2572 | .1305 | 9.259 | .1449 | 0.5195 345852
7 2832 | .1126 | 8.395 | .1250 | 0.4419 | 3.5852
8 2043 | .0923 | 74555 i al086 § 0.3577 3.4898
9 1802 | 0765 | 6.487 | .0849 ; 0.2875 3.3863
10 .1522 | 20594 | 5,479 | 0860 | 0.2190 2.3182
11% 1372 | .0508 |  4.839 | .0564 | 0.1832 3.3369
10% cl7lEn F eBroosd. euler | 075 P 0.2690 3.4181
13% 2434 | .1201 | 8.762 .1333 | 0.4747 3.5611
14% | ,3411 |- ,1992) 12,280 .2211 { 0.8070 3.6499 |
* 900 V-lNctch Yeir Uscd.
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EXPLANATION OF TABLES & AND 5-A.

Column 1 - Test and Run Number. Zach test anéd each run of
the test was given a number which was chronological in nature,
except in cases where it Was necessary to maxe re-runs.

Column 2 - Head on Crest, Hy, feet. The elevation of the
water surface in the reservoir was measured by a float

gage connacted to an opening in the center of the flumec,

3 feet upstream from the modzl. The rzading of the gage

less a corrcction factor for the crest slevation gaves the

net head on the crest.

Column 3 - HB/Z. Whe head on the crest, Column)igy Has
raised to the thrse-halves vover to detemnine ths diszchargs
coefficient,

Column 4 -~ Head on Crecst, Hp, feet. The prototype hcad was
obtained by multiplying the head on the model, column 2,

by the scale ratio.

Column 5 - (LHS/z). HB/B is multiplied dy L, ths net length
of the crest, for substitution in the weir formula,

Column 6 - Observed Juantity, €, in sscond-feet. The flow
into the model was measured by a 2-foot Cipolletti or a
90-degree V-notch weir. The formula for the 2-foot Cipol-
letti weir is Q) = CLH5/2 where C is a variable znd depends
upon thc head on the weir. The value of C had previouely

becn determined by calibration tests. The valuc of L in
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this casc was 2 faet.

The formula for the 20-degree V-notch weii is
Q = 2.49 H2+48 and was determincd by previous calibration
tests.

The head on the weir was measurcd by a float
gage and a hool gagz and the results from the two gages
wera averaged after a correction factor for sach gage had
been applied.

Column 7 - Coefficicnt of Discharge, C. The basic ex-
pression for flow over a weir is Q = 2/3 CL(Bg)%'HS/Z,
which, whon the constants are combinzd reduces to

Q = ord/2,

The valuz of C, becauss it containg g, is
affected by locality and clcvation above ssa level which
should be considerad then thce value of g for the model
and prototypec is different. By using the formula

g = 32.1721 - 0.08211 cos 2a - 0,000003*, the value of g
for thc Foxrt Collins laboratory was found to be 32.1445
and for the Whselesr Dam 32.1420, thus thoss values may be
considersd the same for all practical purposcs, and the
coefficient on the model and the prototype arec thc same.
The coefficient curve for the prototype may be construc-
ted by plotting C dirzetly against the prototypec head,

Column 4.,
* Mark's Zngincerins Handbook, Page 196 (Second Edition).
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SUMMARY OF DATA AND TRANSPERENCE OP RESULTS - WEEELER TAIRTER GATES.
Adjacent Gatee Discharging.

TABLE NO.

6.

1 2 3 4 5 | s 7] 8 9 10 n_| 1

‘est Gate Ralsed Head on Top

@d Head on Crest Reservoir |Amount (Feet) of Orifice HTS/Z

n H in Fee* Elevation B3/2 a Bp (Peet)

lo. Model| Proto. Prototype Model | Proto Model Proto Model Proto Model Proto

6-1 [0.3881(13.972 654.97 p.2418 [52.222 0.0279 1.004 0.3602 12,968 0.2162 46.700
2 .3872 | 13,939 b65654.94 .2410 [62.044 .0669 2.012 3313 11.927 .1907 41.192
3 .3863|13,907 664.91 .2401 [51,862 ,0829 2.984 .3034 10.923 ,1671 36.105
4 . 3892(14.011 555.01 .2428 |52.446 .1109 3,992 .2783 10.019 1468 31.715
5 . 3882 | 13.976 654.98  .2419 52.240 .1389 5.000 .2493 8,975 .1245 26.890
6 .3892 |14.011 555,01 .2428 52.446 .1669 6.008 2223 B8.003 ,1048 22,642
7 .3680|13.968 554.97  .2417 52.200 1949 7.016 .,1931 6.952 ,0849 18.328
8 .3888|13.997 566.00 ,2424 52,366 .2219 7.988 .1669 6,009 .0681 14,727
9 .3894(14.018 556.02 .2430 52.488 .2499 8.996 .1395 5,022 .0621 11,266
10 .3883|13,979 554.98 .2420 52.264 .2779 10.004 .1104 3,976 .0367 7.930
11* .3862(13,903 564.90 .2400 51,838 3059 11.012 .0803 2,891. .0228 4,916
12* ,3883|13,979 564.98° .2420 52,264 .3069 11.012 .0824 2.967 .0237 b5.111
13 .3882|13.975 564.98  .2419 52.240 ,0284 1,022 .3598 12.953 ,2168 46.618
14 .3368|12.089 553,09 .1946 42.036 .0284 1.022 ,3074 11.067 .1704 36.815
15 .2789|10.040 51,04 .1473 31.810 0284 1.022 .2606 9.018 ,1254 27.080
16 .2216| 7.978 p48.98  .1043 22.532 .0284 1.022 '.1932 6.966 .0849 18,344
17 .1665| 5.958 546,96  .0673 14.542 ,0284 1.082 .1371 4,936 .06508 10.968
18 .1126| 4.060 b545.06 .0378 8.150 ,0284 1,022 .0841 3,028 .0244 5,269
19 .3882| 13,975 b554.98 | .2419 b2.240 ,0657 2,006 .3325 11.970 ,1918 41.410
20 .3342(12.031 553,03 | .1932 41.726 0657 2.0056 .2786 10.026 .1470 31,750
21 .2767| 9.961 §50. 96 .1466 31.436 .0657 2.005 .2210 7.956 .1039 22.444
22 .2216| 7.978 548,98 | .1043 22.532 0667 2.005 .16569 5.973 .06756 14.599
23 .1662| 5,983 546.98 | .0677 14.632 0557 2.005 .1106 5.978 .0368 7.934
24 L1109 | 3.993 544.99 .0370 7,979 .0657 2.006 .0652 1.987 .0130 2.801
26* .0710| 2.656 B43.66 .0189  4.086 .0557 2,006 .0163 0.661 ,0019 0,409
26 .3883|13.979 £64.98 .2420 52.264 ,1116 4.018 ,2767 9.961 .1456 31.435
27 .3318|11.945 552,94 .1911 41.286 ,1116 . 4.018 .2202 7.927 ,1033 22.318
28 .278410.022  pp1.02 .1469 31.710 ,1116 4.018 .1668 6.004 ,0681 14.712
29 .2226| 8.014 549.01 .1050 22.686 ,1116 4.018 1110 3.996 .0370 7.988
30 .1665| 6.994 546.99 .0679 14.676 ,1116 4.018 .0549 1.976 .0129 2,778
31* .1375| 4.980 545,95 .05:0 11,010 .1116 4.018 .0259 0,932 ,0042 0.900
2 .36895(14.022 g5, 03  .2431 52.510 .1666 5.998 .2229 8.024 1062 22.726
33 .3337(12.013  gpa3, 02 .1928 41.635 ,1666 b5.998 .1671 6.015 ,0683 14,760
3% .2782|10.0156 g1, 02 +1468 31.696 ,1666 6.998 .1116 4.017 ,0373 8,051
35 .2232| 8.035 49.04  -1054 22.775 1666 5.998 .0666 2.037 ,0134 2.907
36* .2074| 7.466 548,47 .0945 20.402 ,1666 5.938 ,0408 1.468 .0082 1.779
37 .3895|14.022 555,03  .2431 52.510 2226 68.014 .1669 6.008 0681 14.724
38 .32%1(12,028 553,03  .1931 41.710 .2226 68.014 .1115 4.014 0373 8,042
39*  .2763| 9.947 560.95 .1452 31.368 ,2226 B8.014 0637 1.933 ,0124 2.687
40 .3919|14.108 555,11 .2453 52.990 2776 9.994 .1143 4.114 .0387 8.344
41 .3699 13,316 554.31 .2260 48,590 .2776 9.994 .0923 3,322 .0281 6,055
42* ° ,3440(12.384 53,38 .2018 43.580 .2776 9.994 .0664 2,390 .0171 3,695
62* .3350(12,060 553.06 .1939 41,880 .2709 9.752 .0641 2,308 .0162 3,506
63*  .2227| 8,017 549,02 .1061 22,698 .1809 6.512 .0418 1.506 .0085 1,847
64*  .1666| 5.998 547.00 .0680 14,692 .1336 4.810 .0330 1,188 .0060 1,295
66* .1112| 4,003 546.00 .0371 8,009 .0889 3,200 .0223 0,803 .0034 0,720

*Free Flow Runs.

