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Getober 15, 1946 and J. N. Bracley

subject: Hydraulic model studies for the cesign of the Bhakra Dam=—-
Province of Punjab, Indie,

INTRCLUUCTION

The Problem

On Gctober 2, 1945, an agreement (Contract Ne. 12r-15491) was made
between the United States of America, represented by the Chief Engineer,
bureau of Reclamation, and the Morrison-fnudsen Company, Inc., of
boise, Iduho, through the International Engineering Company, Inc.,

Denver, (Coclorado, whereby the Bureau would conduct model studies of
the various hydraulic features cf Bhakra bLam,-being designed for construc-
tion in the Sutlej River in the Province of Punjab, Iudia,

In this investigation the problem consisted of 3 features:

1. The drum—gate spillway section, which includec the
stilling basin and river outlets through the dam,

2., The tunnel spillway with Lhe left diversion tunnel and
deflector at the tunnel portal,

3. The tunnel outlet works: in the right diversion tunnel.
In adaition to a composite mouel of the dam, 5 additional models of

various sections of the structure were used in these studies,

Prototype Structure

The Bhakra Uam is to be constructed on the Sutlej River in Northern

india (Figure 1) for the Public works Department of the Province of

Funjab, It will provide flood control, adaitional water for irrigation,
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and hydroelectric power for the province., The general design is being
made by the International Ingineering Company, lnc,, Denver, Colorade,
vwith Mr, J. L. Savage as consulting engineer,

The Sutlej River drains an area of 21,900 square miles above the
damsite. The design flood is 375,000 second~feet., The dam will be
of the concrete gravity type with uan overall height of 500 feet and a
length of 1,400 feet, Maximum storage of the reservoir will Le
4,240,00C acre-feet, Two spillways will be provided, the crum-gate
spillway located in the center of the dam, Figures 2 and 3, and the
tunnel spillway &t the left abutment, Figures 2 and 4. The downstream
section of the left diversion tunnel will be used for the outlet of
the tunnel spillway. The crest control will be provided by two
135- by 28-foot drum gates for the crum~gste spillway and twe 50~ by
TO0~foot high racial gates for the tunnel spillway,

Iwo outlet systems are plannec. The tunnel outlet works, located
in the right diversion tunnel (Figure 5) will be reguleted by four
9o-inch hoilow=-jet valves, The river outlets in the dam will consist
of 2C conduits, each reguleted by a $b-inch jet-flow gate, Figures 2 and
3, which cdischarge into the spillway section on the downstrecam face
of the cem,

Two powerplants will ke instuzlled ultimately, one on each bank
adjecent to the spillway apron., In the initial development only the
nowerplant on the left bank will be constructed. Maxipum flow require-
ments for toth plants will be 15,000 second-feet,

Maximem discharpe capacities for the spillways and outlets ure

as follows:

Drum-pate spillway 63,600 second=feet
Tunnel spillway 165,600 second=feet
fiver outlets 96,000 second-feet
Tunnel. outlet works 21,300 secona=feet

>
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Summa

The model studies of Bhakra Dam were recuested to insure cependable

designs of those hydraulic features which could not be safely based on
precedent alone, Cf major importance in these studies wus the composite

v

1:80 model which, containing all the pertinent features in respective
locations, mede possible the study of the performance of each singly

and collectively uncer various operating conditions., ridcitional models
were usea in the studies of specific features which, because of scale

or location in the composite model, could not be réliably investigated,
The overall condition of flow in the river channel dowistream from the
dam w&s the most important factor studied in the complete model. The
features causing this flow were the drume—gate spillway and river outlets,
the tunnel spillway, the tunnel outlet works, anc the discharge from

the powerplants,

The reccmmendecd slope [or the drum~gate spillway stilling-basin apron
was 10:1. The apron length was shorter than desired for the maximum
flow of 189,600 second-feet, tut it was decided not to increase the
length because of unsetisfactory foundation material,

To provide the best flow in the river channel for discharges from
the tunnel spillway anc the tunnel outlet works, deflector designs
were evolved for cach tunnel portal. Severe-scour in the model resulted
from operating either the drum~gate spillway and river outlets or the
tunnel spillway et maximum capacity.

In the original design of the approach channel to tunnel spillway,
considerable drawacwn occurrec &t the right pier aue to flow parsallel
with the face of the ocani., This concition was improvee by a training
wall extending upstream from the right pier, It wes also founa necessary
to make some changes in the trensition below the tunnel spillway crest,

The design of the tunnel outlet works was satisfactory without a
vane &t the junction of the intake shaft and the diversion tunnel,

From the model studies a new design was developed for the elbow

and trough of the river outlets. 4 rectangular cross-section was used




instead of the usual circular shape. This design was more suitable for
operation of the outlets at partial gate openings, In addition, air
was supplieu to.the lower sice of the elbow Lo increase pressurcs,
An eyebrow with a 2-foot rise wa< placed on the spillway face over these
outlets Lo deflect the water over thu spillway to prevent its striking
in the outlet troughs,

Black and white movies were taken of the 1:80, 1:32, and 1:17 models,

and Kouzchrome movies were made ol the 1:480 polariscope model.

Models

A total of 6 models was used for the studies of Bhakra Uam. The

principal one, on a scale of 1:80, was & composite model of the complete

structure, A second model; on a scale of 1:17, included one river

outlet. Two models were made of the tunnel outlet works. One of these,
on & scale of 1:32, was of the downstream section starting with the

valves and ending with the tunnel portal. The other model, on a scale

of 1:100, was of Lthe section upstream from the valves., The remaining

two models were an electric analogy study of the tunnel spillway crest

on a scale ol 1:80 and a fluid polariscope model of the d: m-gate spillway

section on a scale of 1:4LRO,




1:80 COMPLETE MCDEL

Model Construction

Description of model. The model on a scale of 1:BO was of the

entire structure, including powerplants, spillways, and outlets. 4
drawing indicating the extent of the model is shown in Figure 6. The
photograph in Figure 74 shows the original model with surrounding
topography. Tne head box wes constructec of wood lined with sheet iron
with the cownstream sice forming the upstream {uce of the dam as is the
usual practice with this type of model, The downstreawn face of the dam
anc all topojraphy was built of metal lath pported by wooden sifips.
The metal lath was then plastered with a l-inch coating of sand and
cement mortar, The box downstream from the dam was built of wood and
lined with roofing paper Lo an clevation slightly above maximum tailwater,
The drum-gate spillway section, apron, drum gates, piers, anc river
outlets wer= of sheet metal construction, The tunnel spillway crest was
ol' concrete tacked with metal lath and metal templates, while shect

metal was usec for the training walls enu racial gates. The center pier

of Lhis spillway was of oil-tiruzated weood., Both diversion tunnels were

constructec of sheet iron, The photograph in Yiguré 75, taken during
assembly, illustrates the method of construction.

Water supply to the model was m=esurcd through accuraiely calibrated
laboratory venturi meters which are systematically checked at regular
intervals, Elevations of the watcer above Lthe cam anc below the diversion
tunnels were mecsured with hook gages installed in stilling wells

conricctec by tubes to these respectiver positions in the moael,

Drum—pate Spillway

Stilling-basin udesizn. The original aesign of Lhe drum-gate

spillvay apron is shown in Figure 8A anc illustrated by the photograph
in Figure 9, This consisted of an apron with 2 7.5:1 slope based on

calculations from the momentum formula for the hydraulic jump and

10
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B, Model during construction,
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FIGURE 8
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FIGURE 9

