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Hydraulic model ~experimentswere begun by the ~Bureauof 

Reclasmtion ~in 1930 in the l~boratory of the Colorado Agricultural 

Experiment 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 t~uts inno- 

vation into Bureau design practice, iThe subsequent growth of the 

laboratory plaut and~the scope of the investiEations as well as 

the increase ~in personnel has been indicative of the success with 

which t.he models of,thelast si.x~years!have supplied~the informa- 

tion needed by the design:'department. 

In,the latter part of 1930 a staff~of twelve, including 

~engineers, carpenters, and assistants, was assigned to i the small 

~laboratory ~.t Fort Collins with ~instructions ?to ~build a model ~of 

one :of ~the ~ two shaft ~ spillways orlgirally ! proposed for the Boulder 

Dam. ~Tests on this~model :~showed conclusively that the shaft ~spill- 

~way~was~ ~ not suited~tothe anticipated~operating condltions. ~As a 

:result, the side-channel spillway wasproposed, andmodels ~of 

various ~ a~difications of this ~$ype : were tested intermittently/during 

a period~of ~t~c years. ~The magnitude :of~:even ~the auxiliary ~features 

~:~he ~ Boulder Dam. is ;difficult ito comprehend. Each of  ~.the =two 

./side-channel ~spillways ~is ~des iEned ~.to, receive ~aI~ ..to discharge, 

~.~SEter .~:a .:'drop ~of 500 ~'. feet, ~ a. maximum ~ flow .~of 200~000 second-feet 

~without ~ p e r m i t t i n g  d e s t r u c t i v e  , e ros ion .  

'~The~experience ga~ ,ed  dur ing  i~the f o r e ~ o i n g  t e s t s  de~on-  

~strated clea~ly~that ~the hydraulic model provided ~pr~ctically~the 

~nly ~means-,of. ~scer.taining ~and eliminatln~ ~-such ~. undesirable ~conditions 
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~as spiral flow ~in cirdular~"tunnele or'the chokLng,of ~shaf, t 

~,spillways. .In recognition of the value ,of ~.these models 'for sup- 

~plementing ~the work :Of 'ithe design ,sectioni the ~Bureau ~ofReclmma- 

tion ~:now maintains ,three hydraulic :laboratories withes combined 

staff, of about ~flfty: .men. .These .1'laboratories.are ~aituated :"in the : 

vicinity ~..i~nver ana.:permlt close .contact With the design sectlon. 

~PROBL~S OF THE ,LABORATORY 

Since 1930 approximately eighty models have been ,construc- 

ted-and .tested in the ~three :hydraulic laboratories. !Each of these 

has resulted in either (I)an .improvement in ;flow conditions through 

minor revisions of ~the original design, (2) an improvement ~ flow 

conditions combined with ~the development of a more econoaical struc- 

ture, 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 offset the cost of ~the experiments. Seldom 

has the original design of a structure been found so nearly pez~fect 

that desirable revisions have not been suggested by the model studies. 

The structures most frequently teated in the hydraulic 

laboratory include spillways, stilling pools, outlet ~tunnels with 

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

and hydraulic tmrbines. 

SPILI~AYS AND STILLING POOLS 

Of the type.q nF:models listed ~ the foregoing paragraph, 

spillways and ~t£11ing pools :have been the ~,~ost frequent. This is 

evident'fromthe tabulation shown on page A in which are listed 

the major hydraulic structures that ~have been tested since 1930. 

Spillways fall naturally into five general classifications - the 

',glory-hole '~ or shaft-type (photograph i, page 5), the side-channel 

type ~(photograph 2), the overflow type (photographs 3 andsA), the 

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

chute (photograph 5). Of these the first two seldo,L require 
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stillin~ pools since they are usually ~employed in con Junction'with 

large concrete or masons" ~'dams :founderd on bedroc~ where ~no ~erosion 

h~zard iis involved in permitting the water~from:.the spillway to 

implnge:upon the stream bed directly b~low the<dam. 

The overflow type of spillway is suited to a Wide~,range 

of conditions. It may be used either with a high dam ~rounded~on 

bedrock and provided with a natural =stilling ~ pool such as is contem- 

plated for the Orand~Coulee Dam on itheColumbia River, or it may be 

adapted~to the  s ~ a l l e r  concrete :or  masonry s tructure  such as %he 

Imperial Dam on thei~ColoradolRiver~ which rests on a sand and gravel 

foundation. In thelatter case, a well-considered artificial still- 

ing pool [is required. 

