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i:E!iORANDtn: TO CHIEF DESIGNEJG ENGINEER 
( C. '1!f. Thomas ) 

3·1bject: Progress report on studies of the flow of water in open 
channels with high gradients. 

1. Introduction. The phenomenon of open channol flow 
he.s long been an interestinc; subject, particularly to the hydraulic 
en;;ineor, E1.nd w�en this flow is in a. channel with "· hir;h 6radient 
it is fascinatini; even to e. layman. Ehlpiricd fon�ulas have been 
r-J.,3vdoped for determining tho hydraulic propnrties of a.n olxm chan­
r0l of rcla-:,ivol? low f;radiont. Chrngcs in cxistL1� formulas and 
dcyc lop:,,cnt of now .f'or.:i.ulas have r::;cul ted in ci vin;_ tho ungineor 
t0ols wi':h w:,ich to design and build structures of' this typo econom­
i�e.lly &nd w l t:, a ::in.rkJd dor;rcc of as:rnrnnco that tho hydraulic op­
,;rHtion ·irill be satisfo.ctory. 'J'Lo de:ta fror,1 which these fonnulas 
wcrJ derived have bocn extrapolatc.d f'.nd the results used for dc.-sign 
of chanr1 1cls wi t'.1 hic;h t�n1.<lic21ts. To somo this appoars lo::ic1l v,hilo 
oth,1rs f'ollo,.; prcc,.-d,,,nt for ·,mnt of a bottc,r pro�eduro. Thcrc has 
b•, .. :n a conc•.·:nsus of opinior.· tlw t add.i ti ona.l deta arr, nccos::;a.ry to 
c 0mf':rrrl U::; f0rrnulo.::; u�� 1..;d in current practico or from which to de-
0r:.lop n-�··,-,- :�orrnulos. 

2. Previous work by laboratory section. The sub,jeot 
:,a.::; been reoI)er,ed for discussion in the h�rdrnulic lnboratory_ sec­
tion vri thi,1 t!1e ;,ast yf':a.r. The tern. reopen is used bee� use the 
s•1bject was a.pr,roached previously but was not developed to a.n:r great · 
extent beer.use o.!.' tne urcency of solution of more specific problems• 
The s 11r"i_·;oct 'Nas n·)t; forrot+,en and df:lta were colloct�d f-rorn ·time to 
tk,c es it pros,.mted i tse:lf. �·fhen tho suLject ·,ms beine; discus sod 
�,r,,vioucl:r, '-�:rri r , �nr_:lcs to tli,; pro1,lerr1,· vnrn considered: 

( 1) 
(2) 
( � ' •J) 

Js f.ir ;,n,s- :r:.t in Lho fl:ivr n:-id, if so, to what 0.xb�nt? 
--�.�t :i.:; thG ncc]wnics by 01:hich r,,ir r:ii;�ht ontur t.rw water? 
·:·.A.t fn.ctors :mtcr into t}·r, rctHrdi.ng of tho V\.·lo�ity of 

:�:e r':3'.,lt::; cJ the30 s 1 ;ud.:.ns nr:·, �;ummH.rized briefly. In re,c,;ard to 
(1), r;ir ·:ms :,,e::;ent i:, t>� ;'low, Lut Rt tl·.e locRtion tested the 
'.i;.our, 1; ffS ,·,ens11:·cr.1 ti:, b:r:-:o di:·:···rr-,·1t nethr)ds vm.s found to 1.,e a very 
s . . rdl ;,··r-::�:,':e o of t!,,, tot1;1l flow. In (2) tLe r,1echanics by which 
t;,1; ,.. ir 0:, -:r:rr, ';h, '"10F ,,ras �::-t srltis fnctorily explained. A study 
8f' L. Pr� �,:tl's ,,_naly::iis HllS ;,.ado. '.Ii.s su;;costion is tho.t if a 
s.: :;'croi.r;,:; L,, veloci. t:r oc�urs bot,,me.n two lnyers of fluid flowin,: 
;)r-st 0:r.1; o.n0": 1·1or, t l-,,s- tounch,r:r surf'nce does no 1� remain smooth, but; 
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first assur4es a wave form, then curls bac� on itself and fi11al­
ly assumes the shape ot a vertex. In the case of open channel 
flou, where the water surface is in contact ,nth the atmosphere, 
these vortices tonn at the contact plane and carry air into the 
water. Turbulence within the flow then distributes the air. 
This turbulence was explained by E. W. Lane, then hoad of tho 
.laboratory, to be a factor in the air distribution. Also turbu­
lvnoo propagated from the sidos and bottari1 of the channel Wfl.s 
instrumental in trapping tho air in tho water. Ho states:_ "As 
the water starts down the steep section of a chute, the portion 
of it which is not close to the bottom or sides·, is rapidly ac­
celerated and soon attains a hi� velocity. There is a narrow 
zone on the bottom and sides, however, in which thl'l velocity 
adjacent to the walls and floor is zero and that ac the outside 
of the z·one reaches that of the center s.oction. L:. this narrow 
boundary layer thera is, theref'oro, a rnpid increase. in velocity 
with increasing distance from the side walls, or in other words, 
tl1ero is a high volooity gradient. In the side strips the flow 
is v.ory turbulent and air is entrained, giving the wator a whito 
appvaranoe, ·* • -• • .  There is a si.Jllilar zono· in contact with 

. tho bo-J:tom but it is not as apparcmt sinco, it is not in oonto.ot 
with the atmosphere,-and air is therefore not entrained. This 
bolmdary layer, both on the· bottom and sides; is narrow at the 
top of the chute but widens as the water flows down. The water 
in_the central swii't-fl�,ring portibn has a relatively smooth sur­
·face; �and the acceleration resulting from moving dawn the chute is 
retarded but little by the ef'i'oct of friction on ·tho sidos. This 
oontr� portion becomes na�rower and thinner as tho boundary layer 
increases in thioknoss, and if' the_chuto is lons enoue;h a point 
is reaohod where tho vcloo�ty--throughout tho entirc.oross-sootion 
is oonsidorably rotardod by sido friction. Tihen this.point is 
roached tho surface bocomos·rough, since the turbulont zone has 
extended.through· to the water surface". Further study in rela­
tion to this phenomenon was advised at that time. Considering -
(3) in regard to. factors opposing the flow, first oc;maiaeration 
was given to the dimensions and characteristics- of the channel. 

· _ Some tests were made in, an existing structure and the results 
we.re analyzed o:n the basis ot determining a value of' "n" in Man­
ning's formula. The value was found to agree very closely with 
values pr�viously 4�temined for.similar canal lining on flat 
slopes� An. extenei'1'e -program. of tests to d�termine :the flo,.ir con­
ditions exi�_ti:ng on the face ot overfall .dams was outlined. Only 
a �11-portion of this progrrun was executed because of more ur-

, r;ent \¥Ork. Friction between the surface of' the flow and the at­
mosphere was known to exist _and was recognized as a retarding 
factor to th& velocity of tho flow. An outline of tests was 
prepared and _an osti"18,te submitted in an effort to secure authori-
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:,. s :: i on , ' or  n. s t ,dy t o  b u  :iFJ. d o  t o  d e t e rnL1 1 e  :. f :)o c c� i :) l e  the mr1 ._  ni­
bo.d (, Cl t' t: '. i e  l ' O t a nU . n r_- i'a c t ,) l' e 'f}, , ,  pr ocr r. '.i0 'Nfl S  n , , (· np ; ,r OV C! rl , l 1 'J t  

:. • c; � c ,; s <) :, f · l r. c k  o f  i nt e 1·e ::i t , but be c :1 u s e  o J ' l :.; c } ·  ;J ·.· t j_ 1 ,10  for t. l ,c 
} · _1b 1) r .'.l i , o r:/ ;.,p 1· :3 0 1�:·1 t� l tq r.. c, � id ,lc "'..·, i t . S i � 1 < : rJ L � _ c  ? r 1J '{ �_ ,:) us l :y d o 3 c r i b­
, · l: ·, ; , , r L  ;m s a c c o!! l f' l i s l t c r..1 ,  s1 ,� 1 1  m:1o un.t s o f  d :,. tn  h ri.vc  1.io on c o l l t.: c t-
t.: cl . r : , ,:· s o cor ! s  i .-:: t  :Jr 1 nn r i  ly o f  p c r so i:w. l o b c o rvt� t:i. ons r:. :1cl pho to-
:.r ·1p '. , :3  of i' l ov: . 

:� . S c o pe o f  c u r rcr t wo rk , Tho s ub j o c  t h a s  bee 1 ·t rcvi V fl C.  

l: c c P-u s o  s �ruc t ur e s  n ow 1Je i nf, de s i cr .. ed  e.ro o f  s uc h ; , t· o po r t i om; thnt 
:lV'.', � l r1 �J l e  hyJ.rnu l i c  do s i :)' d� t fL c 311 : 1ot be o. p.:_::,l i c d  , ri -th a r o a ::ionubl e 
d o p· e e  o f  n s :-.. u r r.ncc thr. t the c o ncl i  l;i on s o f  i'l mV' tl i r our,h t !rn c om­
�- l e -:: e d  s truc t ur e  Hi 1 1  b e  rm t i. r e ly s nt i s ;·ac tory . /.!'. invo s t i ga ti on 
o ;  t ' t e  c l rn r n c t c r i s t i c s  o f  f l ow L1 opon c :w_: 1 1 1 0 1  :·; wi t 1 h i ch grr..d 5. e:nt s 
n i , :1 on t 1k f a c e  o f  ove r fri l l  d n.. ,1 s  i s  be L�.-,- c onrluc lt: r'. at the pre s ent 
! · i : : :" t.o  su�pl omont the nvri 5. l n b l c  d e s i gn d0 ta . Th ,:; s ,3 cu1Tent s tud i e : : 
: ".El : '  b e  d :i. vi de, d  into t : 1r Jt:' d ivi i, i on ::, : ( 1 )  A,: oxtcr .. s i vc s tudy o f  th n 
i i  •;c r ri  tu,0 o f  thi s r:.n cl fo r :: i p1 c o un t r i e s  to o s c c rt<1. in t ho e xtent 
o l' wr i t t: 0 1� r:w.tn r i .'�. 1 8.Vn i l ab.l c., on t 1 te sub j e c t ; ( 2 )  dovc l o pm.cnt work 
t o  o v· o l vo r. n<: th od o f. a c c ur n t o l�r :-:t e:n [; ur- ii\_. h i r;:h vel o c i ty f l ow,  n nd 
( 3 )  o. rr o :_ .r n !' :  o f  f'i , ; l d  "v :n.s uro. :tc nt s on ,-,,-, ,) :, i s t i n :-- s tr uc t ure . 

