3,

/BUREAU OF R,

"
-
'x‘}. L

LR RSLOVAD SLON

.

St

TR

T

75

o
Aahs
LI

RN

s




i
4

SRAULIC sUDEL BYULAES FOn DIk DESIOR OF THE 10QeilCl

GUTRLLLE Lt bk’ s Riky VYRUVIKDL UF PULRY A4, INDIA

Jack Carl Lchuster

Beliap Univevrsity ot Colorsdo, lud4

A Theeglys submitted to the Faculty of the (raduate
dchool of the University of Celorasdo in partial
fulfillment of the requirements for the Legree
ilaster of Science
Leparmont of liechanical Yngineoring

148




This Thesis for the M.S. degree, by
Jack Carl Schuster
has been approved for the

Department of

Mechanical Engineering

P il
7 0 & /05[»47:2‘1@
=)

J.




Schuster, Jack Carl (M.S., Mechanical Encineering)
Oydraullc Kodel Studies for the Design of the 1l02«inch
Cutlets in Bhekra Dsm, Province of Punjab, India

mesls directed by:

Associaste Professcr Benjamin H. Spurlock, Jr.

In the design of these 102-inch outlets, prevention
of deamage to the outlet by cavitation wess the major prob-
lem., An hydreoulic model, which was related tc the proto=-
type by laws of hydrsulic similitude, was used to study
extensively the pressure conditions and appesarence of
flow,

The investirsation showed thet in all psrcs of this
ovtlet, pressure conditions were satisfasctory and that
subatmosnheoric pregsures should not exceed s negative
ten feet of waster. Determination of the quantlty of
air reguired to waintain this pressure in the outlet was
unsuccessful., Flow conditicns throurh the outlet should
be sstisfectory, with the possitle exceptlion of the dischserge
from The elbow on the tace of the spillway. A high
velocity jet of water mived with air will probanbly

producs spray when discharzed into the stmosphere. The

model wes not applicable in ascertalnine flow conditions

of this type.
Computations snd pressire meesurements were made

in determining the forces to be used mas an sid in the




structural design of the elbow and conduit opening de-

flector.,

This abstract of about 175 words is approved ms to
form and content. I recommend its publication.
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HYDRAULIC MODEL STUDINS FCR THE DESIGN OF THE 102-
INCH QUTLETS IN BhuaskKA DA, PROVINCE OF PURJ AB, INDIA

INTROLUCTION

Purpose of Study

The purpose of this investigstion was to improve the
oxit elbow desipgn of the 102-inch outlets for Bhakra Dam,

and to sssure satisfactory operation of this outlet,.

The 102-inch Outlets in Bhakre Dam

The Bhakrs Dam is loceted on the Sutlej River in the
Punjeb Province of Indis. It is being built by the Irrige-
tion Branch of the Public Works Department of the Punjab
Province from designs prepared by the International Engin-
eering Company, Denver, Colorsdo., The Bureau of Reclema-
tion has assisted the International Engineering Compsany
through model studies in the hydreulic laboratory in Den-
ver, Colorsdo.

Bhiakra Dam is similar to the Shesta Dam in Californisa,
end is ccnpsrable in size, having a height of 6500 feet and
& lenpgth of 1500 feet, It is a multipurpose dam, since it
reaulates the flow of the river for irrigation storage and
for power generation, Normal quantities of irrigation wa-
tor will be released through the powerhouse turbines or
cne of two ontlet works, The firast outlet works to be
used will be a morning glory zpillwey, whieh will contain
4-96=-inch hollow jet valves, When the demand exceeds the

capacity of the turbines esnd spillway, additional water




mny bhe roloased thurougn the 10Z2-ineh ocutletu which pass
Loponch bhe daw £o dischergoe unon the fece of bhe splll-
car | cimova 1).

‘‘nere nre twenby of theso outlsts, ten at elevition

feet fesat,
léu:/anc ten st olevation 12%2/ with B maxicsau pead ol 288

Yoot 0i webtor on toe centerline of lower oublleus. &0 $00WR
in siTore 2, tne orixinel deslan consisted of a civeular
pell.onbh entrance, & @6-inch control gste vented oy 24~
incn alr o2ipoes, 8 norsasioe-shapsd condull dowastream from

tne 7aste, nnd an oxit elbow which turned down iunte .« trough

in tno t'ace of tho spillwsye ‘Inis Cesinn was pabterned

aftor tre 102-1inch outlsts in Grand Coulee and Shests

stma (Figare 5)1. Tre bhellaoulh entr&nce mainbtalinsa s
cniform drop in pressure ss the [low enfersd the ocutlet,
+he control asie was orixinally devoloped for the outlets
in Gnesta L, &6ad wos deosigucd to operabse st pertliael
openinvs perumitiing n regulation of Tlow. alr plpes Lo
veni the gate were eguivalient in capaclby Lo thosc in the
shasca outliets, but weore srranied Lo sult the conditlions
£t Lmakra usme Previous model tests had indicated that

g nersesnce~ghaped condult would better control the dis-
¢enarred jet downstrosm of the conlrcl gate, rethev tnan
the circalar condult uged in former Jdasipns. The exlt

oloow snd troush were sinmiler to the design of trend Coulee

L3 gE

1e LOWE, eCe 'Ine Lydrsulic iwsign of a Control Cabe for
17T=ines Lublats in Thsata Jan,”  Tlydranllc Laboratsry
Tuport 5o, Hyd-201, Baresu of H{eclamation, uv... veparte

2

ment of Interier, Zaren 31, 1946, Vimure Z.




TAILWATER ELEVATION

120 160 200 . 240 280 .. :s‘z_o ;

"DISCHARGE rnousmog SECOND FEET
0 of sprilway

TAILWATER "URVE

443.19' To darn axis

--El IZOC 63

71507 To dom axis

.~Top of parapet wall £112285 -EL12260
1 /=~ Top of training woll £112250

e ELIZIZG
¥

- ELI194.94

326,05 Yo axis

-~ E1113937

- i e e e e
b e e o -
"

for e g o= 7
»

MOTES

| . TR Y Actuol required foundotipn
70" : 480" o' b ' SRR : | SAHE . prohlemdossumcd ucnm

~sDerrick stone
e backtill
[P p— P W n tion ioin -pel

o ’ pe Contractio 191 ts - -Assumed

A e » ) R R 1 i rock line

scALE 0 e

dotion goliery

Concrete in ‘?ﬂluy opren
) LT




- Intersection with axis ar,tueoz‘so;--'--"'
Aris of dom - --:~

[

r!m
20

ELI520.5C...
500R ... ]

£1.1459.94- ~

——e

.Onam olmf: tos. u m,.-.-Equa olurabm
{.!DO‘R ! ;

L) c.uon +8897Y:0
U AELI540.68

610’ 0r gollery

'y
\‘#"16

-EU”IH

.

