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CONTRIBU!‘ION TQ THE BTU‘DY OF FI.DWING H;.TP.R

By mmr n.vm

IIZTRODUGTION -

B . To sbl've 'by oomputation thu eunoreto problemn lrhiuh are
" prezented in the ‘domain of hydraulics,: the engineer ‘has amihblo -
. two distinet groupa of theoriess . The firat of theae is hyd.ro-
: ‘dymmioa, which seels ‘to- datemi.m the ‘mechanism of movement of tho
" vmter to the last detail by following each liguid particle. - Tha :
second is hydraulics. Hydraulics, in order to sinplify the diffi-_,-
oulty of the problem, considers omly the motion of the maas as L3
whole without troubling about the trajaotories of tho different
particles of watar- e :

Hydrodymios requiras thu solution of a systcm oi‘ par-
tial differentinl equations, the squations of H&vier-&tohs, the
integrations of which offer ‘encrmong’ difficultiess It i3 only in:
41,;:“@:;___' occasional special oasos in which the symmetry of flowr causes & .
{ ““gart of the terms of these equations o venich that it has beon
i possible to integrate them. ' Up to the presont no 1ntogmla of the :
" ocmplete oguations of Navier-Stokes have teen found, It has been © °
" mttompted, es proposed bty Osecn, to use theso eqmtions by anitting
the inertia terms, which ellowe them to be integmted in & certain
nuwmber of special ocases, but the oomparison of the solutions thus
. obtained with the results of experiments has not, in’ general, boen
utiaf‘aotory. doreover, the equations of Havier—&tokec thomselves -
give results comsistent with eoxporiments omly when thoe volocitiea
aroe vew 1ow, that is o say, \mder i:ho conditiom of viaaous f‘lcm'- ;1 v
L 4B an emnple, the eqmtiona 5.n question lfnve 'been i.uto-
‘ -g;mtoﬂ !.n the case of flow in-a ecireular pipe. The distributfon:
. of velocitice and prossures thus obtained eorrespondl almost oxe -
- aetly to the ‘results’ of experiment, but only for vory low: voloaities._ o
- MWhen, howerver, for e given diametor of pipo and & given liquid, tho L
B 'f;.velocity oxcecds. & sortuin velug, stroamline’ flow. ‘dieappears. ond
-~ glves’ placo to turbulent motion, chnractorized by more or less
.+ agitation of ‘the liquid ‘particleos,  For this.motion the vclocitioa
-j.aml wossm‘ea dii‘fer en‘tirely from thou abtained by ccupuhatim:

- Swore.l attompta have been m&e to introduca turhulame
i into the eqmtion: for the motion of liquidss One of tho most ros - -
.. copt is thet of Ko ﬂrillmﬁna Aut @8 the oquations which this ~ = .
- solonmtist haa ‘set up are still more. cmpliuted than those of liavtcr—_
. Btokes, it is spparent ﬁhat f&- omrete ea.soa, up to tho prosont :
s tm, tha problc.n hn n.ot beon nolve&. _




almost all tho px'ohloms which requirc solution tho .
anginoer must deal with tur‘bul,ent flows It is ovidont, then, that
“the oquations of M. Brillouin, much less thosc of Naylor-8tokes or
of Oseon, will not give him what he requircsj’ mmoly. rapid aolu—
tiens whiah oorrospond to the i‘acts af nn.turnl phenmem.-

Rooently, hydrodywnics hs.s mdo remrknble progreu due
to a now thoory omllod that of tho boundary layors This thoory: is
duo prinuipa.lly to tho work of Pra.ndtl. Bluiua, vo-n Eamn, and -
otharao I't: can bo aummrir.od as fonm; : : PR

o In o mass of fluid 1:1 motion, tho 1ntorm1 i‘riction ia nogli-. .
__gible. It s importazrb only in the I'f.mudiata vioinity -of tho sidos
in contaet with the fluide Tho very!thin zono ovor which frietion -
aots, caused principally by tho fact|that at thc aidos thomaelvoa
the volocity must bo.zeoro, is- calleditho bm:mlnry layors . Ono may
thon epply to tho mass of tho fluid ‘all tho. cqmtions and proportios
‘of thc theory of porfoot I‘luids, tho, cqmtiom of ZBuler and of
: Ia.grnnge, the thoory of turbu'lonoo of Holmhole, Lord Kalvin, otoe
~ In tho boundory layor, on tho comtrary, it is necossary to take mec=
~oount of frictians The boundary layor thoory has, for a. prineipa.l .
_ fiold of epplieation, turbulent motion, 4o which oxpcri.monts havo
shown that its kqpothosca apply. Althouch its usc has alroady: por- :
mittod tho quantitative solution of samc problcms, for oxemplo, that
‘of tho distribution of volocitics in e oiroular pipe with a turbulemt

S flaw, ‘4t 48 novertholoss true that in gar.orul .tt givea cmly qmnm-‘
' _‘ti.w mlntions bet-mon eauso a.nd uffoct. ‘ S T

U The cn.ginoor can use profitably the thcory ot tha hound.nry R

‘_]ayer. It givos him the oxplmtion of o ecrtain numbsr of phenmm
 whish he cnommtau causos of tho i‘ormtion of edddos,for il

enmlo = and it also conbles him to ‘prodict tho oxlstcnoo of oorny;‘,_

. tain proportics of. flcm'ing atron:m. But ‘this, at promnt, 15 i‘bl ;

‘ umit &8 wnll s tha'h of t.ho wionoe cr }wdrodmn:.on- i G

R A Haw dn‘b 'bho praoti.cing enginoor noodn abavo all ia a e
: qmtimtivo, vapid solution of tho probloms with which ho is um- LT
frontode . This oxphim the egroat dovolopnent of imlmuiics. &L

© . dovolomont vhich has beon apdo elmost complotoly indopondort of thnt

L ep hyérodynamioss Ao ulroady statod, hydreullocs.scmsidors in gone~
_orel only tho motion of the mes os a wholo without tpoudbling about

- wmiel of tho 4ndividunl liquid M:lclon By waking mrﬁnh
’ od ‘hypothoscs ebout tho motiona of thoso innvidml 1

- M&elu, it is possiblo to ostablish rnpidly obd easily, simplo

o quantitetive: rchﬁm botwoen tho wvarious faotors whieh intorost

T tho onginecry  Sinee thoso relaticns, tho rosulte of hypothosos

. whieh aye: ofton rethor ‘erulio, are not. alvmys in oxast 'accord wl.th""f.'-: S

: -‘-‘tho faata. S,t is moo;m to. bring about nyomnt by thce uao uf'fjf‘;'_ﬂ,f"""
B e 2 |




experimentally determined'ddeffidiénts;4_

_ : It is obvious, then, that exneriment form, a fundamantal
part of hydraulicse.. Up to the end. of the 19th oentury the engineers'.
exporimental field consisted almost exclusively of observations of
results from works which. they had constructed,: but since the be=
ginning of the- 20th ‘century hydraulic laboratories 1or ‘the. study of
- hydraulie: structures by means of raduced modols have beun built in
 various cOuntries. R e :

/

‘) Theoretlcal and experimental resunroh has permmtted the
"clessificetion of stream flow into two large. categaries. one in .
which similitude is" possible, ‘and one in which it is nots The first
ecatepory includes flow in those works where the destrucfxon of
energy per unit of length is ‘large; the second, flow in canals and
onduita of considerable length where thu loss of energy 1s smallo

. The princlpal obJectiVu of hyuraulic laboratorles ia to
solve by tho mid of reduced models actual problams; but besides this
‘they ulso endeaver to advance. the science of hydraulics by attampt-
lﬂg 4o obtain results which are a"-general as possii:la,  Sincw it ~
is difficult to derive general laws from purely expgrlnentnl results,
the laboratories try, when they have the time and the means, to. -
establish’ ecuatlons by an. applioatlan ‘of' the known laws ‘of applied .
“ mechenics’ and hydraullcs whlch wlll be uppllcable to: the phenumena

obsgrvcd. o - : - ‘ : :

+ -~ “Whieh are th: moct useful tbuorams of appllcu mechunics
for this purpose? Since hydrau11CS treats in generol of mesc moves'
ment, the general theorems concerning tiw ms‘ion of & mass af materza_g
points evidently will not te most applicable. Of sspecial importance :
among these arc the theorems of tha consurv&tlon oi momuntun and
thOSu of Cnurgy. -w,_,_ SERR o :
. . It is evzdent then, that in thq presgnt statc of sciunca :
: thg ¢nsiest and most quful plan: which the snginver can follaw for:
' the solution of practical problems is that of using the scionce of
*hydraulics cambining the gencral-theéorems. of epplicd mechanies with
. .experim.nts mede either in nature or in thu luboratcries, all in’ the' e
'.';flald of mass- movament.:- : T R :

T ‘;' The hydraullc rusuarch luborntory attachsa to the bodoral
Polytochnlc School, which has bewen describhd vlsuwhure in detail,

. has- endesvored, fram the: beginning of its existency, to follow this'

' plan. | This papur, which is. an account of research carricd-on im -~
thet institute, shows how it has been pOSnibld, by the gaid of thu

|  ‘thworum of projeection of mamuntum end tusts on ruducud models, to

. establlsh guneral formulae ooncerning the stablu Tlow of 1iquids-

.




SR Tho rirst mmr, pumly thomtiml. iu dovot@d to tho

_ ““dorimtiun of those formulae, of which ono of tho prinoipal ade

- wantagos is to pomit the making of & oomplote and cosy analysis (\\

. of tho different scausce of variatione in levol, prossuro, and Joss

" of cpergy in flowing atreamss  Those equatioms: nhcrr thai: tho louu
:oi' mrgy h &m" te tha throm tallou&ng co.\mon ¥

‘_\’
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 :: CHAPTER I

| STABLE FLOF IN CHANNELS AND CONDUITS WITH RBCTILINE:.R
‘ AXES, BUT OF LNY CROSS SECTION

| Seotion 1. Definition of strem Flaw

This cho.pter will dea.l with stuble flw in Opan

o "‘and olcaed oonduits whose axes are. utruight or only 8slightly ourved,
The oress section mn.y b ¢ canstant or note It will be

assumed that the surface hu sides and- bottmn make enly
small anglos with the oxis, ‘The stremns thus: def'ined will then -

- have, ‘at dirturent points 1n the some sootion, losal meen velooities

- almost parnllel to gach other, and the trujectories of these velooi-
-tlus will' be prwtioally pa.rnllal to thu uis. S Li

R TR For apon ohannuls, it will bu a.ssumua thnt the slope of
o --the bottnm is reletively small, Vartionl e.nd normnl sooticns will

- then be praotioally 1deutioal.

The motion of tha wnter whieh hns jus‘t bean defincd is -

'usue.lly knam by thd nome "sourant liquide."‘_' It is ensily shnm

‘Trmslator's noto: No uaotly equivulent term is ]mcnrn in mgnan.
It hos usually been tronslated "flowing str:,am ,; or en equivnlent
exprassim, when it ococurs in the to.xt. A L

'tha.t suoh a strem possesaos the follawing properties. The pres«- f

*See, for ua@lm ho Flamunt, I*_;ygraulique, p 38 et saq-

Bure f,n Y givan seetion, normal to the trn;jootorioa, variea moord-

- ing %o the hydrostatio daw, and, in. canaaguenoe, Af there 1s o free -

- transverse surface, it is horizontal..‘ “eourant liguide": ‘can be
 elther of constent or varioble discharge: along its length. It will
 bg assumed thet the variation in discherge, ‘whoen ' it ‘exists, 1a

mll and dﬂes nut sensibly chemge the prOpci'ties juat given- .

e ' Conslder . flmng etrec.m
! éisoharge inae¢ 1. or conduit of Ovur 8 Sertain
part of this: lemgth: flow will' be unu'm'm that ia, its chareeter-

_y istioa (dopth, wlmi‘ky distributim, turbul.enee, c‘be.) will be ths -

S




‘ sams, rugardless of thu section ohosun.. s

: Dur:.ng smh flcw thu 1033 of enurgr will ‘bu: oonstant per.
~ unit of length. The direct cause of this less is the formation of =
' wddios in the vicinity ‘of the side. walls which crentes in the wholo R
,.mass s definite  turbulentece "The marked internel- i‘riction, whish: |

m“alu'a;,fs wocxnpaniea turbuluncu, transforps the meehmnloal energy of

" ~ the 'water into thermal energy.. .As tha. romtim o:r the oddiuvs ovie |
dently dapends on the roughnuss of ‘thy sido walls, ,,th.. loss of: enorgy

,vnll by & fumtiun of this roughnuso, assuming u‘thor factors. R

o ' B
Thare are - numurous formulac whic.h givu, i'nr u.nifom flmr, Sl
o roletion butween the constant slapa J.of the emrgy 1linu, tho mean

veloeity, U, the hydreulic radius, R, end s coefficient depending ) ;

on the roughnoss of tho side wallsa' For ccmvsnienae, wo shall uge -
- hore Strml'lur'sa' formuls, disommry of which is due to Gnuckler

(1 U= X 112/3 Jl/z

Strickler. nitteilung des Amts fur wassurﬁrtachuﬁ: ho. 16
Burna 1925. :

. ‘"Gaucklan Ammlas dos. ?mts ot Chaussdes, Tame 15 nsst. zzs. |

in whieh k reprasents a ouefficiunt dapending aolaly on tha rougbnusa S
. of tho perimeter. However, ur,y uther formula could b.; usud in de- gt
.veluping this eha.ptur. R :

. ani.ng usm\sd & relatiun berhreun U, R, anﬂ J, tho ta.ngen-
'thl forte of thu weter in cmtunt with tho sidus can by camputuds -
Considur two adjacent sostions of surfece § at o distance dx fram .
eash ethmj. Tha losa of mrgr bwewem thesa two saotims win be

"zu

L m § Si.me the mution 1s mifonn. tiw emosgonding chmgu

*In this pepwr the u'xpreuioa ‘®losa of cnnrg‘ 15  used in the. aunae

ueual tlnong msimuru ‘that 18, 1t ia the lews cf mhanloa]. A
‘enﬂrgy, betwgen two oross ant.tm, ‘of any masE ‘of wotar rumi.ng

" & part of ths strowm when 1% passes from one swotion to the oﬂmr
- divided. by t.!w might qf tha maa . ﬁ‘hie 1050 hu thu dimonsion

