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CONTRIbI~ION TO THE STUDY OF FLOWING V&'AT~R 

By H ~  F4VRE 

~RODUCTION 

, To solve by oo~putation the oc~re~e problem# whloh are 
presented in the dc~ai~ of hydraullos,, the engineer has available 
two distinct groups of theories. The first o f  these i S  h y d r o -  ..... 

dynamics, which see~s todetermine the mechanlsm ef movement o~ the 
water.to the last de,all by .follc~Ing each .liquid partlole, The 
seoond is hydraulios, Hpdr~ulies.-in order to simpllf~ the diffl- 
oulty of the problem, oonsiders only the motion of the mass as 
whole without troublin~ about the %raJeotories of the different 
l~r~iclee of w~ter~ 

1~ydro~ios requires the solution of a syste~ of par- 
tial differential equatlons, the equations of Navier-Stokee, the 
i~te~rations of which offer enormous difficulties. It is only in 

~r,'' ~'~ oo.asional special oases in w~i~h the-sy~net~£ of fl~'r causes a 
~, "-~l~.r% of the terms of these equa t ions  to relish that it h~s been 
~'~ possible to integrate them. Up to ~he presor~ no in~e~Is of the  

ec~plete equations of l~vier-Stokes h~ve been found, It has ,been " 
at~np~d~ as proposed ~y Oseen~ to use these eq~tlon~ by ~it~i~ 
the iner~i~ terms, which a l lows  them to be integrated in a oertaln 
nt~bor ef ~peoial oases, but the o~n~rison of the solutions thus 
ob~alned with t he  results of experiments has no~ in ~enera~: been 
satiefaetoe-y. Mo~eover~ t he  equations of Navler-~okes themselves ~ 
Eive results oonsistent with experiments only when the volo~ities. 
a~e ver~ low~ ~hat is to say, ~xler the conditions of vlsoous flow, 

aetly to the results of experiment, bu~ only for voryl low vol~ities. 
1~he~, h o w e v e r ,  f o r  a g i v e n  d ~ m e t e r  of  pipo and a g t v c n , l i q u i ~  the 

:F 

~ r a l  a t tempt~ ~ve been  m~de t o  ~ in t roduce .  %urbuleme .-i 
into f .~o equations, for the motion of liquids, O~e of the most re- !~il 
oent is that of L. 9rillou~ ~ut as the oquati~ whloh thle -~ii~i 
i lml .on~, is t  has  set. u p  ~ still m o ~  o c m p l t ~ t e d ~ n  those  of  Haylof-  
t s ,  :i~ i 8  appa ren t  .tha~ ~ .  e o u ~ w ~  oaeoe,  up ~o t h o  p reson t  i i 
~tae ,  t h e : p r o b l ~  h a s  no t  beea~eolve6.  

° . 
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Iu a lmost  a l l  the  probloms .whioh r e q u i r e  s o l u t i o n  tho 
onginoor  must dea l  w i t h  t u r b u l e n t  f low.  I t  i s  o~tdont ,  t hen ,  t h a t  
the  o q ~ t i o n s  o f  M. B r i l l o u i n ,  muoh loss  t h o s e  Of Na!rlor~Stokes or 
of  Oseon. w i l l  no t  ~ive him what he r e q u t r o s ;  namoly,~rapid so lu -  
t iorm ~hioh  oorrespond to  tho f~o t s  o f~na tu ra l  phon~uena. 

Rooont ly ,  :~c~ro~os has mado remarknblo pro¢res  due 
t o  a now thoory  oa l iod  t h a t  o f ~ h o  boundary l a y o r .  This thoor~  i s  
duo pri~oipally to tho work of Pr~udtl, Blaslus, yon Fma.ms~. and 
o t h e r s .  I t - o ~  bo su~marisod as f o l l o w s ,  

In ~ m~ss of f l u i d  i n  mot ion.  ~ o  i n t o ~ l  ~loti~ £s n o ~ l i -  
g.lblo. I t  Is important only in tho ~1odi~to v i o i l ~ ' ~  of ~ho sldos 
"lu oontaot with tho f lu id.  Tho vorylthin :ono ovor which frloticm 
sots, oauso~ principally by tho f~oti th~t ~t tho i s idos ~thoms olvos 
the voloeity must bo ~ero. i,~oalledltho bo~U~i~y ]ayor, Ono may 
thon apply to tho m~ss of tho fluid: all tho o~ustlons and propo~tios 
of  t h o  thoory  of  p o ~ o o t  f l u i d s ,  tho~ cqu~tions- of~ ~.ulor and of 
Ia.~-n,n~o~, tho thoory  of turbu~.on~o o~ Holmholz~ Lord Kolvin~ oto® 
In tho b o ~ l ~  : l~yor .  on the oocxts'-c~, i t  is n e o o s s a ~  t o  t~k~ ao-  
o o ~ t  o f  i ~ r i o t t ~ .  The boundary l~y~r  t h o ~  l ~ s ,  for  a p r i n o i p = l  
fiold of appli~atlon, t twb~len t  motion, to whloh oxp~rimcntsh~vo 
shown that i ts t ~ t h o s o s  apply. /~Ithou~h i ts uso l'm.s ah'oad~-poz~- 
~ittod tho q~utl t~t ivo solution of  s~o problc~, for ox .=p lo ,  t ha t  
of tho distr ibut ion of volocltlos in a olroul~r pipe w i t h  a turbulent 
flo~ :.it is ~evortholoss true:-+~hat in gor.or~l it ~ivos o~V q~llta- 
tlVo roX~ticm~ between '  ~uso~ and offoots 

I! 
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eomsplo - a n d  i t  a ~ o  ~ b l o s  him to  p r o d i c t  th© o x i s t o ~ e  ~of ooro 
~ i =  ]~'o1~or~los ~ f l o w i ~  s t ; ~ o . ~ .  ~ t h i s ,  a t  l ~ o s ~ t ,  l .  i t s  
: L t ~  ,~s ~mll  u t ~ t  o~ ~ho soion6e o¢ ~ d r ~ o s . '  

t Now ~ t  tho  pz~ot io in~  onglnoor  hoods &t~rs a l l  i s  a 
q ~ a n t i t ~  i'~ro~ ~ i d  so lu t ion  o f  tho problo~e w i t h  ~bioh ho t8 o ~ - . .  
~ ~  r ~ ~S"  :b~ ~ ~ho ~ d~volopment  of  k ~ l r ~ u ~ i o s ,  a :  

s ~ , p ~ o 4 - ~ T p ~ : h o s o s  ~bout t h o . ~ l ~ i ~  of  thoso i . a l v l d , ~ 1  

t ~ o  
uh i eh  ~ o  ~ol '~o:~:sthm, ~ t ~ t o ,  a r e  : n o t  a lways L,, o:mot s~o~.d  w i t h  
~ o  ~ - ~ e ~  i~ : : l s  m o o o u ~  t o  b r i n e  about  ~ o a m o n t b y - t h O  ~ o  ~ 

l 

.j 
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experLmentally determined coefficients. 

It is obvious, then, that experiment forma a fundamental 
part of hydraulics. Up to the end of the 19th century the engineers' 
experimental 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 for the study of 
hydraulic structures by means of reduced models have be~n built in ! 
various cou~tries. 

Theoretical and experimental resuarch has permitted the 
classification of stream flew into two large categories; one in 
which similitude is possible~ and one in r~hich it is not. The first 
category includes flew in these works where the destruction of 
energy per unit of length is large; the second, flew in canals and 
conduit~ of consimerable length where the loss of energy is small. 

The principal objective o f  hydraulic laboratories is to 
solve by the aid of roduced models actual problems; but b~sidos this 
they also endeavor to advance the science of hydraulics by attempt- 
ing to obtain r~sults which are as general as possible. Since it 
is difficult t o  derive g~neral la~:-s fr~ purely experimental results, 
the laboratories try, when they hav~ the time and the me~s, to 
establish,~ equations by ~ application of the known laws .of applied 
mechanics and hydraulics Which wiil be ~pplicable to the phenomena 
obs erred. 

Which arc th- most useful th~or~s of applied mechanics 
for this purpose~ Since hydraulics treats in general of mass move- 
m~nt, the general theorams concerning the~;~tion of a mas~ of material 
points evidcntly will, not be most applicable. ,Of~:~special importancu 
among thesd are the theorems of the conservation Of momentum and 
thos~ o f  vnergy. ~, 

It is evident, then, that in th~ present state of science 
the easiest and most useful plan which the engincer can follow for 
the solution of practical probl~ms is that of Using th~ scioncd of 
hydraulics combining th~ g~n~ral thoor~n~ of applied mechanics with 
oxp~rim,~nts made either in nature or in the laboratories, all in the 
field of mass movement° 

~h~ hydraullc research laboratory attachoa ~o th~ Federal 
Poiytochnic School, which has been described ~is~wh~re in detail. 
has audeavc~od, from the beginning of its existenc4, to follow this 
plato. This papur, which is an account of research carried on in 
h~t institute, shc~s how it has been possible, by thd aid of the 

th~,orum of projuotion of mam~ntum and tests on r~4uccd modols, to 
establish g~neral formula~ concerning thu stable flow of liquids. 
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Tho f i r s t  ob~ptor,: pur~l~ ~hoo~o~i~al.  Is dovot~d t o ~ h o  
d o r S v a ~  o ~ - ~ o s o  ' f ~ ,  o f  w t ~ h  ono.!o£ ~ho p1"~o£1~1  ad 

of  o a ~ r ~  lu , f lmring  8 ~ m ~  Tholo, ~qumtl~ms ~ ~ho~ t l ~  tho , l o ~  

l~Lz, s~s Tho d e v e l O l l m l ;  ~ o l " : t u : ~ e n a e a ~  ~ '~hO oon~ao'~ wt'~h 
,"l~bo 8 ~ o 8 .  :h.q~oh dolmn~ ,prtum~t17' ou-thotr  z'oushuo88. 
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STABLE FLOW IN C l ~  ~ C(NDUITS WITH RBCTILINEAR 
AXES, BUT (~" ANY CROSS SBCTION 

S~tlon I .  I~ f in l t i=a  of  8tresm Flow 

This chapter  w i l l  deal  with s t ab l e  flow in op~ ch~nele 
and closed O~ults whose axes are straight or only~slightly Curved. 
The cross seoti~ may be of- any form, o~stant or not'. It will be 
assum~ that the surfaoe el~ents of the sides and bo%t~ mnke only 
small anglos with the ~Is. The strecms thus dCfln~ will then 
have, at dlff~mlt points in .th~ s~ Suction, lo~allm.~n velooitles 
a~ost p~allel te each other, and th~ tra~eotorlee of these retool. 
ti~s w i l l  be p r~ t i ea l l y  parallel to th~ axis. 

For opau ehannels, i t w i l l  bo ass,m~ that the slope of 
the bottom is relatively mm~ll. Vu~tlo~l ~ ~.d normal s~tlons w i l l  
then be pr~tically idautio~l.. 

The moticm of the water which has Just b~n definod is :: 
usu~lly kn~ by tAh~ nmme "eouraat liquide .e It is easily shown 

eTr~aslatar's notes No ex~etly equivalent term is known in ~iieno 
It has usually been translated "flc~in~ stream", or an equivalent 

___~r~ssi~n......_.z when it oeou~s in the text. 

that sueh a str,~m possesses the foll~ing properties: • The pres- 

eSee. for exz~le: A. Fl~w-nt~ Hydrau!ique v p 38 et seq., 

~u~ t o . t h e  accord. 
trmnsve~s e a free i~ 

2 .  f 

i/ 

Consider a r l ~  s t r e ~  Coour~nt l i qu ido  of eonst  
iIJehar6e in a ehaunel ~ o~-~..,~ . . . . .  = ) ant 

• ~u~uA~ oz- g r ~  Aen&~th. Over a oer ' ta in 
peat  .of thie l~D4~th f l o ~  w i l l  be ~ t A f ~ m ;  t ha t  is~ i t s  ohod-e~ter. 
Letios (a leph,  v u l m i t y  d ~ t r i b u ~ l o n  ' t twbulenoe,  ~o®) w i l l  be the  

8 
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same, regardless of th. section chosen. 

will b~ During such flew the Ices of enur~ • constant per 
unit of length. Th~ direct e~so of this loss iis %h~ formatlc~ of 
uddias in thu vlciD/ty or the side walls which orei~tos in th~ whole 
mass a d~finlte ~ turbulences ~i Th~ marked in~r~1~ friction, whi.h 

~'~ al1~ys &~oc~ani,s turbulun~O, transforms the mechanical energy c~ 
the water into th~rm~l en~r~. As the formatlc~ of the eddies uvl- 
d~ntl~ ~nds an th= rougku~uss of the sldu walls, the Ices o~ ~)noF~ 
will b. a i~m~tion or this ro~hnessb assumlng o~h~r factors. 

? 