,1 . Stud;/ o f  _l i t e r a ture . A s tudy ,:, f the l i te rature d i s ­
c l o s e d  ve ry l i  ::t l e  o n  th e s ub j e c t  e n d  t !1e -2 xpla.nat i o'!'ls b y  tlto  a uthors 
c. i l' : ' er  :T ea:ly . r : . c  mode  o i' attf•. c �: on t 1 : r : · ,1 ":i b l e:i1 ha s b e en d e n l t  
·: r i U: :'r Lna.r i l y  fr oi : :  the empi r i c a l  stm1d :)O i ! ; l; a l thou�l 1  a ppl i e d ,,1 athe­
:: ,. '.: i c 9_ l  s ol ut i on s  '. 1f>.vc bee;1 t r i ed . : :o a.ttrJi�1::,t w i l l  b o  ma.de to � . ivo 
c. l -::Ect�1y di :-.; c u .j s i on o !' U :0 vi evrs of trw di. i'fu rent a uth or s ,  o tl 1 er 
-�i1f'.1 1 to s � :. '  t : ie.. t ch,Jy may be: d i v i d e d  cc; �10 r · l ly into bvo s c hoo l s  o f  
thou::_· : �  t .  The fi r s t  ,_ ; r c)u�, fl r e  o f  t h o  op :�r..i nr: tl-�ut ·:; : 10 hyd r aul i c  
prq rcrt i c: s  o f'  c ham,0 1 s  01: h i ,)1 ,:;rr,d L ,mt s :-:in.:,' b o  c n 1 c u l n. t e d  by the 
u s ,, o 2  ',; ; ·, �· S f\/i\C / 1.) r1 ml n. s  as ll S i) U  ior  d ut c: rr.d.n � n :r, t i ,v L::d raul i i::  pr o­
:, u r ·� i c s  of c hrmnc l s  ·..in f l n t  ::rnde s provi d i i l [:;  u f  c o ur s e  that t he 
c o r r, : c ·t vr::. l u ,: s o f  i;;·1c c o:i.poncnt ix1.r l: s  of t: 1 c, fonn.ul n s  [Lr G  us e d . 
T1 1 i s  procedure a s :.nz.1a s  t ; , e  p re s en c e  oi' r•.i r i: o be n e g l i g ibl e o r i t s  
e ffe ct t o  b o  i nc l ud e ,-:: i n  r:. iie fr i c ti on f�.c t o r  used . T11e o th e r  �;r oup 
;1 r e fe r s  the hypo the s i s  t : 1at wo. t e r  f l owi nc j , :  e.n opo,1 cb. ,me l b e  sin s  
t o  Hbs o rb or  e r"tra i n  e i r  at a ve l o c i ty v:: ii c • ,  i s  s t a t e d  t o  b e  be­
tween c-; . a  and 1 ,� . 8  fe t t })C r se c o:o.d d (� !:)e1 1d i :· , , _: upon t}·,e tyre o f  s tru·c­
ture und er  c o�-i s i de r 8 t i on . At 1 l i i::.he r  V(, l 'J c i..' � i e s U: .-:, pH r c entl", 1.'.,G o f  
a i r  by vo l ume · in the fl ow rnq b e  a s  much a s  8 0  per c er,t . Due to thi s  
entre. in,:2er;. t o i'  a i r i n  t : .c fl o·:r , ':he Y e  l o c i  t> 5. s s o :.mw!w. t l e s s  than 
that c a l oul ated by s taL dc. � · G  fon:rnl f.s . ·:;:- :,e n r- e e. of the c ro s s s e c ti on 
o f  t iie fl oY; i [; i'o 1..md to be :-:lt'.c L ,:-:r eat c r . A l s c  fr �  rre s en c e  o f  air  
in  the fl oVI ,-ri th  (I c on s r:- q uer: '.; in c re 1;J. S C  in i : ,to rnn l fr i c ti on a nd 
dF.lc re a s e  i n  d ,:-m s i t;r rnay ?' 8 8 \l l t  i :i  e me.x irr.1 ... �. n !'  t r- r7i >, a l  ve l oc i ty o 
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The exact magnitude of this velocity has not been determined 
although one author states ,  "The maximt.nn velocity heretofore 
observed - : at which a water-air mixture f].ows in a steep chute i s  
77 . l  feet per second , and that port ion of  the water-air mixture 
occupied by the water amounts to from 20 to 55  percent of tho. 
total volume" . The m0ohanios by whioh this  air enters the flow 
has not been satisfactorily explained duo to lack of s ufficient 
observations . Opini6n differs as to the rate of absorpti on of air  • 
Regardless  of tho mechanics  by which the . air onters the flow ,  its 
presonoe in the discharge is oortain to cause a diffr.ircnoc in the 
hydraulic  proportios of the channel . Many authors recognize  tho 
presence of a ir in tho flow but foo l  that s ince "n" i s  a rc lati vc 
vnluo of friction it can contain tho losses  duo to thi s  E'. ir . How­
ever , some - of those oxporimontors !'ind a relative ly hir;h VA.lu0 of 
"n"  for conc roto on a s:t0op s lope . Since tho fornn.,:l � s  wore in­
tended for use with a valuo of "n" dotorminod oxp,. r i:ri.untr.l ly for 
oach type of material , it does not readi ly fol low that c oncrete 
channel lining placed under s imilar condi tions on a flat slope 
should have a roughnes s  factor less  than that laid  on a steep  
s lope . The study of the 1 iterature may be summarized by s aying 
that the sc ience of flow in open ohaunel s  with high gradients i s  
an almos-. unexplored fiold . Although i t  i s  not a new sub ject 
tho difficulties encountered and the number of variables  present 
in such flow conditions  have r,reatly retarded the pro gres s  toward 
a. comprehensive analysi s  o f  the problem �  Al so  tho fo�nulas  d ovel­
opod by the older experimonters have grown into very r;cne ral  use.co 
and have boon accoptod as  s tandard . Thi s condi ti on r0ndcrs  tho 
propagation of any now fonnulas or m0thod of attack d i fficult . 
During; tho timo that the problem hP s boon cons idered , c onv0rs r. tion 
with many des i gn ,  construction and Ol)0ratinr, onginc :, r s  d i sc l o s ed 
that at vari ous times s ome field  moasuromonts hn.vc boon attempted 
but due to lack of suitable  equipment ,  d i fficulties  encountered 
in c onductinc the tests , and apparent disc repanc ie s , the results  
have not . been publi shed . A much better c onc eption of  the s ubj e ct 
could probably be obtained if  thi s c0nd it ion did not exi s t .  

5 .  Flow on the face o f  an overfal l  dam. Water  fl owinc; 
do.m the face of  o. hich overfal l dam is  a form of open channe l  
flow, yet practical ly nothin�  i s  known o f  tho concl i t l ona that 
exist  in thi s type of fl OV'r . Only rec ently have structures  been  
bui lt to  such he ir.;ht t : 1a t thi s prob l em ha.s become mani fest . The 
design of these structures has been hased on j]reoedence  establ i sh­
ed by lower  structures  and by model  studies  of the c onte�plated 
des ign.  The he ieht o f overfal l  druns ha s  increA.sed unt i l  it mav not 
be considered s ound pra.otice to extrapolate the known facts 1'u;tho r .  
There aro no ompi rical  formulas  whi ch may be used  to dotorm :i ne ac­
curately the qu,;i.l i t i c s  o f'  tho  fl ow on the face  of hi  r, h over .C'f\ 1 1  
<lruns  • Thi s c i rcwns tanco exi sts  bnceuso thero  have b;(.;n no s truc­
tures fro,:i. wJ-d c 1 1  to obtnin thu do tn n r: c e i:; snry for cvo l vi 1 , c  s uch  
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formul as . Even i f  struc tures  had been ava i lable , i t  i s  d oubtful 
if any · larte a�ount of data could have been collected due to the 
intermittent operation and :the extreme condi tions under. whi ch th e 
data. woul d have to be obta ined . To what extent data obtai ned fror.1 
flow in  open channe l s  with relat ively narrow secti on i s  appl icable 
td fl ow c ondi ti ons on the face of an overfal l dam is puro ly a mat­
ter of c onjecture . Tho e ffi cacy o f  thi s  data can be determi ned 
only by the c onduct of tests  on . an existinG structure whose  dimen­
s ions aro wi thin the ra.ngo of  tho proposed structure s . Thi s me.y 
not be pos s i  blo  for a period o f  tL'llo beoauso of tho a.foror-ic ntioned 
dofi c io ncy of  s tructure s . In the moentimo a cor re lati on of pre s ent 
data end � study of exi sti ng s truc ture s that approach tho s i z o  of 
contompl atod do s i gns is vc -ry de s i rable . 