DRUM GATE SPILLWAY WITH ORIGINAL APRON
DESIGN HAVING A SLOPE OF 7.5:1
BHAKRA DAM  1:80 MODEL




coordinated with tailwater elevations such that the location of the front
ol the jump would remain the same for all discharges. From these calcu-
lations the length of Lhe apron for maximum flow was 317 feut, but due

to foundation conditions the apron was shortened 26 feet,

In the initial tests of the stilling-pool, disclarpes over the apron
were variec {rom 0,39 to 2.31 second-fect, model corrusponcing Lo
discharges in the prototype from 22,000 to 189,600 sccond=fuet, These
flows were obtained by operating the spillway anc river outlets singly
ana in combination, Tailwater elevations were set Lo corresponc to that
which would exist in the prototype for the given discharge according
to the tailwater curve in Figure 3, It was observeu that for all
aischarges the location of the jump was tou far downstreanm, thus only a
portion of the apron was being utilized «s can be seen in the photographs
in Figures 10 ana 1l. Moreover, as the cischarge increased, the location
of the jump continucc to move cownstream., This movement of the jump
with change in discharge indicated an incorrect apron slope, while the
position oo the jump, teoc far cownstream at all cischarges, sho 2d the

apron was too high. This indicatec that too litile vnergy was being

dissipateu over the apron section. The high velocity of the discharge

downstream from the £oron caused scouring of the river channel,

Witr the crum—gate spillway only operating, the flow wus uniform
enc of low velocity as illustrated in Fipure 104, while the transverse
velocity distribution was uniform acrose the apron. wWith meximum flow
througr the outlets, the velocity on the apron necar the training walls
was low us cxpested, as the nearest outlets are some cistance from the
walls, V‘hen btoth outlets anc spillway were operating as shown in
Figure 10B, the velocities were highest at the training walls. This
concentration of flow at the sides of the apron was a cirect result of
the transverse distribution of flow on the spillway at the lower set of
outlets. At this point the water surface was unstable because of less
depth at the training walls. Velocities were higher here since the

velocity of the river outlets in the central section were lower than that
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of the flow from the spillway., The depth became more uniform us the
water flowed dovn the spillway cdue to & transverse flow toward the
training walls; meanwhile no appreciable decrease occurred in the
velocity at the sices of the spillway. MHence, upon reaching the apron,
the cepth of water was uniform with higher velocities at the training walls,
Figures 11A and B show the drum-gate spillway and river ocutlets
operating in combinatis s with the tunnel snillway. The effect of the
additional flow through the tunnel spillvay wes to increase the teilwater
slightly, but little chanpe wis noted in the stilling action,
After operating all outlets and spillways at meximum discharge
for 2 hours, the photograph in Figure 12 was taken showing resulting
erogion of the riverbed. UGcour can be secen airectly helow the apron
with 4 bar formed downstream from this point, The greater scour at the
edges of the spillway is evidence of the higher velocity at the
training walls,
By increasing the tzilwater C.15C feet in thie mocel corresponaing
to lowerings the apron 12 feet in thw prototype the front of the jump
remained in the bucket upstream from the anron for zll discharges.
From these studies a revisicn of thc apron was macde Lo improve the
stiliing action. In this ucesign, Figure 8B, an apron slope of 10:1 wes
usec with the lower end at elevation 1112.20 in tle prototype. This
meant that the apron was lowered at this point by 0.105 feet in the model,
or 8.40 feet in the prototyre instvad of 12 feet ac required with the
7.5:1 apron. This design 1s illusirated by the photograph in Figure 13,
Studies were next mace of the stilling action on this apron at
the various flows as in the original design. Vith normal teilwater
elevation for the several disciarges, the jump formed in the proper
location on the apron. Under the different flow combinations, the
transverse velocity cdistribution was the samc'as in the original design,
being higher at the training walls for both outlets anc spillway
operating, and lower at the walls with only the outlets operating. The
photographs in Flgures 14 &and 15 show the operatiqp of the stilling-

basin for the various flows on the revised apron,

18
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FIGUKE 13

DRUM GATE SPILLWAY WITH FINAL APRON DESIGN
HAVING A SLOPE OF 10:1--BHAKRA DAM 1:80 MODEL




Flow over apron 93,600 second-feet;
drum gate spillway and penstocks
operating,

Flow over apron 189,600 second-feet;
drum gate spillway, river outlets, pen-
stocks, and tunnel spiliway operating.

FLOW IN STILLING-BASIN  FINAL APRON DESIGN
BHAKRA DAM  1:80 MODEL




: Flow over apron 96,000 second-fest; river
, outlets and penstocks operating,

B. Flow over apron 96,000 second-feet; river ..
outlets, penstocks, &nd tunnel spillway
operating.

FILOW IN STILLING BASIN  FINAL APRON DESIGN
BHAKRA DAM  1:80 MODEL




The drum=-rate spillway was operated at maximum discharge for a
period of 2 hours anc the photograph in Figure 16/ shous the resulting

scour in the riverbec. Jome scour occurruc at the eng of the apron

<
resulting in & bar farther downstream. This scour pattern was.

consiaerec quite satisfactory., £ seconc scour test was made with both
the drum-gate spillway anc outlets operating st maximum discharge for
< hours, More extensive scour occurred downstream from the anron as
shovn in Figure 16B than in the previous test. 1n the lzlter the
eroced nmeterial was deposited downsiream {orming a bar with a maximum
elevation 50 feet higher than the top cf the sill, The deepest scour
existed cownstream from the training walls indicating high velocities
at the sices of the apron. Inasmuch as a longer run might recuce the
bar by carrying away some of the material, the test wus repeated with
operation continuing for & hours. The resulting scour, Figure 174,
was practically unchanged from that of the Z-hour run. A fourth

scour lest was made with the drumegate spillway and river outlets
operating in combiration with the tunnel spillway, all at meximum
discharge. The scour cownstream from the apron, Figure 17E, showed
little change :rom the previous runs with the crum~gate spillway and
oullets operating., The aduitional rise in tailwater did not decrease
the scour or the height of ihe bar immediately downsiream from the drume—
gate spillway, Figure 184 shows the scour cownstream from the tunnel
spillway cdefllector after this test,

These eresion studles representec the original plan for operating
the tunnel spillway which was to be operated only after madmum flow
had been reached through the river outlets znc over the grum-gate
spillway. OSince satisfactory scour resultec with operation of the drume
gate spillway alore, a fifth test was mace with both spillways opurating
at maximum cepacity to cetermine the scour downsiream from the tunnel
spillway deflector. The results, rigure 18B, which is of the final
tunnel spillwey ceflector, showed an increase in erosion over the fourth
run due to the lower tailwater since the outlets were not operating.

Some improvement was inoicated in the overall riverbea scour from that

23




Drum gate spillway operated; discharge
second-feet,

Drum gate spillway and river outlets

operated;
total dischars. 189,600 second-feet,

SCOUR DOWNSTREAM FROM APRON AF
FINAL DESIGN, BHiKR/i DM 1:80 MODEL

TER TWO HOURS OPERATION

FIGURE 16




Eight hours opsration- drum gate spiliway and

river outlets operated; total discharge 189,600
sscond-feet ,

Two hours operation- drum gate spiliway, river
outlets and tunnel splliway operated; total dise
charge 356,200 second-fest,

SCOUR DOWNSTREAM FROM APRON » FINAL DESIGN
BHAKRA DAM  1:80 MODEL




FIGURE 18

A. Drum gate spillway, river outlets, and tunnel
spillway operated; total discharge 356,200
second-feet.

B. Drum gate spillway and tunnel spillway operated;
- total discharge 260,200 second-feet,

SCOUR DOWNSTREAM FROM LEFT DIVERSION TUNNEL AFTER
TWO HOURS OPERATION, FINAL DEFLECTOR DESIGN
BHAKRA DAM  1:80 MODEL




obtained by following the original plan for operation of the spillways.
Because of the uncertainty in moael prototwype comparison of scour, the
Tinal method of oocration of the spillways sheoulc te determined in

the prototype.

From these studies the apren with & slope of 10:1 wes selucteo us
the recommencec aesigne. With the limitation of apron lenpth, it apncared
that no imorovement in the stilling action woulc result from further
changes in the apron, Water surface profiles were taken in the stilling-
busin, Figure 1%, for 3 different conaitions of [lcw,

Pror/ran for overation of river outlets. in thu operation or the

river outlets, past experience hes shown the importance of melntaining
us unirorm flow uistributions as possible in the stilling-besin, rfor
instence, i only a peir of outlets were aischarging &t the sice of the

spillway an edey would Jorm in the stilling-pocl. The upstiream f{low

of tily ecuy woulc curry riverbzd meterial of verious sizws inclucing

i
voulcers onto the apron, 7The resulting sbrasive scilon of ithis ruterisl

-

on the concrete epron woule cventually result in serjous cumage to the
asren, If only one or two outlets at the center of the spillway were
oprratlrng an vacy woulc jorm on each site ol the spillwev resulting in
sindiler abrisive cetion anu consecuent uvarage,

To obilain symuetlricel operction of ihe stilling-pool,
recommencec thel the oullets be operated symuetricaelly for
ol discuurge.