13 14
H5/2_%3/2
Model Prototype
0.0256 6. 622
.0603 10. 862
.0730 | 15,757
. 0960 20.731
L1174 25, 360
. 1380 29,804
. 1668 33.872
. 1743 37.638
. 1909 41,232
. 2063 44. 334
.2172 46.922
.2183 47.163
.0261 6.622
.0242 5.220
.0219 4,730
. 0194 4.188
.0166 3.574
.0134 2.881
.0501 10. 830
. 0462 9,376
. 0417 8.991
.0368 7.933
. 0309 6.698
. 0240 6.178
.0170 3.677
. 0964 20,829
. 0878 18.967
.0788 16.998
.0680 14. 698
. 0550 11. 898
. 0468 10.110
. 1379 29,784
.1246 26. 886
.1095 23. 644
.0920 19.868
. 0863 18. 623
. 1750 37.786
. 1658 33. 668
. 1328 28.681
. 2066 44.646
. 1969 42.53b
. 1847 39.885
L1777 38. 374
. 0966 20. 851
.0620 13, 397
. 0337 7.289

15 | 16 17
Quantity
Observed Quantity per Gate
Q of,s c.f, 8

Model Proto Prototype

0.2547 1,980.5 828. 6
0.4873 3,789.2 1,686.2
0.7074 5,600.7 2,301.3
0.9318 7,246.7 3,031.3
1.1436 8,892.6 3,720.3
1.3481 10,482.8 4,3856.6
1.5477 12,034.9 5,034.9
1.7243 13,408.2 5,609.4
1,9080 14.836.6 6,207.0
2.0962 16,300.1 6,819.3
2.4287 18,886.6 7,900.9
2.4512 19,060.5 7,974.1
0.2613 2,031.9 850.1
0. 2416 1,878.7 786.0
0.2192 1,704.5 713.1
0.1938 1,5607.0 630. 5
0.1662 1,292.4 540. 7

0. 1336 1,038.9 434.6
0.4928 3,832.0 1.603.1
0.4486 3,488.3 1,459.4
0. 4022 3,127.5 1,308.4
0.3504 2,724.7 1,139 9
0. 2928 2,276.8 962.5
0.2203 1,713.1 716.7
0.15633 1,192.1 498.7
0.9278 7,214.6 3,018.3
0. 8467 6,683.9 2,764.4
0. 75650 5,870.9 2,456.1
0. 6469 5,030.3 2,104.5
0. 5201 4.044.3 1,692.0
0. 4547 3,636.7 1,479.2
1.3373 10,396.8 4,350.4
1.1984 9,318.8 3,898.6
1.0560 8,203.7 3,432.1
0. 8939 6,9€1.0 2,908.0
0. 8746 6,800.9 2,845.2
1.7189 13,366.2 5,591.9
1.5430 11,998.4 5,019.6
1.4163 11,013.1 4,607.4
2.1022 16,346.7 ©6.838.8
2.0402 15,864.6 6,637.1
2.0306 15,789.9 6,605, 8
1,9782 15,382.6 ¢ ,435.4
1.0058 7,821.1 3,272.0
0. 6289 4,890.3 2,045.9
0, 3229 2,610.8 1,050.5

18

19

Orifice Coefficient

Model

0. 6992
.6819
. 6822
. 6833
. 6864
. 6884
. 6952
.6971
. 7040
.7194
.7878
. 7911
. 7060
.7025
.7032
. 7062
. 7091
.7015
.6926
. 6840
. 6803
.6712
. 6667
. 6458
.6353
. 6784
.6788
. 6751
. 6706
.66E5
.6838
. 6831
.6779
.6786
.6848
.7138
. 6920
. 6977
. 7515
.7168
.7298
. 7742
. 7839
. 7329
. 7145
. 6736

Cn
Prototype

0. 7017
. 6832
. 6830
. 6839
. 6864
. 6882
. 6952
. 6967
. 7037
. 7194
. 7875
.7909
. 7072
. 7042
. 7051
. 7032
.7075
. 7066
.6923
. 6842
. 6806
. 6720
. 66561
. 6470
. 6343
. 6777
. 6792
.6768
. 6697
.6651
. 6843
. 6831
. 6782
. 6789
. 68456
.7145
. 6921
. 6973
.7513
.7164
. 7298
L7746
. 7843

i . 7339

! . 7142

l . 6740
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TABLE KNO.
SUMMARY OF DATA AND TRARSFERENCE OF RESULTS - WHEELER TAINTER GATES.
Adjacent Gates Closed.