6 .  Limitations of c urrent methods o f  mec.suri ne; high­
veloc ity fl ow. Some of the early experiments have !'a iled c omple te-
1;' and others were inc omple te or que s t ionable  beonus e o f  tho equip­
:r:1ent or methods used in obta ining the data . Acc urate measurements 
of ve locity and el ev�ti on of wo.ter sur face are nec e s s a ry  to proper-
1 ::· an�. ly z e  flow cond i ti ons in c lrnnne l s  and the :11ee.ns employed to 
s e curo the s e  me a surements mus t  be rel iab l e .  The cur rent me ter has 
been rene ral ly adopted i�  thi s country for use  in  me e.suri n� l ow 
ve loc i t i es .  The r,itot tube has found gene ral use i n  mensuri nt;  thE; 
h ither ve l oc i t i es . EA ch of then e  t-v,o instruments require  c n li bra­
t i on before us i ng .  Thi s ce l ibrat ion must be conduotod under c on­
d i t i on s  s ir:J.i lar  to thoe c  for which  it is intendod to be us ed .  
The degree of accuracy o f' the re s ul t s  de pends upon the care exer­
c i sed in the c a l i brati on . i"li th these  thouc;! its  in mi ncl th e planninr: 
o f  rt s er i e s  o f  fi e l d  inea surernent s  nec e s s itated a. c nro ful  choi c e  of  

1 , :e thods  and equipmont . �VRter fl owin6 F.1.t hi 1,;h ve loc ity ,  evon in 
i -e l e. t i vcly Srrtfl l l  quapti ti e s ,  pre s ents ft rEtthfJr unruly mo s s  to hand l e .  
Tho k i neti c  (,n,;: rgy of thi s m0.s s i s  gro a t ,  cons oquontly any equip­
n r:nt  that  i s  used  mus t bo de s i gned to  withstand s ovo rc  no tion . 
E'1u i pncnt d o s i  e:,--ncd for fi eld  us e must be;: compA.ct rmd po s s e s s  a do­
. r , : :1 o f  _• · ortl\bi l i  ty . It mus t  be mnde such that a mi n.im1.un of com­

ponent p'l.rts nre em;1l o:,,od whi ch a.re  eA.si ly ac � e s s i ble  e,nd may b e  
re  pa.ired  wi th a s:"!la. 1 1 amount o f  equi prnt:int nnd unde r  fi e l d  c o nd it ions . 
T ! te nr i nc i p l c s  upon whi ch the e'lut :)lnflnt func t i ons mu !i t  be bA. s i c a lly 
� o und Fl.nd the te chnique empl oyed in  hnndling  i t  mus t  be  s uc h  the.t 
13 riaximtnn ru t urn i � en. i.-nod from e. minimur,1 of e ff'ort and t ino . The 
use  of' c orr:r. : urc i e. l  c ur r c,nt 'Tw te rs  in hiEh voloci  ty fl ow is not prac­
t i ce ! .  'rh<.:y wou l d  not ,dths tand the e. buso to wh i ch they would  be 
oxr,o s od. . Zp (: C l n. l  ty re. � of T:'.• - t · _ :r s hnvo boen dovo loped to mee t  c o r• 
t a in rvr:; ui r • :; -!,-' r.tn n.nd s ti l l  otht : r s mi cht be evolved . ": 'k rc i t  pos s �  
i b lr: to obtr- i c  J.1 s turciy :i.:n.:,tru.,1-..:nt .  i t  i s  s ti l l  noco s s nry to obta in 
�, ro.t ing . !� :: hn.s berm s ai <� bo for i:l t: 1e acc uracy o!' tho ins trument 
,1 c �end s upon t:·1 <; de�ree  o f  cnre  exerc i sed  duri n[,  tl :ie cnl ibra t ion ' 
., ::-id upqn the :; i r.i i l e. r i ty o f' condit ions under which  t he ins trument 
j s  r ,:1. ted n.nrl t ho s e  oxi s t inc vrhore  it wi l l  bCJ used . The latter of 
i:hc s e  t;wo r c , ,1 u i r �.1rnonts i s  hard to mcot . Since c orto.i n o:x:peri-
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�enters have found air present in high velocity flow it  was 
reasonable to expect that that oondition does exist . The extent 
and distribution of the air became part of the problem. It was 
obvibus that existing oonditi ons could not be foretold nor dup­
licated . The rating obtained for a properly designed ourrent 
meter or pitot tube, although carefully made , may not be applicable 
to field conditions if methods in current use are fol lowed . By 
methods in current uso is meant the practice of moving the instru­
ment through still water at a known rate of speed . This method 
is not basically wrong but tho fallacy lies in tho fact that tho 
still water would normally be devoid of air . Tho we.tor would have 
a density somowhat above that of a we.tor-air mixtur e depending 
of course upon tho porcentago of  air prosent . Sinoo thi s pcroont­
e.ge is not known it is impossible to correct for t�te dif.forenco 
in dens ity and honco tho rating wil l  bo in orror . Furthermore , 
in tho caso of a pitot _tubo tho presence of ai r in the fl ow i s  a 
source of annoyance e.nd unless extreme care is  exerc ised air may 
trap in the leads or in the instrument and cause erroneous readinz,s . 
Another factor that must be cons idered is  what effect , i f. any, the 
turbulent water found in high velocity flow wi ll have upon the 

/ accuracy of the instrument. It is  not loGice.l to expect exactly 
the same results as those obtained in quiet water where streaml ine 
flow past the instrument prevails .  The introduction of  c olor into 
the flov, and a measurement of tho time required . for tho passage 
of the color bet.veon two or moro points ,  separated by known di s­
tances, has been used . This mothod is not entirely sati sfactory 
because. of the error introduced in the time measurement and the 
difficulty of the hum.an eye to detect the exact boundary of the 
colored mass .· In very turbulent water where the surface i s  mixed 
with · ai r ,  the flow appears very white e.nd the presence of spray 
above the surface renders it almost impossible to see any foreign 
body in the .flow. Users of this  method report inconsi stenci es  in 
the results . Timing surface or sub- surface floats over n known 
·reach of channel,  chemi�al titration,  impact devices , electrical 
dissipation from a hot wire in the flow, travelins screen, and 
in closed conduits , a salt-velocity method of measuring dis charge 
have been used . All , except the latter, were cons idered impractical 
for the type of flow to be measured. 

7 • .  The salt-velocity method. The salt-velocity method 
has been used extensively . in determinine the flow throuch power 
penatocks in turbine aooeptanoe tests . A test technique and meth­
od of analysis have been fairly . well perfected . In closed conduit 
studies , the method oonsists of the introduction of  a brino sol ution 
into the conduit by a quick�acting pop valve . +he time i s  recorded 
at the tims this valve opens . The brino solution i s  carried down-
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s t r -:: -v.: i :1 t.1 1 1: :f' 1 rr:1- o f  a c l oud ·,d thi 1 ;  'c h e  f l ow .  At a s e l e c t ed 
s t a t i on d ovm s t r en,;, two e l e c trodes  n r e  pl a c ed nen r  the  c e nt e r  o f  
t h e  c on d u i t  n.n cl conne c t e d  t o  a n  c l o c tromoti ve forc e .  An n.:runo t o r  i ::;  
i nc l ud e d  in  the c i rcuit. As th e b r i ne cl oud pns s e s  t i , o  s t at ion , 
'.:he fl ow o f  c u r r ont between the tvrn e l e c t rode s i s  incre ased  due to 
the pres ence o f  :Jr i nc in tho wat e r . Tho t h1e at vri t i ch  tho br i ne 
clo ud pas s es the o l uctrodc station i s  rocordod . Dy c n r o ful ly de­
t e rmin ing the vo lumo o f  t l 1 u  c ondu i t  b c twoun tho po i nt o f  i ntro d uc ­
tion o f  t110 brine nnd tho c l octrodo  s tf-1. t i on ,  nnd tho elaps e d  t il,,o 
of trnvol from t :w va lve to the oloctrodc, tho <l i s char g,;  p0r uni t  
o f  t ir.-.c may b o  d c, torminv d . I f  th o vo loci t i c s  i n  the cond uit  a r .:;  
r ol a ti vo l�r low o r  th.-.; di s ta!l cc  bo twc0n pop val v c  and c.loctrode is  
s uffi c h,nt , the  muas ur ;�mon t o f  t i m,. mn.y b e  mo.de wi  t:1 Rn  a c c uro.t0 
s top W<J.tch . '.-iowc vc r, if  hi sh veloc i tie s a.r(: oncow1to r c :l  or sho rt 
r e aches a r c  u s ed ,  the a c c uracy of the flow m0a.s ur0m ont d e pend s 
l a rgely  upon the t iminr; el ement empl oyed .  A careful s tudy o f  th i s  
net l1od A.nd the resu l ts obtai n ed thro ugh its u s e  l e d  to the be l i e f  
t !,e.t tLe gene ral pr i nciples i nvo l ve d  c oul d b e  applied to ve l oc i ty 
;: : ea surement in open che.nnel flow. The tec hnique employed ir:. the 
appl i c a t ion must ne c e s s a ri ly be di ffe rent , S ince the presenc e o f  
a i r  in open chann e l  flow is evi dent , it was not advi s ab l e  to use 
-::.h e r:, e thod as a me ans of �11easurin:0; di s c harge ,  t.·:oreover , the volume 
oc c up i ed by the flow in an opon c hanne l may vary between wide  lirn i  ts 
dependi ng upon the ve l oc ity and cl i schargo. In a closed c onduit one 
va r i able is o l imino ted sinc e  the vol ume r emains c onstant . The po r ­
t ion o f  t :10 method appl yin�: to ve loc i t�, measur eme nt , wit h c e rtain 
c h an ge s  in t ,,chnique ,  s c c:r;10d equally EtP!J l  ic nb l 0 to 0 1,en or  c los ed 
conduits . 