__af mgth,

in pressure will be qual o ‘hat loss. The rosunm of the pres- -;ff

: ‘i_;mm wtlng on tlw tvm eroas aaetiem will th«m ba Uz

. "23 IIS&. -




- ~tion, to the difference in

whery 11 represonts the unit wei;ht ‘of wator. This force is parale - S
18l tu the current and‘in;théisume'directiqn. Moroover, the muss
of water contained butwesn the two seotions ig npt‘anceleratingo”_
.The resultant,” dF; of the tangentiel force, actinghon“thisfmnss‘atf
the contoct ‘with thy 8ides,*is then equal, and opposite in.diree- -
EAT. ‘pPressure Just indicateds’ Hence, g buing

the discharge, o

L2 2

(2) . aF - D e IIS axom 2Ll Q 4 Ny

| This is the expressica for gF in the cass of wniform :.otion. Whon

.. the motion is otherwise, the loss of unurgyf‘mny,‘_havelpthur"c"_au‘e';es ‘
o thanthe formation of oddius in the vieinity of the sides, It will

; be shown i scetlon 6 thet a variation ia discharge, 'dqQ, ar_even o

.veriution in the velocity dimgram butween two sections, will cause
;. unergy losses. Tho total loss ¢on then no . r be ross
7 “Strickler's formula Bid, morcover, the v on in pressure is not:

“equul to that loss. “In the ‘Benural osse, ‘therefore, it nust te -

sbsuned thet formuln (2} pives only the tunguntinl force meting at
“., the contact with the sides, " To ¢lucidat. tals peint, e serius of

- f’chaptc:r I1I. "These leud t

_Gxperimunts was Eurforned, which ‘will be discussvd in section 4 o‘f‘. o
9.the conelusion that formula (2) cun be

 used, with sufficiently ”closu‘.appr.cximp.tiu‘n for technical applicg

e tio.s, whatever may bo the differunt cousvs of the: loss of cnergy,

' Buetiun 3. Mamontum png 'Kiziétic‘.Eﬁurg &t a Cross: Section

S Consider any flawing. stream, ‘ruferrod to a Cartusian. .
systum defincd as follows e TR S IS URE S

SR _ I'opeilf'jéhe.nncl_L'{:‘fig. la), the X-axis is chasen
‘horizontol,’ and in-suen e way thet it coincides with the average
. the projections . w stream 1inos on a hdr‘iiqnta;_lj-'pl'a,‘xm}'po.é‘s,ing‘V_ s
‘through the origin, the 2 oxis vertical and the Y axis Ppurpendicular -

If it is an

to the othur two. If it is'a ‘elosod conduit - (£ige 1b), the X eoxds

is chusen to coincide with the oxis. of the conduit; the Y and Z axes,
Perpendicular to each other, lig in a p‘l._:u_xe‘:;normu.l to the X axise.

" A cross -swetion will be, by dé_f_init'ion,_,_thg 'ffigurefﬁfﬂm@d R

g | g » with a plang nurnol to the X exis. T

“ab I : o Lot Vbg .,

: . _ unffc'i-oss'_sucti_on“s,' and u be the -
 projection of this volucity un the X oxis. e e e

i‘hc prw“)jqct'iun'@i,{ Jnth,,xm::.s, of thomumcntwn per unit R :‘

7




..\i‘ tine aor_oss;t}')d surface §, kos th volus: I

(-3) é i ff K e
e ;g (S) Y |
do being an ulment of thc suri‘mce oantaining &..

37"‘g thu n.ccelera'tian af grswi'tx. !

- Agam, lut U be the mean valua of the oanpunents u at
section S:. i ¥ S

Gt L

We can always pu‘b

ﬁi _a_bz " =€t-—- U Q, |

in which or 18 0 couffioient equal to or grueter thun unity. El'i_m’i- '
) nating F1 be/‘lmuun equations ?3} a.nd (5) we obtam' ' R
' w? do" :

“ :U 5

': ;;-,}Thu P’OJWtiO’A ¢t o the J'L wcia of thu kinetic enargy por unit of A
3t,ime ncross tha 5ectiun s hr.w the valuez ‘ :

¢t f Il ny w

e

e ca_ri '5lwdya ‘put' Bt




N

i
i

- in whish eag i_s o T ooaffioiant _oqual to or greater thnn unlty. &
| Equating t.he two oxprossions i‘or ﬁ_givm above, s ‘ |

c(..,

To sinpli.{‘y nmancluture wa wil oall
(i the uoeffieiont of m:xnentu.m at seotion S |
et the co..ffioiem; of kinot:.o unergy ot that seotion. o
" These- coaffioients dspond solely on the distribution of the compu- :
niAS u in the seetione If this distribution :Ls k:navm, it 1s easy
‘to om;pu‘tu thom o L
mmlyticnlly, if u is o lmmm nlgubraic funotinn of ' fmd Z
gruphlcally, ii‘ u is g:l.van for sevoral points of the section. -
' Since O.' vurios ‘a8 tho cuba af the velocity, while ac varies only
a8 its’ square, it ‘ig iunnedmtely evident that CI‘ is always grea.ter .
thmm- ' S A : , o
' crﬂwn «the not:.on is unifom, t].u coofflcients i and OC'

- are generally in the nuign‘oorhoud -of" Lmity. bazin,* fur example,.
ound a:’= 1.038 for o cu_.al of vury smooth planks, and Gf'u 1. 122‘

"Bc.zm ‘iecherch~s eth.!‘irxentulus sur l'eooulmunt du l'eau dans
lus” canaux decouv::rts. S - .-

" when th-.. plunks werc covared with str:.ps plaecd tru.nsw:rso tu the ‘
: current, forming Very rough sides. L ;.‘ ._ ‘ o -

o In nonunifom mﬂtion, OC mny . reuoh values of the order
of 2o It will be seen, for axomple, ‘in’ ohnpt«.r 1I, thet ot thé:
“draft tube outlets of o Kapl..n turbinu, th.e fanaxing exp»r:Lwntal
vnlues ﬁere i‘ound " . ol " P

'rx- 1.23 GCF - 1.74, i

O but this is an a‘xcﬂptianal case fcr o caurn:rt nquide. In the -
mn;urity of proctical cases, OC usually lius be’cwaun 1 and 1.2 (md
a betwaun 1 and 1..6. oL e




Undur these conditiona, ir vw place :
(lO) | - wa 1 "TJ, BN

'?

v‘a’bion thut we must hmre

,“l:'_anl-fs"?,

with an approximntmn which buc:res olosor us'ri diminishras, 'tho.t is'
,for: vnlues ai‘d in tho neighborhaod of". cne.. . N L

"mmunt. Hydruulique P+ 36 et 37,

Thu dugree of o.pprox:‘mation of this i‘omu:.a depends but little on
the velue of 7.  Tho exrwple glven sbove (QL = 1,23, Qfa 1a74)
 shows, in fac s that even for = 0, 23 it gives good results
(3= 0,69 :Lnsto.ad of 0,74}, ‘The exactness of. Sformula (11} for- re-—
latively large. velues of )Z ..v:Ldentlv ‘depends’ on the nnture of the '
velocity distritution in fhe section .5, as is shm hy the twa i
follm1ng examples, ubtaincd by the calcu‘us. T

(l) Purabolm dzstri}.utzon of Veloc.;ties in s circular pipo. . |
Solving formulne (6\ zmd (9} by the calculus .one’ i‘indS‘ T :

‘.“‘f:.f - (I = 1.1':.5...,_ i sz OOO
Whunce. 77 = C.a33 u.nd 1 + .:'qa' ,coo._- :
Furnula (l"\ gives thu exact value of a“ <

\

( ) Paru.bolic distrlcutmn of veloclties in o stroc.::x bc.tweon .'

| where ?7 isia new coofficiant it 1s uu.sily ahovm by 8’ sinplu ualcu-:‘v e

tnwd p&rallel sidus (two da.msnsionul mOtion) The caloula.»;r'i\rosx By

{r_‘ :

L .'a: -1, 2oo a: - 1.543, :
whenca: '7 = 0.203 tmd 1 + 37’- l 600.

""‘he urror in thu vulue och given by furmula, (ll) iS th

1 6010_15-&__543”. = 0.037 or 3. purc\.nt. £

This 18 widently an extreme Value. _"

-' “In praoticnl oaseu, thu f‘olluwing dugruas ci‘ prwisi-m
bu aJtpeotod fcr vnlues nf a ! abtc.inud by use’ of famula (ll)z

0.1 to e.a% for. 1-<Gc < 1 1 th.u.t 13, for 1<at < 1.3

L. OtJ 2-0% for 1, 1<ac < L2y thnt is, for 13« ! < 1.6. g

10




S Inm what rolluns 1n this chaptur will ba oonsidorad
E vsufficicntly small, with reupuct to unity, to be oonaidorod LT an

 Apfinitesimal of the first orders ‘Prastically, this will always. te

_'the case when?] lxes betweon zoro and,o 1, thu.t 15, i'or values of ' 
1.0(’{(1 1. AR ‘ RN R

Secticn 4, Tha Theoren of Projeotion or uamontum ‘ji
Appliud to _

' , Ccmider any liquid i mutian (fig. )s ‘Lot 3 bu a cloaed L
surface, situnted entirely within the. 1iquid, 1% enclaaas o known

‘mpss, M, Assumc that the points of the surfneo S.ora. displn.oed wiﬂx

" the moluoules of the liguid.  In this:casc the mass M will change
- ‘pusition and. shapu with timg alwaya, how.avur, being naq:used of the
- sau port of the liguid.  Tho mass ¥ may then be oonsidered as came -

‘ : pos«:d of a'perfectly definite a.ssmbly of: mo.terial p.)in‘t;s , ond the.

thuoren oi‘ proaaotion of mmentc. appliad mny ba statad a8 Inllows. 2

*The demonstrotion of this theorsm will be Townd 1n. “Traitu do’ ‘nl3fj[w;,

: Mecanniquc rationelle u'@pel ’I‘cmo L., pagos 18 ut sbq.

RN - Thu dcrivntive, with respcct 'to t:un@, of the mun oi‘ thu
f-'pro,,ections of ‘nomunta of all the elaments of. o given mtss of liquid
~on uny fixed axis, is aquc.l to thu sun af t‘w progeotmns )f the ex-‘

.er:.or forcus ou thz».t axls. : 7 R : s P

- Sectlun 5. Gun...rt.l Eiutiuns of Stream Flow o
e o (o'to..ale haﬁlou} i

- Assume a.ny straan whatevm' which sa.tisfies tnc conditions . ; :

" et farth in section 1 of this chapter. This ney be-cither in an

' open channel’ (fig.{ 4) or in a closed conduit’ undar prussure (fig. 5).
. Assume, also, thay it mny ruceive an increment of flow, or suffer = . |
c decraanerrb, 80 thnt the disoharge will be variabl lang thu chamwl.;

Cuns :Lder u.t time t, _the muss of mtur.ABbD‘cmrtainsd bg- ; 

o tvn.e.n two. plnn..s perpendicular to the a.xis uf nbscisso.e a.t x u.nd

e - ax,

. ‘nrea of cr)ss suctlon,‘ _
vlemont ‘of urea, SO
,dischn.rge, R - e
ocmpununt of volocity parnllul to the X-a.xis u'l'.
. omy point in the seotion, ' L i
.f,r-avcrage volue ‘of this componcnt
:coeffioient of mamuntm':,

TS S SR




&’ goufficient of kinetie onurgy, .
RS elevntion of the water aurfncu, or af tha'
hydruulic gradiunt ‘ .

. 5 :
z +C£"1§IE " elevntiun of thc anergy grudi.nnt. o

*Ihis olevation rupresents the total energy, st tha suotion con- .
5idered, of o mass of wn.ter forming a part of t.he struam. dividod
by its welghte . H s

Curresponding quantitius ot thu eection at x + d:: a.raz ‘*,«

s + 8s, dU", q+dq, u+du, u+du,x+d¢.oc+dcc._3

N z *d-'s =+dz +(C£+dac') (U+dU)
; w‘ . o } . . R . 2,8 L [

Here dQ roprusents the ohnngo in dischnrge (positive or’
‘ _negntiva) over the length dx. “Assuno that dq enters the length. dx

with a velocity Ve, having d cmponunt u* pnrnllel to the x u::".s. Mso

“aH, is. by definition the change in height of the ‘energy line be- a

twoen the two seotions. In the gureral case, whers this disohnrge-.
~is verieble clong the struom, it mey be either positive or negae -
~tivo.  For constant dischnrg;e it is negrtive ond rcprusm‘ts o 1085_‘
'of energy. ‘I‘his torm was dofined by note 4, se6. 2. .

< denote by dH, the changfa in er.ergy bet'\'ee"x the two aeotisns oon- -
sidered, - by dt_‘l:' an elemert of the surface dS, the latter belng .
the projection of the lateral surfaces of the mass: considered on a
. plane perpendicular to X, and by dp=II.dz, the incresse in pres-
o0 -gure between any point on the. seo*tion at X and 6 point at the same
' ,'depth an the scoticn at X dx. . B S T ‘

’ Let us ‘now a.pply the theorm of the projoction af manontmn_‘ S
to 8 mase of wnter, omnposed at tima t, of the two follcwing po.rts:; ‘

“<') ’

(1) ths moss. included in tha spa.co ABCD.

(2) A masa w det whinh :Ls tho 1nnrmnt of inflow over tha R

1eng1:h th: du:ring the tima dt.

During thia tim interval, t.he mass. 'E dQ d'b minglaa with

' the strem 50 that at the tima t » dt the total vcl.me (1) plus (z) R
: oeoupics the apue A'B'C'D' (figa. ¢ a.n,d 5),k ‘ 5




At the timo EN .the sum. nt‘ the projoetlms on tl’w I.-axls
' of.{thormmnntu of the mass (.'L) +. (2) has s lmown vo.lue whioh nmy be
.‘nnllod Jo(t). Lo R . o

At the time t + dt the sum of the projootious of the *
nomento of this seme moss (! +C® . whioh ooouplos at that imrtant
‘ the 3pacs. A‘B'C 'De 13 R,

3, (1: + dt) - Jo(t) J" J‘-(u + clu)2 du-dt J’j_ w da’dt - |
o (s+dS) 0 e (5)

- %u" dQ' at. "

In this equntion the term T "det ruproaents the inolusion
. of the mnss (2) def:med o.bove 1n thu spnnu A‘B'C'D' o

‘ : : 'I'he derivati e, with rBSpeot to time, of the ‘sum of the
: mxxnuntn will 't‘.hen be.