6 A

1 2 [ 3 4 5 | s 7 8 s [ 10 n || e 13 | 14 16 16 17 18 19
Test Gate Raised | Head on Top 3/2 /2 Quantity
and Head on Crest (Reservoir /2 Amount (Feet)| of Orifioce | HT i -HT3/2 Observed Quantity| per Gate | Orifice Coefficient
{Bun |___H in Feet [Elevation ing d Hp(Feet). — — e L Qg0 fe s c. f. 8. e,
¥o. Model Proto |Prototype| Model Proto | Model | Proto | Model | Proto Model :Proto Model |Prototype Model Proto |Prototype Model | Prototype
79-1 |0.3885| 13.986 | 554.98 |0.2422 | 62,306 |0.0278| 1,001 0,3607 | 12.98b| 0.2166 | 46.790 0.0266| 6.516 | 0.1101 856.1 856. 6 0. 7246 0. 7264
2 | .2780| 10.008 | 661.01 .1466 | 31.660 | .0278! 1.001| .2602 | 9.007| 1262 | 27.028 .0214 4,632 . 0935 727.1 727. 6 .7360 7347
3| .1666| 5.962 | 546.96 .0674 | 14.568 | .0278| 1.001| .1378 | 4.961 0512 11,063 .0162 3. 606 .0707 549.8 550.2 . 7352 7341
4 | .1111| 4,000 | 5456.00 .0371| 8.000 | .0278| 1,001| .0833| 2.999| ,0240| 6.193 .0131 2.807 . 05668 441.7 442.0 . 7306 . 7364
6 | .0269| 0.9324] 541.93 .0042 | 0.901 | .0278| 1.001(- .0019 [- 0.068| .0000| 0.000 . 0042 0.901 .0156 121. 3 121.4 . 6262 . 6304
6 | .3879| 13.964 | 554.96 .2416 | 52.180 | .0278| 1.001| .3601 | 12.963| ,2161| 46.675 . 0266 6. 606 .1106 860.0 860. 6 . 7310 L7312
7 | .3869) 13.928 | 554.93 .2407 | 61.978 | .0833| 2.999| .3036 | 10.929| 1673 36.135 .0734| 15.843 .3056 | 2,376.3| 2,377.8. . 7016 .7020
8 | .2780( 10.008 | 551.01 .1466 | 31.660 | .0833| 2.999| .1947| 7.009 ,0859 | 18.556 .0607 [ 13.104 .2624 | 1,962.7| 1,962.4 . 7007 . 7004
9 | .1660| 5.940 | 546.94 .0670 | 14.480 | .0833| 2.999| .0817| 2,941 .0234| b5.044 . 0436 9.436 .1801 | 1,400.5| 1,401.4 . 6961 S 6946
10 | .1030| 3.708 | 544.71 | .0331| 7.140 | .0833| 2,999 .0197| O0.709| _,o0p27| 0.597 .0304 6.643 . 1269 986.8 987.4 . 7033 .7058
11 | .1088| 3,917 | 544.92 .0359 | 7.762 | .0833! 2.,999| .0265| 0,918/ ,0041| 0.880 .0318 6. 872 .1326 | 1,031.1| 1,031.8 . 7026 . 7023
12 | .3876| 13.9564 | 554.95 .2413| 52.124 | ,1389 | 4.997| .2487 8.957| .1241| 26.808 .1172 | 25.316 .4857 | 3,776.8| 3,778.4 . 6983 . 6961
13 | .2764| 9.914 | 550.91 .1445| 31.216 | .1389| 4.997| .1365| 4.917| ,0506| 10.901 .0940 [ 20, 316 .3837 | 2,983.7| 2,985.6 . 6878 . 6874
14 | .1742 6.271| 547. 27 .0727 | 16,704 | .1389( 4,997/ .0363| 1.274| ,0066| 1.438 .0661 | 14.266 .2818 | 2,191.3| 2,192.7 .7183 .7188
16 | .3873| 13.943 | 564.94 .2411 62,066 | .1344| 6,998 .1929| 6.945| ,0847| 18.300 .1564 | 33.765 .6449 | 5,014.7| 5,017.9 . 6948 6961
156C| .3893| 14.016 | 555.01 .2429° 62,470 | .1944| 6.996| .1949| 7.017| ,0860 18,588 .1569 | 33.882 .6488 | 5,045.1| 5,048.3 . 6966 . 6969
16 | .2776| 9,994 | 550.99 .1463 | 31.696 | .1944| 6.998| .0832| 2,996 ,0240| 5.186 L1223 | 26,410 .5104 | 3,968.9| 3,972.2 . 7032 .7034
17 | .2448| 8.813 | 549.81 .1211 | 26.162 | .1944| 6,998 .0604| 1.816( ,0113| 2.446 .1098 | 23.717 .4772 | 3,710.7| 3,73.9 . 7323 7324
18 | .3873| 13,943 | 554.94 .2411 | 52.0656 | .2500| 9.000| .1373| 4.943| ,0609| 10.989 .1302 | 41,076 .7998 | 6,219.2| 6,223.2 .7087 . 7086
19 | .3204| 11.534 | 562.63 .1814| 39,170 | .2600] 9.000| .0704 | 2.534( ,0187| 4.034 .1627 | 36.136 .7217 | 5,611.9| 5.615.8 . 747 7476
20 | .3883| 13,979 | 554.98 .2420 | 52.264 | -3061|10.984| .0832| 2,996 ,0240| 5,183 .2180 | 47.0e1 .9907 | 7,703.7| 7,708.6 . 7656 7658
21 | .383b  13.806 | 554.681 .2375| 61.296 | »3051|10,984| .0784| 2.822| .0220| 4.741 .2165 | 46.666 .9842 | 7,653.1| 7,658.0 . 7696 .7693
22 | .3463) 12.467 | 663.47 .2038 1 44.022 | .2600] 9.000| .0963| 3.467| .0299| 6.466 L1739 | 37.666 .752 | 5.,794.7| 5,798.4 7223 | 97219
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EXPLANATIONS OF TABLES 6 AND 6-A.

Column 1 - Test and Run Number. Same as Columm 1, Table 3.

Column 2 - Head on Crest, Model, feet. - Se® explanation of

Column 2, Table 5.

Column 3 - Hecad on Crast, Prototype, fect - Sce cxplanation

of Column 4, Table &.

Column 4 - Reservoir Elevation, Prototypz, feet. Ths raser-
vour elevation was found by adding the prototype head on the
crest, Column 3, to the crest Elevation (541.0).

Columns 5 and & - H5/2 - See explanation of Column 3,

Table 5.

Column 7 - Amount of Gate Opening, feet. To obtain calibra-
tion data it Wwas necessary to measurs thc gate opening very
accurately. This was done by a bar gege (Plate 1). The
gage was placed near the gate and a rsading talken with the
bar on the crest. It was then raised the predetermined
amount less the thickness of the bar =vith the lip of ths
gate lowsrcd until it contacted the bar.

Column 8 -~ Amount Gate Raised, Prototype, feet. The

amount was found by multivlying Column 7 by the scale ratio,
36,

Column 9 - Head on Top of Orifice, Model, feet. This

value was found by subtracting the amount the gate was

-157-



raised (Column 7) from the head on the crest (Column 2).
polumn 10 - Head on Top of drificse, Prototyps, feet. This
value was found by subtracting the amount thc gate was
raised (Column 8) from the hcad on the crest (Column 3),

Columns 11 and 12 - HTB/E,iModel and Prototype. Same as

Columns 5 =2nd 6.,

Columns 13 and 14 - (HB/Z - HTB/Z), Model and Prototypec.

Obtained for use in the precise orifice formula by sub-
tracting Column 11 from Column 5 and Column 12 from

Column 6.

Column 15 - Quantity, Model, sccond-feet. Ses cxplanation
Columns 6, Table 5.

Colurn 16 - Quantity, Prototype, sccond-fcet. The discharge
vas found by multiplying the quantity on the modcl by the
scale ratio raiscd to the five-halves posler:

O (¥)5/2

Qp =
whero Qp = Quantity in sscond-feect, prototype
Qm = i u i v medeil

Column 17 - Quantity per Gate, Prototyps, sccond-feet.
This value was obtained to assist in calculating the total
flow over the spillway and for simplifying ths plotting of
a discharge diagram. The modecl contained 2.3903 gates,
therefore, Column 16 divided by 2.3903 eguals Column 17

or the guantity per 40-foot gate.
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Columns 18 and 19 - Orifice Coefficient, ¥odel and Proto-

-

type. The value of the coefficient was obtained by using the

precise orifice formula

where
Q = Quantity in secord-feet

Co = Orifice Coefficient

it

N

Length of Crest

Value of gravity = 32.1445

]
[}

H = Head on bottom of Orifice (frest)

Hp= Head on Top of Jrifics (H-4)
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Discharge - Free Flow Conditions - Adjacent Cates

TABIE NO. 7

T

LJ”,_,,&LRL ‘)4 D¢...,.u =

oy
ILL_I.A.J

by Di.. ‘\’I

Discharging

T

. i Bl 5 Z 5 6 -
Head | | : ) Q in c.f.s. !
im Bpet |- i = /5 in esfe8e j Total for
¥ EnGitie, H‘j/?__ g _ b 0E per Gabo 60 Gates
roEe il = Gariee] W | IECaE e 650 .96 39,057 .6
4.0 8.000 | 3.356 | 26,043/ 1,041.92 38,5568 v
I 5.0 11.180 | 3.352 | 37.475! 1,499.00 89,940.0 |
' 6.0 14.700 | 3.436 | 50.509 2,020.36 | 121,221.6
7.0 18.520 | 3.508 | 0©4.968] 2,508.72 | 155,923.2
8.0 22.630 | 3.573 | 80.857| 3,234.28 | 194,056.8
9.0 27.000 | 3.633 | 98.091! 3,92%.64 | 235,418.4
10.0 31.620 | 3.690 | 116.678! 4,567.12 | 280,027.2 |
¥l 36.480 | 3.743 | 1%6.545| 5,461.80 | 327,703.0 |
12.0 £1.570 | 5.798 | 157.800| ©,312.00 | 378,720,0 |
13.0 46.070 | 3.847 | 180.309| 7,212.36 | 432,7:1.6 |
| 140 52,380 | 5.295 | 204,080| 8,150.80 | 489,648.0
! 15.0 58.090 | 3.947 | 220.281i 9,171.24 | 550,874.4
16.0 } 64,000 | 4.007 | 10,257.92 615,475.2
L 17,0 §70,000 ] 4,008 1 286.878] 11.475412 ) $60,50%s2 1
TADLE NO. 7 .