B. In i t i al tes t s  in laborat ory. A technique app l i c able 
to 0 �1en c harme l flow f'.nd equ i p: :ient to exe c ut e  the tests was nec e ss­
n.ry b e fore any f i eld measu remen ts c ould b e  atter.1pted . Thi s devel­
opr;i ent vms s tn rted in  the l aboratory , In ad iti on to me asuri n g  the 
vel oc i ty , it i s  r�e c essary to s e c ur e  wa ter-sur fe.ce mea s ur ements in 
tne chan.."1.e l for c omput i ng e.i r  content and energy gradi ent . Some 
s a t i s factory 1:ioa.ns o f  obtainini; the se  mo •r nur emcnts was also sou0ht.  
I t  w&. s found that the technical sect i on of tho Denve r of fice was 
co::-is tructing an oscil lo[rF1ph and th i s  instrument would be avai l ab l e  
fo r u s e  as a t hne-:neas ur in[;  devic e a.haost as s oon a s  other equi p­
;,;ent could be  ass embled for starting the t e s t s . A hydra tili c model 
of e. chute on the Sun rave r  pro j ect , li!ontana , was beinr, tested 
i n  the laboratory. Tbe chute ha s P, c ro s s  section of approximate-
l y  G inches dee p b;-{ 9�· inches wi de . Ve l o c i t ie s in this mode l 
we re  fror, ten to fi ft c: en fe t�t ror  s econd and the s e ction was o f  
su ffic i ent l ..: n gth to p:o nnit  prelimi!"lary inve s ti.:;at ion o f  th o m '�thod . 
Coppe r e l ectrod es w� rc:  f�s tonod to tho i n sido  of t�0 chute and 
wi re lca d 1>  c a rri ed to a coP-v;mL nt l oc e. t i on f::ir th t, os c i l lo 6raph . 
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The electrodes used r.anged in width from 1/4 inc!1 to 3/4 inch 
and were spaot,d from six inches to two feet apart , measured 
parallel to . the center line of the ohute . Two e lectrodes were 

. used at each point, one on each side of  the flume • .  The original 
strips , extended from the floor to · the top of the s ides but some 
o� these were later shortened to extend only part way up the 
s ides in order that they would not project above the water sur­
face . Others were extand·od part way across  tho floor and up the 
sidos . Electrodes were later made by using No . 7 flathead , bras s ,  
wood screws with only tho ·. surfa.oo o f'  tho head expos od to the flow •  

9 .  Description o f  the oso illograph.  The osc illograph 
used cons isted essent�ally of three moving coil  galvanometers , an 
optical system, and a motor-driven camera . The cu�rent suprly 
for the fields of the galvanometers was derived from a s ix-volt 
storage battery and the moving coils  were excited from dry ce l l  
batteries in  the. test oiroui t .  Tho · vibration of  the movi ng coils  
was damped by  oil . · The optical system employed two · sml\1 1 flash 
light bulbs as light so1,1roes , a. cylindrical lens to reduce the 
light suppiy to a. hori zontal band , three small cyl indr ical len­
ses  ( ono in front of oaoh galvanometer ) to focus tho hori zontal 
band on tiny mirrors fastened to the moving coilo  of  tho ga.lve.nom­
·ctors and to change tho reflected be.nd� to vertical bands , and 
e. cylindrical lens to focus tho vertical bands a. s points on t he 

. fi lm in the cruncra.. Tho camera we.s bolt-driven by a s ix"'.'volt  
s hunt motor .  The record was made on  s tandard l:1 o .  1 2 2  car.; crfl. f i lm 
in 37-inoh lengths , wound on daylii;ht loa.dins s pool s .  One lnni;th 
vre s usod for ca.oh record .  Tho fi lm wns dro,m through the oruncra 
at ri ght an�l es  to the vibrating l i ght beam . 

. 10.  Laboratory procedure . Two pair s  o f  el ectrodes  were 
separately c onnected by wiring systems to two of the galvanometers  
in  the osc illograph . The third galvanomete r was connected to the 
1 10-volt , 60-cyc le , A . C .  l ir;ht supply to provide 0. time base  on 
the record film. Tl ie power  supply to operate the r:;o.lvanometers 
included one or two dry cell  batteries , depending upon the bas e  
current neaded , and the c i rcuits woro c l osed  by tho water between 
the eleotrode s .  After o. 1 1  c ircuits  wcro proper ly bal e.need tho 
ooonora was startod and s e l  t solution -dumpod from e;las s c or: ta.incr s  

· into the fl ow. A saturated sol ution was usod  and tho amount in­
troduced varied durin;_'; the tests f'rom one- fourth pitit to one quart . 
It  was usual ly introduced at trie U;)rier  end o f  the flumo but in 
some ins tance s the introduction was made c l o se to the fi r st  set 
of  electrodes . From three to J 'i ve me a sure s  of brine could be 
emptied into the fl ow duri n�� th(:l ten seconds  roqui rod for tr. e f i lm 
t0 nas r , thro uf;h th.-J ea.mere . 
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1 1 . ttesu l t s  o f  i ni t i a l  l u b o r �, � o r · ., tc s s s . S i :1c G t l. o 
o s c i ::. l o z;ru1 ; } , was a r ra !", .:;e d  to ::-, ro >ri de  v i s un l  ob s e rv, t i o  . •  v c r :,r 
fe,,; f i lr� re c or c. s  we re :-:1P d e . T•.e  t?1•e of e l ec t ro r:'. 0 �; , tLe m.m:b e 1· 
o f  d r· ,  c e l l s  n e c e s s a r:: i n  t :1e c i rc ui t ,  t : 1e  amour t o i' s c, l t , Hn d 
t >e }•o i ·"t o f  i r , d uc t i on we re s tud i e d  vi sur t l l :,- 0:1 t:HJ �ro rnv.l '- 1 n s :, 
;) f  �Le o s c i l l o ::: rA.ph . · r, er. t ! i e  te s t  c i rc u i t  wa s co �m0 c t � d  to ti 10  
o s c i l l o ::rA. 2:-, the c;s l  vc.no.m-2 t e r s  r e f; i s te r e d  e. b � s e  d e f l e c t i on <luc 
to  t >.e pa s s e  go 0f' s ome; c u r rent ';r: ro u�h tho fl ovri ni; wate r .  Thu 
9.;-s,o w·, t o f' thi s cur ; ·ont vms d0 pcndo nt upon t '.1c a n; n.  of t } 1 , .  o l c- c t ro d c  
c x po s e; d  t o  t : 1 0  ?:o.t o r  9.nd the, e :notU1t o f  c l ,; c t ro�.w t i  vc, f o , c c:  su p :· 1 h d 
t: ,  .. t:1r, d r· ·  10 0 1 1  ba t t c r i o s .  As the  b r i n,:: s o l ut i on ljQ S [; (; d  l>c tv,rc ,:;n 
t . ,,:, ·:: l :· c t ro d ,: s , th . c 0 !1duct i vi t:, o f  t'.w ·.m tor '.m s  i nc r 0 n s o d  And 
":i . c, i' l o-v; c> f  c u n· ,.; r:t i".1.c r c r. s ,.:. d . T ·: c_;  wi r :d i :' :::s i i:  t : . .  �rt l vr. nm:i.t , t ,, r s  

0 ·re r"'- C P. l c : ; J at":d t o  .� i ve n. d e f l e c t i on o f  t '.·, c l i : l l t ' : e ru .: o n  th e  .:' i l; .l 
'"' f°  '),. r; i nc �. · 0 r  fi ve  :!li l l i empr, r e s  c : ;an ce i n  c ur , ·en t . T 1 -1 e ha s e  <: ur-
:· c-n '� o. :�,o unter:. t o  fr rn-, one to '!::hree  m i l l i n: · t p c:· r e ::; rt'.'1 , 1. d ur ine the 
�a s s � g e  of t �· �R � r i no 1 . .vn s l :1 c re a.. ::; c '2 tf") rq 1 · ,:r o x imr  . .  t c J. ,/ e i t,ht r:1 i l l i n r! 1-
� 0 r e  s . r : ·. ,:, 5. : , s tn.n t l  :,r re s �ond i 1, t� ·r. �;V  :. ·r:. , .• C'.) i l P. l vn. ' o,,, o t e r  an d  t ! ,c  
rJ

,..
>': :c C r\. 1- S s ta:· . . · ·: r a ,J u c o rl  ''. c ·__.;TIJLt- t i : ; a  r c: co r ,0, OJ : � ! : C f:i lr; , i n  'rln i ch 

' : :, �r :·, c c  r. l o,, _ t . . 0  f i l � :  ·. :r:. s  :- , · or,otti. onn. l  to  t L�c ; (, nd th0 d u i'l e c ­
: i x, r1 :' t1 : '.: ':., w · ,  c f  l " :· 1 ·. t ,'!Fl S :- r o po r t "i. 0 n: \ l to t : . c  i. L G b  1 1 t o.nc nus 
'.'::>. l ·J.e -:if c ur  >' r; f; :ia s :, i : �  ; ·  thr '.1 u -· : 1  t, i ic r·n l •.rr. ; : ,,n0 ter ·,· i bra t o r . Tl ie 
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A.  O scillogram from Sun River chute model. 

B .  Oscillogram from 45-degree laboratory chut e .  

C .  Oscillogram from Kittitas Wasteway. 
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or bottom o f  th e fhune woul d Give satis f'A.ctor�r r e s ul ts. The n r e fl.  
o f  Alectrode WA S immateri a l  since i t •,ms nece sse- r? to ba l nnc e  ti le 
cur rent at  tl1e ins trumimt before ea.ch tes t, usin :.: one �  two or 
three l�volt dr·; batter i e s. Tho amount ,� f sn l t  nece s s ary to pro­
duce a lc,'.;ible d� f'lcction wa s do tc: nnbcd by trial.  T!w quantity 
o f  s alt s olution influcncod the de flect ion produc ed in two wFJ.y s . 
Th,, mE1.ximum d� flcction wa s  inc r o n so d  b�r an inc rvnsr_) i n  S fl lt s o l u­
t i on and the curve s cxtonde: d  ovo r fl. 5roat,: r  ,:, laps 0d  t i.inc:. Too 
(, r c [-1. t  e. d cfl ;Jction cnusc d th..: curv0 to swine bc�r or:.d th,::; vd; _ 0  o f  
the film and rut CXCC S S iVc ti.m1..· i nto rVr· l  ! :U , d <;. t!10 C rtlcul n t i or n:; d i f _( ' j_ ­
C Ul t. By d L,t ,.: !T.! iniae; th1.., corr1..:ct :1rnount of' brine m'.d by durn;:iing 
it into thr; fl o·,v qui ckl y  V1.;ry r0Rdi::>.bl0  curve s ·:r-::·rc obtr,inucl. 'l'hc 
L:n�th of flume being us e d  mn.dc: it ros si bl n to in tra duce  th,; b r i n e  
nt the upper end. The cloud vm s car ried thro ush. the i'lw:1e with ve ry 
littl e  elongati on. 