ﬁtu o(t + dt) - Jo(t" f j— (v + du‘)z da" If “ da"" u dQ'II

_(o . da).. N _  (s)

: or, introducing tha cue.ff.mient., of mcmuntum ond repla.oing ..hu produot
Us by Q: - _ : : :

e
¥

._.dJ ‘ ‘ |
B (ec+ o )w ‘ au)(q ‘ dqs - vGadk - dQJ

. -
i

S Dcm.lop-ng this oxpression and naglecting infinitosimala of tha 2nd
and Srd urders.‘it beccmas. R ‘ ) , ; ;

 '(,12-’ d-"°-1 ‘.('Tu-u)dQ+SU(q:dU+UdCL/] S

Naw, _thu sum F of - th.e pro,,eo"ions or tha K-a.xis o!‘ tho

- azterior forees acting on the M85 (1) + (2) under oonsideration, . i

is exprussud by




Fa '.J'J"dpda* J,/z f fdpda' —'37 dx = ““P(s * 1/2 ds)
s o (es)
_ S : . ‘ d’l:

kzsR 3

Neslocting infiniteaimnls of the seuond order this beumess' S

(13) - F - -Sdp _‘f_ﬂ__ d:a:o_ o
' SRS 534/5 |
Equating fﬂﬁe' va.lue‘- oi‘ dJ.: given by oqua.tian (12) tu tha val us uf F -
dn equa'ticm (13) we. have: L
~Sdp - z dx-‘ [(mﬂ-u)aq+su (ach+Udm]
This 1o.st equution pemits us to calculute dz - Qz re-
oalling thnt Q = US we obtain: ' '

.(lfl)- dz-ilf-’-,. [_k“ ?-dﬁ-(ﬁ. )_?nar ]

: This is thu firat gcncral equatim for utroar.x flw. _0‘ o
- cen obtain o second, ¥ oamputing the- oho.nge of unargy d.B A_ glan’cQ' .
at figures (4) andi(s) shows that: L e

-- Cf,.'g% +: \dH - dz + (cc + drr ) .&.P.:..‘!EL

o

_‘_.from vmi.ch neglwting infinitesimall of the an nnd Srd m-dersz '_

e ;m;‘*- LR fau: _4-‘5- ¢, dO:' '+ dr..
ST gE e ‘5‘ ol 25 =

- 'Subatituting .'l.n thia uquution tho luo of dz from (14) thoru ru- o
sulte, a.ftu' aw ai.mpliﬁnatiunu j'i




g. ﬂ‘k

[P

& - zw + du‘.‘- z(c-__)_d_q + 3(0- ct) dn] Tiiv
Fram equntions (10) ‘and _‘('11‘) we ma-.m' m‘.tm_,? |

o = d_r,r avia s.dr,,
| - 3 at,
- z%aw da:'. + acC .

Substitutiag thu valuus for -d q+ d&' anda vx in the eu'preasion
for dd o WO obta.in the i‘ollwing equation. o : S ]

‘Now, if we canslder 11’ 88 an infinite..,imnl of the first

o _order, 0.8 not..d at the r.md of thu precaudlng pa. agrnph the tem o

Z’r-ﬁ— cn:n be neglected as a.n infinitesu‘al oi the aeccmd ord‘ar

(assmnlng uvidently thot U :.s not itseli‘ cn infinitesimal), md we
;ha've theq,secand gener...l equn’clon of strean flow. SN L

(15) aH - —zﬁmdwl/z dcc-(rx-_-_)_a]

| Sectibn G;_ D:Lsouss:.on of the General Eguations of
i Ereamﬁm (4] and r15) B

Equution (14) givas the change dz EE oi‘ prassurc. b«.‘!- o

tween the twu seotions at X a.nd X+ d.x.~ In th«a oase of an qwn :
chsnnel, dz is nothing nmere nor less. than the ohange in elevatiom R
of the woter surfaoce. Equation (15) 5ives the ohange in mwrgy, dﬁo,‘ -
betweun the t'wo seotlons oonsiderod, : . I v

. The two formulae have axuntly the seme forms that is, di‘,‘ |
end dﬂe ere emh praportionnl to the square of tho ‘meen velooity v




end to & factar Ountaining aevernl tems, four i‘or dz ‘and thrau for_ ‘
dH,.  These torms represaut the differont: elememts that: go to moke .
up the total of the quantities: dz ‘and dH_.  The three terms in the -
brocket in (16) are nearly idemtical witﬁ thosa in (14} the. datter
equntion, hmwver, cnntnina on atilditionnl tem peoulia.r tn 1tself. o

' Lwt us exumina the ulmnta r. ;pausmted ’oy the different
torms in the parenthelis. B TR

(1) The roughnoas of tho surfa.oes i.n oantnct with the i‘luid
gives the term i o din i‘armulu (14) and tha same term ‘
Co ax _

o L L - .

in formula (15)e This roubnness, thon, alweys causes o duorua.so '.'Ln
pressure and o loss o.f.‘ enorgy whioh are equal to eaoh urthur. o :

(2) The vnri&tion in diatribution o:f‘ valmities, U, in ‘the
section, in possing from the soction at x to that at x + dx, results.
in the torm -8 in the expression for dz ond +1/2 4% in that for
dH,. The momentun chefficient O depunds, in fact, directly on the -
velocity distribution. A veristion of this’ distrlbutiun influences
the velues of dz ond dE, only ifaX varies by e quentity dx. It is -
evident thot e decrease in the cueffioiuntcn (a0 negetive). results

in & rise in the pressure’ linse, or woter: surface (de posi’tiw) end

n loss of uvnergy (dH, nugative), the lattur being, in cbsolute L
velue, one half of thu rizo in dz.. Cunversely, an mcrense in ;
(dx positive) results in'a drop in the prussure line, or woter Bur-'
foce {(ds negntiva), and increu.aa in cnergy (dH positiva)o_ >

1f the dischargu is cansta.nt (dQ - 0} thia Ansreasc in
unorgy must necesscrily bo smallor, in obs: -iute veluo, thnn ths loss
in snergy due ‘o the roughness of th
swoond principle of themodynnmies, tb,a toto.l moohunicnl dnergy ean
only dooreases - : T , o =

(3) “The incrunse or decreo,su in diaoharge dQ in the lcngth d:_.t S
givea the tom : in the formuln far dz anﬂ the same

..(o(_.,. )ﬁg

tern in thet for d.H The volue of ds or gr Wy oorrusponda to tho ‘_
_wvoristion: in: dischnrse 4Q, being positive or negotive. mording to :
jthe sisﬂ of dQ pnd the rnlative valuen of u’, .U. ﬂ-nﬂﬂ' oo

R cormidar tho oasy whan dQ 18 positive (d sohurge hm-ausa S
ingls Two oases ma.y be dia‘tinguiahedi e L

(1) u < f"c U. Tho varintion in discha.r{,o oausua a d.rop :l.n :‘55_} :

18_._-




" tha hydraulic gradient end a loss of energys In perticuler, i

. u* = 0 (the inorement of discharge dQ enters the stream with a ‘

- welooity perpendicular %o the direction of the ourrent) a loss of .
energy will always resulte . . oot B L

‘ (2) u’ “»+X U . The varistion dQ ceuses a rise in the hydreulic
 grediemt mnd an increase in energy. This inorease, moreover,. s
“campatible with the second primsiple of thermodynamios, since it is

‘csused by en additien of weter {rom outside the main streem.

. Conpsider, now, &Q nogative (discherge decressing),  Exactly =
the cppesite phenamens ocour.. In particular, 1f u* =L U (hypotheeis
‘medy, for exemple, in the cese of an open channel with.a side spill~
. way perallal to the direction of flow) there will be no change in
. emergye & B SRRSO

(4) The varistion in mesn veloofty, U, betwsun the soctions st

'z and st x + dx cguses e varigtion of pressure, dz, expressed by the

fourth turn =1 8 in the bracket in formula (14). However, the '
‘varintion-in.'mum'..wi'&city'c:‘ma"es' po change in cnergy, sincu this
torm is absent in formula (15). If the mecn veloeity inoreuses - = =
- (4u ~0), the pressurc drops (dx<0), ond if it deorceses (dU¢ 0), tho
prossuro rises (dz3>0). It'is to be noled that in o cumoruty case o

| dU con nlways: te oxpressed as‘o function of the variotion in dis- _
s churge, 4Q, ané the variation of the aruve of tho section dS. ~In the

" gmsu of & closud conduit, 45 is o funotion of the dimensions of the
. ghomnel only, whilo in on open chomnel it depends  on tho veriation
. in depth, Az, as wello 'This 'is, ‘in fact, tho only differunee be- s
" tween the twe classus of chaonnolse T DR

oo In 'emnputing{ surfoos Gurves ‘_:L‘n,_gpun_‘ohr;nhclq,‘.thq‘ang'ine‘_e:‘ e
qrdinerily considurs ‘only the Tirst and last fectors given sbovo

e (roughness of the sides and varistiom in mean velooity)s - This ussumes

o eonstont velocity distribution (det = 0) and u constont aischarge . .

(4q = 0). ‘Equation (14) thun becamws: ..

2o e a3,

A

" or, designoting by the subseript 1 the properties of section x, by

. _subsoript 2 the propurties of section x + dx, and by subsoript m o

the averege values; ond replocing differentials by finite diffor-: .

. ences:




: Z_U 2 Gy
Ax + n .,__3__ L.
L 28

This. equo.tion permits oaloulation, step by step, of any

o ;_nmnbe? of points on the‘ surface curve, beginning at'a dection where & -

the depth is kmown.* In the case of stremning rlm, this sacti‘an SR

*Note that in formula (16)-17 is: the coaffioient of momentim. - In. oo
‘deriving this formula dirgotly from Bsrnoull:.'s theorm, n.s 48 -
: usunlly done, it is fou.nd thnt 'the ooeri‘icunt by whiuh

'must be multiplied nust be equal to f"" (coofi‘ioiunt of. kimstic
snergy)s” This diffurence, which nrises from the foet thnt equntion

. (16) hos boen obtgpined by nnother than the classieal method is, how-

ever, infinitesimal, It hos béun assumed (par, S) thet % is an

7 finfini‘tesiml hunce [ ot 277 is nlso oo infinitesimnl.

' :_'_j_:.s at the downstroan end . of o run.oh, the aalculu*‘ion proooeds up- i
~streems  In the case of shootlng flow, it is nveessary to. proceed . ..
in the opposite direction, for in this' cose thu 3wtim of. lmmm

_'depth is ct. the ups'bream end of thu reach- e

The abovc equuticm ct:.n a.lso be used for. tha derte"minntim; ';.; -

Sk of the hydraulic grodienmt in ©losed ‘conduits. of - varinble saction. L

R \"Hhen the seotion is. cmmtmt. it reducas to- gle
I . | -0t =='---—--‘-}n-/--"_“ - A,X-.'

'

In genura.l, the results givan by formula (16) ara. sntis-:

b "fo.c‘hm'y, but. there. arg .numerous opscs in whiech the valuu-of dz do- e

[ ponds: principa.l}.y on the varintion in wlooity diatribution d C'C
"md tha dlseharga dQ. R T e L ‘ .

It mu.y be a.dmitted at anog’ tho.t the introduotion o!‘ o

: ':""_";.vr..riation in the Qoufficient oC. in any ealoulation is. imprn.ctienbio ] o

- since; in genirul, nothing is kmown as to its variation, Lor\.owr, :
-the flow of ‘liquids Yokes place in ‘foshiens' so diverse, fon’

i uvan se oontro.ry to what might be expaoted, that 1t would be' usoleau' :

" to ottempt & hypothesis on the subjocts The introfustion of the:

ovalue ef drl into ealsulations must. by confined to tioss easos. in

" whish it ean o.ctun.lly be moosured, In shopter II is given an uxa
- ‘cmplo of its muasureuent by means of the Pitot tube. Although it

*ig difficult to obtain quantitotive results from uquotions (14) and.

i {15) when dix' ‘45 to by oonsiderud, still those ‘wquations will give

USuful qualitr.tiw indicationa of the vurintim in v«slouit_; distri-_;:_ )

18




buti.m‘. : We will shm, for . axmnple, in the follawing purugrnph tha‘t
by means of equotion (15) it may bo proved. that flow ot sonstont
‘dischargu ie stoble,: Moreover, the presence of thy term dOC in this
oquation will smtimes acoount for anomalies observed in the flcow
_of 'a stream, by showing thut a- part of the omrg'y loas may be nttri- :
' 'buted to redintribution of vclocities. PR P St
_ L sl /_ _.
: o On 'thu other hzmd, the :Lni‘luence of a variution in dis- o
,ohu.rge can, in gemercl, be easily treated mn.thexno.tically sinte in a -
- mejority of practical ensos this voriation is'a ¥nown qunntity. In o
- “ohopter III will be given several ‘axomples uf vurying discharge, and
. it will bo shown that the results:arrived ct/from use of the ‘gemercl
- -equntions for stremm flow ho.vro baen conf:rmad by oxperimcnts oan re-
”dqu.d models. : - . ‘ :

j S 'Remm-k. Equu.tions (14) o,nd (15) can ba still more genural-‘

_ ized ‘to cover the ecse in which the increment of diachargo, dQ, enters

- the stn._om with o nommii‘omx voloeity distribution. It is. anly neces-
 sary to ruplaco u* by ~* U -whoere fI ruprusc..nts thc momant um coef-
- fleient of the increment dQ, and U _tho ecxmponant parnllul to the

o n.xis. oi' thc. moan velooi'i:y of the ixwrement.

Sveticn 7, Stabil:.'by of Volocity Distribution in a
btrua.m of Constent Lvischarga N

. ‘ Consider unifarm flaw (coarc.nt stntlm&ira) in an apen _
cn.no.l or o closed conduit (fig. 6)s For' a’short distoance, in torms
of the hydraulie radius, the influence of the roughnesu of the aides' )
can by nugloctad. Furmula (15) tnen becmncs-' . .

<

(._.;I.Sn)' CGH, e 4

Zg

. Supposo that at o’ saction,A there exists a disturbe.nce : ‘
such 0s mlgh‘t be caused, for: ‘oxomple,” by o bar geross the streem.
This disturbonce will result in ‘quite: an uneven: valocity ‘distribu-

o tiom pt section IL'a short distonce’ downstream’ from b, . It is da-
sired to lkmow whather. this’ disturbanse. will havo a tendeney. to de-
erease or . increcse in o downstream direction.,” In the first ccse the
flow will be. sta.ble, i'1 the, second’ unstuble. , By tha use. of. fomula &
: (152) "it can be shown thot the flow is stables - _Far,. since by ‘hypoth-
v esis the discharge is oonstont, 'dH, must be zero or negative, which = .
: 'requlres ‘that dal itsolf must be zoro or. mgative. Under this oundi-
 tion, the inequality of velooity distribution dowmstreom of saotion et
- II must diminish (doC«;0) or ot least remnin constant (4 = 0),.
_ ""he veloc:.ty d:....grcm .will then hf:.ve o tenﬂoncy tma.rd tmifcn-mity




a8 shom 1n figure e (suetmm ur .md rv). ' This atnbility oi‘ ﬂow

~.'is fully ounfirmed by m:perisnoe. 1t is lmown, for exampls, that

the unequnl velooitios onused in a eonﬂuit by o zudden. anlnrgmant
“of ‘oross section, & bend, & vulve, otc., oalwoys disnppoar at o
oertc.i.n diatanne from tha cgouse of' the disturbame.




