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The Freeman: Fund wa irst eqtabliuhed in 197A by the late :
Jokn R. Freeman, Past Preaident ‘and. Honcrarv Member, Ameriran %ocietv}'

of Civil Engineers, who . prebentud the Sociaty securifie the 1ncom#‘

‘rom which has Leen used in the aid and encour&ﬁement o" young enP1—.ffj}f::'

neers, espacially ‘in research work; for underwritinp tho‘uo°+ of
pablication° on hydraulic qcience; or. asqiqtinp 1n the trunslationJ
or publivation in Fugliah of works in foreign languazec pertaininF" 
to hydrsulics. RS ' T .

One of the Princip&l benefitﬁ from thiq fund hqh been the :i '
 Freeman Traveling Scholarshlp in Hydraulics which has benn awardedf
nearly every year. since 1924. “The recipient 1% entitled to travellf"
in Furope to study'hydraulic laboratory practice.5 Becauqe o“ the
present war, the author confined his +rave1 to thé United %tates, the‘
thirteen p*evious Scholars having traveled in European countrips. o

_ The autnor is deeply grate;ul to- tha Societv ’o" bpﬂng selectedr‘ 
as the Freeman ucholar for 1940—1951, and to tho"e whc gave recommen— 
daticnq and encouragement. The cooperation of those who guve so _
‘generously of their time during the author'a visita o hf%rsulic laoo«
ratories ani pro;ects in the field is greatly appreci&te* Particular

thanks are due the’ Bureau of Reclamation, Denver Colorado,tf6f  f“ Q ~;

grantlng the authcr leave of absence . during the Scholarﬂhlp, anﬂ:for

Vpreparina this report for publication.H_ *‘L: T e
The informution contalned 1n thie repart éoeq not necesqarxly
.represent the opinions ol the American gocietv of Civil Engineerc ar:
of any other organizutions referred to.‘ In gene*al the opin*ons
expressed are those of the- author except whare refarence 1s mady to

enotheris work.
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CHAPTER T - INTHODUCTIN AND TUMMARY

VINTPoﬁUCTlnﬁr“

1. Field of qtudy. The Frp;mnn Jchol ]p ﬂiﬂcu°"94 Jn thm" |

report was for: the nine: monthk' perloﬂ of Dc*obn“ IQ!W to Julv 1ﬁ11.; 
ubgect to appTOle by the Committee on. Freaman Funﬂ nn 1+* ern*v

was plbnnei wkich would parmlt the. fielﬂ of ”tuﬂv «elect94 to be fPf
evolved. ° There are apparently two tvpea o prorrnm"'wH*cH m v bn 5’

;ollowed,»the J]Tht hav‘nv more precedent than t e weconﬂ Tn *he

first type, one may choo%e to remaln in cne pche, pre erablv a unjV°“ N

o1

sity, ior eytens‘ve atuiy of- hyiraullc nubgecte nn% To io roqpirrh

and occas 1onally travellng to neurby plnre*”fcr in%pectﬂon op‘ﬂth9*“ ’ 
laboratorles or hy&raullc tructure The econd pwopram Tug

travel to several 18b0rdt0T183 und field pTijct‘:*o‘ roxﬂen nne'-ﬁjH7‘”

vision and knowledbe of hydraulic developments OCPU'PIHQ in pfﬁcfice.

The latter program waq c'elect,ed and W&u based on. tho authov'q evperi—““*f7

‘ence “in the hydraulic 1aboratorv of the Bureau of Feclamatjon, Denvnr,.
Coloredo. 1t was. realized tnat con41derable bene"1t cculd bﬂira*ned‘
from studying’ the current research, technique, &nd oomp]nte&:n"ogectq.t
of other 1abnratorip S. It wou‘d be equallv ab benefir1a1 moveover, ‘
“to atudy hydraulic gtructure in the ?ield in an at empt to cc*relatgf‘
the performance of & model with tis p*ototvpe, to obta1n b bet%er iﬂ;ﬁ’l.
idea of the magn*tuie of the prototype phenomena whﬂch tpnd°4

distorted from thinkinﬂ *n model te*ms, and to stuﬂy thnve Pentures‘ﬁ
of hydraulichtructures displaymnp An. 3ﬁprope* or 1naﬂecuate dpq1an.?' 

To complete such ) prograw, hvarnullc laoorn ori e7?4 re. v1"1tei

mostly from early fall to earlv qpring in the Ep,ter Sta f‘ followed  5-:

oy 1nspections of hydraulic structureg, qome in the Fq”* but-gennrpllv e

.in the Weqtern Stiates.. THﬁrty laboratorlea vere inqpectpﬂ ani the 1-

study of hydraullc structures WaS nmde in the Tennesqee Valley

1




Authority, dnd ‘on. the major irrigation projectq of the Bureau cf

-Reclamation and on some flooi control projects of the Corps cf

'Engineers. The itinerary Bs’ finelly ccmpleted 1« given in Apcendix I

an expense account :1a given in Append’x II._;

2. Sccpe of report._ In tae follow1nn pages, scme of the prob1ﬂmq

that f&ce the hydraulic engineer will be diqcuesed anﬂ it will be o

shown how these problems are being eolved by research conducted in ii e

« private industry, in Government agenciee, and 1n un ver 1ties. It iq

not. the purpose of this report to record in ﬂetail the work being done

in hydraulic research at each place viaited (this may be obtained ?rom :

copies of pProgress reports in Appendix I) nor will 8 description of

'leboratorv equipment be given, except in qpeciel oaseel Rather, it

is cesired that a review be give of eone of tHe more. important wark

to shcow hcw problems of the hydiaulic engineer are being 301ved.,n

| Finelly, & discussion will be preeented of the hydraulic structureb f_.:ff

B observfd in the ﬁe“ t’° show the varieus defﬁgﬂs F—'mployeri the ar‘vnnce— : o .

ment made in their design due to the eifortq of hydraulic research and ; :

‘ the correlations made between models and prototypes.__e‘\f gy

Tbroughout this report it hae been expeiient to bor*ow freely

from the works of others, acknowledgment being given in each caee.r£f

This has been necessary,: particularlv in Chapter IV Fundemental Research

of the eubjects involved and beceuse some of the reseerch diqcusred

wes studied in eerly pheees end completed an& publiehed after the

_scholarship ‘had been finished.' The vse of 331uqtratlons has been’ 1im— \*'

“

ited due to w&r ecocomies and because aome of the il)dotrations are

‘related to National Defense regione._

-lA descript on . of leaﬁing hydreulic laborutoTSes is given in Journal of =

the Boqton Seciety of CiVll Engineers, Hydreulic %ectjon, Vol. 25,

No. 1, Secticn 2, January 1938 “Repreeentative Hydraulic Laboretories

in the United States and Canada," by L. J. Hooper. :
' 2

'becauqe of insufficient knowledge on the euthor'e part cf certein phaeee“"




"UWMATY

3 Problem= confrontilg hydraulle ininﬁerQ. Rerprr1n? cnly to "

phenomena concernlng the low o‘ wlter ﬂi re“urﬂxn". tructural and .
mechanlcal problemu, it maf be sdid that uhP Problemu or hydraul*c et
englneerq are in: thrPe ma*n proupc releteﬁ +o (1) hvﬂrnulwc ctruofuvch
and apourtonant-norks; (2 ) hyornulwc machiner{, Pnﬂ (3)-T1VGTJ-JF

| In the: Tirst grcup, the pr:ncipal p"oblem" are concerne& ’h{'.”‘
enargy ciasépatjon of hth—V’lOCitV r'low,,,«cam‘o.?.‘blt:;n anﬂ pittina 6
boundary ,a“faceJ, sir entrexnment in open nh:mr'el Plow, vent1na of
subrtmos phevic reg1nns in unnels and outlet ﬁorkq; anﬁ ~olutlnn of j.
unique . proolemo pecuilar to- each utructure.‘ The nréblam: of hvdraul:c _u  
machinery entail many mechanlcal and ructuvﬁl oner a" mell a5 e
hydraulic, EiCh being more or. lens dependant cn the other. With tur~ﬂ}‘
bine. design, cavitation of the runne“.ani tbroat fing are nroblemu-o.
great. importance, as well 85 eljmlnatlcn o:lvibration,jfznd ng rellable
methods of measurlng ﬂischarues 1n aCoept&nce teqt% ?or 1nqtallat10n5‘ i
-with short intakes lncreuqing the ef‘iciency, and obtainin? e?’icient
designs . of draft tubes.' °1milar problem= exiat in pump design, g j  ? 
partlcularly w1th relerence to cav1tation, efficiencv and accepﬁnnceﬁj
tests on large pump The chief problema concerninp “1verq are sed’-f’
ment transportatlon, channex capacitv, developmnnt and m&lntenance ofﬂ
n&Viéﬂble ch&nnelw, and meanﬂeving._‘Inoluded 1n tni= group i the

51lt:np of res ervoir“.;-'

It iz recognized’ that thiﬁ group*ng iﬂ'a*blt“arv ani tth ‘all’ oi;

'the ptoolemL in. each grcup nre not included hut in Feneral,_tbqse‘ -
mentioned are the' ones given the moqt emphaqis todav.r‘ﬁ iiEouSQion.7
of some of thebe problemc anﬂ examples of how they are beiﬂv aolved

will be preaented in succeeﬂlne chapter

L. Solutlon of p“oblem" bv rcsearch. Theru are two diwtinrt
kinds of research avallable_for solv1ng problemS'ﬁusociated with

hydraulices. The first type includes laboratory experiments on moﬂelq

-3




whereln emplrlninm i predominant the qecond type, on the othar hand

mey be called tre rational type, involving mostlv fun amental reqearch

It is generally admltted that | hyﬁraullc model 1q one oF the bnct

tools availdble to bOlVE nroblem° auicklv, ef’ioientlv, nﬂ Cﬁnnmi_

cally. This particular t{pe of reaearch viélds rﬁqultcwannlwceble

oﬁlv to‘prohlems ULmllz-r ‘in nature and-nelﬁom revealq‘nnv bﬂﬂic priﬂoi;f

ples, vet it does: prov1ie general 1nformatinn of con 1der&ble °cope e

and Vd1ue to the hyir ullc‘englneer.: For examplp, 1n th4V1ng hviwaul‘c

qtructu“ea, odel s of them ar° teated to obtain a:sat1€”actorv "*1i1lng

basin, outlet ﬁOT{u, hape oP plerq and cre tu;'rqtinv curven:”;ﬁd to'.’

obgerve ’low conditlond in gsnernl. “ter qeveral tuﬂie ' :

51mllar tructureb, 1t 1ﬂ po Slble 1o Jevelop ﬂeneral 7'1ule= u=e ul

-for nVuT&UlLC des lgn purpoqea, theue-rule¢ beﬂng am’ »l ‘

of theue ruleQ and the knowleﬁ F&ined from atudv nv‘thei-dme

phenomenon many - tlmes, it ig cus tomﬁry to mare mo&el te"ts o’.=1m*1a“:“
0 ' st‘ructures iurlnr thexr de=1gn. It has 'benn aske‘.; wh'y' i= ;t nacnq— c
sary'to*repeat what apparentlj are duplioate axpe*imen+q  whv.not
rely on_information alreaﬁv c'ained” E"en if duplicution ié‘ nwarént
further tuiy rnveuIC_enoush differenceq 1n deelgn tw Jthify eyperi_fv
ments. .In adﬂitinn it ia comfortjnp to 4now that each_ tr |
will perform A ant1c1pateﬁ an& that the performance anﬁ.econom.cq:f
‘of the ﬁealvn ja baced .on mo*el reault: r&ther than beznv baaeﬂ on ‘
guess worﬁ.. | _ o o | I B

In contra =t - to tth type o$ reﬂearch iH fundamentellrcharch

iwhich aimg at dldcov 1ng buﬂlc pr1nc1ples of ’1ow nbenomena, anﬂ
cresenting the;re sulta in a form anplicacle over a wzde ranoe of HCI”
conditions. In th‘a method ‘& qufemﬁtic, fatirn&l an"lv=1q 1S mﬂde
to 1401“33 all. of the varlpblea-jn ithe problem, leﬁvinp nnly certn*n
numerlcﬂl conatants to be determlneﬂ bv oxpermmant:. 'Thu An p1pP

flow, irlctlon f&CtOTb have been. exprasaed as-a funetinn of xeynolis




nunber, a5 has the ‘veloeity diqtributjnn._'“urh ’unvtihns-muf bé,,;_‘
extrapolated a conaiﬁerable dintance 5 fnﬁﬁ ‘the lﬁm*t f§+hé.expéfi;
ments. To do thLu with empirical TElﬂtiﬁn" will nrodune "erinus ‘
error, since empiricsl data may only be interpo ated : '_ '

Because o *undamental resenrch, th@ D"ule aicn'i ‘éoh"tﬁdtiv‘
improving its fnowledge ol flow uhenompna anﬂ Fraduallv reﬁucinp the
amour.t of empiricism. ' The prorrenq of thi= type of re aarch A wlcw,
however, -end the reaulta obtuined in ome in tanceq are nfl qmall
practical value, or are. extremelj dif icult to ﬂpply to practicnl Proh—'
lems. Consequently, the use of- empirlcal‘method"f uqt be maintaineﬁ
until such time aé Fund&mehtélrreseaféh‘ﬁa ‘cloqed the gap between '
theory ani practice. o ' e

5e General conclusions. Bcth F"nm model anﬂ Fundnmental reqearch

the knowleige of flow phenomena ha~- teﬂﬂaTv ﬂﬁvqnoeﬁ the de*i"nm nf
hydraulic «tructureﬂ and m&chlnery are va»tlv 1mprovaﬂ ovnr 4ef*ﬂn" nP
even a decude ago, &nd, _1na11y, hyﬂr&ullﬂ reaevrch Jtael’ ha" ewpanded; '
rapidly in the past decade._ The - chief reaqoq for moyt oP th*s develan“-
ment sl 1mprovement is t*aced primvralv to thn 1&[90 conatruction
Program undertaken.bf.the:Government qtartina in 10?? Becauseio

the development of m&ny ldfge-f1ooﬂ con*rol,-power,-and drrigafiénf
projects, it hﬂa been neceasarv to desipn nvdraullc‘qtructuweq unprec«.
édented-in size. .The new hydraulic prob}em*~ o*iyinating from theqe
designs have been solved mostly-bv-rwsearch which had to Pypanﬁ and
improﬁe to meet the.ﬁehand Were jt not for th ? impetuﬂ, the very T:-n

existence of some of the problems arﬂ thefr wolutivns would probablv  »

be unknown today, and certainlv the cballenae to tthe in fundamental 3'""'

research would be 1acking. : -
More ﬂpecifically, hydraulzc reaearcb ha~ developed erflcient

stilling pools for d1351patinr the energy of hiqh velocitv ’low at-

the toe of overfsll dams and st the end of_spillways,_requlating valves

free from cavitation, more economical and safer structuree,-more efficient




hydrdulic macklnery, thc eyplanation o? pitting of houndarv sanqoeq

by cavitation, efticient 1mprovement pl&nb and ’lood cont1ol meﬂture"
on T verb, the laws of tranﬁportation oP sediment bv "lowinp wytar,‘ -
an ‘nsight into the mechani m of ”1ui* turhulenoe, ju“t 40 mention
a few. ' s ' ' o V

Az _tated ubove, hvdraulﬁo reqearch iﬂ divideﬂ 1nto moﬂel and
_fundamental resedrch the former Fenerally empirical thp 1atter _»f.
more raticnul. To, theue mnght be- adued academic research whjch i
made primarily to demon"truté‘the lawc of fluiﬂ mnchanlcq; or “to
derive certain ’undamental concepts alreadv unﬂer tcm'q l It it'believoﬁ
that more cooperatlon und tolerance ia needed bntWﬂen the p1artlc&1 an4
fundamentsal reseurch érOLp,, the fo*me“ bemfr Foun% 1n Gove*nmnnt ‘or
private laboratoriﬁq Jeallng primurilv with mo i‘tudieq, w“ile thp |

latter group 1,] ound in the univer 1tie€ AEPllﬂg wlth problﬂm' bcth

scademic and fundamental. There i" 2} tendency, 1t ﬂeemq, ’hr nne

find the problemw oP one group of equal internst and lmpo*tance t

anothwr group, and the 'indlng" o. new princ1 le, unﬂ p*ooeﬂure":mqﬂe -

more useful for practical applicut1cn.‘

A It was: obqerveﬂ thut manj well-equipped lﬂborato lek uTE devot1ng '

much work to student developmen‘ w1th litfle or no regeerch 1n DPOE—'

resSS. Vith all the m&nv nroblems to be eolve ,f iq aueqtjonable

that such a: condition shnuld eyiﬂt.} 0bv1cuslv, sfudent traininp 1°i'('

o; 1mportance “but 1t i equnlly impo"tant to finA out What the prac—

tieal problems are dlm Aevote some efior+q in that direction. On the
other hand, those 1aboratories working on practjcal problemf are not
doing sufficient fundamental research prob blv becauqe their pr*n— ff
cipal work 1is more_pressinb. fortuna:;lﬁ, however, the ﬂ?O?Tqu o;

research as & whole is steady end is generally.alert to‘the important-

problems of today.'

; ‘

group to acaf £ at the other, while a8 more tolnranf noznt af view 1hould




CHAPTER II - THEORY AND- APPLIFbTION
OF | |
HKDRAULIC MODELS
GENFRA

6. ﬁxﬁr&ulic modelu and unﬁnmenth rpqnﬂvch. Genarallv -nnnk—..

ing,. hydruul‘c models sre thought o, in tarm of the1r spplirafinn to c
the bolution of problemq of hviraulic atruc,urnﬁ‘ hvﬂrnulic nachvnerv
and riverq. Funddmental reaeurch, altPhueh requz.znp ‘the uae o’ cer—-;
tain types of deEla, is thought of more in the lipht o” volv:ng unbnown
or unezplained fluld rlow phenomena, or o checrirg ésqumptione made‘

in erd the rebultb of '@ ratiwnal or mathematicnl colutiﬁn of such ; : _
phenomene. 1t isg expedlent, there ore, in tklf‘report to =eﬁa*»£el£hé;

reqedrch by hydraulic models from that by the rq?ipral or Puniamental

methed. Accordingly, th1s chnptnr arﬂ Chaptcr III will be ﬂevoteﬁ to t o

observatlﬂns made of reﬁvrrch Dv mo*el Qtuﬂ“eﬂ wbﬂle C“Pptn" IV i% e
devoted to f‘undamental res earch problen"" L L .

7. History of model develoument.‘ Hy*rhullc me*el« Bw wé “now -

thEﬁ toduy owe their origln *o the "r*nciplef of-hlmiljgude vh*ch vere
developed iirat by Newton nen“ly 26“ vnarq ago Pricr tc that tiﬂe,
Gelileo: 'in 1638 %tudied the .1m11arjtv of machtne' ’rom B atet;c*T f“t
point of v1ew. It was not unti] &bOLt 40 vear" arn bo*Pver thpf

the principles of "imil‘tude were actusllv applied to hy*rau‘ic modeks o
in uermanv.‘ In hme*io&, model« were u"ed in 1907 in connnction w1th ;3;j‘
the Panama Canal in 1926 with. Wilqon Dam, arﬂ 1n 1928 fo "tudv thp

Miz %issippi Piver. Thanis to the 1ate John R.. reeman Paﬂt Pre 1*ent
-and Honorery Member, Amerncan Soz iety o ClVil Engineprﬂ for hﬁe."’ |
genercsity in establiahlng traveLlng qcholar:hipc in hvdraulics, fhe
hydraulic laboratoriea in thias COun+ry have grown ran*%lv anr1 have
learned to adapt the hydraulic model to- solution of A1 f’*oult engi-

neering problems. In the last decade, the large program of hvdraulic




construction undertaken by the Government hes fufthér‘devéioﬁedo.
the bydraulic lahor'ato“iés', both.&s to the use of hydraulic models
and to the use of fundamentdl reqearch to',olve phenomena neve*‘_i~l

before contemplated or given qeriouu consideratinn.

8. Puroo:e ol models. To those not familiar with tbe qcience o

of model studies it may be of interest to eyplain thL purnooe oJ:f.53o-~ S

hydraulic modelrf LS used in engineering todﬂv. Primarilv, moﬁels

are used to study the flow o; water in hydraulic structureq, machinary,;‘.‘ -

rivers, and other engineering workﬁ.- ‘By principlev or %imilitude,
the model is able to 1eproduce with considerable accuracy flow
phenomena'and flow»characterigtics that would be di splaved bv its

prototype, -or field qtfucture; :Thué thn englneer can qee 1n the o

laboratorv ju¢t how h59 structurﬁ wruld perform in. the field._ Furthef;,

more, he can see faulty desipn and correct it in the model wh1ch is

obviou°lr more eLonomical than trv1ng to revi 58 a completeﬂ ftructure. .

through dimensisnal analysis. Finally, coefficientq and <imilar 4ata

are readlly obtained whzch have: immcdiate appliCPtiDU to the problem

being studied and whlch may be applied with precautlon to orob]emﬁ ’g;v

of & simllar nature.

Models are also-used to establiwb ﬁe515n cr:teria by relating variableq

9. Types of modéls. Modelq as Witnessed “n hvdrsul*c 1abora-”  .,.' o

tories may be grouped accordlng to the tvpe o?-ﬂfructure benng qtu*ied;“
These zre hydraullc ctrurtLres, rivers, and harbors, hydraulic machin-i_u_

eTy, and °h1p models, the latter not being included in thls report. .

Cther modals reV¢rt to fundamental research if we conelder those that

study waves, uiltlﬂg of reservoirs, and sedimehtation, some of thesebu

being discusged in Chapter V. For purposes of diqcusqion, aach trpe‘ooi.

of model will be discussed separately to illustrate curront laboratory

practice in adapting the model to a problem, desipning the model,
testing procedure, and presenting the data in report form, following
this, examples of several types of model tasts_will-be glven in

Chapter II1. 8




ODELS nF. HYDRMULTC nTHUCTURFh

10. Adapting the model.' As in nearly all Drofeqsinnq any

instrument or rrocedure qhnuld be uqed or manuged by properly trained

personnel. - So it is with the hydraulic model,fonly tho=e anilisr_ f- o

with its applicationv and limitationq qhould be Truqted with it" vre

in. solving Droblem%.i__‘_ RETNE TEE SR
© A rirst requirement in adapting a: model to any wroblem iq an“L.

understandlng of the rrincip :of éimilitude. It ic not the puroose i_
here to discuso theqe principles in full the reuder being referred to'“l
any text on fluld mechanicq and to "Hydraulic Lahoratorv Practice "
Appendix 15, ublished by the American uoc*ety ox Mechanical Engineer
- and edited by John R. Freeman. The important factc to oonQider in the
similitude considerations ie the geometric, kinomatic and ivnamic simi-‘:
larity between the model and its prototfpe. Geometric Similaritv _
requires & similarity in bhape onlv, that ie, the 1inear dimenEionc of.
the model ghall be obt ained from those of the prototype by applying

the scale ratio, no conoideration beina given to notion, force or mas=

In uydraulic qtructure models, ihe horizontql and vertical dimePQ1ons

are almoqt alNays reduced the ame, thue ﬂiving an uriistorted model. i
River models, on the other hanﬂ arcruﬂublly divtorted the horizontal
dimenvions being raducad more than the vertical dimen>ions. Kinematic ﬁ l
gimilarity requires that thu time, velocity, acceleratiun and direction
of a particle in the model be. “imilar and proportiﬂnal to the corres—5
ponding particle in the. prototype, which automatic&lly requires peometric
similarity., Dynamic similarity requires first that there be both geo-
metric and kinematic similarity, and in addition that all corre3pondinr
forces acting on corresponding particles in rhe model and prototype
systems ‘be in the same ratio. To summarize, ve finﬂ that rigorou=
similitude between the model and its prototype requireﬂ- first, that
there be & simllarity of shape, geometrical similarity; second, there -

must be & similarity of shapes, paths, and times, kinematlc similarity,
9




and, third, 'there-mu't exiﬂ & "imilaritv of :hapev, natha, timeq ‘:i
and masses or forces, dynamic r‘imile&ritv.‘ o JL_
In considering the forceb acting on homolovou" f'luil partirleq,
it is found that these ere: (1) arhv1tational forceq, (2) viquL" ‘
forces; (3) capillary forces; and (A) ela%tic forces. - Thuq to have |
dyramic éimil rity between the model and prototrpe qystemf +heqe “orcek
mst be in a constant ratio, model to prototVﬁe.. In prnctice, hOWEVPr,
it is rarely possibie to- maintain riworous "imilérity, especially iP '

two or more of the%e erCEQ are predoninant in the problem to be utudied.

For ‘example, 1t can be sho7n that if water ig used in moﬁel and Drcto—._ i

type and thet if both gravitational force% und viqcous ’orceq7(fluid |

friction) are predominant then in the p11" t ca*e'"imilituqe requireq,'"-'

according to Froude'ﬂ Law, that the ratio o velocitipq pro+otvne to
model, be equal to-the square root of thﬂ’Scale r&tio (profotvne to
model); in the ;econd case it will be. found f“om the Revnolds Lax that

the velocity ratio is equal: to the reciprocal o” the qcale ratia. fo

using &' different fluid in the wodel, it iq theo”eticallv pos 1ble to  ffﬁ‘

provide correct similitude in this case vnere gravity anﬂ V]GCOUb f‘:31."c:e's
are both predominant hovever, 1n nractice it Jc gennrallv impraotioal
to do this. Nevertheless, it has been found that rigorouq Q1militude

-is not necesQariiy required primarily because oP thp Pundamental fnct

that models are tools for determining qualitative inﬁteadio.;quantita—-'”

tive results.
In general, most model tests 1nvolve only gruvitatiﬁnal ’orce
. R
the others (viscous, capillary, gnd- elastic) are aqsumed to be abqent

‘or 1ncon°equential. Accordingly, dynamical gimilitude requiremente are

satisfled. by the Froude Law which may .be qtated that the ratio of". protO«‘

type to model velocities is equal to the square root of the scele ratio, ;

as mertionad ghove. This is derived from Newton 8 eacond lew of motion =

10




which mey bo considered ay 8. general law of dynamic vimilarity when

it is stated thusz 'I‘he ratio of" forces, model to prototype, equalcz

the mass ratio timeq the acceleration ratio, model to prototype, or

the ratio of inertia to Eravitv forces 15 the same 1n model and

prototype. _ ‘ ,.' ._o___‘ '__,‘t‘_”‘ L
il. ﬁolecting 2 scale ratio. Thoifootofé"thot‘govefn=the'ocoiel'ﬂ'

ratio sre; viscous effects, w&ter supplv and qpaca available. In all
cases, a scale ratio is so chosen that tbe flow 1n the model af 1n
the prototype, will be turbulont throughout the range of operation, thusf
excluding viscoue effects due to laminar flow.. From exper*ence 1t 1s
poseible to select a scale ratio and know that no. laminar flow will
ocecur. However, it is customary to check the Reynoldo numbers of tbe :
model flows to see that they are of qufficient magnitude. If no oper~?:
ating conditions: will produce a value of velocitv timeq hfdraulic radius:
lesz than 0.02 then turbulent flow will always oceur. A =cale ratio -
must slso be. _chosen 8O that it will not give a model discharge in excess
of the available water supply or require & model larger than can conven—t
iently be handled. BT e " o e
Consideration iq generally ginen to the roughneﬂq of the model
when selecting 8 scale ratio._ For example, it can be qhtwn that if A ‘
prototype spillway has a Manning s n of O OlA and the moﬂel a0 n of O 010,
then the correct scale. ratio should e 1 7. 3.‘ Thi= is oqtabthed f‘rom :
the fact that the sc&le ratio must equal the ratio of Mannlng*s n, proto—
type to model, to the sixth power.- It iH only occasionally that a iﬁ

scale ratio of 1 7.53°is possible, hence for smaller ratios (l 10 l oo, -

etc.) the model surfaces are too rough, and the losse= are greater, 3
while the velocities in the. model ere’ 1esq than requireﬂ by “the Froude |
‘Law. Assuming the smoothest surface that-can-be:obtained in_.themodel
corresponds to an n-of 0.009, then the theoreticsl limit of the éoolo
ratic is about 1:15. 1In praotice, howeief, .ooale ratios as smoll as O

11




1:100 have been used moTe ior general performance modelb than fﬂr

deteiled studies of indlvidual hyﬁraulic features.f The error intro—,  '

duced by having model qurfaces too rovqh 1P'uaually Rmall but it s -
necessary to: analyze model dafa takinv into account th*s 1ack of ‘.H-V
similitude. Nevertheles Sy it 1is essentiul to make - the mode‘:surfacec'

as cmooth ‘as pos;ible and if it is de31red to correct for ‘the model

velocity, the ‘slope in the model mav be 1ncreaﬂed.‘ Recpnt 1nvesti—‘r
‘:ﬂ§ gations and observatirns cf air entrainment in nlvh velocity ’1ow

reveul & bulking an4 a consequent reductlon 1n velocttv balow the

value Daaed on “&nnlng's f‘ormulaa.' Accorﬁlngly, with ﬂo air nntrain—
ment in a model bccause of . inﬂu ficient velocity, the mo&el velocitieq
&re mMOTE Nearly. correct conalderlng the fact that thqy are alightly
reduced “by model Purfaceq mhich are’ tno ‘Toughs

Frequently a ntructure to be . studied is so large that ever with
a practical scale ratlo the model iu too qmall to study anything but ‘
the general flow copditions f‘or vari aus operations. When this occurs,,‘ o
it is customary to. study iqdividual features by cectional models to a o

mach larger scale (195o reduction) This permitq a more careful qtudy
_of ‘the ’low conditions. und greatly reduces tbe magnitude o’ errcrs in7  r}
taking measurements, . since these errors are magnified wben convertad

to prOuotvPe dimensions.-

12. Preliminary design conciderat*onu. After the qcale ratio R

~has been selected the design of the model proper is started.; There I

are certain- fundamental considerations necessarv tn include in the G

:deqign.‘ The model st be of rigid con=truction, easilf altﬂrbd

accurately constructed and economical.‘ Carelees and inadequate coh;“r
.struction isg-a- waste of time and money and. certainly reflectﬁ on the
results obtained. It.is usually known during tﬁe model design ju@t _
whaet portionc of the etructure are ‘to be ﬂtudied ang probably reviqed.

‘ Accordingly, these peris.are so conqtructed that thev are. eaqily

12



altered or entirely replaced Materielq such as wood or: eheet metal

are better adapted than- concrete or metal castings althoueh the latter

are often used for. parts of the. model not eubject to much change.~~-*'*'“
hecuracy of construction is: essential, otherwiee the results obtained

are queetionuble. Care’ul checka are. frequently required not onlv

during. construction but efter completicn of- cons tructien to ir°ure ¢{51;e L
correct ¢ llgnment dlfference. 1n elevation, anﬂ rorkmenship. Economn ﬁf

ical models are’ de 1ruole but not to the extent that the othex eecen- ~ii
tials of deblgn are sacrlflced. Frequently cheaper me+eria1= are usea

to con,truct the model. for prelimlnary teets, arx'J 1ater when the

final dat& are - taken, tke moﬂel mey be rebu1lt of the eme m&terialg

or better meteriale if dedired._ Thus, wood covered w1th eheet«metal
mey be sufficient at ’irqt followed by concrete or- even metal ca“t’ngs.

13. Materials. used end methodg o” cqnctruction. The methcde and_*3

details of model design: are u"ually expre“eione of the 1ni1vzﬁua1.- Ini” e
generul it h&u been observed that most laboratcries employ the eeme .
technique. The elements of s hjdraul*c qtructlre model include 8 box,:{eg%a, g
either concrete, steel or wood (1ined w1th "heet mefal) to c’ntein theee
model,-a pipe supplying nater to the model &t the upetream end of the i;

lyme, a baffle to still this =upply, &’ tallgete at the doxnﬂtrcem end e
of the model to regulate the- depnn ‘of Flow._ Where =ectinna1 moiele are

ured, u flume w1th a glass side 1 . requently ueeﬂ to a*ﬂ in obeervinz
the {low condit*onu. anmples oi model construction cen ue =eer from

several of the 111u~tration° in Ch&pter III.J‘e,'”'Tﬁ"““” ‘e

The partb of the. model proper are, o! courue, denenﬁent on fhe ’

tjpe of prototype etructure to be studied._ Accordingly it 1q neceq- ;e  "”
gary to build models -of dems of the over fall tvpn,'or dame c” the; non—._ j

overfall tyre wzth emeryency epillwavq anﬁ their appurtenent works,¥' -

rhich may include outlet qluices, needle or tube valve., and in some .”y

cases a powerhousa. ‘Lock models mst’ include’ the culvert quteme both
.emptying end filling, and the lock chamber. The proper ﬁeaign Pnd |
se;ectlon of material for these modele is important in order to satiwfy |
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the lundamental consideratlons of model desipn. Acco*d*nglv,‘ | |
review of current practice may be of vulua. Table I gives, for oar—;f-
ious typesg of hydraulic structure modﬂls, the materials commnnlv used
for various parts,- methods of cons truotion and pert!nent remarkq. ""Z
’It will be noted that wood, sheet metal pyralin and lucite, and cement |
mortar are the materials moat commonly used in model conqtruction. The T
properties of e&ch m&terial in regard to ite use 1n models, ome~‘-: _
times governs ita selection. For example, wooa iq rigid, en ily worked ;%
and altered and eccnomical but will warp out of shape, qo itq uae is '

limited where submergence oceurs unles" the wood 1s treated or covered

with shoet metal to exclude moiature. Shect metal ia al O Tigid, easily S

worked and altered, economlcal, ‘and will not warp from moiqture, S0

this matarial is. frequently used for mO“t perts of a model. Plaqtic

materlal,, such as pyrllin and luc1te, are uqed particularly when obaer-~ll':'

vation of flow is desired. Thuﬂ sluice 5y penstock K draft tubee, |
transitlon s and elbowl are frequently made Prom plastiCQ.‘ Pvra]in 15 ’
}gradually being replaced by lucite becauqe the former will shrink and
discolor,’ while ‘the latter will 1ot.‘ Because of thp cost and addnd
work . required in molding, these material are not u:ed as extenéi#ely
as sheet metal and wood. Cement mortar, tugether wﬁth sheet metal ;

or templets, is also widsly used. Th1= tjpé;of conqtruction i= not

: readily altered so .its use is often limited to parts wh*ch have been e g

‘ previously studied and revised aufficiently oo require 1i‘rtle or no

ch&nge in dimenqions.l




Table I

MATERIAtS IR ED: AND METHOD% OF . CON%TRUGTION'
Hydraulic Structure Modelq '

Parts of
prototyyve

structure .

‘Materials -

uzed in:
model

13

~Methods of -
construction

e

Femprk3'*."u

The dam
proper

sa vd 84 4p &5 w8 su ve lee ea M2

Sheet metal
(iron,
‘brass,.
copper)

Sheet metal or wood :
ribs cut to: pro’ile e

and covercd with
-sheet metal. Ribs
‘fastened. to: haavy W
Eage base ‘plate with

"angles or soldered._.f

Y TR TR T

Th*q method zood

. “because of erse .in ‘
‘making changer; and
inserting ‘sluices;:

- and. piezometerq.‘
~Brass or COpper b
“ ‘sheets may be used

. to eliminate oorrofr

eion, ‘but’ more:

xexpen%ive."’“‘h

Wood :
{redwoad,
cypress,
pine, -

© plywcod) -

ee. 46 38 sn-jsw we sr e e es  #2 88

‘Ribs.or truss. cut to g

;proille ‘and covereﬁ
Cwith plywood. 11
small model, solid:
‘pilece may be usged..
Crest ‘usually- formed

;qfrom solid piece., c
- 'Ribs may also be .

covered, with' sheet

metal.

TGood Tor initial
testq 1f- Trequent

- chanpec‘are antucw—

‘pated. Warp*np _
‘must be. kept to a-

 minimum by -use oP .
“1inseed 0il] var—ﬁ

f-nish, ‘or’. paint ~ SR O
Redwood e E
is recommended,

;treatment.

Cement

mortar -

(1 cement -
to 3 sand);

ve. sa:|ee er su ss se re

 Metal ribs cut: to pro—_
file and filled. beﬁ_;*
tween’ by - concrete.';*
~Surface made smooth:

o es --‘u s es BE se . e

“Difficultito slter
‘or . to add: sluiceq, .
piezometers and to.

"attach other parts.;,l,L"

AP mw 6w &3 49 - 44 20 BF &) e 8E 8E wE 40w v te |48 4. SE 85 SR . 4 er e 02 44 mi A S48 4% 03 &3 I® PR oe

plaster

:‘

,concrete‘ " by scraping oT use . 't Concrete used ‘in:

: of sbrasives. ',: large models.. oo

Sheet metal ;: -Plers made hollow EH ”1er .easy “to attach:
(iron, '+ by shaping and’ 301—-];: to dam.  ‘Piezom-
brass, 3 dering metal ‘sround 1 ters‘? endilv
copper) '+ pieces of sheet metal : - adapted._-‘

S : oéut-tolshape.of . or oo
1. horizontal‘_ection R
‘ .2 of pler. ' R e .

"Wood :'chaped fror qolid SE Pierb qcmetimes e
{redweod, : ‘piece or made hollow ‘t ‘difficult 4o attach
CYPress, 't i€ pler large. Metel :  to: dam. .Plezometers
plywood, 3 templets cut to guide%: not easilv attached.
pine) . - : 'shaping. . :

Cement. : Plers: usuallv cast. : Surfacea mustbe L
mortar, : - : : made smooth by abra- .
.concrete, . : : ‘slon. Not easy to

x 1 . alter or to.attach
: 3

+o dam.



Table T (Continued)

Parts of
prototype
structure

Matarials
used in :
model

‘Methods of . - R
'conStruct1onf LT e ’“qemarka

‘Piers
(cont.)

Piers Lormed by hest~ £ Permits ‘obs ervatioh"
“ing .and molding sheets: of flow along pier. o
of material ‘to. Qhape,.' Plezometers easy =

‘then cementing to»-u (; ta attach.‘i” E
- gether ‘with acetone 2 =
or cement’ recommended :
't by manufacturer. =
+ Heating em moléing
not always - necesqary
1 for simple qhapes.-‘
‘Lead, iron, :iPiers cast and.
‘brass,. _ smoothed by machiniﬂg.
eluminum -
or bronze ::
castings
-Sheet metal:
(Ircn." -
copper,
brass)

Pyralin or
lucite

io ve ioe fas-

e ve - ee

- ae .

;Not]economical . L
“unless large uumber . ‘-

required.  Altera- .-
ticn= dlfficult-_

Heavy gage- sheet metal
“'bent to shape for -

" radial gates, Verti—

~-cal :ribs cut to’ shape
and covered w*th

‘sheet metal for drum

gates. Vertical lift
gates made An- similar
mADNer. . . -

Beat ‘adapted for verti—
“ccal 1ift gates bv
using solid pieca.,‘“

Piezcmeterq eaqily
installed.‘-‘ﬁ

3
iR
-
.
-
-
-
v .
‘e
H
4
..
-
.
.
*
-
-
.
.
‘-
»
-
-
-
-
.
.
»
.
-
H
[]
H
.
.
-
.
-
.
[]
»
-»
-

Regulat~
ing gates

L 1]
-._o'i "u-; i.‘ a0 {en io‘ .

Wood: muet be trented-g
“to prevent werping.»,

“Rood o
(redwood,
- .cypregs,.
._pine)
Standard -
pipe or
tubing .
(iron,
‘brass,
_copper)

Conveniert be—:,_ :
cause. readv to use.
Flow cannot ‘be.
obanved. jgjg

P“oper inside diameter
;selacted ‘or nearest
- :size reamed. Plpe
= -bent, to corract pro- -
" file, Bellmouths
‘formed by ‘inserting
& die in end of pipe.
‘Lengths made tc proper
size and profile in - " because flow: can'
convenient sections _‘be observed. KD
" from sheets. Connect— Simple construction.-
. ed ‘together by flenges: Plezometers easily.
of sawe material instelled by using
- - pyralin or lucite
nipples.‘

Outlet
conduits,
- sluices,
‘pen— -
‘8toclea,
culverts.

se._aa an e ‘ll ™ l; as 40 se - ve ve-ku we we

. ‘u_ o e ll‘..l‘l'.l' TSI u.'

. es 99

Pyralin or - Used exteninely
lucite

Y NS B0 . BS 86 44 B4 06 S8 GG B4 s 6% EP 0 {BF UV 8. 06 87 6. 8D % . pé
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'Taﬁlé‘lf(Confanued)JQ 

Materials

chutes)-

.of

rivs . to be: cove“ed

“with plywood, or .
~using\sélid?pigce"

~wood. if eurve

very short: Chan-:

nels also formed: by 3
covering ‘long 1ongi~

tudinal ribs.with.
plywoed .and -attach-

‘ing -walls to ply- ..
"wood ‘bottom. . -

.
H
L]
H
-
H
-
4
i ]
H
-
MR

.
.
[
-
-
.
T
ie
- &
H
L.
e

“‘but warping soon |
develops to: produce‘
-'leakage.r'_\

Parts. of ‘ : T R
prototype :. ~used in.: ¢ Methods of - it SR
structure : model L 7constrh¢tion~7 i Rem&rkq,‘«

(utlet : Sheet metal : Pipe Pormeﬂ fromW‘" Crl imple conqtructlon,
conduits,: (iron, ': sheets and connected: economical.. Flow.
sluices, : brass, : ‘by metal’ flsnge;.j'w:.,qannot‘be_observed S
pen- e copper) R e L e e T RENSE

stocks, : : .2
culverts : : e
(cont.) 1. S : RS R L
' ‘ : Casgtings 1! Castings used almost 1 Conetructicn bv
'+ (bronze, : “exclusively with = : castings used. .
: brass) : accurate machin:ng. 1 ~almost: exclusively :
$ : S . Ui withimecurate machin-
: T it ing. This permit
: Sy 1 close. ‘control of =
R : 1 ‘dimendions ‘and water

Qutlet : 2 1 ipassages. Dperatinz
valves 3 -3 1/ ;mechanism- readily .
(needle, : - > 1 incorporated althouph
tube, ¢ .2 i noty) neceqqarily sim-oo
‘Pelton, : IR I 5 C ..~ .-v.dlar‘to:prototype. .
Howell-: Sheet metal :_Hollnw construction “:-This method 1s used ' -
Bunger) .: (iron . ¢ of parts by ribs ‘“':ﬂ(onlv where it 1g. .

: : : brass, '3 “covered with' heet 1. desired ‘o “epro_'{
-t copper) - :r metal. : ;:“7iuce jet action.
3 PR T SR S o+ In te"ting valves. -
£ T :' for pressures.and
: X }Qﬂeaneral perfo'm~.,
s T 't ance, castings are
el 3 R 1 recommended.”

CT s Wood - -t Yhannels: ormed uqing To ayold excass - =

Open ¢ (reﬂwood,V‘(;fiboards for walls'and: leakage :and marp-
.chunnsls 3. plywood, " i bottom: with braces v oding, sheet metal :
‘(spili- : pine) - . - : .spaced uniformly = : 1in1ng 1s: adviq—“p
. Ways, 1 : ‘'t along channel. -Ver-: ~able in:most cases. .
canals, : : ‘tical:curves formed:: Joints may be seal— - - .

: 't by cutting vertical:ir..ed-with’ white lead

ST AS B 4 s4 48 ke gy be se :be

AT




"Table.

I (ndntinuedj

Partys of
prototype
structure

Materials

used in
model

 Methods of ot

He-narkr' o

Open .
channals
(spill-
ways,
canals,
chutes)
{cont.)

an e% 4z sw v of |ed a3 wd

Sheet metsl
“(iron,
"brass,
copper)

o8 we v W "

cons truction P: 

Hibs cut to proper :

section and’ lining‘.

Qhaped 4n from rib:
" to rib;

solder” LR
Joints cuqtomarv.u:

qud more for ohan—'
‘nels hnvinp L
“section other: than
sqQuATe; ‘rectangu- .
';1ar;*ofgtrap3201dal."

es a4 48 B3 w2 90 e@

LI 1)

bheet metal
~{iron,

" 'brass,

-COpper)“'

o for changen in sec-

: . to'assist in: ahap-4}

;o full:

i sheet metal bv
o 'punch.‘-
: doints” throughcut.

_tion in- cloqed
‘conduits. Flange
cut for each’ end

Cl X
TR or:cv e

‘1ng and. joining St
to normal ‘conduit .
sections, and de-.
velopment made of
“trenaition-on 7
cheat metal or.on.
‘size drawing.
~transferced to

-

uoldpr

Cee

Lxcellent method O
“for: changﬂe From

‘eircular to horse-
“shoe, - rertangular,‘,,
ete. “Thi= method
“not’ ndaptable for
.warp%.j» o

Pyralin,

: .lucite

e a4 BA B4 WS 8 €9 #9 eh 4B 4B x» 2P

ax ew %0 B8 mF Ss  we w*s

“.of material fas-
. tened to exch end

{‘ ting ito: normal
;- conduit section=

¢ Joints: fastened
+ by cements——are- g

“For: changes in qe;-
‘tign‘in closed
conduits. Flanpa=

c- e

.

“to’ uqqist in shapu
‘ing and connec-

bheets moldeﬂ to
proper shape 1o -
form transition.

tone- fornpyralin,.
ethylene dichlor-
ide for lucite.

. -o"no' e

s n'n:n‘ "woee

we o ke B0 Be

qud when it da
ﬁeaired to obqerve_‘“

,;flow conditions. -
"In using these

f{material=3an oven.
- ‘is required: to heat i
'[sheet" of material ‘
before: beinF prersed S
- in models.

‘requires 120°C., -
~lucite 1059C. to -
1259C, ‘#When. worke
4ng to inside dimen-
~siong, core is cut .
“to.correct size,
female "is. incrensed .
secordingly. -

Tood

(redwood,
cypress,
pine)

Male shest metsl
. templets cut to
give sections.

- fee es ea wa e ea

Transition cut
from 8¢lid block
using templets
as o guide.

e {as sn =s

Used primarily in
open channel, ‘but
f»equently ueed in
-clgsed condults,
‘by .using two blocks
one above ‘the
other.

38
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Table T (Continﬁed)

Materials T
used in  +  Methodsof i |
model = ."~ onatruction %.”‘ ‘ °emar*e

Y

Parte of

prototype
gtructure

Metal ribﬁ cut to : The ?ir"t me'clrmf'1 1a .
.give chnngeg_in '; used for both open
~section with " ohannels and closéd.
‘mnterial ’illed “s condiftsy the nec-
- .in between and . : . ond" Gsually for
_finiched to: ribq.‘;ﬁ open. channél ‘changes.
grcr‘chgnges‘in‘. 1oin mection. Plazter -
section in open . not recommended: _
" channels such 'as ‘¢ for. outdoor: conﬂtruc— S
 rectangolar to: o t*on. X
~trapezoidal, place »
metal ‘puide strips
“‘along top ‘and .
:' bottom trace of{gf
‘warp, ‘add’ wire .
acreen anlicoet
s - with material. = .
.~ Sereed material -
‘follow1ng gu1de“‘*
‘atripn an¥’ siﬁa”
~walls at’ each’ end
2ol ‘warp: transi—"
;"tion.n i

Cement mortar,
concrete,.
plaster.

Transi-
tions
(warps,
changes
of nec-
tion)
{cont.) -

s aw -4 juw

-k ay &k e wE -p [ 1] L L] -4 -e -a e
e @8 Tpe L ee &6 we an 83 as Py e e E3
-d (1] Ll

ae

.
ve me mm es e ae ah ws

H

t.

- aw

I"accuf'icitb be
qtudieﬁ ‘templets
n' (1) may . be TemMOV-
able and Teset to |
eqtore topoprsphv. o
To prevert gand from -
moving, dust dry
- cement, over -wet sani‘-f
(fiﬂieheﬁ surface),
“or.add cement mo*tar SN
. about one-half inch i
thick. arﬁ =11l
qettle over period
time,‘~c temp
h*le placins and
keep well qatu*ated

Sand, .. b a Sund
- sawdust : o '
concrete, o (1 Female templats
- cement ‘ ‘=cut to eross- -
‘mortar, “sections ere .
~concrete T filled. bdtweén
" blocks, ~with qani fin-" "
falsework " iihed to templetq.
with (2) male templets:
 templets. 3. are ‘made of -crose-
R ‘seetions awl sup-
- ported on rails: to
-gorrect . elevations.
Send -molded to
‘bottom trace of
templets; (3)- pan-
tograph with: point
- gege to indicate
points along
cross-sections,
sand molded to
sattings

B -

v oa. an we |re

T Ty

P T LN B
. 0 _ee nglies e

-

e ¥ & . - A4k  av (1) (1] - .l. am 38 =y o8 W .." ap s “p e es OB o9 us aF
VRN

e &b 4R BT 8¢ n‘n‘o e ww S8 s»
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Table I (Continued) '

‘Parts of Materiels T
prototype : used in ‘”-‘methcdg o”
structure : model .- - constructicn
~ ' ' indicdtled; point page
: on reference bar. -
across model” ‘to indi-
: cate: correct eleva~ .|
..tion to:bed; (4} pegs:
1 cut ta proper length-: . s
“.aand sttached; to: floors- '
: of model, qard qhaped?” i_  e
-to top of pegs SOy

e
e u . u e s

s sa we

;. Sawiuat Concrete V.,-Mix uqed iq 1% cement,--
103 sawdust,and Eito
21 pla"ter. Thiq mix o
“ should be placed Lt
quiccly, u¢ua11v oy
‘hand.  Mix shevld notﬁ
“be ton wet.-_,< , :

’:Lﬂ) ‘Used for finisb

.+ toat lo give rouph
“surface. - Applied on.

top of sand, gravel

‘or 01nderq pldrod

_between templets: a¢-7.

“in. (1) and (2)

*s ws =2 &2 b BE mE WP

»e

e
Caa e i -" "u .

vy

Cement Mortar L Mix u=ed i@ 3 cement ;~
7. to 1l plaster with

(6) qud for finish z-enough. water added - -

coat where rough ”?  for: wo*Vable conaiﬂ- o

Csurfece not required : tnncy.,, - S

Placed as. 1n (‘) '

YT T

.
.
.
H
.
1
.
L.
.
H
.
H
-
.
-
.
-
.
-
e
-
.

Concrete Blockq jf-Any avevage miy is oo
- w1 used . with agrregate e
(7) uometimes used  o3overv emall.’ Cement
‘when it ic desired to: mortar mey also.be .
_remove and replace - ‘uszed &s in: (8).
;sectiong‘of topog-- 1 /Paper:is: 1plram:e'q over
raphy in: aCCQrdence bottom: topography
‘with different. ‘de- . “before new’ topogr&phy
qi?ns studied in 2is. pourod., This: a1~,n
;models.._Blocké ‘are 1 lows sections to bel
cut in convenient removed: and later,
‘sizes to facilitate : ;replaced. B
handling. o ' ’

e 40 saled s s se w¢ es
s ae

e 48 wa _aa_ ws meiee ‘Io ee

Falsewor& R ' Thiu_tvpe oP topographv
L : iz not general;v uzed
(S)IIt‘is_frequently 't ag other types above
‘pecesserv -to repro- 1 usually extend above

duce topography sbove: high water. ‘Method 0

‘eh af AW €@ w8 B8 b 48 38 WE S 3a g ¢ " e 49 2r 0

Be P sk #F  BECES AN WE 2 44 nd - au lan
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“Table

I (Continuéd)fv'

Parts of

prototype :

structure

Materials

used in
‘model

 Methods of 1
L conatructiqn L

Enmarkq«

2 “ue %e wr er o2 08 2

.

c .
.
L]
.
-
.
.
-
-

_‘thgfmaximum waien'Sur—
‘-:ace-

This can be .-
done by building a

._rwooden framework anﬂ

L LINE TR TR TR T Y

(L)

covering with- uire S
“mesh. :
'cament mortar is~ then_
idded anﬁ colorsd i

“deaired;
;metdl”tray ‘faqtened
“between wnoﬂﬂn ribs
;are‘hometine" used.” ‘;.

Plavtar ‘or’

(9) sheet

Viet sand.is placed’ in*

‘f(?) ia not suited

?f.or qteep topo?raphy.

-t Method (10) ‘requires

..considerable ‘work
4in bu:ldfng a8 frﬂme- ‘

! ‘'work to give-proper.

‘relief -and sheet.

+ metal miat be cut ©
o in-peculisr shapes-l
ttofit,. :

‘Any_of

: these methods will &

SHVE: considerable‘

',weipht.~

traye end covered with: -
. dry cement . ‘to form | :
- :erust; (10) ‘tovography
: of reservoirs:above  :
and below water has-

:. been reproduced by. .

¢ building wooden’ frume-.f'
: . works-znd: cover%ng :

: with ‘sheet metzl.’

