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‘Hydraulic model experiments were begun by the'Bureau.of
‘Reclamation in 1930 in the laboratory of ‘the Colorado . igricultural
Expariment. Station -at Fort . Collins, Colorado. The unprecedented
‘magnitude of the:.various structures being designed for the Boulder
.Dam was undoubtedly responsible.for the introduction of this.inno=-
-vation into Bureau design practice. The subsequernt growth of the -
‘laboratory plant and the stope of .the investigations as well as
:the increase .in personnel has been indicative of the success with
which the models of:the 'last six years:have supblied the informa-
“tion needed by the design:department.

In:the latter part of 1930 a staff of twelve, ircluding -
;engineers, carpenters, and: assistarts, was assigned to:the small
.laboratory ut . Fort Collins with inatructions:to:build a model of
.one-of ithe two shaft spillways originally proposed .for the Boulder
- Dam. LTeéts:onL;hiawmcdelﬁéhowed conclusively that the shaft -spill-
sugyﬁiaa:notzsuitedxtotthe-ahticipatad:operating condi#iona. As a
:reuuit,:thp-aida-chénnel'spillway was proposed, and models:of
-various:nodifications of this: type~wefe tested intermittently during
A period of ‘twe years. The magnitude:of :even the- auleiary featuraa
of"the Boulder Dam ia difficultito. comprehend. ,Each‘qf.the,t!o,‘ '

- sideochamal spillways is designed to receive-and .to- discharge,
after & drop of 500 :fest, -a maximum flow: of 200,000 second-feet
nithout permittlng destructxve eroaion..

The cxperience gained- durzng the - -foregoing teats demon— i
stratad clsarly that:the. hydraulic model pTDVlded _practically.: the
nnly ‘means: of. azcertalning and eliminating such undssirable~condi&icns,
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raa Bpiral flow dn - cirnular’tunnela -or ‘the choking of shaft
‘f‘spillnays. In recognition of the- value of theae modals'lor #Aup-
'plementing ‘the work of the design .section, the»Bureau of Reclama— ‘
‘tion :now mainﬁains threa hydraulic laboratories with. a combined
'staff'offaboutSfifty;msn.'3These:1&baratorieérarazQituétedfin-ihatf
vicinity of Denver and psrmit close contact with the design section.

 ‘PROBLEMS OF THE LABORATORY
Since 1930 approxinmtely eighty models have been ‘construc—
ted and ‘tested in the three hydraulic. laboratories. Each of these
has rasulted in:either (1) ‘an .improvement .in flow conditions through
minor ‘revisicns -of ‘the origihal design,;(z)'an improvement in fiow
‘conditions combined with the development of a more economical struc-
‘turs, -or (3) an improvement in flow-conditions:necessitating a more

-expensive design. Model studies do not always result in a more |
-economical design. In a number of cases, however, the saving ef-

fected has many times of fsat the cost of ‘the experiments. ‘Séldum

has ‘the original design of a atrueture been found sc nearly peﬁfect

that desirable ‘revisions have not been suggested by'the’model.sh“ﬁﬂﬁa
'The structures most frequently tested in the hydraulic o

laborétory‘include‘npillways, stilling pools, outlet tunnels with

control valves and Venturi meters, :intake structures, :needle valves,

and hydraulic turbines,

SPILLYAYS AND STILLING POOLS
Of the types nf.models listed in the foregoing paragraph,

.8piliways and svilling pools:have been the wost frequent. This is

evident ‘from-the tabulation shown on page 4 in which are liastaed

‘the major hydraulic -structures that:have been tested since 1930.

Spillways fall naturally into five general classificationa - the

Mglory-hole" or siaft-type (photograph 1, page 5), the side~channel

type ‘( photograph 2), the overflow type (phoiographs 3 and:i), the

“open-chute type (photographs .6, 7, and 8), and the enclosed tunnel

chute (photograph 5). Of these the first two seldow require




stilling pools since‘theyu;re'usuallyfampl&jed.inaconjunctioﬁ*with"
large concrete or maaonrfﬁdamn1foundod'on:bedrocxvﬁhérernowerosion‘
hazard iis ‘involved in permitting.the=water1fromzthé‘3pillwéy=to |
Ampinge upon the stream bed directly:bslow’the dam. ' |