No alicmpt 15 race Lo give z uvetailec onerational procecure for all
conuitiors of flow, but to Incicate the peneral procezcure L0 secure
uniferm flow disiribution in tre stilling-pool,

Heszd aischerpe relationstipsg, leac clcoebarpe and discharge

coefficient curves for frew crest wne gatle settings et S5-foot intervals

-

are shown plotted on Fipurc 2C for the drum=gate spillwav. In cach cese
the coefficient of discherre is referrec to the hiprest point on the
pate, Intrance flow Lo the crum-gate spillway crest was uniform uncer
all cperaling conuilione «nc no problem was encountered with this portion

of the spillway or with the c¢rum getes,
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FIGURE 20
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hs in the case of Lthe river outlets the drum-gate spillway should
be operated to muintain uniform flow distribution in the stilling-
basin at all discharges. To attain this condition it is only necessary
to have equal flow over each gale., Thus the gate settings should
be the same at all times,

wWater surface profiles at various gate openings are shown in

Figure 21, These curves were obtained from past stnudies on this

crest design,

River Cutlets

tyebrow deflectors. The 20 outlets through the aam in the arum-gate

spillwiy section are arrangec in 2 tiers of 5 pairs euch, Figures 2 anc
3. FEach peir in > lower tier is cirectly telow & pair of outlets in
the upper tier. The design of these outlets was determined by stucies

on a 1:17 model of one of the outlets as aiscussed in a later section.
The final trough length was meace L9 .B7 feet instead of 545,28 feet as

in the originzl desiyn, Fyebrow ceflectors consisting of raised sections
on the luce cf the spillway werc pla&cd immediately above the outlet
trouglic,  The nurpose of the eyebrows was to 1lift the shect of water
flowin;s over the spillway sc thet it woule not impinge on the outlet
troughis., Two factors influenced the design of the evebrows: the length

.

‘of the outlet trough, and the velocity of the water over the deflector.
Since the trough lenpth hac been fixec {rom the stucies on the 1:17
moael, the velocity of the water was the only remaining factor to be
consiaerec in this aesign., This velocity, however, wus subject to some
voriation, tein; highest at meximum flow over the spillway crest and
lowest with & small flow. The velocity woula hove an intermediate value
vith both the spillwuay anc river outlets operating. In the cese of the
lower tier aeflectors, it wus nezcessary to 1lift the flow from the upper
outlets over the lower troughs. Because of the variation jn velocity,
it was apparent that the rJEulting trajectory would not remain constant,
Fortunately, the point at‘which the sheet woula return to the spillway

face coulc vary over a range of about 50 feet wlon, the spillway slope,

»
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that is, from thie lower end of the upper trough to the upper end of

the lower tier deflectors.

The original eyebrow design is shown in Figure 224 with a photo-

graph of the installation in the model in Figure 234 (marked A). In
the operation of this design the ceflectors dic not 1ift the sheet {ree
of the *roughs at the lower flows. The rise of 1 foot at the lower end
of the aeflector wes insufficient. The operation of this eyebrow is
illustiratea et verious flow conaitions by the photographs in Figures 23B
anc 24 (merked A).

The r'irst revision is shown in Figure 22B anc merked E in Figure 234,
This design was used on the intermediate outlets of Granc Coulee Dam
anc consists of an individual eyebrow ror cach outlet insteac of one
deflector for each palr of outlets &s in the previous cesign. Figures 23E
and 24, show this cefllector, markec B, in operation. At the higher flows
the sheet from the upper tier wio 1iftes to such en extent that it
returned to the spillway striking the lower outlet iroughs, In adcition,

the width of the aeflector was insufficient, the troughs in this instel-~
lation beinp wider than theose on Crend Coulee Lam.

The «yebrow in Figure 220 having @ rise of 1.50 feet wis the sccond
revision, The 1ift of the sheet with this cesign was insufficient at
tre lower flows., 5o photographe were taken of this design.

The cesiyn of the rourth veflector investipeted, Figure 220, had
a rise of 2 fect at 2 i i & lencth of 35 feet. The wicdth
of the flat section was 30 f ; &5 connected to the spillway face
by two 2.5-f0ot racii at the lower enc, These radii cecreusec uniformly
to zero &t the unstrewm end ol the eyvebrow, This design 1s marked C
in Fipure 234, The Z-foot rise was desireble structurally since it
nrecvided mere sireniih to the top of the elbow than the previous cesign,
This wyebrow servec & pair of outlets. The operation is shown on
rigurcs 23E anc 24, marked C. 4t low flows the sheet of water was
lirted suffleiently to clear the outlel troughe ane ot meximum Ilows
it ; &l ¢ point that it interfercc vith the lower outlets,
ACCOrCing his czeign was consicered satisfactory and is recommenaged,

sbr,
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FIGURE 23

Discharge of 20,000 second-feet over
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Tunnel soillway

Intrance desiin, The originel dc sirn of the entrance to the tunnel

spillway, located in the left abutment of the cam, is shown in Figure 254
and illustratec by the photograph in Figure 264. To provide an untrance

to the spillwey, a curved aporoach channel was excavetea in the canyon
rom the overflow crest, anc to u depth of 21 feet helow
Ko material was left in place on ithe reservolr sice above
2levaticn, In the initial test of the entrance cesipn,
ok.zervations of variocus flews were made up to o maxizum of 2.91 suconc-
Teet in the mocdel corresponains to 100,000 seconc-fe=t in the prototyne,
At the spillwey cntirence near the right pier, consicerable cepression
of the water surface existed for all bul the very low Ilows., 1This vas
caused by the hirh~-velocity [low approaching from various cirecticns
anc converging &t the nosc of the right oier, The sudden chenge in
airection of thv flow &t this point resulted in an anpular acceleration
wiich criated a contractioﬁ &t the entrance {ollowed by @ rise in ithe
surface downstream in the trensition section cuc to recovery of velocity
head. This concition is shown in the photograph in Figure 2cF takea ot
meximun Llow, )

'

an extension of the right picr in the form of a curvec wall ¢ s shown
when the spillway vas operated wit
aesizn, litile change was noted in the conditions of flow, The
exlunsion cic not change the magnituce of the water surface depression
causcc by the cross flow o . Lo seen In rigure & however, its
lecetion was movec upstream Ly the lengin of the
In the second revision the approsch channel wicth was reducec thus
leaving in place the rock direcily upciream from the right pizr to
a barrier for reducing the cross flow. :sifn 13 shown in Figure 2

anc¢ illustrated in the photopgraph, Figure . was forescen that

notch frormed between the rock anc the pier sheula be £illed 10 redure

cross flow, The require¢ wall woulc be much smaller than nceced in
originel design. Operation of the spillway revecaled a cepression of

water surface at the right picr entrance of greater magnituce than
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FIGURE 26

e

A. No flow—lcoking downstream,

B. Discharge 166,600 second-feet,

ENTRANCF TO TUNHEL SPILLWAY, ORIGINAL DESIGN
BHAKRA DAM  1:80 MODEL




FIGURE 27

B. Second revision—looking downstrean,

ENTRANCES TO TUNNEL SPILLWAY
BHAKRA DAM  1:80 MODEL




in all earlier designs, Figure 2BA. At the leflt side of the untrance,
the water’did not follow along the curved left bank, but followed a
straight course from the left upstream end of the channel to the left
pier. Figure 28B shows the effect of the point at the upstream end of
the channel bank, The slight surface disturbance from this point down-
stream indicatec interference with the flow approaching the spillway entrance.