• The ~open-cMute mpillway is frequently, used in conjunction 

with earth dams. It follows the general ~prO£ile of' the downstream 

face,of the dam anti,terminates in an artiTicial stil/Lingpo01. 

The <typical pool comprises: a horizontals'concrete apron, ~on the down- 

stream end~of whichl is constructed a concrete Sill or a:set of ba£- 

• flea. The apron may rest/directly~ upon sand or ~gravel, ~:ar~ since 

its function is to protect that material fro.. erosion, its ~<~oper 

construction is ~an important requisite ~to "the ~sai'ety of the c~am. 

A stalling pool is a ~ basin :in which ~the~ener~ of ~the ~fallAn~water 

is violentl~ dissipated ,ithout damage ,.to the ,river bed; ~it ~reduces 

the turbulence ~ and •wave action ~ downstream :~om ~t he spillway and :!is~, 

therefore,, particularly essential-to ~ear~h ~ dams. 

" ;,.The ,~enclosed: tunnel-chute • type ,of :~:epillway ~is .: seldom ~ased. 

A gate~rSeCtion is ' usually required at the~mouth~of the tunnel, and 

~the.: flow ::conditions produced •by ~,the ,presence ~of ~this ~ate :section 

~are seldom earls factory. 

Ans~_go~ :,~ .:Abe manner -In, whlch ~a newly ~idesIEned ,~machine 

is !,thoroughly ~inspected for.-defects and imperfections at ~the fac- 

,tow .is : the ! procedure by -,means".of~,which :~models of :-hydraulic :st~uc- 

~tu~es are i.built •and~,test~diin ~theT-~laborato~ ~ before :.the: design .is 

: ' f ~ l y  adopted :and,~com~tted tto : cons truct ion .  ~ T h e  models :reveal  

undosirable _' features .~:of :-,the ~de sign ~.,and :indicate ~t he ,. pro_per ,. means 
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for ~,thelr correction. Due tto ~the ~ frequency, with which .spillways 

have'been tested ,in the laboratory,,a rather definite and efficient 

-routine of inspectionhastbeen/developed. ~Thls ~is conveniently i 

separated 'into ~the following Six,phases: 

i. ~Inspection of the flow in,the.approach to the:gate section. ! 

,If the'approach Channel is shallow, or if the entrance~,to~the chart- i 

nel is abrupt, either condition will usually effect a reduction fin 

~the capacity of ~ithe spillway, li 

2. Inspection :of ~the 'flo~, and. measurement ~of the :head ~loss 

through the gate section .... A~reduction~in the loss of ~ head through 

the gate section will usually~result:in an increase in the~capa~ity . .  , 
i of the spillway. In the~maJority0f cases such a result~is to.be 

desired. Slight alterations~in the approach, or~changes ,in the i 

piers, will frequently ~effect a reduction of ~the crest ~losses. ~T~he i! 

character of the flow through this ~section ~is also :]~irgely,respon- •.! 
,.o I 

. sible ~forA he distribution..of ;flow -across ~the i face ~of ~the ~spiliway, I 

in,the chute, or in the stilling basin. ~;~i 

3. Measurement of pressures on the ~face of the:spillwa~. For ...... 

overfall dams :it ,is important~that no appreciable~sub.stmospheric 

pressures shall existon the~'downstream face. Pressures on'these 

surfaces are measured by,piezometers in .the model which are~simply 

-short tubes inserted flush and'normal:to the spillway 'lace. Rubber 

hoses are used to~ connect each of '~these i tubes to,manometers. ~%here ~. 

• sub-at~ospheric pressures are observed, ~they can,usually:be~elimlmatgd. • ~ ~i 

by ,minor alterations in the.shape of-the face. 
[ -/ . 

,&. Inspection of, i flow..- characteristics ~in~,open and Closed I 

-chutes. Most of the ~fficulties encount~red:~ith chutes .,arise ;from .i 

some ~fona of direction change'~posed mpon,the ,.flow. ~Ini:sume <chutes .... ~I 

a laterally ~ contracted or "corset-shaped" section is attempted ~for :~.~ 

structural reasons. ~The .~ spillway in photograph, 6 ~is illustna~ive 'i 

~of~ thi~ ~ type. Other ~forms of open ,chutes ~involve ~horizontal~curves 

which must~ be superelevated ~as ::are ~tne~ca~ves <on l~%gh,,ay.s and irall "~ . . . . .  

r o a d s .  , .Such a , - s p i l l ~ a y  i s  -shown ~in i p h o t o g r a P h - 8 . . ~ o d e l a i _ o f  : c h ~ e s  - 'I 

have•  r e v e a l e d  . a n d  ma~@ p o s s i b l e :  the. a l ~ , a h ~ a t i o n . ~ o £ . m a n ~  . u n e x p e c t e d  . . . .  I 
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and undesirable conditions such as overtopping of sidewalls, ~un- 

balanced combinations of flow,-orhigh standing waves. 