There are numerous formulae which ~ivu. for uniform flew. ~ 

a r~latic~ b~eun the constant sl~, J~f the energy llnu, ~he mean 
v~l~city, U, th~ hydraulic radius, R, and a eoefflclen~ d~pendin~ 
on the roushnoss of th~ si~e walls. Fore, convenience, w~ shall us.~ 
hure Stricl=lur's e formula, discovery of which is du~ tO G~uekl~r - :  

(1 )  u . k jl/ , 
I a i i , . . . . . . .  m -- iBm 

Strickler: Mi~t~ilun~ d~s Aw~s fur Wasaorwir~schaft, No. 16, 
B ~ n e  192~. 

e*Gauckler: ~u~al~a dgs P~n~s ~t Ch~uss~s~ Tome 15~ I~8~ p. 229e 

i n  which k r e p r e s e n t s  a e o ~ f f i c i a u t  depending s o l e l y  o n t h e  'ro~g~)ss 
or the p~rlme~er. Ho~uv~r, ~u~ other for~ula could bu in d~-  
v~lopin~ this oh~pt~, 

Havln~ ~Sm~d a r~lati~n ~ut~n U, R, a~i J, th~ t ~ e n -  
t l a l  f m ' ~  ~ f  ~.~h~ ~ t ~ r  in @ u n ~  with the si4~s o~n b .  computed, 
Consider two a 4 ~  s ~ t t u n s  o~ s u r f a c e  5 at  a d i ~ t ~ u o e  dx i~om 
es~h o t h e r .  Th~ Ices of  a n u r ~  b~%-~ t h e s e  two s~i~ns ~ t l l  b e  

i I I I I  - -  . . . .  a i i [ L U L L  I i r I ~ | F  _ _  

exn thla 
..uoual L_--, ,  ._,, .......... 

u~' !-,,~'~.__~_ . _: . _. , _ 

' i n  p ~ s ~ u  w i l l  b e  ~%~1 t o  ~ l ~ S o  The r ~ u l t ~ n t  o f  the  p r e s -  
s u ~ e s l a e ~ t n ~  o~ t b e ~ o  cross s ~ t i ~ m ~  w i l l  t h e n , b e  ~ ,, IX S db~:. ~ 

e 
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wher~ II r~reso=ts thu unit wsiLh t of ~tur. This foreu is p~ral- 
AOI t+ the current and in the + s~zm + direction. M~roover, thu mass 
of water contained b~tn~een thu two seotim:s is not accelerating+ , ,  

The r~sult~nt, ~F, of the t&ngen+ial f~rc+, acting on this mass at 
the contact+with thu sides,+:+++~is then equal, and opposite in direc. 
rich, to the difference in pressu~+ Just indicated+ Hence, Q buing 
the discharge, 

. ( 2 )  - -u2  . . - n :  Q2 _ / 

This is th~ ~xpr~ssicn for dF in the cas~+ of uniform ;~,otion. 7~hon 
th~ motion is othc~is~, th~ loss of uncr~ may hav~ othur causes 
than.tho fcmmation of ~ddi~s in thu vicinity of th~ sidus It wi . 

+~ +bu sh.~wn il. suction 6 ~+ ......... ,. . + • ~ ii 
+ ~" ...... .~ vur~a~on ~n a~sonar~e, dQ, or ev~n a 

vari,~tiun in the vulucity diagram but~een two ssctions, will cause 
uncr~v lossus. Thj total loss can then no longur be ~pressed by 
Stricklur,s formula ~d, m~rcov~r, thu variation in pressure is not 
equal to t}mt loss. In the gun~ral oasu, therefore, it must be 

assumud that fornuia (2) ~:iv~m only the t~guntial forc.~ acting at 
thu contact with th~ sidus. ~o ulu¢'idat~ this pcint, a surius of 
uxpcrimvnts was purfo~:,ed, which will bc discussed in s~ti~ 4 of 
chapter III. Those lead to the conclusion that formul 
used, with sulficicntiy clos L ...... . ~ . + _  ,, ~ _ . a _[2) c~n be 

. . . .  ~ " F ' u . ' ~ - ~ u ~ = l u n  :or ¢~cnnical a~plica- 
tio.~s, whatever may bu th~ different causLs +~f the loss~ of ~nergy. , J 

Suctiun 3 .  M=~ .u~um ~.uC Ki~notic Enur~y at a Cross. Suction 

Consider D.ny flmving strums, ~r~furr~d to a Cartusien 
systum definud as follows: 

If~ ..;it ..is_ ~n .°P~n+ chann~l (fig. Ic 
is chos un 

/ + 

-e 

p + r p + n d i c u l ~ r  t o  e a c h  o%h+r ,  l i +  i n  a p l a n e  n o r m a l  t o  t h + X .  a x i s .  

A cross s~tion will be, by definition, th~ figur ~ f*rm~ 
by thu iat~rsuction of the stre~ with a plan~ nurmal to th~ X axis. 
Each s~tion will be denoted by its abscissa X (fig. 2), Lut V be 
thu v~l~city ~t a puint A ~f a ~ivcn ©ross suction S, and u be thu + 
proj~tlon of this v~lucity un th~ X axis. 

Th~ pruJuction ~i" on the X axis, of the m~mtnt~n p~r unit 

++5+ • ~ • ~ 



of tlm~ aor~ss  th~ surfac~ S, has th0 value: 

(s) 

s~ction S : 

TI u 2 d~', 

(s) 

do" b~ing an ol~nt of th, surfame oontainin~ A, 

g the aoael~ration of grayly, i I • 

Again, lot U be the m~au value of the oamponents u at 

L~ 

We can always put 

.~ zz 2 _ n 
~i c u s.a~ g~ uQ, 

in which ~ is a eocffioient equal to or greater than ~ity. Ellmi- 
natin~ ~i b~tnv~n equations (3)and (5) we ~btain: 

~ u2 
(s) ~ - 

l , • 

U2S 

% 

Thu proj~tion ~t ~thcX axis of th~ kln~ic energy per unit of 

t~me aeross th~ 8~ti~n S has the value: 

(v) ~6 t" rr ~ n j ao-. ,- 

; ~  oea  a l w e y s  put; 

(8) 
g 

8 
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tl 
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t'~ :i in which !.~ is a n ~ '  coefficient e q u a l  t o  o r  ~reat~rthan u~ ty, 

I 

To simplify nomenclature w~ will call ' 
L: 

~( th~ coefficient of mum~ntum at section S, 

~the c~cffioi~nt of kinetic energy at that section. 

Th~s= coefficients depend solely on the distribution of the co ,  a p e -  ,~ 
:-~...-~s u in the section, If this distribution is known, it is easy ~ 
to c o m p u t e  them: 

~alytically,:if u is a known al~ebraic function of Y and Z, 

graphically, if u is given for sevural points of the section, 

Since 0[' varies as thu cube of the velocity, while ~ varies only 
as its ~ square, it is immediately evident that O(# is always ~reater 
than O~ . 

Whon~the notion is uniform, the coefficients (~ a n d  G ; '  
ar~ gau~rally in the n~ighborho,~d of ~ity. Bazin,* f~r ~xam~lo, 
f'~uml 0['= 1.038 for a canal of vo~j smooth planks, a n d  (~'m 1.122 

*B~zig.: Recherchcs cxp~,rimentalos sur l'ocouloment d~ l'eau d~r~ 
!cs" '  c a n a u x  d d c o u v o r t s .  

m ~ , m 

w h e n  the planks were c o v e r e d  w i t h  strip8 placed tromsvorso %o the 
current, formin@':'very rough sidese 

i 
I 

>;.+' 

~ D 

of 2. It will b~ s~en, for ~smplo, in chapter li, %nat a% rn~ 
draft tube outlets of a Kapl~ turbhlu, the foll~ing cxpurhlcntal 
values w e r e  fouml- c 

 .l.Z3, 1.74, ;L 
5 

b~ this is an exc~tio~nal cas~ for n "©cure.hi liquide." h the 
majority of prnctic~l oases, (]~ usually lies between 1 ~d 1®2 and 
(~" b e t w e e n  I a n d  1.6. 

9 
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# Und~- these conditions, if w~ pl~eu 

(lo) ~ - I +~. 

where ~ is a n~w coofficiunt, it is ~sily shown by a simple oalcu- 
-!~tien that w~ must have 

b 

with an approximation which buc:~es closer ,~s ~ dlm~ishes, that is 
for values ofoC in the neighborhood of. one. -- 

:? ' ~ 

~l~nnnt: Hydrauiique, p. 6 et 37. 

o 

The degree of approxLmation of this formula, depends but little 

ng examples, obtainc~ by the calculus. 

(i) Parabolie distribution of velocities in a circular pipe. 
Solving formulae (~) ~d (~) by the calcuius one finds : 

(~ = I.~3.... ~X ;~" 2,000, 

whence: ~ = C'.53S n-rid 1 + 3"~- 2~C00. ! :: 

Furmula (i!) ~iy~s the exact value of ~'. " 

(~) Parab°!ig<distr~cution of velocitie~ in a stru~ butween 
two parallel sid~s~:[two dimensional motion)i ~ The calculus ~ivos, ~i 

(X~ = 1,200 '/ ' 

. when'e: ~ = 0.200 and I + 3~-1,600 . . . .  

The error in the value of~°given by f,~rmul% (ii)is huru 

g# 

1,5~ -- " u, u57, or,3.7 pur~unt, ii~! 

This is evidently an extr~ value. 

In praotioal eases the folluwing degrees of pruoislon may 
bu expeot~ for values of C6/obtainud by use of formula (II): ~ 

o.l to e,2% fo~ l~ cC < 1.1; that Is° f~ ~ <OC'~ l.s, • 

1.0 t~ 2.0% f~ I.i~ ~ 1.2; that is, for 1.3~. ~['< 1.6. 
10 



• In what:foll~s An thAs ehapt~r,~ will be c~nsid0r~d 
sufficiumtly small, with r e s p e c t  tounity, ~o be c o n s i d e r e d  e,~s.~ " 
Anfiniteelm~l Or t~ f i r s t  ~ d e r .  P r a o t i a a l l y ,  this will always be 
the cast-.when ~ lies between-zero and O.l, that is, for values of 

. I . O ~  < 1.1. -- 

~' / 
, . . -  Section 4. The Theorem of Pro~eotiun of M c~?ntum 

Appliudto 'H~draulics ..,- :~ 

'-" Cons ide r  any liquid in .muti~ (£i,g)S. LutS be a closed .... : 
surface, situat.ed entirely within the liquid. . It enelos:es a known 
mass, N. Assume that th~ points of.the s~f~c~ S ar~ displaced wi~h 
the mol~cules of the liquid. In%his<cnsu %he mass: M w i l l  ©h~, ' 
position ~ shape with timu always,~ h~veVur, being c~m~,sed .~f the 
sam~ part of thu liquid° The mass Mnay thun bu considered aSc~- 
posted  of a perfectly definit~ asssmbl~ of=material.p~ints, andthe~ -i-._ 
th~or~n of projo©tion of mmmenta applied may be sta~ed as f,,ll~ws: 

- , , ,i ... , . . . . . . . . . .  

*Th~ d~onstration of this th~or-~n will bo 
MJcannique rationelle" a'Appel,i Tomo II, 

:: Th~ d~rivative, with respect to time, ~f the ~sum of the 
projections of ': m~m~nta of all the el~nents of. a given m~ss ' of liquid, :.: 
on ~ny fi~ed axis, is equal to~.~thu sum of the proj~eti6ns ,~£ the ~x- 
terior forcus on ~.that axis. 

Assume any stream whatever.which satisfius : the conditions 
set forth in section 1 of this chapter,. This may be either ~ an 
open c h a n n e l  ( f ig i ,  ~ 4)  or  i n  a c l o s e d  c o n d u i t  u n d ~  p r e s s u r e  ( f i g .  5 ) .  ; 
Assume, also, tha~ ~ it :~ay.ruceive an incremunt .... 
a decedent, so that thu discharge will be var~ nnul° 

Coxmid~r, at time t, thu mass of watL u- 
tw~cn tw~ planes p rpendicular.-te thu axis of abscissau at X and 
X+dx° 

At x l~t S - area of er.~ss section, 
~= ulement of area, . . . . . . .  
Q = discharge, 
u- ecmponunt of volocity parall~l to the X-cxls, at 

any p~Int in the seotion, 
U - avuragc valu~ ~ this component, 

- couffieiont of  m~nuntu~., ~ 

Ii 

-. .!,i• ¸ ._ ~ •:~,•:•,• k _ • :: ~ 



t 

S 

CX~ / = coefficient ef kinetic onursy, 
z - elevati~ of the water surface, or of the 

hydraulic gradi.nt. 

+OC 'U2 - ulevatiun of the energy @radlont.* % 
|, , , , , ,| 

;This elevation represents the total energy, at thu section con- 
,~idered, of a mass of water formln~ a part of the stream, divided 
by its wei@ht. ~' 

, | , 

Corresponding quantities at thu eeoti~n at x + ~x are~ 

S + dS, d ~ ,  Q + dQ, u + du,  U + dU, X +  d ~  G: °÷ d ~ ;  

• • , + + I u  t du)2 • 
...... 2g 

Here dQ r e p r e s e n t s  the oh~n~o in dischnrge ~ (positive or  
negative) over the length dx. Assun~ that dQ enters the length dx 

i = with a veloo ty V , havin~ a cumpununt u* parallel to the x axis. Also 

, n i_ 

• dH e is by definition the change in height of the energy lin~ be- 
tween the two sections. In the general case, wher~ this dischhrge 
is vsa-iable along th~ stream, it may be either positive or n~ga~ 
tive. For constant discharge it is negative ~.nd represents a loss 
of enj~r~. This term was defined b~ note 4~ sec. 2. ., 

denote I dH e th~ chan~e in energy be~c.~n the two sections con- 
sidered byrd.' an element uf the s'~faee dS, the latter being 
the projection of the lateral surfaces of th~ mass considered on a 
plan~ purpendiou!ar to X, and by dp=II.d©, the increase in pres- 
sure b~ween -uy point on the section at X and a pointat th~ same 
d e p t h  on th~ section at X:., dx. 

Let us now apply the theor~ of the projection of moment~ 
to a mass of water, composed, at tlm~ t, of the two following parts l 

(1) the ~nss included in the space ABCD, 

(2) A mass w dQdt which is the Innrement of inflow over the 

length dx during the time dr, 

w 
Durln 6 %his time in~erval# t h e  mass ~ dQ d t  mingles w i t h  

t h e  s t r e a m  so  t h a t  a t  t h e  t i m e  t + d t  t h e  t o t a l  v c l ' ~ e  (1 )  p l u s  ( 2 )  
occupies th~ spe~e AfB'C'D ' (figs, 4 and 5). 