The ovarflow type of spillway is.suited to a wide:range.
of conditions. ‘It msy be used.either with a high:dam founded-on
‘bedrock and ‘provided with'a natural:stilling pool such as.is .contem~
plated for the Grand: Coulee Dam-on the Columbia River, or it may be
-adspted:to the smaller-concrete or magsonry structure such as the
Imperial Dam on the.Colorado: River , which rests on a-sand and gravel
foundation. ‘In the latter case, a well-considered artificial still-
1ng pool is required. -

“The  open-chute :spillway is. f{requently.used in. conjunction
with earth dams. It .followe the.general jprofile of the downstream
“‘face of the dam anditerminates in an- arti;icial stilling: pool.

‘The :typical pool:comprises:a horizontal-concrete. apron, :on the: down-
-stream:end: of which:is. constructed a. concrete 8ill-or a:set of’ baf-
fles. The apron. may. rest directly:upon ‘sand-or: gravel., and sznce
'its function is to protect that materlal fron erosion, ‘ita: propar
construction is an’ important.raquiaitekto ‘the:safety of the dam‘ :
A stilling pool is a:bagin:in whiChithé~energy'of*the‘falling*watﬁr .
is.violently: dissipated without . damage,to the: rlxer ‘bed; it reduceaj"
-the: turbulence .and wave aetion- dounstroam ‘from.the . spillmay -and - ‘ds, -
therefora, particularly essential-to .earth: dams., ' :
) Tha -enclosed:tunnel-chute :type of : gpillway is: aeldom uaad.
& gate. sect1on ‘is usually. required at -the mouth.of ‘the tunnel, and .
~the.flow: -condit ions -produced. by .the -prasence: of this gate -seetion
are- seldom satiafactory. .
| Ana]ogoua o “the .manper in.which a. newly. designed: ‘machine -

is: thoroughl;r 5.napccted for defect.s and - imperfectiona &t the fac— '

g tory -is: the procedure bw means o£=which models of hydraulic struc-;ff

itures are:built. and‘tesbed 1n the_laboratory before the:design is S

f;nally adopted :and: cammitted to: construction. «Tha models - reveal
undnsirable ‘features: o’ tha design -and | 1nd1cate~thc proper meana
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for ‘thelr coerrection. Due'to: the frequenc} with. which spillways.
"have'been tested .in'the laboratory, a rather definite -and: efficient
‘routine of inspection has been.developed. “This s convenliently
‘separated intc the following six:phases:

‘1. .Inspection of the flow inithe approach to the.pate section.

:1f -the’'approach channel 'is ahallow,‘orxif.the"entrénceﬁxoiﬁhe-chan-
nel ‘is- abrupt, eitheruconditionHwillnuSuallyaefrect a:re&gctioniin :
+the .capacity of ithe- spillway. _ .
2, -Inspection of ‘the flow, and measurement of the head loas
through the gate section. -A:reduction.in'the loss of head through

‘the gate section will usually:resuilt in an increase in the caracity

-of the spillway. In the'majcrityfdf‘casé3‘su¢h'a;resultEis‘to'be

rdesired. TSlight‘élterations;in“the-approach,‘orfchanges;inlthe

= ‘plers, will fregquently .effect a reduction of:the"éreSt‘losaeé. “The
o . -¢haracter of :the flow through:this. section 15 also.largely respon- X -
:152 ' ‘aible ‘forithe distribution.of :flow:across:the face.of the. splllway , -
: f ¥ _ Jdn: the chute, 'or in the stilling: basin. _ L :
55';  3 3. . Measurement of pressures on the face of the. splllway. rFof_‘;

overfall dams: it .is important that .no appreclable;5ubéatmoapher*q‘

pressures:shall existuon'theﬁdownstream’face- fPreséU?es:onfthéée'

xsurfaces-are.measuréd'byfpiezometers'in:the model»ﬁhiéh‘éreasimplyv‘J
ghort tubes inserted.flush and:normal:to‘the spillway .face. Rubber
“hoses are used‘to-connect each of ‘these ‘tubes "to.manometers, - ‘there