The third revision to Lhe spillway entrance is shown in Figure 25D.
The wall alinemcnt along the left bank was Ehangea by increasing the
excavation ¢t the upstream end, thus recucing the projection of the
puint, lrxcavelion downstream in the curved porticn was at the same tine
reducea so thal the totzl amount of materizl to be moved was not chanped
appreciablly. The excavation upstream freom the right nier wes ulso
further reducec by maxking a nuarrower entrance to the channel, . concrete
wall with the top ot elevation 1580 stariecd at the right pier and
continued upstream for 30 feet, then the top of the wall vecreased
unifermly to elevation 136G at & distance of 75 feet upstream from the
pler. Fipure 264 illustrates this new annroach channel, With rmaximum
uischarge, flow concitions alony the lef't bank werw improved as exncctec,
but the flow cic not follow the cenier nortion of the curvec wall, The
contraction still existec at the upstream cnc of the new wall st the
rifFht »nier, but te & such smaller cegrec than in any of the nrevious
designs, This wall was curved near the upstream ecge of the pier with
the remainaer straight, nmuking a luerge angle Lo the airection of entrance
flow, with the result that the impact of the water aguinst this wall
raised the water surface ang createc a lurge vortex, Figure 297,

Because of the unaesirable flow concitions in the azbove uesisn,
& fourth revision was mese to the entrance. at the left benk the curvature
ol the wall wes further recucea, Upstream from the right pier the
alinement of the wall wus changec by shortening the curve anc cirecting
the straipht portion upstream at o smaller angle Lo the cirection of flow.
Fxcavation of the rock near this wall was incressed, giving o wider
entrance to the channel but resulting in less rock on which to rest the
wall as shown in Figure 25E. This new entrance is illustratec by the

-

hotograph in Figure 30A. In Figures 30F anc 31 views arc shown of flow
P £ray g
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FIGURE 28

B, Interference to {low of peint on left bank,

ENTRANCE TC TUNNEL SPILLYAY—SECOND REVISION
DISCHARGE 166,600 SECOND-FEET
BHAKRA DAM  1:80 MODEL




FIGURE 29

.
A

B. Discharge 166,600 second-fest.

ENTRANCE TO TUNNEL SPILIWAY——THIRD REVISION
BHAKRA DAM  1:80 MODEL




FIGURE 30

A. No flow—looking downstream,

B. Discharge 100,000 second-fest,

ENTRANCE TO AUXILIARY SPILLWAY, FINAL DESIGN
BHAKRA DAM  1:80 MODEL
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&, Discharge 138,000 second-feet, Gates at e K
slevation 1550, S

ENTRANCE TO AUXILIARY SPILLWAY, FINAL DESIGN
BHAKRA DAM  1:80 MODEL




under varying conditions as described uncer the photorraphs. The con=
traction at the upstream encé of the wall was much less than in all other
designs. £long the wall downstream from this point small waves occurred
at the higher flows, but from the spillway crest cownstream the surface
was smooth.“ This fourth revision mct the requirement of smoothing

the flow with & minimum of structure, and was selected &s the recomrended
desipgn, It was found that increasing the length of the wall would not
improve the flow sufficiently to justify the additional cxpense,

~ &

we culibrations ol the tunnel spillway were

~
4

opllliway calibration,

made--first, with the recommended walil d esign at the entrance, and
secondly, with the original entireance cesign which was without & wall.
The ceta for the oripginal entrance cesign was obtained to determine the
effect of the wall on in= cocfficient of discharge. The discharge curves
for free crest anu pete openings at 10-foot intervals ars shown in
Figure 3z, together with the cocfticient of cischarpe curve for free
crest, The resulls of celibrations toth witk ancd-without the concrete
well are indicatea. The curves are orawn through the points obtained
with the finzl critrence cesipn, The contraction exisiing without the
wall caused Jittle looss in alschiarge since the velccitr at the contrac-
tion incr=esec sulticlently to overcome the aocrcesec aresa produced by
contraction., ater surfuce profiles were tuken with Lhe originel and

final entrance cesigns, rigures 33 ancd 34, The oripginal entrance cesipn

shows & rouph surflace nweiar the right training wall,

Trensition secticn,  The orizanal desipn of the spilliway from the

crest to the firct tunnel clbow It stown in Figure 35. The oven portion
of this system, callec the transition swction, is shewn in the photograph
in Figure 30A. Oteps ws inclcatee in Lhe phetograph were pluaced on
either sige of thy center pier to provide aeration uncer the sheet
of water, MNr, Savege requested the steps since it was known that any
acdcitional air thst could be suppliec 1o the weter would help cushion
the impact of the jet apainst the elbow in the tuniel thus reducing any
unfaevorable concitions that might develop,

when opezrating at meximum discharge the cepth of the water over the

floor ol the transition section was sreater st the training walls than
< E
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FIGURE 35
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FIGURE 36

B, Discharge 166,600 second-fest,

TUNNEL SPILLWAY TRANSITION SECTION, ORIGINAL DESIGN
BHAKRA DAM  1:80 MODEL




in the center ou¢ to the convergence of the walls, ,Watcer overtoppec the

walls (Figure 36B). As anticipated, the convergence of these walls was

too abrupt, The steps at the downstream end of the pier, which were

provided to acrate the jet of water, appearec to function satisfactorily
as far as visual observations were concernea., Upon entering the tunnel
the surface of the water at the treining wells impinged upon the upper
corners of the tunnel section.

The transition scction wus modifica by raising anc by stiraightening
the training walls as shown in Figure 28 to pgive a slower rete of
convergence, thus utilizing the full length of the section Lo effect the
change. The photographs in Figure 37 show this new section., IZy
increasing the radius of curvature of the roof of the tunnel, impingement
was eliminated,

The spillway was again opuralea at various flows, The water
in the transition section was very similar te thie originel design, hbut
the entrance to the tunnel was improvec by the more gradual converpence
of the training walls. The wall helizhis cne tunnel rlearoncs were
adequate at the maximum discharge. The photograph, Figure 372, shows
maximum flow in this section,

Snillway deflector., 1t was realiseo thict model studies would be

requirec to obtain & nroper cesign for the deflector at ithe downsiream
tunnel portal, The first operation of the meael was without a defliector
tecause observation of flow concitions anu resuiting scour in the river
channel was uesirec as a mutter of record, since the tunnel will be
operated without a deflector during the construction period of the dam,
During this time the tunnel will operate at & maximum head of only
150 feet, Phovogrephs in Figure 39 show the tunnel =xit at maxinum
cischarge uncer virious combinations of flow, The portal opening was
nearly submerged, but the jet issued at high velocity creating a very
turbulent flow in the river channel with a large eady forming upstream,
rxcessive scour occurred near the left bank downstream as can bte seen in
Figure 12.

A deflector was installied with a length of 130 feet and & rise of

20 feet, prototype, as shown in the drawing, Figure LOA. OSatislactory

51




FIGURE 37

BE. Discharge 166,600 second-feet.

TUNNEL SPILLWAY TRANSITION SECTION, FINAL DESIGN
BHAKRA DAM  1:80 MODEL
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A. Looking upstream; tunnel spiliwey operating
at 166,600 second-feet,

B, looking downstream; drum gate spillway, river
outlets, and tunnel spilllway operating; total
discharge 356,20C second-feet,

LEFT DIVERSION TUNNEL PORTAL, NO DEFLECTOR
BHAKRA DAM  1:80 MODEL




FIGURE 40
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opcration was noted at various flows. The lifting of the Jet improved

the flow in the river channel, eliminating the larpge eddy formerly
present upstream, There was some impingement of the jet on the right
bank downstream due to the alinement ol the tunnel. Figure 41 shows

this action with the tunncl spillway only operating., ‘hen the drum-gate
spillway and outlets through the dam were operated in combination, the
increassc tallwater caused a flow of water over the wall of the deflector
at the tunnel portal which aaded unnccessary volume to the jet., The
vater surface was highest on the left side of the jet cue to the zction
of ihe horizontal elbow in the tunnel,

Eccause of the nagnitude of the deflector in the prototype,
considerable savinr wes ={fected by moving the deflector upstream and
feining most ol the rise in the tunnel, accorcingly, the deflector was
moved upstream 125 foet placing the lovier end at station 29499, The
consequent rise in the roof of the tunnel at th. portal, using this
plan, was only 7 [eet with the end of the ceflector protruding 42 feet
beyonc the exit of the tumnel., The rise of 20 feet in the invert and

e length of the arc remained as in the previous uesign., The movement of
the deflector unstream causeu an unexpected change in the conditions of
flow in the river chamnel. & large eddy formed in the river abreast
of the portal indicating that therc was not sufficient 1ift to the
deflector, It wus observed that the absence of the eddy in the nrevious
test was due to the effect of the right bank which prevented the formation
of a whirlpool, In the latter case the distance to the right bank was
increused giving space for an eddy to form,

To improve these concitions the deflector was raiseo an acditional
5 feet. This was accomplished by maintaining the same radius of curvature
and adaing to the cownstiream end making the deflector extend downstream
from the portal a total distance of 49.38 feet with a totel rise of
25 feet. The design of this deflector is shown in Figure 4LOB, Vith this
design edaies were absent for all flow conditions, While the water
surface was rough in the river channel, it was satisfactory as this

condition wes independent of any slteration that could be made to the

56




FIGURE 41

A. Looking upstrean.

8, Looking toward left bank,

DISCHARGE OF 166,600 SECOND~-FEET
LEFT DIVERSION TUNNEL DEFLECTOR, FIRST DESIGN
BHAKRA DAM  1:80 MODEL




deflector., The photopgraphs in Figure 42 show the flow for the two
operating conditiocns. The upper proiile of the jei at the centerline
and at the lett side is shkown in Figure L3 for maximum {low. The

water surface at the left side was higher than at the center cue to the
influence of the elbow in the tunnel upstream. The profile on the right
side corresponced closely to that on the centerline.