12 
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q~ 

(~ 

At the t~ae t, ' ~ e  sum of the proJeotlm on the l-e~Is 
of~hhe~m~nta of the mass (i) +.(2) has a known value whioh may be 

At the time t + dr, the sum of the proJeotions of tho 
mmnunta of this sans mass , , ,  ~<'&~, whiQh ooeupios at that instant 
the spaoe A'B'C'D' is ..'~~ 

"L 

+ W 
J o ( t  + d r ) =  J o ( t )  $ j',~(u + du) 2 d ~ d t  -Jf_w u 2 d C d t  - 

(s~) (s) ~ 

wu* dQ dr .  
g 

In this equation the ter~_w uedQdt represents the inolusion 
g 

of ths mass (2) defined abov~ in th~ spaoe A'B'C'D'. 

The deriv~ti'~e, with respeot to time, of the sum of the 
m~xta will then be: 

dJ o Jo(t + d r ) -  Jo(t) 

dt s s • (u + du) 2 d~ u2 d~.W u*dq, 

(S + ~) iS) " 

or, introducin~ the coefficients of m~untum and replaoln 5 ths produet 
US by Q: 

_ .] "dJo w (@q+ dS[)(U + dU)(Q + dQ) - UQd@[- u dQ . 
dt  ~ ,. 

Dcvelopin~ this u~pression ~ud negl~ting infinitosimnls of the~2nd 
and 5rd orders, it beo~mus. 

0 

(12) dJo [ (  * ] 
ow ,rv- u ) d~ * SU(c~dU + Uda.) . 

Now, t h e  sum F ~f the  proJem~tions on the  X-ax is  of the  
e x t e r i o r  foroes  ao t i ng  on th~ mass (1) + (2) undur c o n s i d o r a t i o n ,  
i s  expruss~4 by:  

4 ~• L 11~: _ 
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(s) (as) 

- (~X# 

k2SR4/3 

NeKlectiag infinitesimals of the s ~ o n d  ordar this b~mness  

( I ~ )  F - -Sap - , a~. 

Equating the value of dJ.~ ~iv~n b y  eq'uation (12) to the venue 'of F 

in equation (iS) we have: 

-Sdp - }:2SR4/S dx --~ [(~U - u')dQ + SU (~dU + Ud~)]. 

This last equation permits us to oalculate dz -~ re- 

oalling that Q - US, we ob%alnz 

( I~.) a-  - ~ .  - e= - a ~  -(¢.. - 

This is th~ flvst gonural equatiom for stre~ flow. We 
c~n obtain a s ~  .:.~y ocmpu%in K the oh~e of unergy dH o A gla~e =~ 
at fiEures (4) an~y(5)shows that, =~ • 

. d, + ÷ du)  

/i 
from v/hi©h, n~El~tin ~ infinitesimals of the ~ and 3 r d  ~ d e r s s  

/ /  
J 

g 2g 

S u b s t i t u t i n g  in  t h i s  . q u a t i o n  t h e  va lue  of ds i~om (14) t h ~ e  r u -  
suits, ~f~r s~m~ si~pllfloationsI 

14 
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dH e " ~ dx - 2dO: + d(Y.'- 2 ( ~ - p ) . . ~  + 2(O'.'."J£)_,0. 

From e q u a t i o n s  (10) and (ii) we have the relationsz 

.,T~ ...'T m 21~ 

ds : -  d~',  d'r.'. S d v~ 

~' " 3 d.T , 
J " 

- 2 "~r + d,'A". + d ~  

Substituting the values for -d ~÷ d~' and OL '- c~ in t h e  ~A]~ression 
for d~e, we obtain the following equation: 

U2 - . ] 

J T 

Now, if we consider 3] as an infinitesimal of the~flrst 
o r d e r ,  as noted at the and of the precluding paragraph, the~term 

~TT 

2 ~  om~ bu neglected as an infinitesL~al of the second o r d e r  

(~ssuming evidurrtly that U is not itself an infinitesim~:t)j ~u~d we 
have the~s~cond g e n e r a l  equation of stre~ flow: ~: 

] 
C 1 5 )  g - ( q : -  _ 

J 
Section 6. Discussion of the General Equa.tions of 

S t r e e m  Flow (14) and (15) 

Equation (14) ~ives the ehange dz -~ of pressure he- 
w 

tween the two s~tions at X and X + dx. In the ease of an open 
e h ~ u n e l ,  dz i s  nothin~ n~re n o r  l e s s  t h a n  t h e  ehan6e, i n  ~ l e v a t l o ~  
of the wutar surface, Equation (15)gives the ehan6e in i~Ky, :dHej 
b e t w e e n  t h e  two s e o t i o n s  e o n s i d e r u d o  ~i 

- The two  formulae have e x ~ l y  the s~me form; t l m t  Is, dz 
and dH e a r e  e a e h  propurtionnl to t h e  square of t h e  mean velooi~y U 

5 
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and t o  a f a c t o r  e ~ n t a i n i n g  several terns, fou~ f o r  dz and three fo r  ! 
dH e. These terms r~prese~t the differont'~el~s that got 6 make 
up t h e  t o t a l  of t he  q u s n t i t i e s  dz and dH_. The t h r e e  remus in  t h e  I 
b r acke t  in  (15) are n e a r l y  i d e ~ t l e a l  wi t~  t h o s e  i n  (14)!  t h e  l a t t e r  
equation, hc~evar, contains an .,~i~d'itic~al term peculiar to itself. 

Let us ~amino  t he  c l i e n t s  r jpr ,s~.nted by t h e  d i f f ~ r e n t  
terms in the p~enth~s is. 

(1) The roughness of  t h e  su r faces  in  c o n t a c t  w i t h  t h e  f l u i d  
gives the term Ln f~ula (14) ~ the same term 

in formula (15). This roughness, thun, always caius a d~ruousc in 
prossurc ~ud a ices of enur~r which are equal to each c~h~. 

(2) The v~riation in distributi~ of velocities, U, in t h e  
s~ction, in poising frmn the suction at x to thnt at x + dx, results 
in the turin -d~ in the ~u~ressiun for d~ and +~2 dX in that fc~ 
dH e. The m~m~v~ e~effici~ut~ d~u~s, in fact, dirtily ~n the 
velocity distributi~. A ~eriation of this distribu~ci~n'i~lue~es 
the values of dz and @H e only if~ varies by a quentity dC~. It is 
evident that a decrease in th~ c~ffioiunt~ (d~ n~ativ~) results 
in a rise in the pressure line, or water surface (&z positive) and 
a loss of ~ner~ (dH e nugative), the lattur being, in absolute 
value, one half of thu rise in dz. Conversely, ~u inoreas~ in 
(d~ positive) rucults in a drop in the pressure line, ~ water am'-  
f ace  (~ n e g a t i v e ) ,  ~ i n c r e a e e  in  energy  (dH e positive), 

I f  the disch~u is eormtant (d~ -O) this in~ruaso in 
~nor~ must neoessmrily be smaller, in abs'=iute value, than the loss 
in energy due to the roughness of the s,~f~e, fur ~e~rdin~ to the 
su~ond principle of th~rmc~ync~i~s, %~ tc~al muehanioal ~r~ can 
only dee ree~e .  -: 

(~) The incremse ~ d e c r e a s e  in  d i s c h a r g e  d Q i n  the len~ch dx 
gives the t~rm in t h e  formula" ~cr ~ and %he sc~e " 

term in  that for dH e* The value of:d~ or of dH e o ~ . r ~ p c ~ b s  to the 
vmriation i n  d i s c h ~ g e  dQ, b e i n g  poe itlve cr negative e ~ r d i n g  t o  
the ei~n~ dQ mud the rel~tive values of ~*. U, [u~d ~ . 

Consider the oe.ae when dQ is positive (~Isoharge i~ r~a~® 
i n ~ ) .  Two o a s e s  m~¥ be d i s % i r ~ u i s h e d ,  

(I) u* < ~ V. 1 T ~ variation in dieehe~ge onuses a dr~p in 

16 
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the ~Tdraulie gradient and a Ices Of eaorgy6 In partleul~, if ] 
u* - O(the increment o f  d i s o b l i g e  dQ e n t e r s  the s t r e a m  with a ! 
vel~ity perpendiQular t o  the dlreetiem of the current) a lees of " 

energy will always result. 

(2) u* "--:~ U. The variation dQ causes a rise in the hydraulic 
sradient ~n~ an increame in energy. This increase, m~eovor, is 
compatible with the ~eeond principle of  thermodynamics, si~e it is • 
oauzed by an additima of water fr~ o u t s i d e  the main stream 

Cmmsidar, n~, dQ me~ative (discharge deoroasin~). E~aetly 
the opposit~ phenomena occur. In particular, if u* re'f-U (h~pothesis 
made, fo~ ~le, in the O~Se ~ ~11 ~en channel with a side spill- 
way paraIL, l to the direotio~ o£ flow) there will be no oh.ange in 

(4) The variation i n  memu vul~ity, U, betwoun the s~ti~ns at 
x and at x ÷ ~x causes a variation of pressure, dz, expressed by the 
fourth term °i~ ~ in th~ bracket in formula (14). However, th~ 

variation in m~nn v~Iocity causes no ohan~e in ~nergy, since this ~ ~:i ''I 
term is absent in formula (15). If the m~an velocity increases 
(d~"O), the pressure drop~ (~<0), and if it d~oruasus (dU~O), the 
pressure rises (dz>O). It is t o  be noted that in a cu~erut~ case 
dU can always bc expressed ass function of the variation in dis- ~,, ...... 
chr~gc, dQ, and. the variation of the area of the section dS~ In the 
o a s ~  of  a closed c o n d u i t ,  dS is a function of the dimensions of  the ° 
o.ha~.uel only, while in an open cha~u~el it depends on the variati~ 
in depth, dz, as well. This is, in fact, th~ only diff~r~nc~ be- 
twain the two classes of eh~uls. 

In ec~putin~ surface curves in opun channels, the englneer 
~dinB~'ily considers umly the first and last factors Eiven above 
(roughness of the sides and varlation in m~an velocity). This assuBes 
a constant velocity distribution (dc~ = O) and a constant discharge 
(dQ = 0). Equatian (14) then becomes: 

. U 2 U 2 

k2 4/  2g 

or, designatin@ by the subscript 1 the propurties of section x, by 
subscript 2 the properties of s~otion x +dx, and by subscript m 
th~ a v u r a ~ e  values; and r~placin@ differentials by finite diffor- 

~ r l c  ~S : 

17 



w 

. 'Urn 2 U22.UI 2 
(16) -z z '2 . - _ . 

k Rm 

This squatio~ permits calculation, step by step, of any 
number of points on the surface curve, beginning at'a Section where 
the depth is known.* In th~ case of streaming fl~, this seot~ 

• , , _ _ i i m 

*No t~ that in formula (16),l[" is the o~effioie=% of momentum. In 
d~rivin~ this fo~nuln diructly fr~ B~rnoulli's theorem, ns is 
usually done, it is found %hnt the coefficiunt by which 

-- 

must be multiplied must be equal to CC.' (coeffioiunt of kinstic 
energy)~ ~ This difforenco, which arises from the fact that equati~ 
(I~) has bc~n obtained by another than the classical method is, h~w- 
ever, izLfinltesimal. It has boun assumed (par, ~) that ~ is an 
infinitesimal, hunco c~'-T+ 2~ is also an infinitesimal. 

is at the dc~nstrosm ~ F. Of ~ rua~h; the oalcul~ti~n-prooue~s up- 
str~mn. In the c~sc of shooting flow, it is nucussar~ to proc~ed 
in t~e opposite diruotion, for in this case thu s~tion of known 
d~pth is at the upstream and of thu reach. 

The above equation can also be used for the determination 
of the hydraulic gradion¢ in closed ~o0nduits of vRriable section. 
When th~ suction is cormt~x~, it r~duces to 

In genural, the results 8iv~ by formula (16) ~ro satis- 
factory, but there are numerous c~sus in which thu valuu of dz 4e- 
p~ds principally o~ the v~riation in v~looity distribution d CE 
and th~ discharge dQ. 

It may be admitted at once that the introduction of a 
vuxlation in th~ ooufficient any c~Iculation is i~,rnctloable 
sinc~ in ~en~r~l;nothing is known as to its vo~i~tion. Eorcovur, 

@ 

which it ooxt a~tually be muasurud, In chapter II .is ~iv~n an sx- 
ra~plo of its mu~sur~ent by m~oms of ~th~ Pito¢i%ube. Althou6h it 
is dlfEicult to obtain qu~ntltative results from uqumtlons (14) and 
(15) wh~ d,~" is to bu oonsid~r~ still those uquatlons will glvu 
u~ful qualitr.tivu indications of the v~rlati~ in v~looity dlstri- 
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bution. We will sho~, for ~omple, in the following paragraph that 
by comus of ~quation (15) it maybe proved that flow at o~taut 
discharge in stable. Moreover, the prese~e C~ th~ term d~ in this 
equation will sometimes account for anomalies observed in th~ fl~w 
of a stream, by showing that a ~ part of th~ e~r~y loss m~y. be. attri- 
buted to redistribution of vel~ities. 

/ 
On the other hand, the influence of a variation in dis- 

charge o~A, in gemeral, be" easily treatud math~natically since in a 
majority of practical oases this variation is a known quantity, I n  

. chapter III will be given several examples of varying discharge, "and 
it will be shown that the results strived ~t:from use of the general 
equations for stream flow have been confirmed by experiments ca re- 
d u o  ~d models, 

Remark. Equations (14) and (15)can be still more general- 
ized to cover the ease in ~hich the increment of discharge, dQ, enters 
the strcam with a nonunifo~,~ velocity distribution. It is ~nly n~ees- 
sary to r~plaoo u* by ,n~. * U ~ whore CC * represents the momentum co~f- 
fici~ut of the increment dQ, and U* the component, parallel to the 
axis, of the mean velocity of th~ i:~rement. 