-sub-atuwospheric pressures are observed, they can.usually be: eliminatedz':fkﬂ
by minor alterations. in the .shape of the Tace. »

Ayo Inspeciion or flow-characteristics iin. open and closéd
géhutés. ‘Yost of - the d;tflcultles encountered with :chutes srlse irom

some : foru of direction change- 1amosed upon: the flow. .In.same: chutes

a laterally contracted or “corsetvsbaped“ section :is. attegpted £br ,];1'
-struetural-reasons. ‘The:spillway in. .photograph 6 :is il_uetrative
of this:typa. Other forms:of- open chutes 1nvolve horizontal: curvaa

which nust be. superalevated a8 :aTre tne curves on: hlbhmays and rail-‘
roads. ksuch as splllWay is-shown in - photograph 8._ Models cf: chutes
have revealed and made poseible the elimlnatinn of many unequcted
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“is ‘the computation.or pradiction .of flow. conditions -downatrean fnnm;‘

‘the tunnels are u-ually. -designed 1o flow partly*full, 1atera1 benda f*f;-”
considerably complicats ‘the flow. S '

those for the Boulder, Alcova, Caballn BullaLakn Owyhee, &nﬁrﬁriant

and undesirgble conditions ‘such as overtopping of- sidawalls, un=-
balanced combinations of flow,:or high standing waves, a

5. Investigation of the- stilling pool performance. In addi-"'
‘tion to being the most spectacular part of ‘the:spillway, the §ti11- .
ing pool is probably the moat important .The ‘faflure of ithe . still-.»,
ing pool to operate-. properly undsr il conditions may, in many .camea,
endanger the entire- rroject, dincluding the dam. The stilling . pool .
‘must be as.efficient in dissipating energy as is the: ‘spillway-gdte
section in conserving ernergy. Of ‘the many forms-of :stilling devices
in operation, the most . succesaful are'thnse‘that asgist rather than
impede the formation of the hydraulic ‘Jump. ‘5ills .and- aloping aprons
serve to ‘stabilize:the jump within:the ‘paved.limits.of - the .pool.
Because of its importance, the test1ng of stlllingmpuol designa ‘is
accorded ‘the most exacting consideration and. occupias ‘a large pro=
portion of the time devoted to.spiliway studiea,

6. Calibrations. Each. spillway is callibrated to determine“dtu o

‘capacity at the maximum. daslgned -and -at - intermadlate heads.- Fre- o
quently, unforeseen losses raduce the: capacity of | the: upilluay ‘below
the value specified in :the design. Under ssuch circumatancen minor
-revisions can frequently :be made ‘which will -suffice to° increaae the
-spillway .capacity .to the.required ‘awount. ' R

#When s model has baeen. successfully aubjected)to each of

‘these six phases of testlng, ‘few: uncertaintles in: the hydraulic
‘design: remain.

.QUTLET TUNNELS WITH: CONTROL VALVES AND.LETERS
Probably one :of the: Rost, ‘difficult ‘tasks fer ‘the designur

.gates or bends !in-outlet tunnels, If there is. morekthan oneagate;l
4in the tunnel, ‘the posaible - cumbinationa of .gate openings and the B
variations 'in- the resulting flow: conditiona ‘may be: numarous. Sinaa .

S1x ‘outlet :atructures ha've ‘thus far Been- test" inclucli.ng N




Damsg , Each projact ‘Presented entiraly different prdﬁléma,?andf' R
quite diverse :solutions -were obtqlned ‘ _ I

The mnatroutatandlng «of the BExX outlet structurea ‘t.essi:.miq_,‘_""3 L
wap that of the Eoulder Dam tunnel~plug outlets. Each outlet will _
comprise .a battery of six 72-inch needle valves ‘which will dlacharge
a ‘maximum of 22,070 second-fest into a . concrete-lined Lunnel 50 feet
in.diamdter, 4 ;portion of ‘this nodel is shuwn in photograph G
The ‘model neadle ValVES were. made adjustnble in ‘the vertical and
horizontal planes .so that the . setting .of each valve, which would bap
moat iavorable to smooth Tiow at the maximum -discharge.in the large'
.tunnel could be cbtained. The -same sett;ngrwas found satisﬁactory L
for flows less than ‘the maximum, provided that the operniings of ‘the