Lovering of vowerhouse tailwater. A goge was installed in the model

on the left bank at the lower end ol the crum-gatc spillway to measure
the lowering of the tailwater at the powerhouse caused by the operation
of the tunnel spillway. Uuring these tests 15,000 second=-feet entered
the river continuously from the two powerhouses. Al various discharges
of the tunnel spillway simultaneous reacdings were made using the gages
at the powerhouse ana at the lower end of the tailwater box. From this
Gata the curve, Figure L4, was drawn showing thc relationship between

drawdown &t the nowerhouse anc tunnel spillway cischarge. VWith

substentizl flow over the arum—-pate spillway or river outlets, the lowering

of the tailwatcr becomes rneplipitle,
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1:17 MOUFL OF RIVFR OUTLLT

Model Construction

Description of model., i 1:17 model of an outlet in Shasta Dam was

available in the hydraulic laboratory which, with some alterations,
served as a model for the outlets in Bhakra Dam, Figurg L5, The portions
of this model thet were used consistecs of a cylindricsl pressure tank
containing a floating plate and bellmouth entrance, i» control gatu, and
a section of conduit connecting ine heac tank anc pate., The enlrance
section of the rate was chanpec from & bell shape to & conical one with
& wax filler. Thie alteration was muce to simplify the struactural
shape since basic tests in the cesign of thie outlet pate indicatec this
desipn wes satisfectory. The concuit cownstream from the rute was mace
of L ransopur nlactic to permit observation of flow anc had & horseshee-
shaped cross-section with a r'lat bottom. This concuitl section was
aeveloped alonp with tests to design the control pgate (Hydraulic Laboratory
Deport No., 201). The elbow anc trough at the exit of the conduit were
mede of sheel metal. 1In the carlier tests ithe spillway face was mace
of wood, but was later renlacec with sheet metal for the {inal studies.
The firel cesign oi ihe bBhakra Lam outlel mocel is shown in Figure Lo,
Alr to the control pate was sunpliec by e vertical 2-inch trensparent
zlastic pipe connectec to a chamber on top of the concuit downstream from
the gate, 4 sharp-vaged orifice was pluaced at the top of this tube to
easure the air suonly. The area of this Z-inch clameter nipe was
eguivalent to two 2i-inch ¢ir supply pipes in the prototype. Pressures

thin the mocel were recorcec. from plezometers of 3/32-inch or less

A2 l
aiameter installec ¢t selected poinls in the condult and exit section.,

Flow to the model was supoliet by & 12-inch centrifugel pump direct~
connectec to & 1lC0-horsepewer metor. RHepgulation wuas wflorded vy a valve
in the line botween the pump ant the head tank, There was no measuring
device in the line as In Lhe Shasta tests due to rearrangemcnt of the
laboratory piping. It wus therefore necessary to uce the same discharge

curves for Ehakra liam as werc obteined in the Chesta tests, Figure 45C.
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Results

Operation of concuit without elbow., 1n the procedure of the outlet

tests relatec in this report, studies were made &t various stages of
completion of the model., The first investipation was made without the
exit elbew in place to determine the flow conditions in thz concuit
downstream from the control gate. The concuit was of s-inch height

and width corresponcing te 102-~inch in the prototype. The maximum
prolotype head of 28t fert on the outlels corresponced to a model head
of lo.GL fect, Wwith ull gute opening &t mexdmum heac the prototype
dischurge o!f 4,80C second=-feetl wis representec by 4.03 second-fect in
the mocel. Heacs up to 41 feet In the model were used corresponcing te
567 feet in the prototype.

The flow through the palt enc in the conduit downsiream was observed
for various pate opcenings, rigure L7. Pressure messursments were not
made bucausz the cesipn of the gate hao been checked in prior tests,
and the form of the horscshoe-shaped conduit was not expectec to cauce
subatmospheric pressures., %With the gate 100 percent open, wisps of water
appearec Lo leave the jet at the gate piving it & ragged appecrance,

This concition, beliuved Gue Lo turbulence createu by the expancing section
upstream from the gate, hud been noted in previcus tests and was not
consiaerec important, For the lesser gele openings, a small amount of
water was ceflected into Lhe gate slot. The jet leaving the gate

struck the sidewalls of the conduit for openings between 50 anc 75 percent
and the bottom for openings l=ss than 50 percent; however, this did not
result in any adverse concitions. At these lower openings the jet was
deflected from the bottom anc createa & wave on euach side of the conduit
about four diameters dewnsiream from the gate. The two waves were of
sufficient height to meet at the top of the concuit, but being ihin sheets
of water, they offerec little resistance to the flow of air through the
outlet. 7The conduit was not completely fillec with vater for any gate

opening in which the model heacd was 16,94 feet or less. 7Thus open-—

channel flow at supercritical velocity existed in the model for all

prototype ranges of operation.
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FIGURE L7

A, Gate 25 percent open.

B, Gate 50 percent open.

C. Gate 100 percent open,

FLOW IN CONDUIT ABOVE ELBOW, DIRECTION OF FLOW TO LEFT
BHA¥RA DAM  1:17 MODEL




Investigation of partial elbow, A Al-degree l9-minute elbow was

installed at the end of the conduit with the radius &t the centerline

corresponcing to 3¢.5 fect in the prototype, It was of square crosse—
section 6 inches on a sice (mucul), w1th the bottom omitted. The radius
and angle through which the elbow turncee wes the same as that used on
Shusta Lan. lo restriction was usco at the enc ol the elbow as in former
practices, since this woula not be effective at the partial dischargpes,
The new cesign was selectec for study since the flat top appearec best
to turn juts o various depths caused by regulation of the outlst., A

n section wes rnot used in changing from the arch ol the conauit
to the rectanguler e¢lbow, No wcversc pressure conaltions were anticipated
{rem this discentinuity, but, if necessary, correction could be nroviced
bty the use of air vents,

Flow in the elbow was olLservec fer various gate openings anc heads,
at 100 percent onerning, lhe elbow was virtually fillec ana the jet wes
turnec downward in the uesired cirection, Figure 48A. As wnticipated the
tottom suction was not necsgsary to cenfine the flow in the elbow. The
step formec &l the junction of the concuit ans cliow roof surrace was
‘iliec vith water uncer pressurce; hence no adverse conditions were
nroareet his pol At pertial gate openings, the upner part of the
elbow wé : i, ¢ e e heving @ horiwonlul trajectlory, impinged

~t then flowee cownward along the top
touncary ol the «lbow with & portieon of the flow being uefiected down
tho sices ol tne elbow to form the fun-shepec jet shown in Figure 48P,
The ins were only thin sheets of water. st smell opunings they virtually
dlgupnca ed reszulting in the jet shown in rigure 48C. 4L constant jate
openings, varialion in the heac on the outlet hed little effect on the
appearance of the flow, excuept at very low heads when the trajectory of
the jeb was such that it failec o strike the roof of the vlbow,

To observe the effect of turming the jut through greater angles,
suctions vere acded to the existing elbow to give benus of 50, o0, and
70 degrees. 1n all tests the low was sutisfactorily turned as shown in
Figure 49 (70-aegrev elbow). 1In fact, «t the larger angles the fan shape

of the jel «t the intermediale patle openings wus less prenounced,
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A, Control gate 100 percent open,

B. Gate LO percent open.

C. Gate 15 percent open.

FLOW FROM 41 DEGREE-19 MINUTE ELBOW
BHAKRA DAM  1:17 MODEL




A. Gate 100 percent open,

B. Gate LO percent open,

FLOW FROM 70-DEGREE ELBOW
BHAKRA DAM  1:17 MODEL




Investigation of partiel elbow with spillway troupgh. A shest metlal

trough and wooden spillway [luce were next added to the model as shown in
Figure 5CA,., This addition was necessery since the recuired elbow angle
could nect be cetermined without observation offlow down the face of the
spillway. The lovier end of the top of the elbow was placed flush with
the spillway face &nd construction was such as to permit changes in

the ¢lbow angle or trough length, The trough was of rectangular cross-
section instead of circular s in the Shasta design.