Baffles,
aille,

dentates :

t Teeth made in solid’

pieces and Tastened s

to board wh:ch s
Fittei correctlv into
pObition. ey

Vig Pie?ometers nof eas-

1y inqtalled

“iMetel tooth with

: plezometers may be
'3 substituted in row
for ‘certain. wood REE

S teeths

aheet metel -
{iron,
brass,
copper)

: Hollow conutruc'tlon s
‘used with- teeth fass

‘tened to metel: plate

or directly to model. : -

-1Plezometers: eaqﬁlv

*nqtalleﬁ

Pyrelin,
lluc;te

4+ ve

: ‘Hollow construction.. -
‘Pleces cut to shape .

and qemented{togetbef}

.‘Thpn ‘or

e we Ar w8 e

Rarely.: uuﬂd, anﬁ
eqt O;
only one. tooth An
Wsection. Flow
‘viewed throngh -
gless.penel in

lf» .

a careful

‘Testing procedure.

check on dimensions

21

Upen complation of ‘the wodel, andraftef"

ieaks, Hiécharge—operétion dét&, and

“1de of teat Flume.




verificution of modei flow, é'prelimihury.test is made to observe

flow behavior with attention being: paid to all unfavorable con*iﬂL

tions ‘obzerved. It i”‘cuutomarv to be ,amiliar beforehanﬂ with

that pafﬁ of'thé e imm whlch is in doubt._ Thi" i= made porﬂinle

from liaison witb the englneert regponcible ior the de"ivn,'and

such liéi son is u)uullv malntalneﬁ throughout the teqting oF the

moiel. Once suf”icient data and ob"ervqt1onq have been made t

explain ‘the unravornble coni\tlonﬂ exi tlng, plrme are ma&e ror

revicing the dealgn to Jmprove its performance.‘ Thene rev1 ionn ‘

are based'on tructural snd economic Jlmztﬁtirna experience rnﬂinp

trom studies of s*mll“ proalems; nnd not 1n‘rpauenf1y on imuP¢nn |

tion and commoh sence. Contlnued rev;rlon“ requ*re that eurh

modific ti :n be Ftuﬂ:ed ?n* Jata collevted thCh ran be uae* as A

busis of éomparlsqn.;.Hence, it. nacesuaty to ta{e meaqurementr‘fff

of velocities, preésare' discharge ' ned and water suvface p*o 1le°n

forée%, vibrt‘tiuns', and ﬂhotograph T : e A
It wns cbqerved in. the leadinv labO“atories that exper1enre of

the peraonnel and the1r Judoment vpr combined w1tb t e ﬂatafieven'to ‘ } 

analyze the otep -to‘“ollow; Thu , worth4 “tes t" were. eliﬁ*npted -

‘ann, above all, too much data were not taaen but ennugh to concluqiveTJ;”

ohOH the relative merlts o ehch dealyn testnd When L% qatJQfac+orv f,

solution had been obta*ved e carefully planneﬂ aer*e o?‘feqt=~were

nrde to record all data neceqsnrv to conllrm rea onq for. 1tq qelnction,

uogether with data to~eqtab ish operat*on “r0Cedure for Lﬂe in thn

field to aqaure a maximum efficiency of ’1elﬂ{p ‘o“manoe. Approv&l

is then obtained from the design ng‘engineerﬁ anﬂ thn tect*np mav be

considered finiashed. SreRtr iy e

A

15. Meusurements. For model teats it is usually mecessary ta .

cbtain zome or all of the Pollow*ng' D‘ﬂﬂbarge, velocity, water

surluce prqfiles, preszures on bﬂunﬂarv eurfaceq, profile= of sand beﬂc

vibrations, ﬂihr‘eme.rrq forees, surrent direct! ons, end photow-ar)h< .




The d;acharge in a 1aboratory is obtd*ned from ca]ibrnred weirq

venturi meters, and orifice the flow being meaqured eifhﬂr bpfore

it enters the model or after it has pa%qed through the mode;. Vploc-._“”

sties are obtained by pitot tubes ‘or ministure curren1 meter _" and

Water qurface prof*]ee T

sometimes from surface ox‘qubsurface floatQ.;
are recorded Dy standoro point gapeq attacheo to re”srenre bar ‘or
beams woioh moy:oéomoved along 1PVFl qupportc placeﬁ on o&ch cide nf
the model. Pregsures on bounoury qurfacaa are obtained frnm copper 'f
tube 1 ezometerq placed fluqh with the *ernce anﬂ nonnnrted to water
or mercury manometers. Electric preqﬂure cellq 1n ser1e= wjth a
plezometer and connectod to an osc*llogruph havn been used to obtain

the instantaneou' pressure rluctuati_ne wh*oh cannot be founﬂ ’rom

manometers because of the inertis of the water column _ Pro ‘fof'”__,
gand beds before and after acouring are procured by point pageq"the )
ganeral relief may be recorded bv placing qtring oontourq over the bed o
and photographing 1t ’rom above._ V brations may bo obtuined from reed= }
or from accelerometer« and pressure cells attached to the -nodel anﬁ .

connected to un oscillog"aph. Air—demunﬁ iq meaaured bv orificeq or:

by qnomometers, wbile forces such ‘a3 required to raise ga?ea o* to

control tows in locks may be nbtained frnm cal‘brated qprings or other
Culibrated instruments dEaigned for tho particular problems 1nvo“veﬂ

To obtaln the dlreotion o._current" in a model ‘*t ha~ been con~

venient to use sawdust or conPetti which mo" be photogrepherq to produce*
atreek pictureq. CurrPnts below the surface have been defannd by :
strings amd by injecting dve from & necdla-like piezometer tube. 3ILﬂ‘f
iz customary during ary model test to recorﬂ all revision teuts,.ﬁJV
and flow ohenomena hy photograph. To do fh*s, it 19 erpndiert t

have & qtand&rd reflex and view camora as. well 2 u mov1ng picture

camera which can take gt least oL ’rames per second for slow motwon

pictures.



16. Report of model tents. Auleport of the: model “tudf o’ a :

hydraulic qtructure 1" importdnt an i"'renerall; ron *ip*ed an e:ven—;

tial part of tha tcstinb The tyne“-of the reportf raaﬁ qu"mg v1“*+q‘” '

to laboratories were meny, qome tno bulay bnﬁ padﬂeﬁ, cthor“ tno brie.
It is "enerally ag greed that moqt reportq qhﬂnid be cnﬁoise an clearlv
written. To: obtaib thlq,-it is perhapa necescarv that the 1nclu410n
too much data guch aa pages of scour prﬂiileﬂ or calzbrat4onr he f‘
omitted or. replaced by . photographq, anﬂ tbat on]v praugh d?fa ben‘:.
included to ooncluqivelv show whv chungev were made and whv thm Final
golutlion was aelected. Wherever no%aible, Feneral ruleq mﬂvhf be‘-

presented which. wou*d be appllcabln ‘to- prcﬁlemq O‘HQH"xmilar na+ure." ?

RIVER AND HAWBOF VDDEL

17. Adgptinw‘the~mode1. In bection 10 unde* hyﬂrﬂulic atructu*e

nodels, briefl mention WAS made of tha pr1nc1p1e*-o; qim*lltuﬂe *nvolved f_'

in model stud1es. Unﬁer geometrlc Qimilarntv it wpq ststed that hfdrnu—l

lic qtructurn models are usuallj not Hi;torte\ the har zrntal anﬁ
vertlcal scale, ratlo being the 'ume. With rive“ and harbor mndelf
however, it 1s custnmary to use - diftorted model“ witb the excentionq

to be stated. The reaqonq for diqtortion are bEQEd on the co"t o‘ the

~model and 1aaoratorv facilities, the necessity of having turbulenf ’1ow ff-

and measurable quantities, &n“ tructive force._ Sjnce most prototwneq
in the country are 1arge r*verb and %ince tha froblem area 1nr ude=‘fjfﬁ
long reaches, an unﬂistorted model W uld oeﬁso 1arge that 1tq coﬂt |
‘would be prohlbitive and the watnr reouirementq woulﬁ be excessive.:

Since the widtih- depth ratio of riverﬂ ia large und the r-'lcspe‘.-*: Plnt

an undls tcrted model m1ght p“oduce in. cartain reacheg 1aminar Plow or,j,

-] depth and correspond1ng velocitieq =o am.ll ¥ to be nequv unmea=ur—'

able. In this . rugﬂrd the model velocitie ,would alqo be too "mqll

- to move any. bed mater:al. hs a result o’ thEﬁe factors, the- maﬂel .
must be distorted by uelng 8 lenwth ratio greutnr than ‘the Hepth ratin,
giving geometric similarity in plan only.
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The. effects of geometric d*stortion m&y be ﬂummarized as follows:
(1) Change in shape of cross~=ection e“ otream (nnﬂ of 3tructureq)
 with a rpsulting variable scale of hydraulic radiue "rom qaotinn to'" ”

section;. (2) change of hydraulic chacitv of the model stream due to

‘distorted depth and slope, nece.oitating a change in model roughne== e

_ffrom section” to section and &t any ﬂection for chnngev in depth- : e
(3) change of . the magnituda of velocity and veloclty diqtribution, ,:q: 

current direction, eddy formation, and 5ncrease of the trannverqe

_alope cf water surface,'and (4) influence on qecondany cur“ents which,‘gw, .5

together with the- othbr factore,{in“luence the bed configuratian
' obtained in’ the model. ' g A ‘ | '

Accordlnglv, geometric diqtortion r'e*rir1u='ihr affectq the obtain— i

ing of strict djnamic simllarity, but when theqe in”luencaq are taken‘m(--'

into con51aeration in analyzing the resultq obtalned it 13 evident |
that diqtorted hodelu are practical tools Eor solving river probl#mq.'y‘f‘
In unii torteA modals it wes ﬂan that the model waq operatc
accordina to kroude s Laﬁ, namelj, the velocity (and time) “Pale"‘?'“ ‘
are equal to- tbe sqnare root of the llnear scale with the diqcharge ;
being equal to flva-halves power of - the 1inear scale._ In iqtorted :
‘models, . somewhat similar rel&tion*hlps are used which are later moﬁi—fi7
‘Tled from veri’lcation tests on the model. In other words, strict .‘
.dynamic simllarity 1= not dbtainable., If ccnsideration be Fiven toli_f;.
. two types of river models this difference mﬁy be eeen._ Firﬂt, con—- £
‘sider models of rivers involving no movable bed but dealing prima"ilv
| with ch&nnel canacity studias, and aecond those models oP the mow«*' :
 able bed qype. | f_ ‘ ' ,.: ‘ : | : |
01 the flrct type of model the study mey t*eat uni‘orm chan--._
nels or nonuniform ch_nnel 5y the primavv lntereqt being the qtuﬂy of ‘
flood hyﬂrographs and pro”iles, thereby requiring of the nodel +thet
'it mast be able to cunvert——to the vertical scale of the model——preq-.

sure_hegd—to-veloQity head, or vice .versa, at po1nta-ef_ghang1ng

[
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.crosS—uectionnl area, To -cause’ thi= condition in the model 1t cru'i»__,-_a-'i
be skown that the velocity acale :hou]d be equal to tbe qquare root

of the depth scule, the tiwe seale be equal to the vnlume scale

divided by the diqcharge qc&le, and tha dtscharge qc&le be equal to ' L;

the length ccale times the three—halvea powar of +he depth Acale.'
Because of the geomefric distortion and i?s e”fecto aq qummarj ed o
above, 1t is necessary to conaider a rnuphnese qcale in orﬂer to. »
bring the model into agreement with the prototype. *hu a ve?ifica—”aﬁ;
tion test . ls made in “hlch model roughne%s s varjéd un: orm]y, or ..
varied from reach to reach and the diqcharge sca*e iq varled 91mul-:
taneoualy in orier to make- the model reproduce the correct prof*lec-_§
and flood hydrographx. Thus, in diwtor ed moﬁels it is necesqary :

to increase the model roughne q, rhile 1n undiatorted modelq tho 5 
problen is to m&ne the model smoother. When thiq haq been uccomleqh64
it 1is possible from the ilbcha*ge scales and rouphnesq ecale juﬂt aqtab—
lished to recompute the va1001tv qcale and tlme scale using an ave*age
hydraulic radius scaln obtained from sevnral )ectjonq in case of nonn_j‘

unltarm channex, or a. conatant hydraulic raﬁius ﬂcale 1n unx“orm'j.

chunnels. .

In theﬁe model% there is nn ~pecia1 nend 1or an evact *eproduction
of velocity diatributioms, paths of tlow of correepondlnp water pnrti—vf
cles, ste., but the- conver51on of . {inetic energy tﬁ potential and vice :
versa is reoulred thUu the model energf g"aﬁlpnt *q at the same eleva-

tion above the water sur?ace iIn the modal——to the vertlcal scale——av *n:

the prototype. With moéi’led ﬂiccha“ge and v;loc‘ty :cpleb thiﬁ‘condi—  e

)

- tion 1s also not exactly obta,neﬁ but »h1 error i 11 toin compariaon
with the overall accurecy of the model. ' | _' 2 _ _"

In the case of movable—bed moﬁels, con%iderable adju=tmen* 1q
reouired to obtain & set of seale ratios nr velocity, time and ﬂiq-
charge. In fixed—bed mordels the accurute reproduction of prototype
velocity distribution Was not essentlal but in movable-bed models,

problemq are concerned with the movemen of materials of the rivarbed
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which is directlv related tn ve10c1tv, 1f° ma?n1tuﬂe and dicfribu;,.
tion. nc001n*nglv, Droulema ure conoerned‘pr;marilv with bed |
movement occutring uqder & hydroqruph of avnra flow, togefher SO
with the eflfects on‘thid‘movement b” change: maie by man,‘ﬂuch n;‘ 
cutoff., dikeh, dredgin , Jettie“5 etc. W1+h a lenrrh=anﬁ depth‘ ‘

scale established to provide a practlcal modnl theoretical uC&lﬁ’#f
ratios  for velocity, time, and dlschurge are. comput»ﬁ. Becauqe of
dlstorticn as. eypluined previouslv, tbe model Veloc*ties are uauullvf,?aj'
of small magnitude, eqpeclully during low "tage S0 that bed loud
movement does not readily develop.‘ Concpquently, re"nrt iq mpde to

using bed materinls, having a- Qpeci"lc FravifJ near tbe value of water!{ ]
and to chanping the blope, discharpe, and the time qcalee._ ID;PT&P-‘7 ”
tice, bed ma*erialo may con»i%t or prOOEb ed cnal ( e 1.7

carefully ptep&*e” as tc Prgin a,ze anﬂ qpeci’io prav1tv,‘v11 onitpi

(1.03) an.almost pure bitumen,gvari"uq reqlr, (1 09 to l 13\ hnvﬁit

(1.85), and sand cf vamcuﬁ °ize:—. (J 65) _‘ The mate*ual qelected '1epnnr"~;‘:-” 0

primerily on- uhe veloc$t magnitude expected in the mo‘el. _,"
On flrat cons iderution it wou]d seem reaqonable thqt k  3a Droper
bed materihl ‘were used, and the chle rutios for velobltv, tiﬁe,and -
"discharge Daaed on Broude's Law be app]zed the mo%el won]d reproduce,‘ﬁv'
reasonably well the prototvpe bed movpment. To ﬂetermine if th]q were

true, it would be,necesgnr;;to_moln the model bed to & survey o? field f:~‘

7.._.“‘

‘eonditions, then fﬁn”thé‘$oﬁ31 to reprc.uce En average hydrograph
using the theoreticsl time and dlscharge ecnloc ror a certain tjme
interle, established by the tine: elapaed betreen the ﬂatP o"thélf}.ﬂ
prototfpe survey set 1n the model mn’q a more recent one., The Watieii_.
would be ccmpared with the model bed configurati'n at - tba en4 of tﬁéie
‘proper time to see if the model veri”ied th1= survey. Unrortunaﬁéi?;5“
.this,veylficatlmn would be_lacking-becauqa the model bed chfiguratio@: _
et would n-t agree with the'fecenf,sﬁrve&.. Thus ﬁhé e“fecf‘of:qeo:ﬁetricr
;‘ ‘“ distortisn on the molel is encugh to invalidste the ure of theoretical

-scale ratibsﬂ"In this assumed case, hydraylic aimilitude woas meintained




. to the sarrifice of bed verifiratlon whirh iv the primarv cnnoern.
The other extreme wOle be tn obtain vnrz?iration b*r ﬂxvcrving too
far from reasanuble hydraulic :1militn4e._ Evidentlv thnn, reoou*ce‘:f;;:
must be made to & procedurn' vlng with1n thase two eytrnmeq hut
.with hydraullc qlmilitude bein~ maihts1ned &5 ri?iﬁlv a~ oo° 151e e
to obtaln the most rellable vor1£10~t1nn. }L;;='.in“”" ‘ |
Slnce it is impoqqible to, uue theoretlcal qcale ratlor 1n th1~
type of" model, a cut- and-try proceqs muqt be uqed w‘th the mid’le
course Jubt explalned to verifv the model. Baqe% on lOgiC,tth :;TT
verliicatlon is carrled one Etep further by L'aving ‘that 1f' the model
- can be nade to reprodUCe events that happened in: +he prototype in'o'
the . pabt then it can be relied upon to nredict eventu which wjll
oceur in the prototype 1n the future.‘ The w1sdom of thﬂa haq been
succe%sfully demonstrated mamny timeq at the U. Su Waterw4y¢ Fxperi-‘
ment Station, but certain iactors mu t be conﬂidﬂred in mak ing the_ _'
Verification before the reliablllff of the MOdFl POr prpijctins fu+ure'
events 1s wa“ranted. These factora mav bF Hummarizeﬂ a5 Po]low%-
(1) The event of the ﬁrototype upon which the moiel ver:ficatjon SEY
based must be dlrectly rel;ted to the proble 581“3 tud"ed in the
model. Hence, 8 prototvpe flood would not be A su*tahle even+ i’ _
the model is attempting to verifv bed movement pro%uced over a- long E
period of time in the prototype (2) the orototvpe evnnt upon wh*ch
the model verificat*on is baﬂeﬁ mut reprerent actlon or 1on« ﬂura—.
tion, that is, & nav1gution wroblem requkre~ bed confi#uratnﬁn change;
developed over & long period of 1ime, not iust ;or ‘one’ xeek. ( ) tHe ff
verification event must be a repreqentatzve one, not one re<u1ting .
'-from abnorm&l flow conditionq hlch exter& ovnr a rplativelv chort
- period of ‘time. lhase factors, theﬂ &pply to the veri’i~a+1on event i‘
'itself.: One addltional factor must be conqidered whwch app11e= to
the rellabllity of the model to predict Juture eventQ—-aﬁquming the_

X three Iactora juﬂt given have been adhered to._ This factor reguires

that the proposed_plans to be‘studied in the model after verification__““
R ‘ . 28 e |




do not depart_foo wioely from the conaitioo° unﬂer'which fheimooei
was verified. Gonsequently, if the verification evant includeﬂ 8
.system of dikes and Ats eifecto, while the propo=eﬂ planw to ﬁe
studied after verlfications callod for a seriee of cuto”",, thec_f:c:c"
the reliability of the moﬁel ia greatly reﬂuced | : '  e
In the hypothet*cal veri*ication based on. theoretiral rrqle |
ratios, it was shown. that verificat:on wes imposeible._ Reﬂort muqt.f.>:
than be made to a cut—and t“y p“ocees. In determuningrin thi= mannerm‘
a set of operating conditions wk*ch will reproﬂuce 8 carefully .
selected prototype event theee factors muet be adjusted and manip— :
ulated: Discharge qcale, slope of water suriace and bed tvoa of bed
_ teriale, magnitude of time ecale, rouphnas -.Pixed bounderies,iu"
and permeabilitv of structure= (dikes jeutiee, etc ) Tﬁieﬁis‘an :;'
arduous task which takee mucb time, J?ill and pationce. Df theee
itens, ‘the time scale’ is cf considerable importance ac it af’ects

the mOVement of the bed material. It ie generally agreed at the 1'

Experiment btation and elqewhere, thnt there io no- ='ui'aabl‘l.e rational j;“rﬁjb

expression for the time ecale, that 15, the ratio of the volume ‘
scale to the diqcharge qcale 13 not valid. The empirical time scale
ebtabliehed for the verwficatlon mu«t be ueed and thi= 1:\Furth°r:i:
-complicuted as will be deen, because two time scales are used one
for running the " hydrograph and one based on the time required tojei
rep*oduce the bed configuration occurring in & de 1nite-prototypegif:
| 1n$ervai. 8 _ “ ‘7' “ ' "_ _' B
To-arrive at I time ra‘t.io one is assumed for the model
10 hours in the model equals 1 fear in tbe prototype for the period
choqen for veriflcation. Uoing this assumed ratio, the complete
fhydrograph is rn for the verification period then the model bed
is compured with the known bed " of the orototype at the end of the

veri_icatioc pe;iodf It will probably be ’ound that this procedure N

P

.«
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oversmphasizes the effect of t“e hisher atapeq becauso the movement

of tbe ved material 1n “the model ﬁur ng. medlum and Flooﬂ suaeeq;a”‘“:
moves more bed materlul than no fhe loweri tage:...Tbi -un avorable }
condition iz modilied bv u é of one or. both o;,tﬁe ﬂollownng method

(1) Vary fhé‘t*ve scaletw1th the ,tage. allawirg more t1me Lor. low;,
stages,_less for hlgh qtages or both (°) r’ecm—:ame thp q‘ope "cale e
(this reduces the Hlucha*ge "cale ul:o)?of the H "her ctaves._ If

thsze methods worx to’ "Jve proper ver éatJnn,it 13 ‘conce3vab1e tha+J’°H
the tiwe required t6- Hro”uce ver1;3catimn in the mo%el’*ci

than hn 1ength of tlme “epre°ented bv the nunber o* hyﬂrograph

cycles ulei Fo" ezample, if l“:b“ur= on thp moiel repreeent= 1 vear¢ﬁ7
on the wrototype, ard 5 cvclee o,_hvﬂvopranhq are. run fo vevva, th=n h:h

5 years on the ﬂrototwpe haVe been repre=en+ed, bu* the veri cation

‘period nay anlf be 3 YerTs “or the D*ototvpe CurVPvh U1Fd fcv ?erafica-u“ et

tion.

The effects of distort" ng 'nodel~> hav» been alwm in the d*’es’r&-‘ngi

di,cuaqlon using aa examplea rlver moﬂel- 1nvolvinr channel capacitv

und bed movement.‘ These are perhapﬂ the most cammon studies involvinpif@fj"a

iistorted models; sdme‘fiVer problems, hovever;;muot be =tu 1ed by
undisforted ‘models. Theae inelude. +he Qtu.dv of tran;:tionq 1nvnlv1ng -
°upercrj+ica1 veloc1tien,'standing wuves bacvﬁater "rnm iamﬁ_anA ¥
bridge piers or other obm{ruct1ona.- In general s*mil*tudeiaécorﬂin?=
o roughnes: mu:t be ,ollowed in treae cnqep w‘+h the 'af*o n” '“uph—. -;
nESé;(prototype to model\ cqual to tbe Gixth pcwer or thélcorle ratio.'
1f the problem is concerned n*th the form pat+ern, and travel of waveqlf_“
occurring rot so much as in rivers but as in hdrb org relative to’ back~ :
water location fo; reduﬂ;ng nave helght tken an unﬁmatortnd mrdel *<‘ :¢
used since it-i. impogbible to d stort Sur?ﬂce waveg.- Eave models Prer
:governed by Froude s Law, witb roughreq; adjuqtment qometimes requ1red

but it has been found that "urface roughnebc has only » amall influence

on wave reproductinn. Modela of tldal aTeas, wherein current i*rectiﬂn""
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ans velocities are involved, require undiutorteﬁ mnﬂel~ For Accu~
rate worl:, becausce: of;the,impa"thnce or~“roocr imulntion of. velovifv
distribution. 1t has' been found kowever,_that i the prototvn '
ares i3 rea"onably w14e and Shailow, or - Lf the~ tuﬁy 1q more con<

cerncd with uverage velocjtiwﬁ t“an w1th exect vnlncitv “1 tributinns,g" 

resort may be maie to 1iatcrted molelq with re]ntively “mall reometrica -

“dis to“tion. “Rhere- beach movem=ntx are comoineﬁ nith tiﬂal aress, ;
#eve z2ction ig inrelved ,o j;atO”thn of'*he model 1' theoreticallv:¥'
1ncorrect but experﬁenca hﬂu ahoan tHat ;1 rht Feome+r1c diqtnrtion

i 1llowab1e depeniing on- the Jlooe of the bpach sn4 the amount oA
berding of “the waves a3 they a“nrOach the area un er "tudv. Thu”':'
the distortion ==houl'q not cause, the mrdel be4ch to be on a lope

much vreater than that ‘of ‘the prototype beach, ofherwise tha.wave,-

mi;ht ‘bresk at the ﬁzonh po;;t1on on the beach. u110ht diqtortion
wou id not ln"luence thc ﬁlrection of ﬂpproach 01 thc model waves pro--:'
v1ded the prctotjne vaves approach the beach w:thnut much chanze of -
direction; however, if the waves bend apprec1ablj apyroachlng the -
beach, then dlstortlon would changa the weve . pattern ceu%ing the

waves to travel 1n more o¢5 .aLraight lJne without qu‘ficient bonﬂjng.-

i8. aelectzag 4 scale ratio. In the precedi“p ectlon bome

views were presented'concernlnv aeometr:o diato“tiﬂn ‘mention iv now‘f1”'”

made of the a¢1owable distortnon founﬂ 1n practice today. In-any
event, the. 4istcrtion us twq 1‘ ba ed on fhe_dlze o? the prétcuvpe

laboxatorf iac1l'tle¢, costo, and requirement of ;urbuleqtiﬁloﬂ andT;- ‘
sufficient trective force. ‘ a SR, e e

Accor d:nﬂly, ench prcblem dz ?iven prelimiﬂary conﬂlderation

bused on hese factors and on the natural charanteriat1o= of the ‘;ﬂ"

prototvpea themaeIVLs._ L :
For river models 1nvolving channel: capacity stud;et, the geo-
-metrlc ﬂlﬂtortion used is considerably ; reater then for movab]e bed

models. Thia is due to the fact thzt thre 4iverpence f"om Froude! =
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Law in the former 1: iens impprfqnt.thén in the lnttef,_as-lchg‘ns
the convers:en ¢f Kinetic to péteﬁtial‘énépgy‘aﬁﬂ reQSvSe;;fo'+bé'
verticel <cale, *q71ﬁ-6lo"e aqreemehtJL‘Thu% “or chnnnpl 'fb‘ie'ﬁE"
the length ~enlen muy Vﬂly from 1: <O 10 1.~ﬂ00, w‘th *Ppth :c»]qu
from 1:50 te 1:200, the d1 #ortihn v&rv rg "rom oﬂa to ten.-;?nr7
modelg ol the moveble bed type, tho maxAmum d1atnrftnh 1 uﬁué;lv
six, with. xour or lets.mo*e de"irahle.. The amnunt cF “*"frrf’ﬂn o
in any event depen{“ on thv Jhape of the prnto vpe 'tream. SIe **%é
and mhallow greater di tortirn i»-allowable (lnf" depth "éﬂucfﬁnr)
17 narrow and deep, ;maller 4i tortirn iﬁ u"ei. f-n" mHJD}r invo]v*nr
wave aﬂticn .wbich mst be unﬂiatoPted, the vralp f»fio depen%* upon
the -lze of the prototvpe rave- an‘ the mea'ur'np in t"Lnent= "-+he
modiel. For models of t*“al "Feﬁ alinr witb Pur"evf n‘rnrt‘ﬂn"-'”
end veioc‘tlez; a vmall 41ntort3 b:raquired u“ in: mrvablﬂnhed
model=, bu+ Lo ﬂastortaon i> deqzr,hle whp"evnr pn .Tble. '

19._
in Gection ls‘corcern*np hyd*aul‘ ;tfﬁ_tlrc mn”el' npplv aluo 1o r!vnrf‘;‘”'
£ bqrbcr'mOAFIS. Fherea‘ the ormer type may *nclude manv ﬂif’ereﬁt L
“#inds ol struetures requl rlng the u'e of va*v*nr teﬂhn qLe, r*vcr Pnﬂ
harbor models t'ollow n mu.e un;farm tecbn que._ Prﬂngﬂ" to cvcuv {n.
the moiel proper will. crns-“t mat nlj *n channel hape ani. a]:anmen+
bed con’lgurution, and locution c Btructures. Ponvaquenfl,, it 13  '
necessary to p“ovi%e for easy hlt ationu._ Ccnﬂideratjon.mvrt.bs ?_
given slso to the type of Yed ma r1ul ‘to be u~e1 as. previou;lj ﬂiw-ff
cuzsed, ynd in the>ca"e'opzti &1 merW"'or wave wo]e}", &' ﬂtudv = |
-required of the prototype phenomena tn place wnve - mach*nea anﬂ other
pertinent equ*pment in the‘r proper 1oc¢t\on 20 as tc rOprnﬂuce the
prototype phenomena correctlv in the model. e Ceno

Secause river and harbor modelE are much more ! exten«ive fknn

hyiraullc structure mcdels, it s cuqtomurv to pien u horizontal . qw]

vartical centrol to assist in construstion. Since B“aﬂf metﬂl tompletv




are gencrally used to form

located with re! rerence to etch othar.

be accomplished by usfe ol » ”rid ].111'q out on thﬂ ‘loor of The

The hc“izontn] rontrol

model; by using & t a:erue npproyimat.nc tho
stream; orT by ulotting
emzll scale and then n*o;ectlrp ﬂl

tracing this oro;ectivn,
the screen from. the progertor.
The vcrttcal control in all r

location of

nlaced cn the floor of model._

can ve referved to anv conVuniently located benchmark.

nethods of can truﬁtinn.= River

Mgterials U“ed an

K

bor mcdels, because of thﬁlr

20.

ﬁize, are genernlly conqtrurted

on the ground and covered bv [ qhed A trench o” quffirien*

following the Pllgnment o, the channel or: area 1nvclveﬂ.

¢ wall of brick is, then placed around the perimeter or the

g six: 1nche= or moxe nbove the : vrnund

the wall ‘extendin

sheet metal templets with wooden sta
trench, the 3tak g belng driven.*nto tha ?round._

so cut that the mov&ble bed cection ,5 omztteﬁ

'then nlaced betneen fhe

male templets. A comp&cted jill ia

templets and is covered‘wit“ 8 1ayer oi concrete to w;

so below the top of the tompleto.j

rails and p01nt vagp* are. cnncreteﬁ in: placp.

wateriel i: placed on top of

- model. This is molﬂed 1nto shape Nitk male

ported on the previoualy in%telled
Other methods of forminr topogrhphy mey
methods being us ed both in hvdrau

altbnugh the above method is cu&tomarv for rlver mcdelc

the h"draulic siructuwe models

the pump and supply thEm,

.33

”urface.

the PhQHHEJ», t“cv muw? bP properlv _

mav.

nenterline nf the
the locatlon of templetq on & 0?14 to n
ir drawinp on to B qcreen end

uhich can be made full model size bv nroper

Th*q tracing iq then

q‘._. s

“and_ har- :
aiééatljfffﬂ
width g S
fA reigin-'t
t%enéh;:_-"k

r‘wg;e_ f'

mev a+tached a re: pl1ce% in: the ;‘j1 '
Theﬂe tomplet» ere.
iater tc be molded bv -

femele

thwn Pn inch or
At the Lame t*me, nunportﬁ for vide‘y
Tben tle movpble.hed -

the cnncrete laver in the bottom of the Q:
templetf TQrateH anﬂ :up—-':
qiﬂe ralle or-*eference‘"ail,.*;f.f
be - 4"ound in Tahle I, Qimilar

1*c ﬂtructure« anﬂ v-ive'r modelv

"°imil&r to
the elements o’ a- “*ver model 1nc’ude

a ?orpbay with ba’ileﬁ_’or qtillinn the




water entering the model, a flumo, box, . or a. prepnred trench in the
‘ground for contu*ning the model, u tranqver~e trough to trap ‘sedi-
ment, and & tailgate ror regulating water %urfuce elevationq...-'

Harbor models are . constructed in a manner qimilar to river models,‘.
.uith the exception of tha movable bed section which jq uqually not
required in harbor modela. Aocordinglv tha concrnte top coat i3 ‘ :
molded to ‘pProper. configuration throughout the model.‘ When, however, t“
shoaling 1s involved this iq provided for by adding a quspenqion of o
the bed materisl selected. e

fhhen 1t is: not possible to construct river and harbor models on
the ground, & suitable shallow brics~wa11 Flume e’n be formed direetlv
on a labo*atony floor,_ For omall modelo, a: metal 1ined woodon box or

flume 1is sometimoa used. o

21. Testing procedure. For river and harbor models, the testing

procedure is divided into two parts: verification and test of proposed
improvements. It was noted in. hydraulic structure models that verifica- .
tion 15 not of primary 1mportanca becausa tHP Froude Law is maintained |

within close limits, "8G a check on coefficienta«w?olocitios, ‘and water

surface profilos is usually suf*ioiont.- In prsctice, 1t is rarely neces-ii.

sary to consider rerification wbich is usually 1mpos%1ble anyhow bacauqe
the prototype is yet to be built. In river models, on the other hand ‘
it has been shoun that distortion roquiros a: check on the accuracy of 4
tha model for reproducing past avents and for predioting future eventﬂ.

The verifieation of river models is accomplished by, adjuoting the time, S

velocity, discharge, and: roughnoss scalos until water surface profilos‘
~and bed load movement in: the model aro compar&ble with those in the :
prototyps for s saloeted time interval. This requiroa prototype sur—‘ .
veys for two differont dates and of sufficient time 1nterval to furnish _'
average conditions of the prototype If, during this prototype interval

between surveys, any dredging or change of structuros "CCU“%, such




occurren&ﬁ must be 1ncorporeted in the model teste at the correct
time. 1In addition, bed ‘load: material.must be added at the upper
end of the model to compensate for - the meterial waehed out at the
lower end. _ . ' SR AEE
Upon verification of the model and the obtaininp or adJthed
scale ratios, the model bed is replaced to repreqent present condi-‘jj.

+ions. and the proposed regulating works nre installed. A test iq

then made consisting of &. rumber of runs, each nf which reproduces i;‘i”

once, an Average hydrograph dbtainad 'r°m the Yeﬂrly hYdrugraphs used ffi"

during verification. “The number of runs required should be sufficient
to produce stability of the movuble bed so that the test will qhow '

the ultimate effects of the regulating wnrkq being studied.u The . model o

‘values of" discharge and tailgate regulation necessary to produce cor- EERR

rect ctages for the nverage hydrograph used, are obtained from the i S

model cenditions established during the verification teqts.' The prdto—-

type stage curves for varinus pratotype gages are- uaed 1o select sta~es_j

desired in the model at correspondinv geges._ This nrocedure eliminates

any errors in slope or discharge rhich might be caueed by basing model
oparation on gage heights influenced by the installetion of propoqe&
works.

Bed . material 15 introduced into the upper end of the model during

each run of each teqt, and surveys of the model bed are made at frequent -

intervels to show the progressive and final resulte of the various teqts _"‘

mede on the proposed regulating vorke. These surveyq are analyzed and
predicticns as to probable effects of each plan made. In this regard
it is realized that a quantitative interpret&tion of the reqults of
the model tests is inpossible becauna of the meny factorq introduced
by dietortion of the model._

In harbor models, the procedure follo-ed is quite similnr to the
procedure for river models, except .for. bed load novement. Since harbor

models deal primarily with tides and currents, by proper design of tide




controls in the model and by proper adjustment of rurface rnuzhnehq,
the model is made %o reproduce the tide and currentq sm-veasref1 in- the
prototype area. With verification establiqhed ‘the preqen¢ uondition
of the prototype 1s set up in the mndel sn: data'collected of itq I_c
e*formanca with no imp*ovement works 1nqtalled. qung these datn_;V-l‘:

g8 & source of compariqon, lmprovement worxq BTe. then installeﬁ and

tested. Finally, & study 19 h&uﬁ of the variou' lans teqted to 6eter—‘gf

mine the proper plan to fcllow in the prototvpe.n . “‘“'jf' L
22. EReport of model te“t=.- Ther tatements made in'uectann 16

genarslly apply to any technical report on moﬂel te:t ' Reportq on
model studies of rivers and harborg psuallv, o nece%ﬁitv, include lle w
more data in order to show the quality of the verification and the
relative events of the many proposed plans stud*ed. 4 ceneral outline :
for these reports usually *ncludeq introﬂuctorv statemanga; .ollowed
by the main text aivided into qeveral partc covering the prcblem an‘
purpose of the mcdel study, the model adjuaument arﬁ veriflcation of
the model, tests of propoaed improvement planq a:ﬁ conclusicna.lu'_
Photographs and meps ‘of bed configuration accompany the tert.: The _
inclu81on of what mey at first seem to be éycessive data is juqtified
in reports 01 model atudiea uhen the designinq englneer and the labora-"
tory which conducted the tests are 1ocatei some distance aps*t. Where‘l
more direet collaboration is possible, it i= believed that only dnta
aufficient to shﬁw raasons for canclusions and sama intermediate steps l
are raquired. " ‘ : |
| TURBINE HODELS : _

23. Gener&l. Hodel tests o hydraulic machinery are, devotad
ulmost entirely to turblnes and pumps, but occasionally tf‘ts are maie
on large reguluting gates audlm:‘ frequently on regulating VElVBo-_-"
The increase in the development of power sites by the Government has
brought about great incresse in the number of tufbines and regulating

valves. Irrigstion and water supply expension has prohuced large
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inqtellpt*one‘of.pnmpe. As a Tesult; the manufecfurenf have. hai. fo' ._ |
meet 3peci’ication" and furnich’ nech-ne"v not onlv in 1erpe quenf*tzeﬂ :
but «lso in eize"'not herebofore %eveloped | To meet the npeci“icn*1~nr

tabliehed_ it hag been neceesarr to conttnue enﬁ to 1mp*ove fhe r
reeearch by model studies Accordinwly, conuxderetion ia not nnlv

- given to the performance and guaranteed efrioienrv.whut te ts are

mede to establish operating cr1ter1a nece 4ery_for.bewt_efficiency‘*

and minimum effects of cavitation. 3

24. Use of model It hasg been known ”or manv veaTs thnt teetc

of small turbines cen be need to p“edzct the perrormance of: Jnrper_:‘.“
turbines If the two "re homologoue Reiuction of quch feet-dnte to‘”
unit head makee it convenient to etuqf +he cheracterift*cc oF eny _
wheel, and st the same time to Petabljeh its performance under 41?-

ferent operutwng conditions, When ‘*eld te"te wers, firet made of
turbines, horever, and the*r performance compnreﬁ with "tuiie* maﬂe e

ol their modelﬂ or homologour wheele,’ t was found thot the agreement
between efficiencies, in perticulav,‘we not as close u* de ‘reo
Accordingly, it wase customary for the manufecturnrq to obtn*n an
"experience" curve, whereby the model preuiction" of e”"ic*enr eﬂ:g:{:?
ware nodified suificiently to eeeure the;r setl;ﬂyinn fhe efficinnﬂ*er-f
guaranteed for the prototype.' In 1925 the Moodv °tep«up ormule W&a‘i '
developed ag an’ aid in predlcting prototype e ficiencv ‘rom the noﬂel
which took into account the reduction in losses with increaee in =ize,;f'
and thus provided for an increuse in prototype efficiency. The neeu1t°?
of this relation muet be modified nevertheleas, eomewhet bv "experi— _:_
ance" curves. Although this ormula eppliee only to the peak o’ |
afficiency of a model, it 15 cuqtomarv to obteLn ePficiencle af o’f; -
peak points by adding the" increment of efficienqy obtaineﬁ et the |
peak to the model efficieucies at off-peak points. The-Hoody formnie
has been found to give good agreement in complete homologous moﬂele

from field tests for small and nedium diameters, but for lerger unitse

the etep-up is ectually less than that given by the Nrody Pormule.
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In turbine testing, it is not nacesﬂary to think’ in termﬂ of a

scale ratio or of the Froude Law, which are so frequently thought of

in terms of other typos of modals already discussed. %cale ration
ara not selected in tha manNnerY previouQIy 1ndicated but are mude to .
follow, that is, it is customary to uqe approwimately an eleven—inch
or sixteen—inch runner in turbine moiel° regardleas o’ the qize of '
the prototype, so all other’ dimensiona are. reduced nccording to +he o
diameter rptlo. Tha qize of model runners haq been selected S0 as o
not to require too large a wate* supply, dynamometer, qn% appuTtenant

parts of a turbine. In regard to: Froude'" Law, it is not used in the

form usuelly ccnsidered that *3, the velocity ratlo equals tHe sauare i‘:

root of the scale ratio.t Rathe* ‘all test data of the, modal are -f
reduced to unit values, that iﬁ, the discharge, speed arﬂ Dowar ‘are’

reduced. to threa for a one- foot heed by dividing bv the qqua“e root

¢ the test head the disch&rge and, spead- and dividing by the three- '  i

halves power of the te%t head the power. In addition, the data may

also be reduced to tsrms of 8 unit wheal so there reeulta A chnrac—rﬁjif”"

teristic curve for u wheel one inch in diameter oporatinp under a
head of one foot. Then for any homolobouq wheel it s nosqible to i

establish 1ts performance for any heﬂd or the corresponﬂing gate_j

openings and speeds. Thld procedure has been ampli“ied bv the develop~ f;

ment of the Noody . step—up ’ormula using modificatlons of predicted

efiiciencies as a ‘actor oi safety‘ Accordingly, thp model data 15,' ‘ 

expressed ‘in- terms of un{t head for the particu ar size o runner uced

in the model, then the Moody formula 16 uqed with the resu‘te tempered o

by experience. and judgment.-

Since the efficlency of the model 15 50 vital because of it= use

in establishing the prototype efficiency, the model shuuld reproduce -
all water passages of the prototyae, that is, geometric similaritv is

rejuired; the model . roughness migt be kept to a minimum, and all partq
mst be carefully macb‘nad ard installed.
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25, Comparlﬂon witb other tfpas of model teet “The téqfc per-

formed on models for turbines are: more or less qtandard thqt iq,
characteristicq are determined and cavitation stunieq made, ‘the -
primary purpose being to develop a high operatln efficiencj anﬂ
‘operation. criteria to reduce cavitation.‘ In oontradt to. hydraulic“
structure, river, and harbor modals, hydrau*ic maohinery models ATe

quantitatively more’ reliable- furthermore, the efficacy of variru:

designs 15 not based: on marely observation ‘as iq done qometimeo with

the other typeu of models. - SRR _

The 1abo“ntory and instrumentation requlred or'hyﬂfooiiowmochin-:;f
ery mo*el tests is more - al&borate than ‘the equipment needed For moﬂel .
tests of hydraulic qtructures and river modela.. Preoiqion and accu—
racy are more 1mportant, since Y great deal depend= on'a vnriation ar "
afficiencies by even less than one percent. Accovdinal'; thebe
1aboratories‘uaua11y wo:k.for.an gccurdcy o;‘ono‘percent or le':s.= The
egsential features of °ﬁch ﬁllaboréiory'ioclode é‘oloﬁeﬂ circulating ' 
svstem in- which the head on- the model may be varied and ap_tho same- .
time, produce differant sbsolute pressures on the runner bléééefﬁeoos;Vb
sary for producing. cavitation in ‘the model.- Bebideq the usual mercury_‘
gages for recording preﬂsuras and diqcharge of venturi meterq; a
dynamometer is required to measure power outpu+ and to regulate speed
in model turbines. S G : ‘ "

26. Construction of model. kg previously men+ioneo, turbine

models ure usually made with wheels between eleven and siyteen 1ncheq g
in dismeter. “This est.abnuhes the seule. ‘ratioc,’ which 15 of 1jt‘ble
importanoe. Furtharmore, ‘the 1aborator? ia'decigned to teqt modelq -
within a certain size 1im1t, 30 it iq merely a queet!on of making the
model deaign conform to the laboratory equipment which receivea it fof
-testing. As far as practicuble, all water passageﬂ are’ accurately repro—
duced in the model with friction of ‘the model kept to an abuolute minimum
.Bronza caatings, carefully machined are used for the rupner while the

scrollcase is mede from welded plate bteol, the former baing ehaped to
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templates, the 1atter dje—precqed. a5, is convenient er prnctieal to

do so. Draft ubes are either made *rom transparent material oT- ’rom -

plate steel with an observat*on wﬂndow provided at the bend: of the ;‘,”'

‘tube to permit stroboscopic analyﬂis of cavitat‘on and ohearvation  :
of flow. for: excellent ptcture" obtained in thJE mannnt, Tha reader
is referred to Transactionﬁ-A. .M.E., October 19&0 '“Cavﬂtatuon of
Hydraulic Turbine Runners," by R E. E. Sharp. _j)f“

?7.. Teﬂt*ng procedure.‘ The- procedure in makin@ complete testa

4

of the model is, first, to: detarmine the efficiencv characteriqticq,
and then to study the cavitation phenomenon.‘ The e’fic ency teqt '

requirec measurement of the head, speed, powev autput, and discharga. ﬂjlﬂ 3

A value of phl, ihich iz the ratio of tho periphernl speed of the
‘runner to the theoretical spouting velocity of the water unitq in
feet per second, is conputed from tho hoad nnd speed readings- the s

power mnd discharge aTe changed to unit values-‘tha ef¢ioiency is com-._i"'

_puted° and thesn valunq plotted against phi. ﬂhen Kaplnn or: udjustable
blade turbines are being studied the blade angle iF also included by
making ef‘iciencv tests for given blade angle at correspondjng Eate
openings, and for various combinations of head and speed to cove, the :

decired range of phi valueg corresponding to prototype =peed and head

conditions. dlth tkaae dats for tha ziven blade anglas, the ef’iciency,f

power, and discharga char&cteristics can be obt.ained for var‘lous *'alue
:of phi by crosa—plotting.‘ In the:e testa, high valuaa of sigma, the

‘eavitation parameter, are tested to eliminate mny effects oP cavitatlon.?:\ 

‘A study of. cavitation in the model ostablishes a proper turbine a

setting for the prototype and its operating 1imitq in ordar to keep

cavitation at 8. minimum Haking u;e of ‘the. fact that *avitation radnce%t

power apd increases discharge w1th &: resulting drop in efficienqy, the

‘above teats sre repeated for each blade angle for adjustable blade

' propeller turbinss or for: various gate openings for Francis type ‘_

runners, by selecting three gate openings for -the abova testa which

bruckat the . best range of operation for rixed bladu runnerp, or_which
' A0 .
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bracket the best combinetion of hlada angle eud gate for Kaplan ‘

turbinee, at eact of four or more valuee of phi covering the deeired

operetlng range.‘ The same meesurenents are takan in these tea ae)‘e 

for the efficiency tests. At each gate opening, the phi value in :”f
quantion is ‘held constant by. vanying the heedwater and teilwater o

change the retio between dreft head and- total haed. This variee the

Thoma cavitation paremeter, igma, which 1q given as
| . Kg _Hy . Hp . -
o= . B ‘:V ‘ D -

"'”HT : :

where HB = baromater pressure, feet of water
Hy = vapor pre r'u:re, feet of water R
Fp draft heed, from center line of runner
‘to tailwater : . _”" o
BT = totel head ‘acting on turbine. |
It iz seen in this relation that .as the draft head HD
while the total head iz constant the valne of eigma decreases. By

lncreaaee,‘ .'

plotting against sigma the unit diacharge,_unit power,_and e’ficiencv
for the three selected gate positions, it will be noticad that for ‘

- ‘higher values of sigma the efficiency, power and discherge are con-‘e
stant, but where sigma iz reduced below a: ce*tain value the power and
afficlency drop off, while the diqcharge increases._ The value of -
gigua at which this change occurs, i3 celled the critical sigma for
a given set of . operating conditionq, arﬂ.iq the point at which caVi-
tation eterts.' : L

From the d&td -80 obtained and plotted againat eigma for various

‘valnes of phi and blede angle or gate opening chosen, the veluee of;
unit discharge at. peak efficienoy and the correeponding value of ﬁ
critica sigma are plotted end lines of . conetant phi are nbtained.?
'Using these curves, lines. of constent phi, it is posqiblﬁ to deter—:
mine the proper elevation cf the ‘turbine above the tailwater and
also to determine the s&fe load which can be carried at heads ofber
than.ﬁhe:rated head. After it has ‘been eecided.whet ‘the prototype
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turbine diameter, speed and. uuximum output at rated head will be, L
the unit discharge ‘corresponding to the maximum output at ratad |
‘head is determinad and used in the ubove phi- curveq to e tabliqh '7 e
the critical si.gma for the value of phi at the rated head.? aubstié fo‘i”
tuting this value of nritical sigma intn tha Thoma relatioo for sigma,
the allowable draft head mav be computed As k3 fantcr of sa’ety, 1t
iz cuotomary to aet the turbine runner & certain amonnt below thjﬂ R
value, say one to three faet. 7 o ‘ ' i_- ' : | L

In practice, it 1s cuﬂtomary to uae two va]ue" of.sipma, one for_ 
the turbine, juat deucribed and one for the plart, 1hich is. tbe effec—:.~foﬁ
tive sigma computeﬁ for tbe inet&lled unit. Tbis 1atter vnlue, aﬂ'
can be seen from the Thoma relation, varie .with the headwater anﬁ
_tnllwuter, ihe uarometer pressure, ano vapor prassure. If tha plant
sigma 1s ever 1esq ‘than the critical qigma determined from the moﬁel,_..
cevitation weuld develop. Hence, after the turbine aatting hnq been 5‘  ’
determined the plant sigma values are computed for the varicus R 31 'fo
opersting condi‘bicns expected" atﬁ from t.he curves of‘ conﬁtant phi | .
established from the model tebis, the allowable unit diqcharge 15 ?
obt&ined from which is computed the allowable power output. If these o
data are. plotted to: give cousthrt power lines for headwatar and tail-

p——

wuter elevation, the plan operations can be gu¢ded to operate the
units correctly. - | e
_ It is cu~tomary 1n some laboratories to use the break in the unit ?
discharge-sigma curve to obtain critical sigma-; If on the other hand :
- the efficiency and nnit power curves break 80 aé to give a h*gher sigmai
than the unit discharge curve, the higher value 15 used together with
the unit diacharge for that v&lue. Hhen ﬁnch a oondltion es thls -
oceurs for a particular runnar, it 1q believed tbat local cavitation;
is occurring which iz not sovere enough to affect the unit Hiqcharge
until & loter value of sigma is reached. This failure of ‘the r"i_mna

break ﬁoocoincide is indicutive of improper design at some point,
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which induce° local cavitaticn to take place ahoad of the general
cavitation which elfects the unit discharge break. : S ] _
General cavitation is the reeult of the lcwering of preeeure _}'f
in & turbine. until the. preasure at some point, or over a certain area )
of the turbine bledes, 1s equal to the vapor preusure of the wate‘.:f;:e
¥hen this occurs, general cavitation is unavoideble regardless of how |
well the turbine is: designed.. But from: fhe model test it is p0ﬂsib1e e
to set the runner at a correct elevaticn to pvevent.general cuvit&tlon, 
or make its occurrence remote. Lccal caV1tat1on, on tbe other haﬂd
is exceedingly difficult to eliminate eltogether._ Experience haq [
shown that 1mproper deeign will permit local cevitation even though
the pressures in the turbine are abcve the critical. For exemple,-5*":
local cavit.etion hae been caused bv too abrupt mrvmture of‘ the blade
surfaces, reversals in curvature in the direction of flow, roughnees
of small obatructione, excessive rumner clearances, poorly designed j]h
wicket getes, gates overhanging the throat rlng at or near full open~ \f 
ing, improper shape of stqy vanes ‘or vanes at 1mproper angle to the 3
fiow, apd poor design of. curb ring, hesd cover, ‘and scrollcnsa. 5
With all these possible erroTs,. together with tHw fact thet it 15 _
not always economical to use all of the mergin between plant and tur~‘*
bine sigma required, it ie neceesery to preweld portienq nf the runnar
‘with 18-8 stainless steel, particularly for units nperating under \
heads in excese of 50 feet.» ' PR R E BE g j e
it is interesting to observe that each manufecturer usunlly has ik
-his. own te*ting 1aborato:y and zeelously auerds b1= design deta and
results of . model testb.: Competition.ameng turbine end pump lauu-F ‘
facturers requires much ‘secrecys:

- PUMP MODELS

28. General. . As with turbine mcdels, current engineering praotice s

- demands that the performsnce of pupps,ehould be studied by teeting 8.
mcdelﬁpump, geometricelly'eimilar. ~The use o‘ the model data 1o predict
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grototype performanca 1s, ao in turbinsf referred to unit qneed
unit, discharge ~but spccifieo Speed inctead of phi. Tha flor ocndi—.
tions in geomatric&lly similar pump% are, 3ccordinr to Frouﬂe'v Law,f' :
gimilar in simil&rly locatad pointa, thus maintaining dynamic o |
simllarlty. The Raynolds number iu. therefore, not the same in the‘ .; L
prototype and model. Hare again, it is consldered that thp *nfluencczﬁi
of viscosity and the relative roughness betwaen modcl nnd prototype “ 
are not of particular significance, but relative rcughneaq does influ;:*fc
ence the setup of efficiencios as taken into account by the Mcody _
relation, which is also used in the qtep—up of mcdel pump efficﬂanc5EQ.:' 
In turbine mcdels, 1t mas ncted that tests 1n the 1aboratorv are _ 
made in such a way that the . range of phi in tho model is the same av'“ )
in the prototype, in pump teots tha specific Speed is uqed insteaﬂ
it being defined as tha speed - (rpm) of'a pump of sueh’ aca*ze tnnt

1t will deliver one ofs (or ona gpm) under a head of one foot. ‘In5_ u‘ ‘
o the model tests the model head may or ‘may not 'be the came a5, +he
'prototype head, other. factors, such as discharge anﬁ speed being A 'rxﬁfﬂ;fg
adjusted to . give “the correct valueo of speci";c speed which mnana“ s .
" the model pump 1s run, mach ?aqter anu with lass diqcharge than the:
prptotype‘pump For any qeries of testa the head nnd capbcity atcﬂv‘
which the'maxinum ef xiciency is obtained are usad for computing the ?&;'
speciflic speed of the model pump.” : BRI S .‘ IR :
‘ 29.  Use: cf model. In large pump inotallations such a° thcse

for the Colorado Rivcr Aqueduct and the Grand Coulee Da-, thare a*e _
" no similar inat&llationq which may be uaai es a guide in the deﬂigﬁ,_

which is usually possible on smallar installations. Accordingly,

the designing engineer ‘wants to know the fallowing* (1) thuld the Ll
punp be cantrifugal (double or single suction) or of the propellar
type; (2) what 1s the proper rotat on specd (specif c spaed\' (3)
intake pressure to avoid. cavitaticn, (4) porformance of ‘pumps if .

power 1S_ﬂuddenly shut off; (5) control equipment nocceagrv; '



{6) efficlency to. expect, (7) changes necessary 1n proposed dasign
ﬂto {wprove efficiencies._.When resort is made to model tests, &
reagsonable. assurance 1a given to the engineer that his questionqakf?Jf
have been properly ansaered. The pump afficiency 1s: of vital 1mpor-.ur:
tance to the owner' regarding.tha cost of operatlon over & period of
years, as well ao the manuracturcr supplying *ha pump regarding any
bonus based on ef ficiency. S ]‘ ‘f . '[‘jf"‘g s f".. L

30., Cavitatlon teets.' The pump settinp anﬁ operatlon must be

carafully ﬁelecte to eliminate, aﬂ much as poaslble, thc ef’ectc of

cavitation not only on ‘the machine itsel but 11%0 on. itq efficiency ff‘KH?

over -its- normal operattng rangc. L _ L 7‘
Ina manner similar to the cavitation tests prevaJSXy described :

for turbines, cavitatiwn testq ‘are made cn pumps bv operating them at ‘

a constant: capacity and - °peed while ‘the 1nlet heaﬂ 10 decreaeed gradu— SRS
ally. until cavitation begin:. : This is noticed b’y abmpt drops in _‘_‘ ' .

f’iciancy, head and discharge. From such qtudies, the necessary !
‘inlct prﬂaqures are derived. which automatically determine the excava—‘r

tion necessary for best oporation, or checkq may be made on aettings '
already establish&d. In thesa and’ the character1=tic teﬂtQ, 1t is

necessary to meaqure‘speed torque, inlet anﬂ dischnrge pressureq, £ﬁ 

and rate of Tlow. _ B ﬂ ' j.“ S

The cavitation characteri stics cf 8, pump are aleo correlated _

with the Thema. parameter sigma Extending cav*trtion test resultcl;'?

to other similar pumps may be- accompliohed quite readuy 1* both

model arnd prototype operate unde“ the same pump heaﬂ. Thuq H3 ’ thc,
suction head,is the same for beth therebv obtaininb the rame condi-. .