.---aom,)roam foco of dam
Dbutment saction

Air vent ..

-

ELI3920-"§

102" Qutiet---~"

133463 X!

Air vent - eo--

£1.1292.0--"

102 Outiet ---~

,,:- ELI46 aa

€54 r"lnsmhan galtr

12'2 17 Gotw goliery
-5°20 Air heodsr

; _---Top of spullway
Yo 7 training woll
- 10 dam axis

y -m"'wwﬁm! ¥

7 laspection gelleriss

- 719’ Control coble goliery
~ELIRI3.S

mt-0"

Assumed rock
ling -,

y

£11090C

.

326.05' Doxis

-443.19° To dam oxis

o El 1280 63

-Top of paropet wall El. 12205

== Top of training wall

rEL1194.94

'~ Originol groand line
|

-€6'29'Foundation gatiery

Assumed rock excerstion line

.__.._L-—\.—._.. e o
B
)

400"

raction joints -




o e "“'""'""‘""‘""W\uv-»m -:;;5”
Bivenad """"7 41

5 .y RedndngN
(I YIeee,

nm

i‘)‘“l1v "[" 4

l --‘

[2d

8 ( povap e :
(WPt

. >

QETAIL OF VALVE PIT
VALIES ST PIARG AND REINFORCEMEN T

qkrﬂv.m”ﬁ/xam.a o QeR T2 S o v
TR AP PF O 6 esra
1 EFCART A B cten

“? 2@ Griarewrg
0 I A,
i ,-;ff WL

AR
CLLSRET

Cromlrpe Viows Ot
M‘w‘ma——»\

it :
e i‘* ,ji!_il

arg s
il '

AT iniy
i,. g R

o e 's
SR e'?m-d ““Oﬁ"cl.'s.‘ o

' .
A Aty .L..

W/m GG
& Socs
by . .‘7.._.. m IJ .. ,_
. ) B a'—-r;,»-—-.
lll&ﬂ"ﬂa”" : 7 JEa— : :3
- " _ - £ oy
E199p- 1" B et HO) R 2y 1
W 1 1 1
LVIPRA$ =P Spocers- grlavtrerdi
27/902-4%» Jﬂqtt” = R L ¥ 3
e I | S e - v
¥ Owtrent

£ Aoirvtorecarriarr Hov
BUTT WELRING LDETA/L

SECTION H-H

‘\1\“ Cutler?

ATAE B etrs on

SECTION J-J

- £ Slock

ik
pep An’uu g

Skt 1o W -
‘m n mi'r' 7

3%,‘:1

In

o dcere,
® picmerra

\d "D’

strips

Mam.rm, e ‘

LTYPICAL GW?‘ M7Al
Jmlar yrwf .&M v upad

' ~¢7/z.92 18" ~8 E~ctrs.
EV IV, 16" C B S rtra




AVA JTIN00 ANVED NI SIITINO HONI~ZOT

t!...l :!oﬁuo..:»ouﬁbk

l-.dsl.-l;lq e-.ﬂ-&A!;bﬁ..,:!...:..nt.i.::-#-..-..!..ni:.;.;. $YI8sy pue dway

kel R Y06 -0-22T TTT T SMYIE ATTIONS BOS MY SMILLNS 1108 48 405 0010 Buimoys
PP OV IV 057G 22T NNINRL GNY TRV NS 2V 404 AYe SIS 2308

e L el - SONIMYHO IINIYIIFY " ~9e ZQZ.UWn .
z umoys Jou Juswdints - - :xa.h. e il L 2ol I B
SNOILITE OnY NOTLVASTS 'NV1d [ 193154304 puD 5010 JourL} £} Sy - =11

Ko 195043
SHNNOM  LIULNO 3
200 8o Ut pagSitur 3 € 440 PUC
WVYQ IITIN0O ANVYHO b 2¢0AOWAL 3UD SwiEaq Ados pus #uLs)
MOLINITYAL - 239/ Odiel NTEVE VIEIUAIOD
TBLVIIIIIY 2 SvRehd h S310N

3-3 NOILI2S

P e BEROYIDIQ JO TP e LM IYS jou $Y0I4sDIY H . 2
WOWTI Pl 45 INERLEWIE - . . o A_ i 3.3 NOILYAZIZ v-¥ NOIL23S

.

.. h ‘,
oor .
Qaiis TuT . 2rais
Buicas Tipy- «.A [P ! “&

05 VO OGO :1: ) H
Buicas 2,00

1 jo 104D of

U k)
yt@ »2n L

[y
a-.

TR
UEHIB I

v
.

35 Burjgat

I

.

9csor 3]

:zr..Ea.Qa m
N-

e L L]
g e

o JO oy
LR R
i
LPoVONIB4uag . -

povny
i

BYH .

i 4o 4 .§<:I

jurof
r

GBI

a3

AT

?.uun.._.?
e ::oA vc%
R0

: &5 o - : ! ! X g t P P
S . L o I SRV U SO . K g ...a?o_. .ce.lt.u

N s : B ) T uq,dw-v Bunoes jesap-
//,\ (5€0i}.3. 1 ; e P : s -
I 13 PN ~9Q§.E\ﬁ; ()
k - Lopee b2 440993 y
o 1668 -Q- 281 Bmg
so0b a8 2708 %0} §n0w91Q
s dany 2 WO IN TN JO 10 .E.‘ :
- ._,:n.ea..t.,

b/ tmoavaso 49 %S

2-8 NOILI3S

RIS

suel
R 50O 85 -~ :ohn._tau
€996 -0- 222 bwF Qf J0J30153P 3 Y {me) Q. #:0n
?g-§&a:!¥nkg. ‘ ..A ‘ . ,.o.bn

-~

uief
0.4 36.{UT)

\w
EY

[

{wbryg} 2 yug

i»y) g oog
08 .

e . I
uuﬂ.nmt.»?:\?-} ‘ 35.0:;?355

-1

H-H NOIL33S

Loy y .
o5 W0/ 1720 “

) n.:é...nﬁt. fadig o $0504% Sur £33 15420y -

. . . osdigg
Juiel U 20aa D) bu-jors _25 -

- ::e:.?.tn:,

Nty T an U T

«3. ¥I01@ 2Ivi NvIYLIsdn .J. ¥3078 3Ivd WY3Y1SdN

ﬂhz:v\. NOHLIVELINGD LV S1INGNGC] 40 ZO:.<>W4N SINIOr NOLIIVYLINGD LV S11NGNOI 40 ZO?..()U‘—
4+ . .