Digcharge - Wroce Flow Conditions - 4djacont Gates Closed

o e B A WS WS CE T =
2 d ¥

foe 1L o 2 ] 2 e 9
i Head ; % Q
+in Feot o | el @538 6 ) o |
Proto. | HO/2 ¢ | c®/2 | por gave |
[T 30 | Dad08 | Babse 0 Llewevd] | GO0
440 ' 18.000, {- 5261 S6.008; 1,0:0.32
i 5.0 | Ikttt | 2550 57.2411 1,489,.64
6.0 . B O 49,9951 1,299.80
7.0 | 12.520 | 64,1831 2,566.12
8.0 l 32,650 | 3.523 | 73. 2°i 3,13¢.00
9.0 27.000 | 3%.572 0 4hi  5,807.76
10.0 { 31,620 |} G.603 I 114.243 | 4,509.72
10 | 36.480 | 3.648 | 133.079¢ 5,3283.16
12.0 { 41,570 | 3877 | 1524353} 6,114wl2
| 13.0 | 426.870 | 3.702 ! 172.5131 6,900.52
14,0 | 52.380 1 3721 | 104.900! 7,796.24 !
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NO. 8

SUMMARY OF D.1UA - VHEELER Diif.

Discharge for Tainter Gates - Adjacent Gatcs Disciiarging

Rosorvoir Elovation: 55 | 56 | 551 | B9 | 547 | BL5 Frec
Cato Raiscd (Feot). : i Tlow
0.6 | =0 400 ! 370 325 280 | 250 B0
150 820 o 1 o 625 585 [ 480 165
1.5 s f-ives | 1020 900 § 760 | 580 320
2.0 1590 | 1460 ! 1325 i 1160 960 | 720 500
25 1960 | 1790 | 1625 ! 1400 | 1160 | 830 690
3.0 2320 | 2120 | 1910 | 15650 | 1335 | 960 030
3.5 2680 | 2425 | 2180 | 1880 ! 1520 - 1200
4,0 13030 | 2750 | 2450 | 2100 ! 1690 - 1500
4.5 3380 | 3030 | 2710 | 2310 | 1850 - 1800
5,0 ! 3725 | 3330 | 2960 | 2510 - - 2130
5.5 42060 | 3625 | 3180 | 2710 | - = 2290
6.0 4380 | 3910 | 3430 | 2920 ‘ i 2850
6.5 | 4710 | 4200 | 3680 | 3250 - - | 3250
7.0 5025 | <470 | 3880 - | - h 3560
7.5 5320 | 4750 | 4160 - - e 4100
8.0 5520 | 5025 | 4575 R [ " 1575
8.5 5920 | 5300 - “ [ e - 5050
9.0 620 | 5630 - 5 | - 5560
@.5 6500 | 6100 ! = % | im 3 6100
10,0 | 6885 - | - LA - 5680
10.5 kwsgo }, & | & S R
N Ao N e T N 7575
TLRIE H0. 84
Discharge for Jainter Gates - fdjacont ( ”atﬂs Closad.,
{Roservoir Alsvatioa | 65 , 551 B4 7 5gh | Hwoo |
Gatc fiaig:d [Fect) i : Flow
0.5 | 420 375 | 300 250 s
1.0 | @0 | 720 | s850 | 450 120
Leb 1250 | 1050 785 610 280
2,0 t 18%0 | 1370 | 1000 760 430
2¢5 | 2020 | 160 | 1200 | 900 710
3.0 | 2380 | 1950 | 1200 | 1025 980 |
3,5 + 2750 | £220 | 1570 | 1240 1240
&40 %100 ! 2480 | 1740 - 1530
4,5 | 3450 | 2730 | 1950 - 1850
5.0 ! 3780 | 2980 | 2190 - 2190 |
5.5 | 4110 | 3220 - ¥ 2520 |
6.0 | 420 | 3470 % - 2910
0.5 w740 |} 3720 - - 3310 |
740 5025 | %975 T [ 3720 |
75 5220 [} 4270 &l o 4160 |
8.0 5610 | 4630 - - 4630
25! 5900 = Rl e 5100
9.0 £20 - - | - 5600
9.5 6550 - o 611.0 |
10.0 | 6870 5 wio |l o G630 |
10.5 | 7240 - we. ¥ - L vEee
| 1.0 | 7900 - - £ i 7%
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EXPLAVATION QF TABLES 7 AND 7-A

Column 1 - Head on Crest, Prototype, feet. Taken at a
representative number of points.

Column 2 - H5/2. Colurm 1 raised to the three-halves power,
Column 3 - Coefficient of Discharge. Taken directly from
Figure 283.

Colum 4 - CH3/2, Multiply Columm 2 by Colum 3 (Used to
obtain total quantity over spillway).

Column 5 - Quantity per gats. Tound by multiplying Column
4 by the length of one gate, in this case 40 fecet.

Column 6 - Total Quantity over Spillway. Obtained by

multiplying Column 4 by 2400 or thce net crast length.

FXPLANATION OF TABLES 8 AND S5-A.

6N

From Figures 30 and 31, thc Tainter gate openings
and discharge quantities were rcvad for a given reservoir
elevation, thon plotted on Figurcs 32 and 33 thus completing

the discharge curve for flow through the Tainter getes of

the Wheeler Dam.
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A very satisfactory design of stilling pool, which
ments all requiremonts as to foundation and hydraulic conditioms,
was dzvelop2d by the expcririents on the model of the Wheceler spill-
way. The crosion was rcduced to a minimum with very little sxcava-
tion nccessary near the toc of the dam. The encrgy dissipation
with the diffuscr sill placed at the cnd of the sloping apron was
sufficient to allos the handling of a flood slightly in exccss
of the design capacity ol 650,000 sccond-fcot without cndangering
?ho structurc by ocxcessive erosion of the rivor hed. It is éc—
lieved that the factor of safety at the maximum discharge is such
that a natural rctrogression of the river bed Till nct affect the
action of the stilliag pool.

Although slight nogativo pressuare occurred on the dif-
fuser sill at maximen discharge only’thc vosslibility of such a
flood occurring is so rumote that the coxndition is not considerecd
s2rious.

The intocrmediate training wall was designed to rzduce
the cross-currents in the stillinag pool by the unbalanced gate
opcraticon necessary on a spillviey of such length as the Whsgler
Dan. Somg reducticn of thasc cross-currcits #was made by thc use
off the, diffuscr sill.

A satisfactory design of the domstrcam noso of the

piers was decvelopsd such that the undesirable conditions existing
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in the stilling pool duwnstrcam from them were reduced to a
minimum,

As the inclusion of the intermediate training walls Was
oncn to question in the design office a gate operating prograrm
was evolved for the action of the stilling pool both with and with-
out the training wall.

The discharge diagram for Tainter gates coxmtained in

this report will be helpful tc ths operating 2nginecr.
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APPENDIX I.

PROTECTION AGAINST SCOUR BELOW OVERFALL DAMS.