Ob.cervation ol {low concitions were first mace using a Ll-degreze
1¢-minute elbow, Figurw~s 508 and 51. The appearance of the jet did not
vary greatly for different pate onenings anc high fins did nocl form as
observed cn the model und »roteoiyve of the outlets for Shasta Dam,

A L5=-degree elbow was next studiec, There was no appreciable

cifference 1 ¢ appwerance of the jiel rom theat of the provious elbow,
o

Fifures show thu diccharpge from the L5-degres elbow, while
Figure 520 is & hiphespeed pholorraph of the Ll-cepree 1$-minute elbow,

Investisation of complete outlet, The Ll-degree 1G-minute elbow was

selectee fer further stucy. Flow down the spillwey race wes setisfactory
for cither eibow, bul the sl-degree 19-minute elbow was moure cesirable
since it resulted in & shorter trough length. A new sheet metal clbow,

ey

trough, anc spillway face were instclled on the model., The tottom of the
clbow was constructed as shown in rigure 4%, By using & shorter raclus
of curvaiure the bottom of the elbow was not concentric with the ton and
joinec the conduit 1.06 inches below the [loor, corrusponcing te 18 inches
in the nrotolype, It wus expucted the step thus formec, when supplied
with an air-vent, woulc orevant negative pressures in this region, Jjdr-
vents were also placec in the fuce of the spillway immeclately below the
intersection of the lower end ol the trough, In & trial run, the lip
acrogs the top of the elbow exit materially improved the appearance of the
Jet at partiel gate openings by directing the tlow downward into the
trough. Various lip designs were investijated vwith the one selected
consisting of & ZL~inch extension, prototype, to the top of the elhow in
the plane of the spiilway face, With this aocition the model, Figure 53z,

was consicerec rcady {for the final testis.
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Control gate 100 percent Control gate 25 percent
open; L5-degree elbow. open; L5 degree elbow,

Discharge stopped by high speed
photography, Gate 100 percen
open; 41 degree-19 minute elbow.
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Flow from the exit and aown the spillway, Figures 53D unc 544,

appearsd satisfactory developing no fins under all operating conditions

is
except with the control gate less than 15 percent open. For gate openings

. less than 15 nercunt, a small fin anu splash occurred in the center of the

trough, causea by the jet striking the floor of the trough and also by flow along

m

the sices of the trough turring inwarcs te form the fin, Tlis condition

was not objecticnezble because ol the small flows lnvolvec, rigure 54B shows

the flow on the fsce of the sonillway tuken with & high-speed camera. Vith

the motion stoppec, Lhe appearance of the jut was more like the prototype

outlets in Crene Zoulee Lan than observeu on the model by eye alone. This

woulc suggent increasec use ol high-speea photography in future mocel

tests. It rust Lo pointed out, Lowever, that the mecoel heas of 41 feet
h 2 3

of walur at whici. the photopraphs were taken was cousicerusbly above the

rexdmur scale head of lu.94 feet,

Nerative pressures occurred in the upsiream portion of the conduit

airectly downstrearn from he pale as anticipatec, but the positive pressures
Y ") } ] ! by

occurring nuar the olbow wes unexpuctzc. These positive pressures showec

that the exit was sealed, This resulted in the suggestion thet air be

teken rrom the top of ithe conduit at the elbow and civertea into the

of fsct at the bottom of the elbow, since there was consicersble air demand

at this point, Accordingly, the standpipe at the end of the siraipht

conduit wes opened (shown in Figure L6A), anc some sir was ejected

throuph this pipe which, it was thoughti, mipght be used te venl the off-
£ 01y ’ ’ ‘

set at the bottom of the clbow. However, when the heac of the model was

ircreasec beyond the maximum scale head, insufflation of air inte the
Y ’

water increasec ancd considerable water was ejected from the stundpipe,

which indicatec similar water ejection might occur in the prototype, so

I3

‘ this method of proviuving air to the step was &abandonea,

Pressure rcacings were maede on the piezometers in the concuit,

. elbow, trough, and spillway face. Figure 554 shows the piezonmecter

locations. The results of these tests, tased on & aesign heac of

288 feet prototype, are shown in Figures 555 through 55F. 7The minimum

pressure on the bottom of the elbow was found to be less than 6 feet
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Gate 5C percent ope Gate 25 percent

A. Flow as observed,

percent ope: 1ate 40 percent opern,

B, Flow stopped by high speed photography,
(Exposure 1/20,000 second; velocity 50 feet per second.)
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FIGURE 55

80TTOM OF £LBOW
AND TROUGH

E. GATE 40%

B. GATE 100% OPEN

F. GATE 20% OPEN

\ i
\//.—\
NOTE= ALL PRESSURE IN FEET OF WATER BASED ON 288 FOOT HEAD
PRESSURE CONTOURS OBTAINED FROM INTENPOLATION OF PIFZOME TER RLADINGS

BHAKRA DAM
HYDRAULIC MODEL STUDIES 117 SCALE
PRESSURES ON OUTLEY ELBOW

NMOCE. SLALF 1t INCHES




below atmospheric, At no point in the exit section was there sub-

atmospheric pressures sufficlently intense to cause cavitation in the

prototype. In addition to the bottom of the elbow, subatmospheric
pressures existed on the face of the spillway immediately below the
intersection with the trough., Both of these regions were vented, the
bottom of the elbow by an 18-inch pipe, anc the face of the spiliway by
three 8-inch pipes as shown in Figure L6D, Past experience on both
model and prototype structures have always shown low pressures on the
spillway face below the intersection of the trough. To prevent destructive
action because ol these low pressures venting of this region is essential,
In the preliminary design of the elbow roof, the assumed pressures were
greater than those found in the model studies, so verification of the
pressures was desirable, This was possible by calculating the force
required to turn the jet since its mass and velociiy were known., The
close agreement of these calculations with the model values was consicered
satisfactory confirmation of the tests,

A test was next run to determine if the offset at the junction of
the elbow floor anc conduit coulc be eliminated, The joint between elbow
and conduit was made [flush by filling tlic offset with wax. Piezometers
were instelled and pressures again measured., Severe negative pressures
were found anc after the third run, the wax was loosened and cerried
avway by the water. 1t was concluded that this aesign was unsatisfactory.
With the wax filler removec the eir-vent to the offset was plugged and
pressures were again measurec, Although negative pressures were more
irtense than with the vent open, they were not sufficiently severe to
be considered detrimental., While this test indicated that it would be
possible to eliminate the vent, it was decidec that it should be
installed in the protoiype to obtain a safe design, A similer stopping
of the air-vents to the spillway face below the junction with the trough
resulted 1n severe negative pressures conducive to cavitation. This

demonstrated that these air-vents were essential,




1:32 MODEL OF RIGHT LIVIRSION TUNKEL

Model Construction

Deseription of moael, This mocel on & scale of 1:32 was of the

portion of the right divercion tunnel stoarting with the valves anc ending with
the tunnel rortazl. The transition section below the vaelves wes made of
transparent. plastic while the tunnel from the transition Lo the portal was
made of sheel iron with an open top. There were feour 3=-inch hollow=-jet

model valves @t the upper enc of the transition suction. These valves

were mounted with brackets to & metal coverec pletform and conncected by

seeobtions ¢f rubter hose to & 20-inch ciameter heod tank. This arrangement
nermitted acjustment of the horizontul angle of the valves. ror vertical
anple adjustment weupge=shaped filler picces were used between the ends of
the nipe anc the valves, The extent of this mocel is shown in Figure 55,
flow of water through the mocel was measured by venturl meters anc oressure

reacings were rade in the pipe upstream from one of the valves,
& r H

Results

srinenont of valves, The prototype plan end sections oi the right

civersion tunnel are shown in Figure 5. The maximum discharge of the
rouel for 4 valves opersting was 3.08 seconc-feet, corresponcing to a
tischarge of 21,300 secona-f{wvet in the prototype with reservoir clevaiion
of 1573 feet. With all 4 velves fully open anu the reservoir elevation at
1400, the minimum elevation for onezration of the right tunnel, the