Suction 7. Stability of Velocity Distribution in n 

Consider unif.~m flow (ceur~ut statio~n~ire) in an ~ 
canal or a closed conduit (fig. 6). For a short distance, in toms 
of the hydraulic radius, the influence of the roughness of the sides 
can be ~glocted. Formula (15) than becomes: 

(15a) .¢i~ e = + U2 'de:., 
2g 

, S  ~ 

Suppose that at . a :  section, A, there exists a disturbance 
such as might be caused, for ~xample, by a b a r  across the str~amo 
This disturbance will result: in quit~ o~u uneven velocity distribu- ~ 
ti¢:n at section ii, a short dist~ce downstream_from + ~ It is: d~- 
sired to know whether this disturhaz~e will have a t~nden~y~:to de- . 
cr~as~ or increase in a downstream direction, the first ca~e the " 
fl(~ will b~ stable, in thu sec~d unstable° By th~ use . o f  formula 
(15a) it can be shown that the fl~is stable, ihoe by:~hypoth- ~ 
esis the discharg~ is constant, :~dJ~ e mus~=be zero dative, 'I which 
requires that d~ itself must be zero or! n~gative° Under thls oundi- 
tion, the hlequal ity of velocity: distribution d,m~nstre~" of seQtion 
II must diminish ~ (d~O) or at least r~in constant (dc~. =O), 
The velocity diagrams will then have a ten~aucy t~a~d uniformity 
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as shorn, in  flg~re 6 ( s ~ t i ~  I Z I  ~ IV). This s%~billty of flaw 
is ~lly oun~med by m~~e. I~ is known, ~ ~ L u ,  ~ t  

,~ ~ h o  ~qual v o l c ~ i t i o s  o a u ~ m l  i n  a o o n d u i t  b y  a 8 u ~ e n  a n l z ~ ~  
o t  o r o s s  s e c t i o n ,  a b e n d .  a v a l v e ;  . o t c . , : ' a l ~ o ~  d b a ~ p e o r  a t  a 

, o m - ~ c . ~ l ~  d:LsCv. .noe ~ z ' ~  % h o  o a u ~ e  o f  ~ h e  d i s C u r b ~ m o e ,  

- /  

/ :  : 

f ~ L  

, 2 "  

, , .  k -~ 2 0 .  

: :  ~:i:~i '. . . . .  . - . ..... , 
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CHAPTER II 

STUDY OF THE TAILRACE CHANNEL OF A LO~-HEAD PO.~'kN PLANT 

/i' }~, Seeti,,n I. G~nerul 

"~ The purpose of th~ draft tubes of l~-pr~ssure turbinus 
is for ~r~'~af~m~ "::he kinetic ~nor~y of the water at the exit 
from t.h~ runner into pot~Itlal uner~y. 

! In inst~llations of high specific speed, this kinetic 
energy is quite l~rEe. Its recovery -that is, its tronsformation 
into potonti~l '~nor - must b ~ " ...... gY e .ef~ octod v~r carefull_v, for th 

~u e wouAc me one in which this recovery is effectod without loss 
of auergy and in which thu kinetic ener~ at th~ discharg~ and of 
the cha~ul Wuuld bo 'reduced to a minim~ value of U 2 eorruspond'- 

ing to ~ uniform volomity distribution across th~ section, h~ 
prattles this ideal is never attainc4. The r~maining kinutic un~rgy 
~tthe outlet of the draft tube has a ~mlue Cj'U2 vury much larger 

th~u--since ~.~.~has a value of at least 1.5, Besides, thu junction ~g / 

of the draft tubus with the tailrace is alway~ chara©teriz, ~, fur 
eaustruotion reasons,: by a suddun enl~rgum~nt of wc~t~ sections; 
am~ f~ this reason, th0 ~iooity distribution ~t the: u~por end of " 
the tailrace is a~ays vory irregular, U~vever, due to the stabi- 
lity of fl~ m~uti~n~d at thc and of the preceding chrpt~r, this 

~h~rt di~tune0 from th~ entrance there: exists in th~ canal a normal !i~i 
• istribution of v~lociti~s with a coefficient of kinetic en~rgy~', 
in the n~ighba~hood of'. 1 . . . .  - 

inthc tailrace channel of a l~v-head 
1 cas~ of marked variation in v~locity 
e:~ ~eetion, in consequence of t~:e um.- 
th~ klnetiu energy is .r~latlvel~- great, 
kinutlc~ energy'is, in general, about 

.... :amal eo=tinues the work, begun by th, 
k/ 

tubes? of roo~o~ .~. as lo~go a.p~as possible of"th~ kinetic 
gy an~ ~roas r~u{ ;  it into pot~ntlal ~nurgy. No dlff~r~nc~ s~- 

A~ts,Im prineipi~, b~t~ean the,dx.~e~ ~ub~ and tb~ @o.nnl; t ~ o n l y  
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Thu tailrac~ c~ho~mol offers the saz~e problem as the draft 
tubc, t~:t of rec,..voring kinetic enurgy with a minimum of loss. 
Evidently the recovery in the channel is always very much smaller 
than in the draft tube. While in the latter it may be two to threc 
meters, in the former it may be in a well-designed c.h~mel frmm one 
to two decimeters. Since in very low-head plants one decim.~t~r 
represents, nevertheless, an appreciable percentage of the total nut 
head, it is generally worth the troubl~, especially in i=portc~t 
inst~llations, to study as enrefully as possible the design of the 
tailrace channel. For this reason the S. A. Rheinkr~,Ptwerk Albbruck- 
Dogern r~in~d the hydraulic r~s~arch laboratory of Zurich to make 
teats on reduced scale models fu~ the purpose of obtaining the best 
design for the tailrace channel for th~ Dogorn hydroul~ctric plant 
onthe Rhino, now under o~truction. Those tests wurc made under 
thu direction of Dr0 H, E. Grunor, consulting un~ine~r of Bas " ° who 
initiated the project and axl),eots its ~xeoutio~. 

Section 2 ,  of the Tnilr~ce Channel Studied 

i , , ,u • -- 

T h e  hydroelectric installation in quu 
" with gntes :c~ theRhine, an intcJ~e, n po~ur canal abo1~ 3.5 ~ Ion&, 
a:powcr pl0mt"with 5 K~plon turbines with = norr~l discharge of 250 
cu. m. pcr s~c. e~ch, Under a head vu~yi~, between 7.5 and, Ii.5 
maters, ~nd ~ tailrace chozmel ro%urni~g the water %o the river. 

,: This.tailr~ channel is 150 m~ors l~n E. ~ plan, its 
axis"i is th.~ ~ r O  o f  a c,ircle of @20 r i ~ m ' s  radius. Its tr~nsv~so~ ~.: 
section is a roctoz~l~:~ith a width of 79 motets at the p ~ o r - h o u s o -  
~nd"o~ i00 me~;ers at th~"othur o~. Th~ d~terminati:m of the lati- 
tudinal profile was the obJ~t of ~the present study. ~ ' 

~.. .. ~ ~n o~d~r to study different de si~ns of the tailrace oh~m:el~ 
%no A~oor~tory,'built a model to ~ soaio~Of:~l,~54 of p~¢of the...-. ".'" ~.:.i 

. . : . ~, ~n~ ~st i~st~llatim~...Fro~ left .to: Pi~%:.oxe the .uppiy~pip~ ~.. 
" with r~gulc, ti~ v~ive, '~m0o~uringweLr for de%erminin~ the~ai,chox~o -, .... 

a,~illing pool with baffles and fl~ti 
• o~ a tank roproaentlng ~ho Rhine, ~with 

. . A ooordln~togr~ph, wlth a loxg~ e~rri~e rollin~ rails 
p~allol to ~ ~ o~" the c~n:l and w~th ~ sm~ll e~r~0 ~ moving 

.... at rl~ht ~los thorpe;: w~s:/us~d t0.~mou~e %ho wutor .urfo~e oz~ 
to  hold th~ Pi%o% tube forim~asuring v o l ~ i t ~ e s  in the  eh~rml  ( f l ~ .  
9). Either n point ~o.~u ~r  a Pitot tube-could be fo~t~ on the 
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small earriag6 (fig. 12). 

It ;~ay be added that the installation pcrmit%od exact 
dstermination of the power developed by the:turbines ~y me~a~s of an 
electric brake, the torque being meashred by a balancusand the num- 
ber of revolutions by tachometers (fig, 7). 

/ 
Section 3. The Tests and Their Results 

The elevation, figure 9, shows the longitudinal profile 
of different designs of the tailrace ch~_nhel. Dcsi~s I-A, I-B, 
and I-C refer to draft tube I ned design Ii-A to draft tub~ II. 

First ~.~ethod.'-The first m~chod of muasur~nent consisted of 
determiniu; the over-all efficiency ~oS between sections 0 and 
(sec elevation, fig. 9) for each of t~ four hesigns of the tail- 
race cha:~.ul sh~:a~. The n~ p~:~er was obtained by measuring<simul- 
taneously the torque with the balance and the number of revolutions 
withthc tachoz:cters. The Gros~ ~ p~'zer was obtained from the dis- 
ch~urge over the weir, and the fall between/sections 0 ~d 3~ ~cz.surud 
by ~,e~ns of the c oordinato~raph. The quoti~:~ of the two Cars the 

~..~as~n'cm~nts were m~de for discharges corresponJi~g to 500, 
755, end 900 cu. m. p.;r se ul disch~mgc of the thrc~ tur 
b~cs ]o %r ~ach disch-rg .nch lonc~tud~n~l ~rof~l~ th~ uf'fi~ 
eiency. ~ ~.,~ was~ obtained .~us a function~ ..... . of the •water surface el~vation 
at section 3°' 0nly the results for a discharge of 755 cu. m. are 
sho~n. Fidure lO sh~vs~c-arv~s of v:~luus of .~ ~. Fi[-ure ll shews, 

~ ~ '. O0 
for ux~uplc, the curve ~C with the plotted points'; 

C.mparison~ of th. curves of figure i0 shews that desig~us I-A. 
I-B. and I-C ~iv,~ effici~ncies avcracin 6 about 0.7 percent ~reater 
thin; design II-A~ This permitted elL-~'ination of t~e latter design. 
The efficiencics of dcsig~ I differed Only slightly from each uther. 
However, that of desizn I-A is not quite as 6cod as thos~ of de- 
signs I-B and I-C. 

The foll~ving mctho_ was used for studying the ccti~Jn of 
the tailrac# cho_~u~l itself for d~signs I-A and I-C, 

Second method.--This consisted of d~termining the loss of ~nergy 
i~l th~ tailrac~ channel bet~v~un suctior~ 1 and 3 (figs. 9 and 13). 
The position of the energy line, for ~y profile, was obtalncd by 
plottin~ points above th~ water surfae~ r.t a h~ight corrcspondlng to 
th~ kinetic ~ ~ncrcy ~)_~, U2 
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onor~y b o ~ o o n  eo~t i~ns  1 =ad 3 "i%.~w~"~" To obta£u ~he lo~s O~ 
nootasarys  

(1) To ~onsure  t h e  writer surfo~e i n  TAw mudel a~ %hose ~wo 
s e o t i o n s .  This  wns dune wi~h t h e  ooord:ln~d:ogg~eph, 

(2)  To de te rmine  w i t h  t h e  PLtot  tubo  %he velooL%y d i s ~ r i b u ~ i o n s  
aT. "~he two seoT, ictu;  i'T~:t whioh was ob~xtned t h e  o o e f f i e i e n ~  o f  
k i n ~ i o  e~ergy p~.' (ohep~n- I, seetton 5), The vel~0ity d£e~v~bu~iu~ 
a~ eee~t~m 1 £a shushIn [igu~o I%, Tho value,of thu ~O~flOle~E~L~.'/ 
f ~  t h e  ~vnf~ ~ube aeeti~ :is 1.74j  ' f~r tho  see~i~n~-~f ~ corm1 
t~a~e~iately b e l o ~  i t  v a r i e s  botwe~n 4.05 and 12®66, aooc~&tn6 'l;o:~?kte 
depth  Of wutor i n t h e  ©hnnnel.  Tho vo luo i t y  d i s ~ r t b u ~ i ~  a t  soo ' t ic~ 

F igu re  15 shows, for  d e s i g n s  I - A  and I-C, Che, =e~eured 
v a l e s  of ~ z ( d i f f e r e n e o  of su r f ace  e l e v a t i ~  between s o o t i ~ s  1 
~nd 8) as a fune~ i~n  of  wuter-smv~o~e e l o ~ t i ~  a t  s o ~ i ~ u  5. 

Figure  16 sham's o~reepcnxt ing  va lues  of  ~ H. ( lo~e ~f  
energy  b ~ e u n  e ~ i ~ s  i a n d  5) do,  ermined an d o s t r [ b ~ l .  

In t h o s e  2~o f i g u r e s  t h e  p o i n t s  ~ v  des ign  l . ~  ~ e  ~ n ~ a t o d  " 
by cr~esoe~ ond ~hoso f o r  d e s i g n  Z-C by o~volee .  (;.t ehtr~ld .b~ ~e-  
numbar~d ~ha t  t h e  etu'vus ~h~rn on thu fl&-ures o x i s t  only  m r ~ n ~ a ~ X l y ) .  
I t  w i l l  bc so~n a~ unoo ~hat  tho  , o ~ % ~ r i n ~  of  ~ho p o i n t s ,  duo t o  
aecLden~al orT~s of ~aeuru~xnt, rendcrs"~oeslblo the dudu~iun 
of ~W l e~ .  Tho p~£n~Ipal source: of  b-nv~ 1tee tu  t h e  ~ e e ~ e ~ e n ~  
of  t h e  "aa~mv s ~ f e ~ e ,  whioh £e a ve r~  d o l i e a ~  ~ o r a t i ~  because  of  
~be ~mall dimene;l~u~s to  be ~en~ured ( ~  a s ee /o  of 1,34,  ~, ~ i s  of 
~ m"dm, of 2 m~)and the ~mev~table p u l e ~ i c n s  of Che flying 

To ,avoid t h ~  nege~t;i're r u u l t  ~ u  a r ~ e  wus w e d  which 
n u l l i f i e s  t h e  o f f s e t  o f  a e o i d m t a l  ~ r ~ s  o f  m s a ~ n n ~ o  This  
e ~ a e ~ s  i n  epp ly iug  t h e  m , z . ~  thuc~,  f t a -e t ,¢o  t h e  =Ms of  ~ , ~  
between e ~ e n s  1 ~ d 2  w h i e h : p ~ e  oa leuX~t i ,m o f  ~ ~ h e l d i f f e ~ -  
moo  Of w n ~  l eve l  b o ~ c t m  ~ o ~ o  eo~Gions Z~,Zl, end ~then t o  t h o  

D ~ 1 8  o f  ~he e a l o u l ~ X o n s ,  whioh aF~ ~s~al l~v t o  t h ~ o  ~f o b ~  1 
( eNo  5) a r , ~  f~tve~ bore .  They  1,oad t o  a r o s u l t  o~prose~d b~ ¢h~ 

t O l l ~ f ~  L f~ iq~OJ~  ( s ee  f i G ,  ~ ) | 

' 
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T o  ~v~i~  t h ~  n e ~ t ~  ~ l t  on,  m ' t i ~ £ o e  w v ~  u ~ d  Whioh 

(:~+) "~  *t"~--m i+~ + -+ 

' + - - - ;  5:++~: :  . . . .  -- 

" , ' . + .  + 

To obtain th~ loss of ~ r g y  b~wo~ a ~ t i ~  I ~ d 3  ~ w ~  
n ~  es s o~y: 

- ( i )  To ~ o ~  tl~ watt,: s ~ t a o s  i n  ~ m~del at th~ao "two 
s o o t i c ~ s .  T h ~  w ~  d ~ e  wi~h ~he o o o ~ d ~ t o ~ e ~ h .  

