~ Distinctive Features of Grand Coulee Outlets
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JITH the. development - of

larger structures,“the cine
-ereased - hiead - and largcrﬂ:engi:’zecrs-am_ Jinding ‘the model labora. - Madden Dam on the Chagres River
quantities of water -involved have. " fory tnereasingly useful’: Thelaboratory ‘in: the ‘Panama Canal Zone, that o

W}sz_;gr‘eaa‘aja::ug}z'cc;.in,tiz'e_’lv‘iz"e and" - While the carly studies were in’

~made the problenis of outlet design fills .a unigue need i supplying to o . portion .of the conduit’ roof ‘in the

‘design of “engineering Slructures,”. progress, reports came from. the: -

- more-complex.. . In the case of-one - large extent the only substitute for prece- - outlets - immediately . downstream

“large-dam already -constructed, an < dents that do’ not ‘exist. In this paper, “from the senirance ‘had. been de-

outlet. ‘through 'the spillway de- . originally -presented - before the - Hy- - stroyed "after. only a' few  weeks'-

-veloped ‘an excessive - seepage ‘leak - “draulics Division at the Society’s Denver --peration.. . Apparently : sub-atmos- - :

" :near theupstreamend after operating’” - Convention, Mr. Warnack: presents con- - pheric pressures and cavitation were
-only a’few weeks: Amproper shape - cretely the story of the successive surprises -prdduced'.by‘an'_:incorx"cc't;shupe‘-'of
“and position “of ‘the cnt.raucé_‘;had";~gncomz'teréd]in.devet'opiﬂgautlctsrfar one . entrance .and ‘by .a Jposition of the |
catsed severe cavitation and theloss - of fie world's greatest dams. fo ‘con‘duit-nt;un.clevntion“t'oo‘n'c‘ur’the N
_ .ofconsideml_)le:natq;ialiu,the.mofof N R N e L floor of the reservoir, . - e
- the conduits. In another case, the spray from theoutlets .~ To avoid a repetition ‘6f these conditions ‘at ‘Grand
Was so excessive.as to forbid Telease of -water except in: - Coulee; & series.of entranee investigations was instituted.
" cases of—éxttemenécessity..-‘ R R R R
In:preparing for the:Grand Couiee outlets, how were 5 ft long was .coustructed “with ‘concentric distributing

A cylindrical,‘p_rcs:_sure‘ta:ik'-‘(Fig{ 2) 8.ft.in diameter and .+

‘these ‘known faults ‘to be .corrected? - How were ' other .-comes and a stilling rack to produce approach conditions -

-errors in assumption or. design to be avoided? ‘Precedent - simitar to those in ‘the prototype. A’ sharp-edged orifice -

could. be of no assistance. THe only expedient ‘remaiuiug\;_-i.was_‘ placed:at ‘fthe'-ddwnstreamiéndff-nf.'th‘é gank; and a0

“was the use of;modéls"for“a.st(_:p_-by-stepfdesign. oo w0 detailed survey of the Jet from this orifice was made with -
At Grand Coulee Dam, sixty 8-ft'6-in. outlets in tiers - a-specially- designed instrument.. “The slope of the:up- .
‘01,20 each Jiave been ‘provided ;to release 225,000 cu'ft . stream face of ~the dam and the position:of -the:control
per sec, . :On preliminary drawings, Fig. ‘1 (2), the outlets . gates-for ‘the . outlets had ‘been established “previously,
. were rectangular in: cross section {5:0t-8 in. 'wide by 10.ft.* With these 'limitations, and ‘with the ‘surveyed shapeof

6 in. high), longitudinal in plan, horizontal'in'section.and  the free Jjet, a bell-mouthed entrance with a converging .

. unlined. . One tier of 20 outlets was at approximately EL - elbow was developed. " A model was installed in the pres-. "
~ 935.00 and the other tier of 20:at EI 1,110,00. - -7 o+ sure tank in ‘place of ~the.orifice, ‘and detailed ‘pressure
. Severe splash. and erosion’ were found-to résuit from “me a'su'remehts:showed-that‘the_;p'res‘su'res' throughout the -
this design when it was testedin 2 111201 ... A o S MR A

- mate development.The jets from the : A,E,'f,."-“m?s;a? s
-lower tier impinged on the water surface "7 o t_"'*_—'i
“downstream ‘from ‘the ‘spillway ‘bucket, & . ." OF T e T
“and the upper tier produced practically - S R OF CEL1136675,
the‘same‘result.except“thatf_the_scourﬁin R C g e e e - R
~the river was even more severe, . The - G 036,675 Mg Marimum Water 0
; » .y PR, RERUR R, B R ' urtace £ 93505 - .
destructive :conditions WeTe extreme,. . \ Miriemum Water & g Ry i
particularly along tlleﬁ;ripra'pped'banks * . {urface E19350
- of ‘the ipower-house tailraces, and as a :
- rtesult of this imdesirable: situatior the -
“outlets «with _horizontal - inverts were