12. Laboratory tests of h igh veloc i t�, flow. A t e chnique 
neces sary to s ecure and i nterpret the recor ds obta ined by this meth­
od. of neesuri n � veloc i ty vras developed i'o r th o low-veloci ty flume. 
To expand this toohni quc ,  a. woodon flur,:o was cons truct ed on a 45-
degroo s lopo . This fl ume ·,10.s 9. G i:nchos  wi d e  b�r 1 0. 5 inches deep , 
inside dimensions. The lcn�;th was 1 7  1\: u t  2 �: i nchd, ,  mc a zurcd a.­
long the s lope . Tl lo WRtl· r  vm.s do l ive:rod to t he fl umo by n 1 2 - in c : 1  
contrifue;r.l pumu and wR.s n dr.d tt::. d  to th;_; flume under pre ssure from 
a rounded-edge s l ide ge te. The 1:ie.ximum d i schar::;e o f  8-: s e c ond- feet 
produced veloc i t i c s  of P,p:;:)roximatoly 5 0  fee t  ru r second. The d u e­
trodes installed in this !'l \l;.l,(; wo re J- inch  bras s  dist s ,  placed 
flush with t:ic ins ide sur :."aco o f  thc chute . : : i , io s � t s  ( tvm disks 
per s u t ) wore  placod in the, floor of t} ic c hute , 113 inc ho s b, ,  twe en 
sets ,  mc e.sur c d  alone; the cc ntc, r li ne of the fl oor. Nino s .::ts of 
c loctrodos woro placqd i n  the s ido s of th,-; c hute a t  th,;. s ar.1(; s pe.c­
ing and in line with the bottom e l ectrode ::; . T : 1e  l eads from the 
electrodes were carried to n ci entrRl svd tchboard at the osc i l lo­
craph . The connect ion from the board t o the instrument was :-,:a. de 
by short l eads i'i tted with tip jacks . '£he brine was introdue e d  
into the flow from a pres sure tank with u.n out let imi11e diA.te ly 
dQWnstrerun from the s l ide gate and c ontrolled by a q�ick- act-
in[ valve . The i�troduction was made at tho s urfAco o f  the fl mv. 
The technique fol lowed during thes e  tes ts was essentially the 
same as that in the low- veloci t• r chutA. Three add i tione. l  e le­
ments insta lled in the oscillo0�a::,h ma

0

de i t  possib l e  to mea sure 
the velocity over longer reaches and to trace the action of the 

, salt c loud through n greater d i s tance. The b A.s u  cur I"ont through 
tho c ircuits was fo'lmd_ to bo sl i ghtl;r les s than tha t in the l ow­
velocity chute , probably du0 to tho r e l atively smal l e l ectrode 
aroa , hence a larger amount of b r ino was nec e s s ary to produce a 
suitabl e  record. The brine could be introduced more r a p idly wi th 
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� :1 • (]_\ l ; c ·. : - n c :: i , : r: v n l v o  :, ;, t- h o i � 1 i t i n l  c l oud i. n  tl1 e f l ow vm s cv:i cl c i ; t,­
ly :1 u i  t o  s im i l ri r  to the c l oud in the l ow-ve l o c i ty c hu t e . ! iowevc! r ,  
i:: ! 1c r o  wn s mo r n  e l onc:;r. t i on n. s  i t  ras s e d  down the  c hute ,,vh i c h  wa Ll e ,:­
p c c t . cd  s i nce  t he turbu l c n c o  in  t l i c  fl ovI wn s r,rcn t c r  nnd h i c;h v0 l oc -
i. :·. i c s  1 1 r ,  · vCT i l 8 d .  i Jca r t h e  c l o s o  o i' t h e  tc• s t  procra.'11 fine l y  crounrl. 
J r. l  t ·::ri s us ed  i n s t e ad of H b r ine s o l ut i on . The c l oud , 1.1 s  r c e; i :, t o r ­
o d  b y  '.1 mi l l i M.1J:K to r ,  wa s s l i [. ht l y  l onr;0 r thn.!l t h e  br i n e  c l oud bu t 
\'i f\ f; V ,t ry l i t t l ,J [;r O o. t o r  i n  C OllC .:.mtrn t i on .  Evi dentl y tho h i r,hly 
t u r b u J , , : : t fl ov: d i � s olved the s A. l t  rap idly fl.nd di s tr ibuted i t  th ro uc;h­
ou t th 0 c r o s s  s e c t i o n  in  B. s h o r t  d i s tnnc e . A l th o u:;;h i t  i n c r e A. s e d  
the w o r; .  ne c e s s n ry in mak inc  n n  11nn.ly i. s  o f  t he o s c i l l o r,ram curve s , 
thi s -�: c t l i o d  wn s c o n s i de r e d  more  de s i rnb le  b o c A.u s e  o f  th e s i mpl e 
mcm: w r  ; n nhi ch th e powd L' r  c o u l d be  i nt roduc ed i n to the  fl ow .  S i nc e 
t l 1e �c t:1 o d  vm s b c i n ;:; d e vc 1 0 �1cd fo r fi e l d  u s e , s i.rnpl i c i ty o f  e q ui p­
ment wn s e s s ent i al . 

1 3 .  Re s u l t s  o f  l oJ, o r a t o rv t e s t s  o f  hi ch-ve l o ci t�/ f l ow .  
T�e s e r i e s  o f  t e s t s  al thouch no t extens ive l od t o  some d e f i n i t e  
c o nc l u �; i ons . Os c i l l o r.:; rf\,, :s  produ c e d  we re e A. sy t o  i nt e r p r e t  ( pl flt 8  1 ) .  
� ' :e b i: ine c l oud vrn s  carri e d  t he l e 1 1Gth of  t h rs  fl ume i n  n s u f f i c i ent­
ly c ompn c t  .-,1a s s  to r;ive ;::n o d  r o s ul t s . The r o sul  t s  ob t a i ne d  from the  
e l e c t rode ::; placed  in  the s i d e  of  tho  ch ute chocked tho s e  fror,1 tho 
botto:-. : e l e c trod e s  so c l o s e ly th"l t th 0 r o  wa s r.o e v i d e n c e  o f  d i s n l'� r o c: ­
::-: o::--.t . Th i s  i i, d i c nt c d  that t h<:.· b r ine was we l l  di s t r ibuted th ro u � ;h-
o n-'.:: th e c ro s s  s e c t i on nnd th 2 u qui pr.1<. mt 0r.1pl oyud was s o ns i t i vo to 
".:l, ·: p r c s e r..co o f t11 c br i n e· r -�' g a r d l o s s  of t ho l o c ':l ti on of th o c h. c­
trode's . !· �easurer:rnn ts o f ve l o c i ty by the u s e  o f  e i the r s i de o r  b ot­
-':: o;-;i e l e c trode s c hecked  th� c a l c ul rt te d  ve l o c i t·r  w i thin  on e ne r c en t . 
Tlv� ve l o c i ty wa s c ri. l c u l ated by the  formu l a  V ;,. Q/A . v;he r e  V i s  ve l ­
o c i ty in fe e t  pe r s e c ond ; Q ,  d i s c hari:;e in  ct:b i c  f o e t  pe r s e c o nd ,  
and A ,  A r e a  o f  t he c ro s s  s ec t i on in square fe � t . Tho di s c harcc  was 
mc n s ur 0 d  ove r th t:: c a l ibrated  l nb o r a t ory we i r  and the area o f  thu 
c ro �: ::;  s e c t i on wa s c A. r c ful ly :n e e. s ur e d  at :;ho gate . The o s c i l l ngrBI'.ls 
ob t a i ne d  fr om th i s  chute s howed e pe r s i s t e nt pul s a t i on in the ba s e  
c urrent . Thi s pul s at i on wa s not po r i o c i c  and the r e s u l t in g  de­
fl e c t i ons  we re not o f  equi:i. l r.iac;n i  tude . S eve ral  exp l anati on s  vre r e  
o ff'erec  f o r  th i s o c currenc e . I t  ·:m s ve ry po s s ible  thP-.t s p l a s h  from 
the f l ow wet the in s u l at i on o f  the w i re l e ad s  r.. nd c au s ed a pa. r t  o f  
the l e Rds  t o  a c t  a s  2 l e c trode s interm i ttentl y . Vi sua l obs e rva t i on s  
o f  flow c ondi t i on s , howeve r ,  s h owe d nul s at i ons  i n  th e fl ow i t s e l f .  
Th ere appe a r e d  t o  be r e g i ons o f' h i r.;!1:_ve l oc i ty wate r s e pa rated  by 
r e gi on s  o f  l owe r ve l oc i ty .  The s e  fl ow pul s ati ons we re evid ently 
r e fl e c te d  in the ph o t o i:: r 0.:-Jh i c  r e c or d .  Ve l o c i t:/ deter.,1i ne d  from 
the f i l� by us i ng t he s e m i �o r  d e fl ec t i o� s  o f  c urrent Eave c o ns i s ­
tent r e su l t s  uher1 c or:i pared w i tL the d e f l c c t i or, s  c a u s e d  by the pn s s ­
a�e o f  s �l t . Fo r the purp o s e  o f  rn A k i ng fi e l d  me n s ur �1 e n ts 1 i t  wa s 
c onc l ud e d  thA t e l e c t r od e s , i f  i n s t a l l ed i n � s t ruc t ur e  at th n time  o f  
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its erecti on s hould consist of small plates embedded fl ush with 
the interior surface of the channel .  The wire leads could then 
be carried through the wall s · and to s ame s uitable l ocntion for 
tho record ing equipment. If ,  howevo r,  the electrode s  a re for in .. 
s tal la'bton . 'in an existing structure, they should cons ist of me'tal 
strips securely ancl:i.ored to the side vral l s  in such a rr.anne r that 
they would o ffer a minimum resistance to tho flov,. Thoy should 
be inctallcd_ perpendicular to the floor of the chute and be of 
sufficient l ongth to oxtond above maximum water surfe.ce so tho  w i r e  
load coul d  b e  attachod t o  the upp-i r end. The distanco tlmt tho ·  
cloctrodos s hould bo s eparated , either lonr.itudinnl ly or trans .. 
vorsoly. would nece ssarily depend upon tha s oction to be  tosted . 