Technical Memorandun 323.
by B. W. Lane
and

. F. Dinghan



UNITED STATES
DEPARTMENT OF THE INTERIOR

BUREAU OF RECLAMATION

- i

MEMORANDUM TO CHIEF DISIGNING ENGINEER

SUBJECT: PROTECTION AGAINST SCOUR ETLOW OVERFALL DAMS

By E. W. LANE®, RGSTARCH ENGINZER
and

W. F. BINGHALK, JUNIOR ENGINZE

Under direction of

J. L. SAVAGE, CHIZF DZSIGNING ENCGINEER

TECHNI CAL MEMORANDUM NO. 323
Denver, Colorado

Jan. 23, 1933

Price £0.85)
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HOW THEY INCREASE IN VALUE

The following table of redemption
values of the $25 and $100 bonds illus-
trates the increase in value for all the
bonds from the issue date to maturity:

IssUE PRICE. .. . ...... $18.75 $75.00
RepeMpTiON VALUES
AFTER THE IsSUE

Darte:

First year. . ..... $18.75 $75.00
1to 1)4 years. ... 19.00 76.00
1% to 2 years. ... 19.25  77.00
2 to 2} years.... 19.50 78.00
2} to 3 years.... 19.75  79.00
3 to 3% years. ... 20.00 80.00
3% to 4 years.... 20.25 81.00
4 to 4} years.... 20.50 82.00
4% to 5 years.... 20.75 83.00
5 to 5% years.... 21.00 84.00
5% to 6 years. ... 21.25 85.00
6 to 6} years. ... 21.50 86.00
6% to'7 years.... 21.75  87.00
7 to 7% years.... 22.00 88.00
7Y% to 8 years.... 22.50 90.00
8 to 8% years.... 23.00 92.00
85 to9 years.... 23.50 94.00
9 to 9} years.... 24.00 96.00
9l4to10years.... 24.50 98.00

MaTturiTY
VALUE. . ...... $25.00 $100.00

PROTECTION AGAINST LOSS

Each bond is registered in the name of
the owner on the books of the United
States Treasury. The name of the owner
is written on the face of the bond, and it

)

will be payable only to him except in case
of death, when it will be payable to his
heirs; in case of disability, when it will be
payable to his legally accredited agent; or
as a result of judicial proceedings. In ac
cordance with laws and Treasury regula-
tions, he may obtain a duplicate, in case of
loss, theft, or destruction, by application
to the Treasury Department, Division of
Loans and Currency. These safeguards
furnish complete protection against loss of
United States Savings Bonds. If theowner
desires, the Government will hold the bond
in safekeeping for him and issue a receipt
to him.

ON SALE AT POST OFFICES

The Post Ofhice Department of the
United States Government is the sales
agency for United States Savings Bonds.
They are on sale at all post offices of the
first, second, and third class, and at many
post offices of the fourth class. At one or
more windows in each of these post offices
there are one or more employees on duty
to sell these bonds. They will accept pay-
ment of the purchase price, deliver the
bond to the owner with his name written
upon it, gnd transmit a record of the trans-
action to the United States Treasury for
official registration.

If the purchaser buys the bond for
himself, he should give his full name in the
form in which he ordinarily uses it. This
precaution will prevent any confusion as
to ownership. If he buys it for another
person with the plan or expectation that
somebody else will collect the full amount

®)



due at maturity—one of his children, for
instance—he should instruct the post-
office salesman to write on the bond the
name of the person to whom it is to be
paid. The purchaser may then take his
bond with him. If he wishes the Govern-
ment to hold it for him, the post-office
salesman will explain how that may be
arranged. Postal Savings depositors may
withdraw deposits without loss of interest
to buy United States Savings Bonds. -

HOW TO CASH A BOND

To obtain cash for his bond, the owner
should take it—at any time after 60
days from the issue date—to any post
office where the bonds are on sale, or to
any incorporated bank or trust company.
In the presence of a post office or bank
official authorized to perform this service,
he establishes his identity, signs the re-
quest for payment which appears on the
back of the bond, and has the request
certified. The owner then sends the bond
to any Federal Reserve bank (the banker
or post-office clerk will tell him the address
of the nearest Federal Reserve bank) or
to the Division of Loans and Currency,
United States Treasury, Washington,
D. C. The Government will mail him a
checkfor the redemption value of the bond.

BUY AT ANY TIME

These bonds, which are known as
Series A, United States Savings Bonds,
will remain on sale until further notice,

(©)

BONDS ALWAYS REDEEMABLE

United States Savings Bonds, as their
name shows, are intended to furnish a con-
venient means for the profitable invest-
ment of savings. The greatest profit and
the greatest rate of profit are obtained if
they are held for the full 10 years. But to
provide for any emergency need of any pur-
chaser, the Government will redeem any
bond at any time 60 days or more after the
date of issue on the request of the owner.
The price which the Government will pay
in buying back the bond will depend on
how long the owner has held it.

For the first year only the issue price
will be paid. A year after issue the re-
demption price will be $76 for the bond
which cost $75 and which has a maturity
value of $100. After 18 months the bond
which cost $75 may be cashed for $77. It
increases $1 in value every 6 months until
it has been held 7 years. Then it will have
a redemption value of $88. Thereafter its
value increases $2 every 6 months until
the 10 years are up, when the Govern-
ment will pay the face value of the bond,
or $100, to the owner. The increase in
value of the bonds of other denominations
is in the same proportion. For instance,
the bond costing $18.75 will be worth $19
at the end of the first year, and $19.25
after 18 months. Thereafter it increases
in value by 25 cents every 6 months until
its redemption value is $22 in 7 years. At
the end of 10 years the purchaser receives
$25 for it.

®



UNITED STATES SAVINGS
BONDS

Tee Uwitep StAares GOVERNMENT
offers for sale through its post offices to
the people of the United States a new
form of Government security known as
United States Savings Bonds.

These bonds are issued in denomina-
tions of $25, $50, $100, $500, and $1,000.
Each bond bears the promise of the Gov-
ernment of the United States to pay to the
owner the full amount (maturity value)
stated on the bond 10 years from the date
of issue. The date of issue is the first day
of the month in which the bond is pur-
chased.

The bonds are sold at issue prices
which are less than the facevalues. They
increase in value regularly after the first
year. A bond bought at the present
issue prices and held for 10 years increases
in value by exactly one-third of the pur-
chase price. The increase is equal to inter-
est on the purchase price at a rate of about
2.9 percent compounded semiannually.
The following table of issue prices and
maturity values shows the amount the
buyer pays and the amount he receives in
10 years:

Issue Price - Maturity VALUE
18.75 will increase “Ela ) 25.00
$37 50 will incre%sze};n o 250 00

’ will increz\seyienars to ;
$7500 e 10 years to $10000
375100 | TG Ein ol e $500.00
$75000 will mcrealze;:ars o $1 ,OOOOO

2

but the Secretary of the Treasury reserves
the right to terminate the offer at any time.

They are exempt from present and fu-
ture Federal, State, and local taxation, ex-
cept estate or inheritance taxes and Federal
surtaxes on income.

The issue prices of this series will re-
main the same. They will be on sale every
business day until further notice. A pur-
chaser may buy one or more bonds of
any denomination every week, every 2
weeks, or every month, or on any schedule
that suits his budget plans. But since the
bonds are intended for investment of
savings, there is a limit on the amount
any person may buy in 1 calendar year.
That limit is a total of $10,000 (maturity
value). He may, however, purchase $10,000
worth of bonds each separate calendar
year. Except for that limitation, he may
buy as many as he wishes at any time.

U. S. GOVERNMENT PRINTING OFFIcE 2—16701

@
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A great deal of study has been given to determining the
best method of protecting the stream bed bclow overfall dams against
scour resulting from the high velocity and impact of the water flow-
ing over them. A great variety of local conditions have bcen encoun-
tered which has led to many different solutions, descriptions of
which are widely disperscd through cngineering literaturc. From a
study of thesc articles and the rcsults of hydraulic laboratory stud-
ies on dam spillways performed by the U. S. Bureau of Reclamation,
the following analysis has becn developed by the writers, which clas-
sifies the various conditions and points out the gencral types of
scour protection applicable to each.

Scour bzlow dams rosults from thc crosive powsr of the
water which comses into contact with the stream bottom whilc moving
with thc high vglocity which it acquires in falling over the dam.
Protection is afforded by rcducing the velocity of the water, by in-
suring that thc hish velocity flows do not comc in contact with the
bottom, or arc diverted to portions of ths bottom which will not en-
danger the structure. Usually a combination of thesc is uscd.

On many dams in thc past an attempt has becen made to reduce
the velocity of the water passing over them by having the water fall
down a scrics of steps on the face of the dam, dissipating its cncrgy
by contact with the successive steps and rcaching the bottom with

insufficicnt cnergy remaining to scriously crode the strcam bed.



Probably the outstanding example of this type is the Gilboa Dam* of

TR . Am. S6€. G. E., pe 280, Vol. 86, 1923,

the water supply system of New York City (Plate 1-A). While the re-
sults on this dam have probably been successful, due to the carefully
conducted rodel tests, without such studies the action on stepped

weirs is ept to be different from that anticipated,"" and as the

**Civil Engincer, p. 623, Vol. &, October, 1932.

principles of other forms of protection ars tecoming better under-
stood, this form seems to be less frequently used. The present ten-
dency is to dissipate thc cncrgy in some form of stilling-pool or to

divert the high velocity strcam so that it doss not comc into contact

with thc bottom where damage will result.