valves werse :gymuetrical. To provide a cheek upon the .6{fect of the
scale rat‘o, ‘two -additional models were made on. different scales. -
The valve settinga finally deteruwined represerted a alstlnct lmprovamumip_f‘

over Lhose originally proposed. ‘

The tests on the Caballo Dam-ahd the Bull Lake Dam 6uﬁ15t
works were simiiar in nature. Each involved vertlcal slide bates
operatlng in tunnela which -discharged into stilling pools. The two
aodels .are shown in. photographs 10 and 12 on page 5. The criteria -
of :a satisfactory sclution for this type of rodel -are : (1) .amooth
flow in the tunnel :downstream from the gates under all, operat;ng
conditions, (2) effective and dependable 8ti1ling-pool character-
istics, (3) assurance that the hydraullc Jump will not trayel up-
gbream into ‘the tumnel but Will remain within the llndts of the
pool under 'all conditions. To obtain satlsfactory flow conditions
in :the Bull Lake tumnel it was necessary to fix a definite .gate-
operating .schedule that would eliminate unfavorable combinations )
of openinga._ The tests on the Caballo outlet ahowed that substi- |
tuting a horseshoe tunnel for the originally proposed circular
tunnel would. materlally ireduce the sinuous flow. On Loth models a -
=rounded "hydraullc hump" .or spreader (;hotograph 12) was interposed
‘betwaen : the tunnel outlet and the stilllng pool. This served both




to pruduce & jet of uniform thlckness and to prevent the surface
roller of the hydraulic jump from moving back'iﬁto thsstunnel at
low discharges. '

“An Ang erestlng feature of the Onyhee tests onan irriga-
tion outlet tunnal was the rectangular Venturi metar—flume (photo—
‘graph 11) included in the tunnel section upstream from four vertical
‘8llide gates. This tunnel -now serves to control.lange storage‘re-
leases from the Oﬁyheecreéérvcir. Vater from the tunnel, which is
“three miles long, is delivered to the open chammel of the main
;project'nanal; The model was used primarily for the calibration -of
‘the ‘Venturi meter-flume, The curves. obtained.exhzblted three dis-
tlnet'phaseslcorreqponding?to the three ranges of Tlow, Venturi
throat flowing free, throat flowing full ‘but main entrance to tunnel
© partly full, and tunnel and throat flowing completely full. The
;hasult.waa;deemed nighly satisfactory, and could have been obtained

‘in no .other way except by expensive field measurements,

INTAKE TOWER .

Unique among the structures which ‘have baen tested in the
Reclamation laboratories was the model'of ane of the four Boulder
‘Dam intake towers. This modsl (photograph 13) affordad a means of .
-observing the flow through the tower under different oparating con~-
-ditions, and made possible the measurement of the losses at several
‘points within the tower. The results provided an excellant chack

-7

on the - ‘design computations,

VAIVES AND GATES |
‘ With the exception of a series of experlments msda in an
fattemptsto improve the mechanical and hydraulic features of stoney
_gates, -all the tests on gates and valves have 'been concerned with
closed conduit control. 4n interest;ng study of ring-follower and -
cylinder-follower gates revealed important defects in previous dem
‘gigns and pointed the way to satisfactory revisions. Numerous
‘needle-vaive tests have been made, the outstanding of which were




“those for ‘the Boulder Dam previously mantiuned. A battery of four
_96-inch ‘needle ‘valves for ‘the Kern County outlet of the Frlant Dam

‘has also been tested. These valves dlscharge directly into a‘atillwf‘”“=

ing pool at the -entranceto ‘the canal. 4 valve :setting was evolrad
which completely eliminated the - necasalty for :5ills - of any kind.in ,
the pool, '

HYDRAULIC TURBINES

kodel studies for ‘obtaining a more efficient draft tube  f
for the turbines of “the Wheeler ‘Dam on the Tennessee River have baan
made in the Denver laboratory. A stationary runner was constructed .
~“with fixed vanes which.could be set at any angle to JnQucevthaawhirl ;
in the draft tube. Such tests yisld only comparative results, and
are chiefly valuable in-providing.qualitative.infqnmation'aa‘to xhp;'l‘
relative value of proposed designs. It is assumed ‘that the dfaft L
tube which gives the better results in the model will also glva\op-
timm performance in the prototype.