(2)  To d ~ e r ~  w i t h  tba  P i to~  %~bQ the  ~ l o o l t y  d l s t r i b u t i ~  
at t~'~wo seotlo~n i ~  which ~ obteln~l:the o~fi~len~ of 
kln~io enargy~ ~'~' (ohaptur I~ 0~tlun 5).~ The velcolty dis~rlb~ti~ 

i'm" the ~o~ tube  ~e~tlo~. ~ 1.74~ for %bo s ~ t ~ n  o~ tb~ onn~l 

~.~pth+,O~ ~te~ in 'the o h~m~l®. Tho. ~ l ~ t y  dle~rlbut$~ .at soct£on 

v a l e s  of' ~ s  (di~f~m~e o~ s~faoe e l ~ t l ~  b~t~e~n s ~ t ~  I 
an~ 5 )  a~ a, f u ~ O t i ~ n  o ~  ~nter~su~f~o~ o l o ~ a t i u n  .~ a t  s ~ o t i ~ l  +3, 

e ~  b ~  ~ i ~  I o~ i  $ ) d e t o l ~ d  as d u s o r i b e d , :  ,. 

~be~¢d tb~t t !~  ~ shown o~ t l ~  ~iguro~ ~xi=t ~¢nly + m , ~ r ~ a ~ i l y ) .  , 

of'. any Imp. " Th~ p ~ l u o i p ~ l  s ~ o l / o ~  u ~  lloe~ in' ~ L ~ ~ ~  ~ ~ 

t h e  , '~at~,  ~ v f a o ~ ,  whioh ~ ~ w ~  7 d o l i e ~ o  o p o P a ~ i ~  ~: b~oam:e ~ +" 
~b~: s ~ l l  d~m~nulcms t o  b~ ~ u ~ t  ( ~ +  a soa lo  +~  1:S4'~ ~ s I~ Of 

. + r + .  

ii : ' - 

+ ~ : i . !  I " + , ,  i ~ " + • ! ~  +:~! ~ ~ ,  



.In those formulas : 

n I - 

n 2 = 

Z~Zl, ~kz 2 - ~he dif~erauces in water lev~l b~twe~n sections 
i-~ and 2-S, 

h I, h 2 = the ~eptha at sections 1 and 2. 

bl.b2 . b s -th~ average widths of wetted sections i, 2, and ~, 

m I, m 2 = th~ rise in canal bertram b~tw~on s,~ctions 1-2 
and 2-3, 

"~ I, ~2, ~S = tho resp~tlve coefficients of m~.~entum at the 
t~o semtions, determined by Pitot tube m~asure- 
m~nts of th~ vel~ity distributions, 

4 ~2 = functions easily computed from th~ dischar~ Q. ...... 
g~b I + b2) th~ widths-~bl, b2, bs, and tho acceleration cf 

4 Q2. ~ravity. g,* 

It m~y~b~ r~marked that the influunc~ of the rou ~oss of th~ sides 
on th~c valuus of ~ z is h~rc campl~oly negligible. C~mputing 
the /~mo,Ant of this ir~luoncu, usin~ a value of k u i00 for the 
rood61, a c~rrcctivu t~rm is obtained of thu order of on~-t~nth of 

millimet~r in th~ m od~l, or ~o,half cont~:etcr, in th~ prototN~. 
'/ 

In the application of these formulas, us~ of appro~ximate 
va~hes of h I and h~ is sufficient, The values of A z thus obtained 

~.'~ independent of the accidental errors duc principally, .s ~ has been 
~lhi~, to the measurements of the wator surface. Each Of the equa- 

/ i i " 

/ neglected. 
%. 

Havin8 c~mput~d ~zl an.d ~z2, thevaluc uf ~ Zis ob- 
tainud by adding these two quantitles, The result of tho calcula- 
tions is sh~n by th.~ twu curves of figure 15® It is s~n that the 
curves fit the pl~tted points very w~ll° Kno~ing ~ z, it is ua~y 
to compute ~ H~, iwhich is sh~n by the two curves o~ figur~i,-16, 

Q 

corresponding to a difference in ~v~r-all efficiency of-~bout'O,.4 
percent. This r~sult ~grces with that ~Ivon ~bythe first mutho~i in 
~hich th~ dlff~r~nce was Oe3 p,re.~nt, e~ -~ 

i.i, 'I 

/,S 
u J 

i 

H 
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"It must b e  a~ni~ ted  t h a t  ~he 'abT~'~e~ ,bo~'~um1'thc r . s u l t s  of  t h e  
n~thod8 was nu~ s o  clos~ :['or %ke c~her d i s c h a r g e s  (500 and 

900 ou.  n..~ p ~ r  s ee .  ) i n w h i o h  t h e r e  was a d i f f e r e n c e  i n  th~ oye r -  
a l l  e f f i c i e n c y  of, t h e  o rder  of 0 .5  poroen%,  ,This is  due %o"%he 
f e e t  tb~% %he sooond.ne thod t akes  noooun~ ~nly of t h e  phenm~na 
o~ourin~ in  t h e  t a i l r n o e  ehonn~l ,  w h i l e  th~ f i r s t  inoludos  a l s o  
t u r b i n e s  and %h~ dr~ft:%ub~s® The d i v e r g e n c e  o f . : r e s u l t s  g i v e n  
by the two me~hods is explained by the ~=ot that the" form af the -~. 
ehnnnel has an in f luence on the e~fleieney of the dro/~ tub~s, 
an influence taken Into aoeount by %he first me~hod bu~ not by 
t h e  s~oond. 

1 m i 

I ~ s i ~ n  2-C '~ave the bes t  "offio~.~noy £or a dtsch~--~e of  
755 eu. m. The othur teats shu~ed that ~or a dlsehor~e of 500 eu.. 
m. the efficiency of ~desl~n I-C was o~ou~ 0.i p e r c e n t  ~ r e a t ~ r  t hnn  
thnt o£ design IoA, while ~c~ 900 ou. m., desit;n I-A ~a~: an effl- 
oleney 0.2 paroea~ be~ter than design IoC. When these figures were 
applied t o  the annuel disoho~e ou~ve O~ the power plant it was 
So%uld th~ th~%w~ d~i~ri~ ~ praotically t}~ ~rae average ,.~i- 
el.ency. However~ s~noe d~i~n l-C had the advan%aEe of muoh Icier 
~ r s t  oOSt (leas ~ o a v a t i o n '  o~d l~er side walls ), %his .w~s ~he d~- 
sign reoc~nmen, ledo 

Figure 15 shows that fur desi~s I-A or~ l-C the water 
sttr~oe rises .b~'~w~l sections 1 told ~ ( ~  Z positlv~). 81~e ~ ~, 
~s~the o h ~ ; e  i n  potentlal enor~ butweun these s ~ t i o n s a  ~hls ~u- 
e~ease in surface eieyuti~ repr~sm2ts : that p a r t  c~ th~ k L n ~ i e  
m~e~gy ~ the entrance t~ the canal which has been transformed into 

o r e ~ i n g  t h e  available h c a d m g u u r ~ d  be tween  e~o%ions 0 and 1 .  

• Figure 17 ~hows~ ~or:de~l~s I-A (~oli~ lines ~) o.udl-C 
(~t~:l~es)~. ~h~ ~ z ~ r ~  ~t e n t r a n . e  end d i s e h ~ e  o~ t h .  t a t ~ e  
ohnnuel~ ~ho l ~ s o f  e~ergy m ~  the 7(~o'em-y, ~ 0  ~hlz.f~£~are 
ahc~s olearly the v~rlatlon of' ~ r ~ ~  ~ ohanne le  

0 

% 

a P 

$~%1~  4, Conol~stons 

k.s a remul¢ Of Ch!S s ~ u ~ ,  o f  a n  a c t u a l  Oo~e~ t% wns 
ipOeslb~ t o  n e l ~ .  w i t h  certba~d~,, an ~ m ~ m a ~ l  d e s i g n  ~m~ t h e  

• h ~ n  ~ha t  th~s  ohann~l  r e o u v ~ s  ~ by ~'~Lu~: a per~ o~ 
• he a v a i l a b l e  ~Io a~r~ i n t o  p ~ a l  enor~y ,  
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The npplioation of  the theory of  conservation of  momentum 
leads to equ~-tion (17), which is the integration' of equa~tion (14), 
o.nd :which permits calculation ~ of the:: values ~ of L~z o~d:~~ He::in~ ~i 
the ohonnelo ~It must be:remarked that equation":(l?) oo;J'id 'be used 
for~'rthis"purpose only because of the ~vailability of measur¢~ments . 
of the velocity .variation at sections l,~r 2," end S whioh pormittsd r 
detorminstio:z" o~' the change inth~ coefficient OC. As n'oted in 

i 0 • 

P 

7 
"" ~ ,~ .~ :7 

.{ • • 

,. ,k 

27 

L. 

J r 

. • i~ ~'~ 



LP 

'~ . 3 ,  ,.~ ~ - "  " "~,' - / ~ '  j . : / /  

- % : 

iI ~ ~ - . . .  ,~ 

~ CHAPTER I I I  

Translator,s note: Translation. of p .  ~6 h~s.not boon:.inoludud,~ It 
doesn't se~n to add much, ..... 

FIRST PART : 

SURFACE CURVES FOR INCREASING DISCHARGE, WITH LATERAL 
INFLOW PERPENDICULAR TO THE DIRECTIO~ OF FLGg. 

T 

~!~ 

- / 

/( 

' ,i:": 

7 

!<! 

All of the first part of :this chaptur will bu based on 
the" following h3~o%hosos : :- 

(l) .:Thedischarge increases In a aowrmtro~ d~r~ion ~cord- 
ing to' a Pnuow~ ~law. : The lator~l inf'l~ then is ":always:pos i%ive , 
(dQ .~0) o 

(2') The ~n~low~is at right .. ~ngles to thu direction of ~fl~ in 
th~ '~Oharc~el .(u ~!= C), " - " -~ 

" (3)  For ,s impl i f ica t iOn,  the variation in thu couffici~nt o f  
m~en~um, dc~, wmll b~ no~l~t~d ~nd ~. assumud equal to uni~y= ~.: 
Under these conditions equation (14) bocmmus. "', ~.. 

.... " " ' :'~ ~U 2~ ,~~ + d~-+ ' " (18')., ~ ....1 ~ . dU ? '~. 
='--!-~m~ ~ ~ ~-I" ] ~R ~/~ . ~' ~ : -, . 

m , " - - 

-his is thu'diff surfacu, ourvoo 
' " " b Ossibi~ t'O inte~atel In s~cti~n 3 a ease wmlz 

the equatio~, but:in most =~ss~r ~mpute too ........ 
th~ o u r v u  by arit~ cus.~ .For- ~ ,. 
this purpos~ the-o 

in which ( ev . e  fi~. 18): 

?'-i:- 

i. j':: ."/- 

~ x  = t h e  h o r i z o n t a l : , d i e t e m ~ e b ~ w u e n t w o  o n s e o u ~ i v e  s ~ , ~  ~ 

Q~, ~ , u  r u~ ~ t~ d i s c h ~ g ~  ~ vu1~Itlus ~ t~so ~ ¢ i m ~ ,  

k . 
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Sin, :~r,~ Um= the~ av~r,a~c ~'~luos of wo%~o~ aro~, '. N~ullc radius 
' ~. . /  - .., '~ ..end ' m o r m . ! v ~ l o ~ i t y  . b ~ t n ~ n  the~_, .SoOtionsi .  . . . . .  . . ."/., '," :- ~'- '  

% "" '° k"-/tho'coofflciont of r~o~ity of~ the oho2inol in "- , ~ 

. . . .  svctions. I and  2 . .  "2 ~: 

• . ~, . . - - _ . _ . . . .  , , ~ u ~ ' ~  ~ 
. . . . .  " ~e ~ ~-.~,.~ ' 

,. !'~6~st one.:.~oiht,on th~ surf~e~ c~rvo is :~o~ , .  I f "  C ...... .~.,, 

is th~.soctio~ at the ~o~o~tr~m end ~o~ ,%hu :reneh over .~d~ich tha : =:' 
d . ~ s c h o r g e : v a r i ~ s ,  two oo~es~m~y.~.bo distinguishe~. ...... . 

' " ;i] 
it is necessary t,~. o~sume: 

:: roach ovor  which the disc] 
.' c~latu the surface upstr~, 

"" ' " " such t~at ~, 

surface at ~i, is known ;from ~ ~co~ition~ cxi~tingl ~vns~un. ~he 
~wat~r-s~faco'~ul~vution at ~ u~nlshOs a starting point for/comput- 
ing.-' by formula ( 19 ), th~ " sur~facu oven which the .. O~rvo for th6" re~ ...... 