Thce Four Classes of Conditions

Tho most important factor in determining what form of pro-
tcction should be uscd is the depth of watcr on thc downstrcam side
of the dam and its rclation to the depth rcecuired to form the hy-
draulic jump.

In the most perfect form of hydraulic jump, the encrgy of
the high velocity water is dissipated so thoroughly in internal im-
pact that little 2nergy remains to bc used up in eddics and boils
downstrcam. In the case of a dam with a well-formed jump at its tos,

2



the velocity of the water is so quickly and uniformly reduced that
little scour of bed and banks results. It is therefore desirable,
whenever possible, to design the dam so that such a jump will occur,
as the protection required for the bed and banks is thus reduced

to a minimum.

The formula for the hydraulic jump in a horizontal channel

of rectangular section is Dy =D1 + / 2 V% Dy + D% where D and Dy

2 e 4
are the depths upstream and downstream from thc jump respectively and
Vy and Vg are the corresponding velocities. Consider an ogee dam,
Figuro 1, discharging 100
second.~fcct per foot of length
with a drop H equal to 50 fecet.
The velocity V] (neglecting
i friction) would then be
éi F2 gx a0 = 56.8 Toolt g

second and the depth D1 would
100

/2 %0

Substituting in the above

be = 176/ NReekts

formula gives a value of D2
Figure 1. 17.9 fcet which is the height

of tailwater required to form a pecrfect jump at the toe of the dam.
The ideal condition would be to have a tailwater at such a

height above the river bed for each discharge that it would form a

3



perfect jump for the denth and velocity which would occur in the over-
falling stream at the toe of the dam for that discharge. The height
of the tailwater, however, is controlled by the conditions in the
stream channel downstrecam from the dam and this ideal condition is
never exactly attained. Frequently the stage-discharge or tailwatcer
rating curve at thc downstream side of the dam is as shown in Figure

2, but the curve which

" by the jump height curve

A-B. This shows that for

SR5) I R N
: ; - e would be required to
i | I 1 (._;
820 |_ ! e AN form the perfect jump
» : . 1€ .-
&} . ”/ (l“l
e ‘4:)49’/f/’ on an apron at river
o 815 |- SRR - __*“ p S =
-~ ; L bed levcl is as shown
g - B
. \'\ !
o Xy
o
&
Q
P
=

i discharges less than

0 j i 20,000 second-fcet the
R T 20,000 - 50000
Discharge in Second-Fcct tailwater height is groat-
Figure 2. cr than that recquired to

form a pcrfcét jump but
at greater discharges the tailwatcr height is too low.
The rclations bctween the positions of these curves fall
into tha four ®llowing classcs:

Casc 1 - Jump height curve alwavs above the tailwetcr rating curva.
P & ) &



Case 2 - Jump height curve always below the tailwater rating
curve.
Case 3 - Jump height curve above the tailwater rating curve
at low discharges and below at high discharges.
Case 4 - Jump height curve below the tailwater rating curve
at low discharges and above at high discharges.
The best form of protection below a dam derends largely upon which

of thesec conditions exist.

Class 1

The first class frequently occurs when a dam is placed
at the head of a rapids or sudden drop in the stream bed. Under
these conditions the tailwater l=vel is low and less than the height
required to form the jump. TUsually, too, thc bed is of solid rock
which will withstand considerable scour. Under thesc conditions an
upward curving apron is freguently put on the dam which throws the
stream of high vzlocity water passing over the dam upward so that
it strikes the stream bed some distance away from the structure.
Herc tho energy is dissipated by impact of the water on tho river
bottom and adjacent water, and although some scour talies placc it
is too small and too far from thc dam to cndanger it. One of the
earlicst examples of this typc of dam is thc famous Holyokc Dam on
the Merrimac River in Massachusctts (Platc 1-B) . Others arc the

5



Conowingo* and Safe Harbor dams on the Susquehanna River (Plates

*Engineering News-Record, p. 127, Vol. 108, Year 1932.

1I=¢ Emd D).

At the Bull Run Dam** for the Portland, Oregon, water sup-

wilRscey Am. Soc. C. Es, pe 487; Vol. 96, 1929,

ply (Plate 1-E), a wide horizontal apron was used with upward sloping
deflectors at the downstream edge which directed the deflected stream
so that when it fell back to the river level it was spread over a
large area, and consequently did not produce as severe scour as if
the impact was localized.

The conditions on the Wilson Dam on the Tennessee River
(Plate 1-F) are such that it probably falls in Case 1. A wide, level
apron was constructed below this dam to protect the river bottom but
the depth of the tailwater was insufficient to cause the jump to form
and the high velocity water passed entirely across the 200-foot apron

and eroded a large hole in the solid rock at its downstream edgc.*

*Engincering News-Reccord, p. 190, Vol. 98, Ycar 1927.

Experiments with a model of this dam** have shown that piers would

*++yi1sonova Prehrada na Recc Tenncsscc, Alabama, U. 3. A. - Antonin
3mrcek.

not causc the jump to form on the apron viith the tailwater dcpth

6



available.

When the tailwater depth is nearly sufficient to cause the
jump, baffles or sills may be successfully used, but they often re-
celve so much impact from drift or ice that they are expensive to
build with a sufficiently strong anchorage. Baffles or piers do not
dissipate as much energy as might be expected and they are therefore

not as effective as the hydraulic jump.* Perhaps the best example

*Engineering News-Record, p. 800, Vol. 97, November 11, 1926.

of the use of baffle piers with a low tailwater level is in the Gatun
spillway on the Panama Canal (Plate 1-H). This spillway is designed
to discharge as much as 140,000 second-fect with a fall of nearly 75
feet. At the toe of the ogee scction the water impinges dirsctly
against the flat faces of thc baffls pizrs and muck of it is thrown
high into the air, recaching almost as high an =lcvation as the watar

above the dam.** hen this water falls to the river level it has

SREem, 4ms Soc. Cs B., D« 487, Vol. 95; 1929,
Engineering News-Record, p. 800, Vol. 97, Nov. 11, 1926.
Hydraulic Iaboratory Practice, Frzeman, p. 9506.
International Znrinecring Congress, pp. 46-63%, Vol. II, 19185.

nearly as grecat a velocity as it had at the toec of the dam. The
principal effect of these taffle piers therzfore is to distribute the
impact ovar a large arca rather than to dissipatc the energy of the

water.



If the tailwater level is not high enough to form a per-
fect jump it may be raised by building a low secondary dam below
the main dam with a sufficient height to cause the jump to form at
the foot of the main dam for all conditions of discharge. This
method has been extensively used for dams on earth foundations.
Plate 1-T shows a form developed by the Fargo Engineering Company.
This method has also been used for a rock foundation at the Martin
Dam of the Alabama Fower Company. The dimensions reqguired for such

a pool are shown by the cxperiments reccently published.*

*Proceecdings, Am. 3oc. C. E., p. 1521, Nov., 1932,

Another msthod which may bc suitable in some cases is to
excavatec a pool just below the dam to provide a depth sufficient for
the formation of the jump. In this case the tailwater level is
not changecd, but thc depth required to form the jump is provided by
tho lowering of thc channcel bottom rathcer than by raising the water

surface. This mothod was uscd in the Wilwood Dam** (Platc 1-K).

**Engincering News-Record, p. 660, Vol. 99, October 27, 1927.

On rock foundations where the tailwatcr levcl is ncarly high cnough
to causc the jump to form, cxperience indicates that if no protecc-

tion is added downstream from the bucket of the dam, thc bottom will
be scourcd out until sufficient depth is provided to permit thc Jjump

8
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to form and no further scour will take place.*

*Civil Engineering, p. 527, Vol. 1, 1931.