· Fram the ro sul ts obtained in tho snall chute,  it vras concl udcd 
that fino ly divided dry or moist s alt would dissolv e in the t ur .. 
bulent flow very rapidly and woul d be  satisfacto�f for use in 
the f ield. Some deve l opment work was done to secure a means of 
accurately detennining tho water surface in extre�ely turbulent 
flow. The bas ic principles applied appeared to be sati s factory 
but i'nsuf ficient time negated the completion of equipment suit .. 
able for- fie ld use. 

1 4. Tests on Kittitas wasteway. A program of field 
measurement s  was initiated to further develo? the method of meas .. 
nring hic;h .. veloci ty flovr and to secuz-e date. for the desi en of 
the flood s pillvray for Shl'l.�ta. Drun . After cor..siderin� the d imen .. 
s ions of existi ng s truc ture s and t.r .e possibi l i ty of ope ra.ti ng 
them conveniently• the we.stewe.y at station 1 1 4. 6 +30 on the Kitti ta::.  
Ma�n Canal .. Kittitas Divis ion .. Yakima Pro j ect .. \l'fashinr,to n ,  we.s 
selected as suite.bl e  for initial testing ( pl a t e  2 ) . In this s truc ­
ture there is a drop of 340 . 5  fee t in a hor i z ontn l d i stance of 
1 2 1 3  feet . All but a sma l l  fracti on of a foot of th i s  fal l oc .. 
curred in a hori z ontal di 3 te,nce o r  1 1 3 5  fee t. A pl a.YJ. a.n<.J. s ec ti on 
of the wa:s tewa.y isshown in figure 1 .  �'Tith  two botton sl ope s 
avai lable for t e s t i n g  i n  the seme s t ructure , the oppo rtuni �, of 
s ecuring c.onsiderabl e  de.ta with but a singl e install a.ti on was . 
advantageous. De t11il s of the test proGram we re  a.r ranced by 
correspondonce betwe en· tho Denver o ffi c e  F.nd the proj ect o ff i c o . 
In order t o  expedite the tests twenty sets o f  e lect rodes we re  
i nstalled in the chute under the di recti on o f  the -;: ,ro ject supe r .. 
intendent prior to the actual initiation o f  the tests.  The l oc a­
t ion o f  the elec trodes is shown on fi{;ure 1 .  The se t s  o f  o l e o  .. 
trode s were numbered consecutive ly d o1tm the vmstev1r.y. I t  ,:m s 
cons id ered advi sabl ti to i nstal l the pa i r s  o f  e l ect r ode s at the 
two di fft: r cnt i n t c rv� l s  b e c ause of tho unc e rta inty of the s tabi l i ty 
of tho salt cl oud. Shoul d the dispersion oc c ur q u i t �  ra pid ly tho 
1 0 .. foot rc:A.cho s could be u s ed  to  d o tc rrn i ne th <, v ,:; l oc i ty a ltho u r�h 

-tho 90 , 1 00 ,  or 1 1 0  foot r cache;s would bo pr c fo r ub l c ,  i f  the, d i s  .. 
po rsion should b0 suff i c i ,,ntly mna. 1 1 ,  bc c a u r; o  thu p c r c cntae;c  o f  
error i n  rcadi n� ths t ime woul d  b a  lo s s .  Tho  A c tunl di s tanc es 
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PLATE 2 

A. Upper section of wasteway. Looking downstream, 

B .  Lower section of wasteway. Looking down stream .  
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between pai r s of electrodes were measured after the i nstallation. 
'l'he wirin•.· system d i ffered slightly from that used in tho laborato ry . 
All electrodes on the le ft side of the wastevmy wore connected  in 
ser i es by a sing lo ir.sul e.tcd wire leadi i, ;;  to tho swi tchboe.rd at the 
osci l lor;raph . A separate insule. tod  l ead co·rmc:ctcd each of tho e l ec­
trodes on the· opposi t0 side  of  the structure to tho board . Tho dry 
c u ll ba.ttor.i:Js we re introduc o d  botv.rccn the svri tchbonrd and tho os­
cillor:raph .  

· 1 5. Veloc ity measurements . The oscillogra.ph used i n  the 
1 11.bora.tory was used for ma.king the te sts in the fie ld ( plate 3- B ) ,  
T'.·1e onl:,r chance in the ins trument was the a.dd i tion of an ele C'tricall�· 
driven, 5 O- cycle tunin;;  fork to provide e. time base. The vibratioas 
o f  the tuninG fork were recorded on the film by connecting one of 
the ge.l vanometers in the: tuni nr; fork circuit. The r ema.inini; fi vc 
e: l er.1onts wer0 avnil ablc- for connection to tho electrode s . Data. wo ro 
obto. i nod · fro?., ten dische.rc;cs ran & i n g  from 139 to 1 CO5 s ocond• fc '.Jt. 
T] w c i rcu i ts v.r,d clcn<., cits ,.-,�re adj u s t e d  unti l tho liG:ht bu oms vro uld  
r . g i str;r the: trace o f  t ho cm·rcnt  on  th1.,  f i lm. rlour sal t, of l'­
finonr:s s to  pass a 14O-rr.Gsh :.. i ·: . vu , wa s rnoi stonod unti l the partic l o s  
wo u l d  c o h,; r'� Yth ·:m mold,::; d by lmr..d i nto balls. Tho n iz c  o f  tho ba l l  
pc c c s s !..ry for s atis factory r,; 0i s tr:::,ti on on the. film vm s dotorrninc;;d 
by ".; r i al fa!ld error. '.7hcn r.1-� r� s ur i nc vo loc i t i 1.; s  ov•.:r u re ach o f  200 
fe;o t ·:1 i th the; 1 0' ,e r  disch c.rgc i; , be.1 1s t'.'TO inche s i n d i r.mutr..;r vrn ro 
sufficient. For lon ; :er reaches or larger discharGes, the si ze of 
the ba l l s  vras inc reased. At the max imum d i scharge, w i th veloc i -
t i es :-:-.ea s ured ove r  Cl. 4OO- foot re nch, the diame ter of t h o  bal l  was 
r: p;:iroximately sevon i nches . A fte r the 1 ,alls wu r o  forme d, t hu r c c ord­
in i;-; Rppe.ratus  wa s sot in moti on. The b E1.ll s wore thc.:n tos s ed into 
t :  c fl m: R. short di s tance ups tream fro:-:1 t}w test ro ach. Thu m.unbc.; r 
o f  bR l l s usod varie d frorr: one to fi ve . Or short s ecti ons five ::. alt 
bnl l s  were u s e d  fo r a si n [:;l o film record. I t was f ound that e.1 1  
�he  bR l ls d i d not r e c ord because o f  the r e lR tive l y  short fi lm , s o  th e 
r,u:r,t e r  WA. S r e d u c e d  t o  two for sh o rt renches  an d a s i ngl e bal l  fo r 
1;: . o l0!: ['.'3 r reac hes. 3 i nc e only f ive c;A.lvn.no:1 ,utcr  el,;.m,,nts we re ava.i l ­
n blr: , f'ive r ,:Jcord s vre r e  ne c e s s a ry to c ove r the en t i re l ength of t he 
f l ur'le P.. t  i. 'l C h  d i sc!1arg;c . T!w f i rst fiv1) s <..: ts of c l ,� c t ro d c s vw r r; 
c o:-. r. (:c ':;c d  for t h e  f i r s t  record ; t i 10  next f'iv• , s o t :,  f o r  �h L f; c: c or.d, 
1 ,n rl ::: o  on dmm t hL. vrn s tcwav. Fo r all  to s t s ,  c xc ,; pt t} , .:: fi r c t  t h r t; o  
d i c c l1ar ces , o n e  rec ord wa s · �ade w i th e l octro�ec 1 �  3 ,  5 , 7 , n nrl � 
c om m c te :.l  e.i .. d 'lno th,� r  w i tl . ,:;, l cc trodes 1 2 ,  1 4. ,  l G ,  H:; , and 2 0  con­
r:c, c tr;; d . I t ,·,e. 3 f'our.d thn t ti�, i n trorlucir.c  OW: l a rge be. 1 1 o f  s e. l  t,  
7,he c l 0 ud co.rr i -:-'J d  ove:;r U H; lor i '' C: r  d istan c e  i n  am :1l c t i 1, 1e; A.nd i n  n 
:: u f _ ·i c i r::, :-. t ly c c,: , . pc.c 1; c l o ud i:O  ::i vo a l er;ibl c r c c �rd . I n  f'ac t vi sua l 
ob ::. • , rv ti ons  · . .- 5- �h n. !-.i l l i 'J..:-.:::10 t e r  s hovrnd  thn -i:: i:. l io  s n l  t wa s co. rrying 
• • .h ,_ L, 1 1  lc n tl. ,_; f ·� >:c -;,rrls t0w0 • r  i ,.., rt s u l' f i c i ,.0 n t  c on c ont rn t i on to 
pr r , ,J uc '.: ro c o � d s . �!0W;Vc r, t r i c/ cloud � ,as  ;1,;r, , r,tly c longatod. 
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A .  Point gage used . for obtaining depth o f  flow. 
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1 6. Depth : . ,eas ur01.1ents . r.�easurements of the wa ter sur face 
we re ma.de wi th a point c;a.6e ( plate 3-A ) . Ten c ros s  s ections we re 
Me asured , one at the mid- point of each o f  the ten- foot e lectrode 
stations ( fi gure l ) . Ni ne observations approximately one foot npo.rt, 
were made at each cross section. This same proc edure was follovred 
t hrouthout exc ept at the hi[:her dischArges when excessiYe s pray made 
i t  necessary to abandon the first station below the convex vertical 
curve .  At the maximum discharge , it was neces sary to also abandon t he 
se cond s tation bolow the c urve. l. rtor tiie test s we re compl,1t cd, t he 
width of the c hannel at ea.ch s tation was carefully measured . Poin t  
,:,:,, ge readint;s of the bottom of  the chn!mel were tnken with the same 
instrument and at the s a.:ne l ocations at which the water s urfAce ob­
servritions v,ere ma.de . Tho depth and area. of cro .:s section .  occupi ed 
by the flow was C P.lcu.l ,:,.tod from these meas ure::nonts . 