• ., • '~" w~rk~ing from ,~.i upstroom. . . . .  ,, ~.dischar~e v~rics, ' , " " -, 

;.:ShOotin fl~,v oo~ ~ 
downstrOom Of '~= have:f "no effect c 
s~mtion oontrollh~g ~.tho~ depth at ":~ 

~'~ C~Jo~l;'Orv~r which thO discharge ~ 
Very.simplyl- as sh~rn byi' Dr. Bos -, - ,,~ 

of leas t work; ~n such .a way that .the cncr~v,liue will oC'cupy~ th~ .~ ~".~ -. q ./~ 

in-g~ al.~ ~c I re,an d by. ass~ing, the/critical;depth ~t~o~ ~chr., at~:Li ~® . ~ '!~i.i 
The surfaco curvc~;.in that po~ ~ thu ch~.nn~i~"ov~r ~hich the dis-% • "~'i! 

bc IS.at any charge varies mm~y then ca!cu!at~d,~ipr~coudin~, u~str4amo ~ .~ 
point, it is Impossible t O.fir~.r.,:valu~.i~~ ' ~, z,.w]~ich-wili~so:tisfy !. ~: i~ ,~ 
equation~( ~);:: t;~ eCaus~:th~ ass u~tion.of, critichl dup~h at t " : ..,:~,:';i~, 
d o e s  not g i v e  : t h e  l ~ o s t :  p ~ s  i t i O n - O f : ,  t ~ :  ~ r g y . l i n o ,  ;qn  ~ ~this.. cos'e;  :'~r 'F" ~' '~: ~')~ 

~~. cv~+.~1 ~;~+~ " n + . . : - ~ ,  _~!~..~ ~ _  ~ .. "~ the 

~- 

position of the onor~.llnu~c~n b% obtained., 

• . ¢ .: ,, ..... ol idth" ;! ~d ton%',- 
slope ~ ,~f~g,;19). "J~sum~. that over 

*; O 

~ . -  .%: ~ 

Assum~ t,~ct th~ w.~t,~r c~mo% escape to-th~ loft e~roSs soctl.,n O~ 
z i ~  " 

.. 2 9  . . . . .  

,: / !1:5; : , ,  
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Undur th~s~ oonaitio~ fl~ ~ the' cnmmel win b~ fr:~ l~ t~o 
right, the. discharge having i lln~ar<~vari~i6n.b~t~en the 'valu~ " • .~i 
zero at' 0 and QL at L.' It i~ proposed to study the f~rm of th~ 
:surface curve, O'L,, of thc:.W~ter 'in ~,~e' ch'arme'l. 'L~ r i s " " '-- : ~ ~ "~ 

I, 
~ n n ~ t dimensions be re~err~d %0 a rectangular 

ordh~at~s xOz,. as indicated in the figure. -At sOotioz 

~n = the ulevation of thu harmeA bottom,~. . ~,~ 
war ~. :~urfa - z = elevation of ~ cu, .: .:~ : .: 

U = th~ mecn ,veloeity~ -. " • ....... - ~ .... " ' .~,-:.:~ 
h - the d~pth, :~.. ' 

h, '& the" depth ae ~ section L~ :.: : -:. : ~' 

• , ~/ ? . 

The discharge at: .. soctiom, ~x, will be: . : :. .... .... ,:~ 

X ": '~ '" • " " 

Also, hhu foll'~ing~,relations are evidaut: ...... ,,~., .:~ ~, 

Q =bhU, (22) .~..'-~',h- ~ + m. : .... (2~) ..m -.~x. /i"!~i. 

Th~ infl~nce of %he rou@Pm~ss ,sf the Sides, which, is i ~ 
g~ncral.ly sm~ll, ~ is:' neglected. -E~uatf:m ~"i18)': then may b~. written: ........... 

( 2 4 )  az :;, ': " a Q : :  d u  " , 

Writing iequations (20) and' (21)Lu l~g=rit}muiC form and i ':i~! 
diffcr~:nt iatLu~: .~ 
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Pr~ C21)~a (2o): .. r ...... :. 

bh2. ',. b 2 i 2 h2.. -- . .: :":' . . 

%" dU. dz,. m~C.U ~ • ! ' 
Substituting thc.valuos of ~, ~., in oquation (24),,.w~ ji 

obtain: .. ; . ~:~-. 

2 
dh'- idx - - 'x 

,b2~ 2 h 2 ~ . . . . . .  _ _  

~nd r~calling that ~'~ .is the :cube.of.th~i.critical-depth ::. - 

? 

(25) i h k ..3/ ..... " 

:', ,%-:' T '  ~ 

we finally, obtain, aftor s~o .simpiificat[on , the differential._equa- 
tion of th~ surface curve in torms, of x and h: -... 

. J ' ? t: 

( 2 ~ )  - d h  ~ " ~ - .  h :-'~ 

-' .- .This ~xpr~=sion is not .one Whic}i CCa'~ bc ilxtc~ted, . How-" : - 
~v~r0 it discloses tho chr~aCter, of the surfaco curve, 

- : ~ : :  which is"tb sa~ that'th~ to~,.% atO' is alw~ys.horizont'alo " '.' 

... . :. .~ ir~t casoo--Assmne that ,I~' 'donominator dous i .i 
not v~a~i..:h: f~r ~y value of x botweenO ; r , ~ O .  I .... :: 

i.~ c~)ntinuous over-that LntorVal, Undur:this"~hypo~h~iS,.this. ~:dx ' ; i 

j • 

- b~ pos i- '- 
L hl2h k ~r th~ d~pth ~t~L .:~ ~ - ° . . . . . .  . • 

will b~. ~ruat~r than the critical ~upth, 
~b 
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If the second duri~:tivu of h with,reapuct to x o~ 
taken, th~ foll~wing sxprussi'On results: : ...... 

"(72h ~ + h k x ) ' 

- +, • +. 

ince .~ : zs sm~ll, the, first form in the brackut will b.~ -~,i 
lussi In absolute value, the: thu sum ,of.~th~ othur tsr~ 'Th~so • .~:~ 
~uing negative, and thu: fraction, bu#ore..the., bracket.+.b oing. p~sitiv~,. +"~- 
sinoe ~•l h5 ': hi,Sx 2 ~.:" O, %hu seoond derlv~tive is ~I~ ne~a%Ivu: 

the surfccc curve is .conuavu .with respect to thox axis.: " L ~ ' 

• Moreovur, since th~ v~riation .i:~ '~: 
in practical+cases, thu absolute value of d 

creasi:~in a+ d~streamvalues dirOctiun.°f x.; that is, th~ curvature of the surface incrgases :- 

It will now :bu sh~n th:+~t' the. slcp~ "Jf+thu tangentl at L' 
is always groatur th~rllrthu slop~ of th~ cha~:~l bottom. We have 

• ++ 

i 

-% -- 

X m 

. +" 

t n ' '+ + ~  +<~+ IL 
• + 

which in+~uality, neglecting %he term in i, oan only be: s-atisfi~d '+'+::+ 
w h e n .  " " . . . . . .  +".: - 

-2 hk+th <o. 
+ . L  : : 

+y: . .  

• Th+r~'ialwmys exists then, b~+un+O: and L' a point P at +hi+h thu + .. 

? +' +, • + 

~cn~+, th+ .surf+cc ourvo must have+ :.if the +:~esslon ~? • ." ++i. 

thu . s h a F t #  Ix~i©ated .in figuru 20, ' " "' "+ ° 

. • .++ :- :~ 

+ 

+. + 
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;, It is to 'be notcd.thatsince hl~h k the fl~vd~ 
of L will be streaming and the water surface elevation L' will bc . 
fixed by th~ conditions of this flow. Thisl is the first case of 
section I of this chapter. 

Second cass.,-Assum~ now that the ~anominator of uquation (?,6) 
will have a ro'~t in the interval between zero and ~ o For :r- O, 
the den~inator is positive. Since it vanishes for some value of x 
betweau 0 andl , it willbc nu~ative for larger values of x° Hcnmu. 

for x =~, wc shall have !2(hL S - that is h~F. hli:thu 

depth at L will be less than critical. This moans t~t downstrumn 
of l~where~the discharge is ccnstant~ thcr~ will be shooting £1~w, 
as ordinarily defined in hydraulics. But if there is shootin~ flow 
to the :right of L, th~ water surface is fixedby conditions upstream 
of that point. The water Surface will be such that the ~ncrgy line 
in the reach 0<x~l will have the l~west position possible (ease 
2, s~tion i). Now, the position of minimum heisht is evidently that 
for which the critical depth is at L. The surface curve will have 
the shape indicated in figure 21. At L, h L = h k and the tangent to 
the curve, th~orutically, would b~ vortical, since!for x =I an~ 

dh 
h~ = h k the ~ derivative ~ becam~s :infinit~, the d~nc~inator b~ing 

z~ro. The only root of th~ d~nominatcr admissible is x =~ ;~it is 
s~n that this requires sheotin~ fl~v downstream of L.: i~ 1 

SummarizinG, thurv ~rc t ' ~ o  possible cases: 

First, streaming flo# to the right of ~ L. The surface curv~ can 
be caiculst~d up to poizt L', worki,n ~ up~tresm. At that point, 
h~'h k sr.d thc compu~ca~ion for the reach butwuon 0 axAd I is made by 

mc~aus of formula (19). workin~ upstream frown L'. 

Sec end, s hoot in~ 
conditions to th~ lust 
critical depth, and the c~utations ar~' made" as before, workir~ up- 
stream. 

Section.S.. Re~tan~ul~r Channel with L~vel Bott~, Disch~r~u 

-"'-,. M~kc i' ~. 0 in uquati~ (26). Then the foll~in~ diff~F=n- 
tial oguation is obtained for the surfac~ curve in a level ruotau6u- 
let chann~l with lateral inflc~ which is const~ut per unit of l~ngth: " 

~ i~ ~ 
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Z/ This equation, oanbe into rated• Put x 2 so that 2x~ • . . . . .  ~ . . . .  = S. u 
ds. The equation then hs~omes, after :slm~!ifying: 

( 2 8 )  as . s ' !  2 ~ ~ h 2 - o 

This is a linuar e~uatic~, Putting ~ =.uv wh~re U. a r ~ . i v  

sine n~ variables oquation (28) b~comss: 

(29) 

that is : 

dv a u  u v  ~2 2 
u~E+ v~-'S~÷:h--~k h - o. 

Let u be Ohosen so that t~ o~ffi©i@~t of v ~!I bo ~ m ~ o ,  

(30) ~ _  " ~ = O, 

Equatian (29) then becomus : 

( 3 z )  

~b i cs - 
Equation (30) can be inte 

Log u- Leg h, 

u = h (camstaut of i~egratiom beir~ ummeees- 

Substltut~h6"~v~iUo ~ of u ~ ec it becomes, 

d~v+ i 2 
7 

34 
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Integrating : 

V - ~ h2 + 
- 2hk~ ~ c~ 

where c is the constant of integration. Now: 

. 12 hS S = uv - - - + oh, 

2hk5 

and since s = x 2, the g~ural integral of (27:) is: 

.2 
(32) x 2 " - ~ h 3 + ch. 

2hk 5 

Tho constant c can bedutormined from the condition(fig.22): 

h - h t for x -I, which gives: 

h .2 

._ 2h k i 

Substituting this value in uquatfon (52)° the ,~quation of 
the surface curve is obtained: 

or 

(33) 

(53 ' ) 

2 12 ?h 2 ~2 

This equation purmits dir~t computation of as many points 
as dusirud on the surfacu curvu by ~ssumin~ values of' h o.nd ~ faming 
the corresponding values o£ Xo 

For x = 0 in equation (35), th~ d~pth h o at point 0 ia: 

,! 

55 ..... ~ 



Note that*in the~r"spmmlal.caso of a horizontal b~tt~m, the 
shape of the curve (fig. 22 ) is the same as for a canal,with slopinE 
bottom (fi~° ~0)° The points P and O' are i~ntical. 

Section 4. ErPer..imental Verifimation of Cc~put~ 

To check the reliabili%y of the msth~s derived in the first 
three sections of this ohap%er~ the follc~in~ prepare ~ carriud outs 

(I) Suveral'surfae~ curve~ for a rectangular channel, in which 
the lateral addition to the dis©harso .~as made by means of~a free 
jet perpendicular to thu ma~ stream, wore maloulated and determined. 
exper iment ally. 

(II) A s~ri~s of ~:~porimonts ~was m~de to determine the surface ' 
curves ~t a mc~ol o~ a rectangular.escape omual f~d by transverse 
oan~iso Th~ experimentally detorminud curves wore ~cmpared wi~h 
tho~ c c aloulated~* 

~Th~ "t,~ts ~it~h free Jot an~ escap'~'~oh~nel wore madu by M. Brandle, 
assistant at the H,ydraulie RosoarchL~boratorY of Zurich. 

. . . . .  ' L ~ - -  - -  l " - -  J - - I  " . I i i  i ~ - -  

( I I i )  Four su~rfa~ curvus ~ure ¢alcula%~1 f~" a trapezoidal.. 
channel with in~reasin~ disc -hargu, and ~umpnred wlth ourVes d~er- 
mined expcrim~ntally on aroduc~d =~I at thu Poly%ochnic School 
at  Brno. 