Class 2
Dams in the second class are apt to occur where the foun-

dation rock is at a considerable depth, and where the tailwater sur-
face is therefore higher than necessary to form the jump. This case
will be more frequently encountered in the future than in the past,
du¢ to the exhaustion of the surply of 0o0d damsitcs. Under these
circumstances, if an ogee dam with conventional bucket is uscd, the
watcr flowing down the face of the dam dives under the tailwater and
travels at high velocity a long distancc along thc bottom, forming
only a very impecrfcct juraip. The imorc naarly the tailwater deptn
corrcsoonds to the depth reguired to form the junp, thc shorter ths
distance which the high velocities extend dowvmstrcam. A perfect juwap
could bc formed for any discharge by building a level apron below
the dam to give Jjust the correcct depth for the formation of the jump,
but this apron would probably not bc at thc correct clavation for
other discharges. Bv making the apron sloping, the various dcpths
rcquired for the diffcrent flows can bc provided. The high velocity
strcam flows down thc sloping apron until the depth bcelow tailwater

svel is rcached at which the jump can be form=d for that discharge,
and at this point the jump occurs. The advantagecs of the sloping

9



anron have been pointed out by G. Gale Dixon.*

— .

*Engineering News-Record, m. 696, Vol. 100, May 5, 1928.

The formula given above does not exactly apply to jumps on
a sloping floor since the water enters the juan in a direction some-
what different {rom that in which it flows away, while the formula
assumes motion in the same diraction. The formula for the formation

of the jump on a sloping surface has been developed by R. W. Zllms.**

**Trans., Am. Soc. M. I., Sept.-Dec., 1952, paper HYD-54-6.

o

A jump formed under favorable conditions is an intimate,
relatively uniform mixture of air and water with a white appearance,
and the velocity is reduced within a comparatively short distance.

As the jump beconics less perfect the mixturc is not so intimate and
the velocity is not so rapidly reduced. It is questionahle if a per-
fecet jurip can be Tormed except on a level floor. As the slope of the
floor is increased, the dissipation of the cnergy becomes less cffi-
ciecnt. Zxperimcnts on the model of the Cle Elum Dam spillway with
Tloor slopcs of l% horizontal to 1 vertical, 2:1, 3:1 and 4:1 showed
progressively lcss scour as the slope was flattcned.

FProbably the outstanding cxample of thc usc of the sloping
apron for dams in the sccond class is the Madden Dam (Plate 1-1L) now
being constructed to storec watcr for the Panama Canal. This form was

10



developed as the result of extensive model tests.*

*Engineering News-Record, p. 42, Vol. 109, 1932.

The height of the natural tailwater and the jump height
curve for an apron at stream bed level are given on Figure 3, show-
ing that this casc falls into Class 2. The shape of the apron was
determined by trial. By varying the tailwater lcvel, a determina-
tion Was.made for cach form of apron tested of the tailwater levels
required for the various dischargss, to cause the jump to form at
the upstrcam edge of thc apron. Tor cach form a curve was plotted
of tailwater leval requircd amainst discharge over the dam. The
agreement of this curve with the tailwater rating curve for the
best apron devcloncd is shown on Figurc 4. The apron devoloncd had
a slonc of 4 horizontal to 1 vertical with its upstrcam cdgc anprox-~
imately 30 feet above thc foundation leval, At large discharges,
however, the high velocities ecxtended esntircly across the apron and
a small triangular sill or lip was placcd on the downstream cdge
of the apron to deflect the swif't water up off the strcam bed. The
sloping apron may requirc large volwacs of concretec but in the case
of the Madden Dam this was of assistance in rosisting carthquake ef-
feets.

In the modecl cxperiments for ths Madden Dem another form
Was investigated which requires less concretc and would prove advan-
tageous in ccrtain conditions. It may be called the high bucket

11
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type. It consists of the ordinary curved bucket of the ogee weir
located some distance above the river bottom, as shown on Figure 5-A.
When the tailwater level is somewhat higher above the lip
of the bucket than the upper surface of the high velocity sheet at
the end of the bucket, any water which might be on top of this shcet
is swept awav by friction with this shect and the upper surfaces of
the shecet is below the tailwater level. A pressurc is then exerted
on the under side of this sheat beyond the lin of thoe bucket as
shown by the arrows in Figurc 5-A, due to the pressurc excerted up-
strecam benecath the shcet from the higher tailwater leovel. The high
velocity ject is derflected upward by thssc forces in a great sweep
which may carry it cven higher than the tailwater level, to which
it falls back after thc upward motion is overcome by gravity. A4s
this water falls on top of the decp tailwatcr it docs no damage to
the river bottom and the only scour on thc bottom is that duc to
the upstrcam flowing vatcr of the cddy which fomns bencath the high
velocity shect. This condition of flow occurs at flood times on
the dam (Plate 1-1f) of the rccently completed Dnieprostroy power

plant on the Dniecper River in Russia.* TFor somowhat higher tail-

———

*Engineering News-Record, p. 877, Vol. 108, June 23, 1932;
p. 90, Vol. 109, July 21, 1932.

water levels the path of the high velocity sheet tends to become
nearly vertical and part of it falls back into the "valley" along

12
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tho facc of the dam, as shown on Figure $-B. This acts as a brake
on the high vclocity shect and it docs not swecp so high. The cn-
ergy in this casc is very thoroughly dissipated without attacking
the strecam bcd. On the Madden Dam modcl the hsight of tailwater
which would give thesc conditions for a bucket lip at elecvation 90
was determinced for the cntire rancc of discharge. Thesc tailvater
heights were plotted afainst discharges and were found to be anprox-
imatcly parallcl to the tailvater rating curve of the river as shown
on Figurc 6; that for condition A was roughly o fect bslow the tail-
vwiatcr curve of the river and that for condition B epproximately 5
feet above. By loviecring the buckot 5 fozt the A curve would approx-
imately coincidec with the tailwater curve of the river, and a risc
of 3 feet in th: bucket would bring the E curve into agreoment.

Thus with a buckct at clevation 85 thc A condition would occur at
all discharges vhilc at elevation 93 the E condition iwould occur

at all dischargcse.

For the conditions at the Madden Dam, vhere therc was on
the river bed material which wwas sufficicntly finc to bc movad by
the back eddy, thasc rclations were Tound to be unsteble, as the
back cddy carried tho finc matcrial up tovard the bucket and tended
to build up a bar therc, which cut off the back prcssurc from the
tailvater and causcd thc high velocity sheet to flow more ncarly
horizontal. In this position the high vclocity shect tended to

13
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carry along with it all the water in the eddy below it and built up
a low pressure area at D of Figure 5, C in the place of the eddy.
The force of the tailwater pressure then acted on the top side of
the sheet, and deflected it downward against the bottom, which it
struck with a considerable impact. With a bottom composed of solid
rock or material of too large size to be moved by the back cddy,
this condition would not occur.

It is believed that these flow conditions offer a method
of scour protection below dams worthy of serious consideration for
the condition of deep tailwater below overfall dams. Their appear-
ance is not as satisfactory as the hydraulic jump on the sloping
apron but they require much less concrete than the sloning apron
and if the condition C can be avoided they bring even less scour on
the bottom. In the Madden modcl the 1lip of thz bucket was horizontal.
If it was curved up somewhat as on the Dnieprostroy Dam it is prob-
ablc that the C condition would be loss likely to occur. It is
not necessary to have only one of the two satisfactory conditions
throughout all discharges, as onc might he used for low flows and
the other for high oncs. This will often permit tlie matching of
the river tailwater curve when it cannot be done with cither one
alone.

The conventional bucket with relatively short horizontal
apron may bc satisfactory for Class 2 conditions if the jump height
curve (bascd on the apron level) is not too far below the tailwater

14



rating curve, since the proper depth to form the jump may be reached
on the slightly sloping portion of the bucket, and a relatively per-
fect jump be formed. If the difference betweeun the two curves is
great, the depth causing the formation of the jump will be reached
on a steeply sloping surface in the bucket or on the steep face of
the dam and the jump be very imperfect, with high velocity currents
extending far downstream, necessitating a long apron. The length of
the apron may bec considerably shortenced by the usc of some forms of

sill at its downstream end.