1 7 .  Discharge measurements. The d ischarge throur,h the 
was teway w·e.s determi ned by gag j_nc; the flow in the ma i,, c anal wi th 
e. current meter. During the ::-;reator  part of t:1e tests, the totfl.l 
flow of the canal was di vertod into . the v.ra.stewa.y. For  this condi­
tion only one saging station,  located above the ·wastewny turnout 
na.s necessary . The remainder of the time sor.10 we.ter v,e.s pas s e d  d own 
the canal for irr i gation purpos es. A ge.eing station located in the 
me.in canal do11ms troam from the turnout wns us ed  to obtn.in t:10 quanti­
t:, pass int; . 'J:ho di fference in discharge as meas ur e d  tit the two gag­
ing � tati ons was us '3 d  o.s the quanti ty pas s ing throue;h tho wo.stm-my . 
Tho c urrent-moto r mu n.sur0ucnts for ea.oh test vroro me.de s imul ta.noou sly 
�:ri th the vc l oci ty nnd point gage mq r.surumcnts . An oxpc r i o nccd hydroc­
rnphor from tho proj ect office mo du o.1 1 tho cur r e nt-motor ;no a s uro-
mcnts . Stc.ndr,f'd cur rent rnetcr prac tice ,ms omployod n1d caro vr,.s tnk­
on to nttc'.in u high dvgrcL;  of accuracy . 

18. Photographs. Photographs were made o f'  the· flow condi­
tions for each disoharge and a number of these are included in t his 
report . · Sixteen mi llimeter motion pi ctures we re made of e. 11 d i sche.ri;es. 
r ·ost of thes e pictures were taken vrith the o arnera. oporo.t in0 at f our 
times normal speed, or 64 frames ·j?tir second. "Then pro j e c ted a.t normal 
speed, tho action is shown at one-fourth .the actual rate of motion .  
Since the action o f  .the surface water was extreme ly rapid , this degree 
of . slow-motion permits a much more thorough observation of its char� . 
acteri stics than is

0

pos s iblo otherwise . A:n ul tra-high spe ed c amera 
would ha.vo mado poss ible a much more detai led  obsorvation. The s pocd 
�s.od was the. :maximum for tho camera emplQiJo d. The fi lms a.re filed 
1n the hydraul i c  labora tory and a re ava i labl e for review. The moti on 

· pioturos  arc cohs i dero d  a ve ry ve.luable part o f  the data. coll ected 
bocauso thoy vo ri f'y c o rtain acti ons thst could othorv.risc only be 
·o.ssumed �s  true bocaus o or tho de ficiency of tho human £,yo to s o :.  
rapid motion. 

• 
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1 9 .  Res ults of depth mea suremen ts . The  re s ul t s  o f  t he 
tests  on the wnsteway are given in tabular fonn . The ob serve d 
d epths of fl ow nre given  in table 1 ,  The t able c o nsi s ts o f  t en 
d ivi s i ons , e a.ch  d ivi s i on showing the prope rti e s  o f  one  o f  the 
s e c t ion s  o"\)served, ( figure 1 ) .  In the first c o lumn o f e ach di vi s -
ion i s  civen the dis charge a s · mea s ured in the ma in c anal durin �  t he 
t ime the depth observat ions we re  be ing ma.do. The· next nine col umns 
r )  vo the A.ctu a l  observed d e pths o f  fl ow in foct at d i stanc es from 
tho l e ft side wo. 11 . In t he c o l umn he aded mean do rith, the uvorrq�o 
o f  th o n ine rcadin:;s  a.c ross tho s oction i s  given. Thu ne xt col unm 
( fl ov, are a ) t:;ivo s  tho aro a o f  tho c ros s so ct ion o f  flow .  Thi n is  tho 
?roduct of tho dE: pth . 6i vcn in tho pre c ed ing c olumn fl !l ll the a vc ra c. 
width o f  tho cha11n0 l as me asured. Thi.s ar ( i a.  i s  corr,.; c to d  fo r tho c ro s s­
sc ct i one,l nrua o f  f i l L, ts bctvrnun  tlw s i des and bott orn of th,1 chr-m-
ncl . Tho la st ti,,o c o l umns s how the... wo ttod p,_T i1;10te; r and hyd rfl.u l'i c 
radius a s  cal c u latL:d from the pre c e d ing vn.l uo G . All ob s erved de pths 
hnvo b0 un i nc lud e d  in tho tab l ·  to s how the co ns i s tency of the r0 sults. 
The c ho ppy we.tor surfn c c  and the largo amount o r  s prny rend e r ed it 
d i fficu lt to dot ·..; rmin0 whc; ro the point o f' t l 10  cage: should bu to e; i  vo 
a roadin� thBt would ba indicat ive of U10 ac tual do pth of f l mi. Tho 
s urface conditions also made it di f�ic ult to obs erve the po int of the 
gage . The depth o f  flow was c onsi de red to be at the base of the 
loosely fly in z  s pray and drops o f  wate r. The top of the ma in portion 
of the flow inc luded numerou s smal l  waves or ro l l e r s . The water 
depths e;iven in the table a.re approximate mean values betwe en the 
crest of the waves and the trour,hs between then .  The vibrati or� o f  
the point gage was re l ied upon more than vi sual obs erve. tion t o  i nsure 
that the point was at rel at ively tho s ame position in the flow for 
succes s ive readi nr;s. Two ff\ ctors may be observed in tho d epth :rr. ous­
urcl'l onts as r:;i ven in the tabl e . ( 1 )  For the high disc harge s, the 
wave due to entrance c onditi ons ( plate 4 )  was reflec ted in the poi nt 
e;age readinr;s a.t station 1 - 2  and 3 - 4 . Thi s  wave was n o t  ob served 
beyond that p9int . ( 2 )  Tl le  wa ter surfac e at the sides o f  tL.e chutf: .  
was hi:::;her than that in the .ce ntra 1 portion ( plate 5 ) .  For  the 
hiche r d i s charges, thi s hi gh porti on extended s l ightly over e. foot 
from ea.ch wal l and .,_-,as as much as O ,  4 foot :·d gher the.n t he central 
TJorti on o f  the flo":1 . For th i s  re P.son, obs erVf' tion of dspth b: r  sta f f  
E;a.:;e s fastened to t} ,e walls o f  suc h a struc ture wou l d  b e  in error. 
For the t-:10 lower d i s charges, we ll-developed trave l in g  waves v-.rere 
persis tent in the ±'low, part i c u l arly on the steep s lope . Thay ,.ere 
not obvious in -'.:he h i t;her flows . Those wave s forrac- d  in the upp e r  
transi tion section a!1d incre ased ir. magnitude  and ve l o city ns they 
pror:re s s ed  d own th�  chute (plate 3-A ).  They are the type of wave 
observed i n  rp . .nn-:.,rou s s tructure s at lovr d i s chare,c s and have been re­
ferred to by some author s as ''slu1:;s11 or "ba l l n 11 of 1i1at0r .  Somo in­
tere st ing ob s orvRtions wore ma.de in  ro �ard to tha s o  �nvo s . Althouch 
25 waves ·:ra re obs erved to pass o L:? ctrodo no . lG in 5O . B  Sc. c ond s wi th 
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m 2,;. 2.,1 2.10 1,95 1.99 2,08 2,16 2.i.o 2,50 2� 17,75 12.25 1.45 719 2,62 2.41 2,09 1.09 1,9, 1,8' 2.10 2,'2 2,'9 2,18 17,26 12,07 1.43 
51112 2.89 2,78 2.41> 2.,0 2.25 2,20 2.,1 2,!R 2,65 2-1,8 19,'1!. 12,75 1,55 m- 2,5' Z.57 2.47 2.16 2.10 2.16 2.,0 2.42 2,45 2.,5 18,61 12,41 1,50 

1005 J.09 2,97 2.7' a.;. 2,51 2.41 2.45 2,62 2,58 2,66 21.lB 13.u 1.62 9'!2 2.e1 2,66 2.52 2.52 - - - - - 2.� 20.e, 12.97 1.(,0 

STUIOl! 15 • 16 . .  
19' 1,09 1.21 1.11 1,14 �.21 1.06 1,15 1.23 1.17 1.15 9,66 10.02 0,90 

J62 1,67 1,72 1,55 1,56 1,66 1,5' 1.48 1.15 1, 76 1.� 12.85 10.98 1,17 

J,o1 1.48 1.58 1.45 1,$ 1,54 1.42 1.41> 1.58 1,54 l,51 11,90 10,74 1.11 

491 1,9' 1,98 1,74 1,86 1,87 1,67 1,72 1.99 1.90 1,85 14.� 11.42 1.26 

587 2.13 2,11 1,92 2,07 2.05 1.98 1,90 2,15 2,08, 2,04 16.09 11.00 1.,6 

IUTIOI 5 - 6  719 2,29 2,29 2.13 2,07 2,27 2.16 2,16 2.:'4 2,J6 2.2, 17.� 12.18 lJ.4 - _..., 19J 0,98 0,80 0,111! 0.79 o.ei. o.e, 0,80 0,10 o,74 0,81 6.1,4 9.41> 0,68 m 2,61 2.;. 2.24 2.,6 2.46 2.31 2,35 2,67 2.62 2,46 1:1.40 12.64 1.5' 
J62 1.i.o 1.15 1,27 1.29 1.29 1.25 1,12 1,07 1.22 1.24 9,87 10.26 0,96 . 922 2,68 2,87 2.� 2,71, 2,66 2,65 2.65 2,80 2-87 2, 7' 21,54 13,18 1.$ I 

l"'1 1,19 1.26 1.25 1,25 1.,6 1.28 1,08 1.16 1.21 1.24 9,87 10.26 0.96 1005 ,.o, 2,85 " - - - - - " 2,91. z,.20 1,.60 1,71 
la91 1,7' 1,,Z 1.52 1,5' 1.57 1,56 1.,9 1Jo4 1,52 1.s, 12,18 10.84 1.12 .. 
587 1.,85 1,68 1,67 1,77 1,76 1,90 1.71 1.79 