X. E~PERIMENTS ~ ON SURFACE CDRVES IN A RECTANGULAR CEA~NEL 
30 CM WIDE. WIT~ LATERAL ADDITION .TO THE D~SCHARGE. 
MADE BY MEANS OF A FREE ,JET AT RIGHT ANGLES TO THE 

M~N S~REAM' . - 

Si, mo it i~ ~s!r,~..¢o ~011 sH ,cm~ l~n~th ~ thu donorIp- 

b 

| 

h ~ o e  ,:/ ' 

Th~so fr~e-~~t o~ri~ats ~ h ~ o a  Lthat t 
(19) giv~ r~sul~s  a~roo~ng wlth .t~ f~,ivlthln 
p ~ i m ~ a l  ~ r r ~ r s ,  I~  s h ~ 1 ~  be r~:t~t th i s  w ~  b ~ a u s ~ ,  by umil~ 
a fr~¢ J~t ,  i t  was p~sLbl~  t o  s ~ i s f y  r ~ g o ~ l y  ~hu a o a d i % l ~  ~ p ~  

~6 
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pendleularity of the r ir~reasc in dlsohar~e, a condition assu~ed in 
the derivati~ of the ,q'~::'.ti , n s ,  

II. F~PERIMENTS MADE ON A RECTANGULAR CHANNEL 20~C~ 
WIDE, ESPECIALLY BUILT IN'THE' HYDRAULIC RE- 

S aEARCH LABORAT~Y OF ZURICH ~/~ 

(a) Description of the T.est Instal.lationo 

Fi~ur~ 24 is a photograph showing a general view o f  the 
~ustallatian. Figure 25 sh~s ~ plan and longitudinal and transverse 
S~ect~c~as, The installation consists, Successively, of: 

(I) A ~auge b~x with a calibrat'ed weir fed by a pipe with a " 
re~ulatin~ valve° 

(2) A stilZin  pool. 

(3) A canal with Glass sides, 102.7 cm wide, 60 cm de~p, and 
IO.18 m lon G . The cross section ef this canal iS divided intG two 
parts. The first p~rt is a model of an open canal 20 cm wide and 
SO cm deep, with bottom horizontal. Th~ second part, 7S.7 cm by 
60 cm, s~rves only to contain a series mf eight small transverse 
canals 12 cm by 30 cm in cross section and ~2 era.long, numbered 
from I to ~III. Thesu small canals ha~o ax~s horize:~tal and per- 
pendieular to that of the main canal~ 2Corn wide, into ~which they 
empty. The water frum the feed canal, 73.7 cm by 60 era, passes 
first through risers i2 cm by 20o7 cm, separated from the t:ansverse 
canals by a~rat~d weirs, without end contractions, m Adwith crests 
all at the same elc~-ation° 

"TI}~ 20 cm c a n a l  r o p r e s e n t s ,  t h e n ,  t h u  upper pa.~t o f  the  
tailraco canal, of a hy~roel~ctric plant, into whioh: eight ,~ draft 
tubes discharge a~ right angles to the dire~tlon of fl~, 

A :needle dam, placed at thu downstresm ~nd of the-main canal, 
4 pu~n~t., regulation o~ the depth at which thu wntcr flQ~s° A 

s~cer, d needle d~n, placed at the upper ~nd of th~ char~el~.:por- 
mits ~utroduetion of any desired discha,-gv atthe upstream end~ 

serves te 

(4} A r~eITing tank into which thu c~ual dlschargos,. ~ptle~ : 
. by a dlsch~-g~ pipe* .. ~ . . . .  ..... 

$7 
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(b) Methods and Results of ~ests. 

I. TI~ first part of the experiments consisted in de, or- ~: 
mining the :coufficio~ of ru~osity~k of the sides of the model tail. ~ ~ 
race channel. For :this the eight transverse caualslworu walled off 
and tho'~upp~r needle dam left wide open so that the ~tiro discharge 
over the moasurin~ weir passed through the main channel, the d~pth 
of flo~ boin~ regulated by means of the l~er needles. Fo~ each 
condition of flow studied th~ sur£aoe curve was Set,trained by locat: 
inG~rWlth the coordinatogr~ph; points On the water surface at five 
cross sections, equidistant along the canal. Fr~ ~ the curve thus ' :  

determined, the slope of the onorg 7 line was ~ found which pernitted 
obtainin~ the v~-lue of the c oefficie~ k in Stricklur. s (M~in@'s) ° 
farr.~ula, the discho/~o bei~ known from the weir measururaon~, 

In this way eight values of kfer discharges of 5~ lO, 15, 
and 20 d~:, ~ per see. were obtained, two for each dischar@o. ~Th~ values 
of k varied fr~n lO0 to llO, With an average value of 105o 

2, The weir~ of transverse canal no. VIII w~ then call- 
brated. Water was: allm'tod to fl~ through this co_ual, the ~hers 
re~,~ainin~, closed., the needle d~m at: thc~uppcr ~ud of thu main channel " 
also buingclos!od, !n this way th~ weir was calibrated for five 
discharges of i, 2, 3, 4, and 5 dm per s~c. For each discharge, 
which was measured very precisely by the c~:librated w~i~ ~nthe gau~o 
box, th~ wat~r-surfacu elavati~ in the riser ahuad of the weir:was 
dcturr_incd by m~ans of th~ coordinatograph. The calibration curv~ 
determined by the five points thus ~btai~ed is valid for t}~ other 
s~von weirs, these being id~:ticr~l with th~ one calibrated. 

3. A series of e~er~c.uts w~s thenmad~ with a sir~io 
trausv~rsc canal. L~avin ~ the installation in the conditic~ described° 
the main feed va!vu was first opened until the discharge w~s 10.5 cu~ 

water was regulated in the canal so that steady flow at five differ- 
Qnt sta~os was obtained, t~ dischar~o~ h~evor, r~maining thg sc~s 
~t all sta~os, ~hat is : 

~8 
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For.each stage the difference of oluv~tion of ~ the water surfc©e~ ~\z, 
ab~,o omd below trmnsv~rse e~nal VIII w~s measured, This w~ dor~ . • 
by measurin~ very precisely, the wuter surface elevation!st two cross 
sections; one 53.5 om upstrenn of the axis of"th~ tr0-nsverse canal / 

:~id one 86.5 cm downstromm of the axis. The difference Of the aver- 
a~os at each section gave L~ z. 

Next the s~ oper~tior~ were ropo~t~d, le~vin~ Q at i0 / 
cu. dm per sea., but making Q2 successively equal to i0, ii~ 12~ IS, 
14, and 15 cu. dm per sea,, ~orresponding revalues of ~Q :equai to 
O, 0. i, 0.~, O;S, 0.4, and 0.5. "- 

The resUlt of all these mo~sur~.~cnts is given by figure 26, !~i 
~in which arc plotted as abscissa the values of h measured at the 
section upstrc.nm of canal Vlil-defined abovo~ DUd as .ordinates the i 
c~rre.-.pon,!ing values of Zh z. The points ~t the: e-:At~rs .:: Of . the small 
Circles ..cud triangles Show the results of the measur~aents. " 

4. After this, experiments were made for a study of.. the 
s~face curve in ~ rectangular chnnncl with increasing discharge. 
For this all %he transverse Can~isw~re o~.c~ed, ~thel.noudlu d~m at th@. ~ 
.upper end of the main channel tightly seabird, ~ that at: the !~or ~' 
end rc:aovod. Under this condit~ion"the.entlro!;dischar~OipasSed over.. -.. 
the eight weirs- in the trausvCrso charmels, ' one;eighth ~ the .%o£al - 
passing over each weir (in cons0qu~n¢o"of th6 I~V velocity ~in:'the'7~.7- ii.i 
cm .by .60-cm cho~mel, the w".ter st~face.~in all the risers ab~¢e the 
weirs stood at the sam~ elevation). : i.!~ 

T~horO was thus obtRinod ~a~ the main-e~nal afl~ cortes . . . .  .. 
pending to the. case in Which eight turbines discharge equal quanti- 
ties of water par ~uit ~,f time. The surface curves corrcspondlng to ~ 
discharges of 5, the:: obtained by 
m~asur ing with tb 
surfaces at severalsections of the 
at each .section;but also the :water " : '~ 
~xis of cacl~ transverse c~umlo Figure 27a  sh~ws, inplan~, the :icma- 
tion of points for. determining the water surfaces, In figure ~Tb~wo: 
plotted, as. small circles, the avcra~'c Of the points_ at each s~otion .... ~ 
in t}~c mcineanvl ~nd, as horizontal dashes, the av~rag~ of:th~ points ~- 
'in the tra:=vcrse canals. Figure 25 shov~s"a vi~,# of the r~ach~b~en 
.canals V ~und Vlll. for a discharge of i0 e s.e@. 

(c) Discussion of'the results ~f the uxperi~Acnts~ 

i. The value k - 105 obtained for ~ th~ eoeffielur~ hl 
Strickl~r's formula is very largo. This is ~ nut surprising~ sir~,e one 

39 .... 
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a smooth ooatiag of o~se~xl; m~ar ~se~trazsverse ~- 8eoti~' fi~ • 2~)? : I 

Z° NO r~arks aru neoe~s~ry ~ the e ali~ratimm of ~ho ~ ~/i! 
we~s in the tramzvorsu e a n a l ~ .  ~ i. 

~. By the aid of  f~mula (19)~ using k N lO5. several i 
points ~m:the curvc ~ .z -. f(:h) were calculat~ f~ QI = i0 oU~ ~m 

to o, o.o , O.lO, o. o. o. o, o. o, Ii ' p c z  s~., ~ for Q1 "~ 

/0.50, Thsso ou~ves are pl~ttod with d~tted linos in figure 28. which 

o f  frioti~ (k ,= co.. ) in formula (19). ~',Tho o~mparis~ ~f t h e s e  I 
~urv~s with t.~ plotted points d ~ t ~ d ,  axp~ri~ally su~omts the I 
followi~ r~mar~ : 

(a) f~r ~ . ~ : , .  O. th~ smp~rim~al points lie within the limits ~ 
QI of ~xperlmontal ~rror~ ~th~ dott~ c~rv~, i 

(b) for ~ - 0.05 rand 0.I0, the ~orimental points lie ~:-;~ • 
Q! bc~r~o~u %ho ourvcs fork = 105 ~u~ k ~ CO . 

(~) f~* ~__q.. 0.20; 0.~o, ~ 0.40, th~ expurim~t~l points ' -  
Q1 lle, v#~thln th~ limits of expQr~n%~l e~r~, 

on th~ ourvo for k = CO . " 

. . ,  • , .r '~ Ist~tly (d) fo r  ~ ~ 0 .50,  t h e  e ~ r l m ~ n t a l  po in ts  l i ~  o ~  
QI bolo~ tho 'full-lir~J ourve, 

Lu a general way, thon, it maybe se~ that ,th@ largest i%h~ 
ratio /~Q the fra~th~r the, exper!me~a! ~ poi~s are r~moT~ from 

defied e~ ~h~.~ latter ~rves ~u~ht t~, O~r~p~ 

p lainc~7 T~ ~lamatiom is 

- b 

ao 
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then obtained: 

(l a) 

which wo~dd ~Ivc smaller ~bsoluto v~lues+.,of ~z, sim~o u* ~. U m +.:, 
,+ 

boin~positivo, the coefficient (I - u~_ ) im loss than one., These ? 

• ' . + t + 

now v~luos of ~ z should ec~respc~ ~xactly to ::the' facts. + 

This, 'then, is .the. ~xpl~n~%io:~",':.O~ the divor~ace bo~uen " 

the oxporLmcnts and equation:!lg). SmmO praetioal observations.may " '=+ 
n~v be made. It has been obs,~rv~ that fc~ ~ Q ~ ~ e ~"- --~ ~"~A ~ 

the uxpor~ntal points lie, within the lit.its of e~or~m~tal +error, ,,, 
on the curves computed fro~::.oqu~tion (19.) using k = .~/O • 'This is .+. ..- 
to say that ur~ar the cxperimcntal+oondltions when the ratio~ lies ".~:;~ 

bot~won 0.2 ~xd' 0.4, the errc~i dub+to the n~sum~tion ~that the d~eo- 
tion' of fl~v of the in~rem~nt~+~ ditcher.go is perpon~ioul~ to t~t 

-, of the moin stroom is. ~xactly compensated for by the in~lu~ee o~ ~ . 
friction... 

~i~ In the ~en~ral ease, it~ is ~vid~cr~ that the ~ effo~ts 
mentioned above, nonporpondicularity of the infl~ing +stro~m ~ml ? + 

..... ' " s~: of , th~  e~er-~.monts+ But i%m~bo r:~o~ko~ that tP~se twO: ' 

ill 
: " " erf~ts,.'.~r~ small ~ that th~alwa~ oFpo~o-eoch oth~r. It may be 

: + said, then, that bylusi~ '~0~%io~ i(18.),+~witho~ th~ first tor~ i ::; - • 
(k ~ ~.oo ) for th~ c~utatlon O~ the.chom~o"O~: olovatiun n~z:;':e~used . 

" - to,: a result will ,be. obtai~d which will, in practioo, be .: satis!~0 
t~y; 'emd in which the error will eortainiyrbe.~Ithin five porom~t. ':i~ .~ 

- k 

in the trmcsv~rso ~ o~ual at the point ~ure i% disc~rgos, into the 
main cc~n~l. In c~der t o  o~¢er~a in .whuther  this might+be true, ~b- , 

vary m~rloadly ~his ~istribu~ i~, ar~,  @thor cor~itior~ ~. r~in~ :;~:;: ::~"~: 
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was absoi~ely in~opo~cnt of the vel~Ity ~istributlma 'iintho t r a n s .  

l 

(5S'), dov~l~ud seoti~ S ~ this chapter, • Th~s ~oz~uZa ne~l~t~ :~, 
the inf. lu~noe ~f friction, an~ it has Just be~ :shorn =bravo (5) that_ + 
this ~ ~luenmo, in the l~'obl~m in hanS, is more ~ los= cem~nsate~ + 
forby-the nmmper~au~icularity of'th~ fl~ li~s ~ t~j aisoh~r~e 
incr~nent'a to those' of the main ohmanelo . Fm~m~la (3~.,...:)Jr #~ S ~ '  ~ ~S O' 
thatth~ lateral i~mr~ncnt is unlfmrmly d i s t r l b u t ~ L  L~I O~ J ' thai.reaCh +. 
over which the ~Isch~e varies° : This h~+~hesis ~@~ a~Imlsslble,, beim~ 
o.~lo~ous t o  that ~ e  in Stran~ of ~t~rlals' ~ ,  it is ~ ~ a  
that a beam subject~, to f~o: ie uni~orn!y !oa~, 
majority of p~actical oases the 19aS i~ , in reality, © 
points .close +together. - . 