L.r!.&P'I‘ER 11~
_m
STUDY oF TIE TAILRACE CHAHNEL OF A I.DH‘J'-HEAD PG"!ER PLANT

Section 1. Gunerul

: Tho purpoaa of the dro.f't tubes oi‘ lw-pruasura turbinus y y
i fer. xrw.a!‘ smirg “he kinetic enorgy of the: wnter ot the exit
‘.from the runnor 1nto putentinl unorgy. B SO USSR

,-?-- In instnllations of high speeific specd, this kinatic ‘
- enargr is Quite lnrge. -Its:recovery =ithut is, its tro.naformation
into petnntinl energy = must be sffoctod very carefully, for.the
‘energy ‘re¢ v.red is’ usud diractly by.the turbines. - An idoal droaft’

.. tube would be ono’ in'which this: rocovery: is, effected without loss

~of ‘¢nergy ond in whish tho Linctin energy at the. discha.rge ond of |
: 'tha chn.m;ul Wuuld bea: roducod to a minir-mn vv.lue of Uz corru5pond-
ing to o unifur*x volmity distributlon nnross 'thu sectla.l., 3 Ih

,-_‘_j"praoticu this ideal is novor ettaincd. ' The! runaining kinotie unargy 3
ut 't:ho outlet o.f.‘ the drnf‘t tubc has o Vuluor Uz er rvug,h ]_m’ger

'_thum g-g- s:.ncn cr"jho.s o valuu o.t‘ at lw.st l 5. ‘ Besidc,s, the Junctign

ef tho draft: ..ubus with the tailraeo is ulwo.ys ohtu'a.cteriu 1- Tae T

-"oonstruotion reasans, by o -suddun enlorgument. of wotted sections,
. anéd for thie reason thc 'V'{.lDBl’ty dlstributian at. the: upper end of:

" the toilrace is- always vury irrggular. ‘iowever, due to the stabl- ‘

~lity of flow mentioned ot +theend of the preceoding. cnepter, this

 inequality of voloeities dimimishes repidly, cod ab o relutively
" short: diztoncw from the entrance there: exists in the oanol o norma.l

distribution ‘of valoc:.tiea w:rth % cuei‘ficiem: of k:inetic energyo;,

:in tha nelghbqrhuod?'of L. : ”;3

i T Evldently*thg, flcmr :.n thu tnllra.ca ohcm.nel of o low-head
pawer plan‘t presoots a: 'typmal caso.of. morked: veriotion in Vulocity

o ‘--‘;";distribtrtﬂun. At the embrn.nce section; in consequence of the une ' .’

‘- equal velocity’ distribution, the: Klnetic onergy is relatively greut, el
“while at the exit section tho k:inatic gnergy is,. in genercl, obout -
; -..:-‘.equal to 32 In"‘o.‘ ‘way, tha cam.l cozrb:.nues the work begun by thu

‘ ‘.‘:V:K.“.,‘ s i g . : ) v
";‘érn;ft tubea of‘ roc-.rmrizxg as 1urgo a pnrt o.s pas.sible of ‘bht: kinoﬁc
energy ond. tro.nsfm‘ming 4t into potential’ eaurgy. - Ho- dirferunee ax~

L igks, in prindiple, botwoon the draft tubu ond the canal; the anly

- i-'"_&is*ineticn is tho.t tlw former is under pPessure ond the 1o.ttcr 15




e ‘ ihg. tallrucu c‘mr.ncl ofi‘ers 'the szmu problcn as the drai‘t
jtube, th:t of reec. -vcrmg kingtic energy with a minimum of luss.

 Evidemtly the recovery in tho chamcl is always very much smoller
~ ~thon in the drofé tube.  Whilo in the lotter it moy be two to throu
- meters, in the former it may be in a well-designoed channel from one.

%o two decimeters.  Since in very low-head plants. onc decihwtoer .
o Fepl‘oSuntS, nevertholess, on- opprecinble perecuntoge of tho total m..t
* heoad, it is generally worth the troubly, espuwoinlly in- hnporta.nt ‘
: 1nstallutlans, +0 study os carefully as. possible ‘the dosign of the
“teilrace channel, -For this reason the S. A. Rheindraftwerk klbbrw_c‘-
. Dogern retuined the hydroulic rusearch lvboratary of" Zurich to ncke .

-7 %tosts on reduced scale modols ‘for the purpose of obtaining the best

* design for the tailroee chonnol for the Dogern hydrovloctric plent

' on'the Rhine, now under construction. Thuse tests werc made wider
:the direction of Dr. Hy E. Gruner, consulting engincour of Bds “_, who -
u_;:.ni‘tlo.ted the project :J.nd un‘eots its mceoution. e
Section 2. Descrlpt:mﬁ”’ or the Tmlrc.oe Ch:mnal Studled
. <  J Weuuocd BcaT... liodels and of the Test Inﬁ..‘.[lcﬂ:fun R

7} ‘

Co Tho hydroeluctnc instnllution in q\mstlon muludau a dun
f“fwith g;ate.s ‘on thy' Rhine, an intcoke, o power canal about. 3.5 km 1ong,l E
o'power plant’with 3 Koplan turbings with a nurrml dischorge of: 250

Ceu. m. pc,r Boc. ‘vach, under a heod vorying botwoen 7.5 and-1l.5

B rwtcrs, e a tmlracu chlmnal rcturn:.ng thea water. £0 thu river.

This tnilrn.co ehnnnel is 150 n.etcrs lung. In pltm, its
exis is thx. ore of o eircle of 420 neters radius. Its tronsverse.
« 8uetion is o rocto.ngla “with Wldth of .79 moters ot the pcmor-houso S
..end ‘ond 100 meters ot the ‘othor ond. The determinc.ti on ef the lcmgi- L
-tudinal prof ile wr.'.s the ubjoot of the prewnt a‘tudy. ' ‘»‘ : )

Sl L .\n order to study differant deaigna or thc. tailrao:: ehn.nnal,;;
“-“‘the lnburntory built e modol to.a ‘sonielof 1:34 of part of the :

“ . powor eancl, tho powor. plant with its 3. Koplan turbines,. end’ tha i

.. %tellrosg ohamnel (figs. 7, 8, 8)s Figure 9. shews plon and- olmtim

“.of "the test insto.llu.timx. . Fran left to right are the: nupply pipo

A with rugulnting valve, o masuring welr for ddtemining_,, the dischm‘ge, e
SN O stilling pool with bafflos ond flouting plmﬁm, the nodyl proper, ... -

- oné o tonk: ropl‘oaanting he Rhine. with a gata for regulnting, ths i SRR

“'-Lhaight of tui ‘woter in thu rivur. .

SRV by cowdinatogrnph, with a J.n.rga cminge mlling on’ rnilu
3 -'__'%:-po.rallul to the oaxis of tho °an-1 tmd with o ‘smoll om‘riugo moving
. < ‘et right ongles thereto, was used to: moeswre. tho water surfose and”
- to hold the Pitot tube for measuring velooities in the ohonngl (fig.

-".g), Eu;hgr a point gugc oo Pitot tubo oould bo fo.stenad on. th@




snall cnrriugu (fig. 12)

determination -of tho pcwer duvclopud by theturbincs by nierms of cn _
eleotric brakc, the torque. buing mensured by a balmncu and the NU=
.ber of'revolutlons by tachOﬁuters (flg. 7). T s S '

7*  It muy bu ndded that tho installutiun purnittou exuct

oy Suctlrm 3. Tho Tuets :md Thelr Results

Tho uluvntlun, flguru 9, shuws thc longituulnol profllo
of dlffurent desipns of thu toilrace chonuel,  Designs I-4, leB,’
and I-C- refur to draft tubc I. und uBSlgn I1-4 tu urnft tubu II.‘

Flrst ncthuu.--ThL flrst nothod of nunsurerent b)nalStLL of oy

. determinizy tho over<all" eff1c1oncy oz butween ‘suetions ‘0 and 3
(see elovetion; fig,-9) for eech of the four designs of the teila-
‘rnce chosiicl showns. Thc vt pover was obtalncd by measuring’sinul-
tunevusly ‘the torque with thu bu :lance and the mumber of revolutien
with the tochoncterss  The gross power was obtained from the dis- @
;'churge ovur the welr, and the fallsbetween soetions O and 3. mu"surud
by means oft thu coordlnut)graph.~HW‘b quﬁulbﬂt of tha two f"vo the

. efflrlgncy 77 3. S i L g

N‘ surb urtg‘woru made’ for di"charggs C)rrespondlnL to 500,
756, o1 300 eU. . m. per. SyCe: (totnd dischrr; e of the three turl'_
”fblrus\ For gﬁch dlschkrgu Tor Goeh lonpitudinel profile the offis>
~clency 11) was obteindd ‘as a function of the water surface ‘eluvation
ot section . Oﬂly the rcuultu_Icr o dlockargu uf 755 cUe Ite are
shown. ‘Figure 10 showsicurves of vilues of M o3 Ficure ‘11 shows,
- fur cxﬂnplu, thL curve*,C w1th thc pluttud p01nts.:~ I

o Cuwp“rlsar nf thg curves’ of flgurc 10 showw tnat designs I-A,
H{I-B, oand I=C glv' uff1c1¢nc1;s a.crgclng about 0.7 purcont greator

_']:thaa design II-A. ' This purmitted clinirotion of the latter designs -
o The: efflcxenclus‘of desipn T dlffured only sllghtly fro:eoch vther,

';ﬂuWuver, th t of deslrn I-A 1s not qulte ns Luod as thOob Uu.du- ;

C SlLu.S I-E r*m. .L“c'

‘ b Zhu folluwlng nbthoh wos us»d for studylng the cct¢un of
. the tallracﬁ chunnul 1tself for dus1gns I=h nnd I-C.;; e

Sacund nethod.--Thls coqslateu of dcternlnlng tho loss of gnergyj:

".1n the tallracu channcl Detw»en soetions ‘1 gnd 3: (flgs.- and 13).

. “The position of the energy line, for any ‘profile, was cbtoined by
o plotting p01ats ﬂbove thu water surfucu rt a height corruspOnding to
' thu klnctlc berLy g : S e

't?E_‘ﬁ.




To cbtain the loss uf morgy bmoun sactimw 1 nnd 5 il m
nmoasnrya : . ¥y

(1) To ROGEUre the water uwfa.wo in the nodel ot thoae 'bwo 'j
‘awtiona. “This wos dome with the coordinatogr'upha v i

(2) To detmim with tho Pitot tube ‘i.hn velmit;,r distributions
ot ths two sestions fran which was obtal ned the coefficlent of o
kinetic energy 7' (ohn,p*:ur I, sootion 3). The volosity. diatarihuticm
ot seotion 1 is shom in Tigure l¢s  Tho volue ‘of thu coeffioiemt,n’ -
for the draft tube section Is 1.74; for tho seotion of the canol-
irmedintely below it vories botwoon 4.05 end 12,66, aocording to-ihe
depth of water in the chmmel. Tho ml@city distribu-hiou at sootlcm
Sisnml(of'-l.os).'- e _ ‘ :

- Fi"ure 15 ahm, ftr desigm I-& nnd I-C tha mm‘ed _
_ volues of /A z {differonco of surface elevaticn botwem sestions 1
and 3) osa fuzetion of mter-swfnne alovnticm &t sooticm 3- | “

St Figum 18 shmn cwrwpmdlng vu.lues ofAH (loaa s
energv be!:woun smtians 1 amd 3) detamined as: dcmr?bed- R

_ _ In thase two figuras ﬁh@ poi.nts Lor denign Tmh nre indmatad
by erossus, and those for design I-C by eireles. (It shuald be ree
noubered that the owrveos shown oo tho figures uxist enly mumontarily).
It will be soen ot onoo thot tho ucuttarmg of the points, duo to -
adsidentcl orrors of messurument, rendors impessible the doduction

of any lews - Tho principel source of urror liss in the monsurenont

of the water swrfese, which is o very dolicate oporation ‘because of
the small dimensioms to bo measured (tc o sealo of 1134, B2 s od‘

x arder of 2 m) am the inevitn.ble pulsatim o the flowing
N PR

B To avoid this mgntiw rmmlt nn nr%ﬂae wos uscd ﬂh&eh
‘mlliﬁou the offest of accidatel errare of msaswremente  This =~
ecmsists in epplying the nomontum theory, first to the mase of . mt@- o
between sostions 1 and 2 which permits caloulatimm of tho differe .
‘emto of woter lgvel bm thase ‘w0 wﬂim £.,zl, and. then ‘to thm o
| BAss bebwcn seoticns 2 and 8 which pm&ea enleulnticn of' znz. I

Details of the amums.om, which erc similar to those of chopter oo
(ee0. B) are not givem here. They leod to o rcwult axproawd by_ the
‘Wo follming tarmulm (sea ﬂg. 18): R & I

CAe nz By - Talh, = -,a.)J‘.'