...(IL:\! (WS B :

e HT) st buscas iy [P €108 L 285 1D IpY- i

g ] ..,s‘..,h.,r. K ot i o ch L ‘w

.
+

SN VT T o

“N

..

. :
{]
&

|

¥

* a0 i

e




and Shasta Dams, but were horgeshoe-shaped in section in-
stend of being circuler.
The proposed design of the Bhakra outlets appeared

satisfactory except for the exit elbow, It was doubted

that the high velocity ragulsted flow turough the condult

could be turnsad down ths face of the suillway wlthout caus-
ing subatmospheric pressure and cavitation on the invers
of this elbow,

The ring-follower control gates in Grand Coulee Dam
were to be operated fully open and the conduit and elbow
slwevs flowed full under pressure. Proving setisfactory
at Orand Coulee Dem, the outlet design was then used at
Snnasta Dam where the tube valve and gate controls were
to be opersted £t partiasl openings. 7This meant that the
conduits would not alweys flow full. Model studies under
those circumstances had indicated subatmospheric pressures
ns low as 25 feet of water on the invert of the elbow.?
This wes considered sstisfactory, for the criterion of
the above design was based on the sssumption that if sub-
atmospheric pressures did not exceed 25 feet of water,
there would be no danger of cavitation. It was later
found that there was a possibility of & further reduction
of pressure due to local imperfections in the boundary

forming the {low passage, Such & reduction must have

B. Lowe, F.C. "The Hydraulic Design of a Control Gate for
the 102-inch Outlets in Shasta Dam.® Hydraulic Labora=-
tory Report lo. iyd-201, Bureau of Reclamatlon, U.S.
Depsrtment of Interior, March 31, 1946, p. 22.




occurred at Shaste Dam, for vapor pressures were obaerved

on the invert of one outlot during field tests, and pitting
was reported on other outlets whlch have been in operation;s
Since the shove conditlions could not be considered a safe
deglimn, the criterion of deairn for the Bhakra outletsas

was to shape the flow paswrme and to adwit alr, so thst in
no part would the subatmospherlc pressures be grester than

15 fe~t of wnter, (.5 psl), thus reduveing the possibility

of cavitetion and g resuliing erosion.

SUHKARY

The investigetion covered the conjunctive operetion of
the improved elbow, a horseshoe~shaped condult, and & pre-
vioisly tested bellmouth entrance and jet-flow sate, DLata
obtained frcem the model were related to the prototype by
the Froude and Euler number;i The cutlet model was first
studied with the exit elbow removed and satisfactory flow
conditicns were demonstrated in this incomplete model. An
elbow desisn was then proposed which was square in cross
sec:.ion. With the inner bend omitted in the first tests,
the flow was observed for elbows turned through various
arcs, and one having an asrc of 41 desrees 19 minutes was
selected for further study. The trough below the elbow

and & portion of the spillway face was then attacned, and

positioned so that the spillway face was flush with the

top of the discharge end of the elbow, The inner bend

%, Unpublisted, Bureau of Reclamation Field Trip Report.
% See Arpendix.




of the inlet end of the elbow was set below the floor of

the horseshoe~shaped conduit and this formed an offset

or pocket. An alr vent was placed in this offset to re-
lieve subatmosvheric pressures, To improve the appenrance
of the flow down the spillway, a 24-inch deflecter was
plsced over the troush at the end of the elbow, Letalled
pressure masasurements indicrted that pressures exlsting

in the outlet ware satisfactory, and the outlest was accepted
as the fin~l desirn. To show that the elbow desipn with

a vanted offset st the innecr bond was f:ndamentally correct
for this tyne outlet, a test was mede by ralsing the lnner
bené of the elbow to a position flush with the flocr of

the conduit, as originnlly designed. A final test was

made to ascertaln the pressures existing on the outer bend
of the elbow.

Conclusions and fhiecommendations

The nrototvype outlets will operate at any dlschsrge
wilithout danger of damage by cavitation, unless there 1is
an obstruction or irregularity in the conduit. The flow
from the outlet should have a good spprarance, for it
will re trned down to lie flat in the trough and sgainst
the tace of the spillway,

Air demand measurements gave inconsistent results,
possibly bocasuse of the arrangement of the veives 1in the
supply line upstresm from the model; but even the maximum

1.

subatumospheric pressures obtained indicrted thnt 7@ vents




wore adequote, The model tests cannot ascertain tho nossi-
bility of noise or vibration in the vents or headers due
to flow of sir. Yo conclusions can be drawn as to the
mixine of nir and water in the outlet, beyond the pre-
diction that the mixturs mey result in sn increased smount
of spray in the prototvne.

Similnr outlet conduits in dams built previously, were
1ined with steel plate; Put no lining is used in a greater
part of the outlets in Bhakrs Dam beceuse the conduit is
formed in concrete, which results in a more economical
desisn., The model tests did not consider the material
forming the conduit, for no trouble should occur if this
concrete is finished smooth and hard to withstand the
high velocity flow and the abrasive action of any silt
in the water, ‘

The flow from the conduit is o noriszontai jet which
is tnrned down by striking the outer bend of the elbow,
Pressure measurements indicate that the concrote lining
of the elbow will) be satisfactory, but itﬂseems that the
outer bond of the elbow, and poesitly tne sides, should

be lined with steel plete.