‘tiona with respect to cav*tatlon.. In this step«up, with ‘both model
Cand prototype oreratlng undor the same head all’ m=chine e fluid
. veloc:ties are equal to. each other at 51milar1y located: pointﬂ in: the:'

o : © two pumps, while all water»passages are changed in the model accord- -
ing to cme fixed ratlo. In another case, a.generalizaticn‘of.“thq 0

first'and the mors common type, occurs where, in addition to changing:



the water passageq according to a certain ratio, 61l velocitjeq

et similarly located pointq are changed acoorﬂing to ancthﬂr fixed

ratio. Thus similnrity, both geometric and 4fnam1c, exiat%. It

is only under this condition that aimple and reliable conclueions

/_ﬁg can be drawn for the performance of geometrically qimilar pumps or ;:

S of the same pump under difierant operating conditions.,o“jo . __Aj y

| In order. to 1nc1ude oavitation characteri1ticq under thiq morelf:iN5 
rigorous simllarity, it is 1ogical to expect that oavitation will
commence in. the fluid 1n the pump when at some point the prasqure

has reached the vapor presaure of ‘the - ’1uida If thiq i: true the

difference in total head between the section pipe of u pump (cor- o
rected for elevation) and the point o, vapor pressure, muqt equal

the net vuction head, HB, (the total suct*on head' above tha vapor _.;gv#”

: pressure of “ the Fluid including the velocity haad in the qurtion S
pipe). Acoording to the similarity of: flow conditlon all preequre Q" _
or head. difference inside of geometrically aimilar pumpﬂ will chmage {‘o;‘;: ¢
proportionally to the square oi‘ the velocities a': lonp &8s’ the flow | 0
conditions remain similar. 'uince with cavitation, the net suction:'
head, Hg, actually oxists a3 a; head differwnce insiﬂe .0f _the pump,-“.u
‘then in geometrically similar pumps H 1s proportional to the " j*
square of the volocitv (any suitably chosen Tluld velocity in- the ffEl

pump) . Likewise, the total head, H, is propartional to the qquarei_:fo':
of the fluid velocitites in sinilar machlneq.‘ Thus, H and H arel"
proportional to. aach other aa long as the. flow conditions are similar".:
but for geometrically similar pumps the specific npeeds are “the. name, L
if flow conditions are: similar. Hence, if the Thoma parameter, sipma f-?
(ratio of Hg to H), and the speed ‘of the ‘pump: are held conqtant,.qimi—";_
larity is maintained with respact to cavitatlon, so test results can -_ow
be extended from one pump to & similar pump.

The flnal case of extension of cavitation test resulte ﬁeals with  '

similar pumps but with different specific-speeds. This is a matter_of
finding some theoretical approach for calculating changes of sigme as e -
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a function of-the qpcci!‘ic qpeed. “So- far, a riworouq ﬂolution has
not been pos ible, tut reqort may be had to an approximation in SR
ahich a "suction" specific speed:ia ueed, :;iz 5EMC::§;ZZ_ anﬂ for
extension o" cavitation tent rasult%,'u ié held constant for pumpq
with qimilar inlet p&s,&gpq but ¢f di‘ferent Speci”ic speedq., Thin

i3 analogous to holding qigma ani npecific speed couqtant.a

31; Eodel construction anﬂ laboratories.h Mnrel pumpv are
usuelly made by the manufacturer aucoriing to stanﬁari practlce 1n
use todsy. Comp&red to the rela 1velY simple wooﬂ anﬂ aheet metal %3f‘ff
construction of other tvpeQ or hydraullc modal ; pump an "
models mst be maqe of castingb; curefu¢ly machlned thus muklng
these models more expensive. : B “ T
Labor&tovy facilitieq for testlng pumps are indeed aytensive .
and require careful planning and utmost accuracy.: Probablj one of s
the best equipped pump teating 1&boratories is found at the Callfornia
Instltute of Technology.‘ For a description, the reﬁder 19 referred
to an article by R T. Knapp, "The Hydraulic Ha*hinary Laboratory at
the Celifornisa Institute of Technology,“ Tranqacticn A.S.H.u.,
November 1936.: : : L ;_' ‘ .  T 3
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"Observed Effects of Geometric Distortion in Hvdraulic Hodelq“” |

by Kenneth D. Nichols, Proc. A.;.C.E. 1939._ e _ |
"Hodel Study of Channal Imp*ovement an& Stablliz&tion in

the Pryors Island Raach of the Ohio River," Technical Memorandum

No. 107-1, U. S. Waterways~Exp9rineht Station, Vicﬁ#burq,‘

Mississippl, September 1, 1938. -
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CHAPTER III ~ H'!DB;AUIQI:C' ubnEL. TESTS - O

INTRODUCTION

33, Geperal. In the foregoing chapter, enpheeie waq placed
on the basic consideratione in adeptinp e model to e problem, the ”:

model design and cnnstruction, nd testing procedure.‘ In th1q fff" S

chapter, examplee cf ectualimodel tests will be given, as obeerved

in rome of the hydraulic 1eboretoriee in the United Stateq, Jo‘ﬁ~“-= :

illu- trﬁte thiq type of reeeerch, es well Bs tc shcw the neture of |

| some of the problems confronting the hydreulic angineer todav.=‘w‘f"‘

FRIANT DAM

34,  The Qrototgpg. This model etudy ie selectad bnceuse it
is repreqentative o, the qtndiee mede 1n the hydranlic 1&Horatorv'le
of .the Bureau of neclamation Denver, Golorado, 1n connection with
~the Bureau's: pzegram of conqtructing 1erge dems in the Weqt For
1rrigation projecte. Thiq study iq also selected becauqe of the‘?
many different models which were made and teqted before &11 the
.hydreulic problems could be eolvad.' It s necessary to be hrief
in reporting on this model qtuﬁy, so much 0; the detail will be
necessarily omitted but annugh material will be given to Jhow the
laboratory practice inVDlved end the results of the teqt ‘ __'H?'

“The Friant Doa. gn the upper: San Joaquin River near Freqno,‘
-California, is the fnurth 1argest dam built by the Bureau and iq
the fourth largest in the United States._ It 1@ ona of the major o
structuree of the Central Valley Project being 286 Feet hiph and
3,300 ?eet long, of the straight grevitv type (Figure 1). The water

stored in the reeervoir will supply: the Friant—Kern and Madera Canel«

which have their headworks at the dam. An overxlow upillway controlled'

by three 100~ by 18-Toot drum gates is located in the center section
of the dem, the maximum cap&city of the spillvway being a0, 000 oecond-
feet.
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35. Crest calibration. 1 25-scale model. The firét'modél"
was built to study tha discharge capacity o; the crest with the

drum gateo at varioua positiona &nd to obtain preqﬂureq on the

crest and. drum gates, the lntter to be usad for eatimatinp hinga-.f;'fouﬁ;

rin roactions. Tbis model was bnilt to a qcale of 1: 25 including.}ﬁ

only a 50 foot (uno~half) section of one gate. The modol waq con—fﬁu°'""

structed of angle- iron frames cove”ed wlth qhoet metnl nnd placed“:"'

ine metal—linpd flume’ two foot wide and siv Peot deep.: The Eate oo-,‘,

was made of iron bantq covered #1th dheet metal. & head gage wnllo] 0

wa s attached to the flume and piezometerq were inqtalled jn the

gate and creut to obtaln the de tred preaeure dlntribution on a:

given protile and for the’ gate in oaverPl rai@ed positionq.lﬁ g\;ﬁof
It was concluded from thees tests that there would be no “d

negative preoeures on the crest profile for oieoharves up to ﬂnd

including the maximum of QO OOO 1econd—”eet'-the pillway crest if’f

will have adequate capacity fnr handling the desirn d scha“gos- anf'1
that the model calibrition curves abould prove halpful in- determin—

. ing the magnitude of floods ‘pas: ing the. dam after itq complotion.,&ff:ﬂff'

36. Qtilling,pool_ ,l 24 scale model.” Tha second model of

the Friant Dam was of’ the sectxon&l tvpe built to o scale ratio of
1:24. The purpose of tﬂ*b model was to deq1gn in the 1aboratory a

satisfactory hydr&ulic jump Jtilling pool at the toe of the dam.,
 As mentioned in- Chapter II, 1t is frequen 13 necesqarv to uqe large
qectional mod—ls 1nstead of complete modelq because of‘the qize of |
the prototype, the laboratorv space avajlable, and becauoe more occur—i'
ate results are possible on large models, oince flow oon'htionq are dh3

more readily observed as to effect of changev in deqivn., Thiq model

represented a prototype width of 90 feet equa‘lv d1vided on’ each Qide i

of one 12-Toot pler. Since the st1lling pool. was the only coneern,
the crest was buil£\h  correct shepe omitti ng the gates._ A 1arge

heud-box was used as a reservo;r with the-creat-sectlon cut_into’one

. side pear the top of the box. The spillﬁay‘ottaohéd'to thé crest




was made from ‘timber - bents covered with sheet metal, and extended
to ‘the flow of . another metal—lined box containing the atilling

pool which wne formed from sheet metnl bentq and covered with sheet

metal.‘ The flume or box containing the qtilling pool had one side made_ '

- with glass. oanel to psrmit observation of the floor. ‘['7"’*”~ -
Becauae the agreement between the tailwater and the haight o“
water necessary- to form an ef“icient hydraulic jump was 1 ckiny, “'
resort wus made A1n the study to the uqe of &' ¢ 1('.»;31:1(:r apron in the. |
stil1ling ‘pool floor.f Thls expediency produced an apnroximate but
clo‘«e abreement between the t&ilwater curve and tI"e jump«heial"t
curve. "To obtain the r'ot*rect alope of the stilling pool ]oor, ‘
values of d2, or. height required for a jump, are computed fc*‘=e§-
eral : ivcharges, incluﬁing the maximum,' from the wellwknown momentum _f }
formule of the hycraulic Jump. Then assuming the length of! jump iq.
4ds, ench value. so obtained iu laid off as abﬂciqsaq‘from a re”erence ,
polnt. Above each polnt 1y plotted the correwpond*ng value oA tail—\_'_‘
water establishing the lines of tailwater alevation for ea*h ﬁischa*ge iJ 
selected. Then at: eacr of the=e points as a. center, an arc is swung
having a radiuﬂ of tbe corresponﬂing dz computed A line tangent to
these ares gives the qlope of‘the apron as shown by Figure 2, wtich
illustrates a similar procedure uned for the apron at Shasta Dam.wq:ﬁu'
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ineluding the rloping pnrt, WE T *nun% to be 250 feet mEF:UTEJ from
the Jnter"ection of the face of thp d&m and tha lop*ng ‘apron, fo*

& maximum 3ischarge of 90,000 vecnnd«feet sq "hown by Sec#ﬂon ~D;V

fFigure 1. Al"oll"_:lll 1ocsted at the end Df the epron 10 roet WSdeﬂ:': 

and 3.25 oet h*Fh #ith un. up t“eam alope of 3 1 ue* found to give
eycellen+ prévention "rom ncour.w Figure 3 how the hydrapllp ump ;

at the mex i mum ﬂiuchurge of 90 OﬂO ﬂerond feet.r,

FIGURE 3, HYDRAULIC JUMP ON oL OPING APHON
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A typicul scour teqt consiatq of o«tabli hinp a pro”ile "
in the sandbed down tream from tho Ppron, ropreﬂentjng the pro?o—“.
type excavation.. The model 1= then operated over & range of R
dlscbarges, at the end or eacr diocharge (usually run for AS minutesj:,‘
each), & pro’ile of : the ‘sand is taken with & point gaye, anﬁ photo— ?ﬁ
grerhs taken of each: discharge ccndition in the "tilling nool.
types of sills, and lengths and qlopes of apronﬂ are varied S
'comparlson between each design may be made from tha qand profiIBQ_oﬁif
which 1ndlcate relative scaur and from vﬂqual obeervat*ono‘of the  ﬁ.'
stil linﬂ pool. Frequently, velocity measurements are required to :
give 8- better comparison of dif1erent designs.fj{“ - S “;‘ o -

37. ‘River’ outleta, l 24~qcule model. The next model was of ?;of
the sectional t?pa,u‘-zA scale built to. teet a design o. one of “__
the proposed 102-inch diameter river outlets which were to p&sq   ”

through the dam- and discharge into the main overfall =p*11way L .
O (Figure 4). These outlet.s, four in. all would operate to supply : o
_ water to the. Sen Joaquin River and to pass exceaq floﬁ in additton o
iﬁ to that pessed by the, spil;way._ Tha discharge 1n each outlet was
| to te cootrolled by tube Valven at the upstream end the maximum j"’
discharge being 4, 100 sacona—feet through each outlet under a maxi—'.‘o/ .
mus head of 220 ;eet. . IR - R -_f.'_.“.‘_--‘ ~
In the dezign of these outletb, the end o* the outlet< was _ T '
placed only a short diotance above the stillinp pool thls required _
that the jets be bpread lateralky very quickly 80 aq to spread °cros§ f',’.
the entire pool to form e hydraulic jump.‘ If the rlow f‘rom the out-.,‘
lets is not spresd, but is allowed to enter the pool &8’ more qolid ]7

Jeta, severe eddles may forn, and theqe, toge her with exceqsive

surfece and bottom veloc*tieL may cguqe vndeqirable flow conﬂit‘onq
in the pool and - immed;atcly downstream. L -

From & etudy ol semewhat almilar outletn for the Harshall Forﬂ
Dam in Texas, it was found that the best ‘way to spreed a jet as

" ~® required at friant Dam was to place a-transition section in the very ) O '
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’ . A typieal seour teqt consistu of e=tab15.,hin[a -} pro"ile

in the sandbed '~ downastream ‘rom thc apron, repreeenting the proto—\:

type excavatirn.‘ The model e then oneruted over a range o;

discharges; at the end of each diacharge (usually run for AS minutei"

each), a profile of the sand ip taken with a point gage, anﬁ pho+0~i
graphs taken of each dibcharge condition in the ’tlllinp nool.' Aq
types of si1ls,: and lengthq and qlopeq of apronﬁ are var*ed

comperi =on between each design mav be. made from the qand proffle" l
which indicate relat1Ve scour, and from viqual ohfervationﬂ-o' the"“ 
stilling pool. Frequently, valocity me&surements ‘are. 1“equir'er! to

give s better comparison of different deqign ‘ "

37. l 24-3cule model. The next model was of

the sectional. type, l:zA—scale, built to tect a decign o. _one of -l

River. outlets)

the proposed 102 inch diametor river outlets which were to pass

through the dam and discharge into the main overfall spillway . _ _
O : (Figure 4). Thase outlets, four 1n all --Would operate to, supplv - o
water to the San Joaquin River and to pasq excese flom in addition lf
to that passed by the =pillway. The diacharge in each outlet waq E
to be controlled by tura vwlves at the upstream end tne maylmum
discharge being by 100 seconc-feet through each outlet unde“‘é maxi— e
:numheadof220feet. e e B T
In the dewlgn of tbase ontlet _the end o' the outlets was'
placed only & short di tance above the qtillinr pool th1s requiréd

that the jetv be spread laterally very quickly Qo aq to spraad acroQS' ' :
the entire’ r.c)l to form 8 hydraulic iump. If the flow Prom the uun—‘fff5v5l Bt -
lets i3 not spread, but is allowed to enter the pool as more qolid e

Jjets, :aevere eddles may forn, and theae, toeether with exceqoive

surfece and bottom velocitie&, may - cause undeqirable flow conﬂit‘onr-"
in the pool and immediately downotream. B o ' |

" From & study of somewhat pimilar outlet= for the uarshall Ford
Dam in Texas, it was found: thﬁt‘the ‘best way %o opread a jot as

required at Friant Dam was to place & transition section in the very

Sk
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downstresm end of the Dutletf iollowed by an exit trough or
"beuver tail" cut lnto the 'ace o,:the dam. In addition, the
transition must be no whapej that tha.’low start% ‘to axpand
'undev preuaure within the outlet, otherwise no expansiﬁn or
spresad would cceur.. Furthermore, the outlet nd of the tranQi-
tion mﬂst”hAVe an-ared. le% then . that of the normil conduit ‘to
maintain poqitive pressurea with1n the caniuit and - transitinn.
Accordingly, the sutlet tranﬁition waS reduce& to pive an area‘
at the extreme ‘end section of 85 percent or the area of the
1G7-inch outlet. The transition as finallv lesigned is shown on :

Figures L and 5.

FIGURE 5, : TRANSITION AND TROUGH




It will ‘be noticed that its upqtream section iga circle of .
102-inch dismeter and in a 1ength of 14 feet the - =ection changes g
to form an allipse in the upper. half and a rectangle in tha ) |
lower half of the section.' The crown 15 compoqed of two parab-_ :
olas, and the invert is composed of the are’ of a circla.: The  l
trough or "beaver tail" in the ’ace of the dam diverges and 1tai.-“
side walls are made tangent to the harizontal Projection of _f‘f5*'
paratolas forming the side wallq of the transition. : 1

A model of one.of the fuur outlets was installed 1n the _
praviously described model used for studving the hvdraulic jump 7
stilling-pool (Figure A) The transition was forneﬁ bv cutting :
ot of shaet metal several qection templet& an& fastening them S
on-a base ‘plate, as shown on Figure L.- Piezometerq \1/16~inoh  ;"
inside diqmeter) were attached to aach templet qection and were?_fi{;fﬁ
made flush with the inner surface of the tranaition, which was f\f{'r
formed by placing cement—plaster mo tar between the templet and
screeding to a smooth'surface. Additional piezometers were placed
in the floor of the evit trough._  -=n- _ i

The model studles of ‘this. transition were mnde to determine'ﬁ
(1} The pressures withln the transition unJer ﬂifferent heads- _..
(2) the spread of " the issuina Jet on the apron, and e’fect of qpill—‘7
way flow across the exit: trough (3) the Velocity distribution in
the flow mt the. extreme end section of the transition, at the end
of the exit trough in. the face ‘of the dam, and on the horizontal
portion of the apron; and (4) the calibraticn curves for the transi—c?E ""'
tion, treating it as an orifice.j | ' ‘_ | L B

From the results of the tests on “the transition, it was fcund
that: (1) The pressures ‘within the tranoition, although not all '
positive, were satisfactory, as"urinq no: bad‘effectq from cavitaticn*‘
(2) the spreading of the issuing jet was entirely satisfactory with
only a small fin occurring along the side wall- of the exit trouph,

and excellent spraading oceurring on the sloping apron of the dam

(Figure 6), This demonstrates conclusively the 1mportance of - etarting '
, 86 _ 5 '




the Jet to spread in the transition ‘and under presnure' () regarding

the effect of spillway flow pasqing over: the exit trouph 1t was found _
that no sarious disturbance occurred even though no aeretion erinted whenj'
the outlet was closed-‘nevertheless, aeration was recommenﬁed.4 It waq ﬂf "
concluded that in any deqign of this tyne when the outlatJ erv closad, :
the qpillway Tlow is deflecteﬁ from the exit trcugh and then soringe;:'r
away somewhat from the face of the dam. Aceordlngly, the higher the
cutlets are on the face of the dam, the: more pronounced 1q the diatu“b--
ance caused by the deflected water before it enters a qtilling—pool._‘

In this regard -for the ocutlets on: the Grand Coulee Dam and Shasta Pam, |
it was necessary to place streamlined deflectors or "eyebrcws" on the
face of the dam immediately abave the end of the ocutlet; {4) the veloclty
distribution | '

FIGURE 6, JET SPREADING ON APROR




at the downstrean end of the transition, ‘at the end. of the exit trough, i

and on the apron is. fairly uniform, but slightlv higher on one sido )
then the other. The prototype volooities would vnry from 100 to 115

feet per gecond at the end of the transition° and (5) the cooffioiant C,‘:

in Q=CA V<& where H 13 tho heud above the centerline ‘of the O

end of the transition,‘and &y the area at the exit, vnried from 0.80 ‘to ;
0.85 for a prototype head varying from 3% to 230 feet. This was for ';f'

no upstream oontrol such as a’ valve or gate, in the outlet.,,_pﬂi -
Although thi study or the river. outlets was auccessful on the

sectional model the uype of design proponed had to be nbandonud for
two Teasons: (1) It would be impossible o - obtain cloae regulation of
the diacharge by tube. valvoq upatream in the 102—inoh conﬁuit becsuso

of excessive negative pressurea developed in the valve and even in ‘the' Lo“Tﬁ‘1-7

conduit below the valve, ‘and - (2) as 1ater discovered on.& 1 60—ooa10
complete model of the dam, 1t was. difficult,_though not impossible, to“
make the issuing jets from the outlets form a uniform hydraulic jump
in the stilling-pool at the toe. of the dam.. f‘_""‘ : “
. "rformance ’1 60-3cale model. The purpoeo
of this model was 1o study the performonce of the. fiver outlets,g;"
check the calibration for the crest and drum gate made on the 1 25—soale
rmodel, the scour performance of the hydraulic jump stilling-pool, and
the separate river outlet stilllng—pool whioh -as finally used inatead

‘of the river outlets passing through the dam._ The disoussion pertaining~;fif
to the change 1n design of river outlets follows 1n Section 39.“ H

The model for studying the gener&l porformanoe oonsisted of all of

the spillway, stilling—pool, and sufficient river topography to- assure‘,; f

a propar ‘scour study. 1t was constructed from sheet matal bents covered
with sheet metal. The crost seotion, resting on - shelf cut into the 2

downatream aide of the head box, was made from sheet motal ribs soldorod _”11:*

to a base plate which was stiffened by angles. anh drum gate, alqo
mede of sheet -etal, was operated by & gear anﬂ rack 86 ‘that ‘the: gnte
could be manipulated from_one sido of the m°§°1",Th° topography 'qs_hf
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placed by using vertical pegs soldered to the metel 1in1ng in the down- ? ‘ﬂ

strean box. - Sand ‘wus then added and shaped to juet cover the top of

these pegs. The tailwater was’ controlled by a. movable tailgate and

the tailWBtET elevations were . read ‘at a manometer tube on’ the . side o ;; fo E

. the box connected by a pipe to the oenter of the model topography.
‘The river outlets passing through the dam were made of breee tuoing,
the downhtream tranoltion being made from templets cont&ined 1n 8 metaiof e
'box, the shape’ desirsd in the transition was obtained bv illinp withx“ﬁ.
cement moTtar in between the templetq. No oiezometerq were placed |
since the pressures had been studied in the l 2A—°cale model of the

cutlets. : ‘ . L
The first problem studied in this model was the perfovmance of o

the issuing jets from the four river outlets into the qtilling pool. B o

It was immediatelY seen thnt the Jets,'although spreading somewhet a=f1~5‘~'5“‘5

expected did not. apread 1aterally enough to form a uniform jump in ,
the pool. Inﬂtead the jets, after they olunge@ into the tailwater,-ﬁfﬁ
were unraveled and diffueed by the tailweter and prevevted from epreaolng _
by the hydrootatic pressure in the vool.‘ It was’ observed that becaueeif;ff’
of this improper opreading, sevare eddj action developeﬁ in the pool
and downstreem in the river channel,“ Those eddios ca*ried sand onto
the apron in tne model, a° shoun by Figure 7' suoh a condition in the
prototype would eventnelly cau 3@ erooion not only to the conorate, but _
also to the riverbed iteelf. Attempto to isolete eaCh iet Hy train*ng—: o
walls in the pool was tried. Tbiq wae not too succeqsful and waexﬁ‘;; V
objectionable because of the cost, and becauee of the imp&ct EYfects.(
‘of the apillway flow entering the pool on' the trainlng+walls.o Thiq
dezign was therelore abanioned partlv for the reaeone juet menti»ned
but for the most part, becauae of ‘the in&bil*ty to regulate the outlet
{flow by tnbe valves in the upetreem end of the outlets due to exceeeive
negative pres=uras which were found to exist in the tube valves and

outlets below the valves in a similar design being ﬂtudied for the f‘




FIGURE 7 SAND N APROH

Shasta Dam. - Time did not permit a: study to improve such a design for |
the Friant Dam, but 8 successful tube valve design has been subsequently
obtained for the bhast& Dam out;sts. Refore ab&ndoning thn river out—glw'
lets through: the dam, horizontal outlets were tried tbrougk the dam'}
The flow left the cutlets as 3011d jeta st the face of the dam and “ -
fcllowed a trajectory into the-poo , Tbis also produned heavy erosion"'
to the riverbed and carried material onto the apron.‘ _ . T
Tests mede to check tha hydr&ulic jump for tbe Spillway stilling~._.
pool previcusly dezigned on the 1:24-scale model,'indicated the design

to be entirely adequate as shown on Figure‘?B. “Water surface and sand

profﬁles were recored with a point‘gage and cbmpared with the 1l:2/-scale

60




nodel 'test. Lxcellent agreement wes obtained not only for thene tests, jn o

but for the check on the cnlibration qtu&y made on the 1:?5 nodel.»

" -Testas were then discontinued on: the 1:60~scale model nntil a larger—
scale modal had evolved a qeparate stilling-baqin for the river outletq.yig”

39. River outlet stllling pool, 13 34.375—30&19 model._ When B4 A%
wag‘realized that 14 would be impractical to use the river ontletq l‘f
through ‘the dam,,regnlated by tube vulves, it was decided to con%truct
a separato atilling-pool to the left of tho main spillway for the out—

lets. The regulating valves weuld be placed at the end or t“e outletq,

enabling uhem to discharge directiy into tho atmosphere.1 Each vnlve
was to be & 110- by 96~inch noedle vnlvo, capable of discharging about
4,500 cfs each under: a maximum head of 220 feet. The original design
propused that the valvas be placed 18 feet on certers ani each pair _
separated by 32 feot to conform to thc block conatruction of the dam..
‘Starting at the invert of each valve at the oxit flango, waq a mildly
sloping apron extendirg 165 feot downstream to L horizonta'ﬁapron :
10.75 feet below the invert of the valves and extending 86.25 feet

pleced, to force a Jnmp into the nool and maintain:it there, since the i

Imaximum teilwater for the maximum discharge in the river channel was 7
one foot balow the top of the sill. This condition neant’ that  the 5111
would . cause: sufficient depth of water for a: jumpg:o'form in the pool
then the water would plunge over the sill to thc tailwater in the oxit
chennel leading to" the river., A training—wall placed betweeniench pair
of valvas permitted operation of individual Valves. T

design was installed in the: boxee used for tbe sectional model;studieq._~

The valves used had been made two or three yaarq before for anothor

study, but they. were wall suited for this problem. Since the scale “

ratic had to be based on the ratio of inlet diameter in the prototypelc;

and model, the scale ratio: of 1z BA 375 was eﬂtablished.- ‘Each valve

was cannected by rubber hoaes to sheet motal pipes connecting 1o the

head box, Wooden bellmouth enirances were,alipped-ovsr these_pipes,‘
- ) - . . N
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’in tre head box, and a heavy nteel stand was used fur support;np
the valves. It had a-tilting top enabling the valvea to be pointed
downward from the horizontal. The stilling—pool itself was made of

wood to enable changes to be’ readily made. Heads on the model were 5f‘

read by piezometars connected to the head box, and: diﬂcharges were_ft__fg

 measured by venturi maters in: the water supply lina. j;jf ~“'

The orlginal design proved to be entirely 1nadaquate._ The jets
from the valves. repelled the" tailwater in the pool and impinged
directly agalnst the sill at the end of the horizontal apron. At
.small discharges, however, a jump would form but the toe of tﬁe jump ‘
was continually being repexled by the jets from the valves. At larger'.:
discharges, with the Jump repelled tbe flow plunginp over . ihe large

end sill was in itael’ arother problem in energy diqqipntion.‘ Accard-:3 w 

ingly, thi= design wes! inadequate and waq tried only becauce an effortnki

was made to save: rock excavation, which did not provide [} pcol'of
sufficient depth.‘ | | ’ [ _‘ :
To make the pool deeper,_out at the same tlme not eyce sively  fT' .

long, the four valves were tilted ten degrees downward. .lhe depth oP |

pool was revised to give the proper depth of tailwuter for a hvdraulic’:W;

Jump, and an apron on & ten degree slope was added from the‘end of
the valves to & boriz*ntal floar. Thic deqign waq an improvement

over the or1ginal desigr, but it was neceqsarv to emperiment with theﬁ;j“

sloping floor extending from the valves to the bottom cf the pool.‘_;.a ."

Pests were made uqing a parabolic apron of. curvnture Platter thqn ;J
the prajectory of tne vaIVe jets° this caused tbe jets to be spread _
uniiormly BCTOSS the apron as: they entered ‘the . tailwater 4n the pool;‘ 
This curvature of the apron was an important factor influencing ‘the
stilling-pool- performance. 1r the apron were too staep in- curvaturé,
the jet would ne! ~spread sufficiently, and 1f too flat, would cauue
excessive length of structure and fins springing up" between ‘the Jetq'_

just as they plunged into the tailmpter. The final design pool ie
5

shosn by Section C-C, Figure 1, ard on Figure £. The two needle valvnw ;:“*5‘




_ adjacent to the main vtilling pool were changed to tube valve OCr

corresponding Qize. _ ‘ : ; : s
Because this stuﬁy Wa° confined to the rivor outlet 3tilling—

pool only, a more detailed study had to be made of the pool per?ormpgjh_r'

ance on ths complebe 1: 60 nodel Here 1t was po”sible to: plan the k.

excavation necessary below ‘the river outlet pool t@ the ﬂsver channel ﬂ"ﬁ‘:

proper. This may be ‘seen-. on: Figure 9A wrjch GHoWs the 1 60 qcale
model of the fjr-al design. - , L ‘ T
40, Madera and Friant—Kern Canal headwcrk The next modelf

it studied 1in: connection with the Fri&nt Dam were trnse pertaining to ‘ﬁ‘f;
the stilling-pools provided on. each sidn of the dam for the “aﬂera
and Friant Canal headworks (aactionq E-E and B—B Figurp 1)

problems at these haadworks were similar to those of the r1Ver outlet
stilling—pool studics. The Madera Canal pool “cmtained two 91— by
78~inch needle. valves, each discharging 750 second f‘ea‘t under a heau

of 132 “eet onto a parabolic apron and into the pool. The or1eina1 .

design of the stilling- pool was shortened 50 feet anﬁ raised 1q 5ncheq R

its performance being excellent for all operating condit*ons.? Th
model for this atudy was built to 8- scale of ,.28 A375 as Qhown on
Figure lO. ' ‘ ‘ e
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FIGURE 10, MADERA CANAL HEADWORKS




The: Friant Karn Canal heaﬂworks consists of tho 110- by 102 1nch
tube valves ‘and two 110- by 96—inch needle valven whicn toe in.a few

degrees. This was necassary because the width of‘structure nt thﬂ‘-

valves wav greater than the canal width farther dnwnﬂtream. The total
capacity oP the valves wi;l be 3 500 second-feet under 8’ maximum head"
of 114 feet. A narabolic npron wog alqo uqed at the ﬂtillinpapoc]

and the arrangement was found to be "ati. actory. The pool. "loor wa(
not raised, but g 811l 3.5 feet. high WA S added 52.75. f’eet f"’own tream :
from the end of t,he_pars.bolic apx on. Figure 11 showq +hca 1%28 ! 7“ _

scale model of the final deaign.

FIGURE 11, FRIANT-KERN CANAL HEADWORKS

Aeration of coaster gates, 1i17-scale model. The tests

Al.
‘ o previcusly descrived have, with-the e:éi:epticn-of the river outlet
transition, been concerned mainly with open channel flowz. 'I_t is 0
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frequently necessary to meke’ 'studiec alqo ol ‘the more mechanical
sppurtenant workq, such as coaetc? gates nnd needle valves. ‘ '

In the design 0& outlets*pasqing through e dam or otherwi=e, it
is customary to include some meen=‘of emergency closure in the event
o regulating gate or valve in the outlet becomeq immcvable when
elther open or cloqed. ﬂhan gatee are’ used the emergencv cloqure
may be obtsined by qung two getee, the downstream one being used a8
a gervice gate, the upstream one aq tre emergency gete.~ For this

type of design the’ service gate uquallv 15 either fullv open or :

completely closed; it is. nct uced for regulnting ’lcws. If a’ valve ‘c,t‘..

iz used, such as a tube, butterfly, or. needle valve, either within
the conduit or et the downstream end then emergency cloeure is

usually obtained by lowering 8. coaster gate down the upstre»m Fece i

of the dam to cloee off the outlet entranca._ Thi* procedure 15 alqo o

useful to unwater an ouelet furnished with both an. eme*gency and

service gete. In the Friant Dam, the decign prchﬂed but later

abandoned as expleined 1n aection 38, celled fcr & tube valve B few e‘;dq.

feet downstream from the entrance of the outlets to regulate the TIOW' f‘
in the conduit. No emergency gate was provided within the outlet, eo"_
a large ‘bulkhead or coaster gate was designed to. be lowered dcwn the e
back of the dam to close off thP entire conduit.7 It was aasuncd thatd“;

the most unfavoraole conditinn would occur for emergency closnre uhcnf‘

the tube valve was fully open.; Under this conditicn, B eovere drcp indib Cn

pressure or drawdown would be expected to occur as the gatc passed

over the bellmcuth entrance of the outlet. Since the cloeure could

' be made in & short time, the effects of pressure reduction on the

bottom of the coaster gate were not of primary impcrt&nce, but it

would be necessary. to 1nvestigate the posoibility of: vibration cf the
{_gate because of differentialjpres ures, and if vibraticns iid ‘ogeur, o
7 to deterzine how they should be eliminated. The idea‘of seration

seaped to be'pcremount and wa s tried and found succeszful.

66




cuvy 3Tv2s 1300

RS 3

v-v NGILIIS

a5 55049 .3 (x4

31v8 ¥IISVOD 40 S1YL1IQ.

~~..l._,_._l..___.‘_.I____..\=..__' L WU D

oo § -

J‘;

L BFUBICA IR SFOIBmn L

- ?2 2n55d
’ u_.mc.n.m n...w, 12 ]
$PU2 4400 40 PAPDRIY

INZWIONVHYY. 1300W

T
el dyqreaf
oy astoy 4300

. burgn; S50 yom $agl-

X FERTIe

T
-

- Sugny mwb.a
R

z‘s._.q....q.n_ rfr
sy 3
S A

._.._.‘.._......:.‘.....'.;.w._.-a.,..._.'.“q

el quan o paplan
.L puDis Beryond 1aarg

burysos

L]

R

SRR — A

sawgwavo Snsney
tavuny Euisnsodw
JRRUDID Y3 G a

Q) - R
i 11!LA~ s10d - -

fanp Ajdans 1.

- ~~#408 43/5009

prapvew vy gt aggisary,

L RCl pewy
. Bus oy et

pag04 Ipdgng..”

[y A
- ¥ o

T cwOyaw gl 10D




A ls 17—qulE model was huilt to test the coaster F&tE- ”he-ﬁddel
consisted of & steel hand tank connected directly to a 12—inch pump,

a bellmouth entrance of: machinad brass, attached to the end of the tank, .

and sections ofléninch pyralin pipe shaped to the outlet orofile -

(rigure 12). The coaqter gate, made of g&lvanized sheet metal, oper—:“f

ated in slide grooves attachad to the end of.the pressure tank. 5
Threaded brass tubing fastened loosely to the gate and connected to &

duet through the gate provided a paesage for aimitting air to the bell ;

entrance and a means for raising and lowering the gate. Flerible ;.

commections: between the Jtem and gate allowed free movement 1n caqe thef

gate vibrated. Locution of the vent syatem in the stem permitted ini—

tial studies to be made without altering the bell entrance, while the R

air-supply~duct size was varied by placing tGlBBCOpib‘brﬂﬁS tuhing in

the gate stem. A preﬂsure gave attached tn the head tan& RLCER uﬁed to ,‘
indicate the head on ‘the outlet, and piezometerszln the outlet conﬁuit \ ‘

ware used for measuring pressure along 1ts 1nner qurPace.Q The outlet -

regulating valve farther downatream was omitted becauqe o‘ an uncerur-‘~

tainty of its design,'the reduced loss becauqe of its omiqsinn was

considered B factor of sa‘ety. Because of 138 lack of similitude between'_"'

the Reynolds numbar Df the model and prototype, the model was te"ted

for heads in excess of those represent ng the prototype. fh'

Initial tests revealed that the coaater gate of ‘the’ model vibrated

for all gate openings (or for various closures), due apparentlv to fhe
pressure differential on the gate, which was cauaed by hydroetatic '
pressure on its upatream face andxnegative pressures 1n the conduit

Just downstream from the gate.' To remedy this conditlnn, a*r waq

admitted to the bell entrance- This reduced nct onlv the vibration and f‘ . |

the pressure diffsrential *but, at the seme’ time maﬂe 1t eﬂ:iPF to oper-

ate the gate by reducing the forces creating aliding friction.' To
sscartain 'the best place to aerate the gate, presquras were recorded in
the conduit. By establishing the longituiinal limit of - tha negativa
pressure region within the condgit, it ﬁas po°"ible to locate the vent

e




poqltionq. Studies over & ﬁide range of yate oueninrﬂ and heads
showed that an aVHrage position should be one—hal“ conduit diameter'
from the npatream end of the. con&u1t, thu% the vents would enter the-f
bellmouth section of the ‘outlet. ' ol '

Upon campletion o“ these in*tial tGGtQ, the modal waq chunged
‘to provide 8 bellmouth qact!on which would ’arilitate testin?.‘
Accordingly, nne wes dauigned witb - var*able aupplj iuct, a mnni?old
and variable vent openinga. An anemometar placed in u mencur1np "
tunnel attached to the, "upplj duct recoried *t,hJn aiv Plow t“rough the

model system. To cbtain relative viu*ation mea«uremen e, e metal

reed and & DeForast ,train gage were fathnad to tne pyr&lin pipe out~ )

let section immediately downstraam from the bellmonth._ Piezompterq
were agein instelled 1n_the_bellmouuh wa*ls for determining the Regree

of aeratlion.

fFron tastq ‘on tha revlaed modal 1t waq ﬂi%coverni”thatlthéin*ré‘f e

duct size affected not only the presqures witbﬁn the bell entrance, _5"'}
but alac the v1bration characteriqtics. It waalfovnd in the fi“qt

cage that prassures 1ncreased rapidlv (nagative presqures bacame lower)
us the duct gize increased “but beyond a certu*n size duct, the change -
in pressure was lens pronounced.- In this manner, a model duct size _gm“.
of 1-3/4-inch pipe nas established and being indeﬁendent of the head, L
entimates were made for prototype ducts fnr various qize conditionu."

A eritienl duct alze was also establlshed in tbe model conQidering e
only vibration of the model it being ’cund that . maximum dampeninﬁ , .
effect was obtained for a duct of 1/2 inch in diameter, 1ndependant of
the head. Agaln e curve was derived Por var‘ouo prototyoe ﬂuct qizes _
for varisus outlet sizes. Complet&ng the‘ airduct tests, it was found
neces3ary to admit alr to the bell entrance from more than one p01nt,
in fact, . six were selected, the combined openingq of the holes ,being
slightly greater then the area of the supply duct to of faet individuﬂl
entrances losses. The loweat vents were ulaced 20 ﬁapreeq of f the

invert of tha outlet.




42. Needle :alvee. l 18 73_ac&19 model. 'Theifinal"mhdel‘+e“tu?ol:-

be discuused for the Friant Dam s one which revaels qome di’flcu1t1eu o
frequentlj enCOLﬂt”rEd witb the performance of needle v&lvee.- | '

The coneern felt by hvur&ulic engineers nn the effectq oF cavita-ﬁf
ticn in flowing water was mentioned in connaction w*th the cavitation
teats made on turbines and pumpb. The main concern there we" “to. prevent
ga much as possible, the pitting of the runner blades or 1mpe11erq anﬁ to'
prevent cavitation from a*fecting the efficienqy of the machines.' In '
needle valvee, similar pitting h&¢ alco ‘been & major problem, qince
incorrectly shaped needle valves have been eroded within the boﬂy of the
valve and on the shoulder of the needle after on]y a ﬂhort tiﬂe nf npera—_
tien, the cavitation occurring generally for valve openingn o‘ Prom 5 to

30 percent. For a descriptinn cf needle valves ani regulating Pﬂten,_

see Dams and. Control Works, ‘Becond Eﬁltlon, United %ate, nepartment o“ o

the Interior, Bureau of Reclamatiqn Weqh*ngton P.‘C. Februe*v 1938
pp 182-198. ' .".’ _ . ‘  f £
Inspection. of some needle valve% recently put in operﬂtlon by the
Bureau-of Reclnmation discloee pittlng to: develop on the: needle 1mmedi—
ately downstream from its: poin, o; eat with the no7z1e and insiﬁe the
‘body of the nozzle a short dlotance upstream from the downstream eni of
the nozzle. Older valves hnve bad to be repaired bv weldlng meta] to ;,_ :
the pittad areas. Becauqe of ‘the eitting, eqpeciall at the newer :
installations, tests were ‘made on a8 model in an attempt to make the neoﬂle
valves being designed for the Friant Dam outlets ent:f.rmu free ;rom itting, o
and thereby develop & design suitable for other installations.'fj"
The Friant Dam needle valves will be 110- by 96—inch thet 1« y
will have an inlet dismeter of 110 inchee and an outlet diameter oi' | ‘
nozzle of 96 -inches. Zach will discharge Ly SOO eeeond Feet under a mexi;%;
mum head of 220 feet.g,A 1:18.33-3cele model was nade of one of the valvesﬁ 
from bronze castings care“ully machined to the true dimensiona, As -shawn ‘
on Figure 13. Piezometers were installed on the body of the velve from
the inl t-tphtheeeg;let, and on the needle._ The approach pipe to-the  .5




olve was connected to & pressure tank which, in turn, wes connected

'FIGURE 13, NEEDLE VALVE MODEL

directly to a 12-inch centrirugal pump._ The haad on- the valve was o
measured, one diamatar upstream frcm tha inlet flanges, and the dis--_
charpge was measured over B culibrated weir in the return eystem of :
the laboratory water supply. Pressures were maaqured by manometer='
connected to the piezometers on the vulve by rubber tubing.' The
valva was opened or closed by a crank mechaniqm which controlled

the movement of the needle.

The first tests. ware cnncerned with the presqure gradient through_'

the valve for varlous heads and valve openingq. It was founﬁ immedi~_
ately that the 1ow—preasure ares found on the model agreed almost
exactly with the position of the pitted .area obqerved on qeveral

- prototype structures. These, &8 mentianed occu“rad on .- the needle




just downstrean from ite sheulder and on the curved Lortion of-the5'
nozzle near its downetream end. Altnourh the pressure conditionu on

the surface of ths valve were unfaVorable, the velve ‘had a high coe’

ficient of discherge. To *mprove the preqcure gradient, the mn*el wam-"

80 revieed that the orifice of" the nnzzle WAS - changed from a round—r‘f
edged to a sherpuedged ori“ice, and the divergence between the needle :
and the body of the vulve et tre nozzle meeeured at the open poeition,
‘was changed to a convergence of 3 deprees., Thiq chenge oroduced a 7
positive rressure gradient throughout the valve, but the cop¢fieient or
discharge dropped. 15 percent._ From theee requlte, the limitqtione were

.evident: The pressure gradient muet be positive, hut the diechqrge

coefficient must remain et a h;gh velne.'“‘”

The teats thet 1ollowed were concerned therefore, with the pvessuxe"

gradients and the discharge coefficienta cver the ope“ating range, ew"

 affected by changes in the length of needle travel 1n opening and clos— E

ing, in the outlet (nozzle) diemeter, and chenges 1n the angle of +he'
cutlet eection (divergence Qr convergence of the annuler wator peesage
between the nozz’e e the needle)., The procedure ,or eech test ePter

the velve ~as changed ae desired, coneieted of meeeuring the valve

opening (this: waried from 5 to 100 percent),_eetablishlng the discharge .f

for tre head deslred et any opening selected (heeda varied from 2 to 2?
"feet), and - recording the dischnrge and preesure .on the needle end

nozzle. For full—valve opening, the profile of the jet waq meaqured._;n~d

From these teets, it was d;scovered that by chenging the orifice n‘if 

‘of ‘the rozzle from a roundnedged to e ﬂharp—edged ori’ice, the control
WAS maintained at the oririce resulting in a poeitive-preseure gredient,‘
inatead of a- negative gradient with the control upstream from the ort”ice.
It was determined, furthermore, that vurietion 1n the outlet 4iameter

and the 1ength of travel of the needle had O effect unen the preeeure
gradients, but thet the control point at the ori”ice wAS the poverning
factor, aend that a. converging ocutlet section will place the control at

the orifice for ell valve openinge. Further teeting allowed concluvionc

A 2 S
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to be drawn regarding positive preqqurs gradients; that a r'rnall |

' divergence of about one degree, parallel outlet qection,‘or qmpll R
convergence would be perm1581ble Relative to discharge coef’i- B
cients, it wag possiole to; state th&t ‘the length of truvel of thp _25
needle and aize of nutlet diameter affected the coefficienf of di=—
charge. For a valve witn a given outlet diameter and needle travel
the discharge coefficient uculd depend upon the Qhane of the outlet _"‘

section, which is governed bv the shape of the needle and nozzle o

body.

cnsc& DROP Lo -

A3, The Urototxpp. Thls model stuﬂy 1s celected to llluqtrate ;5 

8 type of pzoblem found on 1rrigat10n projecta, and it representq a
study mede of an eylating atructure. : . R y .
On the Yakims Irrigatlcn Project Washlngton, the Sunnyaide . . -
Main Canal supplies water to 20, OOO acres ”out of 8 total or 106 000 _-5 .
acres on the project. The cap&city of t is canal h&o been qteadilv
1n~reased from 650 second feet in 1912 to its present caparitv o;. '.
i, 300 second feet. Because of - thls increase in capac ty, it was i 3
necessary to place in tbe canalq at. intervsls of about ‘two mile: 1}fﬁgf'
‘23 check drops to maintain- normal depths of flow anﬁ velocities.‘tﬂlff”
'These atructures were - adued between 1907 and 1916 Aq the capacity
was 1ncreased and after the drop atructureq had besn An: operation L
only a few seasons, severe scour developed below aach drop.; This;ﬁg"'
scour widened and deepened the canal to ~uch an extent that it bagan 5
to encroach on valunble farm lanﬂs adjacent tn the canal at the drop e
structures. Wxth all- efforts failing in the field to perent this ‘
.excessive erosion, the problem was finally submitted to theeﬂydraulic
Laboratory of the Bureau of Reclamation iﬂ'Danver.' L _
" These drop s*ructures, all nearly similar, consﬂqt of . a check
basin placed between two vertical walls. In the check baoin are .

concrete plers surmounted by steel brackets which permit‘thelplacing 
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of fla%hboards across the canal to regulate the Hepth of water

between successive drops.. Riprap is placed in tho bottom of the:t*ff~f-

canal, both upstream arv downstrenn frcm the check baSin to reduce

scouring. The total drop in water surface at Gheck Drop A, the :.”"'”‘

one selected for gtudy, iz’ onlv 15 inches.l The maxlmum drup 1n
the series of 23 structures tq 27 incheq._‘”

From field observations and from an analvtical ana]ysis made

previcus to testing the model it was found that because of the-:f"'

small drop at each structure, standing wavas formed insteaﬂ of the

hydraulic jump. Accorn;ngly, only 8" small amount of anergy diqsipa- L

tion occurred enabling relatiVely high velocity Tlow to proceed
Aownstream, particularly along the water surface.. Thls produced

large eddias on each: side of t“e cangl and eroded the canal bankq.:'

A3 erosion progresqed and widened the canal thn eddieq also increeqed\

and continued thting the bankq.‘ Ve10ﬂities were of su’ficient magni—

balow normal

AA. The model. Al: 15—scale model of Check Drop L was ouilt

as shown on Figure. lL. The drop structure was made of reﬂvood and e
the steel brackets 0' sheet met&l. It wes then installed 1n a large

metal-lined box which provided sufficient length of approach upqtreaﬂ -

"and sufficient 1ength axd width dcwnstream so that the scouring in

" the model woqu not be restralnedr Gage= were 1nstalled to meaqure _
the depth of flow, which was con*rolled Lpstream by fla"hboards at s
the drop atructure and downstream by a tailgate,_ Eecauae the model
velocities were’ conaiderably leaq than the orototype Vﬂlocities, it

waes neceqsarv to use 1n the model the finest sand aVai]able to repro— '

duce the prototvpe scour, uhioh nccurs in volcnoio tuff. -

" 45. Tests on model .- Tests were made, at first, o check or

verify the modal to see if 1t would reproduce the flow conditicnq |
and scour notad in the prototype. To do this, the model diqcharge -

,wan run for 26 hours, during which time the discharge tailwmter,

tude along the bottom to eroda the canal bottom to a ieptb nf )R ’eat S




and number of ’1aqhboards wers vnried dunlicating Aan operatinn
continuous during an irrigation qeason._ The reaultq of‘th1q teﬂt
were most gratrfying (Figure lSA) “the qtandinr wave ;low and
excessive acour vere fai*cfullv reproduced.‘ An intere»ting cnmpar~‘f-ﬁ.
{son with the prototype may be seen bv comparing Pipures lﬁA anﬂ B.f‘
It was apparent thet the follo%lng ronditionq exiqting Bt the | _
prototype hud to be eliminated' (1) Un%vmmetrical flow Riﬂtributinnff'
through the drop 5tructure~w(2)»=tanding wave and excessive veloc—f
1ties below the drop, (3) oddiss along the qide of “the canpl
immediately below the drop, and (A) scour to the’ canal._j;‘-f' .'