T@ obtnin thu loas of mergy batm:un nwtions 1 nnd 5 ﬂ-, mm

: nwessnrys o e e o

e (1) To musura the wutez- lwfaua :lu tho model at thmu 'hro
saotions. Thia wna &anu with the coordmntographo : _f e

(2) To detemino with tha Pitot tuba tho volooity distribuhiom

gt the twe sections from which was obtel ned. the coefficient of
" Kinetis energy ~' (ohspter I, section 3)s- The’ welceity. disﬁribu’cim

" ot sostion 1'is shmn in figuro i4s Tho volue' of thy coeffinient, o -

far. the draft tube sestion. is lo74§ far tho aeotian of the ‘canal- :
wmintoly below it vories betweon 4,06 ‘mid 12,66, o.bocrding +o the

diﬂpth of water in'the ohamnsle: Tha vrglonity dis-tribution ot aa@tion B

-3 is mcml ({J’:' - 1.06)-

ca F‘.l."uro 16 shm, t‘nr dsaigna I-A u.r_\d I-vC ths muwred
vn].wu of Ag (dit‘feronoe of surfasa alevotion botween neotiom 1
¥ _u.nd 3) 08 n fumtian ef wntmuwfnw elovntim a‘t smtim &n

e R F!.gm-@ lﬁ a‘xows corraupmdlng vn.luas or&H? (loaz m’.‘
‘enarsy bst:weun uwtim 1 an.d ) &mcmmed s dmon,bed.
R 1n -t}.ose two figuroc tho poini:u fm' demign IqA are 1ndieo.‘i:ad
L 'by erossos, and those for design I-C by oireles. .{It should be, ree
. neubared thot the eurves shom on- tho figures uxist.cnly. mrmutn?ily)
It will b soen ot onou that tho: sant‘cering ‘of ‘the polnts, due to. .
ﬂwiduuthl arrars of masm'mnt. ssndore Lpossible tha, Aoduotion
“ooof ey law. The principsl sourco of orror lice in the nocgurawnt,
- of &bo mator gurfeos, which is a very delicate oporn.tiem besause ﬁ
‘tiho smnll dimensicns to be measursd (t0 a soalo’ of 1i%4, D i 01'
o x m‘dar of 2 m} ami thu imvﬂtnble pulsatiam of thu flam.ng e

S "20 mm thie mmm n'nult on. mzema was used wemh
‘ m;llifm the ‘affect of aosidemtal srrors of mui-mm. '.rhiu

" eousists in spplying the numartus thoary, £irst b0 the mass of wutes | ; f‘ ‘

~between  sontione. 1 asd 2 vhisk permite ocloniatiim ot the differs
e of. mtﬁ' 1m1 bm thuso ‘two seotions N “1' snd then %o thﬂ

©mage bubwsun seotions 2 end 8 which permits coleulotim ol &y,
- Dotails. o the mmulwkim, whioh are similor to those of ohopter 1.

" (900e B) ore nob. givan here.: They Load ﬁc a rcoult ml:pmssad by a'alan
ﬁm fanwi.ng fwmlm (sao ﬂg.e 13)# | i : e I




ln thesa I‘ormulas x

Qzl, A‘ ”,‘bha differancus in wa’turllavel butwuen anotiona
. . l=2 and 2-3 : : e

‘ hl,.hg - the ‘depths at seotions l a.nd 2 S
b1,52 , by = the averago widths of wutted sectians 1, 2, nnd. 3

ml, mz = the risc in onnnl bottcm betw«:en smtmns 1 2

- ond 2.3, - o i ‘

J(l'q s qs ‘= thu roespeotive ageffiuwnts ot‘ mmentum at the
threo sections, determined by Pitat tube muasure-
2 monts- of thy: velooi“cy distributions,

xil 4 Q- = funetions ee.sily computud from the disobargu Q,
g b; + bz) the widths blo bz, b3, cmd thu aowlurn‘hion of
o : ' °¢ Ll 3
nyg = 4 QZ ‘ grnvrty, ‘5 : :

. gzbz # Py ):

\

It muy, be remaried thet the influx,nce of the' roughnus., of the sides .
on the volues of & 2718 hery completuly nagligiblw Camputing
thc fmount of thig’ iﬁfluunna, using a volue of k w 100 for the
mcdc;l & currictive temm is obto.med of - the order of onuetenth of.
o millimater in the mcdcl, or cnu-hnlf cuntinetur in. thujrﬂoﬁﬂps. K
B v
’f ‘ In thn, applicntion oi‘ tnusv, famulas, us.; uf‘ npprux.mata o,
alues of hl and hy is sufficient. The veluws of A z 'thus cbtained

e.r.a independent of the mcidental errors duc principally, cs hos. been
#2id, to the mecsuranents of the wotar surface.  Each of the cquu--
tions (17) is nothing but the integrel of wquation: {14), chaptcr I
/in which the. 1nf1u-anca of thu ruughnass of the sidas h“s buun '
,f' neglected. : L . R S R

(Y )

: anzng compu‘tud Qz nm'i A ihe valuc ui‘ A z is ob-
tr..i'wd by cdding thuso two quo.ntities. ha rasult of hu oclculu.-
“tions is shown’ by thy two ourvys ‘of figure 15.- It is Baen that fhe
curves fit the plotted. puints very WBlla' I{ncwing A z, it is um:y
“to oampute: NE,, which is shom by the two surves of i‘igura 16a"
+ Thuse also fit ?et’y well the pointe plottud fr:m direct mensurumunt.
It s uvideat frcm un c:xmnincticn ‘of the: lut'l.u;r i’igure thet dusigx
clwdy givws a loss of ‘unergy obout 3 em ‘gructer thon design I.C;
i oormspmding to o ‘differcence in‘ovor-nll offiolency’ of o,baut O. _
. pereent. This rysult ngraes with thnt givun hy ‘tha !‘irat muthocl 1n
which th@ dixfursncc ‘wos 093 puro.m o T




5‘It; must be admitted that the af_;reement 'botwum the rusults of the
two nothods was not 8o close for the other discharges (600 end v

' 900 6u. m. per seo.) in which there was o difference in the over=

© 21l ‘efficiency of tho ordar of 0.5 porcent. This 1s due ‘to the -
foct thot the socond method tnkos asoount. only of the: phenamunn

- otouring in the tnilrnce’ ohu.nnul, while the first inoludos also
turbines and the draft tubes, The divergance of! ‘results: given ‘
by the two methods 'is e::plninod by the foot that tho form of ‘the

- chcynel ‘hos an influenes on tho efficiency of: the draft tubes, -
an influence takan into n.ocount by the i‘irst method but not by
the. sacond. S : _ ;

Dasign I-c guve the bast officianuy for o diaoho:go of -
‘756 ou. m. The othor tosts showed that: for n discharge of §00 nu. o
_me the efficiensy of desipn I-C was obout O.1 persont greater thon”
that of design I-A, while for 900 ou. m,, design I=-A gave an offi-f
' odensy 0.2 percent better than daeign 1eC.  ihen theso figures were '
applied to the manurl discharge eurve of the power plant it wos
- found thet the two dssigns had pragstically the seme average - affi=
oiensys Howevsr, since design I.C hed the advantage of much’ lowex
first cost (lass. mnvntian ond lwer aida walls), thiu wms tha éew*'_--'
aign reomen.edo \ 0y : ‘ AL : L

F;Lgura 15 shm thu.t fur deuisns I-—A o.nd I-G the watar‘ E

‘surfuce rines betwoen sections 1 ond § (4 z positive). Simse Az .

" is'the chu.ngs in potentiol onergy botweun these sections,. this ine
" erease in surfece elevetion reprusunts thet part of thu kinetis .
- energy st the entranoe to the carol which has been transformed into’

potential’ energn ‘that 1is, the "recovery® mentionsd ot the beginning

.. of the ehuptem S To s vasy Lo ‘8o how this FSOOvery. imrausea the =

pewar delivered’ by the tm'bines. A pc:aitiva walve of A& rasults

. -in a waber surfane at seotion 1 lower thun that ot ‘seotion 8, ine -

B erauing the available husﬂ msasured botwesn seations O and 1.

S Figura 17 shwa, for dasigna I-A. (moliu li.ngs) md 1aC s
; (d.otted lines ), the energy ot entranse and discharge of thu tni,.raoo
- chonnel; the loss of ezergy and the resovery, At This: figum

- nhma elenrly the wiation of mrgr 1n thp ohﬁmclo

' Smtlcn 4- Comlusim

B Aa a result of tMs s‘tudy ar an wtua}. owe. it. wos

- ‘poasi.hle ‘%o waleot, with certuinty, on esonamica) desipn for the =

 %eilrese ochamnol of a hydrooleotrio plant, Morgover, it° iy nlmrly
- shewn that this chamnsl recuvers aenerzy by tronsfaning @ pm nf
%hc ammme kim%la enwzy hzt-o potenti.al mrg-. o 7




o - The applinaticp of the theory of conservntian ,cf moman..um
: leads to equation (17), which is the ‘integration’ of egquation (14), =~
nnd whioh pemi‘ts calculation of. the vnluas of /N z and ._51-[ in o
_,‘the ehannel. “I% must be remarked that aque.tion (17) could be used
‘far this! purposa cmly baouuse of the. availaba.lity of mensurmwnts ‘
of the veloeity variation st sections 1, 2, ond 3 which permitted '
'detormination”aof the changs in thg- ooefficientOC . . As noted in~ v
‘poragraph 6 of ‘the preceding chapter,’ it- 1% poys 1bla to -introduce”
this change’ intn the culculntlons only whc,n it can be experimg.ntnlly

o d&ttrrmined. :




CIMPTER III

l_}Traﬁé"ld‘tor"'s‘inateb.. Translation ai‘ p. 36 has not buan inoludud. '
L R dousn't seum ‘to ndd munh. : e

RS

FIRST PART

URFACE CURVES FOR INCREASING DISCHARGE. WITH: Up.‘I‘ERAL
INFLOW PERPEI\DICUU.R TO TI'{E DIRECTION OF FL@I SR

Section Lo Calculatmn of tha Surface Cr..rvu for Inoraasiﬁﬁ ‘ e
DTsoharge In an Chwn Fhannsl of A.nir mtion EYETEE R

' All oi‘ tho first pa.rt oi‘ this chaptur will bu based on
tha.. follmn.np hypothuses. R ‘ : SRR

(1) The’ discharg;e imrcaaas in a downstruam direction s.mcordn””
ing tu a hcw-n la.vn \ The lateral 1ni'low thc-n is ulwaJs poaitive :
R (z) The nflaw :Ls at right angles to thu dz.reotion oi‘ flew in
thu chumwl wC). , L

(_3) For sx.mpliflcntinn, tho vurinticn in thu coufi‘iaiont oi'

mamentum, deg, will’ b¢ noglectud and o assumed oquul 'to unitye
: bnder th‘_sc ooqditiom: oqucstien (14) becamus-“ S g

(18
e ths is t}'u differential equatiun o:[' the surfu.cu OWVOO.'_..
In sec’cifm 3 o oase! will be given . in which it~ is. ‘possible to integrate
'the aqua.tion, but in most praﬂtical casus it is nocessary to cm:pute

the ourve by arithmetic. i"rwgz'aticn uging finitu differumms. For
th:.s purposes the equation (lB) may bu put in the forms: o ¢

in which (sue fig. 18)::

Az - tho hurizom.al diatanca batwuan tw oonnuoutive weu»‘.__f
tions 1 ond 2, w :

le Q.z C.ls _U, » the disohnrges and vuluoitius ut thauu soetiona, :_;, -




Sn, R,r, Um a the mrurngo velads of Wut;tuu uran, hydr aulie. rcu:lius 8

w nnd, mennivolaoity ‘botween the dootions;
k' thc ouui‘fiomnt of rugosity of. t-hu uho.nno ; in ¥

. Striokleris’ (Ho.xming'a) fomula. " TR

az - thu difi‘uronce in” ulevution of. wntur sumucu butwwn
g suetiuns 1 and 2a-. Nwo thnt if Q]_ _a- Qa corresponding,.

Lt oonstcmt d_ischo.r 8, the fumula reducua to thc S

S well-?mown r_'mula %15) with 3w e B

. e V'Ihu applicntiun of formalu (19) affux'a no,dif'i‘iculty, nro—
f'-'vi.drad thnt et 1locst ope- point .on the surfocs ourve is:kmown.. If o
dsrthy’ section ot the dommstrecm end ‘of. the ‘reach over, which tha R
; disoharge ’varias, ‘t:wo caaes mzs.y ba diatinguished- a e

SN | 1) Stremning flow d_r-wns"amam of L. o  In t;his cns«aatha wnter
‘ ‘surfncu ot .conditions oxlsting dmms*wc:m.;;.he
wetaresurfoce clevation at L~ fuz'nishaa e storting point’ for: comput-
“dngy by formula (19), thc surincu surve fTor the reanh ov ~r.lwha.ch the
dlseharga vn.rms, working frum 'L“ @atruvm. S

> :.) ‘-v'-':Shuo'hing fla.v dawnstreum oi‘ L. o “In’ this ousu cgnditionsﬁ‘_
‘\_'dmtremn of - havi'nu effeet  on the wetor. surfaco _l-'."' Tho
- section aantralling tho: depth ot L will: ‘lio’in, thot i I
. ehannelover whish the da.saha.rge vorics, Low cun’ A% bé loc teé? L
,-"_‘Vury simply = ng sham by 'Dr. Boss, by ﬂpplying utmss’ prinolple*'*
of'. lenst work in‘sueh n.way that the wnergy ;ine will. odeupy the. .= "
lowest” pOhSIle pcsit:.an. The minimum® ‘haight! of the uncrgy ling’ will
in’ ganeral, ‘be found by. assuming the‘erits icnl: depth toreeeur ot bl
CThe surfocc curva din’ that pordiof th chcn.nel oyur which the dis-— R
- €harge. voarids -moy’ then bu caléulatid erucding upstru..ma‘x If 0% nny
‘point. itiis lnpussiblc to:find, -value of . £z which will: sm.isfy
. equation(16); it is becJ.u.,p the nssm:;ticm of. ¢ri‘ti¢‘al d,dp"ch at L'
.odoes: nots give: thy lowest: pusition of" thc enargy llnu
it is ‘MoeSessAry tu. assumer criticnl dupth at LAn T
-v-reach over which the dischargc. vories, nz'a stf.z*bing point‘ anuteals
< .sulate the surfoce upstreom and downstreen frum that: point, This "‘_
"point must ‘be’ such that '.equntion (19) can - be sLtisf‘iud over the whole
. length' of the channel,” In this*wuy the surface curve cur_rcsprm(..ing
%o 'thb lwmst pcsrtion of‘ the onurgy linu con be obtainad“ U

Smtmn 2.0 nectn.ngylc:u Chasnel ut' Car.stu.nt 31"‘"‘ o wrt.h Dmohurgu‘
e mcrcms ingjawnstream in: Pruggur'tim e

i e Conaidm- o rwtn.ngul : o
o _,slgpe 1 {pige 19}, hssume thot over the. 1emg‘th 1
0 and L *hu mﬁ‘law pur unit oi‘ 1..«ngth is; cxmtr.m N




Undur these aandltlons flcw 1n uhu-channul will be fnnn left to.
right, the disohargb having o lineor voriition betwoeon: tho, vuluaaw
. zoro-et'0 und Qi at L. It is pPuposad to study. the. farm of thu :
fsurfaee ourve, O'L' of thuyﬁuter in ﬁne channel.’ :

R

o ’«“MLut d;mensions bu reﬁerrgd toa reotangu;ar systam &f 0.
ordiuctus sz,,u‘-indicatsd in the figur ' ‘At seetion_x lut'

“ﬁ7p4ﬁ?‘*the wlevution of thu channel bottcm wi
the metn. veloc:.tyJ

s ths depth, .
the depth nt sectlon EL

(20)
- Also. |
(21)

R "The 1nfluuncu of the rough_ ‘56 - ar thu sidas, which 15
v generclly smnll, is n;glacteu.‘

T (2a)

P s _ wrating cquations \20) and (21) in lagnrithmic furm nnd
dlfforuntzatzng.‘«,, :




d'l dU ‘dz, thct U*

. ey

:'.m. flz-ally ob't:u.ln, “f'bu.. 'gme s:.npllficntlnn, ‘
i tion -’f the puz':{‘.,.ce cux-ve in, tur’ms of x c.nd h:

‘ T lhlo _a:cprus.smn J..J »o't um. whlch c'm b‘, um&rmm, P He
:a'V'LI', : 11: dlscl)s.:&, the chr.ractex' : ‘ s

L ‘-'x.do
: ‘.-no* vnnl"h’fc,r un;,. i 1ue ui‘ x t'etweun ‘0 nd L3 tha+ i..a, 'i;htt
“dh ‘ i ’

_"+'L h . For x "I it., vuluo i"s 1 (h
‘ ‘t:We. ‘This ruquiru:, thmt a‘t scctiun L




‘ If 'I:he aeound duriwtivu of h with respuct to x
t...ken, ‘t:h:: foll:mmg exprusswn rusul‘hs. PRNEI

et Since ¢ i", is smn.ll th\. f:,l.rst 'te‘*'m in the bru.cm.t w:.ll bu.

lc..Ba, An nbs::lutc: valug,: thc.n 'thu sum .of the other terme. - Thpsa o
- budng n.,gatlve and’ the: fractmn bufure thu bruc.ket boing posi'ture,
'oince by, 3 2 p” O thu seuond darivntlv;: is nlmys nagative.