was 2.70 sccond-reet in the mocoel, or 1lu,000 sevcond=fe«t in

pe. The first tost wes to cetermine the proper angles ct

which the vilves should be set for best distribution of flow in the
tunnel. 1In the criginal design the two outside valves converged toward
the center, each with & horizontal angle of & degrecs and with nc vertical

angle, The ing &F converget toward the center vitih o

horizontal enple of 1 degree anc an upward vertical zngle of 2-1/2 deprees,

The model was operated with the velve angles set ws in the oripingl

designe. Wwith 21l 4 velves open the aistrivuticn of flow appeared
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FIGURE 56
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satisfactory. The Jets from the 2 outside valves were parallel to the
sices of the trunsition section and struck the floor at the end of this
section for maximum discharge. The 2 inner jets carried farther down-
stream before striking the tunnel invert producing a mere or less uniform
depth to the water in the tunnel. The next operation was with 1, 2, and
3 valves in various combinations. Satisfactory flow down the tunnel

was obtained except when operating either ocutside valve alcne, In these
ceses the vcter climbed the wall of the tunnel on the opposite side from
the valve, but not sulficiently to overtop the sice of the open tunnel.
In all operations the slbow in the tunnel ceauced the water to rise to
some extent on the right side of the tunnel below the elbow, then deflect
back to the lefit side and again to the right side just before reaching
the end of the tunnel. Figures 57 through 5¢ show the flow at various
conditions as explained under the photographs.

The next opersation was with several different angle settings on the
valves teo determine whether imprcovement could be mace in the alinement of
the jets., The outsice valves were limited to & small change in the
horizontal angle because of their close proximity to the transition walls,
1t wes desirable to decrease the horivontel angle of these valves, but to
do this would have reguired an increase in the length o the transition
section, Uince thils change was not warranted the stud!+- were mace with
the originel transition section. 1f inprovement resultec in any of these
tests it wes too slight for detection by visual observalior. Accordingly,
thz original desiyn wes consicered satisfactory.

Deflector at portal. 4 deflector was instelled at the tunnel oortal

to lift the issuing jet to improve the flow in the river channel and

decrease the scour of the riverbec, The flow without a deflector, in the

1:8C model, is shown in Figure o0. The scour below the portal after 2

hours operation, ripure 12, caused a hole about 25 feet weep, The
irst deflector desipn tried is shown in Figure (14, which was the same
&s that usec on Tunnel No. L at Boulder Uam., Figure 62 shows operation
of this ceflector «t aischarges ol 10,000 ant «1,300 seconc~feet,

The 18=foot rise of Lhis design was too high because it was cifficult

el




H. looking upstream into transition section,

OPERATION OF FOUR TUNNEL OUTLET VALVES
DISCHARGE 21,300 SECOND~FEET
BHAKRA DAM  1:32 MODEL




A, Discharge 16,000 second-feet,

B, Discharge 21,300 second-feet,

FLOW THROUGH TRANSITION SECTION WITH
OPERATION OF FOUR TUNNEL OQUTLET VALVES
BHAKRA DAM  1:32 MODEL




ne 0. 1 valve operating, B, No, 2 valve opsrating,

Discharge 5,375 second-feet

C. Nos. 2 and 3 valves D, Nos, 1 and 4 valves operating,
operating,

Discharge 10,650 second-feet

FLOW LOOKING INTOC TRANSITION SECTION
BHAKRA DAM  1:32 MODEL
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to sweep the hydraulic jump out of the tunnel. The horizontal lip of

this acflector szclion was uncesirable since the concenirated flow in

the bottom ol the circular tunnel did not distribute uniformly across

the ovening. »t maximum discharge the flow st the lip was concentrated

on the left side due to the aeflection of the flow from the right side

of the tunncl. This deflector was also installecd in the 1:20 mogel, tut
operation was not successful. The velocity of the jet wes insuflicient to
sweep the hydraulic jump out of the tunnel for some conditions of flow,
Cne larpe vilve wes employed for regulation in this tunnel instcaa of

four of the proper size as the latier woula hazve been too small to produce
depencable results.  The asccuracy of the reproduction using the single
vilve wos alco cuestionahle so it was cecidec to abandon the 1:80 model
for these efloector studies,

In the sscond deflector cdoesipm on the 1:32 mocdel, Fipure OlE, the
circular tunnel section was muintainec throughout ancd the 1ift was
recucea to 15 feet, Distribution of flow at the end of the deflector
was better than in the orevious cesipgn for all discherpes, but difficulty
wias s5till experienced in moving the jump out of the tunnel. It was
decidec that acceptable flow concitions in the river channel appeared
cblainzle with less rise of the jet. Thic reduction would &lso make it
susier to sweep the hydraulic jump out of the tunnel, lo photopraphs
were taken of this instdllation,

third cesign, figure ©ll, anc illustrated in Figure 63, was the
sane as Lhe previous one =xcept that e rise of 10 feet was used instead
of 15 feet. The operetion of the deflector at various discharges,
Fipure o, showec satisfactery coistribution or [low across the lip, To
sweep oul the tunnel required less cnergy than in the 2 earlier designs,
The et wes 1iftec sufficlently to give good flow conuitions in the river
channel, tut this was consloerec to be the minimum rise that should be
usec. From these studies this third ceflector was selected &s the final
gaesign,

Uperation characteristics. With the firnal ceflector desipgn ot the

tunnel portal, accitional studies could be muce to cetermine cenditions
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FIGURE 63

DEFLECTOR ON RIGHT DIVERSION TUNNEL
FINAL DESIGN~-LOOKING UPSTHEAM
BHAKRA DuM  1:32 MODEL
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necessary to prevent the existence of a hydraulic jump in the tunnel, In
starting the valves, & jump will form due to the action of the jet against
the tailwater, If the energy of the Jjet is sufficieni the jump will move
downstream until it is swept out of the tunnel, Various combinations

of valves from 1 to 4 in number were operated anc measurcment was made

of the minimum reservoir elevation requirec to sweep out the tunnel

ilh & constent tailwater of elevation 1109. This data is shown plotted
in Fipure 65. From the curve it is apparent that with 3 or 4 valves
fully open the jump will be swept out of the tunnel for uny reservoir
vlevetion in the operating range of 1400 to 1573 feet. With 2 valves
fully open the reservoir should not be below elevation 1450 znc &t no
time will the reservoir elevation be sufficient with only 1 valve
operating., The required discharge was greater at the lowef heaas., This

wes to be expecled since the velocity of the jots was lower, and additional

encrgy neecec to sweep out the tunnel coula only be supplicc bty an

increase in discharge. 1t is preferzble that a jump not be allowec to
exist in the tunnel curing operation of these outlets, Very little
ciffercnce in heae requirement was founu cue to the combination of valves

for any given number operating.
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1:100 MCLTL G 2BICHT DIVERSICN TUNNT

vogel

Lescriotion, of model., 4 mocel on e scale of 1:100 was mace of tre

rifrht civersion tunnel upstream rom the hollow-jet control valves

becaise this scection was not accessible in th: 1:80 mocel for observation
was cesirec to learn if & vane was necessary at the

2o~foot diameter shaft from ithe rueservoir to the civersion

3ti

fU=foot diameter tunnel were nade of transparent ol

satie
cov woouen head box lined with

ottom of this tox. =~ rlass
w5 locatec at the shaft .
kumersus plezometers

P

the elbow formec by ihe sheft anc tunnel, rfor

flow a o~inch control gate was placed

Follow=jet velves, 4 plan anc section of

Results

Juneilion with

vstem Is shown in Figu nig 1 concernec with study
el tme flow in the eib e 3 i >=foot vertieal
sraft with the S0=foot <} i unrel, to «clermine if ihne proposed
junction cesifn wa ati v £ at this point, A

curvec vene with 7i-7oot racius was ; C 2 inetion in the botltom
' the tunnel, Ine intake structure &t the shaft entrance was omitted
outlizt would not be operated below & reservoir
1500, This woulc give a 20-Coot depth of water
crebien woulc be encountaresd with ithe entrance flow,
1 Lhe oneratl of the = ¢ eriticel flows were consicered to
te the maodmuz flew cobtainuble at el L lower reserveir clevations,

which were 21,300 sveenc-feet in the » e &t elevation 1573, and

10,000 scconc-fert &1 elevation 1LUC, This mexdmum déischarge of 21,300

secorc=fect gave a orotctirte velocity of LU fect per second in the 2u-foct
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be

vertical shaft while th% lower discharge produced a velocity of 30 feet
per second. wWith these velocities unfavorable [low conditions were
expeclted at the shalt junction, 1t was nuccssir& to observe this flow
1o take corrective action. Lyt was introduced into the flow «t the
shaft entrance, and photorraphs, Figure 67, were teken al the atove

2 discherges. 1n addition, oressure measurements were made under these
conditions of flow. The results of the readings are shown in A and B of
Figure 68 plottied as lines of constant pressure in feet of water, with

les showing the presszure f'or static heaa at the same reservoir elevation

sCa
also indicated for purposes of comparison, %The lines of constant pressure

shown on these seclions arc along the periphery of the tunqel.