46. The recommended deg;gg To 1mprove the EV*Bting structure
was a difficult and trying tesk. Manv deaivnq were tewted to 1ncreese.
the energy d1531pation ‘of the Flow and. thereby reduce the acnurzng s
actisn in the canal. The "irst revusion nxtended the vertical qide__ o
.walls downstream tn form & btilling-pocl ,and added curved training;

walla at the entrance ta the check basin.~ Sloping Floora‘were nhEﬂ

placad between the Pi&ls of ‘the' chec& basnn,'fcllornd bv 8 Horizon-f

tal flcor ewtending to the ‘end of the vertical side wa’l%.; Thiq f_,-‘~=f:,;fg

and gimilar designs were DHSHCGBJEAUl-f Finally, a de’lector uaq ;jy T
placed acToSS the ctilling-pogl immediately Aownotream from fhe jl3‘ c~‘y
brackets. This caused the entire flow tn plunge under the tailwater _
and into the. pool. _By placing baffle piers on. the pool Ploor ‘and bv ;2~:
setting the flcor ai & proper elev&tion, the desireﬁ reqnlts wera‘ﬁﬁ'fv

accomplished. The high#velocity flow no longer escaped &10na the ;f:c

. water surface no eddies developed and 8 26—hour scour teat revaaled

-practically no scour at- all to the: model canal as QHown by Figure 16.‘
A7, InSpection of structure in fi-ld. It is 1ndeed fortunate

when one is able to tast s model and then to be ‘able to obqerve the i

prototype 1n operation at nearly the maximum discharge._ The author :

was fortunate, therefore, ‘to be ab;e to study Check Drop 4 while
inapecting the Yakime Project in Waahington. It cen be said that
the nrototype is performing as predicted by the nodel tests.
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Figure 17 shoﬁs the revised structure in the model ant in the field.
The collect1on of trash at the prototype ! tructure 13 avidehce of
roller action in the ati1ling-pool. This is inﬂicative of energy
dissipation throughout the entire depth, inrtead of only on the surface

FIGUERE 16, MODEL‘OF EECOMMENDED DESIGN

3. noticed on- Figure 15 A similar collection of ﬁebrie was noticed

during the laboratory eyperimentg, but it waq given little concidera-:fﬁ

tion since: 1t interfered witb photographing the model.. In the ’ield

however, it has been of. considsrabla value in clearing the canal o;,  ‘

large amounts of trash, conveniently removed at tha structure. Cheék

Drop 6, farther downqtream, has alqo been - reviqed in 8 nimilar manner,‘l

although the flow conditions are somewhat different than at Drop Lo

No model atudy of Drop 6 was neces=arv, since tha design of Drop 4 was

easily modified to meet the conditions at. any- of the 23 ﬁrop ﬂtructureé.j_"

fFor additional discussion of this model-prototype cumpariscm and’ others, e
':the re&der is referred to a symposium of thiq sdbject ‘to be published |

(AWSCIEs




OUTIET ENTRANCES, MADDEN DAM AND FRAND CﬂUIFE DAU

LE. Problem'inv°1ved. One of the more important design problem

is thut of proportioning ‘the %hape of entrances to rectangular or circu;.”'

lar outlets for hlPh dams.‘ The shape developed iq sometimeq r ferred

’

to as a bellmouth entrance. If incorrectly designed the flow '111

separate from the . boundary qurfeceq and cavitation: will develop,ﬁcauq;_'oir o

ing pitting of the surfeces, vibration, and noise.‘ One of" tho best

examples of this occurred et the outlets of the Madden Dam. In their

model test at Carnegic Institute of Technology to qtudy the outlet

entrances of the Madden Dam, Thomae and Schuleen reveal the damnge done fi"

at the prototype by cavitation. The entrances to the 5ix- rectangularv-eLﬁ _
conduits, 5 feet 8 incheo wide by - 10 feet high were formed with LR Lo

L-foot redius at the. crown, 1nvert and vidne of - tbe inlet eni which }fi”'“
which was not. lined with teel. After operating at ﬂlmOQt maximum head

for & brief time, 1t was clear that beceuse of =evere crackling ol ;31:”“ -
popping noi"eq and . leak&ge intc a galler)’ f'rom a pororuq tile drain i‘;\ ‘
& partition wall between c"nduitb l end 2 that cavitatjon anﬂ itq‘

pitting effectz were tremendously Warge By lowering slide gate: to f‘f
about 90 percent open, the: cavitation was ninimized.- Aftar emptying ?]

the reservoir, an inspection wes mede o“ the inlets to theV‘ Lﬁuitq. ;

In the outlets damage'i the moﬁt the cavitation in the }ovnshod he&v‘llv _
" pitted the cide walls inve*t and crown to depthc of. 2 fe°t in many

places, and had expoeed reinforcing b&rq that had been placeﬁ 1O incheq;i_‘”"
below the surfece of the concrete. S L B ST A :

£9. Test methocs. To correct those unfavorable conditione, the

models at Carnegie Inotitute of_Technology were;'eated in a cav1tationf
apparatus which permitted the absolute preesure on’” the modolq to be
reduced to the vapor pressure of the water in almost direct proportion )

to the model scale ratio. By this method cavitation would aciually o

_ 2Thomes, H. A. snd Schuleen, Emil P., "Cavitation in Outlet Conduits | . =
of High Dams," Proc. A.S.C.E., November 194C. = o i b e
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-develop in the model, and by recording pressure,fand changing~3hapes

it was: possible to redesign the inlet shapa. Q--"‘ R ’
‘This example illustrates the serinuaneas of inadequa+e entrance
deaign of outlets through damq.. The qtudies ‘made in: *ho Denver Hydrau—
lie’ L&boratory of ‘the Burnau af Reclamation on tbe ent*anceQ_?or the
Grand-Coulee:Dam outletv‘ were in progresq when the Madden Dam outleth
were‘reported'to Be ddﬁaged from cavitation. Acoordinrly, tquq we*e
‘made to provide an ﬁdeqﬁaté‘déqign fér:thdiﬁé lmouth entrﬁnceu of thp B
ocutlets in the Grand Coulee Dam.3 - ‘These. outletﬂ' 102 1ncheﬁ in diam- f 
ster, occur in three tiers :eparated vertic%lly by approyimeuely .
100 feet, 20 outlets in nairs in each tier.: Gtee’ 11n¢ng 5 placed
in the upper two tlers throughout tha entire length o‘ conduit, but _3 1
only at the gate section in the lower ‘tler. | R b ‘. - o
Instead of teqting a model outlet by ‘the vacuum method uqed by S
Thomas and Schuleen, the model was tested at’ atmoqpheric presqure,'sé
cavitation, 1if 1t were to occur in the prototvpe, coulﬂ not actually :
be produced ‘in the model ~but piezometﬂrs were installed on the bcundary:“
.surfaceb to record pressures. It 4e pos"iblA to Dredict bv thiq method
that if, for any operating condit*ons, slight poqiflve Drescureq (above .

atmospheric) existed then only positive prebcurep wru;d occur in the -

prototype; and if negat1ve DrEbsure% (subatmoqoheric) orcurred then

they would also occur in the prototvpe, and if theqe negative preqcu*eQ."_.

- when Exprassed in terms of the prototype, apnro&ch thn vapor preqsure, -
~then cavitation would probably occur at the prototype.‘ Th1q methnd
is more convenient and less expenqive and is. gﬁnerally u~ed mora +han‘lf;"'
the vacuum method. Neverthelesq, recogniti*n 15 being given to the
vacuun method and & comparison oi‘the resultq cf teetq 4n. 8 problem

- studied by bcth method% iq anaite% witf interest.

4f3‘&ﬂraulic*ﬂodel Studies for the'Deéign-o’HQIuice Entrances for Qraﬁd
R Coulee Dam, Heport No. HM-l Bureau of Reclamet{on, Denver, Coloradoe,




; “ﬂlb 50. Bellmouth design. The objéctivé sei'forvth¢7§réqsﬁfés on
B the surface of the inlets to the Grand: Cuulee sluiceq was that thev

shquld not fall‘belowsgtmpspheric. To accompliqh this, 1t was decided
aince the outléié were circular, tc establish the exact shape of ‘& jet
issuing from a circular sharp—edged orifice. E 12~-inch pump giving

the desirsd range of heads and - discharges wa, connected to a presvure

tank 3 feet in di&meter and 5 feet long. The water entered the tank
through a series of ccncentric diqtributing cone ) passed through a
spocially constructad checkered rack deuigned to prcduce an even ¢1ow
‘distribution, and thence out throuzh the circular ori’ice._ The nrifice
was mede 3 inches 1n diameter ina bra-s plate and set in 8 floating _5
steel plate which was designeﬁ tu remain in a plane regardlesc o¢ shﬂpe  ;
chenges in the pressure tank._ _speci&lly designad inqtrument was _ ‘a.
attached to the downstream Ilﬁnge of" the pres=ure tank to measure the '
profile of the issuing Jjet. The test apparatuq is qhown on Figure 18.‘3

The first tests meaqured the Jet from the 3- inch orifice for heuﬂc ﬂ

varring from 10 to 35 feet. A profile” or tbe jet was taken 1n longi— L
tudinal plares inclined 0, 30, and 60 degrees from the vertical.‘ For; _.'
the heads tested the Drofile o; ‘the Jet was: quite unifc*m, g0 & éurve

was dravmn throuﬁh all peints.j The coef?icient of contraction, the ratin;f
~of the ares of the minimum gection to the ares of the. ori’ice 'wqe;l =

found tc be 0.592. Thiq Pigure agreed cloﬁely with fhe value o‘ 0 61]

‘uged in orifice studies by Pro;eavor Ch&rles Harrie‘at the Univerqity ﬁﬂ.‘-k

of ¥ashington. From the Ghape of ‘the jet iq=uing from fhP c*rﬂular :
orifice and by applying a factor o"rafntv, that is, u;ing a CGef”icientf
of contr&ntlcn of 0.590 in:teaﬁ of 0. 5 8, an . equatinn in tnrm“'of the 3 5
outlet diamater was fctni that would give a‘ aticfaﬁtorv bel]mouth. Thle :

equation is 2 R 'jz =1, .an ellipue, which, when rotated.

(0.50D)% (0.15D)2 .
about the axls of the ocutlet,:forms the deqired bellmouth. ‘From this

equation, it may be seen that the length of the ballmouth 1s 0.50D. anﬂ

the contraction is O.BOD, By neglecting Lhe,back preasure in the moﬁel,
which would be present in the prototvpe due to frictional loss downstream
from Lhe entrence, it was believed best to converge the conduit 91‘5.ghtl\y ‘
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Just downstxean from the entrance. This was provided for in &n e;bow
section whlch GE necesqary becauae the axiq of the bellmouth en+rance
is tilted to be normsl with the 0. 15 1ope of the upatrehm ace o’ the
dum, while the conduit axiq iﬂ horizontal (Figure 18) The converpence
in the elbow is not necess ary at. all outlet debignq but wa an added
factor of safety amnd rendily applfed becauqe of the e]bow requireﬁ 1n.f¢"
the conduit. Bor horizontal outletJ, the dbove equation is entire“y
sdequate as far &S pressuer are concevned in the entrnnce. Since s
these ‘model tebts were made for’ B sinvle outlet and with no tr&vhrack,
& check test was made to determine the a*fect of 8 trathuck and the
operation of adjacent outleta. It mas found that theae factorq haﬂ a
-negligible effuct on’ the previou ly reco:dgd‘positiveﬂpreq sure oondi—‘f“"
tions. ‘ I S e

In IQAO and 1941 prctotvpe tevtq were made of ' the outletq at
Grand Coulee Dam- and it _kav‘f.ound thar.';. the prototype_ prps‘;tgrg_s‘wgrre“ o 0
in good ugreement with the madel results. . RéferenceViS‘again'maHe S
to the model ~prototyye svmpoaium to be publiﬂhed in a 1942 Proceedinpq
of the Soc;ety. ' T '

JOHN MARTIN DAM

51. The;prdfqiype. The John Hartin Dam (formerlY Caédoa Dam)

is located on the- Arkanqaq hivor abou+ two miler _rom Caﬁdoa, Colorado.L ;
1t will be a concrete and’ eart}fill ._trurture A OOO ”eet lonﬂ, witk

a spillwey 1, IVA feet long, dasigned o pass 630 OOO sacond—feet in

the concrete overfall section (Fiﬂure 19) The height o? the dam will

be 105 feet from foundation to the crest, and the reservolr will have

a8 maximum capacity of 655,000 acre-feet. The flow from the reservoir
will be controlled by four 6o by 7. %-Poot rectangular conduits ané twe

@a— by A-Poot square ccnduits for low-nater flow, operating under 8

dpodel Study of the Spilinay and Stilling Besin for the John Martin = - ‘
Dam, Arkansas River. Technicel Memorandum. No. 166—1 U. S. Waterways
Experiment bt&tion, Vickshurg, HiBQissippi December 15, 1940.
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The Spilfeny of the Caddos Dam
Arkansas River




';permit quiet approach conditlons.; The spillway qtructure;Aas mide

j{supporting the spillway. The radial gatea at: _he creﬂt ‘0! ﬁthe dam




e

by & return pipe. R , R

After passing tbrough-the_model; fhe;water retufoed'tolyhe‘pchb]suhp; K

54 Model measuremente.- A run or test consisted of eetabliehing
a desired dischurge, head, gate open:mp, end tailweter f‘or the verioue -
designs being ‘examined. 5tandard types of hook and polot gageq were
used for measuring waterusurfacc elevations.‘ Current directlone were"‘
~established by tracing confetti on the surface and dye beneeth the sur—
face. Pressures were meanured with manometers connected by tubes tof:ﬂ,
plezometer openings along the surfecas of the model. Velccﬁtieq were 2 i
recordsd with a. pltot tube, and scour to the exit chennel wes meawured i
by =& special point gage- The amount of scour was obtajxed by plotting .
the scour profile and comparing 1t to the plot of. the eand bed ir the "
exit channel before” a ‘tegt: was run. L ,f EE _
| In design:ng the model, a qcele ratio was =elected »uch that thn -
roughness on the model wonld clcscly simulete the prototype rougbneSQ.”
~Accurate measurements could be. made of the varicus quantities involveﬁ
and eccurate construction‘o, structurﬁl elements could ‘be made, flow l'
-thrcughout the model nculd be tarbulent~-and the model qhould include

areas and euriece='pertinent to the- problem.

55. Test procedure. To determine whether each element =tudied

was adequute and to record ‘the final re"ults obta*ned, seve*el teqS
were made. Briefly, these teots were concerned with the following-n‘
| a. Tbe relation of the reservoir elevation to the aa-
- chayge for" varlous combinaticns of full and oartlal gete openinge f_
. to establish rating curves for the Talntor gateq on -the . creet. ‘ HT
b. The flow condltions over an through the Spillwav sﬁcuc-‘
_ture to indicate the genewhl hydraulic performance relative to
eddies, turbulence, and other undesirable conditicne detrimental to o
the safe and efficient operaticn of the spillway. ' |
c. The magﬁitude,of.preSsures_over and thfough the spillway
structure in order to establish & hydraulie gredient_throdgh the
| gutlet conduits and to estimate -the forces acting on the spillwey
and stilling-pool surfaces. |




‘d. -The profile of water surfaces over tha spillwav and
’through the stilling—basin and exit ch&nnel to detarmine ‘the - e
height of training -alls and to check the formatinn of the hvdrau—‘ugd:
‘lic jump phenomenon.; e R ST
e. lhe magnitudes of velocities in the qtilling-pool and fi_
~exit chapnel to detcrmine the °low distribution, efPect of bottom L"  _
velocities on c'cout' or bed: m&terial and to compare different deQ1gnq"dd,i
tested in tha stilling~pool. ' ' ‘ : '

f. ~The . magnitude and extent of scour in the exit channel to d.
compare various ‘apron de31gnq tested. Sivce this waq a qualitativv ;
qtudy, no quantitative estimate could ba made relative to prototvpe

scour.

56. Summary'df“reﬂults Considering each feature of the proto— o

‘trre separately, the model. studieq disclosed tbe followingt - l"‘l

. a. Sgillwax. For a"l conditionr o" discharge and gate o
openings, the flow passed smoothly over tHe spillwgy crest. qlight _
_negative preosures were reccrded along the ogee section for all gate..
openlngs, anu‘sllght revisions to the crest haﬂ no effect either on

the flow or pressureu.‘

The mode- rating curves agreed closely rith

the computed curvesr

b. Spillway pier ‘ All intermediute niers were *ﬁti”faotory'd?fl“V'
but the end plers at the train’ng—walls were changed tu provide 8’
dtreamlined pier nose. o ‘ - : , vl

c. EIEEi;EEEEE- All Eatea should be operated uniformkF:sﬂ dﬁﬁ{ B

in the' etilling—pool. The maVimum g ow for:oné“édté,dquatién ;
‘be distributed ‘among at’ least six gates.- For largar flows’ the ?qteQV‘ﬁd
;adjacent to the training aalls should be open to eliminate upstream : e ff:
eddies in the stilling pool.. : -.‘ : CA

d. Conduits. The flow in the conduits was é&tisfectqry'fbr ;,L

all operating conditions. Negative pressures were measured in the



downstream: portion of the outlets, but were (except for low: headq)
relieved by lowering the crown at ‘the exit six inches.. Thiv'

_ throttling reduced the discharge capacity 10 percent. 7j? ‘ e
e. Qtillivg_ggol. The original deeign eubmitted for teqting

was: entirely adequate but to 1mprove sttuctural conditions at the N
o Heginning of the pool, a sloping apron wns added.u The pool still wes. _"
adequate, but its performance was contingent upon the oparution of [ _ "'?

the qpillway gates uniformly. ;j_"

Tralning_wallq and earth ill embankment. Increa,ing the

length . of  the treineng wall at the ”tilling pool and adding to the
- end sn extension on & 50- foot radius reduced the ‘scour: to the river
at the corners of the pool the eddy conditxon &long the earth embank- ‘
ment, the exit velocitieu attacking the earth embarkment, and. con”*ned
the turbulent flow. helow ‘the - pool so. a"'to provide un eerv trareitinn
of flow into the’ ex1t chaqnel S

L

' MI°SISGIPPI RIVER rLO0D~CONTROL VODEL

57. The model._ The: Ploods of the Misqisqippi River are tco well~ f

T

steps are bemD taken to eliminate theﬁe loods.~ The methodq employed

consist of meking. cutoffs, providtng rloodweye, and building leveeq, all‘l.
of .which may or may. not be adequate.“Cutoffs shorten and straighten the‘e
maln river channel while floodways are- auxiliery channels or areas \

provided for handling excess water, to Hecrease the etage or to regulate e\.

the stage nitbln certain 11mit= in ‘the main river channel.‘~;ﬁ_.  ' ‘,;n _
Mexing these chenges is one thing, but to predict the*r e”iciency“i;

is uncther. Accordingly, the U. e Waterwayq Experimenf Statiﬂn haq
constructed = fixed—bed type of model of the Lower Missis: ppi Rivar to'
include the 600-mile reach from Helens, Arx&nsee, to Donald sonville, S
Louisisna. In eddition to the Mississipp: River channe] there:is elso
included limited lengths of the prineipal tributnries, the White,
o Arkansas, Ouachita, znd Red River west of theHississippi, and the
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Yazoo River to the east; and their backvater aren topether with the‘;_ -

entire Atchafalaya River Bauin and a portion of the GuEF of Mexico."
#ith scele ratios of 1:2,000 horizontsl and 1:100 vertical, this .

model covers 2+ acreo, represen+ing a prototype ares of nearlj o i g fi

» 10,500,000 acres. The maximin length of the model is 1,055 feet, |

%}; . ité maximum width 168 feet. Figure‘2l‘shows the‘loﬂer end of the:.

model.

FIGURE 21, MISSISSIPPI RIVER FLOOD COHTROL MODEL .

‘The water for the model is supplied bv pumps from e storapa

reservoir. After pasqirg through the model, phe water dr&inﬁ back f;Q e

into the reservoir. Device° for repulating tbn inflow and outflowygi
of water are so located th&u a piven flood can be directed tbrough::f‘x
. the entire model, or, as is frequent]y done, particular reacheb of
the main channel can be opereted for study of flowS»gt selected
reaches. | RO  ? D e
 58. Similitude. As discussed in Chapter 11, distorted models

are Tequired in problems of this type becéuSe of

the large area to



be reproduced; henoe, the linear'scaies‘muqt‘be 80 qelected'that'the _
model willl be economical and all topogrxphic featureq can be reproduceﬁ. :
The discharge scale based on Froude 5 Law is 1 2 OOO Oﬂﬂ with a
corresponding tinme Tatio of 1:200, but due to tho dintortirn, the theo—
retical scale ratioq mst be adjusted. “For this flond—nontrol model,
& varying: otqcharge scale was tried: at‘Firbt but proved un:ati rnctorv |
due to the varying length o‘ day with the varving di:charga wcale.  :_ B
Next, a coenstant discharge qcale of 1 2, ODO 000 was tried but th1~1'ﬁ

also proved inadequate becaune of the exoeesi?e roughnevq required to

make it applicabla.: ﬂy trtal and errur, uq%ng "overnl conwtant d1qoharge IR

scales, = sc&le ratio of l 1 500 OOO wan finally Found to ﬂati Pv thn_;j‘_j
hydraullie and’ geometric condition= pravailing ‘ '

The roughneas required on the hoﬂe] wa varied from *each to rench o

by ubing ‘wire ﬂcreen and tucco to reproduce foxests, underoruqh and

swampa. This change of roughnesu was required becauqe of tHe changeq"':

in hydraulie radiuq scale from: section to -aection. “The velocity qc:ale,, .:i

as obtained from adJustnent teqts, was 1:7. 5, nompared to Proude value

of 1:10. An investigution was made after. the model adju tment to detev

mine the effect of not adhering otrlctlj to the Froudian relatinnﬂ%ipﬂ

It was demons trateﬁ th@t the mawimum orobable error in water sur ace

elevativnsg would be about one—half of 8 foot in the prototvpe, Whorea?'o"‘ BT

the overall accuracy of thla model is about one foot xprototype) g [; f“ B

59, Methed of test;n Tith gaﬂe@ *iqtributei around the model

to corresponi to prototjpe gaga 1ocations, the model 13 made to repro-

duce the stagea‘;or varicu‘ flows observed in naturo._ 'I‘hiu io the

verification test and it is Guring thiq test thnt the varinua dixcharge

velocity, and time ratlos are.varied: along with the.roughnesg, until

the model reproduces the known prototype "tages. 'Afﬁer‘fﬁﬁé toot waq”

made, the model wes ‘laid to & cort&‘n 9urvey of the river channel, then

the proposed changes to the river channel of ‘the prototype were instal_od_f
in the model and tested. 4 comparison of data from the two tests will

then reveal the efficacy of the proposed improvements. As later surveys .
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are made, the model is changed accordingly, varificd, and tests made
on new improvement works as they are proposed.‘ In this wav, it 13
apparent that the varioua plana proposed can readilv ba compared and
the best ones selauted.: Superfloods are studied on the model by
determining paximum peak floms of tributaries plur an assumed value
of rise in the Migslssippl propar,_this might give ‘& flood of about _
three million aecond- aet. Tho nodel, however, is certified only for _
the peximimn recorded flow,'so that auperfloods exceed the ver*fica-i-"ﬁ
tion‘range. It is: realized that the model data may be in error, 8 e
therefore, but since the superflocds do not excecd the nighest peak' i
verified in the modal by enough to cause serinus error,_a valuable
estimate can be obtained. SRR S o
60. Results of tests. With the aid of the Btudy made on thie f
flocod-control model, together with the vast program started aince  _ B
1928 to reduce floods on the Hississippi by use of cutoffs, flocdwayq o )
emergsncy reaervoirs, dredgmg, and levae systems, the st&ges of‘ o l

recent floods have been grently reduced. By the tims this program

is completed to include flood- control meaeureq on the tributarv rivere,
the Mississippi River will be under control for tha first time in :

‘history.

HEAD OF PASQES MODEL STUDY

61. The problem ares. That nart of the Missiqsippi River called

. "The Passas," occurs at the lowar extremity of 1tq delta region, abcut

' ninety-four miles =outb of New Orleanq. The point t whlch the main
river channel divides into several channels is called "Head of Paqses..

The three. main passa° or channels occurring at tbis poiﬂt are Pass
a 1'Outre, South Pags, and Southweqt Pass (Flgure 22)
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FIGURE 22, PASSES OF THE MISSIbS»IPPI RIVER, VICI‘QI’I‘Y WP g
Apnother pass, Cubit's Gap, occurs three miles Upstream from theﬁ;?- 't
Head of Pazses. South Pass, which is 13 1/2 miles long, and _
Southwest Pass, which 1is 20 ‘miles long, are the onlv navigable
channela, &nd as such mst be kept open to navigation sincelf
considerable sea—going commerce useq these pasqes to reach New
Orleans and Baton Rouga. ' o ' : . _,ﬂ " .

The tosk of keeping the channelq open haq kept the Corpe of
Engineers busy for many years. The 1and aurrounﬂing the pasqes‘f‘y"
is a salt marsh, typical delta country, which continually Subs 1de§.
During floods -the low barks Are overtopped and vufficient mater*al~7~~.
is deposited to correct the subsidence eomewhnt but. to maintain
and strengthen the banks resort has been made te permeable jatties”
end spur Akes. By so confining the flow end by dredging, a navi-

 gable channel hus been.mainta‘ned 1n South and Southwest Passes, but
only -as long as & proper distribution of flow is maintained in each
.-pass, which, in turi. . is dependent on the improvement works innta)led
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to maintsin nevizuble chennels. Thus, u 4i77icult problem !s evident,
purticularly so when 1t is realized that the river branches nt cne
main point, and is on & very !lat slope.

Tince the passeu of the Missiarippi River are so vitsl tc sea
commerce, & model study wuz instlgeted at the 1. ©. Vaterwnys Lxperl-
ment “tation to study the effect on the dischurpe in the pagsea of n
dredging operation to deepen the chanmnela; to stuly the reasona for
shonling ut the Heed of Passes un? the best Aredping methods to bhe
used to eliminute it; and to study the effect of gapring & submerped
8111, which lles across Pass e 1'Outre, to permit 211t to 111 v lnrge
scour pocket just below the sill along the right bank.

62. The model. The model was built to a horizontal scule of

1:500 and a vertical scale of 1:50. It includes all of South and
Southwest Passes to the Gulf of Mexico, and a mile or two of Cublt's
Gap and Pass a 1'Outre (Figure 23).

FIGURE 27, MODEL OF HEAD OF PASSES




Tt was constructed according to the standard pructice of river models3i
| explained in: Chapter II. . The movabla bed was compOﬂed of pulverized -
coal. Where dredge cutq are planned the concrete beneath the coal e
has been poured in blocks to enable its ramoval as desired.‘  ‘ ,

63. Verification tnsts. The modﬂl was verifiad according to

1937-1939 survey, with a hyuruﬂrnph correspnnding to that period.

Because of the extant of the- model and the dif?icultieq in a‘justing:'”'”

" the scale ratios pertalning to the flow, the rag*on at the Heaﬂ of ;

Passes was verified first and later on. each paqn was treateo qeparate}y"

for verification.. o L A S | '
This verification was mnde with Rt movable bed prirr tu qtudy1ng

the shoaling action‘at the Hsgd,pf Passes. ,In a‘previousutest‘uping‘

a fixed bed in the modsl, a study was mads of the effect on discharge

distribution in the passes due 'tb a dredge cut at the foot of South-

west Pass, and to determine whether the progreqsive dacrea"e 1n the

percentile discharge in Southweat Pass, a8 obeerved in the prototfpe R

between 1937 and 1940, was due’ to regulatlng works installed durﬁng

that periocd. By obtainlng a-dis charge distributlon on the model for

one set of conditions, and comparing it to a conditicn, 1nc1uding the

regulating workq and ﬂrpdge cut it waq poqsible fo show that the-ﬁu

discharge distributian would be effected. The ‘testing ' had not propreqqed M

far enough durlng ‘the author B study of: the model to. glve any solutiﬁn ~  B
of the other problems mentioned. After reviewing the’ model r'tudv aq R
far as it bad progressed an 1ns§ection nas made cf the problem area :A L
in the field in compaqy with the enginaer in charge of the model atudy.’-“
This uided considerablv 1n understanding the difficulties 1nVO1ved in
the problem and its magnitude._ Figure ZA nhows some. scenes o; The

Passes.




A. HEAD OF PASSES.  SOUTH PASS B. FOOT OF SOUTHWEST PASS -
LEFT, SOUTHWEST PASS RIGHT ~ LODKING TOFARD GULF OF VEXICO

FiGURE 2&, PASSES OF THE MIQSIQSIPPI RIVER

- GALVLqTom EAY

64. The prototyye. Galveston Bay, located 1n soutkeastern f o
Texas on the Gulf of Mexico, 1t approximately sixty mileﬂ weﬂt -
of Port Arthur, Texss, end fifty milee aouth of Houston, Tex&ﬂ 5
- The entire bay area, which cawnsapproyimately Aour hunﬂred
and sevanty—five square miles, 15 relativelv qhallow, varying from:‘
-7 to 9 feet in depth, with the excaption of Bolivar Roads, and the ..
ship channels whigh-are maint&ined_by dredging. The bottom of the
bay is compoezed of si1t which 1is kept in & ﬁofe or less constant
state of agitation by the action of waves ghd_tidﬁl currents. As e

_5'lodel Study of Plans for Flimination of Shoaling in Gulveston Channel

and COnnecting Veterways, Galveston, Texss," Tech. Memo, No.




result, heaﬁy shoaling dccurs_in'daifegtqn Cbahnél,‘ﬁnd‘ih Eeverél,
others in the bey. I£ ie believed ﬁhat‘tﬁe‘principal‘éoufces of’ |
shoaling are the varicus qpoil bankq over’ the BFFB wh*ch hnve been‘_:
formed by hydraulic dredging. St

65. Need for model tests. .Eec§ﬁ9€ bf £he cbﬂétaﬁf néed for”‘ "'

dredging and danger to uhipping entering the bny, qeveral planq were

 proposed to eliminate these unfavorable conditions.”‘uixce the effi—:_"

ciency of the planﬂ could not be’re&dily determined due to 1ack of

precedence to follow and becauqe na. rational analvais was possibla, ﬁif?

resort was made to hydraulic model tests._  ST
66. ghe ‘model. After careful studv of the prototvne phenomena,
a model was designad to. give reliable and useful 1nfovmation. Ihéﬂ

model repre»ented approyimately tuo hundred and qixty~five square _
miles of the prototype with a horizont&l scale of 1 800 and a vertical

scale of 1: 80. It wes: of the fixed—bed type, all topography being i -
leid in the model with shaet matal templetq and molded in concrete.1 “
hAppurtenant works of the model ccnsi ted n’ wate'—surface gages,

sutomatic tide-contrcl and tide-recorﬂing app&ratus, tide clock andr

wave machine. Gilqcnite, hav1ng a specific grav1ty of 1 03 16 1 04,}f;?
was used to approximate the silt of the "rototype for use in the,f :¥“

ahoaling‘tests. ‘f__.,' . ' ‘; ,
67. Scope of tegts. Careful ﬂtudy of pertinent field data

gave information as’ tc how the modal tests should be made to beqt _
reprocuce the prototvpe phenomena.. Tides, currents, wind and silt
samples were. examined and pzoperly coorﬂinated to permit tbe model

operation. The model tests were *ivided 1nto three distinct phanes o

as follows: (1) The ad;uqtment and verificatlon, (2)‘the;c1egrfva@er; S

ltests, and (3) the shoaling testso; i o
Ine adjustment and- veri”ication phase consisted of oroducing

tideq by. the tidal machlnerv in the model and observing the tides and

the currents over the problem area. Conparison with field data, dia—

closed the necessity for increasing the roughnass of the model sur:acea. 8




which, when properly accompliohed,:gave‘good'agreement‘with:thelproto-
type. At the same time, it was found that the curre“‘s apreed very
well with the field meaquvements.r e ' ‘ f'_'“'

The clear—water test phase wze initiated only after the model
had been properly udjusted to reproduce accurately certain known .
phenomena at the prototype area. The phase conlioted of testing :
various plans to determine their:effectq on tha tides and currents :
over the problem area, and thereby to determine their efiectq on e
shouling in the various channela.. ‘ _”'_ ‘n_ _i* i "_.‘. ‘

The ghoaling tests consisted ofVEiltASOﬁrce 1Heeé£1gati¢né tozg E
deterinine on the model the aource of uilt 1n the. prototype. Tan
possible locmtions nere tried includ1ng all of the spoil area, as.
well ag intermeéiate positions between.. Four of the source locations .
were then studied to provide silt—path base tests, the locations used
naving baen found to be the prin"ipal contributors to shoaling in the'”f.'
ship channels. Following these teats, two plans for improvament weref
.teqted by introducing shoal material into the model and - then qtudying
the effect of these plens on the. depoqiuon of this material.

68. Clear—wuter base testoi The several plans tested in the:7:.

model, with one exceotion, COnuiStEd of placing single dlkeﬁ at
critical locations over the model area for improving one or more of ,f{r‘
the main ship chennelo.. Before proceeding with any of these teots, (i
a2 base test was made to estublish a basis of" comparison.‘ Tha condi-;
tions of the pro otype at the star of the test were . selected as thec‘
basio condltions, and & base t«st made of them,'conoisting of 8 compre-;i{
;hensiva study -of ‘the tides and currents in the model,‘with onlJ existing i
improvement Horks in place, The base teet was. actuaiiy ohe requ]ts of
the adjustment amt veri“ication test, since the model was conotructed
initially to represent the existing conditions. ' “

69. Example of clear—water test. Plen l wAS based on the prob-
ability that a dike extending from Pelican Island to Galvaston Island




closing the - western end of Galveston Channel with a 200~fuot opaning
for pascage of traffic,-would reduce the rate of shoaling in Galvcstonn f”;
Channel and possibly benafit eonnecting waterways. A

The results of tests: on ‘Plan’ 1, indicated that shoaling in the _
western section of Galveston Channel wnuld probably be con 1darsb1y -
decreased while that in the eastern 4,000 feet would not be decreaseﬁ‘

to the same degres. The conditions in Texas City Channel nere such as' e

to indicate an increase in tidal prism, thaugh not necessarilv an  ff f
inerease in shoaling. There was no indication of change 1n the action« 2LT
in the jetty channel Houston Channel, or Boliuar Road ey |

70. Shoal;ggktests. Plan 1 wes . also’ selected for 8 shoaling

test to deﬁe*mine ‘as Iar a8 pos 1b1e, the effects of the closing dike;\ “ 
on the shoaling. action in various channels.' Tbe informatinn from thiq' 
test was qnalitative only and merely supplemented the data obtained : 

from the clear-water study of the tide and currentq.ﬁ The silt path ﬁ. i

tests enabled a distinction to be made between Plan l and any other-gf,jﬁjff -

plan. They were performed by placing shoal materlal (gilsonite) infr”

strategic 1ocations, operat ng the model according to nredeterminedi'

tldal cycles, and observwng the depositicn and movement o’ the eilsonite.‘-_“

A base teqt was first made, however, An a similar manner in order to.
compare the performance of proposad improvements.: The base teqt “or .:;;
shoaling revealed that the snoils banks produced by hydraulic dredges
in maintalning navigable channels tere important contributionq to the
shoaling in the snip channels. and indicated that dredging methndq,
regardless of improrement works, could be revised. ; ' ', , ‘”
Tests of Plan 1 were judged by "1ndiv1dua1— hoal 1ndiceq" uhich
were the ratias ohtained by dividing the qunntity of material deposited
in the test of tne improvement plan by the quantity of material deposited
4n the base tezt. Computatinnq were then made o weigh the various
-figures obtained from the silt-p&th or shoaling tests. of Plan 1, as
compared with tie base test, and to determiva for each channel 1ﬁ ‘the |

: problem aree an. overall valuation expresqing the - merit of - ‘the proposed




1mprovement plan by a “fina‘ chennel . 1ndex. From 8 study cf thaae o
" date for Plan 1, the ‘wfinal channel ‘index" indicated a considarable }_
reduction in shoaling in the western section of Galveston Channel (
an'increase in shoaling 1n the channel between the jetties, and
some reduction in other channels.' N R _
Tl Recommendationq. One of the most valuable contributionq:'
from this study was the- elimination el worthlesg 1mprovemant planq. l_~
it wag convineingly ‘shown from the clear-water teqts that Plan 1 “_ L
was the best. of five - plans, while the shoaling teqts revealed Plan 1 thl
to be the test of two under consideration.-‘ g R '
Analysis of all rasults definitely showed that the reduction
of shoaling would be accompliqhed if the dredging methods are ravisec é‘.
so thet material once removed from “h1p channels will have no chance o
to ‘be returned to the channels by tidal action.~ For thl@ purpose, _‘
it was recommended that moTe. use ‘be made of hcpper dredges, the material
being dumped at sea, and the use of Spoil areas in 1ocaticnq where tidal
currents will not. return the material namely, in: the basr area to the .
east of the Houston ship chaﬂnel If dredging changes alone are not
sufficient, it was recommended 1n part, that consideraticn be given :

of Plan 1, or minor adjustments thereto. In any.- QVent, the 1ntra— v

eoastal waterway-opening should be kept to the minimum posajble for

navigation.

HYDRAULIC MACHINEHY

72, References. Because hydraulic machinerv problems pertaln L
more to mechanical engineering and as-ﬂuch, are not tao. familiur'gléu:
tc the euthor, and since the testing of such models 18 fairly standﬁ_3_ﬂ
ard, as briefly described in Chapter II, examples of hydraulic P
machinery model tests are not reported upon._ Since turbine and pump
manufacturers do not generally permit b peru%al of their reports, but
discuss their problems only in technicul literature, referenceq are.
given below to papers illustrating the technigque of this type of
model testing and the deaign problems involved; some of the re’erences

at the end of Chapter 1I are alsc aproposs
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"Development of the Automatic Adiustabla—BldouTvpe S }
Propeller anbine," by R. V. Terry,L .S.M.E. _7 19»1. ;;L_i"l“"
"Complete Characteristics of Centrifugal Pumps and e

Their Use in the Prediction of Transient Behavior, _ﬂ

by R. T. Knapp, Trans. A.S.M.E., November 1937,
“Experimental Determination of the Flon Characteristics

in the Velocities of . Centrifugal Pumps," by R, C. Binder

and R. T. Knapp,- Trens. A S.H E., Hovember 1936.

LABORATORIES

?3. Hodel testing. Hydraulic model teeting 1is being conducted

at. many. laboratories in the United States. The leading laboratories' 5“-'

in this field in 1940—41 being at the U. 8. Waterways oxperiment .
Station, ViCRBburg, Misaieaippi Bureeu of . Reclamation, Denver, l¢" e

‘Colorado; and at the Tennessee Velley Authority, Norris, Tenneasee.:-

Other organizations doing this work but somewhat leaa extensively, ' -15 y

are: Bonneville Hydraulic Leboretory, Bonneville Dam, ﬂashington'fl

National- Hydraulic Laboratory, Bureau of Standards, Washington D.;ngl‘

" U. 8. Lngineer Offices at the University of Iowa, Iowa Citv, Iowa-lyi".
at Los: Angeles, California, at Wo*oeqter Polytechnic Inqtitnte,

‘Worcester, Massachusetts, end at Carnegie Ins+itute of Technology,
Pittsburgh, Pennsylvania; and the california Instituto of Technology,._‘

Pasadena, California.




'CHAPTER\IV»—iFUNDLMENTAL‘BESEkBCH

INTEOBUGTION
Ths Empiricxsm verquq retionaliqm. In the. previouq discuasion,.

the role of hydraulic models An hydraulic reeearch hae been demon-‘

strated. One fact is evident frOm this type of reqearch The informa-ﬁ:x'

tion gained is usually applicable only to *he” specific problems.;‘
‘involved, although such 1nformat10n may be 1nva1uable in solving
similar problems. - Thuq, the "model studiee of Friant Dam solved
provlems essociated with the hydraulic eosign of that qtructure-‘the
model studies.of the Missiqsippi River likewise answered ﬂpecific "
questions, yet the knonledge gained would generelly not be applicable ;
to other etructures or riverq unleae the hydraulic ronditions were"
nearly similar, a rere circumstance. e

Consider nox the role.of fundamenial research 1n hvdreulicq.
In this case, experiments ere made of varioue flow pnenomena to b
determnne the reasons fer their: behavior and to re]ate all the

variables by dimensional analysis to e"tabli“h laws governing theee‘

_ phenomena, laws whicb are applicable over e wide rnnge o’ conditicnqﬁ ‘}l‘ff

and which may facilitate ‘the transfer of results from one field to
other related fielde of research. Rational fcrmula exprassing theseczf

laws are dlmensionally correct, while many empirical funoticns are

dimensicnally incorrect their successlul use’ being dependent on the}:'iﬁjﬁ‘

Judgment of engineers to use them only wlthin the experimental range‘
from whieh they were derived. Accoréingly, empirical data may ‘be S
interpolated but. rational date may - be extrapolated an most inatances. o
For exauple, it has been shown in pipe flow. that the fricticn coeffi- o
cient and velocity distribution are a function of Reynolds number and
that reasonable extrapolation is justified. Perhaps the extrapolation :l
of empirical date is encouraged because almost all. empirical fUnctionsf
plotted on logarlthmic paper appe&“ as a’ straight 11ne for: small
-ranges of date. Even: though such pipe flow dats is empirical, .all-
the variables are included and the.limited functions‘expresslng pipe



‘resistanca probably point the way to theoretical or rational expres—"
aions for the same phenomenon., The theoretical formula for fluid
friction in a smooth pipe developed by von Karman is based cn the 5
assumption that tha 1nf1uence of viscosity 13 nagligible except
within 8 small . range near the walla., Dr. von Karman believeq it

: is probable that this function will agree with the facts more and
more, the larger -the: Reynolda number corresponding to the actual
cothruct‘cn.. Lo _'f.' ‘iﬂ‘ o _" o 1_ : “”. ‘ :

_ In regard - to empirica] versus rational or aualytical 1nveati— _
gation, Rouse statea that thera ura fcur, rather than twq,me*ﬁodﬂ =
of developing expressinns for fluid motion, but one must di tinguiwhv  :
firat between experimental measurement and ampir1ca1 formulation -of SR

wcrkirg rules for design. Expex°'antal meawurement is the mechanical

determinaticn of one or morq l-OWJCh&r&cteTi“tiCB for: e given state e A
of motion. Pure empiriciem, on the other hand include'a the effort o o ;

to develop 8 practical generaliaation of the results of - experimental
)measurement Ter e number of difterent conditions- 1t may provide %
simple working formulas for design within the range of available data,
but, although tbe dat& may be accurate, there is no guarantv whatever‘“
for the physical truth of the empirical atatement for cn¢y by o
_chance are. natural 1uws disccvered 1n this way._ Were ithis still the‘g

- only recourse of the hydrauliclan, the subject of pipe res iqtance “f“"
would probably be in the Bame jumbled state aSiit was before Blasius
published his analysis of Schoder 8- experimentel data.- o ," :

On a considerably higher. plan “Rouse . explains, ia the sacond N
method, that of Blasius, uhich ia partly analytical in char&cter,._ '“ ;“
since 1t is based upon physically sound dimensional anaxyqe ‘although‘;

exper;mental measurementa are still necsssary tu determina the tvpa

of function and the nunarical constants relating ‘the several dimen- .
,sionless parameters, tha invastigator is well: beyond the chance of pure
empiricism when he interprets his results.» Still further advanced iﬂ _ y
‘the mathod combiuing dimensional analysia with & reasonable and cloeely F  ' N




approximate physical enalysia, thue determining the probable form ji‘
. of a function and. 1eaving only " the numerical constents to experi-~-'
if}} mental inveqtigation. The - fourth method he concludes, thet of
: complete rational enelysis, leavee nothing to be found erperimentally;
it 1s the ultimnte goel of every~field of acience, but, ae yet, only
in isolated cages hee it been fully LY succeee.. S ; BT
Although 1t ie obvioue that the rationel or enelytical methode
are . superior, engineere in practice ueually muet rely on methode

which will yield results quickly, accurefely, end economicelly.u To: Lf*f

attempt to solve some of the problems diecuqeed in Chapter III by
fundamental analyses would be ' imprecticel end would vield if at. ell
reeults of a questionable nature. ‘Aocordingly, empirical methods ere d"‘
‘predominent but fundamental research is gradually advancing our f '
: knowledge of . fluid moticns and will eventuelly reduce the amount of L.
. emplricism required bv the hydraulic engineering profession to eolve ”d'i’_i'f”
75. Principal research. Perhepe the predominant research o SR
project in the United btetee today is thnt releted to fluid turhu— -  :; i ;{

ilence.,  What ie turbulence and how can & knowledge of 1t be epplied

to practical problems? Thie end other pertinent queetione may be

partly anewered by reviewing the work elreedy eccomplished. The :

next few pagee, therefore, will be devoted to show whet is meent b& :
turbulence and how - practicel probleme are being eolved by applicetion }fl'

of some of its concepts.‘ “In addition, otker tyoee of ‘undemente]

research will be illu~trated, vhich are not as importent, perhnps, as .
the study and application of urbulence to practicel problemc but of'

considerable eignificence."

FLUID TURBULENCE '

76.. MNature of turbulence. Sterting with Osborne Revnolds'

g ‘ | experiments, later followed by the work of Blesius,. ot.enton and
Pannell, Lees, and Nikuredee, ‘the relation between Reynolds number
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snd the frietion coefficient fcr fluid flcw in emooth and rouph nipes
wag falrly well develeped for laminar and turbulent flcw. Ay the same
time, theories wera presented relative to the boundary 1ayer by Prandtl
the Prandtl-von Karman thecry of" the mixing length, the eipni”icance '
of the laminar boundary layer with reletion tc relatiVe roughness, and
von ﬁarman 5 universal relationship betwccn the velccity dietributien o
and reeistance to flow.6 ' ' ‘_ et .1 _ __”" e f _“
During the past century most of these studies have been concerned

with understanding the nature of reeietance in turbulent flcw' mere
recently, research has attempted a soluticn “rom an analytical beei :
The first successful approach to the analysis ef turbulence ceme from e
the aeronautical engineering field in. which many probleme of fluid
mcticn had - to be met, including turbulence» Since turbulence is generel
in its nature, & study ef it by the methods cf fluid mechanics ie as.
applicable to hydraulic as eeroneuticel engineering. Nﬁ"'ﬂif‘

| Thoee ecmewhat familiar nith the modern studice cf turbulence, but

_ engaged in- practical engineering work, might ask rhet 15 turbulence in M‘

- flowing water end of what’ vnlue ie it to know the application of the :.
theoretical findings._ Rcuse answers that the engineer, first of ell, l;:‘.
thinks of turbulence in: water as consisting of merely large eddiee cr ‘
‘severaly agitated fiow. Although such flow is turbulent, the true
meaning of turbulence is related firet to Reynclds' classic experiment
in. a long gless tube in which dye was introduced into the flowing water
“to observe. the change frcm laminar to turbulent flew.‘ In this small
fiibe or in hydraulic structures fullydaveloped turbulence iq the qeme.;ll”

) Easically, urbulence exiate in & fluid when at eny point the direction

and magnituce of .the velccity vary irregularly with time; Such variation
is rapid and is usually produced bv the whirling about in thekfluidrcf

64 resume of these develcpments may .be - feund in “Fluid Kechanicq for
Hydraulic Lngineere," by Hunter Rouse, Engineering Societles Mcncgraph,

.HcGraw—Hill 19383 or "Modern Ccncepticne of the Mechanics of fluid 0
Turbulence," by Hunter Rouse, Trans. A.S.C.E. 1937, p. 463. B
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eddies of ‘varying size.- It is by theee eddieﬂ thnt the tranefer of-

.momentum, mass, end heet occure from one point to another in the fluid,

causing the energy dieeipetion eqeociated witn turbulent flow. Accord-  "
ingly, at any inetant there may - be superimpoeed upon the treneleting
movement of a fluid past a certnin point eiﬂ1er poeitive or negative
velocity componente in each. of the three coordinate directione.‘ A= f-'

B result, there ie . varieble movement op small fluid meeeec An a

direction normel to the. generel direction of flow., An- illuetration

* of this somewhat complex motion can be had frcm observing denee cloudqf“ﬁ
of : amoke rising from a chimney. The flow or motion ie cheng;na from
instant to inetent but a typlcal sequence oF rolling billowe of smoke
is present, the genarel movement of which ia by no meene the individu ﬁgﬁ

ual helter—skelter of mlnute particlee of soot. It iq not to be‘iﬂ*

construed,- however, thet each: fluid particle describeu its own irreruler l
path, regerdleee of "the motion. of neighboring particlee. rether, it ie ' .
to be understood that the behavior ‘of every particle ie dependent upon Ce '-f-?'
that of octhers. in its immediate vicinity G S ' o
71 Stetistical theorz,g_since the turbulence phenomenon iq one e

of random motion with no regularity, it ie convenient to etudy it from”i fh
a statistical enalysis._ Following the. usual pattern of fundamental o
research theoriee have been first. developed which are then followed by
experiments to check these theories and/or to determine certain conetents‘
included in the fundemental ennlyeis.‘ Prnndtl Teylor, and" von Kermen
have developed the basic turbulence theories although the theories are
not as yet complete and velid.‘ At present, therefore, experimentere in .
this country are checking the: theoriee end developing techniquee for; B
laboratory work on: turbulence._ At the eeme time, attemptq ere being ‘i'
nade to present the verious findinge to engineere end to show apnli- :
cability to present-uay practice.- : L\ LI _ .].‘

In applying the statistical snalysis to turbulent flow,‘ it_isf

convenient to represent-the varying velocity vector at any pointhin

7 nRelation of the Statistical Theory of Turbulence to Hydraulice,"
by A. A. Kalinske, Trans. A.S.C.E. 1940, p. 1547.
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the fluid by U, Vv, and W along the axes X, y, endﬁi. The'velccity‘5-.ﬁ
in the direction of mean flow along the x—axie at any instant iq .lj_:
represented as (U + u), in which i ia the mean: velocity in that
direction and u is the fluctuetion in that direction. oAlong the

other axes, y asnd z, the velocity is represented bv (V + v) cnd

w+w), respectively. Since U, Vv, and woare | quantities that vary

-with time, it ie useful ‘to- represent them by certain statistical

averages. First, the statistical dis tribution of. these quantitiesl7

is determined by use of & block diegram indicating the rrequency of

occurrence of varioue valuee of v, for: example This fun tion in fctsffff

reality is the ordinary normel error 1a ol ‘
To determine’ the simultanaous val :‘o u and v, or u and w in }

water, a etudy is- made of the motion of particles suspended in flow-

ing water. When illuminatad, such’ particles couss streake on; motion~@}5:'-
picture film, &nd, from. the length and direction of the etreeks, two Rk

'componenta of the velocity can be determinad. Perticlee made o?

carbon tetrachloride and benzene having & specific gravity of water,iitf” .
-have been used. These particlee are illumineted by a: narrow plene ofl*'ﬁ :
light, so that only those particles in- the light are visible. Kalinske,;_

at the Universitf of IOW&, obtainad the transverse velocity v fcr shcrt o

time intervals by injecting a thin colcr stream of dye into a flow by arfﬁﬁ'ﬁ

fine needle and taking motion picturee of the color stream close to the-f

needl¢. The velocity v for these short intervals of time waq dbtained

by measuring the transverse: trevel Y for ehort dietencee, x, downetream.¢

The values of x are short enough 80 that the direction of the color

stream is. reelly a etraight line. The value of v is then‘%_, in which e

tis ?, i e P T
T e Lt

A large number of - valuee of v enable the calculation of \/‘. f

V
Kalingke found that good meaeurements of eimultaneoue values of u and v

can be made photographing with a constant—speed motion—picture canere
the travel of immiscible droplets in an open channel for a dlstance of
sbout one ineh from the point of icjection. A magnifylng type_of-closam

focusing lens ie used on the camers so that a picture is obtained of an
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area of about‘two squafe'inChesl Following the movement of the e
particles from’ frame to frame on the film, permits tho determina—;
tion of u amd v, ‘and, if sufficient data are. obtained the ; o |
quantities V "“z*- r \/'-fg-—", and uv can be calculated.‘ S i

John S. McKnown at the. Univeraity o{ Hinnesota, to determine‘t
the velocity fluctentions in turbulent flow, ueed a. narrow channel
with e grid painted on the bottom and one - sidewall.~ By placing a |
~ mirror above the bottom and adjacent to the sidewall moving picturee
could trace the movement of a 5pecially prepared droplet in the three
directions, : x, ¥ and 2. Although the photographic method is accu-~,‘-

rate for studying velocity fluctuations, At is agreed by those concorned"i
that 1t is exceedingly tedious to obtain and analyze the data.‘ LT EAT
instrument that would give accurate recordinge of the instantaneous<)ff:;l

' velocity would: be welcomed. : " Sl S S o
- Having determined the distribution law or normal error 1aw indica-
ting the randor: nature of the velocity fluctuations, the next step ie“
to establish the degree of turbulence by some - average value of the o
quantities u, v, and w, The roct-meen~square or standard devietion, FHL"ﬁ
vﬁtif:— is the most significant average.. It indicateq the tpread of

the distribution curve and its square v? is proportional to the'j"“*"i‘

energy of turbulence for that veloaity component. Another factor
useful for treating turbulence is a correlation coefficient.r Since two‘foQﬁ
different turbulent flowa mey have tbe same intensity, but the avercge
size of the eddies different, Taylor8 has suggeqted that a correlation EN

R 20
coefficient, Rx = _i3-2 be used In this enalysis the inetantaneoue '

.velocity componenta, either u or v, are. oeasured simultaneouslv at two ‘
different pointe, along either the x-axis or. the y~axie, ovnr an appreci-
able period of time. If the two pointq are near enough that they are T
within the average—size eddy, v1 and 1r2 uill tend to be. nearly equal

and of the same size, end. R ‘will ba nearly unity. If ths. two points

aTe an average. eddy diameter or more apart, R will approaeb zero.