-model representing: the ‘complete -yiti- _t'é_”"‘c",';',",";?';;;;”?c-’ Bimeo ki If Matim Water Suface 100

abandoned. o o L S S R e e e L ER
Theoutletswerc,:next changed from:: oo FI6CLL CEaRLy Desiens ¥oR GRAND Couree. OutieTs _ .
. .rectangular to circular in cross section . (g) Straight ‘Discharge , Cansed ‘Prohibitive "Disturbances ‘Downstream from Bucket

aitd placed’ on -parabolic ‘paths through = () Parabolic Profiles Also Misscd Bucket, Produced Cavitating Pressuresin Conduits - o

. the dam (see Fig. 1,.8) s0 that the jets _ ‘
‘would plunge into -the spillway stilling- =~ *: el E g
o j
]

pool. The invert of the lower conduits
‘was - placed tangent 'to ‘the spillway
- 'bucket; and pairs.of outlels werc made . =
to -diverge in ‘plan to improve ‘the
~-energy - dissipation. This ‘became ‘the
. final design of. the lower tier at -
“Grand Coulee except for a later entrance
refinement to prevent sub-atmospheric -
pressures. . T : ‘
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making ‘the conduit gy suribroken - béSsdg:c_:‘f.t:l‘trd_uéh;'thc
‘gutesection, - TIOKH passige | ORI
v operating the mode]
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gate, .
‘ d.required a downward .
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Since the trashrack structure might affect the entrance

.. Pressures, Particularly for th s ‘becaus
'Proximity tg- the base, a rep

and converging’ section -were - above: atmos:

draulic model as indicated jp; Fig.:2. The tests revealed .

‘that the posntion‘off.thc‘bot'toz'n. of the trashrack had- the
most influence ‘While the -

o was‘::rees‘taib‘lishgd'_ 1o a large ‘(e
-vertieg]. i
'+ leafin the gate bonnet:andiframe_.-

- -dition which in: the‘operation of
-‘-"becn‘thefsot_jrc_e‘!of;much-ng'

flect: of il Placement was -

- -eurved: lower
" pressure:over .
- Jected to ful , .
- produce a downward*'fotcc':upm_]:thr:‘ ;lenf.ﬂau.d‘stem ‘which .
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> Prototype wouild have e
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‘gates. - The pressiire
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- The control gates for the lower outlets at Grand Coulee

" are of two types: The upstream or Emergencyfc,ontml-is :
-2 ring-follower gate operated by

' ‘ is.a paradox - roller _

and gear train connected to the gate.

stems. - The gate'leaves in the:two types are fundamen- -

" - which. comes rito. position when
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ke inthat: each lias at. the bottom o follower ring .

»the gate is fully; openg': ~ithree. .o‘bjecti‘w;s:

hadapparentljszéén“o _

a hydraulic piston, "The'.d
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:‘When Teversed in.pogj- -
upstream face turned..dowp.

This allows the exgess -
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- pressures within fhe‘:eond_uits," (2) minimizing. the forma-
tion of spray, and (3) ‘minimizing the river-becl erosion,

- The ideal solution for: the conduit: between: the control - =
- gates and the face of-the:dam was’to bring: the outlets: .-
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through the dam on a horizontal profile and to introduce - |
~ anelbow at the downstream end, forcing the:jets to flow .I-
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- Fro. 5. " UNBXPECTED LOW PRESSURES ENCOUNTERED AT T1P

'ﬁarallel to the face of the 'dﬁm,’ zﬁs:shov."ﬁ in Fig.ﬁi"(‘a-)‘...'.}‘\‘:.‘

reduction of area in the elbow wouild reduce the discharge,
-decreasing  the " velocity and increasing - the pressure

+ . throughout ‘the “conduit:.” With this arrangement; : the’
Hjets flowing down: the spillway: face” would ‘be “less:con-
ducive, to the formation of spray. than ‘thosc falling freely-
‘through “the air, and /the -river-bed -erosion “would ‘be

minimized since the bucket at the toc of the dam would

- function as anenergy .dissipator. for’ the: outlets as well’

+as for_the spillway. " The: proximity of.the elhow to, the

of material nucessary for structural ‘purpases. :
~“horizontally “into the -air,
~~ would be entirely eliminated:

- in(tgle ‘development: of this ‘design are: illustrated:in:Fig.