5. In_.yesti~.ation of the Stillin~ pool performance. ~In •addi- 

tion to being themost spectacular part of ~the~spillwa~, the St'Ill' 

ing pool is probably the most important. The :failure Of ~the :st~ill- 

ing pool to operate •properly ,under !a]il ~c0nditlons ma~:, ilin many :cases, 

endanger the entire project, includin E the l;dam. The stilling :pool 

must be as efficient in dissipating energy as is the :;spillway-gate 

section in conserving energy. Of the many forms of ;s~illln g de~ioes 

in operation, the most successful are those 'that ~ass~st rather ~.than 

~,npede the formation of the hydraulic ~ump. •Sills and sloplng;aprons 

serve to stabilize the Jump within~the paved~limits of the :pool. 

Because of its importance, the testing Of stilling_pool~designs ~is 

accorded :the most exacting consideration and ~occupies a :large !pro- 

portion of the time :devoted to spillway studies. ,\ 

6. Calibrations. Each spillway is ;calibrated 'to ~determine ~ita 

capacity at the maximum,designed and at intermediate hea~s, i'Fre- 

quently, .unforeseen los see :reduce : t he ~ c ape ci%y ~' of .the : spillway below 

the value specified in ~the .design. Under ~such ;circumstances miner 

revisions can frequently -.be made .w~Lich will .: suffice ,to i';increase ~the 

~spillway capacity to the ;required -mount. 

When a model has been..successfully ~suUJeeted ,.to:~each of . . . .  

~these six phases iof :testing, few. uncertainties ;in ~the '.hydraulic 
design :.remain. 

OUTLET TUNNELS WITH~DONTROL~VALVES AND:~ETERS 

Probably one of the :most difficult ~tasks Tor !the desigma~ ~ i :~ ; 

is the computation or prediction ,of 91ow conditions downstream "f~m:~/; .... 

gates or bends :in out'let ~tunnels. If there ~is~more~han one ~a%e ii~i~i~ i~/: 

in the tunnel, the possible ,~combinations of gate oPen~nEs "and ~he 

variations "in ~t he~ resulting :flow ~ conditions may i be :numerous. S~e 

the tunnels are, u Aually ~designed •~to flow :~:part~ 5Tul!, ~lateral ~bends " • 

considerably complicat e ~the flow. i•i~ i~i 

i x  o.ut let  : : s t ructures  ~ v e  t h u s  T a r  ~been~tes t~ ,~! in~ludin~ •~•/ -~/ i• .~ii 
. those  f o r  ~t he :Boulder,  ~ Alc ov a ,  ~; Cabal lo  , ~ .B~ ~Lake, : ~ .  he , ,  ::and ~ i a n t  ~ %~!i~ ~ :i: :I '~ 
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Dams, :Each 7project 'presented :en t i re ly  "different  ~proSlems, and 

qu~te ,:diverse ,~solutions were obtained. ,: 

The :n~st ~outs~anding ~of the six outlet :stzuctures it.esf~acl'~i; i"i 

was ~th~t of 'the Boulder Dam !tunnel-plug ,outlets. Each -outlet will 

comprise a ~battery of six ~72-inch nee~e valves which .wl-'l-' Ii discharge 

a maxlmum of 22,,000 second-feet into [a ,concrete,~ined tunnel 50 lest 

in ,dia~etez. /A ~portion of ~this model is shown ;in ~photograph '9. 

The :model needle valves were made adJustab~le .:in <the ,vertical and 

horizontal planes .so ~that ~he setting of .each ~valve, •which would ibe 

moat Ta~orab!e to smoe~-h flow at the maximum ~dlscharge-in the large 

tunnel, could~be .obt'ained. The same sett:!ng .was 'fomld satisfactory 

for flows less ~than %he .max, ira=a, provided that ~the openings of ,the 

valves were "symmetrical. .To iprovide a check upon the ~:effeet of the 

scale ratio•, ;two 'additional models were :made on .different scales. 