'i'tue sur';['...c.. cuz'vo iz corumn, mri‘th r»spuct to tho x a.xis

S Mnrewer, since the- varmtion in h is rulativaly smn.ll
in. pro.c-hcz.l Lﬂ.SGa. thu absul\rt.u value of ri h moruo.sua with %in..

creas:..lg values of x3 thnt is, '{:}}9-curva‘turéV‘__qi“,fthq--:vsurf_éccr“increris‘e,s.
' in a. dw'ns‘trem diractwn e ]: LT e e T s

¢ P

- It will now bu shmn thu.t the .:lcpa Ji‘ thu tungant u.t L'
_15 u.lwnys greatu 'tha.n thu Sl'JpL, 'ui‘ thu chaanul bstt:m. h’a hovy

whlch mequalzty, neglm‘blng tma turm in i oar only’oe sn’i:iafied
- when o S ke et "

i mhmre uhwdys'axists than, batwuun_‘*_une Lt a psint P nt which %hs
7 ;Vtr.nguzri: :Ls pu.rnllel to thu'ghannul bu'ttom.‘;_, o ' :

S «‘i-..nec., thu m..ri'a.cu ourm'must htwe,_ii‘ thu v:_wpressiox;_
1 2h3 - hksz.:2 dooe nst. vmish fe:n' a.ny vz lue of x be‘tweonlzerq c.nd
thw shape Lndiea‘ted in figuru 20. gt S _ . ‘ S




ERe S I't 1v'tc bc notud that since h ;"hk thc 1‘lcnr dowmtruu
of L will be streaming and thc water surface’ elevation L' will: bc
fized by thu conditions of 'this flw.i This is tho I‘irst cnse of

B 3 «scction by oi‘ this chapter. n

Sooend oase.--Assumn now thnt the denminator o:i‘ uquution (?6);
. will have a ro@t in the interval bctwoon zoro and 1 . For xa O, . .
" thy deneminator is pOsl‘tlvu. 'Sinve it vanishes for samo valm. of x .

“betwee.n 0 nnd‘[ » it will be nogative for lnrgur mlu‘,s of Xo_ huno.u.

__fi‘o:- X -1, we shall have 1 (hL - hk )g O t‘m’t is h 7 h'l

ddp‘th nt L vrlll bu less tha.n crltical. : ThlS ‘moans. ;Shnt downstream
el L, whero.the disohc.rg.. is. constant, ‘there will be shootlng flow,
‘es ordinarily defined in hydreulics. But if thore is shooting: Tlow
toe the right of L, the wetor surface is- i‘lxed by - conditions: upstrunm
of thet point,. The water surface will be such that thu cnergy ‘line
~in the reach O(x{l ‘will have the lowest position poss:.ble (cusa ¢ o
.2, sestion 1). Now, the. posztion of mluimmn ‘height is eviduntly thet =
- for which the eritical depth is ot L. The surface” ‘curve will have .
the shapg, indicuted in figure 2l. 'At:L, h( = hy a.nd the tmgm‘t tu
’-the curve, thuaretmully, would b‘. vcrtlcal, -sinco. for x =-‘L u.nd

By = hy the' derivative gx-‘l bec amus - inf:.mtu,.tm demmnlx.atur buing
.'}.':;'-suro.. The enly root of the deaminator admissiblc is x =1:- it 15
"'.__sa..xn that this requlrc.,s shootmg flaw duwnstranm oi‘ Lo T

Summarlzlng, therc.. hr,.. tm po.:s:blu casus-

e First,‘struammg flcw tq the rxght of L. : The surisce cuwrve oan
‘be ealeulatod up to poirt L', working upstresm. ‘At that point,
. h‘L? hk and the eemputation for the reach bg;twwn 0 and 'f_ is ma.du by

‘mctm.s oi‘ i‘ermuTa (19) workmg upstream"from L'

ueeond, shooting flrw to rlght of L, which 15 nat affectud by i
_condrtloms to the left) of that pointe The depth at L is equel to tha'

;_'crltical d»p'th and thc canq::u‘tatlons ore mnde as befon., .vorkin.g up...- ST

«strenm. S

Secta.on 3, ‘ieetangulur Chzmnel vn.th Level E&tum; Discharﬁu
T Incrgasmg m Prqyortion o thu Distmcu

i H.a.kg, i =0 in. -.,q.zatzm:z (26).. Thun thu follcmlng differun-
: t1n2 ‘equetion is obtuined for the surface curve in a level roctangue

. la.r channu- with lataral :.u.f‘lcw vrhich is oanstunt pur unrt nf lungth.




zhk sh
u»-ﬁha h,f z

Th:.s uquatinn uu.n b irrbngro:t:odo‘ Put x2 = s, so that 2:::1:: = :

Thu equation thon 'bvazoms, a.i‘tnr :;..m;:;ll.i:t‘yinga

(28)

© 7 This 1s's lincar equatiod;’ Puttmg #‘,T:’ﬁ'f‘-\'ékimr‘,e";‘u, and v
g are new varlablas, oquatian ? 28). bacumas- B A T L S
‘du‘ 3% + 1_2 hz

E (29) s u %_Ev +"

o Let u bc ehosen so thnt t"m ooaf:[‘ieiant af v w:l."l bo zuro, o
'thata.s' ' L S L RS IR I R i |
Um0y 8w w0
e gegee
Ezqﬁu‘t;.iqr_i (29) 'I:nr:n .becwc_masi:

(31) . av. 1%.2

" Equetion (30) can'bo integrated by separotion ‘of the vari- -

ClableBs o Ut e TR T T R




h = hL far x u]_ whleh giVes'

Swstituting this velue in equation (32), the wquation of
the surface curve is obt;iined::' ‘ o i b .

‘ 2
N | ht_ th znl,

o

: Thls equatlon purmits diruct camputution of'aslhédy‘painté
as. duslred on the surface curve by ussuming values ‘of h and' finding
tha corres pon&lng values of Xe ERSTRER

a.t point 0 'is:




(34)

L. Note thaﬁ: in the's eeml cnse of S hgrizontal bwttam, 'tha
shapa of ‘the curve {figa. 22 li is the seme es far a canal with sloping
bottem (fig= 20);' Tha po*nts P am‘i 0' are 1dsntioal. ‘

Section 4. Eagparimental Verifioatiss of’ Ca@uteui
~ Sur?a:e Curves Tor Imreumg_ﬁisohw&_

i

_ Te check the’ reliabili’ty ai‘ 'hha ms'thoda derivod in thw ﬂrst R
threa smtiens of this chaptar,» '_the i‘ollwing progmm wos carried outs -

: (I) Sevaral surface curves far a ree'tangulw @h.annel, in which
the lsteral sdditism to the discharga yos mede by mesns of ‘a freo
jet perpendicular to:the mm atmam, 'wara ealculated and deteminad

exparimeﬂtally.- ' S 3 S ETDERV T o .

(II) A sories oi' enpermemts “wes mde to dabm'mino ‘tha suri‘ace
curves in & modol of o rectangular escepe euna.l rad by trensverag
cancls, " The" axperimezrtally dﬂtum.uned ourws wora cmrpa.red wi‘Lh
thosc taluulntad., RN

i e

*lhu twsts with free J(}t and ‘eso8pe; channcl wore nade by Mo Brundla.

n.,si.,tu.nt at tha Hyd.mmic Rosoa.rch LnLnrat@ry of Zurich. P

(II ) Four uwi‘am ourves wore: ualculn:tud !‘clr a trnpazoidal
chernel with increesing dizcharge, cnd compared with eurves duter~
mined expunmuntally on n roduaed modc..l nt thc Polytochnic oahool
2% Broo. - ‘ :

I.. EXPEPMTS oN SUR.'F‘.&OE CURV% IH A RHITMSGULAR CM}ZEL
30 CH WIDE, WITH mm ADDITION TO THE CISCHARGE,
H.ADE BY hE&HQ OF }t; FREE JET AT RIGHT .&HGLES TO THE

MJN STREAM : o :

FEREE AN I inco it 5 duslrud to dwull a."' name lfmg‘:h ‘gn thu dasarip- :
’,tism and mlyeis of the experiments with Sho osospe shannel:(ses = . .
sute 4, Il), the pr‘zwtioal wsefulmas of whioh is heymd deubt; whila Lo
 experiments with the froe jet! represywt’ mera of & ‘thecrotionl case, -
.--emly thu primipa.l eomlunim dresm. frm tho- lwﬁ:'tar w‘lll ba givon ;

ot These free-je‘h mparimuts thud thot Q‘wmulw (13) anﬂ -
(19) give results ngruving with the faste, within the Limits of ox= e
perisentol ervers. It should bo notod ‘that this woes, bmnmn, by using
o i‘rw ja‘t., i.t wns. pwaibm to mkiai‘y rigwmly ﬁzhu oonditim nfper :

8




'pandioula.rlty of tha imraase in disnharga, L: nnmiitmn nssmwd in
: the d@rivatim of the ch“i.ﬂ. nae ‘ EORE

ESKPEI\IZ&IENT” EU.DE ON A RECTANGUL&R CMN?!EL 20 LM
-~ WIDE, ESPECIALLY BUILT ‘IN THR HYDRAULTC RE-‘
o SE..RC“ LABORATQ’RY GF ZU’RICP §

- {a ) Descrigtion of th.a Tast tmtallation., w

T 1gure 24 is a photoe;raph shcwing a.'gensral view or the :f;' _
. mstallationa F;gure 23 shows w plm and longitudinal’ and tramsvame
'secticns. ‘ Jha inatallatzon conaists, suctaﬁsivuly, ui'..

Ll} A ge.uga box with e calibra“ad wei.r i‘ed by o p;pe wi‘ch e
: regulat ng- Val‘ve. R et

(a) A stilling pool.

‘ (.'5‘ A cnnal m‘t.l" glasv sides, 102 7 cm wi de, 60 cn dwp, and
10.26 m long. The cross section cf' this canal is divided inte’ two .
perts.: ‘The first part is' & model of an- open cunnl’ 20 em wida. and “
30 em- ﬁeap, with bottom horizontale’ Thu second part, 73.7 cm by -
60 cm, sarves cnly to comtein a series’ ui‘ cight smnll 'Lro.nsverse :

- canels 12 em by 30 cm in‘oress: sectlon a.ml 62 om: 1011L, numbered -

" from 1 o VIII. Thes: small canals have nfes horizostal and: pnr-'

- pendicular to that of the moin cansl, 20 cm-wide, into which they
‘empty. The water fram the. feod. cunal, 73.7 em by 60-.om, paesea . :

© Tirst +hrcsugh risers 12 ¢m by 20,7 em,. supu.ratud from the transversa

 canels by nerated weirs, mthm:t ond contructima,‘ zmd with crosta
all at the some elcvation. : e : ;

R Thc 20 em cs.\.nu.l upresents, 1'}'1@11ﬂ thu uppax‘ po.rt of tha
o teilreco connl of o hydroelectric plent, into whish ‘eight’ drn..!‘t
‘hu'bes discha.rge n’c rlgrt zmgles ,ta tha directmn of - f.‘lcm.n-w

: e neadle dum plnced at 'i:hc dwnstrsrm and of the- r-nm nanal
'Junuts rogulation of ‘the depth ot which' thu wnt.:'f flaws. A :
7 sweond noedle dam, ploeed at the upper snd of the channel, por-. - -

m::l:s i:ztraduatmn ef . ur-y dusired d:.schn‘ gu nt the upstreum en.d.. —

: A ccordinntngmph, prwided with a; poixz‘t ga\:gc, ser‘wa 'im
maasure wa.tar vut-facea during thb tﬂﬁt&n

(8) A raueiving 'cmk into wh..ch thu c.mml disehm-g%, Mptigm
by & diSChnE'gg pipe. e kR | BRI




‘ .(b) Methods nnr‘ Resu‘ts of.‘ 'L'eata.

o J. Th.e first puxt of the axpes"iments oomiated in dator- g _
_ nininb tna coufficiont of 'Pugosity k of the sides of tha nodol ‘tall~ _; .
' rece channely Far: ‘this the eight tr:msvurse canals  wara wo.llod of'f:
and the'upper naedle dom-left wido open so that tho antiry. dischmgc
over the moasuring welr. puased through the main channel, . the dupth
of flow being regulated by meons of ths lower noedloes.. .For ooghis .-
condition of flow studied ths surfeds curvo was dotermined by locote T
“ing, with the cnnrdinatogrnph, ‘points on tho water. surface st five s
cross seotions, -equidistont slong. the canals Fram tho surve thus:
" determined, the slopo of the ‘onorgy line wns found whieh pemitted ;
obtuining the volue of:tho. coefficient k 41 Strieklert's (Manning s)
furr.uln., tho dischnrgc baing imcbm i‘rem tha wcir measurmurﬂf:. : -

: _ In this wuy cight vnluca of 1: for dischnrges of 55. 10 15,
: n.nd 20 dn _por. 5604 weru ebtainod, “%wo for each discharga. 'I‘ho valuos
‘of k varmd fr:em 100 to 110 with an uvarngu m].uo oi‘ 1050 S