THE IRVESTIGATION

The Cuhlat iLodel

This study of the Bhakre outlet was made fror an

evailable 1:17 scale model of & 102-inch outiet of Shasta

Dam., The Sheste model consistea °f & 36~inch giemeter




haoad tenk, & £lat plate at one end of this tank to re=-
nresant a portion of the upstresm face of the dam, =
hellzouth entrance of the outlet fastened to this plate,

o control gate a short distance downstroam, a circular

condult, and an exit oelbow (Xigure 4)4. Few changes were

necesgery to rovise this model to represent an outlet in
Bhakra Dam (Figfure 5). A wax filler wes used to change
the bell-sheped entrence section of the control gate to
one cof & ccnical shape. Thz eir vent to the control gate
was & Z2=-inch pipe equivalent in ares Lo the two 24-inch
prototroe pipes. The fact that the model vent was not
geometrically simllar to the prototype was not considered
gignificant., The conduiit downstreax from the gate was
mede horseghoe~sheped with a flat bottom, end of cleax
plestic materlal which vermitted observation of the flow,
The exit elbow, which was Lo be developed, was not in-
ciuded in the flrst modsl., «ater was supplied to the
model by a 1l2-inch cenbrifugal pump directly connected

to a 100 horsepower vserlable speed motor. A gete valve
was placed in the line betwoen the punp and the nead tank
of the model. Becsuse of the arrangement of the laboratory,
no venturl meter c¢ould be placed in the line to measure
discharge, but the model contrecl gate had beon calibrated

nreviously and the discharge quantity could be obtained

4, Lowe, F.Ce "Iihe lgydraulic Design of a Control Gate for
the 102-inch Cutlets in Shaste Dam.” Hydraulic Laboras-
tory Report YNo. Hyd=-201, Bureau of Reclanstion, U.Se
Department of Interior, March 31, 1946, Figure 18,
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from measuremont of the head end the opening of the con=-
trol mate.

Instrumentation

The general procedure of the tests was to observe,
the appearance of flow through the model, and 0 measure
head, pre.sure, and alr demand. The head, representing
the water surfacc in the reservolr, was determined by a
direct measurement of pregsure in the head tank. Pressures
exiscting in variocus parts ¢° the model were transmitted

by piezometers connected to a manometer or differential

gage, The plezometer openings, 1/8 inch or less in

dirameter, waere drilled normal to the surface in which
they wore located. These openings led outside of the
model to copper oOr pleatic tubes which were connected
by rubbecr tubing to the manometer or differentianl gage.
The air demsnd was obfeined by measuring the pressure
drop acrogcs a sharp-edged orifice at the eontrance of
the gir vent,

Flow without Exit Elbow

The outlet model without an elbow was observed to
assure a satisfactory flow in the control gate and norse-
s~occ-gheped conduit., ©Only the appearance of the flow
was studled in this initiel teat, because pressure and
air domand messnrements were not considered necessary.
‘The pressurass 1in the control gate nad been checked in

prior tests snd severe subatmcapheric presasures were




not oxpected in the horseshoe~shaped condulf, unless the
air vent at the gate was c¢lesed.

The flow from the gate at the widoe-open position was
ragred, and wisps of water wo:1d leave the body of the
jet. This condition was believed to be caused by tur-
bulence created in the expanding section of the conduit:
upstrean from the gate (Figure 5). The wisps of water
ware not considered important, hecause they were smell
and they disappeared as the gate closed., A small smount
of water was deflected into the gnte slot at partial

openinms, At openings between 50 and 75 percent, the

jot would strike the sidewnlls of the condult, while at

openinzs of less than 5C percent the jet would deflect
down to create waves which would rise azaminst tne sldewalls,
These wnves extended downstream about four dismeters from
the gate, and met at the top of the conduit and appeared
to close 1t, They were thin sheets of water and did not
sppear to affect the flow of air through the outlet,

%ith s model hesad of 16,5 feet of water and the control
valve fully open, the condult was not full and the flow
was similsr to that in an open channel at supercritical
velceity. When the .model was operated at & head of
approximacely 70 feet, the water was mixed with alr and
the conduit appoared tc be filled with a water-sir nmix-
ture, It was plenned to investigate this condition fur-

theyr in later tests.




Formulation of the Exlt Elbow besign

The flow from the condult was a rectangular jeot with
the denth dependent upon the copening of the control gate.
An oxit elbew which would turn this jet down cnto the face
of the splllwey would have to be designed upon s differw
et bssis than was the elbow for the outlets in Grand
Coulee Dam, 'Phe Coulee elbow was deslgned for an out=
iet which rlowed full of wester under pressure. A cone-
like constriction hed been placed at its exit to croate
back press:re snd to compensnte for a drop in elevation,
gince the elbow turned down. The Bhakra elbow would
k:ove TO be degsipgned for an outlet which did not flow
full, even with the concrol gate wide open. 4 <on-
strietion at the elbow exit would be useless for & vary-
int denth of flow,

In the Bhakra ocutlat, with the conduit flowing
partially full, the rectangulsr-shaped jet will shoob
across the elbow to strike the surface of the outer bend
at a position beyond the point of curvature and will be

deflected down. This 1mpactrtype of chenge in direction

of flow cannot be avoided, becsuse, to the suthor's know-

ledge, there 1s no prectiecal design of elbow which cen
gccommod~te a jet that varies in depth as the discharge
is remgulared, “The design of the elbow must be bssed upon
the 18cs that the flow will be turned by impect sgainst

tne surface of the outer bend in a menuor simlilar to the




impret of a Jet against a tilted plate., Thls means there
will be high preasures on the outer bend of the elbow
where the jet strikes, snd there wlill be a small reversal
of flow forming a backwaesh above the jet., Neither of
these conditions should be objectioneble, although the
structural desisn of the elbow must be sufflcient to
withstand the pressures.

Cavitation pressures on the inner bend of this elbow
must be avolded, but it was fundamental that a drop in
pressure would occur where the boundary surface turns away
from the flow, as does the inner bend of the elbow. Sinca
there appeared to be no way in which to correct this con-
dition, it was proposed that the inner bend of the elbow
be omltted from the model until the nature of flow strike-
ing the outer btend qf the elbow and being turned down
coulé be further studied,

An elbow which had & squsare cross section and which
hed the ssme radius and turned through the same arc as
the Grend Coulee elbows, was proposed for study. It wes
vellieved that the flat outer bend and vertical sides of
the elbow c¢could be adapted to the rectangular-shaped
Jet from the conduit. If steel plates were used to bulid
thls elbow, the problems of fabricetion for a square
shape would be easier to solve than those for an elbow

having a cireiler cross section.

Sines the condult of the Bhakrb outlet has an arched




top and the elbow has s flat outer bend, there will be a
step~like discontinuity where the square-shaped elbow
joins the arch of the conduit., No adverse pressure con-
ditions were expected at this point, but an air vent could

be provided 1f necessary.