The valve settings finally deteru~ined rep~eser%ed a distinct :~=Lprove~t 

over ~hose originally proposed. " " : " 

The tests on the Cab'~llo D~ and the Bull Lake Damoutlet 

~orks were similar in nature. Each involved vertical slide gates 

operating in tunnels which disc1~arged into stilling pools...The £wo 

models are shown in photographs i0 and 12 on Page 5.. The criteria 

of :a satisfactory solution for this .type of model are :(i) ,smooth 

flow in the tunnel downstream from the gates under all operat~,g 

conditlons, (2) effective and dependable sti~ling,pool :charactmr- 

istics, (3) assurance that the hydraulic jump will not travel ,u~ 

stream into !the tunnel but will remain ~ithin-.the l£~,~ts-of ,the 

pool under all conditions.. To obtain satisfactory flow conditions 

in ~the Bull Lake tunnel it was necessary to fix a definite gate- 

operating ,schedule _that would e~Iminate unfavorable _combinations 

of openings.. .The •tests on the 'Caballo outlet showed that substi- 

tuting a horseshoe tunnel for the originally :proposed circular 

tm%nel would,materially ~reduce the sinuous flo.. On .bo£h models a 

-rounded"~hydraulic hump" .or spreader (;:hotograph 12) was interposed 

• between ~the ~tunnel outlet and .the stilling !pool. This :served both 

.J 
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to :produce a Jet of uniform .thickness and to prevent the sttrface 

roller of the ~hydr~ullc Jump from moving back ~nto t~he:~unnel at 

low discharges. 

An .interesting ~eature of the O~yhee tests ion "an irrlga- 

tlmn .outlet tunnel was the rectangular Ventur~ meter-fl,m,e (:photo- 

igraph ~ll) included in the tunnel section upstream from four vertical 

Slide gates. This t~unel now serves to control large storage re- 

leases -from ,the Owyhee reservoir. Water ~rom ,the tunnel., which is 

three miles long, is delivered to ~he open channel of the main 

~prQJect canal. The model ~was used primaril~ !for the calibration of 

:the,,Venturl meter-flume. The curves obtained exh~ib±ted three dis- 

tim.or phases corresponding to the three ~anges ~of flow, Venturi 

throat flowing free, throat flowinE 'full 'but main entrance to tunnel 

partly :full, and ~tunnel and ,throat flowinE completely full. The 

result was ~deemed highly satisfactory;, and ~could have been obtained 

in no ,other way except by expenslve ~field measu~,ements. 

INTAKE TO~ 

Unique among ~the structures Which !have been tested in the 

Reclamation laboratories was the model :of one :of the four Boulder 

Dam intake towers. This model (photograph 13) afforded a means ,of 

,observing the flow through the tower under different operatir~ con- 

ditions~ and made possible the measurement of ,the losses at several 

points within the to.er. The results provided .an excellent check 

on the design computations. 

VALVES AND GATES 

With the exception of a series of experiments m~de: in an 

attempt ~to improve the mechanical and hydraulic features O~ ~ stoney 

gates, all the tests on gates and valves have been concerned with 

closed conduit control. An interesting study of ring.follower and 

cyllnder-follower gates revealed important defects in previous de- 

signs and pointed the way to satisfactory revisions. Numerous 

:needle-valve tests have been made, ,~he outstanding of which were 
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those ;~or ~he Boulder ;Dam ipre~iously mentioned. A ~battery o~ Tour 

96 inoh ~needle valves for/the !Kern :Cowry outlet :of the ;Friant Dam 

• has also .been t e s t e d ,  .These va lves -d ischarge  d~'rectly in to  a ; s t ~  ~ 

ing pool at the entrance:to !the canal. A valve ~sett~ing was ~e~olve~ 

which completely eliminated the necessity for ;s~11s of any ~kind ~n 

the pool. 

= ° 

HYDRAULIC TURB~INES 

Hodel studies for Obtaining a more efficient draft tube 

for ~he turbines off,he Nheeler Da= ~on the Tennessee River ~have ~been 

made in the Denver laboratory.. A stationary runner was constructed 

with fixed vanes which ootuld be set at any angle to induce the ~whirl 

in the draft tube. SUch tests yield only ~comparative results, and 

are chiefly valuable in iprowiding qualitative information as to the 

relative value of proposed designs. It is a88~aed ~hat ~he draft 

tube which gives the better results in the model will also g±ve ~op- 

tlmmm performance in the prototype. 