Class 3

The third case occurs where the tailwater depth at low
discharges is insuificient to cause a jump to Torm on a lcvel apron
at river bottom level, but is morc than sufficient at high discharges.
This is a common casc and the solution consists in artificially cre-
ating enough water depth to make the jump form on the apron at low
discharges. This may be done by a low secondary dam or sill across
near the downstrcam end of a levcl apron. This secondary dam must
be high enough to cause the hydraulic jump to form upstream from it
for all flows for which the natural tailwater depth is insufficient.
It may nccd a secondary apron downstream from it for it is in fack
just a second dam. The depth required may also be sccured by depres-
sing the apron, prsfcrably by sloping it downweard in a downstream

15



direction. This method was used on *the repair of the Hamilton Dam.*

*Engineering News, p. 130, Vol. 108, January 28, 1932.

This third case is usually favorable to the use of baffle
piers or some form of dentated sill near the end of the apron, as
these tend to break up the high velocity flow at low discharges and
also to raise the tailwater, both of which actions promote the forma-
tion of the jump. They would also be advantagcous at high flows
since then the depth of tailwatcr is greater than required to form
the jump and the nappe over the crest tends to dive down to the bot-
tom of the river and flow along the apron at high velocity as previ-
ously described. “When this condition occurs, thc sills or piers arc
useful in breaking up this destructive current. For low intake dams
it is not uncommon to havc thc height of tailwater at high flows suf-
ficient to submerge the cntire dam. In such cascs the drop at the

dam is slight and protection against these high flows is no problcm.

Class 4
The fourth casc, whcere the tailwater depth is sufficient
at low flows hut too small at high flows, can be solved by incrcas-
ing the depth of tailwater sufficicntly to causc the juap to form
for the maximum dischargc contemplatcd, cither by a sccondary dam
or an cxcavated pool. With thesec of the magnitudec rcquired for the
maximum flow, the tailwater depth would bc morc than sufficicnt to

16



cause the jump to form on the apron at the lower flows but this con-

dition would probably not be objectionable for low flows.,

Effect of Changes in Dam Crest Length

To make the foregoing anelysis as rsadily understandatle
as possible, it has been assumed that the stream flow was uniformly
distributed over a fixed length of the dam and therefore for a given
discharge there would be a fixed condition of overflow and a fixed
tailwater elevation. Ey the proper selsction of crest length, how-
gver, it may be possible to sccurc a closer agrecement tetween the
tailwater rating curve and the jump hzight curve thasn is sccured by
an arbitrarily chosen length. If the first assumed length produces
a Case 1 condition, the agreement will be improved by increasing the
crest longth, which will cut down the discherge per foot length
and consequently lower the jump haight curve. Similarly, a Class 2
condition can bs improved by decreasing the crest length, producing
a greater discharge per lincal foot of crest and thus raise the jump
height curve. Such changes may rcsult in increascs in the cost of
crest gates or other featurcs of the dam but this might be much more
than offsst by the rcduced cost of hottom protzction, and the possi-
bilitinss of such a seving justify a study of this pheso wharc the

circumstances pcrmit a choice of crestv lungths.
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Effect of Crest Gates

The foregoing analysis has also been simplified by assuming
that the flow of the stream was uniformly distributed over the entire
crest length of the dam. With control sates on the crest, however,
the flow can be concentrated and at certain portions of the dan the
flow will be greater than at others. To be perfectly safe, the pro-
tection should be designed so that it will be sufficient with any
possible condition of gate openings and flow. As a practical matter,
however, it may be assumed that reasonable judgment will be used in
operating the gates, and sufficient protection provided so that no
severe damage would result with the undesirable conditions acting
for a limited time, such as might cccur; for examPle, in the case
of the failure of a gate to close when desired. In most cases it
will be found best to have the crest gates designed to be capable
of operating partially open, in order to distribute the water un-
iformly over the crest instcad of permitting only an entirely open

or entirely closed condition.

Protection for Weirs of Indian Type

The foregoing classification applies principallyv to pro-
tection below masonry overfall dams of the tyres commonly uscd in
this country. »or the broad weirs with slightly sloping aprons
frequsntly used in India and Egypt, a somewhat different analysis
is necessary. The oldest form of this typc of weir consists of a
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pile of loose rock, with or without mascnry dividing walls, having a
sloping upper surface paved with hand-laid rock or masonry, as shown
on Figure 7. After passing over the cirazst of a weir of this tyne
the water flows dovn the sloping apron until it encounters the tail-
water, and at this point a hydraulic jump is usually formed. To pre-~
vent scour, this jwwap should form far enough from the cdownstrzam end
ol the apron that the turbulence of the jump dces not reach to the
unprotected river bed. To securc this r=2sult may nccessitate the
extension of the apron below the natural level of the river bed.

It is ncceessary, or at least desirable, to have the point whocre the
jump occurs move un the apron as the discharge increases, since this
provides a lenger length of anron to talc cars of the groator tur-
buleince of the jump with thc larger flows. It is also an advantage
if the weir is cntirely drowncd out for very high flows, since this
climinates the combinaticn of high discherge and fall which would
produce so much destructive enersy. These conditions exist at the

Rosctta weir,* ( Fizure 7) which is at the head of the delta of tho

*¥Standing Wave Weirs, oy A. D. Butcher.

Nile. The suriace profilos show that the position of the Jjump movas
upstream as the dischargs incrcascs and for & flow of 170,000,000

cubic meters per dey the jump is entirsly drovwned out. Although for
many dams of this type the maintonance cost has been high, whon con-
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ditions are favorahle it may be very low, as indiceted by the main-
tenance charge of 0.4% for a 15-year period at the Laguna Dam on the

Colorado River,* all of which was due to a cutoff of the river just

*New Reclamzation Era, p. 189, December, 1924.

dovnstream from the weir, which lowered the tailwater level 7 fcet
and necessitated an extension of the apron.

With this type of weir the possibilities of increasing the
tailwater depth are rather limited. It is therefore unsuited to con-
ditions hevinz a low tailwater level and two complete failures arc
belicved to have been duc to tailwater levels so low that the hy-
draulic jump occurred too near to or below the downstream edge of
the masonry, causing an undermining of the structure which pro-
gressed upstream and caused a breach. An adjustment of the dam
to fit the tailwater conditions may sometirzies be made by a proper
choice of the dam length, as previously discussed.

Most of the rccent dams of this typs in India and Egypt
have bean constructed with broad, sloping masonry aprons surmounted
with piers and Stoney gatecs. The foregoing discussion applies to
this kind also, although it is complicatcd somewhat by the nccessity
of having sufficient tailwater depnth to cause the jump to form on
the apron with the gates in a partially open condition. To securc
this it may be necessary to carry the apron below natural bed level.

20



If tke river carries much bed load, allowance should he made in com-
puting the position of the jump for a retrogressior of the downstreaii

river level.

Tailwater Rating Curves

Enough lLas been given in the foregoing to show the impor-
tance of the tailwater rating curve in the solution of this protlem.
Cne of the first stems in attacking the problem at any site is to de-
termine the tailwater rating curve, either by observing the actual
levels for a wide range of discharges or by computation. The former
method should be used if possible, tut fairly satisfactory results
may be secured by determining the tailwater elevaticn for various
discharges by means of tackwater curves for these flows. Since the
water levels at downstream points for these discharges are probably
also unknown, the curves may be started at assumed elevations far
enough downstream from the dam that the error in the assumed eleva-
tion will have disappeared tefore the curve has been computed as
far upstreamr as the dam. That this is the case may be determined
by assuming somewhat different elevations for the same discharge
at the lower end of the stretch and if both assumptions give prac-
tically the same elevatior. at the damsite, the error introduced bty

an incorrect assumption is negligible.



Laboratory kExperiments l'ecessary

T

It is not the intention of this article to give the impres-
sion that hydraulic leboratory tesis are unnecessery in working out
the best form of scour protection below dams. Such tests should be
made on all importent structures and will usually pay for themselves
in the improvements which they btring about in the minor features of
the design, entirely aside from the major improvements which they
make possible. The intention of this analysis is only to roint out
the lines along which the best solution probably lies, in order that

effort may not be wasted in unneccssary investication.
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