Draft tube experiments -are now belng :made on a model -of
one of the turbines for the Grand Coulee Dam, :Thxs is a complate’
working model with movable runner, governor, and .generator. Direct
observation of the flow within the scroll case and the draft tube
is made possible by the use ofttranspanentfpyralin in forming ail.”
of the outer walls. 4 side .view of this . model may be seen'in photo-

graph 14.

XISCELLANEOUS TESTS

The tests which have ‘been cited thus far have ‘related to
‘hydraulic structures of considerable size.  Models.of minor struc- .
tures and other features difficult -to classify have included canal
‘chuﬁea.with-stilling.pools, ejectors@-foller;gatea,ua;silt_scrapar
for the All-American canal desilting wqus,-seapagexunderuthe_
Imperial Dam which will ‘be founded on a porous féundation,'gilt;mbve—-
ment in the Colorado River above the Imperial Da (ph@tog:aphﬁls);,

.eircular and rectangular sluiceway entrgncas,5a.fish;trapﬂprqpqsgd:




for the Golumbia River imediately downatream from Pthe Grand Coulms e |
Dam, : and man:,r othera. . ' ' R
: Mudela based on the sn-called "electric-analugy" were. B :
. uged:to. supplement :goms of" ‘these teats. “The . electricw*analcgy tut.n.].isaa
“'the. i‘low of elsctric current through -an - alect.rolsta shapud ’to "rasmble u

“the' hydraul:lc atrueturs for ‘determining ‘the idealized. streasline no-
\through that” structure. It. is applicable onl} to cer‘cain ‘t.ypaa rm'. :
problema ‘in-which: boundary canditions aro eaa:l.ly aatabliahad; for: such
' ; problems ‘dts . aimplicity and rapidity imake o’i‘ it .an- axt.remly uaeful '
tool:-

PRESENT J.ABOR TCRY OPEIATIONS -

_ rBecauae practically every probhm studied 4n ‘the Bureau o.f i
: ‘.Reclamatlon laboratoriea relates to tha specirlc design nf an actu-
3 ,al.'l.y proposed stmctum Ly the work -of ‘the’ labnratories haa becma &
: h:.gtxly spac.xalized Lf:l.eld of hydraulics., Since complet.e aimilit-utm

*"fbet-wean;mdels -and their (prototypas da impossible of att'ainmm'-,, *thn; -

o labaratory staff must the thorough]y fam.‘l.iar w::.t.h xthe model limit.aa-
"_,‘:tiens ‘and wit.h tha correct.;.ons that ahou.‘l.d be : applj.ed ‘bo oht.a;ln |

o reults applicable o field conditions. “To avoid *the eﬁ.‘octs n.t' '
.wiscous friction; which canmt be repreaented ‘to .scale, care :muat bof
exercised to; prevent ‘bhe conatruction -of - models :on too smsll a- :

| . -8cale, Again, o compensats fcr d...fferancas ‘4n wall -and bot-t.om '

friction, At ia aomatimes necessary L0 - exaggarate smodel alopaﬂ. R

_ The Vusa of models ‘haa pmvgn so advantageous *iin indiea.ting SR
' oppo:tunit-ias for reducing coats and improving twd“atxlic vpmpertiea
thnt. 'ths mork of the laboratcx‘iee ds \nnu recognizad as a- ragular D -
part (of ihydraulic design. Atthe presenttime, the Adiese ‘laborator- .

:Laa are engagad in tant:’mg or : conut-ruct&ing mndels oi‘:' mmt’»y diﬁ'or-'

: errb features relating to ,t.en ma,jor projacts. Homar, mpmaod to K
7. khe” Jt.endency toward .an . mcreaaing uge .of wodels : ig 1the 1act that.

- t-he -accumul&ting Lam;mrience , dn many__:,__‘n‘ses 3 obvj.at.e; the neceaﬂity
' ”f.]:j_‘_itor xmmr experi.mant-: 90" that any aat.tempt- bo predint ha’!.‘utura f,-

'panaion of _this work.:‘mul‘ i,,‘,]'_--,
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