The four surf.a~o c u r v e s ,  c ~ m p u t e d  by f m ~ m ~ L a  (~3 ' ) ,  are 
shown in fi~ure.~Tb,~ 1% is se~a that t~hsy corresp~ very well.with 
the results of mensm'ement shown by the plotted polnCs ~¢cept, per- 
hnps, in the vicinity of trf~sverse :canal~ V I I , ~ n ~  VIII w h e r e  !~ea! 
surfac~ disturbr~uces exist, ~ffeet of which ~an evidently nc¢ be in-+ 
eluded in eom~utati~. 

The ~vatcr surfaces in the+transverse canals (sh~aby hari~ 
lent=! dashes-in figure ~7b)are, in.+~auoral, at the s~n~ elev~ti~a~ 
as the correspendin@ points on the ~Urfacc eurvee ~ There-is, ~v~r- 
thele~s, nn exception ,to this rule "in t~ ease of emnals VII and VIII + - 
where they are a. little higher. ,This is also .due to l~al dlstur- 
b~nces, produm od by .the stron~ c u z . r e n t  i n  that z~ne. 

Summarizing, it is seen tlmt under the emm~itimr~ ~f the 

+ ~  

° 

~i~ ̧  o 

• + 

f i v ~  p e r c e n t .  + , :  

I i I .  C ~ P A R . I S ~  OF FOUR CGMPD~ED SURFACE CURVES F ( ~  
A TRAPEZOIDAL CHAN~,~EL WIT~ +I~REASXNG.DISC}~GE 
~,VE~ E~PERIM~S MADE ON A RED~EDMGOEL AT THE 

BP~O LABORAT~Y 

ProfessQr ~cek, in the lab~at~ry af the p~lyt~halo: 
~ehool at Brno, made ~ study~ ~ the spillw~ channel of  Tiet~idam, 
in the st=to of W'ashlngt~a, on a+m~el ~ 1:50 SO=lee Thu result 

~2 

++ 
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this ~ study w~ publlsh~ in "C~es re--ms I @U rqm@ C~r~ In%a'- 
nat i~n~l ~ Navigatiun, #n 1931. "~ 

mun~©a~a@ . . . . . . . .  . _ - _ 

' : Ca plat IX of that ion or lam~£%Udlnml / e, . publioat • shown 
and transverse s~tism~: ~f the,.~ha~m~l ~.well as s~f~o ou~vN 

direotion ~r fl~ in the eha~uel~ 

The four surfaee @urves have.been'~uted, begi~a:~g ~th 
the results of the ~peri~s. This lwms ' d ~  ~s' foil~ s 

(I) That part of the channel over whleh thu ~is©harge varies ~ - 
was first ~Ivi~e~ ~ into six equal pm~ts,~ x, e~resp~ing .to :th~ 
~x gates° 

(2) : Naxt, the. lateral ir~r~men~, in Sisoharge. f~ each ~. the 

by,%hew 
discharg 
p~r S ~  .... 

subm~r@e 
©har~es 
by m~ans of the fm'mula f~,-subm~ge~ weirs, 

(5) Nextp the crit~al.~d~t~ at.seetian3',atth~ ~,.~ns.tr~ 
end of the s~ti~ over whioh th~ ~.~eh~r@e vatr£e~,w~ro O~)~@d-~ f~ 
e~h alseharge~ 

(4) The watsr-surfame el~vatiom~ thu~ ~btalna~s@rvo~ a~ ~tart- 

~•[ !, 

k 

r 

thd tai~u, is %o deore~Se the  absolute vaius ~ the' secOa~ term ~ " 
of' equation (19). Fm~.exaet ~esults,:ass~mi~ th~.'v~tu~ @.-k~@be --..~ 
kn~, the effect of U ~©oul~ bu in~lu~z~, by use-of f~muls (~9~), ...... 
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' +  + "  ' '+ :;+ ' . i  ;+ "+"  " ; ' " ` +  
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b u t  t h e  r e s u l t s  w o u l d  c e r t a i n l y ,  d ~ ¢ e r  ~ e r y  l i t t l e .  ~ r c ~ + ~ h e s o  
o b t c ~ d .  . ..... . 

+ Equatlon (19) ~ i th~ applled, ~s,umoess ! r e l y ,  Pour  t:P~-"--_+:+~::+~+++~+~ , 
" ~ ' " . . . .  r , "+ ' + . . . .  : + ' ' f ~ ' '  + '  ~ .'++~+ + / l  " : '  u s i n g  ~ , ~o~.~etream.+ There w~re t h u s  o ~ + ~ L ~ d  so'e ~<" + ~<~ t 

points f¢¢ e ~ h  8 m ' f e ~ e  e t a . r e .  Those eu~v~s sx'a, ~ 28. + -  " r " .  

i n  I " + t is +ean  t h a t  t h e  : , ~ ' + ~  +b,f"~e~n t h e  oc~pu¢,~] trod e x -  - "+ 

" +'5 • 

+. , : j  .i ° 

s+ti_ . m + .  c , , +  +:u+ ,. P + s +  "+++ 

Tim s e m r a i  e ~ e ; ; ~ e m s  $ 1 v m : ,  o m ~ - m  .t+~m,+thel~e¢~oml+, o r e -  .... 11 +'̀ ~+ ' PV. + + 
s i + e r e C i o ~ +  + ~ e l o p e a :  ~ the  f ~ . t  t h r e e  + ~ t i ~  + + : + + h ~  e ~ t ~ . i  ' 

+urrem+, ~ne egum~a est~l+ . . . . . . .  
z n t ~ e  e ~ e . ~  a sp  ) ,  ~i+ ::~ 
pe~i©uiarity d o e s  +!+~ 
as+umptlom is p r + t i o s l l y  + o ~  :++~. + 

In this ~y results"++ ~tm'in~ in which + the errc~ d~s not *ez+e~ 
five p¢ro~, + + , ~ <:+- .... 

Finally, it sh~ul~ be no~e~ that( if the in~l~ ~al18 ~ G~1- 
siderable distanoe, the: main stream could  o o n ~ a i n  a large p e ~ o ~ e ~ ¢  +~ : ~+~ 

~ + P  ~ ' ~ .  ~ ~ 4 A ~  . ~ I . _  _ _ ~ _  ~ _ . . . . . . . . .  

+ 

I 

_+- 

+ 

SJ~. O ~  PART 
. < . 

SURFACE G~W~; F~ DECRE~$1NG DISC~GE~ WITH LATERAL 
SF2LL W~O~E .V~OCITY C~ON~T -~T~ D~CTIC~ .,~ 
FL~ CF THE MAIN ST~ IS A~SZ~D'E~AL TO T~ 

• " im . . . . .  - rr • " 

TI".,+ f o  e s ++ ~: , + /  
. - +  • • 

+ • [ . ,  . 

( 1 )  T h e  d + o h ~ . ~ + e  ~ + + r e m s e s  i n  + + d c m n s ~ + ~ m  + + + + i o n  ( + ~ 0 ) +  + 
T h ~  d ~ r e u o  t ¢ ~ ¢ ~  p l a n e  ~ o o r d i n g  t o  a ~ c m m  1 ~  ( f ~ r  ~ ~ ,  .~m~-:' . ++i.~ 
f l o w  over m e id+  + e i r ) .  - . 
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" o  

parallel to the  dir~ti~. of the main stream ie '-equal tO the imeam 
v e l ~ o i t y  U o f t h e t  atr~om, 

(~) The vomi~tio~ ~r of the m~m~tum e~ffielemt will be ne~- 
~ted, mud, ~or e ~ x x o i t ~ ,  ~ ~ n  ~e o ~ m ~ d  oquo.~ ~o unity, o c j  x .  

U~der these o~uditi~, equ~tim~ (14)beoc~os : 

. 

h .... 

, , , ,  ' u~ .. 

*Professor Engels .has derived, purely by experiment, :the farmula 
u / -  2 . 

-.E.:z = i ~ 0 8 7 . ~  (Mittei!unE~n aus d e m D r e s d e ~ r  Flussbau- 

L~bor~torium, Heft.200 et 201, Berlin "J.D.I. 1917)..This f~l~ 
©orr~sponds to e~uati~ (36) if frictic~ is negl~ ~ %he s ~  

t~r~ m~ified by ~ cc~ffi©i~' (~ = ~h~refore be~.sai~ 
that th~ ~xperiments of Engels ©orXi~, 

~his ~quation has the s~m~ form u @ in " " 
the e~loulation of. surfo~e curves for 0~toa~ ' L~j~il~t= 
nev=rtheless, .~n ese~tial differ~mme be~#~ these two e~uatlc~s, . 
While in ~qu~ti~ (16) %he ~am vel~Ities Ular~d ~ S~tisfy.the"~ua 
tiom of e~mtinuity -. 

. . . . . .  U2S 2 - UIS I ~ O, 

" " in equn_tion (56) they must: s~ * relatlc~ 

Cs*t) ~2sz:--uls I ~ ~Q. 

r L'" • 

If  H 1 ~nd H 2 be th~ h ~  on the dis©h¢.rgu,weir at  e ~ t i o D s  

p ~ e ~  on the type of  wei~ri_ tY~ di~ohoxg,~, ,~ Q m~y be t~presse~  as : 

55 
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by finite differences,-of the surface c.~ives, st~rtin~ from a known 
p oint. 

The m~h~ of prooedure is as fol!~z Amsm~e as known all 
the quantities affecting flc~ ~t . p o i ~  PI (Sl, RI, :QI,: UI,"HI) and 

a~ Q, and substituCin~ its wluo 11 o~inod. All 
the to~v~s .in thu .s~d m~mbor mf arQ...th~ ~ ,  which 
permits :e~loulation of ~ z° If ~ ~re~s with-~h~t ~° 
sum~d~ th~ ~aleulatiom is finished, if nut, it will be nu~@~snry %@ 
o ~ u t i ~ u o  until the two v~luos agree° 

Use of f~mulae (~S), (~7), and 
As for the ,surf~ ourv~s for deoro~sir~, 
distln@ui~hod~ nnd thure ,should b~ r~ent, 
was s a i d  a t  th~  ~f: paragraph (su~ion) t h i s  a h a ~ r ~  

D 

,° 

~i~ ~-~. .~. , .... . ~-~ ~- ~.~ ,.:<-~"~/~:". .~,::~-~ :- ~,:,~ii~:~.~ , .... i ~ .ii~ii:~ ~I~ 
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CHAPTER IV 

C~CLUSIO~S 

I. The vnrintion of pressure d~ - ~, arid thu loss of 

en~g.V dH e betwean two mdJ~on~ suctions of a stable s t r e a ~  (courmat 

liquidu st~tlo~cire)cru ~ivon by ~he two general equations: 

i • 

1 

. A  

i . ,r . . . . .  , " e 

If, in those folnnulao, t.h~ muter, the ton, ~ %h~ s~u~ b~ 
~ d o p t ~ d  ~s- u u i % s ,  dm' r e ~ r e s e n t s  t h e  : v ~ r i a t i o n  i n  p r e s s u r e  ~. 
p r u s s e d  in motorsof, water t --" .-"-L -~,-  . . . . . .  • 
pr~ssevd ~s t/m[ lI ~ - ,  - - - ' l " " u ~ " - ' ~ n ° - s o m e  varlatim~a but em- 

. . . .  ~ Dc~we~n ~ s~tions (m); U%hl m~nn voioclty, at a Gil- 
%ion (~/suo); dU the change in. this velooity from c~e soctiCn ~o 

• / ) ,  U i • . 

%hu o~p~nt, p~r~llcl:to lhu..main stremm, ~ th~ v~l~ity of 
~rrivai or d~poa'~ur~ .of the;~rlc~ i n c r e m e n t  dQ(m/s~)i. OC t he  
momentum cc~fficiunt at a cross s~ti~n (pu~e number); dec the 
@ 
hnngc in this cc~fficient fr~ one section %0 another; R the 

hYdrnulio~radius at one section (m)i g;~he aocoleratlon 
s 2 , "  . . . .  . O f  @ r a r i t y  

(m/ ~c ) ;  k the coefficient, d~pen~en{ on thor : s __ o. hn ss of 
ides of the chnnnel, in Strlokler,s fo~mul~ (ml~;sue), the 

If.. These equation~ show that the vmri~tiun in prussure 
dz is prop~rtion~l to thu sgu~re of the me~n velooity U o~ depends 
o~ the four following c~uses : 

(i)  ou J ess of (k), , .  

( Z )  Variation dO~, from one sectlon to the nuxt of the fo~m 
of th~ velooity dia@rcm, 

(3) V~riation in disch~rg~ dQ. ~:Z/ 

(4) V'~riation in mean velooity dU~ S~ 

47 
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VIII. Professor Sm~'oek, at %h~ poly%~hn!e S=hool =t Brno, 
mado e x p e r i m u n t s  on a st.oply sloped %rapu~oiaal ohannel w i t h  l~eral 
inflc~ a t  right anglos %o the ourront. BeginninK wlth t h e ~ u  ~peri- 
moats, surfao~ ourv~s havu bo~n ¢c~ut.d by m~ans of formul~ (19)~ 
Thu agre~unt of oaloulm~ion and experiment is Koo~® 

I~. Finally. equation (14) allows derivatimA of a formula 
for finite diff~reno~s for use in ealoul~tln~, surfaoe ourvus ~, open 
ohannuls with lateral outflow, of which %hu vel~ity oor~onsnt, " 
p~rallel %o the dir~tion ofth~ oh~nnol, is squ~1%o the mean vel~ai~y 
in the oh~nn~l. 

R m 

in this formuln not~%.ions arethe same as for equati~ (19)® E~peri- 
re,mrs by P r o f o s s o r  En~ols in. 1917 u~nflrm the v~lidit> Of eq~%icm 
(56). 

Zurich~ September ~14, 1932. 
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