Initiel Tests on Model Elbow

The proposed elbtow was bullt without sn inner bend
end was attached to the end of the conduit of the outlet
model, The flow was then observed for various gate open-
ings and heads. In general, the flow appeared to be turned
by the elbow in the manner desired, and the ommission of
the inner bend did not appear to be important. There
was little difference in appearance of the flow with a
change of hesd, except when the velocity was not great
enough to cause the jet to strike the outer bend of the
elbow, In thic case, et low heads the jet would fail
te be turned down into the trough below the elbow,
but would be propelled cutward to fsll on the face of
the spillway.

With the pate fully open, the elbow was almost filled
end the weter was turned down in the desired direction
with » minimum of apray (Figure 6). The step-~like dis=
continuity, where the flat outer bend of the elbow joined
the arched top of the condult, was filled with water
under pressure. As the gate closed the jet skipped across

the elbow to strike the outer bend, and most of the water




A,

C. Gate 15 percent open.

FLOW FRuM 41 DEGREE~19 MINUTE ELBOW
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was dlrected down along the curve of this elbow; hcwever,

port of the weoter was deflected down the sides to form
fins resulting in a fan-shaped Jet below the elbow (Figure
6B). These fins were not thick, and at small cpenings

of the sate they disappearsd (FPigure 6C).

To observe th; effects of turning thé Jet through a
rcrentor angle, the elbow was extended through arcs of 50,
6C, and 70 degrees. The water was successfully turned
through all angles, and the appearance of flow was some-
wnat improved as th: angle of the bend increased (Figure 7).
None of the tests showed that the inner bend of the elbow
vas an essential part in restricting the flow to its proper
path, It was concluded from this test that the flow
would be turned down by impnact against the outer bend
of the elbow, both at the full and at partisl openings
of the control gste.

Tests with Trough and Face of Spiliway Included in smodel

The tests related above did not determine the angle of
tne elbow that was the best sulited to turn the wster in-
to the trougn and onto the spillway. To better visualige
this problem, the ontlet model was extended by mdding
¢ discharge trough and e portion of the face of the
spillway (Figure BA). The trough and spillwny face

were simplified in comnstruction so thet they could Le
quickly revised, Tests were visual only, and consisted

of different arrangements of the trough and clbcw with
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B. Gate 40 percent open,

FLOW FROM 70-DEGREE ELBOW
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FIGURE B

100 percent open,

B, Discharge with control gate
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respect to the spillway f(ace,.

The first test of this series was with an elbow which
turned down through sn angle of 41 degreos 19 mlnutes
(Fizures 8B and 9). 'The apvearance of the flow did not
differ greatly with the control gate at various open-
ings. There was a tendency for the jet to fan out on
the fac~ of the spillway, as shown in Pigure 98, be~
cause the 3jet struck the rough cornera of the trough.
This condition would be eliminated in gubsequent models.

It was found that the top of the elbow exit should
be placed fl:sh with the face of the spillway. If the
elbow exit were placed below the face of the spillway,
the length of the trough would be increased; 1f 1t were
set sbove, 1t would complicate the deslign of & concult
cpening deflector which will be constructed over the
cutlet exit (Figure 2). This deflector was s rise in
the face of the spillway over the elbow, and caused
the water coming from the spillway crest above to skip
the elbow trough. A design of this deflector had been
esteblished by prlor model studies,

An elbow which turned through 4£ degrees was next
studied, but the sppesrance of the flow did not differ
ereatly from that of the 49 dezree 19 minute elbow (Figurovs
10A and 10B). The appesarance of the flow in the photo-
graphs in Pigure 10 were different from those in Figure

9 since they were made by different csmeras and with
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Contreol gate 100 percent B, Control gate 25 percent
open; 45~degree elbow. open; 45 degree elbow,

C. Discharge stopped by high speed
photography. Gate 10U percent
open; 41 degree-19 minute elbow,
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different lighting, To further emphssize the posslible
difference of apoveersance of.the model through the use
of photocrephy, & special picture wes made by stopping
the action of the water with high speed flasb lamps
(Figure 10C).

A 50 degree elbow was proposed, but the increased
lenéth of the trough mede this impracticel. Bither the
41 degree 19 minute elbow or the 45 degree elbow would
be used in further tests, but the observed difference in

the two desicne wes gso slight thet it was impossible to

stste thnt one wes betier than the other,

The Finsgl Elbow gpsign

The 41 degree 19 minute e¢lbow was selected for fur-
ther study becsuse of the shorter length of the dischsarge
trough, Ii was believed that this elbow would be the
finel design, and thst further tests would consist of re-
fining this design and of measuring pressures and air
demand, An exit sectior resulting from the visual tests
wag built end attached to the outlet model, It included
the square exit elbow, the discharge tro .gh, &nd a
portion of the epillwey face (Pigure 5D and 11). The
inner bend of the elhow, which had been omitted in tﬁé
previocus studies, wss now included. To avoid subatmos-
pheric prossures on this bend, it was set 18 inchss
{prototyvpe) below the floor of the horseshoe-shaped

conduit, This formed an offget or step, and the water




“deav appe 2 rough outlet with gate 80 pecent open,
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coirld spring cleer in the same manner as it did when the
inner hend wes not in plece. Beginning at this offset,
the clvow bend curved threugh an arc of 41 degreesg 1Y
minutes to btecome parallel with the outer bend of the
clbow at theo e¢xit end, and to form a 102-inch square
cpening (Figure ED). The rectangular shaped discharge
tro:gh was tengent to the edge of the imner bend and
slaecz of the elbow and was falred into the faece of the
spillway. Alr vents were uced in this cesign to re-
lieve recions of aubgtmospberic pressuree. A4 l-inch vent
via3 plsced ip the offset at the inner bend of the elbow,
three 2-inch vents were pleced on the spillway face
btelow the trough and a l-inch vent was placed at the

top of the conduit two feet upstream from the =21lbow,

To study pressure conditions in this design, piezometers.
were locsted in the conduit, elbew, trough, andé cn

the spillway fece (Figures 5, 11, andll).

Flow appearsnce in the Final Pesaign

In a trisl run; it was found that a lip placed across
the top of the Lrough st the olbow oxit dirccted the
flow cown into the Urcugh, end materially improved the
enpoeasrance of the jet at partial gate openings. Seve
eral typ:s of lips wero tried, and the most practical

apnanred te ke & 1l.41-inch flat sxtension of the con-

<21t opening deflector in the plene of the fmce ¢f the

gpillwsy. This extension of the deflector to Torm a




1ip was included in the final design (Figure 5D).