‘B?Statistical Theory of Turbulence," by G. I, Taylor, Proc. Royal
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This has been verified ‘by experimente. Kelineke ehowed from meavure— '

ments ‘of ‘the transverse velecitv v that Ry = _;L_g__ weuld approach

unity for emall values- of x, aud would approach zero for 1arger velueq
of x. Taylor then defined & quantjty cherecterietic of the turbulence' 2
thus: ‘ : ‘ : s L

in whiech x is the distance when R, &pyroacheb zero.-_?"ﬁ““" )

78. Turbulence and energy. In addition to the knewledge of theuﬁ*

trangverse velocity fluctuations end tbe relat*ve 1ntene1tv oL_tu*bu-f‘f
lence, 8 concept of the energy of turbulence it.valueble. If the-l;i;f;
turbulence is uniform in the direction of flow, e: in pipe flow, the . |
‘energy present’ due to turbulence m&y be neglected in any energy equawﬁ o
.tion. But, if the. energy of turbulence verjes from point to uoint, a«;,)

occurs in conduit treneitions, do"ﬁstream from velvehl benﬂ etc.,_ :

a slight erro"‘will be introduced in a atuﬂy c- energy changee.~ Turbu—“ﬂi-f

lence produces energy dissiputien through the medium of vleca~ity, ror
without viscosity, exther in viscous or- turbulent flow, energy diseie f;ﬁl
pation would not occur.‘ Fithcut viscosity, there weuld be precticelly  §
ne loss of. energy, so that any turbulent energy producen Whﬁad perqiet:f_
indefinitely. Accordlngly, the high 1nternal r-‘hear etrese produced hy
the turbulent eddies ceuaeﬂ the energy disqipatien.- In pipe Alow,
potentiel emeTgy is. beJng diqsipated into heat. The rate at which
potentiel - energy is transferred into turbulent energy ie not neeesear- eﬂ
1iy equal to ‘the rate of energy dissipation 1nto heat at anv point o
since the turbulent energy cen be difiu~ed to. other pointe by the
action of eddies and then disslpe&ttefq into heat.;.' L e
For iﬂotropic tu*bulence Taylor °hew thet the mean rete of i
dissipation of enerﬁy per unit volume ef flotd 1s°K + 7. “p( 82_;)2
that is, the rate %2 L 55t 1onal to the viscority W times the ‘mean
square of thelgr-ous inqt&teneoue turbulent velocity gradienfu,ywuch

as (_E )2., To deteminﬁtba value of {~ av ), fDI’ example use is
ox .

ax
mpade of ‘theabova—mentirned errelation coefficlent. The coefficient
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Ry 1s so defined that Ry =1 _ (vy = v3) ‘where'-‘vl“ s the
‘velocity at one point and Vo ot annther noint in a fluid at the qame
instant, at. a distance x apart._ If the values (v =, ) éf ;jf; _

obtained: for small values of Ky then it is approxim&tely torrect uo

write:

‘ _-"' O Tl e T e T e
from Taylor's concept HK 15 uv. in which )(“ e —_—
| TR Wt X =30

Here A isa ‘length term and is a characteristic of the tarbulence aq.f

_regards energy dissipation. . : : Sl e R e
79. Diffuaian.' An important part of turbulence inveqtigation is n; S :
‘the diffusing or. exehange power . causing the exchange of heat momentum, o

and matter from. one pnrt to another.‘ Such 8 mixing procoss ia sometimeq

called "eddy diffusion. Kalinske studias this phenomenon by injectin

8, constant stream of color thrcugh - fine tube, and also by injecting .

colored droplets of a- mixture of carbon tetrachlorida arﬁ benzol bav— jL“-' .
ing the same specific grav‘ty as’ water, and rhotographing the transversé "I\f
‘.spread of the color, or droplets, with da motion-picture camera. fThe‘ P

iuportant quantity to datermine from these studies iq the mean—square'ﬂjf~

transverse travel of the “eolor or droplets at various distances down—"

'stream from the point of injection.‘ If the traneverse trnval at any

in theory x and Y . Kalinske s experimnnta 1n a small channal sbow }] 1_
a linear rnlationship at 1arger~values of x (5 tos8 inches) o

A mnthematical relationship bmtueen x and ;5 is not as convenient‘t"
as. & diffusion coefficlent for characterizing the diffusing powar of -

turbulence. Applying the 1deas of molecular diffusion theory, such a
-coefficient would be defined as'D = U { GYZ )

The dimensions
dx S

f“'Diffuéionfhy;vontinunusnlpvamenta,"s




of D ars ;LE , 8 velocity timee‘a‘length the'veieeitj'being‘the'foet;dﬁf
mean-equereTtrensveree velocity, \/ "2 ’ and the 1ength ic aqqociated
with mixing processes being proportional to the size of the turbulent
eddiee and to Prandtl's. “miying length. B , | '

80. Energy diesipation.- There ere eeverel probleme in hydraulic el

engineering in which the knowledge of turbulence ie important. Gonqider—
ing the general problem of energy dlusipation, there are variouq problemq ;‘_ilt
requiring e knowledge of the manner in whﬂch energy ie diseipatedii;qome .
hydraulic problems require B maximum dissipation while others may require L
a minimum dibeipation of energy._ In a conduit of‘expanding croqs—section,é}ffg;:
that is,_e trens1tion section, the edditionel loeees of energy associated ;i;;"
with the transition are treced to the oreation oP turbulence energy |
beyond that uaunlly preeent in the flo-. -‘i' S _ 'i ' nt

In order to study the energy trensformations completely, the energy
of turbulence must be found in eddition to the ordinerv kinetic energy
computed from the ave1ege velocity distribution.; The total meen kinetic
energy for a pipe may be expreeeed as:’ o : ' ‘ s

LE s f’yu W

in which U is the mean velocity, r the radiun, y eny diqtance From the
centerline of the pipe end p. 1is the deneity The total ene“gy o’

turbulence 1is expressed es:

“E =mw f yU (u2 + v2 W ) dy

= 3 SIS 2
in which u s v2, anc w2 are the mean. squares of the velocity compenent=. _
in the x, ¥, and 2z directions, reepectively Other veluaq ane ee ebove.e_“'.
In‘e 3-inch pipe Kalinske found the total mean kinetic ene?gy v

Ep = 0. 255 fnot-pound for &, diecherge of O OB second foot.- The value

of Et was 0.008 foot-pound, assuming the traneverne velocity component :

v was equal to-v2_,_whieh is‘true fer‘flow in a circuler cenduit except
st the wall}._For'theee'velues,ltt_was 3 nercenteof Epe Ina 3- by 5-

inch expansion in the pipeline at the 3.75-inch diameter of the expansion,

the velue of E was 0.157 foot«-pound while E, wae 0.014 foot-pound, or e

Q percent of Em Hence, in the treneitien, the turbulent energy Et had
'_;thad 2 higher velue.




‘Turbulent enefgy,*as‘thiefexEmﬁleﬁehcﬁs,fcenfpe'cfeetedffeoidly, §

but the diesipaticn‘of that enengf doee*not occunlec'qeicleJ’:Since:
a sudden change . in. velocity cruses extreme turbulence the energy g0,
produced is dissipated gradually downstreem due tc viecosity, with—“'
out which there would ' be no dissipatinn of energv into heat.‘fw;” '

The theory of turbulence mechanism cen be applied to- the dieqipa—t;f

tion of energy at hydraulic structures, such ae below overfal] demﬂ 3

spillweys, or: to decreesn-{he velocity of flow in open channelc,_"w
For fully developed turbulent flow, the shear 3trees ie equal to .
pe _d0 ', in which e is proportional to the diffusicn cce 1cient, or i

to tge quantity \W‘ ‘ ‘in’ which V T2 is the intensity

of the transveree turbulent velocity end 8 is g fector determined bvd'r
the giege of the eddiee.‘ Acoordinglv the rete of potentinl energy lf7"
transformation can be increeeed, aesuming the diqcharge conetent by"'“h

‘increesing € ., which can be eccomplished by introducing lergeuecale' ‘

roughneee to produce 1arge, intense eddies. For CE certein intcnsity.
of turbulence, the emaller the eddies the higher the rate of energy |
diseipetion, ‘a3 mey be eeen from the abovn-mentinned relation for ‘l‘d
rete ‘of energy dissipation, K r' 15 i ;E‘f; bince >\ is 2 l‘:'
'length, which is. related to the cordéletion coefficient R and is:
charzeteristic of the energy dissipation in turbulence, then )\. will

be smaller for small eddies 50 that £ will be greater.- It LS con-'”

-cluded “then, that once the potential or meen kinetic energy of. flow ;;

is in the form. of turbulent energy, the dissipation of thie energy
can be quickened by ‘the breaking down of large: eddies into emell W
ones. For flow in a pipe or chennel in converting poten*ial energ}
Into turbulent energy, the mean velocity can be reduced by the f:
creation of intenee lerge ecale eddies. To destroy the kinetic;'
energy of high-velocity flon below a- dem, it is deeireble to produce
intense, emelleecele,eddiee. Ir model studies are made of ‘problems
per161ning'to:energy dieeip&tion, Kalineke concludes-that, in order
‘for such- studies to be fundementally gound, dynamic similerity muet

‘be maintained as far as ‘intensity and. scale eP turbulence are conw
.corned. Turbulence should be thought of in term= of:definite. paremetere
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instead of just as. 8 qualitative descriptive term relating ton

‘ ganeral flow condition. AR ~“‘,i e n\'“ “ f- T
| 81..f§yggg_x : Conclueions from Kalinqke's experimentq and hie‘1?
discussion just given qhow B proper concept of turbulence by introduc—
ing euch terms ag intensity, scale, and energy of Turbulence._ Although

. not new, these terms are introduced for use by the practical hydreulic
engineer. A statiotical annlysis of velocity fluctuations, bo+h parallel

- and normal to the direction of: flow, reveeled thet the velocity fluctue- .
tions in true turbulence are statistically distributed according to the i.:
Vnormal error lew. Ghecks of Taylor's theory of turbulent dif:u31on T
wers made by experimantal meens ueing motion pictures to obtain the'i
required date. The recognition of energy of turbulence ae pert of b _
total kinetic energy in’ turbulent flow iq required to detnrmine a fulldfyh:=‘
picture of the phenomena involved. Prectical application of these ‘
theories 1s yet. to be mede with complete understanding, but, inﬂwne

field of sediment trensportetion, the pioneer application e;li be dis-:;t"

cussged below. : : . o e ; : .
The work of Rouse, Kalineke, Bakhmeteff, end others in the field -

of turbulence as applied to hydraulic engineering 1e commendable, end

it is to be hoped soon that epplioationa of the theories to prectice , L R
‘w1ll convince skeptical engineers of the 1mportence of at leeﬂt think—.i:;j'i“'* i
ing ‘in terms. of the concepts of turbulence. Unfortunntely, thiq will ;‘.

teke consider&ble time end effort end. must, require tolerance by these
-‘reeearch men of the point of . view of practical engineersuu For exemple,

‘Roueelo

suggeots that, o | |

many so—celled 'energy dieaipators' could be made more
' effective and less dengerous in their downstreem influence if
. deeignere realized not: only thet the formation of 1arge-scale;‘
-,eddiee effectively reduoee the mean velocity of flow but alqo;'

that the presence of such eddies is sometimes as hermful as

~ \1°xrana.'a.s.c.r._;2§g, discusesion, p. 1568.




that of a high nesn veloclty, B3 pcintad cut by Profeesor -

-Kalinskc, the prcduction ‘of 1ntense qmall—scale eddiea-;”

(approaching tha state of 1sotrop1c turbulcnce) is an c‘:f"‘

asaenti&l means of hastening energy disslpation. et ‘
YVith the cxcaption of structures designcd mnny years ago, it 15.:134;¥ ._
the suthor's convicticn that designcrs today fﬁny realize the factq'?c
poiuved out’ by: Eouae and Kalinakc, especially since the hydraulic f):ﬂ'.
model so. quickly and efficiently revaals nny excesaive eddy forua—;.' :
tion or high mean velocities. Thoae of more experience with model
studies of hydraulic structureswvnd thair design problems are quick
to recognize Tuulty . design, somctimas before model testq begin, and
the thecry of turbulence mechanismb is not esscntial to this unalysi%, _
rather, the metbods of obtaining sufficient energy dissip&tion by use'-‘ﬁ

of large or ‘small eddies is: the problem., Certain limit&tions of 4esigncj'

1requent1y prevant the ideal hydraulic solution, sc, to eome, B struc—‘jf

ture moy seem to perfcrm in an- inefficient mcnnar.  i"

TURBULENCE CONCEPTS APPLIEﬁ TO SEDIEENTATION

82, Trunsportaticn of suspended material., A problem cf,great

intcrest in hydraulic recearch seems to be tha study cf bed load and ?i_

suspended sadiment in rivers., Tha importance of gainlng more and more "'.

_knowledge on: thia Bubject is raadily realized when it i3 considered |
that all. of . our large power development, 1rrigaticn, and flcod con—V_ |
trol projects are vltally affected bv the amcnnt of sediment carried
in streams and’ the amount deposited 1n rcservoirs. Although it is i"- f
cogparativcly easy Yo eftimnta the amount. of sedimcnt carried in 8. i
atreem, the prob wiem lies 1n simplifylng the’ &nalysis 80 that lawq of
tragsportatlcn can be developcd relating certain: propcrties of the -
Iindividual stream. Bed 1oad and suspended 1cad act quite differentlv,.:
8o that separatc 1aws muet be found far each. Oon. the face cf Aty it |
is hard to 1magine that any law or laws could be found which. would

~predict the ucdiment transportation of a stream, considering the mass

of water amd silt 80. intermixed and changing. Fortunately, rcscarch-
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engineers have made rapid progress 1n thia problem, and by applying
the knowledge gainad from turbulance Btudias, certain laws havo been _‘f
evolved and checked both in" the 1aboratory and field.\;b}'“” : M,::
It is not -the . purpoae ‘here to go into detail regarding all the f“‘
developments made so far, but rather to: ahow how new developments have,'i
been proponed by research relative to suspended sediment transportation.i
The development and clarification of . the theoty of Buspended load are _J
due mainly to- Leighlyll, O‘Brienlg, von' Karman;gafand Rcuse14 It hae ‘

been known for conaideruble tima that, 1f tha average concentratiou of l?l-

suspended sediment. at any point in a wide struum nas known, the average‘ﬁffj'f‘

- concentration at any other point cnuld be determined. This haq been ;}
demonstrated from actual mnasurementn in. streama nnd channelq by ‘f_~'”
Christiansen15 and Richardeenlé' for artificial turbulence, it han l

been checked by RnuaelA

To devalop this for equilibrium conditions, ;:

the general statistical equaticn may be written'f;g

; ch

l“Tonard & Thaory of the Morpholbgic Sign1f1cahce of Turbulence
in the Flow of Water in Streams,“ by 1. B. Lelghly, Universitv b o ‘
vof Calilornia Pub. in Geog, ey Vol. 6 ho._l, pp. ) 28, Berkeley, 1032,'
12“Raview of the Theory of Turbulent Flow and 1ta Relation to Sediment

Transportation," by M. P. O‘Brien, Trana. Americar Geophysical Uni«n,':
pp. A87-491, 1933. | B R
13"Some Aspects of thre: Turbulence Problem,ﬂ by Th. von Karman Proc. o

" Fourth International Congress of Applied kecbanics, Gambridze,

England, 1934. ' S S5 : . _
‘lA“Experimenta on the Hechanics of Sedimant Suspension, by Hunter Rause,
gggg.lgifth Internstional Congress of Applied Mechanics, - p. 55, 1938.
1owpsstribution of S11t in: Dpen Channels," by J. E. Ghristianéen, Trans.

" American CGeophycical Unicn, Part 1I, 1935, p. L8,

' ‘lé'Suspensjon of Solids in = Turbulent Stream,” by Richardeen, Proc.'
..Roxalhégg. ‘London, Vol. 162, p. 583, 1537.




in which v - instantaneous vénticai vélbciiy componant., N = inatan-
taneous aediment concentration per unit volume, c = average velocity _
cof fall ef qinble aediment particlen in water- and R= mean eed¢ment _
concentrntion at any point above the stream bed.- Tho left side of

the equatlon 1nd1cates the net transport of matarial upward bv the
turbulerice veloclity components while the right side is. the quantity
that setliles due to gravity.; Thay ure equal for aquilibrium condi- .
tions. At -any ingtant N can be exnrossed as. \N . 4N), 80 that the [a_:[’
velue of VN isg (vi't VAN) - When v ic upward AN will be positivu,
whan v is downward, ‘AN will be negative aince the =ediment concenfra-
tion increases from top to bottom in’ the ntream.‘ The mean value of o
vN is then + vAN, since the meari value of W is zero, becauqe the
arithmetic mean walue of v is zero.. “The magn tude of . AN dependq on
the distance 1hich the quspended material moves up or down, ‘or on -

the scale of the turbulence or size of eddies.r If we introduce a
length factor, & , characterizing the diffusing scalv of the turbu—-
lence, then &N =8 . dN_ S and the "quilibrium equation becomeq-

hv .-

;; SN = N, since the mean value of vﬂ was tnmen to be * vﬁN.n y
The t.ﬂ-rgy vi, which may be .~lisd £, is propor‘tional to the. diffusion
coefficient defined above in: Section 79. It haq been assumed ~and

somc preliminary. studias “indicste’ 1t to be eol7 that thi: mixing or -
diffugion coefficient is identical with the. mcmentnm exchnnge coeffin

client €n in the formula for ehear qtress cauqed bv turbulent exchange

of momantum, T —pa du . Integration cf v dN = cN gives n relation

S e dy
betwgen the unknown sediment concentration N, at a point “a“ distance

above the bottom_of;the streams _7

log
ﬂ“a

In order to integrate the right side of this équatiéng'the variation
of ¢ with y must be established. _ | ' .
85. Calculation of suspended sediment. Lane and Kalinske demon-

strate a method of establishing thie variation and offer valuable 0

17"Turbulance in Open Channel Flow,” by A. A. Kalipske and




equations for practical uqels._ Thc turbulence theory shows that at

any point the unit shear, vpe_dV where V 1« the mean velocity at '

dy B
any depth y, and P is the ‘water: densiny ( W ) Now, 1” the vcria-

g
tion of T and Vv with dopth 15 obtninuble, then € can be detprmined

for various depths y. ‘Confining an analyqis Yo wlde streana, At iq-

xnown that ‘o "L “_I_.‘ ’ where To is the bottcm shecr and-"

equal to wDS, where: D 13 the depth and 5 19 the friction slope._a
The vertical distributicn of velocity vcries with the ﬂtream

cross—section. For wide. streamq it 18 cloaely approximated by the

Prandtl-von Karman logarithmic curva for velocity diqtribntion in

B

turbulent flow, thus.

B 74 A S 14 ( f”iﬁ§7KV ) 31 + 1086  |
,D
L H

' where V is the mean velocity 1n a qection and K= is von Karman'q ;

universal constant equal to about G. LO.‘ Using the above veloc*ty
distributicn relation (2) and the relationship for unit shear for :

wide streama,_an exprension for € 1s obtained as followst

From (2)t V= Vm jl:E: :: (1 + 1083 ,x__)

-_dV_, where T _ = wDS

ST\ ARN
gy

K.y
(1 - :x ), and if

4D \/sﬁs .:(1 - 2) cl-”- - - (3)‘l

18nEngineering Calculations of Suspended Sediment," by'E.:W; Laﬁe'and
A, A, Kalinske, Irang. #merican Geophysicel Uniom, Part III,
August 1941, p. 603. '
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This equation: shows that the diffuqion coef”lcient €, is3zero at :
the siream top and bottom.and is a maximum at mid-depth. Kalinske “7
and Robertsonl?, at the University of Iows, showed this to be true.
from measurements in a channel 2 5 feet wide &t different slopes,
mean valocities, and depths of flow, and for a cbannel O 9& ’oot
wide with a larger slope and two different bottom roughnes es._ R
I the expreseion for ¢ 1in (3) 1s substituted in the sediment f“
distribution relation in- (1), the integration can now be parformad
and the relative sedimant concentration (N/Na) can ba determined.:_
From & practical point of view, ‘the results of the integration are ‘f'
not ccnvenient for ‘use. It is simpler to assume: that e 15 constant
throughout. the gtream depih. It haq junt baan mentioned however,
‘that ¢ is.not. constant- naverthelesq, data on sediment diqtribution
in wide rivers, as will’ be shown below, 1ndicate that such an approxi—
mation is valid- for most practical purpoqes.‘ Hence, from the relationj- f_‘ AT
of € obtained in (3), the average value is calculated'v

P
£
avg. g. €

.dy;=,‘-” D. ;f =gns -'}.4f%,—-(45‘7
DS T T

Substituting this assumed constant Value into the sediment distribu-.
tion, relation (1) ylelds. : : R TR .

N
Ng : R . S
whare t =¢ end for wide streams u«fﬁ‘ T RO
\/E§7E RN B / ghs

This relation plots as a straight 1ine on semilogarlthmic paper, so |
that the concentration. at any point in the vertical can be found by
first plotting 8 Xnown concentration,~Na, and then drawing a straight 3‘
line thrcugb this Doint at a slope of —lqt (—6 54 for logarithmic
scele to the base 10). This. is of conaiderable practical 1mportance' f
since, from a determination of measurement of sediment concentration
at a single pcint. in the vartical, Af the sediment compoqition is
" known, it is then possibla to determine the concgntratiun at.all‘qther
peints in the vertical section by a simple celeulation or graphical . o

construction.

13




From measurements of sediment ccncentration at various depthq . .
in the- center of the Mississippi River at’ Muscatlne, Iowa, during ‘u ﬁb
‘the flood of Septembar 1938, Lana anﬁ Kalinskel8 plotted a curve,
relative depth z versus sediment concentraticn, for various sizes .
of material (below 0,005 mm_ to 0.85 mm ) es measurﬂd.- Following
the procedure outlined above, & straight line WES drawn through the
points with a slope. of~-15t, where t ~:c/ \/Eﬁg—, for whlch c was e
the average fall velocity for. the sizo range considered D =33, 9 ft., _i;
and S = 0.000071, as maasured. From theqe field data and others, S
it was clear that. the approximata expression for sedinent distribution,-ﬂ

N = —l‘t (z - a), ia sufficiently accurate for practical use. In i
N : ‘ : . ; kY

Y : :
several cases, the 11ne wa.8 an- excellent average for all the points
plotted, as shown by Figure 25.

" The vnlocity distribution was also meaqured and plotted to =hcw

how 1t checked with the . 1ogarithm1c velocity distribution curve-lffl_”

v 1+(_3£EI_) (1+log _L)
v - -

If, in thi? equation we subatitute for m the Manning formula anﬂ

‘let von Karman s universal constant X = 0 L0, we: get- f.'

;;!L__ _ L
Vo ‘ L e -~ : S :

Letting n'=.0.030C, this equation was found to agree very well with "_ o
‘the actusal velocity distribution measurementq as shown on. Figure 26.‘a SERC
It is pointed. out by the authors, however, that the, data and analjees

sre for wide rivers and that ‘the - tus bulence daveloped 1« due to drag

on unconsolidated sandbed,_ Accordingly, thiq approach cannot apply
 to streams or open channels where turbulenca 13 develooed by rough—‘

.ness or by’ flow—disturbing items. such as. rocka, shrub froeq, etcw
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‘The final rasult to be desirsd 1is the total sediment load
carried by a stream per unit of tima. If the distrihution of 2
sediment in any vertical section is known, then the total 1oad M,T.
‘carried per unit. of time per unit of stream width is determined .
by multiplying the concentration per unit volume, N, at each point‘f'”‘
by the velocity‘at that point and - Jntegrating from tcp to bottom 7‘ﬂ.:
-of ‘the ‘stream. This is: accomplished by the authors by combining e
the sediment—distribution equation (5) with that for the velocityijath
- distribution (2): ’—~{}-;:=; -lSt(z - a) A S
‘ a

v

v
Tmo

the total ‘1oe.d N = D V'N, Cthens o
' M-—DV :v,.n
‘.‘Therefore M = Vm D N /l —15t (z - a)dz ¢

or N —'q N el5 ta f "15 tzdz

where q = water discharge in second»fcet per unit width.i Fina71y, i

1 -8 Viz' : '1- ' :
where P =/ . xe  “dz ~if (1+170 V—gn)
. o | Dl/é (1 A loge Z)e

1,__“" b a,
recalling that. t.he use of Hanning 5 formula and 1{ = 0 AO sl
‘reducas \ DS 1 to 170V gn Pis therefore a function of o_i["
the parameter t and the relgtive foughnesq :xn77 To facilitate,ti
‘the use of - these expressicns, P was plotted a%&igst - for several

 values’ of relative roughness.-' LT ‘,f ', o o . o
| For ‘the aforementioned -easurements on’ the Miesissippi H*ver,.fz7it
“the value of M, total, was computed by multiolying the concentration:?"
at each point by tne measured velocity. The actual total o’ all
sizes. transpcrted LCE found to be 1. as. pounds per second: per unit
width. The value of M wes also determined from the expression
¥ ='Vm-D No-p’,where No.was‘the coneentrstion‘of any .size range at

116




'the 2ETD level as determined from the curve previously plotted fe“ ; :
‘sediment concentratien versus relative depth (Figure 25), and P wee .l
obtained from the P. versus 1 curve.‘ ‘The wvalue . of M so calculated lf :
- was 1.89 pounds .per. eeconn per unit. width as compared to X. 85 before, |
thus 1ndicating the : general accuracy of this method of total equenﬁed—
load determination as given.,_,r‘. ' e .‘ ‘_ :
Another item of prectical significance 13 the evaluatlon of the
‘ 'meen aediment concentretion in eny vertlcalwsection. This meen value"'J”
" would .be (M/q),‘whichuis:f” ' ‘

Naveg. = Na

elS‘ta :Pl %]ff}. | e
”When ‘a-= 0, then avg. = P, 80 thet P ie actually the retio oP the‘ha.
B Ny F e . R : _', =
;everage sediment concentration in the verticel to the concentration
at ‘the .zero level. For very ?ine sediment, euch 1 retlo ap“roaches
Cunity. TR : ' "
_ In eummarizing tbe development ebove, as given by Lane end
Kalinsks, 1t ‘was enown that, relative to wide rive*s the totel BUQanded
" sediment tranepovted can, with iair approrime.tion, be determined by .
'measuring or determining the cencentration et some one level, preferably o
in the lower half—depth and finding the tetal rate cf sediment cerried
per unit ‘time per unit width from the expreseion q N 15 ta P = M.”gif\ W
The parameter t wf V"jﬂf_ in which o is the average fall velocity %
of the size Lange of sediment considered, g is the aCcele*ation due :jfe

4G - gravity, D 438 the depth ef stream, and % *q the frictinn elope- The l‘:‘ .
Vrvalue of P i3 obtained from a plotting indicating velues of this term £

for varions values of ' and the reletive roughnees (n/DI/S) _f?"? =
It is proposed then that theoretically, at least field meeeurewf.‘_ ﬁ
.;ments be made of the concentration of euspended material at B single }ffa'
" level to permit calculatien .of the total suspended loed qn’ the unit
.width of stream in which the measurement neﬂ made.. Measurementc‘f
.sheuld aleo be made - at other secticns across tne etream since the _
mean velocity in the vertical eectlon and the sediment concentretion |
‘l;vary transversely in any river; in addition, 8s many measurementq
”"“ehould ‘be taxen a3 can be economicallf enaljzed end a8 the, eccuracv

”fiof the preblem warrants.




: 84,. Relation of suspended to bed materialai.In-aﬁﬁthéf“énéiyéiqff‘lﬁr
. Lane amd Kalinake demonotrated a proposed methud.of determininp the -
‘suspended material in 8" stream under equilibrium conditions from con— .
sideration of the composition af the bottom material and ‘the. ﬂepth o

and slope of the utreamlg; The analvqiq iq approacheﬁ 'rom the con—_ l PN

siderations that the averaga rate at which part*cleﬂ of anv nize ave

picked up and. pl¢ued in ;quension Fhonld be p*oportlonal +o the

relative emount of those particles present in the bottom, to the magri—,%ﬁi*

tude of the vertical velocitv preaent (due to turbulence eddieq\wﬁa a—
ble of plcking them" up, und to fhe relatiVe amount?offf*me dur*np :

there g is the concentration per unjt voluma or in parts per million
:09 cediment in. SLspenalon at the bottom of an average size character— $:‘

1zed by the aettling valority c' AF{c) io the rel&tive amount of

Vparticles having an: average settling velocity c- and P iﬂ & functicn

tes

where te equalh

c ' and is eznressed in a- 3eries,

[ Pty - (e v .....tc‘ o
| 5 (2% (e (L) e

A plot of P against ty wevealg that as tc approaches zero, P approachea R 1

;nfinity, and that P apﬁroacheg zaro *apidly when tc iq greater than ';':
unity. This, 1t is aqqumed indicates u*at sand Qizeﬂ giv*np a value

of t, of one.or. greater would not be found in su%penrion 1r anv ?re&t

quantity. -This .is an important fact, if true, and hav boen demcnqtratedfilj

entirely by a. mathematical analy”iq of the pxoblem aft’ how =eﬂimen+ 15

‘placed in suspension: by turbulence. he appro&ch o‘ Fto infinitv s

te gots small, 1ndicates that for emall Qizes o“ uilt no exact relation Ff_’

can be established between the bottom cOHpO'ition and the m&terial o’ ;f

 that qize in suspension.

19 nhe Relation of Suspended to Bed Material in RiVera,“ by E.-ﬂ Lane
and. A. A. Kalinske, 1 ang. American GeoE xqical Uninn, 19’9,<p. 637




Using field data from several sourcea, ‘an effort was made tol‘f

-detsrmine the functiona; rel&tion of the above nroportionaliﬁy.‘ﬁ
From field data, 1t waq pOssible to plot 15   )'*'5-£ A

o SR
AF(S) against tc_ 51nce tc is a function of P tc is thuq
o .

“unctionalﬁy related to __mngg;__ The function ig0 " obtained from ;”f"

the. limited data was in tbe é zm:

.\‘

= bP”

| AF'(c) | ,
The'upper limit of one for t for material ih suspeneion Sééﬁé td '
hold for theue data._ It was alqo concluded that for practical Lqe"
no accurate predicticn of the value of N, for valueq of t 19%5 L
tnan about 0.020 can be expected.« Sediment uizeo giv*ng values oA _
tc less than O. 020 are lixely not to be present in the bed of the U
,tream in measurable. quantities._

In ganer&l therafore, it seems probable that prediction of

suspended-materlal concentration from. a knowledge £ the hvdraulic'ns"

characteristics end bottom composition of a river 1is: quite posnible‘f l”C“

within certain limits. ‘The theory on’ wbich th]q aralyqis is: based
is fundamentally correct, the approximationv‘wbich are made simplify
the mathematical expressions to such an. extent that their uqe is
.warranted even: though the acﬂuracy under certain conditionq may not
‘be great.’ ' ' ‘

This method of determining qediment cnncentration from bottom

measurements can be usad in conjunction with the method juqt nreviouq—‘fﬁ

1y discussed wherelin only A qlngle sediment meaqurement 14 required;;

From & pracuical point of view, however, aince it was pointed out _
that the finer material cannot be accurately estimatad from- the bad-
mater;al composition, the Lsefulness of the two methods in conjunc~h |
tion is 1imited to the coarser sediments. As an. example of using

the sediment concentration at the bottom, it was shown in uection 83
that the rate‘of‘transportation, M= Vﬁ-D-NQ-P, where No“as the_
~sediment concentration at the zero level, or bottom, equaled 1.29
pounds per second pef unit widih' while using an integration in the
vertical, 1.85 pounds per second,per unit width was obtainad.




_ Any rational analyeis of euspended sediment, distribution in e
 stream and of the rate of traneportat*on Bs preﬂented here is uzeful)
~elsc in ‘comparing the relet:ve accuracy of different nempling methoﬂq.“ "
Even though the- expressione given for sediment distr*bution hﬁve ;of~ |
definite. 1imitations, the valueo obtained approaoh the actuel eedi».
ment, dietrlbution close erouwh to be ueed aﬂ e besie for compar*np t;

the errors obt&ined in- total suspended—sediment tranqportetion ar ;Z:

cslculated from eemplee taken 1n accordance mith varioue methode now k o

in use.

85. Validity of aee__gtione.‘ The foregoing diecusqion th been

taken directly from . the work of,Lene and Kalinoke as cited. In. their
derivation of" reletione Uertawning to sediment conceniration, assump—‘
tions havs been made to eimplify the analydie"nemelv, the trane*e“'”‘:
'coef‘icient for momentum equals the sediment—transfer coe”ficlent and

that the shear is dietributed linearlv. The moqt profound aequmption

- made fur the'ouke of convenience wae thnt the mixing coefiic1ent 8

constant . throughout the vertlcal. As the authors explained however, ;:iulﬂv

this wag done to simplifv the methemntical treetment. As Far aq the :

" evidence goes, theee varicus aeeumptions hive not caueed tbe tkeory to .

be radlcally 1n error einoe experimental and Pield datn convinc1nglv |

demonstrate the practlcal use of ‘the functionel relatlonehips Leveicped..
There is some. difierence of opinion, howevo*; among fho=e aesoc1—”“

ated with the research of . sedi-ent traneportation. In & worthv con—

tribution to the subject, Vanonizo hae recently arrived et conclueione

.contrary to’ some hereto‘ore aseumed to be valid. _Hi= experiments were

made at the Cooperative Laboratorv of the Soil Gouaervat*on oervice and “'

the Celifornia Institute of Tecanoloay.. The experimertq were conductedr |
in & flume 33-1/L inches wide by 12 inche= deep by 160 feet long..‘By‘. ‘
using a closed-circult aYﬂth, the sediment wee ci“culated directly with
the water. Velocitieq were measured with & 3/16~inch diameter pitot

static tube of the Prandtl ‘type. The eediment diqtribution in the rlow

2D“Some Experimente on the Transportation of- buspended Load," by
Vitﬂ A. vanoni, Trans. American Geophveicel Union, Part III,.
1941, pp. 608-621.




was determined from samples qiphcned from" *he Plow throngh L} ‘/16—
inch brass oipette, shaped much like a pitot tube. The inlet of the
sampler was directed upstream and the -rate of siphoning aﬂjuqted so l
that the entrance velocity in the pipette wES the same as the valocitv -
of flow at’ the campling point, which was previrusly determined by pitot—
tube measurements. The velocity into: the sampler was determined from e
“the time- required to fill a 11ter bottle and from thp area ~oft the S
' sampler tip. The averuge sadiment load of tha flow wau determlned _
- from samples siphoned fron a collecting tank An: the circulating system.*’?
A semilogarithmlc plot of the velocity profiles at the centerline
of the f{lume with and without sadiment loada showed the experimental
points ta agree- very wall with the unlversal logarithmlc velocityu:*
defect law: (aame as (2) in Section 83)
mex. =V = 575 lcg : v—a___log (L) ar

— SO T e P e

except nearpthe bottom, where the measured velooitiea exceed thoae}jf
calculated 'From thls relation.‘ Slnce tb*s departure Wao %mall and :
.occurred aver & small portion o’ tbe flow, the assumptlon of 1ogar‘ hmicﬁ

velocity dlatribution is: essentially accurate when appl*ed to opan chan—ﬁf'
nels, although deriveﬁ primarily *or pipe flow. .olnce the slopes of “_->

these curves are inversely proportional to K, von Karman 8" UHIVETF&I‘

constant, the lines shoulo all be p&*allel i‘ K s a ccnst&pt (taken to ::”f3*

be Q. AO for clear water) These data show, however, that, 31nce the
slope of the. lines wa° not the oame for all tests, K is not constant
for sediment- laden water' dm fact 1t decreased with ‘the- ﬂeﬁiment
concentration. o "_'_4' Ry l S ,

In a mannor similer ‘to that alreadf described under Lane and

Kalinske's work, Vanoni. uses the following aquntion for the rel&tive
,sediuant conoentration, as’ first preqented by’ Rouse ‘ =

g 3 X _.z'
Ra - ' E ¥ - ( d - i} : - S
in which 2z = c/K \/To/f , the other terms: being defined previously' '

in Section 83. 5y‘plotting the relative coencentration N_ against the“""‘

- Na




[diatrlbution function, H, for a = 0 OS d, the s‘ope nr the plotteﬁ 3
experimental lires, 2y, would ‘be equal to 2, 1 ‘the. theo*y ic ccr-f:
Tectk. Vanoni round howeve., that 2 and 21 we“e not ulrav" eoual -
Afor, in general, zj WaS 165n than z, indicating 1hat the actual |
‘distribution was more uniform than that predicten bv theory.‘::
o particularly interesting e’fect of ‘the.~u~nended Heﬂ mﬂnf

‘in the flow was to reduce the resi=+ance to‘_1ow and therehr 1ncren”e
the vulocity. For the: =ame Aischarge (wnte*) th& nverapn velocitv
WaT ‘ound to be larger for seﬂlment—laden “low then ”o” clen“»'low.
Since it waa found that the univer:al ccn tant K j the lorur*+hmﬂn
‘velocitj-distribution 1aw WRE, decrea"eﬁ bv =eiinent in the "low ' .
this means that, for B given qhearftt‘e%,a 1FTEE“ veloo*tw grﬂﬂient
mst occur. It follows from thiﬂ that, in'the runﬁamen ?1 *eTn*ion
of- shear, 1 :"pe dV 'if the shear.is conq+anf whlle the vplocu‘“; 
‘=ity gradient Jncreahe%, ‘then the trPn fe*.coe ';ent;iEﬁ ;i‘Sfifr“’
momentum must decre&ke. Vanonl exp1a1n° that sailmenu cau equthweg "
decreace because tﬁe ntream it=e]f muqt Eo work aaain ba ”et+11np 5
effect cf Erav1ty on the =ediment.n S*nce thi s wWoTk rr energy TuA t i
be derlved from the- vertical componentr of the turbulen+ volocity
fluctuatlcna, A aampenlnw e iect mlll recult to: reﬁuce the turbu—“
lence ‘somewhat end - tbereby the ml)lng coeffwcient };ﬁg 'cince 1t

‘Lvarleq w1th the turbnlence rluctuation‘%. Manninp‘c n wae Founﬁ to

‘decrease 10 percent in qome c&SEb for tne veloc:+ie’{ Hed, whlch‘we*e

about three and five- tentn" Teet per fecond _ _
Since the expcnent zl 6btfine% ’rﬂm e neflmenfpl dat -ﬂwﬂ POt@
agree witih the. theoretical value‘z,,e cept for.
this aruument WA continued 1 explﬁln whv.~ The »uthor concludes
that the intensity of ‘the turhulence PlLCtUht;CH“'&nA the tf}*ng
velocity w are‘lnvolved;»‘ﬂcco inglv iP thp former is g‘ +rv;,‘j‘
.Hediment iH lifte ‘but;.a thp gedlmentvrowq coaner pnﬂ w 1nrre9%e
‘the weaser turculence can no. longeT lift sedlment 80" tha+ eﬁucticn
in the sediment transfer coefficient, £q » OCCUTS. ““Tth?r O'e: the

“‘assumption that 8 ‘and En ure eguel is not bcrne cut. “This differencev.

1s explained by & purelv random turbulence which . can qup“ort qedlment
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' »lwhich in turn, would increaee Eg abova Sm and by the relative

magnitudea of the’ turbulence fluctuationq and settling velocity,
Bs just mentioned, which ‘tends to 1ncrease am. il ;
Vanoni plotted curves to show the cnmparisoncbetween ea and

-
W..r

obtained from his: experimentq.,-53
.It was revaaled that for the ccarser sedimants the twc agree& very _“'
.closely, while for the finer material es wes greater than ‘rr 3 o
From these ravcaling axpariments, the following ccnclusions may
be drawn: L
Y- Tha assumption that the transfer coefficiants for mcmen—
tum and sediment are equal does not agree with the experimeutal
'measurements. This assumption, it will be racalled is made to
' ,slmplify the . theor'y of suspended load distribution. S g,‘ ROENRE
b, The logar ithmic velocity—distribution law 1€ va"id Tor o
open channels, since it is applied to deriva the ralative concen—
tration of sedimemt at varicus levels which agreed close]y with the

’maasurements.

e+ For fine materials, the coefficient for sediment mixing,.,*_"

eﬂcis larger than the coefficient ’or momentum, €my - the oprQite _5

;being ‘true for coarser sediments,‘but in’ between the values are very .

3 nearly equal. '; Ll -f'"uwF“V o L Van*“w“ Y -
- a.,;gn addition of sediment to clear water 1noveases the -
'valocity of flow; depending on the size and amcunt of nediment.L
*Thie: effect An turn, reduceés the reqistance coafficient.‘f‘“:"'
. The addition of ssdiment to clear water canses am;tc :
: decrease and- the velocity gradient and velccity ‘to. increase." P
The univeraal constant for momentum transfer, K 15 l7f
_ reduccd in sadimeut-laden water. u “_ ) e -
' Conclusions d e, and f are’ ralated to the e’fect of
" sediment damping the turbulnnce. _ . ' BRI
‘ In the: light of ‘thase cxperimcnts and . conclusions, Kalinskezl :
points out "that the exchange of a vector quantity Fuch as momentum '7
is not identical uith the axchange of qucntitias such 83 .heat and massu.

under :all sonditions of turbulent flow. Experiments seem tn indlcate

“Z;Seo'digcﬁsgion“p._62Q!fTrnuh.§iaérican‘Geophyéical:ﬂnion 'Pcut;lli,




that the exchange of momentum and: heat in the uniforn turbulance
created at boundaries 1is nimilar, while tho etchange in- turbulence‘_
formed jn Lhe ‘wake aof immersed bodieq is definitely different It.”
appears that the exchange of ecalar quantities such a5 heat, water
vapor, or sediment ought to be similar. : uxperiments bv Kalinskel7
using immiseible droplets in water haviny the eame specific gravity

as water showed that for all. practical purposee the exchange of
momentum and sediment 1s equal. Vevertheleeq, Kalinqke doe= not
believe any too definite statements can: yet be . made in. this regard.‘h g
The principal reaeon ig the difficulty in calculating the momentum

exchange coefficlent qince there i3 a certain amount o* inaccur&cy 1n |

cbtaining the velocity gradient from the velocity distribution curveq SR -

especlally where the curve is almost vertical, and- 1n estimating the
unit shear at any point which must be aoqumed ag to value end distribu»":
tion. The asaumption of linenr variaticn of shear s probably valid,
but, in open channels, this may not be. strictly true because of side:
and surface effecte as well as eff‘ectc of: secondery currents._ Accord— _
ingly, the logarithmic velocity-diwtribution law ie not’ cerrect near

the water surface, uor, es Vanuni sbowed -near: the’ bottom.;" B

DE&SITE CURPENTq

Ba. Relation to suspended sedimen* Associated with suSpended

sediment transportation in streams if the phenomenon of denqity cur—fr‘.
rents in reservoirs. These have taen de ined as “the movement without.fn.
loss of identity of mixing at the boundary surface g of a- sfream of '
f£luid under through, or over a- body of fluid the density of which ‘
differs from that of the current the denuity difference being B func-'.eV
tion of the differences in temperature, salt content, and/or ailt | :
-content of the two bodies of fluid " _This prthem_of sediment depoai—'"
tion in reservoirs is, of course, a serinuswdne due to eventual reduc-
tion in storape cepaeity. Accordingly, any bit of information on this
subject should be welcome to the engineering professirn. In the‘pest,
concern has often been expressed over nilting of reservoirs, but

1ittle effort was made to attempt a solutlon. Mest ceriajnly, it is a
difficult problem to prevent this deposition; for example, in Lake Mead




at Boulder Dam where the Colorado River bringé-tons of s1lt to the
upstirean end each day, how could tris be prevented” More . 1oéi¢911y,_'
what cen be done to remove the filt in an econcmical anﬁ effeotive
manner? R e .} 'Q N

87. ailting,of reserVQirn. A poss 1ble anqwer to the 1atter

22 ¢ the
Californis Institute of TEchnology.4 In their annlvﬂis cf 4ensity

currents, 1t is recalled that there is & difference_between qediment~,-"

question has recently been: °uggested bv Knapp and ‘Rell”

laden flow in.a river gnd sedimentmladen flow when : in a renervoir, L 3
for in the 'ormer cese the nater carries the sediment while in the |
latter case the uater is tranqpcrted bv the eediment.; Thie peculiar
circumstance suPPOSedly explains aome of the characteriqt!ca cf denﬂitv fe
currents. 1t has usuully been assumed that denﬂity currents were _ g
extremely delicate. occurred cnly rarely, ard tket thev could easily S
be disaipated and lose their identitv however, more recent atudies :
reveal that density currents are quite prevalent end that thqy are not
easy to destroy. The leck of knowleﬂge and misccncaptions iq expla*ned.
since. most underflcws occur in large bodies of water and are not :
visibie. ' | e S
‘ When a sllt-laaen stream is diluted upon entrance into a reqervoir,
the mudﬁy water either mixe 'w1+h the clearer reservoir water or it :
becomes a dﬁnqity current, ueualky the 1atter devnlop3.¢ Once underflon
Vhes started, mixing can oceur only at the “boundany aurface" between ;
'the muddy and overlying wnter. It is believed by Knnpp and Bell that
this mixing . is- a slow: prccess so th&t 1t will rerely uaqtray the under~:‘i‘_
flow. since the denaity difference must iirst be destroyed but the time _,1;
of trensit is too short for this to occur., Accordinglv, there may be -
& only two methods of stopping a density current- (1) By qettling out

the euSpendea sedimenb, thue renoving the denqity difference and "driv—
ing power"- end {2) bv eliminating the effective slcpe of the underwater
'channels, meking the density difference ineffective.

22Trans. Americen Gegphysicnl Union,f?art II,.lgﬁi)npp.'257-261.




Since density currents cannot be. observad airectly,.still
there are some evldences to be’ freen where underflons occur. From o
some obEervntionq of a model reservoir with glass sideq to permtt ;__l._
visual study and from field 1nvestigatiom, 1t has been obqerved :
that, us a muddy - flow ‘entered +he clear water, it at first waq o
-retnrded with some loeal mixing occurring. Then the density nur- 
rent started to undtﬂlou'and carried with it downstream qome claax
water because of the frlction at the interface. An upstream current"ﬁ
at the surfzce resulted 1n order to replace the clear water moved
downstream. When this clear-water upwtream currant meets the 1ncom—j
ing muddy water botb ’lows “turn Hownwarﬁ towarﬂ tho bottom, making '
& rather definite line of . demarcation Bt the surface.. Floating :
debris is 'also left ,trandad at thi‘ line by the two currents
plunging towarﬁ the bottum._ These twc evidences o, underflcw, sharp3
line of damurcatinn between muddy and clear water and & 1ocalized
collection of debris,_are clearly viaible at: the voper end o~‘Lake _
Meed. - A saetch illustratiﬂg this phenomenon is éhown by Figure 27. ‘
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SHowins  BEGINNING OF UNDERFLOW

FIGURE 27, BEGINNING Of UNDERFLOW




Knapp and Bell have further demonqt:dted 1n a laboratc~y reeer— }

voir & possible method of removing ailt—laden Heneitf current= bv a
judicious use of outlet= placed tkrcuch a dam. The apparatus ron:i te-
of & narrow glaae—;ided flume blccked et one end by 8. model dam - with ;;j
small outletb extending throuph 1t nea* the baee._ The bottom o, the.
model reqervoir ie reprevented by- a sloping floor. Bv temporarilv
blocking of, & ﬁmall portion of ‘the ups tream end of the reeervn;r
until the densit; of thie weter hEa been chanped by adding cru“hed
Cice, eugar, aalt, or a silt subpeneion, &nd by adding dye fo* obqerva-’fr’
tion, it is readily poasible to ob%ervc the unﬁerflcw or over;low o’:‘
separate den_ity current: donnﬂtream to the dcm (Fipure‘z?),‘eee them .7
flow up the bacm 01 the dam, and then return upqtream. Only a nepll—
gible amount of . mlxing occuru.oetween the ﬂensitv flow and the clesr
water. Whena density current or & layer of. them (compoeed cf lighter'.
undarflows uperimposed) is Stabilized the outletv to the r‘Em aref‘
opened at various elevntionq te demonetrate tke removal of ‘one cr mcre
layers of underfloW'(Figure 49A) SIfY excessive outflow 1q permitted

it is- posgible to ohtaln a mixture. ol"low ;rnm the supernmnoued
layers or of only an upper layer (Eipure EQB) ﬁcco*dwnely, it Sc.‘
believed that care mus T be taken to: withdraw the underflowe elee"t ’
clear weter above will be 1nc1uded with the eilt 1aden strntum iﬁme‘i—-ﬂ
ately below, or only clear water w1‘1 be removed. G

88. nalzsis. At the National Hydraulic Labcratory o' the

Bureau of Standards in Washington, D.;C., othnr eVperimente are bninp

made of density currents. Three ‘expe. fmentsl channela,_two of them rff
‘ gecmetrlcally qimilar, of rectangular croen-eectinn have been con«trurted;“
Clear tap water iz introduced into the . experimental channel g0 aq to -
flow over & pool of aqueoue salt colution, “the: ﬂens*ty of which variee_
from 1.02 te 1.204 The velocity of the cleer water ie increaeed unt'lf.
waves which form at the bounduny surface: begin to break enabling miy—‘.'
ing to occur between the two liquids of different decsity. Thi=
 velocity is recorded &8s the crltical velocity. Bﬁ'metho&v of dimen4
‘'sional analysis, a c*iterlcn for thiz critical velocity wH g developed

in the form:




FIGURE &t

A. DINSITY F1OW APPROACHING DAM

B. LIGHTER FLOW APPRCACHING DAM

UNDERFLOW IN MODEL RESERVOIR




FIGURE 29

A. FLOW FROM EACH LAYER

B. FLOW FRCM UFPER LAYER ONLY

SILT DRAWN~CFF BY OUTLETS




whera X ‘& dimensionless coefficient ‘ 7
_1/ klnematic viecoeity of the: moving 1iquiﬂ
p deneity of the moving Jiquid
4p difference in density of the two liqui4
U = mean velocity of the moving liqu 3 when oo
| ' miying first ocaur,,'und ' o
g ‘__ecceleraticn due to grevity.-_*i L : .

The values of K determined for difiefent nenq#t*ea o,rﬁhe'hea#ier'
liquid and with. different cl’xs.nnel‘1 rere found to. bn in good agreement.{_
An averege value of X /3 eppears to be abcut O 15 :; Sca‘e e’fectﬂ are .
ay yet pndetermined either from, theorv or. erperiment.. It heq alﬂo B
been difficult to explain xhy. in geometrically 81milar channei" +he
rate and development of mixing. were rapid in the_wmeller chennel f
'while in the larger chennel thev were qlower, eepecially for larzer“
values of U. Later experiments (1942) in a eerger testin« channel
‘have shown that the start of mixing is af’ected by the nature of diq- -
turbences =zt the entrance to the chennel a ?reater length of channel
is deeirnble, and the visual metbod of observing the begznning of
mixing is not suitable for. tre experimental chenrel. Attemptn are
to be made in 1942 to correct theae undeeirable eaturee of ?hn“

apparatue and the method of - experimentation.

89. Elﬂyi_itUdX- To ’urther develop the knowledre or ﬂennitv o

currents, a-committee of thp Nationel Reseerch Counci] hac been ’ormed
Since the phenomenon cf dencify currentc concerns not only engineero’_ff'
bu; also geologista, chemists, enﬁ physicists, all the e projeqqmonuf'f
are represanted on the. commlttee.‘ Their program of :tu‘y incluieS°5”
(1) Passege of silt-laden water tbrough reqarvoirs, (2) the fallure

Aof water of a- tributary to mix with the. water o’ the ma*n'otream ‘when
the water of the. tributarv is of & different quality arﬂ/or silf content
from that of the mein stream; (3) the passage of frech water over salt
water, or salt water under fresh weter; (4) pos csible cause of the
formation of the submarine canmyons thet hevs been discovered recently

on the outer edges of the contimental shelves by density-currents of
ailt—cheeged water; and (5) passage of currents of werm air ovef

-pagkets of cold air.




At the present time the msin effortv are be! ng - concantrgteﬂjhn

the flow of oilt-laden current: of" w&ter intc v'ef-ser\ro**c Thrqugh”

‘the cooperation cf variour Government agencieq, meARurementqfhave

been made on Lake Mead sl Elephant Butte ?evervoir.ﬂ"uuch meavure—f”
menta—lnclude temperatu.e dnpth veloc*tj aalinit;, turbiﬂitf,
conductivity, ungd élévation of’ the top of the siltj 1ayer. It is e
1nteraating to note that the 1ocntinn of the =ilty laver is foun4

not only by samplina the- vatﬂr, but also by its temperqture since L :
the tamperature‘OL the ollty layer 15 higher than that of, the cleaf.,f“* o
water‘immediétely‘above. Thie fact may alﬁo be usefnl in determin—ff"'“ ‘

ing the velocitf of .& silt—luden density current through a reservoir. |

In the Elephant Butte Reservoir two tharmometers have been 1n=ta11ed,

ne at the outlet of the dam and the othe*‘some Vnown distance upetreah. 
By noting the time elapsed between a tampernture riﬂe upatream anﬁ g

qlmllar rise downgtream, the mean velocﬂty of the silt layer paqﬂtng

_downstreem may Possiblf be detﬂrmlned. The Lame Heaﬂ teatw have been o

submitted (19L2) to the commitnee for 1ater publlcntlun by the
National Research. Counc11 ‘

In regard to: the phenomenon of a :ilt layer in the a“orementionei

glass-sided model reservoir flow1ng up the oack of the uam avn'l return- :

ing upstream,-the author: recallq 1uring an inspection of fhe Bartlett
Dam on the Verde River in _Arizona, that vhile stanﬂing on the parapet

~of the dam, the water in the reservoir, particularly near the dam,

was seen-at firs 5t b0 be a. vivid blue. Wlthin 8 faw moments, haweve*

g muddy - color was eaaily dlscerned adjacen+ to the dnm, which graﬂuallj
extended upctream across much of ‘the reservoir. Th*s phenomenon was,--:
evidently 8 density flow overturn1ng and returninr upstream. Froof 3
of & densitf current waa enhanced by tha occurrenca o; abnormal run-

off in the watershed and a subsequﬂnt 1oad of silt being carrisi ta

‘the reservoir b? the Verde Rivvr'f'

In regard to the fallure ‘of - water of a trlbutarv stfaam3t0'mix,'

with the flow of the main stream, the autnor noticed this occurrenée-

below Arrowrock Dam in’ Idaho. A tributary, uorqe Creek, cnrnying

copsiderable allt flowed into the Boisge River which was much clearer
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because its 1low was releaqed at the dam. Figufe BO,shows the'lAci:
of mixing between the - two stTeams -one~hal; mile belOW'the con’lunnce.
The Bolse River is on u stsep. QIope at this point 8O that the ve‘oc—
1ty was appreciable with numerous rapids, but : ti11l the muddy weter ;
was not completely mixed %ith the msin streem until two to three: miles

downstrean: from.the confluence.

FIGURE 30, IHCOMPLETE HIXING BELOW CONFLUENCE

MEANDERING OF STREAMS

ke

50. Type o,gpvoblem. In. Chapter III ! descripticn wa= givan

-of the ﬂississippl River floné control model and of the Hee4 o E
Passes model to illuqtrate the use of . mo%e]q For olving some partio—~

ular problem of rivers, in these cases perteining'tO'the:Miﬂsissippi

River. A research problem associated with &ny‘meaniering‘stream;p
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such as the Ml%SlBSlppl Rlver, is nom preeentad tc illustrate a
special reqearch problem, Fuﬂdamentul 1n purpo%e, ‘in which it 1s¥
hoped that concluuionq can be drawn which will be applicable to
‘ meundering qtreamﬁ in- general no attempt" be1ng maﬁe to derive 3

any complex or. Lar—reacning mathematical lﬂW“-“,;; _C  B

aql. Churacteristics of meandering streams. Béééd‘mbstiyrﬂ*'

on .observations, some facte have been eqtablished relat‘va to

meandering streams, but mere: definite informatiﬁn should be ga:ned

from 1aboratory research to explain the mechanics of some of the 7
phenomena involved. It haq ‘been observed that true meandering cocur-' '
only in Tivers having erodlble beds an& bank . qo tbat ‘the. channel S
is free to shift its. location and adgust itq shape aa part of a mipra—f_
tory movement of the channel aa" ‘e -whole down a valley, that meanierq 3
migrate downutream, that a meander*nbfutrenm maintains a. nearly con—
stant length or overall slope' and that the fornption and maintenance i
: of meanders are a function.of valleynblope, di*charge, ‘and character[ifﬂn 
o and amount of ted load £r§n:3ported23.-, The effect’ of‘ cutoffq, brmk o
revetments, and dikes on bed lozd &nd meanﬂerlng, -on: the other hand, o .
iz not clearly: nnderetaod, and At iﬁ particularly desirable to know' :
what the limit i5 in qtralghten‘ng & meander1ng tream before the
depth and other factors are affected.