Since a sudden- change 'in’the alinement of a conduit”
-may-cause unfavorable ilocal pressure: distribution,:the
- reduction:in-area in- the first: trial was effected:b y.con-’

. verging:the crown of -the ‘elbow, toward . the invert. A~

minimum. distance of ‘3 ft. was: ¢stablished’ betweer1 the

elbow and-the face of the dam to allow for placement of
adequate reinforcing steel in the coucrete. ‘The invert of ‘
the open-channel portion of the outlet.was made cireular.
in cross section and carried in tangent: to the invert of the

“elbow.

- of the spray released
- - pearance: that would result when all 40
;outlets were discharging. - 0 o

In an effort to prevent the formation -
. of:these fins; a'long succéssion 'of revi- -
- .sions in-the shape of the open channel -
~'were undertaken. ‘The sclution finally

_‘the final design." ° . C el D BT
. for , _ e | <+ In the first trial, a slight but distinct break was formed
:face of the spillway would be determined by the thickness: - '

and:-because. of the unpleasant-ap:-:.

Pt FI}QML.Dgs’lcmrwxfn‘Dm-‘l.ﬁcrokfovm_e-‘Ekn‘

atthe intersection of thcfmstrum with the ojﬁén‘ 'él_xa'ﬁilél;_
.. The pressures throughout the condnit were positive for all i
~heads in excess of 40 {t on the center line of: the entrance. -

' The sub-atmospherici pressures that will occur‘when the =
- outlet is operating under a‘head of less: than:40 ft should .~
“-do‘no damage in‘the short:period of operation necessary
"‘-‘duri‘ng,qonstructigxl,_;;" e e S A ey T

... 'UNEXPECTED 'DISTURBANCES AT OUTLET TIP - ‘
_:% . The trough, or apron, portion of:the outlets presented.
“ . a; problem ‘of . greater: magnitude: than originally antici- /.
~pated. 'As the solution of the elbow and exit channelun- .~
-folded, the:importance of  the: shape ‘of ‘the opeun.channel .
. ‘became increasingly apparent. Inithe case.of ordinary - -
-open-channel flow, ‘minor surface sirregularities: are of:
- relatively little importance, *but’ this ;problem’ required

-a-discharge surface that woiild ‘reasonably fit ‘a’jet of -

“water ‘with:a diameter of :7./{t 0 in. ‘and.a maximum '’
“velocity. of 110 ft-per sec. Any. non-conformity :tending =~ . ..
_to change the direction of this ponderousjet would result =

‘n unfavorable: flow - conditions. . ‘As inthe case. of ‘the - -
‘elbow, a step-by-step:trial method was ‘used:to arrive:at . -

between' the cone and the apron and’ between the- apron .

: . and the ‘face of ‘the’dam. The pressure immediately
If the elbow. were omitted, allowing the jet to discharge: '
‘sub-atmospheric - pressures -
] -Therefore the problemwas ..
-reduced to.the designing of an-elbow. with'a constriction -
to maintain the positive pressures'in the conduit, and an "
exit channel in the face of ‘the spiliway, that would mini-
mize -spray -and . river-bed : erosion. “Successive stages .

‘downstreamfrom ' the :cone : was slightly -abdve atmos-

“pheric, which was contrary ‘to. expectations. ‘However, "
'the. complete  surprise:was ‘the. excessively Jow -pressure " .-
-on:theapron ;imme'dintely above :the intersection with: = .

‘the face of .the dam.” =

‘A number. of changes in curvature and. prbﬁlé;x (Fig. ‘:5) e

‘were made!in attempting:to: solve this problem.. None

s was successful. When the solution .was found, " itwas
 :quiteiby ‘accident. ‘Pressures in: the: elbow;. cone, " and
‘upper: portion: of the channel- were satisfactory; :the jet

.ol water.was stable and, undisturbed; ‘the:design of.the .

“ conduit down: to the énd of: the cone had been'released to -
the; design. department: for - detailing; ;the simplicity of " .
‘the design so far was encouraging. :But what was to be

+done with this onc remaining low-pressure condition? - ‘It

~appeared. that: the:optimum:design had been reached: 50

{far as structural: treatmeént. and visual observations.were
concerned. S e T MR

: o S e e T ..~ . ‘Ove. morning, after several weeks of study, ‘the single- -
The pressures in the elbow ‘were above atniospheric,

< but the discharge: was materially decreased. ", Fins of .
~water formad on' both sides of Lhe jetiin the upperiend -
of the open trough. "The fins were objectionable becatise

‘leg glass. piczometer: tubes :were being. replaced with . U-

‘tubes to_eliminate- the necessity ‘of .establishing' a new .