The appearance of the flow from the elbow was sﬁt-
isfsctory in all respects, being turned and directed
down the spillway without the formation of fins or large
amounts of spray (Figure 12A). At openings less than
15 percent, @ small fin &nd splash dié occur in the
certer of the trough, but tnis condition did not appesr
to be objecticnsble end there was no way of eliminating
it.

o obscrve this flow in a different manner, high
apead photoprenhy was employed.to stop the wovement of
the water (Figure 12B). The exposures were mede in ep-
nroximately 1/20,000 of a second with a General Electric
¥o. B[ 20 flash tube, synchronized with & 4xb Speed
(3raonlc camera. Thne aenpearance of flow in these proto-
sranha was similer to the flow that one might expect in
a prototype structure, ‘These photogrepns suggeated
twat high speed photcgraphy could be used to study
tre flow in the ceonduit upstream from the elbow. As
nreviously described, wnen the model was operated under
a neesd of 70 fect, the flow eppeared to be insufflated
~ith air and to fill the conduit, 'The resulting mix-
ture seomed comparatively uniform and regular as shown
in ¥igure 113, but this was not the case as shown 1in

Figure 13. The flow in the photographs revealed a

turo:lent mixture that was nelther uniform nor homogeneous,




percent open,

B, Flo Loppe ! by ¥
(Exposure 1/20,000 second; v locity 40 feet per second,)
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A, Gate 25 percont open,

B, Gate 50 percent open,

C. ate 100 percent open.

FLOW IN CONDUIT ABOVE ELBOW, DIRECTION OF FLOW TO LEFT
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Close inspection ¢f the photographs suggeste that witer
tends to move through the conduit in slugs, becausge of

an irregular mixing of the air,

Pressure Heoassurements 12 the Condult

The pressures in the conduit upatresm from the el~
bow were not atudled in detall, but measurements were
made to ascortain the general conditions. Subatmospherice
preasures, whilch would not be greater than eight feet
of water in the prototype were measured in the con-
cuit immediately downstresm from the gate. This pressure
vwas expucted becsuse of the air requirements of the
gate, An unexpecked pressure conditlion occurred in
the condult at the vent in the tep near the elbowe-
the presas:re was positive insabtead of negstive., At
acale hesad, the space in the conduit above the flowing
water was esgsentially continuous from the valve to
the elbtow, snd it would appear that the air pressure
at one end should be slmost the same ag at the other,
Because the exit was blocked by the Jet striking the
outer bend of the elbow and forming & backwash, the
shear action of the water tended to build up the pressure
Ly pulling the alr Lo the downstrram snd of the conduilt.,
T™he resnlt was that the vent on top of thne condult noxt

to the slbow ejected air. Yhis resulted in the suggestion
that air be taxen from this vent and diverted into the

vent at the ofTset in the inner bend of the ¢lbow,.




ifls was not recommended, because the insufflation of
nir into the wrter caused an aiy and water mixture to be
elected from the vent on top of the condu:it when the
model was operated at a 70-tfoot hesd. This made the
vent!'s efficlency nuestioneble aince the action in the
prototyne with respect to the insufflstion of air was
uncertain. Lt may be concluded that there will be no
adverse pressure conditions in this conduit unless
there is s missliignment of the floor or walls. 4ny
irregulsarity or projection will result in severe
substmosph-ric pressures,

Pressure ieasurements in Elbow, Trough, and on the Face
of the Spllliway

The plezometers loceted in the exit elbow, trough,

and on the spillway face, sa shown in Pigures 5 and 144,
narmittec 8 detailed preasure study of the exit section.
Thne resulvs of tnese 3studies, bssed on a design heed

of 2RR feet, =re shownf?%éhre 14. The minimum pressure
on the inner bend of ths elbow was fo nd to be not less
than Five or six feet of weter below atmoscheric, and &t
nc peint was there subetmospheric pressvres sufficiently
intense to cause cevitation in the prototyce. 'There were
two recions of substmospneric pressure, one on the inner
bend of the exit elbow, and the othor on the fsce of the
apillwny immodiatoly below the trough, but both of these

ro-ions were vented.




4 8 A et

SEEE 14

BOTTOM OF £LBOW
AND TROUGH

E. GATE 40% OPEN

8. GATE 100% OPEN

F. GATE 20% OPEN

NOTE - ALL PRESSURE INFEET OF WATER BASED ON 268 FOOT HEAD
PRESSURE CONTOURS OBTAINED FROM INTERPOLATION OF MEZONMEYER READINGS

BHAKRA DAM
HYDRAULIC MODEL STUDIES 117 SCALE
PRESSURES ON OUTLET ELBOW

MODEL SCALF 1N INCHES




The size and location of the vent in the slbow was

quostioned, for it was believed %o be larger than necesaary.

v

Tests were made by decreasing the size of this Openihg

and there was no spprecisble differences in preszsure on
the lnner bend of the slbow until the vent was completely
closed, Even with the vent closed, the subatmogpheric
pressure was not severe at most gate openings. This
demonstrated that the vent size was not criticanl, and
when it was decided to use 15-inch vents in the pro-
totype (0.882-inch model), this diameter was considered
adequate, This 15-inch vent (Figure 1) Qas locsted in
e different position in the offset than was the model
vent, but such a chango of position wo:ld not create
any adverse flow conditiona.

To check the effect of the three 8«inch vents in the
face of the spillway below Phe trough, they were closed,
The pressures on the splllway were reduced to the extent
that cavitation would oceur in the prototype, and it was
concluded thst venting in this locetion was necesgaiy.
Other types of vents were propeosed, but the three 8-inch
pipes were simple structurelly, and no chenges were made.

To prove that the step at the be@inning of the inner
b=nd of the elbow wes necegsary, the model wass revised
by filling the step with wax until it was flush with the
floor of the condult, similar to the elbow of the origine

al design, as shown in Figure 2, Plegometers were installed




in the inner hznd and pressures were measured. Severe

nemntive prassures oceurred, so severe.in fact, that even

run
on the model after the third/ the wax pulled out of place,
This wna consldered proof thest the offget in the inner
hend of the 2lbow was 8 nacegsary feature of this designe.