92. Laboratory investigationq. In view of the lack of more ff;  

‘complete knowledge of - meandering streams, the United Qtatee HatergavJ:f i

nxper*ment utation has underta(en e study o” Lha problem w1th the

purrose of determinnng~ (1) The fundamental laws controllinp the‘,i _

meandering of treams, (2) to check ‘the conqtant length ard over&ll:i' 
- zlope theory, (3) the ef‘ect of the. amount o? bed load on meande*s,;

its direction of" movement, apd tha source of material “ormlnq bara'

(4) the effect of different- flow stapes on: bank caving and ‘bar: forma-fs

tion; and (5) the effact of cutof‘s, revetments, and dikes on meander-i

ing streams. When tnis comprehenqive study “is completed valuable

23

"Bagic Aspects of Stream-Meanders,” b,v-G."‘H._Mathes, Trans. American o
Geophysical Union, 1941, Part III, pp. 632-63C. - e
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Informution should be obtained which would. permit 8 bettﬁr under—
standing of the movement of: bed lo&d in meandering ctreamv and of
the movement of the streem itqelf that is, cP the characterist*cq
of the river. . TR Ve ['ﬂ s

To perfofﬁ these experiments, a brick ’luma 1?5 feet 1ong, ‘
50 feet wide, and 18 ‘inches deep is. partly ”illed with a lnyer of
crushsd coal to a.depth of: about eight incheq.‘ A qtraight channel ‘
with a ot ton width of 2. 20 feet, a depth of 0. ?o f‘oot “and qlide A

slopes of 2 to 1 1s then molded 1nto the coal bed on 8 given slope
extending the full length of the f‘lurmaa, as’ =hown on Fi?ure 31A. N

This stream. channal has' no direct scale relntinnchip with anv eriqt- H“‘- '

ing otream. The flcw s, introduced into fhe upstream end of the |
-channel in the proper direction to encourage develonment of meandera
'quicker then would occur if a straight entrance were uqed (Figure 313),-
The slope of the water surface is set initially parullal to the origi_;~
nal stream bed and dS & test progrebqes, 8 t&JlFate et the downstream.‘
end of the flume is a“Justed to compensate ‘for: any. change in water-,f'
surface slope due to mecnder develcpment.rr:f R ',.

For the firqt 8 hours of 8 tast, a constant di:charge of O 149 |
cubic foot pnr second is: maintained with bed-load matprial of | nulver-,i
ized coal:-added at. a rate of 0 30 cublc fcct per ‘hou®. (Figure 316)

- With an initial meander pattern quickly developed at thls discharge
| (Figure 31D), a vurying hydrograph is then run thrcugh repenting
cycles of .3 hours: and 10 ‘minutes. until the meanders have stabilizad
which - ‘may take as long as 50, hours.; For the vnnyiﬁg hydrograph, o
low flow of O. 02 cubie foot, per second is run for 1 hour and 20 m1n~5 3
utes, no bed load added- then ‘an 1ntermediate flow of 0 10 cubic fcot .
per secend 1s run for 30 minutes with bed load added at 8 rate of D 10
cubic foot per hour- finally, a hign ’1ow of 0. 18 cubic foot per qecond;
with: Hed load of 0.30: cubic foot* per hour is run for 30 minutes. A
‘5-minute . period is allowed for adjusting the discharge between each.
stage, with the cycle being completed by returning to the low flow. . _
These quantities are subject to change, because a definite test. program,f
cansot be developed until the bed- slope, initial channel size and . shape,
‘bed material, and discharge have -been adjustad to produce meanner : |
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' characteristics in the model stream similar to thOHe obeerved in‘ 
‘nature., Theae quantities 88" described and the method of tentingxf
are as of February 19Al.i _ ?ﬁ." ‘. : A S
- During each test the development of meanderq iq recorﬁed by'ﬁ"
,fmapping and by photographq from a 20- foot tower. watev-surface i:‘;v
elevations are. measured periodically at a sufficient numoer of
.ranges to determine the longitudinal slope in all the reaches and
Ttk transverse slope of the bends.‘ To obtain theSe meaqurements,-i"‘r
" end to mold the stream chamel, s ‘rolling. bridge 45 ussd which is
' supportea by rails on aach 31da of the'brick flume~ the 20-foot
photogranhlc tower is al&o =upported on" “this bridge.ji _
In connection with this 1nve=tigation, an in5pection waq made
in company with engineerc associated with the wtudy of meandering
of small streams to observe meandevlng c\aracteriqticq in nature. itii
It .wan noticed in- several instancas that the 1aboratory etream dic-;\.i "
‘played fea‘uras quite simil&r to those obqerved 4n. the field. Fcr
example, it could be seen that the bed. 1oad at the. downqtream end
of a point bar was crowded toward the conca; ibank almoqt normal S
tc the direction of flow. This was easilyidiqcerned in tha model .¢‘<”‘
stream and WA S seen An. nature from the a115 of the aand rippleq 1n
& straam bed and from the:. curved alinement of gravel qﬂ:re:!a.k':l acrons

:point. bars. : "_5:::';

‘From. laboratory tests already completed (19&1), there are 1ndi"a-i;j”i“

-‘tions that for any given. valley slope, discharge and bed 1oad a
stabilized conditicn will uccur 1n the slope, size of meanderq, and

channel proportions, ut migration -of meanders Lontinues downﬁtream.;if}?'

It has ‘2130 been- shown that maandar width iq dirﬁctly PToportioned ‘o SRR

‘the amount of . bed load.

ACADEHIC REQEARCH

93, Qpen channals. A iurther type of research that is frequently
-fobserved in university labcratorios pertains to eyploring some aepect  :‘
s0f flow in pipes or- open channels, for. example, more with the purposo iy

.Hftof establishing rel&,ionshlps batwean certsin flow factors than for

oxt ‘some -bag c‘problem of tlow or.solving v




" problems. In this sense this research is- ccn*idered to be aoademic _jf:
and somewhat limited in 1ts application to practical problems of -
primary importance._ Neverthcleas, ‘this type or work is important
and frcquently produces new developments nnd fundamental concepts.:l

An example of ‘such studieo ie one " observed Bt the Maqsachusetts _"

Institute of Technology where extenqive tests have been made “to: deter—.f;"ah

nine the variation of the friction factcr £ with Raynolds number for
uniform flow in: cpen channelQ. In 1938 a Qeries cf axperimentﬂ waq L
sterted to develop 8 function betwaen theqe two variablaq with constants
to be applied for varicus shupeb of channels at varicus rcughnesqea.'
The program: of experimentation con isted of a series of related mastpr
theses treating various phases of the problem. ' , _

“The first study by J. A. Downf in 1738 uqed 8 wooden channel o
tested at two widths, 24 and 12 inchea, on Ly “ixed =lope. The bottcm '
and sides of the channel ‘were roughened with a r'anr:'t coat1ng.. After a.
few tests, it was found that e relationship did exi:t in the form
r = aR¥, btut exact nature of the function F not determined., ‘

-1In 1939 Kerkering and Jacoby continued the work of Downs, using
the same channel but testing at a different slope and using three \‘
widths, 10* 6 and 3 incnes, They found tha+ a different relation— i
ship existed between £ and R for ‘each chunnel width.u GcncluQions_:i“‘_
ware drawn ‘that this was due either to the Pact that ‘an unkncwn phyﬂical
quantity ws not included in their analyqis; or that the hydraulic l o
_ “adiu= wes not the proper. 1inear dimension to use in calculrting the
friction factor and Reynolds number._ “The authorv tried to find 'y diPPer-
‘ent linear dimension to use 1nstead of the hydr&ulic radiuf' but a“ter ‘
trying mary difierent combinations, they concluded that the hydraulic“,
radius was better than anything they had - tried.. e e

Also in 1939, Smyqer and Harvey tested & chcnnel 12 inches wide 2
by 10 inches deep for vurious slope;. They attempted,to find thc.e§£GCt'




of varying the alope-and'hydraulic'raaius‘on the feiﬁt{nﬁéhip'
between f and R, but found that ne{ther had: any appreciahle P’fecf

- In 1940, .two more thesis 1nveqtigations nere comple?ed “-Dne
study was made by Seedlock and Little using a chnnnel whoqe wiith
and -slope were varied, They reached the following concluaions-'f.v
(1) although there exists a functional relation ship between r Pnd R
(within the - range of R invegtigated of 3 OOO to ‘0 ODD), this func—l
tion does not appear to ue B straight line on logartthmic paper' -' .
{2) that there is probably same width oF channel befonﬁ whjch the

function between f and - Ris unaffected and this width 19 preater‘iiy

»than 12 inches; (3) the aidth of ch&nnel haq a pronounceﬁ e“fect
on .the relation between f and R when the hydraulic radiu" iq used
as the linear dimenqion in computing f: and R- (&) the width of

channel does not have a marked effect on the function between Chez 's‘

C and R, ard between Manning sn. and. R, (5) there 15 some other linear SR

dimension besides the hydruulic radius which would better deqcribe L

hydreulic size in the determin&tion of f and R- (6) 8 weiphted value o
of the hydraulic value A2, and 'A'“””, 11 not better qu*ted to J; f.;

P Ptotal SRR
describing hydraulic size than the hydraulic P&dlﬂﬂ, and (7) in

general, over the Tranges studied there 1q a tendency for T to 1ncreaqe
for a given value of R ‘with increasa in either width or qlope.

The ‘second study in 1940 wa= made by Swift anﬂ Morrieon uq&ng
the channel for the 1939 tests. In this part of the Y‘e“em‘ch the

effect of changing the roughnese condition of the channel waq inveqti—“v E

gated. Two roughness cnnditions were )nvewtﬁgated Rouph bottom and

smooth nides, and rough bottom and sides. The ai;e of* sand used was

-that passing a No. 8 sieve (2 362 mm ) and retained on e No. 1’ ﬂieve

(1. 168 mm ). The hydraulic radiu° wasg varjed Trom 3 cm to 9 em’ nnd

the slope from 0.0001 to O 0019. Reynoldq number wa% varied ’rom 3 000 -
to 65,000 with accompanying variation in the: ’riction factor from 0. 021
to 0.048. ‘These two experimenterq arrived at these conclusionss (1) ¢

is- definltely a function of R; | (2) the rlope‘does not materially af“ect




the relationship between f and R for hlopet greeter than 0. 003 {3)
the hydraulic radius does not greatly affect the. relntionship bstween.*
f and 'R for R greater than 30, OOO (4): tha varintion of tb‘s relation-
ship with hydraulic radius for Reynolds numbers lesq thnn 30 000 is
especially marked nhen beth the bottom and: eides of the chennel sre
rough; and (5). for the channel with only tre bottom rough the ef*ect
of the roughness ‘decreases as the depth- increaqes._,y-' b

This extensive geries of tests was: continued during 1941 te
ing a triangular-shaped channel with varnished nalls and continuing
with a channel of rectangular cross—section with roughened sides. nnd
bottom. By 1942, it is planned that the testq will sll be completed,
whereupon a careful analvsis of the entire work will he made to deter—
mine just what the functional relationship iq between f &nd R for
variation’ in channel width, slope, and roughnens. Possibly enother o
linear dimension then the: hydraulic radius will be evolved for comput—
ing the rriction factor and Reynolds number for open channel rlow with
particular reference to smaller Reynolos numbers, for which the fric-
tion factor veries considereblv more: for smell changes in R.T-F

94. Stream double refraction. Another study observed et the

Massschusettsslnstitute-of‘Technology_wes_of,pertioular interest
because of its possibilities'in'hydreulic'reseerCh; This stuﬂy per—"
tains to the examination of flowlines by introducing 8 ﬂispersion of

bentonite into the flow and - studying the streemlines b] use of polerized.il
light. Wben polarized light is transmitted through B flow containing s -

double- refracting colloidal 3uspension, the lines of . flow ﬂhow up 4n -

varicolored patterns wherever there is a varietion in velocity or. direc—lff

tion of the moving particles.; The method is analogous to the determinn-'””

ticn of strain in transparent models in photoelesficity. S
The phenomenon of double refraction occurs when plene—polarized
light 1s passed through a double—refrecting crystal of un*form thick-.
ness, and then through an analyzer (plane polarizer), whexeupon the
multicolored pattern is produced, since some of the colors are reinul
forced while others are weakened‘by interference. When plane-polarized
| 1ight pasges through a double-refracting or birefringent crystal, the
light is split up into two rays, each of.-hioh is polarized sgain, but

'.




having planes of vibration which ére'normal'ﬁd'odoh'ofhor."Thie
~also occurs when plana-pulariaed 11ght ntrikes the partjcleq of
bentonite in the water, but . polarization into two normal planes of.*-3

-vibrntion*occur in this- case by rofleotion from the ourfaces of

the partiolen; hhen a. ray of light is incident upon a tranqparentf;

surface at an- angle called the polarizing anple, part 01 ‘the. lightﬁ3f
is refracted through the surface aJﬁ part of it iq reflented from
the surfas. It has been found that there is e partial re.zolution i
in these two rays of the vibration into component oy respectively ;
in and at right angles to. the plane of incidence.. The bentonlte
cryatels are birefringent so ‘that polarization into two pl&nee and.%f '
interference producing the oolor ef fect are due o, a 1tn1ng up. of f.f'-
the small" particles whlcb are plaue like in e'hape.‘.; Accordin ly, it
has been po%tulated that the birefrrngence ia due to polurization bv
reflection from the small plate-like partrcleq.' It iﬂ believed more
reasonable to assume, howevsr, that the birefrlngence is due to :
single transmission. through g medium presenting more resistance to
vibration in one plane than 1t does in another, 50 that, when the
components of vibration are resolved 1nto one plane bj an analyzer,
one of the wave components lags behind the otbnr, cau,lng interfor’
ence and & variatfon in’ color. e L _ o ;‘ ;

The apparatus nised to observe the color bandn produced in the
flow containing bentonite consiqted of a- small glass channel.' Two
sets of polarizers were used one: set consiqted of a,nair of l-Foot R
square polar01d sheets mounted in glass plateq to plane polarize the :
‘1ight ad to serve as a’ plane—polarizing analyzer, the cther set wac"':
a pair of circularly shaped combination one—qunrter—wave ‘and’ plﬂnﬁ—,'-\l’
polarizing plates uaed for studying ‘the ’1owlines'w*th circularly
polarized light, that xs, Alght in which the two ravq are out of phaael
by one-gquarter wavo_lengph. The sets of polarizers nere plnogd;ngainst '
the glass channels, onefpluté on eifherISide; in thé i‘ne 0%75'1135*-"
beam from e spotlight or Edgerton light. The .observer *aced the, chan- .
nel on the opposite side {rom the light, looking Airectly into the

light source. Variocus flow conditions were establizhed in the channel
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in order to determine the signi”icunce of the visual study and to
explore potential uses. of this method of analysi The 1ranqition

‘;Tj, from laminar %o turbulent Tlow: was qtudied Tlow over a welr, etc.;l
In each caoe, the banda of color varied as the velocitv and direc- . .

tion of flow changed. odachrome picturee were takan of the var10u<‘ ’n
color patterns for use in future analysis. It 1s entirely poeeible

that, after more study has been mnde of thﬁe method a reliable'_'
lysib can be uqad for tha flowline atuﬂv of varicus

qualitative una i
1ic phenomena and even a quantitativa analysis may be developad 2

hydrau
but, as yet, the full sxgnificence of the variation of the color banFS'j
with velocity and direction of- ’lnw 18 not understood. ) _ R

It is well to remember that bentonite cnrrodes metel and fhat A

dispersion to be used depends on the size of channel ~e1nce 400 much
will cause the flow to Jell. A centrifuge is required to obtain the :1
desired size of particles for teetnng.f A welluprepered l—pevcent iq-“
persiocn of bentonite in watsr, obtained bv *ractionating bentonite in

‘ a eupercentrifuga and selecting f‘ractions with particlee below 5 ; o
will be particularly clear to tha eye, ‘have & viscoeitv end a surface:ne .-

tension near that of water, and produce pronounced bire’ringenreﬁfor N

“low rates of f{low.

LABORATORIES :

95, .Hegearch. Since only the work o” a few laboratoriee can

be presented in this chapter, mentlon is made heze of fhe 1auoratorie" e

of their problems being stuaied in 19A0 19A2, exclu&ing the nork on’ o
model studies and other. tests. that these laboretorlee might be making.ii

At the University of Iowa, the main effort is being concentrated on .;Qe
fluid turbulence end its. applicetion to- suspendedﬁsediment transporte—g
tion, followed by the conversion of kinetﬂc to potential energv din
diverging condults, the simultaneous 1low of air and wa+er in closed
conduits, and the_entrainment of air_in pipes by vlowing water (Waldo

t



Smith.Hydraulic'Fellowship)" At'the”Univevqity‘of Minncqota work".
is being done on the- Jedimentntion at the con’luence of rivere, high.f
velocity flow in open . chennele (for Committee on Hyd*aulic Research
-of the Society), and e study of fluid turbulence as. velated to qed*
ment transportetion. ‘The Univereity oP Illinoio has en interesting

- stady conoorning the.study of turbulent flow through annular tubes.‘
It is expected soon that ‘the Univereity of Columbia and the City
.College of New York,- through the" effort of Dr. Buhkmeteff and

Dr. Allen, will publish come new ‘and- broader concepts of fluié turbu— o

lence. mechanism. The National Hyoraulic Leboratorv of the Bureau of -

utendarde is studying the phenomenon of density currentq as. deﬂcribed L'

in this chapter, the theory of flood wavee, end the laws of eimilar—
ity as applied to model tests. At the Massachusette Inatituto oi

Technology the work includea the etudy of the variation of the friction

factor with Reynolds number ag. described above, plue the development '

of the stream—refraction method ‘of studying flowlinee. ‘mhe California i

_Institute of ‘Technology 1is concentrating on’ the mechanice of suspended l

loed transportation and denaity ouvrents in reaervoir in oeoperation

with ‘the Soil Conservation uervice. At the University of Californie l:

gstudies are being maﬂe of *low thraugh porouq medie end the mixing o”
parallel streamq The: United States- Waterwaye Experiment ?tation hac

.work ‘in progress on meandering etreams, as. diqcu«ced above, and.on‘the.”z

force : of waves on breakwa*ers.

-For further information of fundamentel research being conducted

in the United Statee, reference is made to eevernl progreqq repo*tt',f :

in: ‘Appendix I, end to the Hydraulic Labo“atorv Bulletin, Seriee A,
ﬂational Bureau of btandardb, for. 1940 1941 and 1942. f-‘t




CHAPTER V- - FIELDeINVEQTIGATIONSi~

GERERAL RN

9. FPurpose. As m”“ti°“°d in Ghapter 1, the field of study for
this eoholership included not only. investigation of current hydrauljc

reeenrch but also a study of hydreulic structures in the field.‘ Th- S

basis for such 8 progran was derived from: the autho 'a work in the :
hydraulic structures laboratory of the Bureau of Reclamation._ It is -
ane thing to be faniliar witb hfdreulic research end the problens C

assoaiated with hydraulic otruotures as. studied bv nodels in a labora— 2"

tory, out 1t is en exception when en opportunity is arnilable to :
inspect the prototype structures in the field to obeerve the severel
hydraullc designs employed and to study their hydraulic performnnoe,,
particularly when one's normal work doee not include euch an aeai*n- -
ment or responsibility, and when the atruotures involved are l S
distributed over seventeen Western Statea., Besides the benefit gained
from inspecting a prototype etructnre, it is possible to- acquire B -
more balsnced sense of size and: proportion which may rendily e
distorted somewhat from. working with small acale modols.; Finally,:br_;”

conversing with’ the !ield personnel it ig possible to. obtain different .:-

points of view and euggestions pertaining to hydreulic design and
operation of & hydrnulic structure. : RSy :

97. Scope end method of investigations. Teblo II 1iste the 7
hydraulic structnres on power, flood control end irrigetion projects i
inspected from: October 1940, to July 19i1. Becanse of war restriotione;
it was possible in eever&l instancee to make only n rather hurried i

inspection of a structure, neverthele:s, when ehown ebout by a conpetent
guide, it wes usnully poseible to obtain tbe information deeired
“pertaining to the hydraulies of the struoture._ In the Enetern States,
the pereonnel of the lurge power projects ware reluctent to give --n.
much information, regardless of personnl identificetion, particulerly
about model studies which had been made recently to ‘correct some of

the prototype spillways; thia handicapped efforts to determine
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correlation between model - end: prototype. In the Weatern States, the
personnel of the various projecta were most helpful, making it
possible to obtain the desired 1nformation.~ This difference in -
attitude waa due to the fact that ‘'War restricticnq had not yet been
fully applied to several of the isolated etructures which were_ .»‘*3“'
inspected. ‘ - : BN L _
¥hile traveling over. an 1rrigation project,‘ior example the
suthor was accompanied over the nrea by an enginear ’rom the- field
office. Usually, the 1nspection started at the. main storage
.reservoir to stndy the dam and. appurtennnt works. Proceeding down—ai
stream along the main canal observations weTe made of drop structufes,"
wasteways, turnouts, diversion dams, and similar structures in the
principal laterals. Since the irrigation geason was in progress, it
was & good opportunity to observe the behavior of hydraulic jnmp
Btilling pools, flow through transitions, outlat works, and several
flow measuring devices. ‘Ins few. cases, tne spilluays of - the main o
storage dams were operating, particularly along the Salt River in
Arisona, gnd this gave a chance to compare the model and nrototypa

| unlitatively, aven ‘though the dischargeq ubserved were a qmall

percent of the design discharge..u o :

In most of these inspections, the primary tnte*est was centered
about flow in 5plllwa;s and outlet works: cf all sizes,.the enargy
dissipation of flcwing wuter, and the several methods: employed‘to
obtain this dissipation. Accordingly, the- following discuasicn is R
given to show the type of hydraulxc design enployed in recent yoars, iﬂ;[..
some of- wbich have baen avolvud ‘oT" improved con51derab1y as a reault ‘j”w
of model teete, which will be ovident from the numeroua reforences o
to model studies given in Tahle II 1n the column headed "Features
Invastigated and Rsmarks. SRR




o is determined from a study of economic and phyaical conditionr and

smmus ; f

98. ng__ "The several types of spillvoya obaerved 1noludad
~ the follouing: (1) Overfall type, controlled and uncontrolled forming
‘& part of the dam itself, (2) opan channel chutes aeparute from tha
dam, controlled and uncontrolled straight or. curved (in plan), or
‘the slde—channel type where the direotion cf the flow ie changed and
is carried in either a chute or tunnel (3) glory hole type, controlled
‘where the flow. drops down & vertical shaft to 'y horizontal tunnol
outlet; and (4) inclined tunnsle, controlled or unoontrolled through
abutments connooting toa horizont&l tunnel, which ‘may have been part

of & ‘diversion tunnal during construction. Tha type uaed 1n any caqe l

' the discharge capactty is’ daternined from B studv of the particular

'atarsheda involved factors which are. not 1n the orovince of thiqtf

- disouesion. o S ol A : o '
99. Dvnrfall.- The overfall type 01 splllwcy, which is a part k'fit~ﬁiﬂ-5;L;
. of the dem itcal"‘ oonsists oI‘ an ogee crent with plors to. support P ’ B
rogulatlng gataa, uhich are either drum sates, forming [} part of the
crest, radial gates, or Stoney gates. Belov, cnd tangent to ‘the ogae'
~section, 1s the inclined spillway confined betwaen vertical training o

walls, the spillway finallj ontering a etilling nool This atilling o
ool is used to disoipate the onergy of the vater and to reduco 1ts

[velocity, tharaby preventiog acour to tha river channel at the ‘toe. of A
the dam; it haa oither a: horizontal floor, a sloping floor, or is ‘

. curved ﬂpward to form a bucket. In the. f*rst two cases, & hyﬂraulic e
jump ‘is used to dissipate ‘the energy, yhile a rolla* 1is used with the_;,‘

.bugket, “in some cases, no sttolpt is nade to provide any npron or
"'diaaipction, it being assunad that the rock of the ver channel will C

‘ 'ithstand ‘the: erosivo forces-aan aasumption seldon made 1n nore reoent
deaigns. The rulas gonsrally followed in salectinw a particular type
‘of stilling pool are given in the discuseion undcr Section 106. '
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The uss of. the overiall t;pe of apillway forming a purt of the
dam is not limited to uny purtlcular size or strlcture, hut tP uqed ‘
at large and smzll dams. . for axamnle, Figure 32A bhow +he apillwav |
seetion of the Grand. Coulee Dam, whirh w;ll discharge 'or the firqt
time about June 1942, the dis charge shown 1n the Dhotograph 15 from
the outlet" pasoing through the dam, the quantn J beinb lAﬁ DOO second-ﬁ'h
fest. This spillway 15 cont,roued by ‘eleven 13‘3— by’ 28-foot drum .
gates in the crest the stilling nool 13 a bucxet fhe tip nf the : e
bucket being 360 feet below the. crest (see Figure BJA) aome other‘f?'.
Pertinent dimensions of tuiu and other dams referred to will be Found fvif %f.\
in Tuble II. Figure 323 shiswe the qpillwav of the Hiwaeaee Dw "i”f' ff'2 :
which the crest is controlled by seven 23— by 32—¢oot radiul gates, :
the atilling-pool iz of the hyuraulic Jumo type with a sill fcrmed at
the end of & horizontal floox, the. drop ’rom ‘the crest to nocl “1oor
being 254.5 feet. - For much ‘amaller dams, the controlleﬁ overflow
eplliway mﬁj ‘be desihned us observed at the Picawic% Landlnp Dam, and 4 -

@ several others on the Tenneasee P.iver Figure B?C.t Here the gataq a're ‘ .
of the Stoney type out in ‘two bections, the flow pasqina either under ‘
or between the sections. -~ The: atillinh_pool is-a 1ong ho“izcntal Ppron 32 
with ba{fles attached the tailwatgr condltiorq being unfavoruble;_or':;

-the use of a true hydruullc jump, eo a’ drowned jump or submerged roller

is formed; the qrop from crest to pool apron i" 3 faet. Figure 32D

shows an . uncontrollad apillway which is actually, in thi~ caqe, the
‘entire dam.. The structure ia the Granite Rsef diversion dam on the

‘Salt River, which was passinb 19 500 secopd—feen during the inspection.  7
There 1ls no stilling—pool at: the toe of the dam, which 15 onlv 29 ”eet :

high, but some paving is in place “to prevent eresxon., In the 3A
years since this dam wes completed it has beccma good pructice to use o

?ff=  _ ' a bucket or hydraulie Jumn pool at tbe toe oi sm&lx dams, particularly
S - if a rock founduticn is not present. : : SRR

100. Chutes. The Open-cbannel chute spillway 15 probably the
most common type, and of necessity must be used with, but is not limited

to, earth-or rock-fill dgms. in general,'this'type of -2nillway 1s
located near an abutment of the dam, excavmtion being made to form an e
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approach'channel to the spillway. When controlled the spillwav _;
flow is regulated by radial gatas, Stoney gates, and occnsionally hy

drum gatea, set at the crest which iq usuallv straight. The 1nclined
concrete-lined: channel carryiug tbe water to the river chovnel

below the dam is either atraight or curved, with either sloping or

verticul side wall f At the’ end o° the chute, 8 hydraulic jump
atilling.-pool, and ocoasionally a )ucket is used when the material

at this point i unable to w1thstand erosion, ar- when the’ high .
o ' volocity {flow. nntering the. river from the spillwav wov’d cause addioq g B

and- surface distu:bances seriouo enough to eroda the tce of tha dam

and river chamnel. The width of tbe splllwav muv be uniform from tho ’
creat to the stilllng-pool o' it mav dlvergo, or it may be shaped in f'fw}'ﬁ'”g jf{‘
the form of an hourglass converging at first! below the crest and than o N
diverging to the stilline—pool the width in any c&s- being dictatad o
by the design diwchurge, cost, Lnd nuceQbity o._p10v1ding a proper o
depth at ‘the entxance to the stilling pool to LLE ure the formation of _
a hydraulic Jump. In contruot to the %traight tjpe of chute spillway, _“
is the side channel type, aLerein the oreot is made parallel to th6' 
direction of flow Ain the chute. The chute below tho Fert sactlon is
usually Jtralght and the lom is conxzved between sloping walls or
in & circular. tunnel., Where tunnelh are amployed the flow 1s per—~»
mitted to enter the river channel dilectly, no" stilllng pool boing
used, since the 11=cb1'ge Frow the tunnel uuually occws. qu;te' an_ﬁ"of'g
downstream from the dum.‘ | “ ' '. : : \ ‘o ”ium‘

An example of the usual tfpe of straight ohute spi;lnay is saen :
on figure 32F. This is the sPillwaf at the Unity Dam, Burnt River,_-ic‘:

_ Oregon, a drop of 90 feet oceurring between tke reservozr und-: floor

of the stilling pool.. Another example of the sume type 15 the spill—

.way #t the Bull Lake Dam, Eigule 32F; here the dron from the reservoif.

to the pool floor is 80 feet. In both examples, the crest is straight
and contains radial gates for ilor regulation. Figure 33A-illustrate5
the curved supereleveted type of cpen-channel spilly#y,~regﬁla£ed_by .
9 two 50- by 50-foat Stoney gates at the spillway crast, ‘tk‘a‘_e' discharge . o :
being 4,400 second-faet at the time of the inspection. This is at the “
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A. CRAND COULEE DAM

C. PICKWICK LANDING DAM




A. MORMON FLAT DAM ' " B. ROOSEVELY DAM

CLE ELUM DAM

ARROWROCK DAM

SPILLWAYS




Mormon Flet Dam, Selt River, Arizona, where the rock canyon does not
require the use of a stillingupool. In aeveral casas, it is convenient,l
to use only a regulutad crest with Jittle or no spillway proper, but :‘iv
only the caqyon wall to carry the water 10 the river.‘ Figure BJB ehows‘ﬂ

this type at the Roosevelt Dam, Salt River, Arizona, vith_,,OOO second-:‘f
feet passing, while Figure 330 shcws & short apillw&y at tha Hcrse Mes&ib

Dan, Salt Piver, Arizona, which prujects the rlow away from the canyan 'f?

walls. . In each cage, the sprey developing *rom theee spillw&vs may
'Beriouslv affect the powerhouse in’ the caqyon below e&ch dam.‘ Tbe

do~-called hourgla s .type of snillway channel ia shown Hy Figure 33D,
the spillwav at Cle Elum Dam, Cle Elum Rivar W&%bington.« This ir a
view loéking dovmstreem from the crest which is controlled bv five o
37~ by i7-foot radial gates. " The channel betwaen side wall@ diverges :

from 201 feet at the crest to 100" feet in about 420 feet downstream,

and then Increases to 200 feet at the stilling—baain,‘which 19 1A3 RO
| feet below the matimum reeervoir weter surface.-l‘ L~ ‘ l',‘ "-_ i
The side-channel . ‘type of spillway is shown by FigurewBBE, taken “_;‘

at the krrawrock Dum, Boise River, Idaho.' A trapezoidal channel

carries the water to a canyon where it SpillE down the face of the .
canyon into & stream below, the discharge ehown being 5, 400" second- e;u;f 
feet. Figure 33f shows another of the same type at the Tieton Dam,i-.e*'
Tieton River, Waehington.’ In both cases, drum gates heve been used" ‘

at the creat for regulating the discharge.- The best examnles of: eide_;-.i X

channel spillways are those at Boulder Dam, one on the Arirona and

one on *ne Nevada aide, Figure 34& showing the Arizona spillwav which

s capable of discharging 200, OOO second-faet. The flow pa“ses into a ff;--"'

50-foot diameter concrete-lined tunnel on a 1 1 slope, which changes
tc the horlzontal some 600 feet below the portal the tunnel being
2 200 feet long. ‘ R ‘ ﬁ : '_ AR S
101. Tunnels.‘ The gloryhole or morning—glony type of spillnmy ;7
aoneista of a vertical shaft with a bellmouth entrance converging to :
& smaller diameter in ‘the direction of flon. At the: bottom of the
shaft, a bend is made to ‘a horizontal tunnel which carries the flow

;eome distance below the_d&m; vwhere it diqchargeq freelv into the
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river channel. -Figures‘BAB and C éhbﬁ the'gld¥¥'hnlé's§illwuy a*‘t%a‘

Owyhee Dam, Owyhee Hiver, Oregon. Thia Qpillway uau’t changeﬂ through
‘8 156-foot transltion from 52.33 faet to 22 6 feet in dlamater.‘ The o

Tlow is controlled ny & 60— by lQ-foot spillway ring gate operdting _

in an annular pressure chamber rormed 1n “the 0res+ structura"the ring—.z'
gate belng a floating tfpe crest, similar in operation to a drum gate.-_,ffz
The drop from the crest to. the’ 1nvert of the horizontal tunnel in ;‘:» AT
309 fest, the total- length oeing L 100 fent from crest to outlet‘ e
‘Another glcryhole pillway ‘may be found at the Gibqon Dam, North Fork

of Sun River, Montana. Th1= shuft is.aurmountwd hf six 34 by 12e;oot

rudisl gates with thn conc&ve fnce toward the reservoir as shown on

Figure 34D, The diameter of: the shaft changeu from 100 Leet at the et
erest to 29.5 feet some dist&nce below the total drop being 204, feet S
from crest to horizonte.l tunnel, ‘the tot&l 1ength m-.-ing 452 feet.;‘; In

both cases, the {low emerges‘Jrom the tunnel intc the rivex Lnaontrolled,'

N since the jets from the tunnel are far enough downatream from tha dam. SR .
o Instead of using side channel or glor-yhole s;«il way and. Annel . .
S comnlnation, it ie convenient 1o, use an inclined tunnel spillway with [ FUE N

the crest submerged and flow regulated bv a Stoney gate._ From the

gate secticn the tunnel enterq a tran ition to 8 circu’ar tunnel e
which bends to the borzzont&l at a lower elev&ticn and dischargeq the .
vater some distanca below the dam.j %uch ic the design at. the H'” '

Mesa Dem al ready referred to, the tunnel spillwav being uaed fo
flows up to 47,000 second ieet to eliminate the uqe of the Small

apilltays et each abutment one being Qhown on Figure 236 becmusa Lf

spray affecting the powerhouse operation. Tbe tunnel snillway nt _
Hnrse Meua D&m is shown Hischurglng 8 600 aeccrdufeet in Figure BAE,‘an:. h
the dam being to the right just upstre eaml. This tunnel is reyu1ated i
by a 40~ by L4.5- foot. . fixed-wneel gate whicb reqtq on the crest at

the tunnel 1+f€%" "e“"“'th the water. 'The tunnel- changes from 40 to

30 feet irdlﬂmEter JuStbelow the erest, it then drops nearly 200

feet onin incline finaJl-changlng to the horizontal near tbe outlat S %
e the tot.aﬁlengt.h being 43 feet.




OUTLET WORKS

10z2. ngeé. At all dams on. *rﬂigation nrojects ann uL most flood

control pTOJeCtS, provisionq are’ ma*e to releane water when the reservbir '

lies below .the crest of the uuxiliary spillway. This 14 usually done |
by providing outlets or :luiceﬂ which paSS through the dam at one o

more elevationﬁ, the discharge baing regulated at the upstream ‘or down- o

stream end of the outlets. Where poﬁer is develoned the tnrbine
~dischurge is used as a bupplemental flow.; N '

In general an outlet passsng through a dam is either circLlar or

rectangular in section, completely horizontal or inclined, or a combinn—"'

tion of the two.. The discharge iq regulated by gates or valves either o
at the upstredm or downstrenm end of the outlat.‘ Wben controlled  fff
upatreanm, each outlet is provided with an emergency and service gate,:
the aservice gate being. 1mmediately downstream from the emergencv gate.

These gates may be of the ring follower, caradox, or rine qeyl type

for high heads, or slide gates for much lower heads, sav belon 75 feet.féuf"T

Complete reguxation cannot be had with these gates, since they cannot

be used at. partial openings as the gate 1eaf would obstruc+ the flow

and would cause undue vibration, coupled with eycessive dradeWn forces.f

The portion of the outlet in the" vicinity of the gatea is ueual‘y lined
with steel, while farther downstream concrste may be aufficient, excent

perheps for- hlgh—head outlets._ The entrance to an outlet cf this type

is protected by trashraccs, the entrance being in the ahane of a’ bell—.h‘

mouth, &s previously mentionad 4n: Section r0 Chapter III._ At the exit o

it 1s cuatomary to" converge the outlet about 15 parcent of the normal
area to maintain a positive hydraulic gradient.- At this part of the

cutlet, a bend may be formsd to. cause nne water to ﬂischarge down the o ,‘.ﬂ.

face af the dam, or the f‘lcw: may be allo“ed to discharge“horizontally
80 as . to fall free to the river below, provided Spray from the jets

would Dot harm any appurtenunh works.

- % Dams and Control Works, Second Edition,. United: St.at. Department of
Interior, Buresu of Heclamauion, Washington, D. C., Februarv 1938,
‘pp. 177-204. '
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. 103. Control gates' upstream. . An example oi‘ the former mar be .

seen on Figure 35A showing the autlats at ‘the: Grand Coulee Dam, whila
Figure 35B shows a discharge of 2 AOO second-feet at one of the upner
tier outlets. (See also Figure 32A) Hhere the formation of spray
from free falling Jjets 15 not. harmful the cutlets may be completeky
herizontally arranged as shown on Figure 36A at the Arrowrock Dam,:”
Boise River, Idsho. The Grand Coulee outlets are control]ad by gates
in the upstresn end of the conduits (Figura 35A), the outlet=' at

Arrowrock Dam are regulated by balanced neadle va*ves at tne vany

upstream end of the outlets, 1nstead of by gates. _ _ ,
104. Regulating valves downqtream.1 Where outleta are ccntrol]ed

at the downstream end, use’ TR madw of needle valveszA 'and occasionallv” "'” ;
of butterfly valves snd HowallaBunger valves. keadle,valve outlets'” S

are more generally used with steel conduit% paSaing throuyh a dam quiﬁf‘u
nesr its base, the conduits being encased in the dam or passing thrcugh'f}: B
8 large tunnel énclosing the outlat conduit, permitting &ccess thereto. b

The use. of -valves at the outlet ends 15 not limited by the hsad and )
permits the jet to diqcharge freely into a qtillingmbusin or river s

channel djrectly, 1* scour 1n the vicinity of - the toe of a dnm 15 not

of importance. The pronlem oi venting is not 1nvolved in t}is arrange—qrﬁ
‘ment, whereas in outlets’ witb gates upstream air vents muut be " H‘
srovided for partial gate Openingu during opening and closing operetions. |

“In some instancea, needle valves have been Dlaced some distance uvqbream

from the end of an cutlet but this, pract ce seems to produce several

problems in &ddition to suoplylnb air, one in. particular 1q the so—called

gulping action caused by the low. alternately sealing and breuaing
away from the crown of. the outlet.. The really big advantage of neﬁdle f;{
‘valves is the. ability to regulate the: diﬂcharge to Bmall quantitlea,
less than 100 second-feet for example, while at the. same time large "
' valves ean discharge as much a8 .5, , 000 second-ieet under high headq. o s
Probably two of the. largest needle ‘vaives (Pelton) in the United
- States are found at San Gabriel ‘Dam No. 1 San Gabriel River, California._
Figure 30B shows one of these valves, 129- by 117—1nch discharging 5
'720 second—feet under a he&d of 230 fest with the valve open 8-1/2 percent, 0 N
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‘the discharge ialling “reely into the river channal below the dam.i

‘These- outleta are discussed in: PrOﬂeeding A.u.C E., September 1941,
p. 1199, oy P. Baumann, in e paper entitled ‘"Design and Conqtruction
of San uabriel Dam No. 1.1 It is interesting to note how horiﬁontal
the jet is when diSﬂhargiﬂn under such a high haad; note also the =
. diaintegration of the jet immediately helow the vena contracta.‘ o
Figure 360 shows two 4?-inch nﬂedle valvee at utewart Hountain Dam,.'i
Salt Rivér, Arirons,fdischarbirg 650 ,econi feet each at 100 percent‘

cpening under & head of anpromxmately onn hundred and fifty feet.‘ ﬁV G

These valves discharge into’ the tailwater which baczcn up to the toe

of the dam, there baing euf icient rocm and water cushior to nrevent
erosion. figure 36D shows an- SA—inch butterfly valve adJacent to the if*‘
nee&le valves dleh&Tglﬂb 2 100 second feet at fuil—gate openiny These ?
valves are not used where. close regulation is reauired becaune of 1heir2if
fnadequecy at cpen_ngs less than 100 percent, At wide oan noqition, :,fij-u
they discharge more than & correspond ng - qize needlo valve.s An exampié
“of needle-velve outlets, releasing water at a highp*‘elevntion is shown :
by Figure 36E taken at. Owyhee Dam, Othee River, Oregon.ﬂ 'Here again -
the jet ralle freely to the river chznnui, fﬂhere such a‘“ondition is
not possible, either becatise the main river channel is too far from'

the cutlet or becauze the channel 15 ensily eroded recardless of “the
-energy dissipation of the Jet caused by air-water friction, ‘_separate.
gtiliing pool nay - ‘be used. to form 8 hydraulic jump 1n which the high ‘
velocity Jjet 1s conqiderably dissipated. At the Friant Dam, San o
Joaquin River,” Caliiornia, which is now nearly completed the needle ff@
valve outl*t woTkSB for two iﬁrigation canals will use 8 hydraulic -
jump pool. as desrribed in Section 40, Ohapuer LII- Likewise the river '

outlet WOTKS at Friant Dam will also employ the same princiole, as

discussad in Section 39, Chapter 1715 8ee Fivures 1, 10, and 11_ Howell-‘:”ﬁ

Bunger valves are particularly useful where - s"ray is of: no ccnéiierutien _ig;f

and where a more OT less solid jet is not. dasirable., ‘Figure 36F ahows
& A2=inch Hclell-Bunger valve at the Gene W®ash Dam on- the Golorgdo_ f;,‘-

f-‘Vaiver Agueduct,. near,Parker;Bam,;California. o
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STILLING POOLS

105. General. In the preceding diacussion oi Qpillwavs and;;i

catlet worms, reference has been made to the use’ oF a hjdrau]ic :ﬁmp“'
3tilling-pool, and a tucket for tha dissipation of energy or high--
velocity flows. 1t a5 stated that stilling poola st the en of :
certain splllways are e*qential if the river channel into which. the‘-“

spillway diacharges is composed of . material easily eroded by hiph

valoeity flow, particularly uhen such apillwav ends abruptly at orvﬂry;_

near the toe of u dam. The questicn of = nt type of stilling—basin

to use has been anawered from the rcault& of many model eyperiments y-f
and from .the appliuation of well~known principles concerning the f-“i
phenomenon of the hydraulic jump. It is desired to axplain now: very
briefly some of the gen neral . rulus currently being followed to aid in S
the design of stilling-baains. Althourh moqt of these Tules are‘3

derived from ~xoorience and - sound judgment, zome are almost ﬂomﬂlotelv a

empiricnl yet they have been sboan to be reliable and mu%t suffice :
until a more raticnal solution hag" been obtained. IR
The reason why energy diqaipation and velociﬁj reduction is’
obtained by a nydraulic Jump hag already been explaineﬂ b@ sevaral L
euthors, notably Baahmeteff And Kalinsxe, so no discussion of this '

will be given here. The method of applying this knowledge to oracticaliﬂ

problems is more pertinent. In general & properlj dasigned q+1111ng,;i R

basin will protect cnannelq from erosion by reducing the velocity of
the w~ater, bv insuring thut the high velocit; ’low does not come in f

contact with the bottom of the channel ‘or that it is diverted to

regions of the bottom which are far enough downqtream not uO endanger e

the structure. -

1G6. Types used in ré18£10n7to‘tailwatef. 'ﬁﬁen ﬁéing a hydraulié‘

jump in a stiiling—basin, it ia essential that‘the tailwatar elev&tion'
of the river below the dam be in agraement nith tha jump—height =
relation obtained from the conjugate depth relation ?or the Jump “
Although ess&ntial Buch a condition rurnly axists, since the tailwater,
is a function of some control in the stream channsl. As a result,
when one plots the tallwater slevation required to form & jump on
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an apron for saverﬂl diééhgrges, and then cﬁhpafégvthis with the tall—‘f
water curve, it 18 seen thet the tweo curvé% db‘ndt coinciﬁe, -but
ususlly cross euch other, or the Jump-heiphh cnrve:lne" entirﬂlv ahove‘
or below the tailnater curve, Gonsequently, it is Pound that the
tallwater may be exceasive ar deficiont throubhout tne dGSLr“d
discharge ranae, or it is exceqqive for low ‘1avharreﬂ and deficﬁent

for high diqvharpeq or vice: varsa.__"” EE DR,

For the condition whnre the Jump—height and Fallnater curvee ara.- “

in good agreement, u hariuontal npxon quilling pool will be adequate, ff 5-:
~in vhich the pool floor is set, at & dapth below the t&inwater, for ther
maximum & iuch=rge, equal to the denth dg required For a Jump to ‘orm.’

it usually being confined batween vertical trnining wall“ un ewch qide}
of the basin. ' DR '

Wihere it 1y found that ths tailwater is. alwa;s excessmve, a jump  f
would be submerged or drowned at. all di%cbwrgeﬂ.f Were 8- stillinp nooll~'

to oe used with the floor: placed at “the elevatian of the river cHannel

the jump would be d*‘owned and practically no energy d*aoipntion or fﬂ e -
f?fg velacity rsduction wouxd occur. ‘Bince it nould e usually uneconomical e
| to ralse the basin. floor" to an elevation which wanld not cause dronn—-VV”
ing of the jump, it is convenient to uqe a bucket at the ﬁnd of the
Bpillway. When. th*s is done, the’ jet entering the bucmet iq deilected
upward to form a large elliptical rollar, and a ground roller o

immediately downstream whlch conveys material upstream to the tip OL -}:ff
-the bucket.  Such a des 1gn was used &t Grand Coulee Dam as shown on

Figura 35A. As yet there have bean but faw experxments rada on R L
buckets, g0 general design rules regarding thel : hape und position 71,_

are not concluaive. In & p&per in Civil Engineeriqg, March 19&0, “‘
"Model Study of Green ﬂountain Dam: Spillway,ﬂ by J. He Douma, A ”“t
design criterion for buckets was tentatlvely eatabllshed by a relation

between the energy of the falling jet at’ the tailwatar end the volume
of the bucket, which was taken as the area boundaa by the spillway

and bucket end tailuater per unit width. The curve WAS oatained fram
o model experiments vn four diffefent'stfuctures. The=e same exparimenta,
which were made by the Bureau of Reclamatlon, also indicated that the '
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| ‘I'ﬂ'
lip of the bucket should be abdut'bne;sixth of theuaépth from the lowest
o point of the sunket te the maxinmim tallwater, the uUCKBt invert being_
N ‘placed at about’ the elevation of the riverbed at the toe of the ”pill—.
way. The slope of tke EplllW&j, tangent to the bucket, qhoulu not "
exceed 1l:Ll, and the radius oi the bucket 1s derived hv fnrnlqhinp '

the proper bucxet volume 1or the mayimum éischarge._ Trmining-walls _

on erch side of the bucmet should extend above maxiﬁum tailwa?er and{f

to the end of the buccet to prevent the ero%ion of side eddies and ‘
their escaping from the buckat : If the wall hei?ht is exveesive, it;: 
may  be decreased enough to confine normel flows and thereby be over-
topped for the maximum floods. Scour due to thiq would pTObBb1{ be a
minimum for the short time a maximum flood would be. sustalned. ﬂ f”

When it is found that “the tailwater curve lieq completely belowf__ f5: ﬂ |
the Jump-height curve, the jet will renel the tailwater and proceed S
downstreanm’ unaoated g0 it may be possible to do the following (l)
Use a bucket whlch will orojevt the falling Jat upward and: far enowg o
‘ | downatream from the end of. ‘the spillway or dam 'so that scour result.-»_ E 0
ing from the jet plunging into the’ tailwater will not have anv ef’ect _
on the stability of the structure, (2) raise the‘tailwater bv £ control

immediately downstresm using a. 1evel aoron, (3) slope tha pool floor  ;;\,'
to bring the two curves ‘into claser agreement, and (4) place a system

cf bafrles on the apron to force the jump to davelop, thereby saving
excavation. - : Sl :

The first possibility is only advisab;e when the rock of - the ;
river channel is massive and can resist arosion._ Unconsclidated

material or stratified rook would probably scour over a8 period of

‘years, eventually causing a. deep hole near the atructure, furtbermore,

for small flows a. bucket designed for the maximum diecharpe would :
not sufficiently elevate the Jet cf lower velocity to prevent acaur o

1mmsdiately downstream from ‘the lip of the buckat. _ SRR U
If the second: possibiiity is tried, the control, such ag 8 weir,'

wlll provide sufficient tailuatar for the maximmm discharge, but
excessive tallwater may occur for the lowgr diacharges. At higb.dams'

this weir would necessarily have to be of considerable height, which_"‘
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night be pxobibitive, end were the. weir crest ta . be above the matimum
tailwater, there would be & plunging of the. flow. from the qtilling pool ‘
to the tailwater which might agaln require unofher pool below the «kﬁ 
control weir. : _",_' : .f @ .::_
Uce .of ‘the third possibilitv is' renuently Laund to be adequute

when the pool ’loor is aloped aownutream.‘ By doing thi the jump can S
adjust 1tself for variouq dlschargea to a position on the sloping anron a3
which provibek the. correct tailwat91.3 Accordingly, a ae 1ciancy in w

tailwater at any 6ischarge is corrected by thc jump mOV1ng down the

apron, while evcessive tailwater is corrected by the jump moving upqtream,“""‘

which is usualiy the case af 1ower dischargas, so even if the jump. is
partly dresmed the Jongth of‘apron will be sufficient to corrert For ‘
a lese efficient jump. The. method of datarmining the po=ition and -
slope of the apron ha% dLre&uy been treated in %ection 30, Chaptar III.;
In connecting the upstream ena of ‘the" 4loping npron 1o the 1ope of |
~ the face of the dum, & radius enual to ane—third the maxlmum drop in
water surface is frequently used. Too qhort & radius reduces the ?""
effectiveneqs of the Jump whi e ﬂ long 1f-aLd:Lu:s 1ncreaseq the cost,‘
For ordinary auxillary spil]wavs, not a part of - the dam itsel ‘ the
veloclty enterxng the pcol is. usuully much lafs than thqt occurring
" at high dams and the slope of the splllway ch&nnel ih usually flatter'j'g7
than 1:l, so no: radiua 12 used. “”.‘ 5 ib' ‘ ' 
The use of baffles or dentates on’ an ‘apron, . the fourth pOS%ibilitY,-‘ﬁ
is not rscommended at hivh overfall damc anﬁ at other spillwavs where

the velocity &t the pool entrance axceeda 7‘ feet ner’ =econd repardleqs

of whether a hydraulic jumu forms. naturully or - not. Recent inqtallatignq_‘i e

of this type have quffered from pitting due to cavitation, notablv ,
the baffle piers at the spillwa; of Bonnaville Dam ani at the. claytof
Dam, MNew. River, Virg*ni&, and - these two atructures are- not.. narticulariy
high: dams. Figure 37 shows the stilliug—baﬂin at the toe of Claytor.
Dam, New River, Virginiu, the maximum drop 1n water surface being
about one hundred and twenty»fiva feet; Figure 38 is a Vi ew of one side
of a dentate in this pool, showing the pitting due 4o cavitation in the
—Ilow developed during a flcod of 200 000 second-feet of relatively short .




nsm 3'7, CLAYTOR nm

Tha U. S. Waterways Experlment Station is now studying (1942)
this particular Btllling-pool_by mcdels to ascertain the phenumenon

involved, while Carnegie Instltute of Technolegy is tewting the Bonme—__f;,5~h

‘ville spillway apron.by- a model to discove: the reasOﬁs fcr cavitation

and pitting of baffles on- that stillingupool apron._ Instead OL baffles~fhb  “

at high dams, therefore, use is made of a solid end sill triaugular.
in section, the top face sloping upwards and the height of the 3111

‘being . about one—tenth the height of:: the jump at maximum diacharge ;ﬂfV
(Figure 1). Thiq‘sill deflects the bottom velacities aiay “rom

river channel 1mmediately downatream from the end of the pool, assuming' e

uydr&ulic “jump - is. correctly forned on the apron. The use of buffles fif
to ‘force & jump to form or to dissipate the ‘energy of the overfalling '
gheet of highmvelocitj ‘watar when 1nsuffic1ent tailwater occurs, is
not recommcnded for the. reasona given, in- addition to their being
dameged by falling lcgs or- other debris._ R




FIGURE 38, BAFFLE PITTED BY CAVITATION

In the . stilling—pools where baffles and dentates are allowabla,

steel angles are frsquently pl&ced on all sharp corners to prevent

"~ eroslon and damage by abraalon.\ Chamfering the corner is not
-particularly good: practice,'aince this raducaa the affectiveness of

the baffles and will decrease- the efficiency of the jnmp. ‘¢ =
107. General deslign rules._ General deaign rules derivad from

a series of model expariments at the Bureau of Reclam&tion illustrate Rt
one method of designing stilling—baaina for use’ with auxiliarv apillways"°

not forming a part. of:- the dam itself.25 For thia type o* pool the tail—_l‘

water curve and jump—height curve sbould be in fairly good agreement
over the range of discharge ahtioipated and the baein muat be

rectangular in section. These rulea ave mostly empirical and are not

i

25nRydraulic Model Studles of the Picklup Cutlet wbrks-Stillihg Basin;-:
‘Deschutes Project, Oregon®, Bemorandum to ﬂhief Designing Engineer, |
by J. H. Dcuma, Denver, Colorado, June 30 1939.
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A _ _ baqed on enough data to muge tkém'infallible; yet it‘ha" been found
o that they are valuable for ‘preliminary de;i'rna, which k_ﬂhouj.d unually’:
be checked by model tests. Feierring to Flgure «ﬂ theqe stetamentﬂ-“-‘

are appliczble:

a. The nldth w, oT the bazin. 1¢idetermined‘tp]result in

the most wconomic:l qtructure.wl} 

b. The discharge, q, per. oot o ﬂiit! at’fhe';ool'enfrnnéa »

i= equel to the design ma;imum flood “ibchaxgu dlfideﬂ by the width

at the oool entrance.

c. The theoretical velocitj, vl, at the cool entrqnco is

computed fron the availabxe emerg; haaﬁ ana properly evaluated
losses. (For soillway chute ‘ure KlnP‘S Tormula for Plow in steep
chutes Zf} tahe vy = V2gH, where H ia the: maximum drop from -

reservoir onol floor.- Thn latter nnglects los es due to: riction

which it has oeen found 1ncreaqen dz; the he 7ht oF the jump, about

'3 percent, =o s ;actor of sufety 15 obtainad 1n ‘case thﬁ tailwater ;“'
i3 not developed &s anticipated. ‘ S ‘fl i : -
c. The theoretical depth dl’ ’.‘t the pcol entrance 1s equal | . .
to q/vl. . L : -.. 2 ‘ _" s e L
e. The theoretical jump depth, dz, is comput=d bv the

momentum formula. . B T o e | ol
f. Thg‘experimentgl jpmp[deptﬁ:;qé; isféguéiPtb?ES?pe;péptglQf;”
of ds. . : S ‘ o
:g+ The required stilling basin floor elevatlon 15 equal to
‘the maximun’ dlschurge tuilwater elevation minuu dé : '

h. The required stilling basin langth L, As- equ&l‘to de

1. ‘The height of. chute blocks, hl’ 1s equal to dl or 1/Q d
whichever is largeqt. _ g ; ‘ ‘ ‘ ‘

J- The height 6f oasin blocxs, hg, is equul to l/A d2 for
values of - 4, from O to 8 feet, follows & stra*ght line varlation o
of 1/4 d, from 8 to 24 ’eet and is equal to 1/8 dy for values of d2
_ above 24 feet. . S ,
0 k. The height of solld end 8ill, hj, is equal to 1/8 45 S

l. The distance, a, f‘rom the . ends of t.he stilling—basin to the o
vartical upstream faces of the basin blocks is equal to_l/B Tin
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m. The maximmus width of b10ﬂkq and spacaa betnean them are‘

equalfto hl, and : ha minimum width is limited to ahout 18 inchas.j”" ‘

. n. The top dimensions of the ”loor blocks and. end sill,c; 3t
puraliel to the basin centerline, are ‘equal to 1/4 h2 and I/L hB"

respect ively, with a mininum valua of about eight inehes.~fg

O Chufe and basin hlockr should be staggered with no blocks “;'. |

againat the aide walls and ‘ane more basin block than chute blocks.f;*uﬁ‘

p- The back slope of the baain clockq and end aill may be .
such as to: be ‘the ‘most. economical, uauallv 1 1, and for economical

reasons the end sill may be rectangular 1n cchs—sectlon when 1ess_jQ ﬁ}

than 3 feet.