Relerring to the photographs, it is seen that Lhe vane caused a
greater turning of the {low than planned, Instead of moving horizontally
aownstr=am the weter wes defloctled upward apainst the roof of the tunnel
vhere 11 wis again deflected in & cdownward cirection. This condition
created a very turbulent f{low that tenced to smooth out as the water
proceeded down the tunnel, Upstream from lhe vane no movement of the
weter cccourred with the result that the oressure distribution was very
uniform in this section. The pressure cistribution from the vane downe

was surprisingly unifeorm consicerin; the turbulence of the flew
The sreater intensity of pressure over the vane vwas expected and is not
an unfavorarle concitiorn,

Junction without vane, Th¢ vane in the elbow was removed from the

mocel ant studied again at thie same conditions of flow, Photojrapns and
presiure meesurements were mede at the discrarpges of 21,300 and 16,000
second~-i'ect corresponcing to the reservoir =t elevations of 1573 anc 1400,
are in Figure 69, anc the results of the pressure
5 in the first studies on the original design, are

in Figures 68C anc 68D,

¥With the vene removead the water was not turned until the floor of
the tunnel was reachea resulting in most of the flow being confined to
the lower section of the 50-foot tunnel, However, this flow vwac very

uniform, without tie noticeable turbulence that existed in the previous

desifn., 1t should be mentioned hiere that the photographs do not show
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the aifference in the 2 desijns clearly, The movement of water upsiream
from the intersection of the shaft anc tunnel mace it appear that part
of the flow wis beiny deflected upstream. Actually, this movement did
not represent any substuntial flow sinee it was only a continuous rotation
of the water confined to this region, induced by the pessing of the jet
from the sheft werocc tne ene of this siction., The lines of cqual
prescure did not very greatly Urom thet founa in the original cesign
cxcept over Lthe vane,., Here the constant pressurce lines were less dense
than with the vane in place, but the maodmum intensity was abont the same
in Lotl cases,

The prescsure grstribution enc conditions of flow in th=e eltow are

the « factors governing the telection of desirn. However, in making a

the first consiceratlion can be neplected since only minor bressure

esultuc from remeval of the vane, From the sceond consiceration,
uesigon without the vete 15 suporicr enc will result in e small saving
i ccopstruciion costs. Accorcingly, it is recommendec lhal the structure

be tuilt without & vane,
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Results

Fluia polariscepe model, The conaitions of flow upstream from the

aam were desirec to learn if suspended solids, especielly colloids,

would te carried from the lower luvels o the reservoir throuph the

lower tier of outlets and into the river downstream. The Indian engineers

maintein thet! to store this material in a reservoir is to starve the
irrigable lands downstream. The outlets were aesipgned to achieve this
condition as Iar as poscible, None of the previous models were constructed
such that the outlet operation could be observed in this region., For this
perticular stuay of a smell Z-~dimensional model was built of the main
spillway section on a scale of 1:480, The medel of 1/2-inch width was
mounted between 2 plates of transparent plastiic. Fluid used in the model
was @ solution of optically active bentonite and distilled water, A
prane-polarizec lens and a querter-wave plate wes plsced between cne face
of the model anu & ciffused light sourceywith & sccond polarizer and a
cuarter-wave plate cn the opposite or viewing sice of the model. The
nolarized light passing through the stream wus rodified by the bentonite
zolution raking visihle ¢ banés or {ringes vhere a particuluar rate
o crunge in gpeea of the fluid prevailed,

in the operation of the mocel, studies were limitec to visual
observations cf flow conoitions, A small motor-criven pump circulated

flilg, but no measuremwnt of the rlow wac zttempted., The speea of
tte oump was repuluatec to cive flow throurh the outlets anc over the
spiliway while rmalnteining such tallwater as to give o satisfactory jump
on the apron. Flow at appreciable velocitics occurrec throughout the
entire ceoth anc lenpth of the reservolr seztion of the model, ‘the flow
enterin,” the boltlom ¢! the trashrack structure came oirectly !rom the
reservoir [loor which is the region of sollas concentration, Cf course,
the 2-cimensional mocel indicateo higher velocities in the rescrvoir at
zppreciable cistances upstream from tre dam than will actually cccur in
the prototyne. ‘ihe width of flow will be greater in the ruservoir of
the proictype with consecient lower velocities, Figure 70 shows {low in
the section of the model upstream from the cem. The cark fringes on the
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upstream f'ace of the dam are lines of wgual acceleration; they do not

indicate velocities., The Kodachrome moving picturcs more nearly show

the movenent of the fluia in all sections of the model., The Cark

spots in the trashrack section of Figure 70 do, however, indicate the
turbulent flow condition in this part of the structure. After consideration
of the model 1lixiulations, it appears {rom observations of thc flow that

the desirable movement of colloidal solids through the lower tier of

river outlets will take place in the prototype.

Pleciric analogy mocel., Prior to the construction of the hycrasulic

mocels il was necessary, in the cesipn of the tunnel spillway, to determine
the maximum water surface downstream from the crest to locate the hinge
brackets for the radial gpates. Hesort was therefore made to an electric

“

analogy model, Figure 71, on a scale of 1:80, or the spillway crest ana
& portion of the upstream entrance channel. This model usec ilre princiole
of the analogy between the flow of water anc the flow of electricity in
a concuctor of similar bounaaries. Tht results {rom the electiric
analogy stucy werc usec &s an aic in the construction of a 'low net,
which 1s & ,raphical representetion oI the nature of the flow o!f water,
The form of the flow net consists of a system of stream lines, whose
Leagent &t any peint represents the instantuncous cirection of flow, and

¢ normal to the stream lines,

)

The Z-cimensional mocel in Figure 71 consisted of a hase of plete
class on which was cementec the lower spillway bouncary of clear plastic,
The uppur water surface bouncary, also of plastic, was acdjustable, lach
enc ol this section wus bounced by & strip of plestic cemented Lo tre glass
This enclosed e&rea was filled with a thin laver of salt water, MNetal
electroues were placed at each ona of the section and connectea to an
alternating currunt source in parallel with a slide-wire tricpe, A
slicing contact on tie« bricge was connuctes throwyh an clectironic

indicator to & proting pencil., In pussing through the soluticn the current
followed the stream lines tetveen the terminels, The lines crossing

~

the stream lines ropresentec lines of equal potentizl. 1The purpose of

&

the mocel was Lo Cetermire the position of the potential lines, To
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locate any desired polcential line, the slicing contact on the resistance

wire of the bricge was plucec at the opoint giving the desired potential,

[

The probing pencil was then moveo about in the salt solution until the

tuning eye of the electronic incicétor showec no flow of current betwsen
the slicirng contact and the probing pencil. This point was plotted anc

'ocoss repeatea until enough points were localeu Lo wetermine the
equel notential line. Polential lines at 10 purcent increments were
cetermines for the model, then stream lines normal {o the polential lines
were aravn, From this flow net,calculations were mece to determine the
alscharpe, I the computec cischarge did not agree with the wessumed
mexinum, ihe upper water surface bouncary was changed anc the entire flow
net ceterminec afpei: Py this trial anc crror m=thod the computed

.

cischarge finally acrcec with the meximum enc the water surface profile
Wis consitered &s

The hinge brecketls were located to clear the water surfece cetermined
by the electiric analogy model. Later studies on the hyeraulic model
shoveu thelir location to be satisfactory. However, there was some
cisagreement between the waler surfoces founcd by the 2 methods. The
eleciric wnalogsy model was limited since it was a 2-dimensional cevice,
Furthermere, it dic not represeznt sufficient approach upstream,
consequently it was necessary 10 assume a velocity of approach., It
was Jouna thet the assumed velocity was low rusulting in a flatter water
surfuce curve than thul determined by the hycraulic model. levertheless,

Lhe results of the eluctric analogy served the purpose very well,