Alr Demand ig the #odel

The modol indicated that subatmospheric press.res
vwould not ba helow 5 or 6 feat of woter, and it was
cenclndad thet the air vantas were adequate and would operste
setisfacteorily, The subatmospheric pressures under the
most adverse conditions, barring misalignment, should
not be lower than 10 feet of weter for an operating
head-of 2882 foot, ' :

To have the information avalleble, it was planned
tc moasure the alr demend of the outlet kc‘afford 8
baosis of model-prototype couparison. A test program was
drafted, but during the course of the testing, errsatlc
results were cbtained. AL a constant head/:gg:rol
gale openinm, the alr demand would vary as mach as
102 perxcent. The tests were carefully rerun, and 1t
wnas thought that the gnte valve in the line aqd the
variable spead pump were partially responslble. The
procedufe for operating the model wes to set the con-
trel ante at the desirad opening, then set the speed

£ tho pump until the head wes greater than deslred,

ané then Lo set the reqg:ired head by closing the gate




valvo upstrean [rou tho nesd tank. The alr demand of the
wodel woild change whenovaey thlyg procecure waa changed,
and 43 4 resulT 1c wes asswaed that the wir doemand woes
alftectaed Ly the tarbulence of flow in tho approsch con-
¢lb.

another oxplisnabion Of Lho erratic alr-~deonand re-

Lherlin lie An Vo fact then thors wers two air

in foe Jdudos cutlet.,  Who olbow could ws llkoned
slr-ejsctor bthas Lad & inlet sucii as the uir veni
in fne off=get abt vize iaonsoer bends Wwith certain {low
condlciona in Lue cublet, it 1s poussible thet this veat
coule nel supely biae alr dseond to tue elbow, tharely
LBalilf it neceszoary for additional air €O ve drasn
Irou tiie vonb ab the contrel gate, Althourn alr-dezand
drba waos tasen ab acale head, the same condition of
irregaliesr wlxing, wulch haa Deen shown oy the hishespeed
crobtogranty, could ve presant at this lower neard. The
witer ond air flow tonwouon the conduli and eloow may bLe
nonunifiorme Talas condition in 1tself would cuuze an
irregiiar alr-puaeplng acbtion. AL prosent, the writer
iz not prepared to vcosmmeat lurither upon this condition,
ner con dats obtaeinced be suoitiited until the problewm
is further studioed snd the flow counditions are better
LAGeT3LCcOod,

Vorificasticn cf Prosszures on the duter Zend af thie Qub-
ppv— -y — oanus Poviinsy
16t ~sloow

he pralininery structursl design of the outer bend
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of the elbow and deflector were based on pressures which
were greater éhan those ohgerved by the model tests, and
8 check was desired to sscertsin the sacciracy of the mod-
21 messnrements. It was possibile to do tnis in a manner

entirely independent of the pyessure maasurements, be-

¢soose ohe total pressure vector, a force obtalned by

summation of the mensured pressures, was sequal Lo the
force required to bturn the water in the elbow. This
latter ferce could be cémputed by applicsticn of the
lawsg of mwomentum 1f the discharge or velocity‘and the
anzle througn whlceh the water turned were ¥nown. A com-
varison was made in this manner for the condition when
the control gate upstroan was fully open, for then the
res-ures on the outer bvend of the elbow were at . max-
imum,
The force necessary to turn the water, expressed as

~orizontal snd verticel components, Fx and ¥_, was first

y
estimated by use of the relationship: F, = ¥ v (1 - cos8);
Ey = I} v sin@; where
i = the mass of the fluld per second, that is # =<ﬁ_§_z

Y] the specific weight of the fluid, that is 62.4 lbs.
per cublic feet,

v he veloclty in feet per second,

a he aresa of the flowing jet, and

8 = the angle of deflection of the jet.

Since i1t was necessary Lo include the effects of

gravity and the pressure change around the bend, the formulae




must be modified to inclgde~thcse factors, thus:
Foz v (1 - cos®) + p a3 Fy = B v 81n® - w a L; where

P = the average pressure at the upstream end of the
ellhow,

I. =z the average length cf the elbow,

In the ccmputation, © was considered as 44 degrees to
gccount for the effect of the lip at the end of the elbow;
L waos eatimated to be 27.0 feol, and » was approximately
15 Taet of water. The values cf the area of the jet (a)
and the veloclty (v) were more uncertain, and had to be
coaputed in the follewing imanner: In prototype terms,
with the control gste wlde cpen and the hoad at 288 feet,

tae discrarge through the outlet will be 5,410 cubic feet

per second, as ottalned by the coefficient cirve of Figure 4;

L=0C A V‘gH = 070 x 56.74 x V64, x 288 = 5,410 c.f.s,

Assuming that the velocity of the jet at the control gate

was §5 percent of the theorcticsol wveloecity, the jet velo=-

’

citx va1ll be 129.5 fest per seccnd:

v = 0,95 x V64,4 x 288 = 129.5 feet per second
in flowing down the pipe, the velocity of the jet is re-
fnis reduction was estimated in two ways; first,
oy friccional losses, as if the flow were in =& cloiedzpipe.
Assuming that £ = 0.015 in the expression; he = £ E‘%g;
= 90 feet.

(0.015)(126)(120.5)°
= e .'.(8.-‘3)(64.71) a 90 feet

Tne heaC 9t the eldouw would then be 170 feet, and the

velocity will bve 104.,6 fcet per second,




B

K12

(129.5)2
head st gate less lousea = 64.4 - 90 =
170 feeat

[
i
n

v

velocity abt elbow = |28 x 170 = 104.6 fect
per second

This value for the velocity was uncertein becsuse of the
mixing of the alr and water; therefore, the velccity was
determined 1ln gnother manner, Air demand measurexents
indicated that the water-alr demand watio was approximnate=
1y 3.8:1 at the full gate opening, and it was obgerved
that the ailr and water mixed in the conduit downstream
from the control gate at the 100 percent opening,.