.G.  The. slope of the transition bottom at the end of tha baain  ‘,

may vary from horizcntal to 6:1 when of earth rock excavation, or :

riprap and up to 3:1 whan concrete.'

r. The chute slopp antering the basin nay vary from hori—.'ﬂ::ﬁ

o
o 'o

zonual to l 1.

'y
Ak

It shnuld be emphasized that stillinu-basins o' rectangular cross—;'f'ifj

section nerfnrm much more efficiently than those trap3301dal in cross-
crﬂss-section. This has been demonatrated manv bimnq in the laborntory
and 18 aspecially convincing when studia in fheyfield. Ti+h the ﬂj'
foraar type, the veloci y and discharge are aprﬁ d uniférmﬂj across

the peol, while in tha 1atter type the high—velociﬁ} Jat doeq not
-spread . completaly 80, that along Each training-wall there ig flow

moving upatream causing & large eddy and cennral unbalunce., Even thaugh

the momentum fornula be adjusted to take into account the pressure added §' '

by triangular prisms on each sida of the basin, the jet c&nnot apraad

‘a0ross the inoreased ﬁidth of .pool’ c&uSwd by sloping ths aide training—,:; '

walld. Sever&l examplea of this will De uhuwn belom in reLerence to . "'

_1rrigation structures stuaied in the field

IRRIGATION STRUCTUHES

od. ':zgg;; On. most irrioation projects the water systam is
-divided as follows: (1) ‘Maln storage dam and outlet works; (2) head—

"éworks 1o mnin canal either at main dan or at a diversion dam farther
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downstream; (3) division workn where flow of main canel is divﬁded to~
supply two or more canals leadiLg to the irrigated la“ds"and /A) '
laterals, supplied by main end’ secondary canals, which bring Jater to "lk‘
individual parcele of land. In each of. the supulv channel=, éudden f"';

changes in grade Teguire drop structures which are actua‘ly small
i

spillways similar in meny reapects to some of the 1arger spjllwavs
diacussad ebove. The problem of energv dissipaticn 19 ‘h:st aa '
1mportant and in meny eases 1is made more difficult becausenof the

enge vith which unlined canals will erode uith water moving at

'vnlocities less than B feet per aecond.a ‘In addition to drop structures,;;f- "‘

there are turnouts which consist of slide gates at the oanai side of e
concrate or timber flume recessed in the canal bank to supply ‘

individual lends with watar, 'sirs, submerged orifices, and Parshalli _
flunes to. mansura quantitiea delivared, siphons to croes topographical :
features, and wasteways,_usually automatic, 1oe&ted Ju,t upstream from
s gate or system of gates in the main ohannel, tnese being usnd to‘
{solete a portion of & c&nal which might fail and to release the axceas
water through the waateways. “ ' ' : -‘_ Lo f“_ !

109. Main dem dam As en example of a main storage dam, Figure AOA
shows the Ouyhee Dam, nyhee Biver, Oregon (aee Table II) This dam  ;'"'
crestes & reserveir of 1,120, OOO acreﬂfeet to supply the - Dwyhee roiact
of the Bureau of Reclametion aituated in eaatern Oregon. The glory_ -
hole Bpillwny at thia dam has been discuased abuve and is shown on.
Pigures 34B and C. The Owyhee River is supplied by the needleﬂvalve I
outlet works (Figure 36E), hut the projact ls furnished water from 8

tunnsl cutlet 1ucated upstrean from the dam and about eﬁimyéfive feet belot

the reservoir w&ter surface. The end of this tunnel is ahown on j_ f. ;-
Figure 4LOB as it emergea from s ridge Pour milea from the intake.n'h'

few faet downetrean, a bifurcation works oocurs as shown 1n Figure LOC,‘”_-.

the main canal awinging to the right. Gontrol here is obtained by two

radial gates; note the hydraulic jump forming Ain the fluma of the mnin ‘
cml L) ; ) - " X i\’-\ B . ,

' 110.  Diversion dam. The Roza Diversxon Dam ia a good exanple
of a divarsion structure located in stream feo by storege reservoira

in its upper uatcrshed. Figure LOD 18 & view from the left bank of the

176




Yakima River, Washington, ahouing the rollerugnte Bection and the: =
headworks to the Yakima Ridge Canal in the Tight background.. The :
large cylindrical object at. the hondworka 18- u spare fish screen :

20 feet long by 13 faet l inch An: diameter,'aix of tham being 1ocutad
in the entrance to the hoadworka to prsvent small migra+ing fish
(salmon) from: entering the aanal. To prevent clogging of tha acreens
by debris, sach screen ia rotated by motors at & circumferential speed
of two feet per: minuta, “the . maximum allowable being five feet per

" minute. As listed in’ TablEJII, the maximum diversion 1n*o the canal

at the headworks will be 2,200 secondwfset.- Tne Granite Reer Diversinn 4;;f‘d

Dam previously referred to is a8 different type of diversinn atructure'"3¥':

in that strict regulation of the river elevation upstream is not s
required for diversicn purposas as 13 the case at the Roza . Diveraion ”‘
Dam. The ability to divert water is regulated by the amount releaaed
into the river above the diversion dam from. the storaga reservnirs _
located on the stream. As a reault, a simnle uncontrolled weir is L
adequats as ahown on Eigure 32D. ' ' '

111. Trapezoidal and rectaqgglar stilling pools at drou structurea.;
As examples of drop atructurea in laterals or main canala, bwo thes l? '

will be :shown: to demonstrate ‘the 1neffectiveneas of qtllling pools
trnpezoid&l in crons—section. Figure &lA 1is a viaw or a transzoidal

atilling pool of a drop turnout on ‘the’ Klamnuh Project Oregon.- The

flow in the pool is clockwise, that ia, the flow on the right 1a movihg ;:“"

downutream along the side of the pool and unstreaa along the opposlue

side. A4s a result, the energy dissipation und velocity reduction 15 33.:A '

a minimum, which 15 borne cut by the constant effort° required to

maintain the canal ban&s immediately downstream.= Figure AlB illustrates |

the same phenomenon with the flow 1n tbe pool moving countarclocxwlae
&t a drop on: the Yakima Project Hashington. Figure Alc 1lluatrates

the same lack of dissipation at & atruoture on - the Owyhee Project, X
Oregon, even -though the flow at the atructure 1s moving downstream

uniforsly, but notice the waves &8 ‘a result of high velocitv flow
,escaping the stilling pool. In comparison, a rectangular stilling

‘pool of the type shown on Figure 41D 1s mach more effective. A -
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A. CIPOLLETTI WEIR : ~'B.. SURMERGED ORIFICE

C. SIPHON WASTEWRAY ’ . WASTEWAY (SAME AS C)




recently completed drop structure eimilar to thie mey ‘be geen on ‘the L
Shoshohe Project, Wyoming, as g*ven on Figure LlE. At the end of the-_,?
reotengula* pool, wu warped trnnaition occura followed by hand—placed T,_
riprep., In this manner, the. atilling pool 48 made as wide ‘BE, the jet
entering the drop, and the transition ise mnde to the width of the
lateral or canal downstream. from the . jump, inetead of in the” stilling
pool &8s occurs eb trapesoidel drogs., It is common experience to iﬁ‘
find the riprap in placl at the end of Bl i“ri"ation 3eason downstream i;" ”
from rectangular drop structures, but below trepezoidal drone the riprap“‘
is usuelly washed into the canal and the banzs and bottom of the canal‘-l ;
are heavily scoured. ' IS "l,,_'ﬂ _ ,' St

On the Sun River Proaect, Hnntana, eeveral trenezoidal drop
structures failed as a result ol the stilling nool being uneble to
retain the Jump within the pool.‘ ‘AS’ explained above, the reaeon for
this and the slight amount of dieeipetion occurring is a resu]t of
unequal flow distritution throughout a trapezoidal section.: These
drope that failed were. rebuilt to the ectangular tvpe ag ehown by
Figure 424, whlle those that did not fail completely were revised by

placing dentates at the pool entrance to Spreed the flow acroes the o '

pool width us ghown on Figures AZB and C. These structures were
studted by modele before this solntion wag, obtained.,. _ “ L

Wherse the drop ie particularly qmﬂll, H-crope ure ireouently msed
similar to the ome shown on Figure AZD,_on the Owyhee Project, Oregon."
The drop at this structure 1s two ieet. Figure A2E shows a similar o
structure with 2 drop -of ebout seven feet on. the Yekima Prowect -
Washington. _ ' '_ - S s _

112. Flow neasntenente.' For measuring the flow of water in
eenala ‘end laterals the Cipolletti Weir ie uzed almost exclusively.‘
Pigure 43A shows o tvpical installation in the Kingman lateral : e
Owyhee Project. A submerged orifice frequently seen at delivery R
points to farms is ‘shown on ‘Figure ABB.- ; ' S o

113. Vasteway. ﬂaeteways usually are nutometic, being provided
with siphons as ahown by Figure 43C. Thie waeteway 4s on the Rosa
Canal, Yakima Project, Washington. A view downstream from the eiphon: -




outlsts is shown on Flgure AED. If the capaoity of tho siphons is
exceeded, two redial gates ocan be raisad to supplement the flow.ﬁ.-
Model tests were made of this wasteway and the siphons, which worep

designed with severul improvements to increase "the time or priming““f
upder a minimum priming head. L ' ‘

ODELnPROTOTYPE CORRFLATION

114. _Sumnﬁgz In. attempting to. correlato modol and orototype

performanoce during this field inveatigaticn, no opportunity was 7?;:_‘i
avallable for quantitative comparisons ar* only one opportunity was:

had to compare qudlitatively, this witb reference to Check Drop a of
the Sunnyside Main Canal as diaoussed in Chapter III, and included in -
the aforamentionad paper entitled, “Hodel—Proto*ype Gompariaons of
Hydraulic Structures,” by Jacob E. Warnock, and H. G. Dewey, J1. to
be publiphed in.a 1942 issue of Proceedings of the Sociaty in a
symposium on this subjoct.v In: this ‘paper a diacussion is made of . the
various phases of model—prototype confirmationa- Reaeons for desirlng
comparisons, the types made, di“ficultios ercountered ‘and’ the _
measuTeRents and instruments required.“ In 1ddition to the correla—
tion of Check Drop A4, an. account io given of the pressure and ﬁischarge f
tests on the 102-inch river outlets of the Grand Coulee Dam shorin& RSN
& comparison with modal dats. A bibliography is also included to :
cresent all available information ‘on the subject of rorrelation. Hith"‘
the exception of the latter exampi moqt of the information in fhis ‘7
paper waa bused on. 1indings hitherto xnown or. later obtuined from ““
discussions with ongineors during visits to hvdrauiic lnboratories..
and projeets in the ’1eid. It will be avident from roading the above
aymposium just rhy corrolations have baen so. few and hard. to obtnin. i

Aocordingly, the zuthor 1is not p&rticularly disappolnted that more-"‘”;r
correlations were not obtained during the poriod of the scholarship. o







APPENDIX 1

I. Itinerary. With few exceptions the following 1t1nerary is s

 ‘similar to the one originally submitted to the committea on. Eraeman‘f .
‘Fund :for epproval juat prier to starting the’ schclarship period. o

Figure 44-shows, in goneral the route follawed-*i
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.2n Progress reports. - To: complete the record of tb13 scholarship,.

copies are given beluw of monthly progress reports submitted to dr.
George T. Scabury, Secratary, as stipulated by the Gommittee on Freem&n

Fund as pert of the conditions of uward._._}

PP.OGRESS REPOHT FOR OCTOBER 1%0

Introduction ;

The Freeman bcholarship WS awarded in Denver, Colorado, on
July 24, 1940. Becauae of paraonal &ff&lrb and becanse it was desired
to gtart traveling after classes | had bsgun at the varlous universities, .
the scholarship was established for the period of Dctober 19AD to
July 1941. An itinerary for this period w&s cubmitted Septembar 6 19&0
and approval was mnda on, September 17, 1940. ' - ‘ :

‘The work of this Bcholarship will be: divided into two parts.
study of the current hydraullc resea*ch at reuresentative universities B
and other crganizations' and a collaction of all. availﬂﬁle data on the
correlation of model at":l prototype together with current hydraulic R o

design practice.

gg of Work Comgleted Octoher 1_5_

Dering Oc+eb__, visits were mnde to. the Un1Versitf of Iowa, Towa
City, Icwa, from September 30 te- Uctober 12 tbe Unlverqitv o;;
Hinnesota, Hinneapolis, Minnesota from October 1? to Wctober 2** and
ths Unlversity of Wisconsin, Madison, Wisconsin,‘frow Octobar 20 to ?‘.‘_
October 31. A brief follows of’ the wor covered at these univarsitiea, o

togother with a lisf of. field structurea ooserved.:firrf‘

University of Iowa, September 30 to October 12

The lowa Institute of Hydraulic Research ‘in csoperation with
vnrious Government agencies in. concentruting on the qtudy of ”luid B
turbulence, the aedimentation of streams cnu a correlation cf these
two in an attempt to develop an analytical solution for the many

_problems mat in determining. suapendnd sedimsnt concentration. nasides

‘this problom, work is being done on fishways, simultaneous “109: of alr - o



and water in closed-conduits, spraading of jeto on ”lat floora and in
open channel trunbitions, and many others.‘ . '

The T. | Engineers at the 1&boratorv are finishing the work at
hand “re aratory to cloaing their offics.; Rayorts o‘ model tests on :‘“: ‘f f i
locks are in prepar&tion, and of particular intereat 14 Y report tO‘co o o
be puDlished early next year ‘on fhs correlation of modol and rrototype
lock testa. ‘ ‘ SRR g '

University cf Minnasotx, October 13~25

The St. Anthony Falls Hydraulics Laboratory 13 perhaps the besti_r
in the United States, but the: problems being studied are neceas&rilyﬁ;;
few at this time: becauae the laboratory Lag’ heen 1n operation for -
& relatively short time. Nsvortheless, ch work has been done and o
is being continued . on hed load movement at the confluence of: rivers 1
end in river contraction works.‘ Another problem of coneiderable s
importance anu ona only : recentxy recognized is that of high—valocity}r
flow in open channels. The . results of this stndy will hove an - :' : e

0- important practical ‘value. as regards the design of e.pillwnys an'i “ g o

atilling pools. In addition to’ these studiee, work: is being done on'ﬁ SRR
the stability of sand dams, fluiﬁ turbulence as related o sediment
transportation, and open - channel Plow ueing. ’luids other tnan water.._c'

The- Soll bOﬂuch&u;Gu Ser vice is tasiins manf types of _ﬂoil '
erosion structures, and the U. 'S. Engineers bave been te%tiny riveri‘

~ ~ model of the St. Anthony Falls Navigation Project. This model is of ft

particular interest because it includes tha stretc& of *hn riVer '
adjacent o the hydraulics laboratory.-- e

A test was, made on- the cylinder gates of the ]Lrge outqide

volumetric tanks in connection with some work being dcne on cylicder
gates by the. Bureau of Reclamstion in: Denver.“ B
Inspection trips vere made to Lock and Dam hos. l 2, and 3,
aftuated on the Migsissippi River betwaen St. Paul. and Red Wing, e
.Hinnasota. "An inspectlion was also made of the Minneapolis—&t. Paul

Sewage Treatment Plant, the largest of 1ts kind in the world.



'Univefsitv.o_ Wiqconsin, Ortobrr 26—31

The primary stuﬂf at the Universitv af Wlaconsin iv being nade
in cocperation with the’ hatlonal Truc& TAnk Association. Dﬁtm have :
been obtained for designing 0*1 truok tan« st hynraulic systemq
-enabling fuster unlouding of wasoline and_xhel oil. To accomulish
this, a c&reful wtudy ha% been made of: the losses in nine Sy meters,‘
valves and’ fittings used in oil—truck tanfﬂ for fLel oils, Eanollne, B
cleaning flvil and water., "i "_‘ o ‘
' PrDOleﬂs comﬁleted include a study o¢ weir coef5101ents for R
- flow of water and oil and a study of wnoer hammer in SMnll nipes..;*f
The latter eyperiments will be continued to. incluae a studv o? water
" hammer in small romcound pipes.‘ The low of various quuids in
cren channels will be stLdiad to determine the effect of visoosity
and surface teqsion.‘ - B = ",,w. e
After en. interesting converuation with the veneruble Daniel W.- ‘
Head, an inspectlon trlp was made to two of hia Hydro wlantk ?rai“ie
du Sac and &ilbourn on the Wisconsin Piver. Model studias hava__',_
frequently been made of these °tructures wbeﬁ maintenance 7robleﬁs f
aeveloped. These were'atudiel and some data were obt&1ned on: prototvpel-f

correlaticon.

PROGRESS HEPORT FOR NOVLMBER 1940

Introduction'"’

_ The first progreas report of the Freemnn Scholarship, wh:ch
extends from October 19&0 to July l9ul,’was submitted hovember A, LQAO i
That report reviewed some of ‘the hydraulic research observed during
Octooer 1940 when' visits were made to univers*tip and fielﬂ sttuctures‘:‘
An the Midwest. e ' S

“This ‘report for Hovember 1940 ou+1ines ‘aome . o? the hvdraulic

Jrusearch dbservad -at other univeraitlps in the same . area, tngether Fith:[

;fhe work obsarved - in a. seotion of ‘the East..




nnivarﬁitv of ich*g

.//

Because ol 1n;uiiic;ent hyurau¢1c lubo)&tory f&ci;lti“&, the

work at the University of- kichigun has beun devoted a)moai entirelv

@Ff?; Lo hydroloyicel studies.. in thisg regard, & direct me*hod of flood ,”

e routing hes been deve¢oped recently. and . a paper on thi° subject hPS

beei accepted for puuliouuion in Proceadinps -of the, American roiety

of Civil Bnpineers.ﬁ Inwu afncpais of thiu paper the authnrﬁ state-‘\ |
"A method of floor routing haq been developed whioh dapendc onlv unon m:'..
dependable stream flow records durinv a tvpicul flood at various

pleces on the ms in- atreem or on the tributcripn whnqe 1ow iﬂ to: be

routed downstreum. ...‘A hydrngraph of inflow from the unmeaqured .
area is determined. This 1ow and thut &t euc‘ or the upsfrnam 'tsttons'
is then routed downbtreum. These routeﬂ rloods ‘shew the extent t0-_"
whioh each of the unper trihutarier cont*ibute to the Flcod pe&? at

e&ch doswnstream Doint.:_... By this wrocedure, the benefitq thet mavi

be derived from any provaeﬂ syatem of qtoraga rebervo'rv or other | LU
plan of flood control can be defiritelv detexmineﬁ emd tke bnnerits .
cen be weighed abainst the’ eost LI It 15 the opinion of 1he authors (R i

that their methad iz eu31er to .ollor and that it requirﬂs less'""

com;: utations than some. of the methnds of flood routiﬂﬁ in current o

use. gr”Lﬂ_‘-r-

Another rroblem connerna the analvsis of g flooﬁ hvdrograpb in b

an attempt to oreuk it dowr into its compousnt parts,_thet 58, 1t 15  }Qj

cg BT

desired to know the contri utian of ‘suriace runoff »nd o; ground
water. To dd.thi;, a study is being made of a ‘amall’ streim in orth:'
 Carolins in cooperati’ n-with a Government uaencv. Bacuuse of bhe high
 porosity of the soil in the. are& studied tha surface runoff is that
| caught in the Gt.rertm bed proper, 80 the observnd diP erence in the el 'g
shape of the summer “and wlnter hydrograuhg, the _ormer reafed the i
latter more rounded aust be explained by the groand water contrinﬁ—
tion. An extensive analysis 1s being made, tkere‘ore, to iso‘ate the

contributions of runoffs 1nvolvai.



The tegting of shiy models in tbu navsl tank hae been improved
by 1acin" a muni! olifprinaler on tha towing cnr. The Jets from the
manifold are directed iownwnrd into the w;ter Bs. +he c&r tr;ve*qesi 

the length of the tanm . The 1eta ﬂre then tu*ned off Lnd ‘the: woﬂel

is towed the length of the tnnﬁ. In fhis manner Reyno]ﬂﬁ number is o

incressed by the pdded turbulence of the jets enadbling & reductinn to_ _f_,V

be made of the acvle ef’ects of model sbip tentlng.,';ﬂ;s'

Case School of Anulzad Scipnce ;7 -

The arner }ydraulic LHbQT“tOrj 5. exceptinnally wnll ecuippei
for asuch a relatively small technical schcol. Eauiument 15 availab1e7 -
Tor studying the low of water in Dipes_’or hedds up tc 3‘0 fcﬂt,'anﬁiC
for studying flow in -open channelq._ Alihough very 1ittlﬂ revearcﬁ iqu

being conducted at the present time, the excellent wor lone & Cege -

on the Muskingum atershed Project iy Fenerally we11 know.ﬂ In COthr&—- 

tion with the U. 5. Engineer", nodel studles were made o’ eleven Hﬁmf
and their appurtenant struotures duriﬂg a period of slaven: mfnths, 3
August 193& to June 1935;, Beczuqe oi tna accurate recorda Pnpt c" fheqe i
tests and their costs, the wrofession WS able tc bere’it *rEatly
from this extensive test prrgram.,‘ R N

Two hydraulic reseurch progectq are being pldnwedz.one will tre t  }

tire wovement of bed- loaﬂ materlal bv oscillatory waves, the otha . 1: 

study ths effect of thw sh&ne of a bellmouth entr&nca on the dlqcha g .”n.i'“

capacity of xecbanﬂul&r conduitﬂ of high dama.-_?h'-’irst udv Has

particuler siﬁnificarce becuuse lt is belleved tnat wave act or in

water f£ifth feet deep has certain dvnnmic ef”ects on- irtwnes uo water  ': o

auiny svstems, and thus cert&luly on bed—load movement.

Carnegle lnstitute of Technologx

In cooperation with the U 8. Englnears und “the A,uminum Companv
of America, the hydraulic 1&boratory has been Jevoted cbie’lj to mc‘el ,
experiments of flood control structures for_the.Upper,Ohio Rive: Basinz :
and of structur:s related to power develbpment of streans. - Although '

most of this work wae of a rovtine neture, one ohase of it hna been




extensively developed. This relates to the study of cavitntion in _
outlet conduita for high dums. During the experiments on the structures:i
for the Upper Ohio River hasin, &ttention was called to the scxeret' '
effects of cavitution mt the ontlets of the Mudien D¢m in Panama ﬂhd
since the ocutlets for the dams being tested 1n the luboratory were
‘aimilar to those of the Madden D&m, apparutus wav develoned which
would emable c:v;tation testa to be made of the model outlets.. For p‘f:
un excellent deqcrlption of these tEntB‘oee "cavitation in Outlpt y
Conduits of High Dams" by H. A. Tthﬂw an& E.‘ . Jchuleen, Proceedings =
A.S.C.E., November 1940.. : ' '_ _' i o Lol
At presant cuvit&tion studies Are being made of bpffle nierv.fv,l'
which are sometimes placed at the toe of dams. Uqually b& fle'”ierq

are not placea in high velocity flow because of the fear that cuvita—  3:-_‘

tion erosion will occur. Thlﬁ study, therefore, will attemnt to either

deslign & baffle ﬂier free from cavitation or one which will be protectedf
from cavitation affects. If this is successful Warge savings cpn be .

made in the design ol stilling pools by raducing tbeir ]ength and depth E _'

threugh the use of baffle piers.,

S. ucrgan Smith Companx .

The current work in the hydraulic 1aboratorv is chiefly devnted

to performance teBts of adgustanla blade axial- 1ow pumas.ﬁ A IO—inﬂh
pump model is used for thls study. e '

4lthough model tests were 0t being mads on turbine= at tria tima, s

the leborstory hus made performunca and cavitation testq for many larga_;‘

weter power developnenta._ One in particular was made of the Kaplan

turbines for the Bonneville Dam. These turbines ‘are the highest power»d3f3:ﬂ-

; Kaplan units ever. built, each rnted at 60 000 hp under ar effective ; _
head of 50 feet, with a. ganerator capacity of 4B, 000 kva. It was ff'“”
Cintimeted to the uritar thut although the uoody Iormula is uaed for

stepping up~nodel efficienqy, the final resuit 10 necessarily alterad
for such large units. ' :

. An interesting inspection Wa s made of thé sﬁops‘in:whiCh'Soﬁéf6: 
‘the Bopneville units were being fabricated. Their‘size is readily

"uppreciated when one sees & propulle —tvre runner 23 feet 4 inches 1n

11




.udianeter, 4 turbine shaflt 39~ 1/ nche. in ‘iumetar, and & ~pe=d rinw ”"

whose 1argeet outside Alameter iq,?é Teot é inches: hnrins a watnr
inlet height of 9 feet 6 inches. |

Pennsjlvania'Wutef:&nd Poﬁar‘Cnmpﬁngi‘
Philadelrhia hJPCtrlc Company:

_ Inspection was made of  the Sa e W&rbor und Holtwooﬁ puworplantq
of the Pennaylvnnia ater and . POV&T Comphnv, and of hu Ccnvwinﬂo L
plant of the Philadelphiﬂ Elechri" Co.vanv on the Quaquehnnno Hiver.: 
The turbine. ‘testing laboTstory ab Holtwood hau not Henn in operLt;cn _

this year.

Univeraltj of fennsylvania

The laboratory of the Universitv or ennbr1vania i well Vno*n

for the tests that huve haen dee the;e on venturi meter& by Pro"essor'

Pardoe. Special qtudieq are nOW. beins made on the e”rﬂct of lnstalla—  B

In the study to uetermine tre e"fect cf inbtallation, tbe venturif_

tion on venturi me,er ca*lbratl‘n~; anﬂ on the ef fect o; the ratio of

venturil throat dihmetar tn the muin. line diumetcr.

meter 1is placed st verying r“3.~:‘bamcees erm reducers, elbcws, vulves, etc.

It is also jpluced in banda which are in ejther huri?ontel or verticul

planes. from thls study it is. FO;Sible to dets“mine the "ect position 'f'

of the venturi meter for prooucing e flat coefficient curve over most

of the range of perution. On s phase of the anect of installation
is pﬂrticularly iuteresting. Fhen coebiicientq were Dlotted ag&inst

Reynolds number, the uiSpersion waq unsati iactorv, purtchlarl in

the lower vzlues. It LIEE flnally diqcoverbd tnat ths Effecu of amblentf‘

temperatures on the coefzicient-- wea apprecaablc“ Accordinglv theae
tests were nade dith inzuluted 1~teru ;oqultlnv 1n practica’ly no
dispersion for lower values of Levnold~ number. e :

By groupin together calibrvtionu mgde on nunv 1zes o’ ineterc
it has bean possihle to develop a relation wnlct will tuke into

" account the effect of the ratlo o throat to main line diamoter.

Thus, coefficients may be obtained for very large meters and for smaller

meters whose retio of throct to main’ line dimzeter varies from

12




0.3 to 0.75 by re;arring tham tc a coeificient curve for neters’ nuving R
& ratio of 0. 5 ‘and having the same throat diametar. ' S

P. uorria Diviaion Baldwin Southwark co oration_‘ﬂ:*”

An inspection wes mede of the turbine testing laboratory and of fak.:
the shops which were 1"r.\‘br‘:icnt,i.ng the Francis turbines fnr Boulder an.i
A notable ccntriﬂution te- the atudy of cavitatiun in turbines has 8
been made by the labordtory of the I P Morria Diviaion. The nrograss
.of cavitation Tor deﬂraasing values . of sigma has been photograpbad 1n .
the model bv means of 8. stroboscope and camera. The elbcw portion
of a draft tube is provided nith an opening covered with Plexiglaas e
nonforming “to the curved portion of. thé dra’t tube._ Belnw this 15 a
flat glasa opening, the apace between being f11led with water to 2 ;_ _
eliminate distorticn of viaign.« The" camera and an Edgerton stroboacope
.are located below this opening. The Bt"oboscona is rired to & com~

matator genred to the turbinﬂ shalJ, so that flashea &re obtained at

each revolt.‘ticn, thus. giving a view of -each aeparnte blada rather than ‘ ‘ R

B composite ei’act. A full daacription of this upparatua aﬂd photagraphs

of the model runne* developing cavitation may be obtained from the . 0 L
:paper "Cavitation of Hydrau]ic-Turbine Runners“ by R. E. B. Sharp,. R
'Traneactions L.S.M .E., October lQAO. ' :

' \ew York Citv

During the period November 27 30 arrangements were made with Lew
York University, Columbia University, Polvtecbnic Inbtitu te: of Brooklyn,
and other institutions for the writer to study tﬁeir wor& 1n hyiraulic
_ research during the fi"st week of" Decamber. Visitq were made to the
men of the Freeman Fund Gommittaa and to the offlce of the American

' Society of_Civil fngineers.




PROGRESS WTFOFT FOR PECE“EVR 1940

1ntrcuuctinn

This 1= the third prorreq' report ﬂubmitted on the Fraemun

Scholarship of Qetober 1940 to July 1941. The provreﬂs reportq for :

Uetober 1940 and Kovember 19AO describéd sone of “the hvdraulic
research obqerved An The Miﬂnest and Easb. Thiq report for Decembar
‘ } /

1940 continues the description the work obeerved 1n the East t
include New York City and haw Lnbland

.Summarv of Work Cémplétedinééembérfl9Ad

In Decenber 1940 observations were mada of bvdraulic reqenrch
at the Iollowing Hlacea- New Iork Citv, Decamber 1-11 (New York
University, Columbia Universitv and the Pelvfechnic Institute of i
Brooxlyn); University .of. Connebticut, Dacembar 123 anﬂ Waeaachusettﬂ
lnstitute.of‘Techdology, Decenber. 1&—19 o T '

Upon arrival in,Héw York City on. Novamber 27, arrangementq were:
ﬁade by Hovember 30 wi*h the instituticnq 1ndicateﬁ for +he writer
to observe théir work. in hYdruuliC research.- Thiu was done during
the period Decem“er 1-11 as indicuted.: During vh\H same neriou” j:n
vigits were made lo the Boaru of Water Supplv an‘ to th hvdraulic
sessions of the A.SM.E. annuaL meeting. U " : f:' : '

On Decenmber 1,. a stop wae made at Providenee, R. I., to meet
Mr. Clarke Freeman. ' ‘ L .

1mmeu1ate1y after the stay at M.I T._from December lA—19, 8. vieit
was made home to Rochegter,.R, Y., extendina from uecembﬁr O.ﬁo,;,

danu&"‘j 34

_ New York Unlversity:_;_'.

The hvdraulic 1aboratony o’ Hew York University haq only beon ina,

-operation four yearQ, S0 & program of research ‘has ‘not been fully

_ developed. It cun be Baid however, that the work in ﬂtogrews and

being planned iz of & practical nature, which cunnot be snid fcr aome: o

of the eurrent work at other more. eatablished laboratories.




mxpﬂrimenta are. bein made cn 1He Free outfall fxnv CiTCh*MF _;_
conduits. . Suel eVOfrimentu Puva direet spul*cation to 1%0 -s3anito Ty
engineering ‘1e1d relating to leaping wairs at outfall 5ewerQ. In
.this experiment, meaburements are tnken of. the nappe at tne outf&ll
‘of 4-inch, 8- 1rch, und ;L—inch horirontfl transite pipew Flowinﬂ l_
pertly full to- determirp the rrlation between the brink dapth and
criticzl depth, for. 2 glven discharge. Curveq are then nlotteﬁ 3
enabling the dischzrge 4o be. determined ior - ca*tc in br*nk 1eptk
and size of pipe.’ The pr0111P o' the napge at “th ne. nuuf&ll ic 50 phouted-‘
that en ﬂnalyeiq and comuarison cun’. be m&ﬂe for variour uipmater¢ oig
Tipe. . et A
Another uroblem o a pr&ctlcal nutura will “be to invastleate the N
lawa governin& t}e flow Gl wuter over vice channel weirﬂ. R 3crie= “

T similar weirs will be'-tudied by vnrv1no the width of éhannel gnd

length and heizght of weir used, Eytnoolation of the reﬂultF wi}l
therefore be posdihle and un attempt made to. develop a general eq1ntior o
for the {low over the Slde-chennel weira.. o _ SIETel B

Other exn(riments will inclu“e the inresfigation af M&nnan g "n" ﬁ
in varied ‘low,‘hnt the effect of- splllway curvutLre (in tho ve*inual

plane) at bhe entrance 1o qtilling pools on thn hydraulic Juml.; o

Columbia Univer51tv

The philonophy gnvnrning the rjdraulic research at Columbia ;’ ‘ _
University ﬁlctatﬂf that "t00: mucﬁ stre:s cannct be n]ﬂced upon “+he, ij‘yt‘t
importance o striV1nﬂ for a beuic kno 1edae o’ the" hVnicul aanectq.
of flow.® Accordingly, studies now: oring made on the hydraulics of
the bro&d-crested weir, antead of dealing nrlmarilj with determ1ﬂirg
values of discbargc coefficionuu, traat the n?wjical cbﬂracter*s+iﬂs
of the tlow upon such values. ‘In these stud1e Sy observati ns‘are
made of the flow forms over the welr -ang - at its downstream end’ vith
and withcut asration of the nappe- partlcu ar attention also oe*ng pﬂld :
to the ratio of the. uepth of flow at the end of the weir to +be . :
eritical depth. Submergence is also ‘investigated to ,inﬁ out »hen it

begins, what the water surface is like for differentrconditions‘of :
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'submergence,.and'wh&ttthe coefficienté ars andgthe~éffect of submergance'
upon them. - | . A R NI
In addition to this: study, - an’ 1nvestigat1on has ' bean made of the S
boundary laver in broad«created neirs. A weir was chosen for the ﬁ, ,_t‘
experimeht&l work “to investigate the boundnry layer au it ocrurs in
a8 hydraulic structure under practical conditions of flo“ hy Velocitv S
measurements were taken along the weir 88 close to the bottom as‘i
' poasible,. the upper limit. o* the boundary laver being tnken at the.
point whera the velocity becomes nearly uniform. By using these data,
laws were- establiahed for this particular %tudy in'e manner sim11ar
to those luws of boundary laver thlckness and velocity distribution
developed by Karman.‘._‘ o ‘\ R .' i
Results of these studies on broad—crestad weirs will be vublivhed
sometime in 1941.

‘ Polytechnic Institute of Brooklvn

An interesting problem is being studieﬁ in the hydraulic 1abora—‘ t"
tory of the’ Polytechnic Institute af". Brooklyn. It treata the flow of f“.
water in inclined pipee. Maasurements ‘are t&ken to determine the o
friction 1osaes and velocitf 615tribution 1n a E-inch —inch, and
4-inch brass pipe whirh may be rotated to any desired angle in a ‘_
vertical plane. The data are then analyzed to see what effect the.f{
iqravitational field will have on - the Plow. It is the opinion of manv‘i“t

that the gravitatiunal field will have no effect on the flow, so the ,bt'*'t"‘

results of this study - should ba of great interest. This experiment

has been made possitle by the J. Waldo Smith Fellowahip in: hynraujics S

of the American Society of Civil Engineers. ;’

University of. Connectirut .._ . ;-‘{f vk*};%h7jﬁf»"'

A pew hydraulic laboratory has recently been completed at the S
Univerqity of Connecticut. Located in a wing of ‘the new engineering
-building, it occuples one-half of ‘the civil engineering lﬁborato:y
whieh 18 60 feet by 100 feet in plan. ‘The water system in the
nhydraulic laboratory is ef the recirculating type with two phmpb,.
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one rated at 350 gpm and the other rated at 1, HOJ grm, supplying
watar to & constant level tank 1ocated near the pump pit. Tha wate*‘

flows from the ‘constant: 1eve1 tank through L A—inch and 10-inch nioe,--

‘both .of which’ extend to the end of. the laboratory. Wei&hing hnd

volumetrlc tanks will. be uaed for calibrafing the meaqurinv deviceq o

in the luboratory. ‘ . ST W o
The laboratory offera many opportunitie 5or %tudents to test

and calibrate the new equipment and to oevelop researrh problem=
Additional fucilities are planned whereby commercial tefting and

advanced reaearch problems can be readily undertaken.f,y'

Haasuchusetta Institute of Technology

An extensive test: program is being carried out on thn Vhri&tion of

the friction factor "‘" with Reynolds number Jor Lniform “10w ir open
channelq. Three yeare work has bean completeﬁ anﬂ two vears' ad”itional
'testing is planned before the resu“ts will ?F fully analyyed nrior to no
'-;publioation. o ‘ , S % .
In studying the. variatlon of “f" with R for uni‘orm flow in open S

channels for R up to b5 OOO tests are made in the la-oratorv 1n';;ﬂoio7“'
channels having varinble width alope, and roughneso._ From this ;?
‘ procedure, deta may be obtained to determine uhe relation betwaen “f"
and R and how it changes with the width, ﬂlope, and roughnees of
channel. During these exporiments, attempts have oaen made to determinao='
some other factor than the rydraulic radiub for use in the expreasion -
for Reynolds number. So far no auitable substitute haq bean found. 1\_f[1~ |
In completing this study, it is planned 1o use chanrelq with cross—.ﬁ.,\f’j
-eections .other ‘then rectangular.- B | - ¢w7'1_ ST .. ERON
Ssvar.l other interasting experiments and: their reqults we“e
Btudied but beoausa they are of d confidential nature, no menti *fﬁbf

‘will be made of them at this time.



P OGRh%q REPORT FOR JANUARY 1941

Introﬂuction

This is the . fourth progreqq report submitted on tbe Fresman ‘
Schelarsnip of October 1940 to July 194L.. The irst three raports ' 
covering October, November, and Dacamber described some of tha:‘TV:Gf"
n;draulic rebeurch nbserved *n the Midwest and East. Thia report for
January 1941 comyletes the des cription of observationq mada in the
East and describass some of the reqearch studied in the South. ?ﬁ.'”

Summary of Worﬁ Completed Januaxy 1941

A visit home to Rochester, New York,'for the Christmas Holidayq
extended from December 20 to. uanuury 5 Travel st resumed on .
Januery © with visits being made to the xallowinv places: Gornell  ] 
University, Ithaca, New York Januarv 6~7, Worcester Polytechnic_‘;:
© Institute, Alden Hydraulic Laborutory, Holden, Maqvachuqett

January - 8-—13;-New Tork Git.y for. the Annus.l Meeting of 'bhe Societv, R

January 14-20; National Hydraulic Laboratory, Nationul Bureau of
Standards, Waslington, D. C., Beach Erosion Bnard, War Departmnnt,
and David H. Taylor Model Ba51n, Navv Department Waghington, D. G.,.

Japuary . 22—2”- Newport News Shipbuilding and Drydcck Go.,.ﬁewpo“t News, ;

Virginia, January 2;—29, Clqytor Dam on the New River, Pulaqki Countv,‘i?
_ Virginia, Janua:y 30, Spartan:urg Outdoor Fydraulic Lanoratory, Soil

Conservation Service, Spartanuurg, South Carolina, January ;1’

Cornell Univer51t£ J..“qv

Curreﬂt regearch in hydrauhics at Cornell Unnversitr deals:v 5
primarily with & study of the shape factor ‘on onen ch&nnel flow.”_1o
data were avallable on this work for. study. Hodel qtudies have been L‘.{
made for varioua "rivate organizations und for the U. S. Enﬂineers

in connection with fleod contrecl in New York: State.




" Worcester Polytechnic Institute
Alden Hydraulic Laboratory

Work in hydraulics at the Alden Hvdraulic Laboratorv 1q nrimarilv c“ '

designed for undergr‘duate 1nstruction. As a reqult,_cnlv A 11m1ted

anount of” advanced research is done by graduat° thdents froﬂ, perhaps,‘ B

© the academic point of view. Fortunately, however, as thp writer 8
prefers to call it, “practical“ hydraulic research haq been ably

csrried out by Measrs. Allen, Hoopar, and Pubbard or the lahor tory

staff. This type of wark is divided into model studies of hydraulic ;a:”c'

Btructures for ccmmercinl organizations, and into investigations

relating to flow of watar 1n pipe line the lutter in:olving the Allen“lﬁ‘. :

salt ‘velocit: method of measuring dischurge, and the errors in pitot

tubes.

In regard to commarcial model studie ‘ it is interesting to note S

that tests have been made at this 1aooratory for organizations located:_f"‘

at a considerable distance from Holdan, cven thou h other hydraulic f 

- laborstories are located nearer to the work involved., Fcr example,.c‘f_
model tests have been nude for the. Pennsylvania Water and Power Go.,.ﬁ_rr
the Philadelphia Elactric Co., and the Ner York Boarﬂ of Tater Supply.‘-»
Nearer bj, tests have been made for the Boston “etropolit&n District o
Water Supply, ‘and at the preaent time fcr the Providence orfice of _
- the U. S. Engineers. _ '-“~ff 5 5 AR j.-c_s',vni“: o
| In investigations on the flov of wuter in piDa linen £é§£$:gfégF‘
continuallv being made to improve the salt—velocity method -%hisc ;T

involves reducing the length of test section requircd and tbe 1en thc:‘”:

Letween pop—valves and the first- electrode.‘ lmprovemﬂntﬂ wlll also .wf"“

be made in the electrodes thomselves.‘ Recent studies of salt velocitv:;
eaaurumants at low velocities in pipes reveal that for ”low in a‘ ng73T
long straight pipe and for the velocities lowe“.than tho;e normally
Aound in practice, there exists a criticnl mixing velocity belot ‘
_which good mixing of the injected brime does not cccur (“Salt-'Jelocitv
Measuremsnts at Low Velocitles in Pipes," by L. J, Hooper, presented

at the spring Deeting, ﬁbrccater, Mas ., May 1940, A.S.MLWF. ) From
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'm curve -of erroriin salt-velocity results versus, mean piue velocity, :
{here {8 & break in the error curve ahowing &’ departure Prom the
purely expefimént&lity*e of erroru The velocity at this break is".
the~critica1.mixinglvelocitv.r It was al&o'iound in. tkis studv tbat '
the acéuracy of the'method when applied toa vertical pipe is not
affected by gruvityiaﬂ long ‘as proper misin& iu obtained.;“fJ-3ﬁw'

The . other study relating to: the flow of water in uipe 11nes R
treats the erroxrs of pitot tubes (“Invebtigationb oi Error0 of Pitotf_"
Tubes," by C. W Hubbard Trans., A.L.M P., Auguat 1939).1 It is
.generally known that some pitot tubes do nct have the °ame roef‘icient
for ell conditions of 1ow, go it was the purpoqn of th*s investipation
to determine the actorb involved.i Tests were made ’irst on an EA ?oot 3
rot&ting boom in still water and later in pipes ol 12 AD anﬁ 78 1nche B
in diameter. After investigating angularlty, pulsat:on, und the o
dynamic affect of the flow, 1+ nas decided th&t none of these 1s g
sufficiently great to cause an arpreci&ble error.‘ hownver, 1t was
Touvud that even tbough the Hupport roq ot the pitot tube doe not
affect the reaaing of the impaet orifice, it does aflect the reading
of the wall plezometers: if: they are used for meaauring The presqure— '
head and ‘the tip Diezometers used with nitot—static tubes. It was"J:
also realized thut if the pressure ie not constant across a piﬁe, tﬁe:{t}
wall plezometer does not measure the nressure which eyistq at the tip
-of the pitot tuve. It was concludud therefore, that the impact tip
reglstered the ‘true. dynam1u head whether the flow wa= amooth or _
turbulent, and ﬁhat the pressure piezometerq were in error. Acoér*unaly,
since the pressure piezometarq (tip piezometera) are an integral D&rt
of a pitot—static tube, this 1nstrument was considered more reliable';fff

than & simple pltot tuoe with separate ‘wall piezometars“and it‘is‘-~->“ '

capable of being calibrated and uaéd'updér differant conditions of .

.flow if necessary. , _ .
More tests will be made to observe the af ectsﬁcf‘tufbulence-on g
pitot tube measurements, but more specifically to study the relaﬁion

~ between angularity of flow and turbulence.

1
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‘Before leaving: Holden, an 1nspection wag maﬁe oP the Ware River

Intake Works of the Boaton Vetro;olit&n District ?ater Supplv._ )

hatlonal Hvdraulic Laocratorv, Hational
Bureau of Standardq w

The Rational Hydraulic Laboratorv was founded ?or the purpose of '

obteining fundamental data frOﬂ hvdraulic researcb which wonld be

useful to the. enalneerirg professiun a¢ a whole.’ It was tne dre m of

+he late John F Freemar to have such & laboratory and he wovbed hard J
to bring it into beira. It 13 debatable, howevpr, whether tkp 1?50?&— _‘ 

tory measured up to his sg ecilic&tions, and it ia Lo be rewre*+nd todayfj'

that a limited budFet greatly curtails tle mork being done.. It i“

quite evident, moreovex that e¢ch agency of. the Govnrnment and private

organizatiuns are 601ng thnir own researoh ueculiar +o thstr %vme of
woTk, evern though some of it is fundamentdl and rolln perhans be done

in the. Natioral Hydruulnc Laboratory. Heverthele%q manv 1ntereqt1ng

and import&nt pronlemb are being studled at the laboratory anq the ,"

results so far published h4ve been of value to the nrofeqsion.;. ‘"
The work done &u thia laboratory mav he divineﬁ into two PTﬁUCS
A study of existinb theorieﬂ with tHe purpoue of udvanring tham Of
careful anslysis and some excerimentaticn, and & gthdy 0—, pecial
problems yielding mere dlrectly L6 an immediate Jractical use.i
An . example of the first type of work is the cuvrent stpdy being

mede of the motion of flood waves and other waves of translation in
open channels.ka series oA papers is ﬂlanned the 41rst o‘ which has
recently been pub11Qhed "ﬂathematical Theory oT Irrotational Tranvm‘

lation Waves," by Keulegan and. Pattersop,‘ucurnrl of Pasearch of th

.hutlonal Bureau of Standards BP1272, .anuary l?AO.‘ Thi, paper treats~ f

waves for which the forces of'f]uid friction are negiiélble mith
respect to the inartia and gravitatlonal forces Othar papern in thiﬁ
series are in various ﬂu& ges of completion and will deal with the_
effect of turbulence and channel slope and .config aration on +he motion

‘of translation waves; the theory of quasipermanent regime%and_the f"
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:methoda ol prediction of 11o0d waves; and inally, the rncent
advance in the problem of ths :de;ormatlﬁn o¢.an intumﬂdcence.;‘
Another exﬁmple‘df_the ‘1rst tfpe;o, stuay ia e mo“t intarehting
one And one-which enlistS'the'cdmﬁiﬁéd:ef;ortg‘oﬁ,many pnvineﬁrﬂ and
Government agencies ‘Tbiq\i”‘xn investi atidn 6f dénsitv cuwrent
thege beinh defined us "the movement without loss 01 identitv
aixing at the bounuing qurfaces, o; e stredm of fluiﬁ unﬂﬂ“, tbrough,
or over a body of Tluid, the density of whlch dl ter% from that o’ :
the current, the densiuy di”iere”ce bcirf a"uncticn of tne di Perwnces  Hﬁ

in temperature, 341t ntent, und/cr:mllt contgnt of the two bodieo S

fluid." A oottom current 13 & “density curren+ +hnt “1073 under
‘the adjacent bedy of ;lLid. ’”;y'. s

The follor;ng pken men& 1nvolvinb densitj currants will be

studied: : _ o
1. Pabd&ge oi hllt—laden wntar throuph reservonrs.‘_ __ )
2. The failure of the water of a tributurv to i wx*h ‘the
| water- of the mhin streum 4hen the water o the trioutdrv *
.of different quallty and/or eilt content from that of the"
main - stream. i Lo ,”‘, e
The gxiding ol frevh vuter over =alt we ter, or salt water.
under fresh water.. = L f' . _
:Pnsqlhle caube of ih 'ofmétibn‘of.thé-eﬁbmar ne cunvons tbet o
‘have been discove:eﬁ recentlv on the outer adges of tne S
continent&l qhblve by densitv currentq of silt—charged water.rz
5. Passage o; currenta of warm dir over pocueta of cold air.‘ﬁ."‘
‘To attack these prob]—mo, a ﬂommittee of the Naticnal RnseercF B
:Council w*th Mr. herbﬁrt Eaton director of thn Natlcndl hvﬁruulic”‘ ' |
-Lauoravory, as cha;rmun, ®as ;ormej;in 1937. Thls cowm$ tee 1s known
‘&8 ‘the “InterdiQisirnil Coﬁmitfee 6b Density Currents." Sjnne fhe S
‘_phenomena of density curruntu cencern not only eng-neerb, but 1:0
lgeologists, chemlats, and ph"qzc;st., all these profeasioqs ure.

_represented on the committee.




]
AL the present time, the mutn efforts. are oelng concentratad ot
‘tho flow of ailt—lndan ‘currents: of water into reservoirq. Throngh

ths. cooperation of the Governmpnt uganciea 1nvolvcd measurementq are

being taken on Laks Mead ana Liephunt 5uute Rese1voh1._ Theue measura- ,_H 

ments include temperature—depth, Velotibf, ballnlty, turhiiitf,.‘
conductxvity, and - elovation of the tn1 ol tlu Hilff la:nr.‘_*t 19 ‘1‘"
interesting to note ‘that the . location of the ,111; 1LYET in ‘oaud not

only by aampling ‘the water, but nliio L; 1t~.tem;eratura, uince the

tsmperature al the silty layer ih ‘higher. than thnt o;\tle vlesr waterf[,’ :

immediately sbove. This fact is also *3eful in dCfDTmiﬂing the velocitv

.of & silt-ledern density carrent tkrouﬁh a rebervoir.‘ In Llenhant Futte =

‘Reservnir, two thermometers hava been placed, cnc at the outlet o” the

dam and the other soma known éistbnce up:tream.‘ By otinv the time

slapsed between ths temperature rlse upstream und X nwmilar rlﬂe ann-”ﬂ“?'V

streanm, tne mean veloci;y;of‘thu;,ilt ;ayer,pugglng Hownstrﬁam mav be ,'

determined. _ : ‘ RPN T e

The National Hydraulic Laboratory enters 1nto the problem by
analvzing denaity currents eAverlmﬁntull,. Three cxperimért;l closed
Zchannels, two of them gaometrlcally blmilar, hav*ng recuanyulur cross— :
gections and of different sizes have been construcued. In these, i

.channe¢s, claar tap water was maie to Plow over 5 ponl o aqueouc salt

aulution, ‘the density of which variud fzom 1 02 to 1. 20., The velocityjit,

of the Ilow of water was increaaed until the waves Lormedfat the ,“

: boundary surface began to ul‘enﬁ 80 me.‘t mix;ng occurrﬂr"i be’rwean the

two liquids. Thia velocity was’ rec01dad us the crit*cal velocity..y ‘f-"

By the method of dlmensiunhl anulysia, 5 criferivn ror the

oritieal velocity was developed in the Lorm-.-  
where K = a dimengionleJ= coeff1c1ent.

kinematic Vlscosity~o* “the mov1ng llluid-

= density of the moving liquid.
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air ference in densit; of ‘the two 1iquids.