Draft tube experiments are now beingmede on a model of 

one Of the turbines for the Grand Coulee Dam. This is a compl.~te 

working model with movable rur~er, governor, and generator. ~D~rect 

observation of the flow within the scroll case and the draft ~tabe 

is made possible by the use of ~transparent pyralln in forming a11 

of the outer walls. A side view of this ~model may be seen in photo- 

graph 

r,. 
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MISCELLANEOUS TESTS 

The t e s t s  which have :been .=cited thus f a r  have - re la ted  to  

hydraul ic  s t ructures o f  considerable  s ize ,  .Models .of minor .struc-  

tures and other  f e a t u r e s  d i f f i c u l t - t o  c l a s s i f y  .have included canal  

chutes with stilling pools, ejectors, roller ga~es, a :silt scraper 

for the All-American canal desilting works, seepage under the 

Imperial Dam which will ~be founded on a porous foundation, silt move- 

ment in the Colorado River above the Imperlal Da..~ (photograph 15), 

circular and rectangular sluiceway entranoes, ~a fish trap proposed 
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~:for ~the iC01umbia iRiver .:,immed~ately ':downstream :.t~c~ ~the~Gra~ I'Co~e 

;Dam, ::and,many ,:others. 
Models bas~r,,OXl ..the : eo,caTled ',electric-aria'fogY" .were 

.used :to ..supplement .-soma Of ~hese .tests. .The ,:electr;ic%-~nalo~ ,urges ..... " :< :~ 

,',.the £1ow o~ .-electric :current ~through:an ,electrbl~e shaped-ito ~ees~51e .:'i:i.ii'i:!ii 
• i.the ~hydrau~c ..structure '.for -determinin~ ithe ; ideal ized.  s t r e ~ e  ~i~iow ' . r'~; 

• ~.throu~h that ~stru~ture.- ..ItIs .~applicable .on13"-~-~o ~cer.%dln '~y~s -'.Of -.~': 

/.problems .in ;which iboun~ar7 ~condi~ions :are 0.eastly :esta~l~shed; ~or. ~euc.h ~:: /:~" 
problems  its .,simpZicity.~and :~rapldity?aake oT it ~an ~.extremly :Use~ ': '"-Ji: 

to61= 

:PRESENT ,~ABOHATORY OPERATIONS 

iBecause :prac~ica~ :every iproblem s t u d i e d  ',in ..the ~Bu~eau.~o~. 

..Reclamation .'.,laboratories ~relates ~.to ~he ::specific des~gn ..o£ .'an .act~-  

,ally ,..prop0se'd .,.st~ctu~.e., r'.the work roy :,the !laboratories .:,has ibeeo~e a 

~!g~ ,sPeCial ize~d/~leld ,of ~hy~ra~s. :Since ~complete ~ s ~ t u ~  

r;.bett~en.i-~O~IS ~g~ :t-heir ~prototypes. !is :',impossible :of a t t d l n m n t £ p  ~,~h~ i i " 

.- .. !,.."~-! ~i~ns ~!and With~:.the corrections "ithat ~sho~Idibe .,.app ~llea "~.o ,.ob%~ ~": ::... 

~:-.~..~ ~sults ~ a p p l i c a b l e ~ t o / £ i e l d  . . , c o n d i t i o n s .  'To avoid ,:.~he ,:e~fe:~s~:o£. ~' 

.~:~ 

r., 

L?" 

~,vlscoUs ,f~le~iOn; ~wh::~h ~cemlo.t.be ~..r.epreaented ~to ~scsle, ~care ~.mu~t~'~be 

" :~':: .... :...exercised ~o ~pre~ent ..~he, constr.uetion 0£. models .on ~:too ~,sm~ :a ~. -: /. " i:~.i. 

:scale, ~Ag~-~n, tO.~compensate for ~d~£erences. in .w~ll :and ~bot~om " :.:ii-./ 

,: • . _ .  '-The~use of~models ~has !proven ~so ~advantaseoue ~in ~Indlcatln~ ..... -:... 

• part  -of  ~ ~ e U l i c .  =:dee.ign. At :~he  -.,t~_.esent•~t~me. ., ~,the ~.~h~ee;~. ~taboretor-... . .  ' ........ •~i,il ~ 

,..•-~:;~ ~ . ! • ,  ; ent . .X .e~tu~es  ~ . r e l a ~ n g  i t6  ~en:ma~or.~p.~L1ec%e. ~HoWev.e~, ~op~l.~. ,,ed~#,o • -, .. - -  . 

i~:ii~ii r~ :i~ ~i, i i:i:~i ¸̧ ~:/~i ~, ~ i~!i~r i~i '~ ~k ̧̧ ~:i ~: ~i ~ i~ i!i i~ . • ,.~! -. . '. 
>-..i 
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