Thne aree of the conduit was 64.5 square feet:

a, = g (8.5)2 $ 4,25 x 8,5 = 64,5 square feet

1t follows by proportion of air to water that the area

cf tne water jet was aporoximstely H51l.0 square feet at

o it

wei the exit of the conduit whore the wuter and air were
mixed, ,

2 = (64.5) 3.8 F 1 = 51.0 square feot

The velocity ot the jet will then be 106 feet per gse~

cond,
. o 0,410
o v - 8= éI.U = 106 feet per second

This checks the ccomputaiions determined by the pipe

. 1oss method,

with the determination of @, L, a, and v, the forcas
on the elbew will bes

62.5
Foo= 35,8 x 51.0 x (106)2 x (1 - 0.720) & 18 x 51 x

;i; x
e 6245 = 360,000 pounds




62,5 o _

687,000 pounds

To check these forces by the summation of preé%ures,
the pressure dats for the 100 percent onenling was in-
teczrated over the olbow to give forces of 335,000 pounds
for Fy, and 713,000 pounds for Fy, (Pigure 15). With
tris comparison, 1t may be concluded that the pressure

measurements a3 obtalined hw the model were relisble.
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APPENDIX

H¥YDRAULIC SIMILITUDE

A perfect hydrsulic model, except from the standpoint
of pure geometricel propvortions, is a rafity seldom sachieved,.
Yet the mechanics of similitude plays an lncreasingly im-
portant role in the present day concepts of fluld mechanlcs.
Models used by engineers can produce results that may save
meny times the cost of the model, and produce a certainty
of design uncbtelinable from computatlions zlone,

Sirilarity of flow occurs between a prototype and its
model and may exiat betwsen various natursl phenomena, if

the proper laws of similitude are setisfled., The laws of

sinmilitude offer a means of correlating the results obtained

from similer {low occuriences in prototype and model. The
applicntion of these laws leads to a more comprehensive
solution, and to o clemsrer uncderstanding of the flow
phenomena. For complete similarity in fluld flow, it is
unecessary thabk the system be geometrically, kinematicelly
and dynamically simlilar,

Gecmetrlic Simllarity

Two objects or systems are geometrically similnar if
tne ratios of all corresponding linear dimensions are equal.
This is independent of motion and involves only similarity

of form., Length similarity can bde expressed ass follows:

B
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where L, and Lp ara‘carreaponding linear dimensaions in model
and prototype respectively, snd L, is the linear scale ratlio,

Therefore, Area A, = Lm2 e Lp

Volume Vy & Ly w Lpd
S

This means thet areas in the model multiplied by the square
of the scale ratic give prototype areas, and volumes
multiplied b& the acale retio cubed gives prototype volume,
etc.

Kinematic and Dynasmic Similarltz

Kinematic similarity is e similarity of motion. ¥hen
the ratics of the components of velocity in two related
systews are equal snd the paths of motion of the particles
are geometrically similar, the two motlon accurrences are
¥inemntically simlilar,

Two motion cccurrencos are dynamicelly similer if

they are kinemstlically similar, if the raﬁios of the forces

causging or rostralning the motion are equal, and if the
ratics of the masases are also equal, This follows Newton's
fundemental law of motion which can be written:

Ma & vector sum of forces acting in the dirsstion
of flow, or

Ha = (Fyp ¢ Fy ¢ Fy ¢ Fy)
where Mas « inertlia force

F, = gravitational force

g
iy = visgcous force
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Fy = surface tension

Fg = elangtic forces
For complete simllarity in two fluld motion occurrences,
the followings relationship must be satisfiled:

Npa, (Fg ¢ Fv + Fp + ¥olm

By separately equating the forces on the right of the equation
tbo the ilnertia force on the left, it can be shown that the
resulting development will yleld the Froude number, the

Reynold number, the ¥Weber number, snd the Maclh Number,

Significence ¢f Dimensionless Paremetors

Four dimensionless parameters resulting from the
above posuldie develcopment shoulc be satisfied in any
fluld flecw occurrencsz, This 1s physlcally impoasible,
eand ofbern it 1e difficult to snrtisfy even one of the four
prreicters, In the case of the 10Z-inch outlets in Zhakra
bam, twxo of tne ebove psramzsbters were partially satisfied,
the Heynolds number anc Froude number, 7The dWeber number
anid the asach nomber could be neglectad, for in the case
of the weber number, the model's flow quantitles and velocities
were lazrge enonsh to preclude any eflecls of surface ten~
gior:, Since all movements of the jst flow gate will be
controlied to prevent a water hammer shock in the outlet,
tnha dMach number could also ve neglected,

“hen viscous forces predominate such &3 in steady

flow t~rough a preseure conduit (section of the outlet




from the belluwouth entrance to the orifice in the jot

Tlow gate), the gravity force, although acting on all
particles of the fluid, does not effect the flow picture,
snd the Froude number can be neglected. Feynolds Law
predominates, but was not compleotely satisfied, Fortunately
tis was nct necessary, If a curve for the dimensiocnlegs
friction factor "f" in the Darcy~Woisbach formla

hp = fLVZ
’ﬁég

plotted amainst Heynolde number 1s used, it will be noted
that "f" varies ccnsiderably for values of Reynolds
numoer between 2,000 and 100,000, Between a Keynolds
number of 100,00C and 1,000,000 the slope is more gradual,
and beyond 1,000,000 the rriction foctor levels off to

a more Or less constant value., Thus, if & model can be
constructed surficiently lsxge to obtairn Reynolds numbers
which eauasl or exceed 1,000,000 fer all pertinent test
flows, the friction factor for the prototype, although
the Reynold number may range up to 20,000,000 will be
little different from that of the model,

“hen gravity forces predominate, such as in the cese
of thne conduit downstresm of the jet flow gate where tnere
1s a free water surface, the Froude law can be satisfied,
By scaling the head producing flow to the gate by a direct
iinesr ratlo, and neglecting the small difference in
friction loss, the veolocity of the entering flow to the
conault was proportional to the pretotypo velocity.

Considering the depth from the free wabter surfmce to the
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invert of the condult as "d" and replacing L in the Froude

number by “d" thens

Fg = V
Y&d
which would define the free water surtace for both model
and prototype sinece boundaries were geometrically similar,
The Euler number, which is a definition of the discherge
coefricicnt for similar boundsries and flow conditions,
also holds for the model~-prototyre relationship.

Reynolds Number Computstions

boged on upstream condult diasmeter:

V = ¢ YZgh h = 288 = 16.93 feet

V = 007 bgglﬁ.gg = 23.1 fps Fig”re 4
R

= Vd = 23,1 X G.5 = 962,000
v 1.2 x 1079

vaged on gete orifice diameters

Veisdbhd x4 = 26 fps

W x 0.472

A
R = Vd = 26,0 x 0,47 = 1,020,000
AT 1.2 X 10.b