SRR 2. 'l‘ha w«_ir of - tremsvarse cunn.l N0 ‘VIII wasg them cali- i

N brn.;eﬁ.. Wator was: ‘allovcd to flow through thia cannl, the a’chers _
: x-em;uining cloaud, the needle dam ot the, upnor od of the" medn: ehmel
~algo being closvd.’ In this way thg woir was ' ealibritod for five .

e ‘dischurgos of 1,2, 3, 4, and 5 am pcr gec, For ench disc}wrge. SRR
. which wos moessared very precisely by theo. cnlibrated wolr in'the gauge -
box, the waterss urfacy clevotion in tho ris ex‘ ahuwd of - the weir wos Co
- detercinod by means of tho coordmutog;roph. ‘Tho onlibrution curve.
detormined. by the five points: 4lus obtained is' valid Tar' the othur
-seven wairs, t.haso ‘buing :Ld.ém ienl) ﬂ’ith thu ono cui’bra.tod. S ‘

- 3. A serias oi‘ emperi...crrts was then mde w:‘.th a sir.glo ‘
transvarm, canals Louving the installation in thoe conditicn described, |
‘tho moin feod “rulve was Tirst opened until the'dischorge was 10.5-oue . .
dm per sec. Tho upetrean nvedle dem was thon openod until the wn.‘tex' ‘
swrioce. alevutim in the riser” ahaud of wair ‘no. VIIT correspendod

. toe discharge of: O.-E ou. dn’ por nGCc, which wos alsu, of course, tho

; .discne.rge through t"w trmaverau cannle The. diacho.r(;o in the moedn
eanul was therofers 10,5 = 0.5 = oue ém per. SuBe . Thue thure misted ‘
o stendy fiav inthe mein’ chonmol of 10 cu. dm’ per suc. boluw the

cmmh _ By ‘moons - of - thn noudla dnm at thu dmstrown om! the dspth of




For .uach stage the difforanco of ‘elevotion of the water surfcpe, ‘Az. :

ebove and below transvurss cunal VIII was, _moasurod, This was: dong -

by mco.suring, vory preni.,uly the water surf.‘u.ca ‘slevation ot two cross _
soctions; one 33.5 om upstresm of the u.xis ‘of "the 'tro.mversa congl

Lotnd one 8645 em downstroam of the. w:is. ‘I‘he dii‘feroncaiof the uver-
":_L‘EBE ut co.ah section gnve t.\ Ze .

E Ne:xt tho sane opero.t:lons weoro rcvpeo.ted lao.w.ng Q at 10
_ “‘cu. dr per sen., but mnlcin[; Qo suscessively equnl to 10, 11 12 1..‘5
©,14, ond -15 ou.’ dm per . sgo., aur“asponding to vnluas oi‘ &Q equnl to
. 0 0.1, O.d. 003 0-’4 .':Lnd 0.5-" . 1 P : v
: Tha resu:t of r.ll ‘thasu non.suram ~:1ts i,, givcm by i‘igure 26
Vin- Nh:.ch are plo‘ctud os obseissa the volues of ‘h measurod ot the
‘.,uc‘tion uprtrcmn of canpl VI.LI (_.ef:.nod. u.b:nro, and as’ nrd:.nu.te.. ‘the

L «cocrraupow. ing. “velues of INZe The points. ot the cisters of the .mnl“l

: clrclus c.::u:l trian{:,leo s‘mw thn rasults uf the mensurermnta.;

. : A.‘["bur thls experimurrt;s were. nnda i‘or o, study o:f‘ the e
.:urfa.ce curvu in a rsctm[,ular chaimel . with inrrar.min& d:.s,.hu.:-g,e. v,

- For this all thu transverss éancls worc o-ered, tho noudle dun ot the:

. upper ond ‘of the main channel 'bl“'h‘tly ueuled, ark]” thot ot thu lower:

* end removeds | Under this condition the ertirg’ ‘disehar o passed”
the. aight weirs - in the tronsvorse clmnnelb, onc-ui;,h'th of thy. ﬁ:.atnl

~'passing ovor: ooch weir (in consequunec of the low veloeity in'the 78. 7- ‘
S em by 60-c: chamiel, the woter Sllrfﬂ.CL. ir, z..ll thu risurs o.bcve tho o
Wolrb s'bood a‘t tna sc..nu ulc.vc.t:.on). BERY L

: L Thoru W0E' t‘mu ubtuzno'l in the no.in n.nal o f‘lm— ccrros-»-
pUI‘d:.n{‘ 4o the. cuso in which cight. turbi.ms discharpe oqual quu,n'hi-» S
“ties of water per w unit of timo.  The surfuca cCurves cs:rruspmding to. J :

: ‘lechm‘gcs o 5,710, 15,.and. 20 ou. dm par sec. .w..ru LH: ubtained by

L:"Lsurin[' with' tic coordinato;-raph point " guugo‘ ;

- surfnces at severnl sootions of the main: conal,’ 'tib.king three points L

ot ench seetion; but also tho .'m:tur surface ot thrioe. ‘points on the.

Caxls of ‘coch: tra.n.sverse canal, . Fig;ure 275. Bhows, - 1:1 ‘plun, tho lwa-— i

‘tion of poirts for: detormining tho water surfoses,  In fifure 27b ero:

| plott(,d 65 snall cireles, the overnge of the, points et each: sautlon :

“oin the mein cunel and;  as horlza'rbal :l...shes, thu o.v\:re. rgof ""he pointé
~'in the transverse eunols. 'Figure 25 shows ‘o view ol the ruaon be‘twesen
‘._:ca.n is V. s.md VIII for a dischar{_;o of 10 cu dm por: S-Bc. '

(e ) Dlscussion o thc rosu..ts of the mgerineutsa.;., :
o Their cmpu,nson vith thade r'iven chmﬁutatim,

o . : The value X B 105 obto.imd f‘cxr t}w coeff:l.ciumt in R
- .‘,_Stric?lwr‘“ furmuln is ‘jrcry. lg;rgcg_ This :Ls nut: .surprzi.asinqg,él sime Qne _'




"'side of tha oml was of gllus aml the rout o.t‘ the wcrttad seotian had
a smooth soeting of amnt mmm' &sea tramvurae awtim, fig. 25}»

2. No rme.rk:a Bra masessary m tha ae..a.bratiun nf 'the
.".weirs inthe tranzv:arse uanaibsg-_wm N S R

e 5.- By tha e.:l.d af fu'muln (19), uaing ¥ = lOb, bevoral
poin*s m the curvo A 2o i‘(h} were cgleulatod: faor Q = 10 0u ;E_m”f.

pen sco., ond far. B8 ogual to o, o.os,.o.m 0,20, o,so o.w,
Q1 7

;1’0.00. ;'-Thase ourvas are plai:‘hod with datted linca in f.‘igure 26, which L
also. shows, by full linss, oarresponding ourves noglestiug the. si‘fecti
uf friotion (k=<0 ) in formule (19). 'Tho cemparisen of these. - - - -
Surves with tho pl otted poir:ta de«t@rmimd uxpgrimmtany suggmts tha
folluwmgrmmrka"" w ST
sy ‘(sf)-‘ for é.ﬂ_'- 0, tho' w:parimmx‘ba.l poixrbs 146 within. "he limits.“' .
) R Ql of ea:perimantal error, L3 the dutﬁeﬂ CUEFOs v

-':\(\b} ; r_qr %3- = 0.05 end 0,10, the mpm’imen'bnl poin‘ta e |
: R betwwn "*hc cur*ms Loz k =105 md k= 09 &

: (o) fm- _,.9;. n o,zs a 50, and- o.eo the azpuri.-nmal pomts |
S e, w‘thm the limits of mcrimﬁn“'ﬁl err&',._
ooem thu enrw fm" = 00 S .“{ St

':,(d) f‘or ‘QQ = 0.,50 the "parimntal pgizsts 1ie snnsistun‘tly
v Ql_l o bulow ’tho ﬁzll—lm«: ourva. _Qj . ‘

‘ " Ir. a generul wny 'hhan, 1t ma,y ‘ba nmm ‘%ha't t&m 'la.rg@? tm
' ratio 3%_@_ the i‘--.r'bhnr the: exparimnta, puin‘cs ere re«mwm! fram the
- g
) &mhted curves, k = 105. rlaw, ‘theey latter surves m.ght to owraspm&
. exestly. to the mzparimento.. reculige CHow any the di mrgemsa B @t
pleincd? The . explanation s simple j‘.{'ra.nswsrsa ‘eanal ne, VIII which
supplies. the ‘iperement in discharge LO.Q ia exmtly parpendmuw %o
1 the main canals Bub, ‘by ‘observing enrei‘ully the ‘flew-lines in the:

7 first ennal, when they ressh the. sesond it will be socon that they surve
"-1-‘311@&3&71};', ewsral degroes, : An the. dﬂf&;ﬁtim ‘of :{'lmv af" tha mm steenn
‘a5 if they wers ‘influeneed by the latter 'bei‘m'e erriving at tho thee-
s retical point of diseharges Op this meam‘tg the’ disehwg‘ : m:.'@am%
 does not take plave with o amm 1* equal ¢o zera, os cecumed in
/ weuation (19) ond ‘as wes eetuelly the onse in the ‘anperinents with
7. 4¢he froc et {(see cbove,’ 1} but, on the eentrary, with o smell pos#.’%ive

' valug of this cempunsnts By imspestien of egua.tﬁ.cm {14), from whieh
‘eguations (18) mnd (3.9) are’ dﬁrive:d, 4% 43 seen thet %o taka mawxxt
of ‘hhin @mﬁiﬁim i‘kz ..s mcmaamy o mlﬁ;igly tha tem_ T

~'¢i‘>:._;- it




 Qf = @® by tho sceffistent (1 - ).
then obtaixmod° RS

o

Uz

(19n) E ‘A’ -+ . (1 }
B RN Rm% & ;J.gj Um [ ?g " -

e

| which wou.ld giw. smaller nbaoluto vulues of A 2, .simu u* oxid v,
baing nositivo, 'the coefrioient (1 . ) i& less tho.n unom Theao

‘ = Tm,, than, is '!:.hu uxplamtion ai‘ the divorgunco ’botwoou '
'the axperments and equation (19). "Samo. pre.a'tm;.l d:somt:.om moy
now be, mfxdo. 1% hna ‘bem obsarved that fcr &Q‘ = 0_2‘ 0'3 und 0_4'

thu ,xporixwmml points 1iv.,, within thc liri‘hs of exporimuntnl arror,
-on the ewrves computed fros: nqun'tian {19) usizg X = 20~ This .is .
‘to sa} thm; undar the _m:permontnl conditians whun thu rntio Ag 1195
'bu"cw.sun 0.2, and 0.4, the errur duu 0 the. ‘ussumption that the dirm:.» |
'tlon of flow of ‘the, ‘insrenant’ of d:.achargc is parpendmulaz' to that

.of 4tho main s-tmam. is mmctly campunsatud frx 'o:,r *the :Lni‘luwae c:f
fi.otiun._;g;_ , Fpt _ Do ,

o In the gemral or.usc, it is ev:uiont ‘that tho. two ei‘foc'ts

i mnntionm cbove, nonpcrpundicula.nty of tho inflouwiig stroam ond”
roughncss of the sides, would net’ uxactly a:ampcnsntc, s’ hnppone& in. ‘—‘.:

- some of the experiments. But it may be romarked that trese two
effects.urs small and that they nlwayu opposa ‘eneh others It muy ba

" 'sqid, then, that by using ‘oquation (19),; without the. £irst torm -

(k = 0O ) for the computation of the changy of- elavation Az, cauaed .
i e tailrace chommel by the. di:mhn.rge .af n’oonal pe;rpumilcular ‘hlwrc«a-
to, Ea rosult will be obtaimd which: xvrill, in pra.ctmu, be satiafan-
tory. e.nd A whi.cn the crrcr will cer‘ta nl‘ ' he within fivo uercmrt,

S Rmarks. Tha queation m_ig;ht ‘baa rné,scd as to whothor th:e' :
" results ab'%' Tried might- be cuused by thoe Qistribution of velositios .
ir the trm:svarse ocnel at the point w’wm it discharges intc the
-meie soncls  In order to ascertain whother this might bu true, obe
" “struetions wery plased in the “4ronsverse canal in aush. o wiy.ns

very moarkedly this distributien, and, othor conditions remsining
the sane, vc.luea of A g wara mmur@ﬂ. le results shwmd thss.t ﬂ, _




1‘.‘

‘wa.s absolutuly indapondont of the valmity &htribu‘tim in thu tx'tum-i
‘_vursecaml._ S : R o R
- 4l To cm:rputc tho sw!‘nea ourves’ t‘oz' tho axpur:l.mm%s :!.n ‘

;-whieh nll eigh't conals wero dischorging, use m mide of famuln A
(B3'), developed in seotion 3 of this chopter. This formulo nuglmt:a'; :
-~ the :Ln.f‘luunce of i‘rictiun, a;:md. it hog just boon ahcwm obave (3) thot _
'this' influense, in the problem in hend, is mors o= lesc eomemaﬁed
for by the na::pm'ponﬁiculn.rity of the flow lines nf ‘!:Im dischorge . -
‘. incraments to those of ths moin chennels Fermula (33%) essumes, ‘nlsc,
" thet the laotorsl imsroncnt is uniformly distriduted pleng the ressh

"over which the discharge varies. This hypcthesis 34 ndzdssibls, 'b@ing -

- ‘annlogous to that mnde in strangth of motorinls when it is oesumed’
 thot o beam subjested to flexure is uwniformly londed, while in the
~majority-of pructicul casos the load is,, in ran.li 8 aamantratud»’af:
‘,po:.n't.s ulese togethor.: T e N {/

The four suri‘wa cu.rvas, cmut:eﬁ by i‘armlu (33'1, are
shown in i‘iguro 27be Tt 38 seen thot they ccrrespond very well with

" the results of mensurement shovm by tho plotted points exeopt, pere .