“datum plane after.each change in‘thé-model. * During . '

‘the changing of:the riubber connections, it was noted;that -
the pressure downstreari from any. disconnected tube was’
ST Y inereased. Air flowing into the discon- . -
__imerot o, nected ‘tube aerated . the low-pressure
Semel, .. _region..” Why- not; install air venis for.

il Uatpurpose? o

Q- sface of the dam at a sufficient distance

ot obtained comprised a conical constries
~tion symmetrical about the center line.
.. This formed a slight, but definite, break.

—X\ on.both sides of:the channel to prevent

:F16. 6. Atk SuppLY Premve AT Lowxn -‘the outlet jets from covering the -open-
‘ S ‘END',:O"F Olrrz.m_" :

Jngs. ' The size of the air conduits was

* . Theair supply was ft:.xken:fr(‘)ﬁl'-i,trhe‘ L
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. Fic. 8, f “ CoMPLETED ExtT PoRTALS AT Grano Covrir
Deflectors at Top; " Ventilating Holes Just Discernible at Bottom

" determined on the médel_b}; trial. In the pratotype the

.. header lines have a didmeter of in. while the feeder lines

are 4 in. in diameter (Fig. 8).+ SRR
-~ . The supposedly final design for the intermediate out-
‘lets at: Grand Coulee:Dam, which ~ = = - =
was: developed - under. extreme ur-
/gency becausc: of - the progress - of
construction, did not have deflectors |
over the outlets (Figs. 7 and 8), al-
‘though consideration had been given -
© 'tothe excessive spray from the water
-dropping’ into. the channel of  the
- outlet. - Later tests, however, showed .
that for the condition in which the -
‘spillway. operated alone :such spray -
formation would be critical. o
_To eliminate. this,  the. trajectory-
.of the  spillway jet ‘was: deflected:
above the opeting in the face of the’
dam. ; The raised portion, . or . de
flector, ‘was: made  parabolic in-the
‘direction of flow and was blended into
the spillway. face by reverse curves.
.- With the addition of the deflector
- over the outlet, the thickness of con-
crete between the cone and-the face
~of -the deflector: was' increased con-
‘siderably -beyond’ the! minimum es-
tablished - at - the beginning of . the
« studies: as’ necessary - for : the :rein-
forcing steel. - Advantage was taken
of - these: projections . to. move the
elbow and cone 3 ft :herizontally

Vor 1o, 'No. 12

downstream. This chaﬂge moved. the }pqint-df.aiu_tér-‘

- ‘seetion between the invert of the channel and ‘the.face of

the dam up the slope 13 ft, reducing the exposed: open-
ing. 'Construction progress preventec any change in-the -
intermediate - outlets .at Grand ‘Coulee: except -the ‘ad-
dition: of -the deflector, ‘but the shortened opening ‘and
deflector were adopted for the apper tier in Grand Coulee -
and all outlets in Shasta:Dam: - ' SNSRI
 PROTOTYPL STUDIES PLANNED - - o
The rapid completion of ‘the: prototype is expected to
provide unusual opportunities :for -the - comparison ‘of
ficld and laboratory ‘work.,  The ‘photograph, "Fig. 9,
shows the outlets operating at a recent stage of construe- -
tion. Piezometer openings have been placed in the lining. -
of the right outlet of block 51 in-both: the intermediate -
and upper tiers. A piping system connects these open-
ings to terminal boards conveniently located in the inspec-
tion galleries. B : : Feno

4

Visually, the action’ of_}.thé‘pfototypc:-ﬁow';frbﬁi=thé - '
‘interinediate tier thus ‘far ‘observed ‘has ‘carresponded -

favorably with the model. The intake:of air through

‘the vents at:the: intersection of the apron with' the face

of the spillway also substantiated ' the ~model - studies.
Although the action of the deflectars witi respect to the
spillway flow cannot be ascertained until the dam is coin- L
pleted, their location with respectto the putlet: jet:per-
mits ample inflow of air. beneath'the deflector. ' Further - -
detailed: comparisons between model and prototype re-.
sults are to be expected after the dam is placed in regutar
operation, R R

The hydraulic laboratory #i-which these studies were
made is a section of the Materials, Testing, -and Control
Division, supervised by R. F. Blanks and ‘Arthur Ruett--
gers, both Members Ani. Soc,: C.E., senior engineers in "

‘the Denver office of the Bureau of Reclamation, ‘Design

studies and investigations are made: under. the direction

-of-J.'L./Savage, M."Am. Soc. C:E., chief designing engi-

neer, - S. C. Harper, M. Am. Soc. C.E., is chief engineer.

for the Bureaw, and ‘J. C. Page, M. Am. Soc. CE,is
- Commissioner of Reclamation. T RN

. Fi1c. 9. Protoryee AcTiON CONFIRMS MopEeL RESULTS
" Boils and Spray in Foreground Suggest Tremendous Violeuce of Energy Dissipation