= aﬂceleration uue to gravlty.

= mean velocity of ‘the moving liauid uhan mixirr

ﬂ,rﬁt neeurs ‘ SR ‘

The valued of X detnrmined For diffarent ﬂanttiPw of the Heu"iﬂr"
liquid and with different channela were round to he in wood.ngreement.
An average value {or Kl/3 apoearq to bo about 0. 1’3q Scalé éfPec£é‘4 _
ars as yet undetarmjned eil ther from theorv or. experiment.‘ It var alqo _
‘difficult to explein why in uenmetrically simi]ar churnels the Tﬂtﬁ ﬂ*"“
“and development of mixing LT rapid 1n the: amaller channel while 1n
the larger cnannel it was alower, eSpecial or lhrgar vzxueq or v.

In the second type of work dnne at ‘the. laborutory, ‘that is,' _
.study of spacial problems yieldxng more direntlv ta an immediute use, ‘-r”
the more recent work involves the 1nVeqt15ation o” ‘r* f'wiui qteam-;  
control structures (“Invast1gation of Artixintdl tream Cortrol ‘
'Structures," Nationul Suruau of btundardq Huy 19 QY. The se are
structures used by the u. b Geolow1cal Su“vey on ﬁonnsvi“nble‘*t“eansix;- o
in conjunction hi*h rncordiné weter- ;evel gaﬂe’ to ontuin a confinuouqr o
‘racord of the diacharge of the utream. A USUu]lj con@tructed thEJ
‘are low concrets structurﬂs extending across the e*ream ¢rom bunk }
to bank, sometimes having b crest that slones from enrh bnnk to a 1ow
polnt or a deep notch at or near the center of the cnanne*, ani qoﬂe—‘
times with a czest ‘hat extenda horizontnlly ucroqs the channel.;¢;7 

Since there are meny Jif*eﬂent desigps o* thEbe structurp ,.the
teats at the 1aborutory were mude to eliminate tboue with undeajrable‘ _
feutures, and to present Eatﬂ vhioh would aid in the selection of one  f';i
or more standardized stream control st*uctureo To do thi ,.experlments o
were made on models end full- sizn stanturas to determine the rating
curve for each with free and Hubmerged over aﬁl ‘ nd the e”ect on
the free overfell reting ior various depths of Hpnro&ch (fillinr of g
the: streum channel upstrEam} Y |
' A similar study is now in progress for the U. S. Forestry Depart-
ment, except in this study.a welr adaptable to corditions desired'by 

the Forestry Department will be developed, so that & smooth rating
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~*curva will be obtained for any conditionﬂ of ”low or instnllption.. L

Cther problems now being stuiied 1n the laborafory inc;ude an

jinvestigation of- the laws of .1milifude a5 affectinp woiel Ftudies,:xﬁ  f

the transnortation of sand—water miytures in pipan, urd qpin, teafa '

‘on pipe‘.

Beach Erosion Boaru, War Dapartment

To: those Pamiliar with the qtuéy of wu ﬂq Lnj their erosive action

on beaches, it is .Lllv realiaed ihat aince tbe exi ting thsorleq are ﬂ-”

conflicting, sach work muqt be done mitb rquas in +hp Jaborﬂtoﬁv and

in nature to check theau thPoriuc, and at thu same tiMb to obtain a

.¢learer- understanding of 'the. variouq phnnomen\ 1nv01ve\.i Once thiq 5'"” ‘“'”“

has been donu, the proulpm of dekigning proteotive workc vill at least
be sinrlified. \ :

"~ The Deach Erosicn Botrﬁ hab Deen cLargeR bv 1aﬂ with thc iutv ox,

making investigatiops in the 1iald of ?ore prntecticn and nublishlnwf”'

facts of engineerinrJ value ("Recent Experimentation on W&ve Actjnn,"

by Major A. C. Lieoer, Jr., Beﬂch Erosion Bonrd April 19 D).~ In: orier £
%0 do this, it is first neceasary to stud( +he b”u]ﬂ problemq of anE'f f7

‘action in a lauoratony. In this way the elemenfs of the fro lpm mav

be controlled and studiad separately, and vndesirable or unimportant_i ff

factors may be eliminrted when necessarv

The wave tan& used’ bv the Beach Erosion Soard 16 85 ‘eﬂt br IA. eet  '

in plan, with a vertical plunver—tvoe Wave machine at one end and a

sloping wave abscrber ut the opposite end. The experimantal worb now

being conducted ‘is nrimarilu'.or checking the eriqtinﬂ thﬂorv Fnr uqa e S

in evuluating wave actions An nature.‘ To imnrove the experimental worr 7_ 

an oscillograph . is being develooed for 9imultanﬂouql de+ermininv

all wave charactariaticq, 1nc1ud*ﬁg nro"ile and direcuion. In nddition,.

- & long narrow steel channel ig betnb built with ;lase q*dewalls nlaced
at the far end Ior observing wave action on. the - "beach“ inqtalled Tor
testing. An improved wave machire will be olaced at the other end of
the channel, beinp so designed that ‘he waves denerstesd will be aﬂ""

-near ag possible to the correct ogcillatory motion at the . start.
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David W..Tavlor Model Buqin, huvv Deua“tment

This recently comuleted model busin 1s 1 200 feet 1ong. There are"'

.two baains provided, ohe for slow’ speed and one 1or high sneed teeting.
:; During the time of inspection, ‘work wes rauidlv nearzng comnletlon on

the lnrge towing car for the elow speed tests. Thlq Ccar will tuw ahip

-models up to twenty feet in lanbth st a Saeed of dbout fifteen <notb Der7 

fhour. Becauqe of nation&l defeuae meaqurbb, no netalled information;};‘]‘

_?wa.B ‘obtained on types of ahips to - be tested nor were any. sp901Jic

~.quest10nu asked nbout wethods of te«tinﬂ or other detuJJs.‘f_'.u

In the administration building there are two large etperimental:a; ‘"

setups for conducting cav1tution tests on thn promelleru,‘with
'hstroboscopes installed ”or obsarving the c“"itation nhenomeﬂo“ ﬂuring
uesting. A materials testlng laboratory ann u Fhop Jor cunqtructing 3

ahig models aTe ulbo providaaL

Newport Newe hipbuilﬂ'ng,and Drydock Compahy

The most 1n+eresting part of tbis visit wa &n - iprpepilon of fha -

shipyards.. The ﬂ&tlﬂﬂul cefnnse vrcgrum has turneﬁ thﬂ”:rnp and' rrds._

1nto &n extremely “ctive 1ace. M;ny new 1 ?vere nenn and er o

i

construction includinn the . new ui“craft carrlnr “Hnnvet" und naveralf ot

ireighters for the daritiae Commi 1on. rueveval olﬂe ' inn were xﬁ.f“

drydock being reserv1ced :requmablv for the Brﬁtisb

“The work in the hfnraullcq laboratorv hﬂh TpceﬁuLf heen dovoted

more to nodel tests o'-dbiys than to hydruulic waﬂhinerv.ﬂ Accarnin 1y, 

most of the time %as. vsent in learning sonething aoout +he teohnique i

of testing ship models. Th*s type of model‘ study ia quite 1nvolved and

requires considerable qtuﬂv and nx:erience‘b o*e q wooﬂ unﬁ'rw asding g

is obtalned of the wany ctaps rE“uired ffom uestinb the moda‘ to uhe
“final trisl runs of the prototype ship: SRS i

 Relative to hy&rau ic maﬂhinerf, teuﬁu mers iuat nein atarteﬁ~'
on models of relief valveq GT &neTgy ”1nn1,at ora s ed or 3" EEER i g
the flow in hyiro rlanus in the cuse of suiien g;*e cloaure. The
intake to the valves is mzde in the ‘soroll cise und the dischurge frém '
the valve is lod intc the draft tube. '
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Claytor Dam, New Rivar. Pulaski Cuunty Jirginia

‘While :in New York, during the Annual Meeting of the Society, it
was learned that the Claytor Dam had pasaed 8 1"fl.ood of 200 000 cfs '

last August, snd that after the. flood, severe cavitation erosirn was :
fioticed on the baffle% on the apron at the toe of 'the dan. The writer‘ff-
wag partiﬂularly intereqted 1n this arosion becauue of his eyperierce

in the laboratory with spillwava Jimilar to bhe Glaytor ﬁam. Accordinglv,

‘through the kindness of Col. F. %, 3¢ eidenhelm, H. Amo boc. C. F.,;QH[~ E

6 pas3 was obtained ior an inspection of the dam and apnurtenant

structures.

The Claytor Dem is on the Hew River, Puluski Counuy, Virblnia. ‘.Vf*ﬂ'

It 'is of the gravity tvpe with_a muximum height of 12? Teet ;rom rcvk :
line to tOp of pillway gateu.3 The ovezall 1angth iﬂ apuroyim&tmlv

one. thousand one hunired and £ifth fnﬂt., Thb Spillwaf aection nt the‘
center of the structure is of the: oﬁee type about f*ve hunuzvd and twentj

feet long with nine spillWPy cateb RO feet ridu by 28 ‘eot 6 1ncheq high.;

The powerhous: on the rirht bank is eouippbd w‘th four ”rancis—tvpe

turbines with a ccmb"aed caraclty of 104 ,OOD ho ox 21 3“° va,
The apron proper extends horidontqll; SL eet Ponnatrpam lrom the
tow of the opee section. At the end of the’ npron, & larwe baf’le has f'v

been placed to reduce erosiun of the rivor bed.h The huffle conaists

-of rectanguldr t=eth with e curved. upstream fnce, butting again°t a’

stepped sill. The sill is nrovided wtth venturi likﬂ opening% the
openings and teeth alternating. o “ .”;'. ‘ “-f:fl- “' :

The tlood which occurrad cn August lA 1940, waa the ifs£105£ f;- ;
passed by - the spillwa qince its completlon about two \fea;t"g ago.- This :;
flood was recorded- at juqt ubove 200, OOO cfs, the qulllwav being 5
designed for 250 OOO cfs. The maximum recorded flood up 1o that time

. had been 170,000 cfs (estimated) 1n July 1916.

The erosion to the teeth on tbe upron wag. evldentl; due to ,1vita—;”
tion, aince the full foree of . the jet impinged on - the teeth anc f]owed
between them with no tailwater above, and since the flow did not persiat

long enough to cause abresion of the amount observed. The maximum
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veloclty at the aoron wan apnroxtﬂatnlv =ixty to -eventy"’nef rer qehnnd.
Insnection of the teath revanlad a pittnﬂ A“EL on the Aongitudinal |

faceg immediately downstream STom the "leading. ofzest ol thn teeﬁ*;~‘

This is where C&Vltﬁtlﬂﬂ eroqion is normally-.ouni i""i‘c.hin theqe nitted :]_,

BTEAS, hOléd had been “*u*” a8, deep as 4 inche: 3”'"qu daen cvgcka 7
were elso. observed in this aren Jivinw the nnre1*anre of tension crqcks,\m
ap i a force hud beer: applied _Eﬁt an alon" 1Hﬁ’¢03 oP fhe +ep?h. :

Cracks were alao avident along he extrﬂmn 4ovnﬁtrpbm T=ce of the

perforated sill as if a verticul iorce had been apnlied cauqinn diagonal _

eracks to develop at the upper co*wcrq oi the npanlnpu in ‘the - °111.¢
Sufficient reint orcement had been nlqced in the bajf‘l-a ,yat;m uq?d on

exiating knowledge of the thp” es. involvnd

apartanburg Outdoor. Hvdraulic Laboratory,, ,.
aoll Conservation Sarvice_,?'

The hydraulic stuﬂias'bninv rade at’ th= lnborator\ ‘are quitﬁ
unique and present pronlemg 1o the empevlmenter wkic" are u"ual]v not
encauntared in npormal type oA hyuraullc lqbordtory.j Th-§ xd,dug tQL°*
the type of utructureg u:ad in tbe con;ervation o" Hnj* 1n4 -_ '
the resultling hyuraulic nroblbm to be %Olvwd in fueL gn.
of dealing vith usual ilon,ol water in. lined structures or p*pe
exampie, & large amOLnt o“work 1nvolve= tnu 1eaign_ofxc
vegetal liniugs. Theze may 1nc7uqe +e*race %vstemﬁ,'méadoﬁ str;u., uﬁd
other broed, gnullow clunqels.‘ nccordlnglf, LhL Soaru nuurL Juudoor
Hydr&ulic Lanor%bory h&: oebn develoouu to obthin thc c davu,;"vq *o _

conduct tests on the Cdy&CltJ £ not*hes anﬂ .“sta on nro“ jnlét ﬂ*ll-
ways, 4rop. uoxes, ca¢vart : “¢ndltiond ‘=i bhute ("ooa tanourg,ﬁg?-g-7
door Pydraulic Lubor: torf,‘ oy_“. PR COOh, Civil gnglneerlng, Fal
Octcbar 1938). ' o e

In testing channels with vegetal 11ningb, two prOﬂlnmq are.

considered: The carrying cqpac;hy,o‘_sucn chqnneln; and tne regaﬂtance
to erosion offered by fhe vegetation used. In‘thesa tes's varicus

‘sizes of trupezoidal channélﬁ‘are laid oh-d;’fcveht slopes arnd planted
with grasses commcr to South Caruline aid vicinity.' ;acﬂ-crannel 1:
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tested .over a wide range of dlachurgoa and tho vnlueu of Vannin 3] and
JKutter's rcughneus eoefs 1cicnts detarmined. The problem oP eroaisn is
- liKewise ﬂtudica during Lhehe testu by determlnlng the mvvlmum allow-',
‘atle velocity belore eroqion develoys in Lhe under]ving qoil ‘which in-
these eX“erimants“ia Cecil cluy. One group ol theae teﬁts 1nd:~a+es i F 
thet a brupezoidal Chuﬂnel on- ‘& 30— c~nt alope llned m;th b“lld
Berauda sod, . and with-a boutom wthh of one ’oot “nd. 1de lo es ol
1:1, has a probacle sa”e velocitv of 9 "Ent D ~ecwnd and u Fut*wr?sr¥‘ 
"n" of O DJJ." : : ‘ _ ST '
COPp&rat¢VF tests are made beuweev tbe t;pez ol Lr;;:‘ﬁ #gtﬁ'the x
grass long, cut short, uormunt,' zned ot @ire ‘erent “cri". ‘ ”75§6wth;f'7
It is intercasting to note- that t* re "i;turce or PPtuT‘lng ef”ect of .
vegetation- decre%ses with the depth cP ’luv in:a chunuel DeCHb 9_94_51 
"shinffled“"effec+ :rcduced Ly the p]a"t° rla.tten*n;,gagainst“the'
churnel bed in the “irection of Tlow. If tFe‘Atemﬁ‘ of tnc reg etation“MA
&re -woody, this ef?ect'ié ;ot as ;xonOUHCPd,fanytﬂéurpt rﬁanoe efrect_
does not decrehsé_as ragiély with 1nczeh¢e jn den1hf¢f {lom.‘ R
‘The design of siructures to prPVPr* erouion *nit%rrfﬁef;;gwilévé‘

ard belov drop struciures i gove*n d t .the euwﬁ}aﬂgzég"ﬁnmy ol -
construction. Tblr.l“ not n eacy problgm tn "clvc;‘nk.aﬁysnfnﬁhpﬁé:‘
#ho 1s familiar with the design of_energv ulﬂﬂif& tor: iﬁ»ﬂ; .‘ |
U-type flumer huve heen uged: e tensivelv"chb ﬂore‘ o“x .a.‘bc ﬂbﬁe‘

to improve the still&ng yoq;s_bglow‘thE¢e.ntrucunrﬂu; Tniﬂ wi l he N
~done at Spartantburg in ccnner‘ian “lth‘ im1 ar “L iEOnbein muue hy_ “*
the Soil Cohee“th,Ln -e*vice at the Unt it} oP VlnnCJOTJ ard at 7

the Celifornie Instituie of ;ecrnolo

A new 1&bcrﬂtoty is ﬁdw bEiﬂr roanrucic &{ 1111water, Oklahomu;*

simi;ar to but” Larger th&n the Sp rtarburg ]aJorftorv.  Studies will
be mude in Oklahorms similer +o those in uOL*h Ca*041nn hut'tegting"f‘

gragses “and other Vagutﬁt on commou Lo ‘the ¥ ht.




PROGRES SLPORT F07 FEBRU,R ?Ann_ﬂgncn 1941

Introﬁuc ion .

This: report, combining the work of Pnbruery and Maroh, 14 the

fifth progress report . subm;tted on the Freemnn Qcholarship cf -
Getober *940 to July 1941. It conplates tbe ooservntion m&ﬁe in tbe y
Bouth, the previous reporis haviug eearribed ‘rone nP the bvﬂr&ulir 7
'°reﬂearch observed in the Mid-ﬁest alonv the nt;ant*c Seuhoard ’nnd

" 4An: purt of the South. ' . e

Summaxy ol uork Conp;et~ﬁ Febru.Tz andIHerch”lQAl

Visits were mdde to the Aollowkng organizat1ons' Enoree River

'”Sedlment Load Station, Soil Coneervation Service, Greenville, 3. C.,:

'February l, TernesseaV&lLev Autho*ltv, hDOkV;i;e and Horr1s, Tenneeeee, P

' Februa:y 2-0% 1rqpecu1en af hwdraulic structuree o the TVA frcm
;!Norrls Dam ‘to Pickwick handlng Dam, Febrmarv 10 lg U. S WLTPTWPV;
‘Lpreriment Station, CO'p" of HLJDPETB, U.‘J.,Army, Vlc;abhrg,
Misaissippi, Februsry 1 to March .\; . T ‘ ‘
Upon completion of the wolk at igkeburd, e Vl‘lf ‘Wi s made home“”’

to Rochester, B L., from March 21 to npr*l 5.;~

Ehoree River oeﬂimeﬁt Stetion,
[Soil Conservatien Service

This. experiment statlon was develooed tn ohtalﬂ au- \titntafe
meaeurement of the total sediment load cf a “Trefm aetwellr Warﬂe
enough to be representative of rivers 4n general.. anvestirﬁfi

sediment loa&, egpeclally bed loai in 1aboratnr" ¥llh°f7:. | _
| adequate nor as yet of great practical velue, henue 1t 1q enroevau1ne,"r:
‘that now, from a study of an actu&l etresm, R ba+te" under=+and1np ~111
'*be ebtainea of “the suapended and bed loaﬁ movenent-,‘v “":1 s
‘A project of -this tvpe will require conﬂiderphle tige ard gtudv
~before -any definite results can be obtaﬂne( In sneffort to includa  .
.all .aspects or the probiem, investigations will be made_gn the' o

:_;Eeoree'River {or determining: (1) The Telation between the charrcter




;and amount of sediment load to the hydrnulic and physioal characteriatics ;7
‘of the stream; (2) the relation between: the propartias of “the water*'ed
end the amount and comnosition of the total sediment loaﬁ- (3) A  '
_praotical and simple method of oatimating the total 3ediment load of
'the-straam, ‘and (4) methods of controlling the movement of sediment
‘in flowing water. Lo 5

- To accomplish this study, a oarefully qelected reach o“ approximately
one hundred feat of the Enorea River has been paved wi+h concrete and ‘
straightened by ‘means of vertical retaining walls.‘ Thi ‘orms a control
structure sultable for measuring the amount of bed load and suspeno o
load. The bed load moving along the bot on nf uhe lower end of the
control structure passes across fourteeu \ottom openings %oparated bv _
‘ v&rtioal s~ane walls. Each opening connects to.a heador below which 18 .
connected to a pump on the right bank._ This pump removes the bed load
hydraulioally as it flows over the openings 1n the bottom of the j?‘
cantrol atructure and places it 1n a settling tank from which it is
7avnntually removed for weighing and analyzing._ The suspendod 1oad is

‘taken by samplers simultaneouoly with the- pumped bod 1oad at, a point e 0

immediatasly downstream from the bottom opaningq.~ This material is alqo ’

carefully analyzed. : ',," '_,' . - o
In addition to the control structure and its many appurtenanoes;

e concrete flume is used for studying the transportation of varioub |

aand mixtures for angy. hydraulic conditions to supplement the obqerva; ;

tions made on the river. A wslluequipped laboratory is also provﬁﬂed

for making. analyses of all sediment samples._ij‘ | : .

_ Continuous recoras have been taxen only since Januarv 1939, hut
‘results so far 1nd1cate that definite relations exiqt between aediment
ftload and discharge for- the coarser materiale but not sOF the finer i
‘materials. ' a ) ' '

a Tennessee Vallev Authority
The hydraulic lavoratory of the Temnessee Valiey'Kuthority in

Norris, Tennesages, is devoted to the aolhtion of‘hYdraulio problome '

o @




per+a1ning to the deeign oP frvcture u=eé in nnVicatian and poder
development of ‘the Tennes see R1ver and 1ts trirufa*ioﬂ ' Thi* 1hhcrh¥ .
tory and aimilcr ones, sueh &g the v, &. Watwlmavf Er“e*zmeni biatlcn_
and. the Buresu of Faclamation L-” torv in nenve e hy neces%itv ‘
limited to practicsl experiments 65 cmnrured teo. t‘c aceﬁemic reseurch35”“
usrally found &t uni"erbi‘ie”.i_ e *

All tbe more modorn structurp in *hc Tennessép Vkllev hqve bsen‘.f
tasted bv mﬁdelq to checa their deqlrn for. sal e*y of pe"fo“ﬂance anﬂ .
economf- " The more receﬂt model stuﬁieq iﬂcluﬁe fhf’n mwne »or t; _‘.
Charouaa Dan on ‘the ! Hols Ton Piver and The Fort hou4ﬁr Dum on +he S
Tennesnee kiver. oo = : T

Dams of +the tvpe emﬂloveﬂ 1n navi lé rivefa'1ibe £Ee‘Ténn§snee
end Missiasippi Rivers ﬂtesent:ﬁro 1tﬂn ot ﬁ?uallﬁ Founu st dsms
used primarilv for flood: contvol aro pover development. One nratﬁéﬁ;x
in partlcu¢¢r, concerns, the energy di ipatlon of the vvter imwcﬁnstely
belaw -the spillway. At duﬂ5 of the firvt tvre, the bvdrsu]iﬂ ,nmp is
not ‘cbtuineble because of exces3ive tailwater created bv rﬂv::ﬂtion
' requirements: iri the second’ typ howeve“ etcellenf éz_sinut*r“ 1"*‘”‘,
usually obtalned by the hvﬁrhu‘ic JumD. A a resul# “the lnﬁor tornj}j}
teats of the type found at Norris qre made more dl”icul+ anﬁ cﬁﬂsi er&ble‘
resourcefulness is requlled to anvelop & aat1slactﬁrv‘uolution.‘f ‘ 

The probl sm of aerat¢ng napnes, ‘on the othnr hanﬂ iq LsueTIy
prevelent at both types o‘ strictures. mentionnd.*,Tne Nrrriﬂ 1abo*a~:i":”‘
tory had this problem to aolve 1n nonnecuion thb tbe aou“lemleﬁo fﬁ' ]
slide gates used on the Ghmckamauga, uuntarqville vnv Piprwncc Lun*ing ff.f
Damq. Since watef may Plow oetween the gate lenves cr ovpr the 10w¢*fﬁr'
leaf, a region of suba+mo;phnr1c nreesure will Form urﬂer tba nunve o
between adwacent'piera and thus ipcrease th totnl pvﬁuqure_snaanp Enw?Q
the gate. This COhdition is inst4ntlv relievnd b"".erut;n nf +he

nappe, but +he problem is hbW much air will be "equired. me solve

this, tests were made op tha uir demdnﬂ for a large welr nupoe in the
+

zinad

gﬁorris laboretory. Then by dimensional analvqjs, a curve was ob
glving the required amount ol air bassd. on the allomahle reduction of
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,preasure beneath the nappe and the head on the gata. Dnce the anount
of air required is known, the size of vent mny be’ dotermined. Of '
_particular 1nterest is the fact that field tests have checked the -
laboratory curve - qui te closely._‘ ' : .

In connec ion with the desi “of . sluice outlets For high dams,
it is necessery to investigate whethar cavitation w11l ocbur 1n the el
outlets dus either to their shape or due to operating conditions or
‘both. At preaant thare are ‘two methods of testing models of outlets
for cavitation.f One method reduces the atmospheric preasure 1n the x
‘model according to the scala ratio, if possibls, thereby causing
cavitation in the model.‘ The other method tents the model outlet

‘under normal atmospheric pressure and bases its: nrediction of cavita-

tion in the prototype on the conversion of model preaﬁures to prototype NP S

.pressures. The latter method .which is used An the Norria Laboratorv,f
13 much simpler and 15 more generally uqed elqewhere.f,m‘ ; _
‘After a study had been made of the . work. at the Norrls Laboratorv,
&n inspectlon was mede 01 the. Tennessee Vallev from Norris ‘Dam t011gf
Plekwick. Landing Dam. The iollowing d&ms we*e included’ Horris,'-.
Hiwaasee Chickumaug S Hules Bar, Guntarsville Wheeler, Filson and

Pickwick Landing. Particular attuntion vas pain to the haplan turbines,,!

spillways and navigation locks.‘ Additiona’ turbineq are being installedfﬂ

at the 1ast three structures listed in connection with 1ncreased power ._:j-

'demand for naticnel. defense.

U ‘Se Waterwavs Expariment Station

During the visit to the Exneriment Station, observations were -
made of the work in the lbboratorv, ani “1eld tripq ware taken to ‘
inspect some of the work on the Hississippi River. The paper attached
herato containing 8 description «of- the more 1nterest1ng work observed
is aubmitted for possible publication 4n "Civil Fngineering." (Thin
‘paper 1s. on, file at the American Sociaty of Givil Enyinoers, Hew York
City, and in the Personnel Seotion, Bureau of Raclamation, Penver, '

Colorado.)




PROGRESS HEPORT FOP APRIL 1941

Introduct¢on

 This. raport'fc f"pril is the sixth progreqs raport aubmitted on
:tha Freaman Scholarshin of October. 1940 to: July 19&1 The previouq

‘reports havs briePly described some of the hydraulic re earch obae ved

jin ‘the Midweat, - East, and South.. Thiq report and succeeding oneqi STy

will treat the inspections made of numerous irrigation nrojectq oi the

Bureau of Reclamation and flood cantrol daveloprcnts of:the U 5.__?]“,:’:‘

.Engineer Department in the Western S+ates.“ The May report will alqo
1nclude observations made at California institute of Technologv and
the University oi Galifornia. e T o | '

Summary of Work Fompleted April 19&1

A viait home at Rochester, ‘N, Y., .t&rting March 21 K&“ terminated :

; ﬁ*ll 3. Truvel wes Lhen resumed to make Qbservations at the fcllowingr'.ﬁ

‘places: Bureau of Reclamation;. Denver, Coloraﬂo, April 7—12 Salt l_ ?_-“‘“
‘River Valley Water Usars"Association,.Phoenix, Arizona April lAHZl-«
‘Bureau of Reclamation at Boulder Dam, Abril 23-24, at Par&er Dam,‘j-'*
April 25—20, and at. Iuma, Arizona, April 27—May l.  ¢;f;§1"""

Eureau of Reclamatidn at~Denver,‘Colorédd%?‘17'

Mo detailed Study was mado of the work 1n progress in the hvdrauliciﬁ}‘v"
-1&boratory. This will be done and will be included in. the flnal report g

after the writer has returned +to his position in the 1aboratorv uponj
completion of the achcl&rship June: 30. During: the visit in. Denver,‘rfﬂ”~
“4the 1tinararw’cavering projects of ‘the Burenu of Reclamation was '

further develcped and - revised where necessa:y.

'Salt‘River«Vallev Wafer'Usérs' Asqociution

"The Sult: River Project is one of the first large irrigation
-projects. developed by the U. S. Reclamation Service {now Bureau of |

-'ﬁgclanatian). It consists of ZAO,DOQ acres of highly developed farm

1ah§$3ground Phoenix, situated in a broad, “lat valley crossed by the




fSalteRivaf. In the mountainous countrv northaaat of Phoenix, f1Va |
~ ~dams have been bullt on the Salt River and one of the Verde River,
'tributary. The. structures on ‘the: ualt River st&rting with the farthest

one ‘upstream (about. ninety miles from Phoeniy) arex Roosevelt Dam, built f]ﬂ”‘Vm

1905—11; Horae Meca Dam, built l924—27‘ Mormon Flnt Dam, bui]t 1923-25,ﬁj‘ ;T"

Stewart Mountain Dnm, ‘built 1928-30' and Granite Reef Dam, built

1906-08. A1l of these structures are over 200" fnet high and ure concrete‘

-_grnvity-arch type, chapt Roosevelt Dam which is of masonrv, and the‘ﬂ Vi

diversion dam which is merely a lcw 1on ‘concrete weir.‘ Bartlett Dam *

on the Varde River is & concr : multiple—arch dam 273 peet hieh thev[fﬂ 
‘highest of its kind in the world.: The total storage capacity “of th1q  r'

'Hayuteu is 1,954 000 acre~feet. Power is developed at all structureO'fp_Vrj*' B

except a2t Bartlett and Granite Reei..  5 ‘ ‘ :
Althuugn this projact has been operated by hhe Water U erq

Asaociation 2ince 1917, the Bureau of Reﬂlamation h&b done nnar]v all . B

the major design and construction work for the Associatinn.. It is ;pa(‘

in this comnection that the writer helped condurt model tests of the};.‘x

spillways of the newer structures.' Accordinglv, it was most. interest—‘
ing to inspect the prototypes’ and particularlv g0 becausa all spllluays
wers diecharging, some for the firqt time.‘ This cnndition oP eXﬁeSﬂr‘_'
water 1s quite & contrast to la@t venr when only 16’ 000 acre;Peet
were in storage in the entire svstem, but now nearly two willion acre_
feet are avai;able. _ | "‘ G Lo e

As iB usually the case, onlv a small fractiﬂn of thﬁ maximum L
design flow wajs passing througn the spillways, vet a Fooﬂ opoortunlty
" was had to observe the acL*on of. the ﬁlcw Lt the reﬂulatinL gates, in :
the spillways, and in the river 1mmealately below. Obqervaticnq ware '
‘also made of the needle. valves and buttnrflv valves which were. diq-. e
:charging full capacjty at sonme of the structu es.' The thee of g
':spillwaya geen included super~elevated ones curving 1n'*lan Prom tbe.
 gate structures at the abutment of the dam toward the river channel
.80 &8 to allow the water to plunge into the river directlv, and
' 60ncrete—1ined tunnels from the reservoir through the canyon;wali

dischérgingfat a8 lower elevation into the river below the dam.
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wash inlets, wash overchutes, wash aiph

Tha Boulder Canyon Pro*ect

The purpose of this project is defined 1n the Boulder Canyon f';
Projact Act of 1928 as ;ollowsx "cnntrolling the floods, improving
navigation and ragulating the flow of the Colorudo River, providing ff
for storuge and for the delivery of the stored wntarq thereof For k&
reclam&tion of public lands Jnd other beneficial uses excluqively |
within the United States, ‘and for ‘the generation of elertrir&l snerpvln:
aB & mesns of making the project herein authorized |’ self-supporting '

and financially solvent . undertaking.

- Inecluded in the proaect are parts of Hevada, Ariznnﬂ;fand Ga’if— Gl
. ornis. Starting at Boulder Dam, ‘where 30 500 ODO acra—feet will ;

ultimafely be gtored, the next structure built on the Colorado River.'”
was Parker Tam about 115 miles below Boulder Dam and 20 miles north
of Parker, Arizona. Here 717 000 acre-faet of watar mill bn qtored :

with additionel power for the pro;ect soon to be - generated.x Continuing

downﬂtream about 30 miles to a po*nn lP miles northaast oP Yuwa,jf-‘j”
Ariaona, the Imperial Dum was ‘built to provide a headworks for the'

All-American Canul and the Gila: Canal and‘uheir desilting worxs on

the California and &rizona side of the Colorado River, respectxvelv.l'“ n

The All—American Cana; lows ne«tward through Southern Cal ornia,
furnishing water to tbe Yuma Projeﬂt 1n Arlzona, and to the Imp»ri&l ‘.
Valley which heretofore had obtainmd 1ts water from the Imperiul Canal
which flows for the most part throagh Mexico. The Gila Canal ’lows
south on the Arizona side of the Colorado River to furnisb water east

and south of Yums. The All—ﬁmerican Canal System will ultimateiy

bring under ?rrigation 1, OOG 000 acres and the Gila Canal 78‘,000 acres..

An insgection wap made oi thib entire project during the per*od
April 1i-May 1. The ’ollowing struc tures were studied“Bonlder Dam,' o

'Parker Dam and Pumping Plant for ‘the CDlQridD River Aqueduct Imperial

DPam and Desilting Works, Laguna Dam (old diversion Adam below the |
1mperial Dam), All—ﬂnerican Canal and Coachells branck and Yuma Ganal.

‘Many appurtenant structure in the cansl . systamﬂ were studied, includinz-.

ons, autqmatic wasbeways, power
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drops, check drops, headworks, - ﬂesiltin# basina, and oiherQ.v Host
fof these structures were testeé by modela in tke hviraL]ic Jaboratory

-4n Denver, the writer conducting model studieﬁ of fhw four power drops T

‘in the All-American Canal betwean Yuma, Arizonn and Calexico, Cali”ornia.e“f i

Besides finding it exceedinalj intererting tc travel over these :t
llarge irrigation progects from storage reservo¢r" to qmall laterals, f:f
ﬁand to see atructures which h&d been tested bv models 1n 1he luhora-;
fatory, it was a matter of 5reat satisfaction to 866 &t first hand how
water will transform denert 1anda to productive frrm land"‘r;uurb a
sight should be seen: by those ‘who do not knnw whut it meane to iepend ;fg;

-on irrigation.

PPOGPFS“ REP(}RT FOR mx 1%1

Six progreas reporte have been submittad to datafan the Preeman

Scholarship of Octuber 1940 to July 19&1.' These reports h"ve Hascribed‘ :

briefly some of the hydrnulic research and hvdraulic Etructuree :
obaervnd in the Middﬁst,- E.st South and Southwest. ThiB report f'o::':
Hav, the seventh report, presents some of the worV along the Phci°1c  _ :
Coast, with particular referenca to 1rrigation'""01ects o tHe Buraau : i:

of Raolam&hion

oummany ‘of Wora completed May 1941

After an _nspection of the area around Yuma, Arizona, from  fiﬁu4‘°$
April 27 1o an 1 (aee progresc repnrt for April), visits were made ‘
to the following place u. s. thinaer Depurtment, Corps of Enginears, :;
Los Angelea, Cali ornia, -&nd California Instituta ot Technology,-?”f,
P&sadena, California, vay 2143 Bureau of Reclamation Frlant Dam,:‘
Californiu, Hay 15; University of Cali‘orniu, ber<eley, Cal:”ornla,7fﬁf
May 16-20; Bureau of neclamutioa, Contra Coste Canal Antioch '
California, May 21; Bureau of Reclemsation 1rrigation prodect at, Orland
Californis, May 22, Hureau oP necl&mation Shaste Dam, Cali”orn;a,
Mey 22; BLTE&U of Reclamation irrigation projects vt Klameth Fa]ls,

. Oregon, Mgy R4, and at Ontario, Oregon, Muy. 26-29; Portlan-, Orpgon,
and Bonneville Dam snd hydruulir laboratory, May 31 June 3.
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. 8. Engineer Department; Los Angeles, Cali orde

To obtain ﬁbme ﬁndafétﬁnding df the problem& invo¢ve” in cuutr§l+j.,‘ H
'ling floods 1n the LDn Angaleh arah,fcqnsideruble tlne wuq snent in. |
the U. S. Engineer of"ice and in the:f;éléfinspEGting.ﬁhe.«o;k,uonk;eted'
and in progresa. . ' f ” TJ ~ 7' ....'-I S
The flood control p:oblem is derived frcm *he Létﬁﬁh?t the Loe .
Angeles metropolifqn nraa is truvprsed by stream,.orim‘ﬂmt1ng in’ ;;;;&:'L‘
. mountain rangeq close by and which nearlv ewcirclé this der elv'pnrulnted.
ares. “The" runcff is c,rried in#o \he Pucllic Ccean chicfly by the el
chunnsls of the Los Ang 51es Rivar, aan Gaurlel Rivwr, and tH& nﬂnta‘? V 
ANn& Rivpr. Thase rivarg, and’ in particular the*r many trih"ta ieq
have quch steep graﬁieﬂts that auper—critic¢1 velovitia, vre 1ev010ﬂeﬂ.J
As & reault, loods carry*ng tremendoub amounta of dehriq r»ach the"i"“
oceun in lees tkan 51ght hours and inurdafe valuable citru ,Wanﬁs nna
residentisl and business uread..j ‘”' S '  : St
~ To reduce the dreinage ond danger from .londs, th: l.7§437néihéér"
Dapartment is ouildinL floci control ba cn ?ﬂe wain furaaﬁﬂ‘cnd
tributaries; debris basins on the trlbutarzew; and- improvinf chnnnpl
capacities hy p1&61n¢_COPLretE lin1nz, tralghuening ma—T h; ttream—_ﬁ,}_.'
lining bridge pier= and ot her obstructionh. hb cAn rcaillf ha (iff i
realized, such & pronram involveb a grent Hnount o,lensineerinq.skill |
and resea*uh , . ' _‘-‘ Lo ,'  ” ;
Seven major "lood control baqinv_are proposeﬂ three of which
have been complated.' These bnsins are. formed by long e&rth fill dams ‘ R
provided with outlet workb and emergencj spillw&y.. Bv nronsrhreggfgs,:;gth3-“*
tion during floods, each_basin will not nnlv reiucé tne neazl $u£fmill __t
also continu&lly.f516539 ?ﬁ§ér_into chunneLs oelow in qmounncﬂwh¢‘h f."?'ﬁ
will not tax their capaCiﬁfqtﬁ_eale;v‘carry oif the water “379 5.‘
The gmiller debriS‘ﬁésins?ﬁillﬁtrap naterlhl carrleﬁ br the t*ibuturv- .
streams to prevent clogging bfuthe cnﬂnnels onlon. ln gome  cises it
is plunned to provide ‘the trap piné cP cenria in-the ldrhe Tlaod control'

basins.




In conneetion wiﬁh-ihis ﬁrbérum; uﬁ oﬁﬁdon*‘hfdréulié iaburétﬁry  
has been developed for testing the de"ign of i]ond %nillwnv1, ou?letg‘ ”
worich, and chunnel imgrovements. n wo%t ﬁcﬂvincinb demonstrnfion o- "‘“
the effect of strenmlininq picrs to increaae vhurnal cauacjtv may be
geen in the 1:50 scule model ol s rench of the Los An P]e= Wiver “‘””

flowing through the northern purt of the ciuv.‘ W”‘

C&lifbfhin-lhsgig_.g Q-} cnnology

The hydraulic laborutory at. thi! ins+itutinn is dividad into the ;3:
hydraulic machinery end ‘the bydraullc structure ~laborntory;'lThe formerK: :.*
is probab;y best known xor the tests made or the Colorado River : o
Aqueduct punmps and on the pumps for 1he Grnnd Cou]ee Dam.u lt 19',;_
generally believed that thls 14borﬁtory 1s *he bﬁbt of Jts kind 1n tha
Unlited 3tates. Preo: ion 1nstrumenta are Laea for e aqurlng all test
elements to within one_tertb of onn perccrt.‘ ieadq as ni?“ An‘l OOO
- feet nay be obtained.‘ ‘_' ' :“ o ‘ t_“‘_ .

The hydraulig'structures labpratdff‘iéxéoéféfédfihvcsaééfafién' 9"}
with the Soil Conservation-Service. The more’ rncent rrseurch nork
involves the devolopment oA a st&udwrd iesign fcr eraalon nrmtrol drop
btructures, the tr&nb ortatic: of suopenued deﬂiment bj nater, and :;
the investigation of turbulnnce mixing as u ‘actor in the txanqporta—’ fi
tion of aediment 1n open channal ‘low.“unce &gdi” ve ni research-}f'
being conducted on the transyortation o;‘sadlwent in atruam* ‘tThe“;ll
need for obtainlng fundumental fnowledge nf thib oheuomevon ia being
recognized more and more, equclally now " ‘ha‘ S0 manf.,ums P1Ve Heen
tuilt on our major rlvers. S '_' e Lo ‘__“_ sl

Aaaociated more or lkss with tht stuir o" qed:mﬂnt trunswor?at*on  -
is the problem of denuitv currant- in reqerVoire.‘ Tha ]hboraforv hns L
developed a 1mple but rclever swnhr&tus, or demonqtratinﬂ tha move~

- ment of denaity current A narrow g]ne:—qided flume jq blO"fﬁﬂ at o
one end uith 2 model dam. In the reservoir behind thiﬁ dam, a 410Ping

false floor has been ‘piuced to ren“esent the bottom of = ro"ervolw.

By tempomrily blocking off a emall poertion ¢f the far enr‘ of the _ o




Hireservoir until the denaity of thib water has been changed by adding R
“erushed ice, Suger, salt, or a silt suspension and by, adding ﬁye, itﬂ”

s readily possible tocbserve the underflow or overflow o’ a denqjtv “‘ﬁiw'
 current downstream to the dam, see it flow up the face o" the dam andojf‘ |
thon return: upstream. 1t is interesting to note that verv little, 1¢f:f:‘57:

: uny, mixing occurs between the density current ani Lhe cle&r water '

: ove. It is al 0 demonstrated huw outleta prone*ly placed nnd operated ff3J}‘H

.-in the lower part of the dam may remov~ thje He“%i+v “low, or ac ually
a sublayer ‘of suspended silt in the caae oF & recervoir in nature.-'*J

Thia removal . of a ailt layer has ruﬁd possibilitles oz use in tke fﬂeld.

Bureau of Pecl&mation erigation Progact='f7"

No attempt will be made in thiq report to describe all tbe featureq 2
‘obsorved in the- lnspectlon made of *he variou- irrigation proiectq.‘i‘ ‘;"
It is planned thet & comnreh nsive iascrlution of tﬁese will be made}ﬂ"f‘i

in the final report in orde“ Lo~ sk~n the nanv iactore involvod

p&rticularly the hydraulic structures, their desim Leatu*‘es, nerformance 0 _

in operation,‘and comparison to model qtudiEb wbere poesible.‘.‘_
In general, en inspection o;.an irrigaticn project 1s naﬂn with
an engineer iamilar with the project fier to the storage reqervo*r= f~

- where a etudy can be made of the . dams and tbeir appurteqart mor?s"”“f:
then downstream following the: main canal suocunals, lu*erald,-and
_smaller ditches. In the course of tbis p&’t o +he inqpection, manv
small hydraulic structures are observed ard nhofographed Theqe 1nclu4e
_diversion dams, turncuts, wasteways, vertiCal and jnclined drop : )
Btructures, check. dro. a, and quch meaqurinw Hevices as weir bores and "

_ aubmerged orifices.. Tbe per;ormance of all tnese st“uotv"er is noted o
land additional informntion on them is obtained from the engineer._oIn“ 
this way 1t is p0531ble to evaluate tbe present deqig" practiceb and
“to formulaste poseible revisions. L o :

_Buch experience will be invgluable to the writer not oniv ir
‘ Zﬁndorstanding whet the problems are. in'thé ield bLt also in: hetter _
| “‘understanding the problems treated in the hydraulic structures laboraor

,toxy in Denver. '




Univarsity oa Ca‘ifnvniu“

The acedemic Vehr had been - completed br the time " v1nit‘was made ‘”

to the luborutory of this universitv.3 Accurdingly, It wdsa impnaeible -

to obtaln any detai;ed information. I 13 ulnnned th»t rnntact ”ill

be mads - at u Later dute durinb preparution ol the hnhl report.a‘}

BOnnBVille Dum and Hvdraalic Lubo:utoxv SRR

An attempt wag” nade to contaut Mr. u. G. otevens, M, ﬁn_ESOC.j ; g H
C. E., -in Portland, but it was. ﬁnhUCCanful.‘ A trip wus then maae £°.1} 
inspect the Bonneville Dan. und hydraul*c 1aboratory. The pOWErhouse i
at the dam 1s now baing enlarged to itq full C&pac*,j of tﬂn unitq.;_  Gl

pcwer was

being developed, it is now generally agraed thut there is non enough :  : 

power lo. supplj Lhe demands made oy national deranqe. The turbinaa

being inatalled were previcuslj seen nuring a visi* to tha S. dorg&n‘ﬁ‘   2

Smith .Co. last Novamber, but because oi precuutiowa_udken bv the

authoritiEa, i1t was impossibln to obsa“ve ths installutionq o” thesp'] '

units.

The hydraulic laboratory is doing work *cr the Portland Engtnaer o

District. Its mein proolems are concerne* with the testing of qplll-,

ways, outlet works, tunnele, siphons, and nuvigation 1oc5%.3 The

procedure and technique employed is quite 51milar to that of. the f‘

u. 8. Wﬁterﬂajs Experiment Station in Vicksburg, ﬁisqiqsinni.r;ug;.”‘”"

. PROGRESS REPDRT FOR *UNE 91.1 l

This 18 the eighth and final progres: report to be submitted on i

the Freenan Scholarship for October 19A0 ‘to Julv 19A1. Reports were
.submitted monthly during thisrdne—month pnriod, nith the excentlon of
the fifth report which combinad the work of E'erb:t'uea.r\ar und March.‘ The
ofPEJJ hy(‘h':.a"":!”“l.ta remearch has been reportad for. all sections of tha
Eunt!?s in mi‘ij-icm ‘to some of the hvdraulic structures, 1rriga.tion
arajects, and £lod control developments inspected nrincipally in the
' -iSStem states. This final report completes the descripﬁon of the

°§arvations el of irrigation projects.

41 7 :




Summary of Work Completed Juna 19§ﬁ

Leaving Bonneville Dam on June 3, visits were made to the follow—.
ing projects of tbe Bureuu of. chlamation' Yakima Projsct, !akima,u]”f .
‘IashingtOn, June @-9, Columbia" Baqin Project, Grunﬂ Coulee Dam,_ 1" E
Wanhington, June 10—12, aun River Projeut, F&irfield MontanJ, June 13-5ﬁ-17
15; Shoshane Project, Cody, chmin June 16; Riverton Project ‘River-
ton, WJOWLHF, June 17. Travel was comnleteﬂ on reﬂching Denver June 18.
The outstanding iELtuTG o* thls montn’s work was the oﬁservations
made of two: structured whlch the writer haﬁ previouslv tested by models !f,"
in the luborato:r in. nenv;x. One’ o; thaae structures 15 a check drop L
in tke Sunnyside Main Canal ‘Yawima Project. It CONQi“tv of a concrete .
besin 32 feet wide end 14 feet long divided into five panela by Tow
plers surmounted by stenl brabkets. Flaﬂhbo&rdw nlﬂced bﬂtween tha"k
brackets ralse the rater eurface in the canal fcr divers:on int : |
leteralas. At this structure, the dif”erence in water quface aboveﬁ;f
and below the drop ia onlv fifteen inch-s yet eycassive scour hns
aevelcped in the cun&l 1mmediatbly downstrean. Atuempts to control'sw'w
'the sequr ani to corract the unfavoraole flow con41tions producinq it
vere unsuccegsful in the flel ‘ Finally, a modal of the structure was
tested in the hydraulic labo*utory of the 3ureau of Reclamation
(Figure l) untll a satiafuctory redesign had oean evolved._ It waql
revealed f{ron these tests that b»cause the drop 1n Nafer Burface waqf;a:'
only 15 inches, suf{ icment energy wa 3 not available to p“oduce 8.
hvcraulic Jumw revuruleqs of cnangsa made 1n +he model.i Ianead
. st&nding_wave perﬂiated in the canal’ whicn caused side‘eddies to :
‘ scéur the=canal banks. (Fiwurea 1 and 2) By placin;'a deflector ;ff
Eacroes the check basin, the flor was *orceﬂ to p‘un~a into and under :
the tailwater. Extenemon op the side walls of the bagin to form a_
‘rectangular aullling poo¢ znd  the additinn of cuzved t*aining walls:~
.in the approach to.the drop oomnluted the revmsionc (iigure 3) The;vﬁ |
revised structure has been in operation in the field for two seaaona' ‘_ a

(Figure 4). It can be said witbou reservaticon. that tHe revised..‘

;prototvpe qtructure iq performina 55 preqictpg by the modal. (530 I
""Ssction 43, Ghapter III. ) S S g e




The ather Qtructure inspectedlwas the Roza Diversion Dam in tha
l :

| Y&kima Rver, near Yakima, Washingtdn.; This structure consists of

two L4~ by llO-foot roller gates ﬁluceu _bove & concreie weir.:‘A % o

fiah 1 der 1is locnted at the Left abutment and the headworks to the . |

Roza Canal is" locdted Bt the right ahutment.. Unfor#unqtelv, there“~
was not aufficiant {low: in the river nor 1nto the canal Lo permit uny
correlatlon netween mndel an* prototyne._ Nevertheleqs, it was .
enlightening to ses the’ field structure aftar testinb its moiel in the 
laborstory. '  f" e : "'ff," s L  ‘f T' .
Inquection of the other pro*ectq in*luded trips fo tho main‘”31a-'
atoraga dam, and along the main canelq ani lateruls.‘ Attantion “
continued to be Duid o the smrll bydraulic qtructures.: On the Sun_
River Proiect, some of *he inclined chute ﬁr0ﬂ5 1n the main canal wéra;‘
revised accorﬂing to recommendaticn from he Denvar lahorutory."b_n
Although the writer was noT ‘Associ Led Wlth tneae moiel studleu, tha
per? orm&nce of the modela wu" racallad and it COLLG be obuerved that

the “nvised gxokotvuc tructu*ab were nerinrmnng Lu antic1yated.

Revision of these incline 2 d1oya, havxnb ,‘413 o* ovcr lU ”aet, wvre ffif

difficult vecauue the st¢llin5 basin Wi S Lrnnezo"dul in secticn."ItV

- 'has been shown conclucivcl that sur 1cient energy ﬁib«lﬁ&tion is

impossible in auch odsin Hecau~e of a: return ilow along Lhe walls Hfﬁ;”"

droun1ng a bart of 1n; tyﬁruulic 3ump.~ A rectangulhr oaein on the

other hand, permits a uniform ?lom ﬂlstribution nith eycellent

ﬂissipation occurr:nb Bv u<~m€r large Loncrete teeth However, it waﬁ_;Jf

possible to improve graatly the +raneaoiﬁal basins of theqe onn Piver

irclined drops. -







MAPPENDIX Ix,

1. Lglggggg. Becauqe the prcgram of th¢s scholurship waa
different from muny of the onhers previouslv uwardad Can’ account‘of
expenses iz given to. a¥ow. their. di-tribution over g perind.ofinine
‘monthe in which the nuthor tr veled by antomobile in nca*1v ”orty :
gtates for u totul ﬂt-tance ol almost 25 DOO mlleq., During tbis period'
the Society padd 2 oao to the autho‘; vaoo beinJ gi,.n_ut the atart
of the scholarnhi, in- ucuo*er 19&0, and ”OO a month"or eight months
therezfter. _ ::_ | . o S

To keep expenses ab b minimum, it Wiy vonveniont to stay ut the  3‘
Y.¥.C.h. ané in ‘numirr nou % 'onlv occusionnllv wan.xt neceahary to
stop &t hotels. Fhen viz it were vade at home or with'friends, maals
andé lodgin0 were, of couxsa, gratib, 50" Lne coft of *Hﬂse nnd otber |
items in the tqule below u*e sllghtly lawer than 1” trnvel had baen

centinuous ‘or nine mont bu- The cos* of uainﬂ Lna m&;ntuining an

automobile wus no,.e\cesuiv cand. tr&vnl in this munne“ was absolutely‘

essentinl ir ovder to Iec.l.} 1solatrd pldces.

' The following twdle thws “the expenses dlr c“ly nssociated with
the scholarshiy for *he nine months' pericﬂ o] Octobcr 19AO to
July 1941: o | '




‘Table 1V . EXPENSES
‘ -1 Percent tAverrme Cost: . . .-
Cost . sof Toial: per Month ~:  Pemarks

Ipem

Mecle 261,00 & 17.1

Lodging 228.87 1.0 R S
Perzonal : Laundry bibthiﬁé,
appearance : etc.?H§ _x“*€‘;gx-

Gas, oil, tirp

hutonobile.. g
: reuairs, and storagu 

es vk ws 8% es su se Ge e .4a 4F SR ler 0w

Photogruphy ,.OQ  Pamera;, 1£ht meter, .
. ‘ ‘ ‘and €00 pﬁ*tozraphs,_

size 7—1/8" % 7-1/2“f

’ '-r [T TN TN LI 1) f'-. ll.. ue -t “sa ae”

Correspondence "TBoqtags, st&tionerv,
R ‘und telegrams

&!iécellﬁnemj s ) :'.-"‘ Ent Prtalnmcnt 3 read-
: ing matter, sundries,_”'

£ ietc.gu_rugh_

VUGl ek aw se we . we se.ee ue e b a8 ke an . awed M dwlener e
AT Y re et me we. a8 ae - gelaw. 48 aw s

.
.
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-
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v
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-
-
-
-
-
-
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e we [ra.

Totals: £1,520.71 57 160

Con,rlhut*r" Lo -amilv aupﬁcrt; “no ’eSldEQ “:th the aufhor's
fﬁiher‘uurlng.thc n:LL mouth”' Leriod reuu1red an. ¢Hditiorbl expen e
£ 8716.18.. 1ﬁc1udeﬁ in thj mount nere 1i"e infurunce yremaum snd
| similhrléoﬁmitmenta. The tonol expensa, tkerefo*e, amoun eﬂ to '
$2,242.89.