~_haps, in the vicinity of tronsverse ‘canaly’ Vil-ond VIIX where lovael

surfuce disturbontes. exist, gffeet of hivh @an avidavxtly nok. ba m-
_cludcd in ocmputu.tians. L

ma ,vntar suri'uees in the tr'nmversa cans.ls (ahmn by haria : " g

» son‘t._l dnshes in figure 27b) are, in’ g,anarul, ot %hoe stme aleim‘t:‘.ssm

o8 the sorr e%pnndlng points on the uurfane ourves . Thore is, nover- -

‘ '-'l:heless, 9.11 emeption to this. rule’ in tho oase of conala YIiI ond VIII_

' wherse they cre. o.little highar.". ‘hig 18 2lso’ due’ to lwul dia'?m'- '
o banecsapmdmoﬁ by bhe strong nwrent 1:1 'thnt aonm

Smunm'inng, :.’c is seon that un.der tiw ecmiitimw af tl’m

' rvaxpariment formula (33') gives axoet resulta, to within o foa pm‘- a
-oent, the influente of losol disturbonee duwe to the relatively high'

. velooities avidemtly nlweys. boing neglootods 'In o .acmorote ocaso, 48
the . : ebove remarks (3) om the subjest of. friotion ond’ ncmperpendicum

;_J.ari‘ty bo resalled, it may bo said thet formula (33') will give, when =

“upplied to'the 'bo.ilrmo e:i‘“a pmrer plmf., msul’;‘;m amuro:hc 'ﬁ:o at lmt'
-_,fi‘iveperccnt. e g A RN P :

;._-1;1. , memmq OF, FOUR um@u'mn sxmmcs cuRvES Fm

% A TRAPEZOIDAL CHANNEL WITH INCREASING DISCHARGE -

'ﬁuﬁ mams MADE ON A REDUCED MODEL AT THE
. BREO mmmw o

.\«-

S o Prcfa‘sar Sm‘cek m 'tha labm‘utary of tha palytmhnic
e schoui ‘ot Brno, made a atudy of the apillway chonnel of Tieton dm,_
in the stm;e of Wo.shingtun, cm w noéol an lt50 aeale. ‘l‘hu roault uf




n&timl de Nwigatim, an 193

o :thig ﬁ-,udy was. publishaﬁ .'ui "Cm?t.aa ran&ua du m Cmgr%s mtcr-

1.. i

'*'._'["Rn.pport de msu Smroek et smctana, Ha. 65 lera swtim, Sm-o
o munisa:hiona o ’ i

S Gn pl&to II @f tha.t publicsl;iun ara ahm lungitudiml
P ami trans-mrsa sedotions of the channgl as: wom. a8 surfude Surves
- for model diseharges of 48.05, 84.07, 80 02, 11110 cue dm. pm‘ 800,
..-Figuroa 10 and 712 of that' plu.te are: reprudmed here, i‘:igura 28e It
48 seem that’in this design the ohannel reveives the. ﬁachm"go from
. siz epillwsy gutes. 'The water: enbors a.lmeat at ri.gm'. mnglms ta thw
: dirmtion d‘ rlcm in the chanm'sla R

The f‘our surfaw ouwrves haw: baen tmputoﬁ, bagiming wii’.h

the results of. ‘the experimmss.‘ This ‘wag dm_ &g follawss

(1) That pm ui‘ thg caha.mel War which thc:_.dimchn.rge vs.ries
' .was i‘irs‘t ‘divided :Lnto aix equal pa.rts Az, oe&*raspmziin,g; to tlw
- 8.1.3( ga'tesa S : s

© o (2) West, the latersl imrcmsn:‘t m'aisuharge fcrﬁemh w; the
_8ix sectors wes determineds Foar flows of 48.05 apd 53,07 ou. dm

© Uper sec. it was essumed that the gste discherge was not | Anflugmesd

by the wator in the chennel, which'is sguivalsnt to ussming Hha :i::!w

'dischargc of all six seoters ip equal, “For the. Tlow of BO.U2 sus dm,

. por ses. it was assumed that the surfesc ouwrve affestod the dischergs
. of the first thres ga‘hea, _snd fos th@ flm‘of 11 1.1(.9 St Om per mm
© it was’ assumd that five of. ths sﬁ.x 5&%-9 @981_-!1@8 wore pﬂﬁ:iﬁ"y hh

‘submerged. - In the twe iattor coses, ‘then, thers existed mequnl cﬂian- S

- oherges. througn +he differeut sectors. . The disnhm-gas wm"s cww&aﬁ
by HBsNs of tha z"arm.ala for: aubmgrg@d imim. e

. (3) Em, tl‘m critiealgdzsp‘tha ot ﬂmtim El‘nt ti‘m dqmwtz'm Jx
 ond of the section over whissh the tiiwharga'wiem,wura umxpu%o& fw
: each diaehmrgeo T L :

{4) The Wa‘ha!‘-surfﬁﬁe sl@vntinm thns @btaimd wrmd g s‘tm‘t- :
ing puints far the namputmtim of the surfase curves, using. formuls .
{18) with k¥ = co- ‘It would: have been, in fsct, 4iffisult to imtro-
duce the effgct o;t‘ frictim, the roughness of the sides baing Wmm
Moresver, this effest: :slmruld An thie sasu.be pmmny wﬁmateﬁ

o fert sdnes the whsa.m:\el has o very steep slope, a’bmt lﬂ peroent, whish . .

. glwes to.the inflew o slight welooity. eompamant, U’ An. the direetica .
of low i.n the e:hannelp The effevt of thia am@man‘t, a8 in ths . case.
“ef the toilracs, 1s to decresse the mbsclute valus of tho. setsnd term

" of egustion {19). ‘For emc*t ﬁ'awl'hs,, ‘pssuming the volue of k. $o be.
“Jmm, the ei‘feet of U “sould be. mluﬂeﬁ, by wso, of fwmla. (le),‘




but tha rasulta would certaiuly diﬂ‘ur voryﬂzittle frm i:hase
;;'.'.abtmnsd. i S e : L S =%_ P
R Eqmtion (19) wea: them npplma swcessivuly, fwr tim“'
: __'.uaing k = 00, ‘working. upstreems There were thus. ebtained seven
:_.points for emh awfamn aurva. Thﬁas curms a.ru shwn"m figuru 28.
O T 18 seen that the a.sreamnt bw’awoen tlw cmputaﬂn,nd m.

: perimental curvau is g@oda

Swtian 5. f‘mmluaim - Fiz'st Pa.r-‘- of Chaptm'

The sevara.l axpwimenbs givﬁn omi':!.rm tlw thwx‘aﬁcal oone

sidafatim developed. in ¢the first: three setticns of this: ahagatm'- gt
. “Whsn the. latersl iperement is axw‘tly perpendieulsr t0 ths’ prinsipa)
‘- murrent, the’ equations astablishad ere-exect (osse of infiow by Jm).

. In the cage of o- spillway or a teilrase it ‘has been. shoan that pcr-
“['pandicularity does not exist, but that the errer “involved in'the
- esstaption is prmtisally oazpensotod fw if friction be mglwteds :
. In'this way resulte are obtainad in wh:lch the errox' &om not excced
"five paroant.l R G e

S : Finally, it ahould be Mﬁ thﬂt if the in:t‘lm '?alla e Gmo
siderable distance, tha mein 5trwm could nmtain & lnrge p@raantage

of air, of which the ‘samputotions. avidontly take no dosounts ‘In i:hi.sw

.. eome:the formulae and omnluliom develaped in this ohnptar w:i.ll oot
& apply wi'tb thc; uume axnctnese. O i

SURFACE GURVES FOR DEREA.SWG DISCHAEGE, WITH mm
- SPILL WHOSE VELOCITY: cmwm I¥ THE:DIRECTION OF
FLG'! OF TEE MAIN STREAM IS’ ABS&IED EQUAL TO THE"«
HE&E VELOCETY @‘ THET STRM

Tb.s rollwing asamtiom '5.11 be ms»det

{1} The éiachu-go @mremes ine dwmstwm d:b'eat:om (ﬁ@éﬂ)e L
. This decresse tekes plwa nocording, ta & imawn lw (fw exmm,- mz%- ‘
_i‘lw over e side wair\ S \ _ it

(2 ) .A.t t!w pom &‘ i:he orows aoot...en u.t, whioh tm watw lﬂaws
tha ahmal t@ flcm over thu uwa mir tha wlwi%sr ampmm_ U ke




- pnr&llal tc tho direotim ui‘ t.ha nain stroam ia eq\ml to ths mm
! velaoity 'if of thu.t atranm. o , :

> (:5) 'l’ho vnrmtion ﬁu of the mmner.‘bm coai‘rioiem will ba neg—“” .-:
Lluated tmd for. simplioity, cr. will bu tm&umd oqun.l i:o \mity, a = 1.

U;ndax' theec oonditim, oquntian (1&) becmss

‘, a.nd :Lf this be plw@d in the i'orm i‘car :{'.‘mitu differmmp wa abtain,
using the noto.tiuns of parng;raph L fm' aquutiun (19) (sua fig. 29)

'\t"'Prci‘essor Engals ha.s dorived, purely by expdrimexrt, thu f‘qrmula
e Az = 10087 ""’-2‘“""" (uittoilu.ngen e.us dm Dresdemsr Flussbau»

I..z:.bt:xra‘t‘.t:ai:':1.1.131;i Heﬂ; 200° et 201 Berlin V.D.I. 1917). Thlﬁ i‘ormul&

- ecorrusponds to equatim (36) if fricticn is’ nagleotad and the suoond

“term modified by o coeffiolent (X = 1,087, 'I¢ ‘may theresi"am be sald
that the axperiments of Engpls uoni‘lrm 'tho equn.tian.‘

: "I‘his equa.tion ha.s tha 5 ame i‘orm as. aqmtian (16) usad in
: tha ealoulo:ticn of surfoce curves for ‘eanstont’ disohm"ge. ; ’Ihnra uistu
:nevartheless, an. ‘ezentinl differense betwoen thugse two equatims.

. “While in equetien. (16) tho in.uan velmi‘tias U:,_ and u2 satisfy the. :;qug"-
o ticn oi‘ umtinuity it :

UzSz - 3101 = 0.
in uqug.thn (36) they muut su‘tiafy tha rclaticm
5282 - Ulsl ‘3' AQo

Ii‘ Hl and Hg be tlw h@ads on the dischm'ge weixf at smtim
. 1 a.nd 2, Hm the ‘meon haad butween these soctions , ‘?J’ aoafi‘ioiem da- :

G pondmt on i;he type of mair t}w discho.rge. Py rq my be eatpreawu ase




Ll The threu oquutions (56), (3:). and j‘(SB) pmit cn oula:&:im,.
"--by fmite differmas. of the suri‘uee eurvea, sta,rting i‘rcm n lmmm
-pa:mt. : L ‘ ‘ I

Tha mathod ui' proeadm-e 1.:3 68 follmz Asaum as imm all

the «quontities affeoting flow ot poimt Py (81, Ry, Qe Ui, H) end
" that it is desired to. £ind these’ Quﬁn'titiea at. point P ..;,:;-Mmma

fisgt ‘an arbitrary valuo of  Ave, from which Sos R% Zond cmem
1y sm, Ry, oxd Hy ocan. be determinad. ',‘“Equatio.n (38) will then Biwa

A Q, and substitubing its volus in (37), Up will by cbtoineds Al -
,

‘the torms in tho scocond member of aquv.tiﬁn 36) are then knwm, whieh

‘permits ooloulotion of L\ zo If the wvaluy found egrevus with that ez~
“sumad,; the nalculatlun is finighed, if not it will bo nmeasm'y t@ :

sm:atinuu um.il the two vnluus ngrae.

Use of fox‘mulna (ss) (87), n.nﬂ (se) oi‘fers ne difrs.uumr.

a5 far 'the surfaes ourvus for deorensing: diecharge, two ouses may be
_distingui&had and there :should be repestod hero, ward for wwd, wba:t
e said a't: 't;hu ond a:r pnrngraph (sunticn) 1 nf this ehﬂp‘tws S

.




cx-.r.mm IV
I. ',l‘he mintiom af prosuura dz n% n.nd tho loau or

“unergy dH betman two udjment soctim of a. atable strenm (:souro.nt
liquidc utatimnire) ory givnn by the two gmrnl equntim b

(14) @z = & .,

(15) dH __Uz r

L 1r, in these farmulos, the meter, tha ton, and. +he second by

'n.dOp‘ued a8 units, dz'reprosents the voriation in pressurog @t -
© prussed in mgtgrs of water (m)s dp %ho some veriation, but axe
- pressed as t/m°; IT the unit waight of the woter: (t/mé); dx the
‘distance butwesn two sections (m); U the mean velocity ot o see-
tion (m/sws); AU the. chonge in- this velooity from mna socticn to -
the other (m/sec); Q the diseharge at o sotieon (= /zec
the change in discharge from ano section to the other: (mg/aec);
- u* ¢he ompmnt pcralln,l to the main stram, of the velooity of
arrival or departure .of the exterior increment dQ(m/aoch ac the
" mementum coofficiont at o oross- swticm {pure’ number), dX the
changy in this coofficient from one section to another; R the. .
hydroulio: ro.dius et one section (m); Blthe accelernt:lon ~of- gravity
Am/eec2); k thy cocfficient, dependent m the ro},%hnesa of the
sidos of the chemnel, in Strickler's formula (m /suc). _

Il.. f These equntions ahavr thut "b!m vn.riatian in prcswrs
d.-. is proportional to. the sguare. of tha Tean velouity U unddapands '
on tho four i‘ollcwing co.uses._“ o hn o

(1) Ruughnass of thu sidon (k),'f‘f

: (2) Vm'mtion d(.'( i‘rom ong’ section to the next or the ferm . o iy
or the veloca.ty dio.grm, =

( J Vuric.tion in discharg-.: dQ,

.
e

(4) V..xriation in mosn velocity d i




VIII. Proﬁ‘esaor Smroek, at the Pc.,ytuchnie School ot Brao,
made experinunts on o steocply slopod tro.puzoidul channel with latersl
inflow ot right. mgleu to the ourrent. Beginning with thess nxpori- :
nonts, surface ourves have bosn camputed by neas of formulu {19).

The ugrement of oo.lnulo.bion nnd axperimant is EOQdo

e Finully, oqu..tirm (14) ullaws derivn.tim oi‘.u fomuln
for finito differemes faor use in eslisulating surfose ewrves in apon
ohonnels with lateral outflow, oi‘ whieh the velooity omnponant,

parallal to the dimcticn of the ohnrmel is equnl to tha meon velmi‘hy
:Lnthe aham'ml. D : Lh PN

. (368) -A Lo+ um““ . '":"A :t_‘+'U-2” i IO E N

In this £ ormalo notn:t:ions n.r-:v‘ ‘the scme 0§ f‘ar' equa.tim (19). Expsri-
munts by Proi'uasor Enguls 1n 1917 confirm the vn.lidity of equntion '
(36). = : e _ pR S SRR ; DR S

Zurich, .'_Septeanber 14, 1932.
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SECTION.I

"".""L‘:.“r
) 2

3&” -2

3

OEFTH, CENTIMETEAS

o Toste mmn :)f oburvnwms af surfaco ut
. each crass sectlon o w7
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