. .  STATION 17 • 18 , 1.114 1,79 14.16 11,26 1 .25 
,62 1,51 1.45 1.L,6 1,50 1.58 1,54 1,54 1,59 1.58 1,5' 12,04 10.75 1.12 719 Z.11 1.a, 1.89 1,89 1,99 2,19 2,02 2.09 2,2' 2.0, 16,17 11,81, 1,'7 

1.071' ,-., ,,.  J,o1 1.49 1.46 1.48 1,52 1,54 1.48 1.41 1.48 1.45 1.48 11,64 10.65 
m a.as 2.05 1,97 2,00 2,15 2.,1 2,25 2,,1 2,52 2.21 17.61 12.20 1Jo4 

491 1,90 1.8, 1.80 1,8' 1.91 1,82 1.e, 1,81, 1,95 1,81, 14.49 11.,1 1.21 51112 2,,0 2.,z 2,'2 2.,6 2,52 2.60 2.45 2.60 2.71 2.49 19,81, 12,76 1,55 
2,06 2.20 2,25 2,17 2,24 2,15 2,15 2.27 2.47 2.22 17.48 12,ll 1 .W. 1005 2.62 2,57 2.1,e 2.58 2.11} 2,66 2.511 2.72 2.88 2.64 21.04 13.06 1.61 

719 2.41 2,17 2.4, 2.26 2.,5 2,,e 2.,1 2,1,8 2.66 2.39 18.82 12.47 1.51 

m 2,61 2,70 2,70 2,59 2,68 2,59 2Jo4 2,52 2,76 2.1'! 20,64 12.93 1,60 

922 2,74 2.84 ,.02 2.97 2,94 2.94 2,85 2,91 2.95 2,91 22.9, 1,.51 1,70 

1005 2,19 2,91 2.99 ,.04 ,.1, 2,9, 2,96 2,72 2, 79 2,91 22,9, 13.51 1.70 
I• IT.lTIOI 7 • 8 

19' 1.0, 0,90 0,91 0,88 0.85 o,7' 0.11 0.70 0,79 o,81, 6.65 9.41 0,71 STATION 19 • 20 . .  J62 1.,i 1.s, 1.,1 1.20 1,27 1,14 1,05 1.09 1.20 1.26 9.98 10.25 0.97 ,62 1.� 1.57 1.54 1.52 1.49 1.,s 1.45 1.52 1,56 1.51 12,02 10.eo 1.11 

l"'1 1,50 1.52 l,'6 1.21 1.20. 1.19 1.16 1,14 1.1, 1.27 10.06 10.27 0,98 i.o1 l.UO 1,61 1,50 1.46 1.41 1.42 1,11 1,20 1.50 1.40 11,14 10,58 1,05 . 161 1,90 1.8, 1,71 1.48 1.46 1,,S 1.39 1.i., 1,64 1,58 J.?.5' 10,89 1.15 491 1,92 1,79 1.7' 1,65 1.66 1.68 1,71, 2.01 1.99 1,80 14.,, 11,,8 l,26, . 587 2.19 2,09 1.92 1,7' 1,8! l.i;B 1.53 1,!,J 1.82 1,79 14.,o 11.,1 1,26 587 2-3' 2,09 2.16 2.12 1,90 1,95 1.87 2.09 2,05 2.06 16.41 11.90 l,'8 
719 2.,1 2.28 2,18 1.96 1,92 1.87 1.89 1.07 2,28 2,07 16.49 11,87 1.39· 719 2.56 2,42 2,,2 2.27 2.25 2.25 2.18 2.27 2.116 2.3' 18.56 12.44 1.49 
m 2.,0 2,'7 2.22 2,05 2.01 2.0, 2,12 2.16 2J.4 2.21 17.54 12.15 1.44 m 2,57 2.64 2,67 2,$ 2.56· 2.52 2,5'.I 2,$ 2.59 2.61 20.eo ll,00 1.60 
51112 2.66 2.52 2,50 2,,S 2,,0 2.4, 2.46 2,;. 2,67 2.50 19.84 12,7' 1,56 1005 2,95 2.96 2.96 2,88 ,.oo 2,84 2.8, 2.00 2. 11 2.89 23,oJ 1,.56 1,70 

1005 2.86 2,74 2.65 2.le 2.le 2.62 2,62 2,79 2.78 2,67 21.26 1',07 1.� 



PLATE 4 

A .  Wasteway entrance . Di scharge 922 second-feet . 

B .  Wave in upper section of wasteway caused 
by entrance condition . Discharge 922 second-fee t .  



PLATE 5 

A .  Flow conditions on 10
°

-12 1 slope . Discharge 777 second-feet . 

B .  Flow conditions on 33°-10 1 slope . Discharge 922 second-feet 



a discharge of 1 93 sec ond- fee t� they were not periodic . At times 
two would pa ss in one second and then a lapse of  two or more s econds 
would occ.ur be fore o.nother was observed. Tho avera ge rate of occur­
rence of the s e  wave s at el ectrode no . 20 for tho S AlnO d i s c harge was 
ono ovory 1 . 6  seconds.  Observation and study of the motion pi ctures 
s howod that tho vo loc ity of the se  waves was considerably greater than 
tho velocity o f  the intcnnodie.t·c water (plate 7-A c; B ) . Tho front 
of the wave '.la s nonrly vertical , · ·.-!,i l u  th..:: be.ck had a lon: slope that 
:: xtcmdc d  A most to tho front o f  th0 succcc din;; imvc . The ·,mvc front 
· . .r� n almost a . stro.ir_:ht line pc rponcl.iculnr to the directi on o f  fl ow· .  
'rhe cause of  the waves v,as not definite ly observed but the conclus­
ions a.re that the friction in the fluid be inb les s  than that between 
t'. 1e flui c! and the s o l i d  chute caus ed the upper part o f  tho flow to 
Glide ,:,vor tho l O'lHJr part and thus attain a highe r  ve locity. This 
hir:;h voloc i ty vrator overta.1:o s  the vmt Gr flowing at a l o"llcr vcl oc i  ty 
and tends to pile up formin0 ·:m.vos . The mocl ianics o f  the s o  ,·.avos 
is s imilar to tht't of c. hydro.'J.lic ji,nnp. Th0 ":ravos msdc it difficult 
to s:::t ar� o.voraz;c de pth of  f1011  for tho dischari;o s o.t :rhich the,y 
occurred. Obsc rve tions -;1 ·.1r;.; me.do r.t tho crost of the ·,rnvu and nt 
e n  i nt0rn:;diatu poi:1t n.nd the ::;oo.n o f  tho se  ro&dinc;s cons id0red e n  
thu depth o f  flow. Obs urvi:' t ions o f  dopth for tho 8 9  s o cond- foot 
d i s ch!1r�: - ·  havo bo on omi tt(.;d from tho t r :blu o xcopt fo r tho uppe r 'b:,o 
str·tions. T!w r:!r, g;nitudc ,,nd rato- of occurrenc e of tho -;1r-.vo s c.t 
str·.tions fc.rtho r dmm tho c,1r nr .. : l  rundorud tho ob s orv�.tion.c doubtful. 
It wi l l  a.ls o  be noted that t:,e data is not complete for stations 
1 1- 1 2 , 1 3- 1 4, 1 5- 1 6 0  As has been mentioned b e fore, adverse conditions 
due to s pray negated completion o f  the data ( plate 6 ) .  

. 2 0. �esul ts of ve l oci °bJ aee.sur�,rnnts . The veloci tie s  as 
ca.lcula. ted from the o s c illo:;rs..'71S a.nd ne!\surements me.de in the vm ste-
11m.y are tiven ir, Tab l e  2. It ,,as very dif ficult t o  re i:id  the t ime 
L1tervn 1 from the oscil lo:�r�ms for the ten- foot electrode sta. ti ons 
•u1d  the error invo lved was M. r-:h, t}u, r 0 for0 90, 1 00 , and 1 1 0- foot 
s n c tions we re used Rlmos t ,:m c i r", ly for dote rmininG t l io  veloci t i o s . 
It :nHy be !!0tcc! i1; the tA.bl o chs.t t'.1c obse rved vc loc i  ti '.' s  vnr:'  a s 

rr:ucr: Rs 2 5  pc! rcu1t wh o:'1 r.ice. S '..1r·� c: .-Jv , r  tL,., s 3,: ;o rn F;.ch i.fi t ': 0 e..n a.ppar­
r:n";; const ,, 1 1t d isc::n r � ;_; . Tho e.ve: re cc :  V'.'l. riF.:L i o n  is A P:'ir oxir ,1r.. t , ,l y  7 
; : crc cnt. Th - · r-0• e r e· s cv-.: rf'. l f::- ctors w: i ch c0ntribut _, to thi s ,1 j_ f­
f, , r - : nco in ob s .. nr� d  v .: l oc i  ty. V i  suv. l ob., , , rv· ·.t i on s r nc: " s t uc1,, o f  
tJ:e no t.i on ·,jic tu�e s  s how Jef':i �1 i '�o nul s r: t:tons o ;."'  veloc i  t,r i :.-l  t ! ie 
: · l m·.- (

;-ilate. 7- 'S t r� ) . Th e n r:)a.rat�s use d VTP. S  •.-:?vL.lentl :;- :; ,,ns i tive 
to ':he s c  r,ul s r: i. i ons  E:-J.i 0::8 ;· ec,.)r r..: r.·r s · 1ade of  t. ,e h i ;�; , -ve loc ity 
: in :: :::  ·.-r:1 i l 0  P,11 1:,t l , -::r  .ms  r,,flC'J  a. t s o: 1<:: lo1·rn r ve l oc i ty. 3 0,0 :e o r  the 
V<J. r h, t::io!l.  ·. :n s Ulldou'.)tucl l)' cri us 'J r;  'J ·,· :d i ;_ J it u r r or G  i. n  r o e. cl :i i 1� ·':;he 
,:. s c i l l o ::; r'.:.r., s . �\ ·.:: r e cord s ·:1 ,: r -. n.,t  ohv i o u :3 a · ,d soJ . : 0  :, , ! :i bc r a ;,;ion 
·. iH ;:; 11 <:J c o s .s,:, ry t o  d c t e; rr. i n o  5 n  •J rcc . e n s (· t l ! 0  o .. -: '.'l. c t  ,, l ,,. ::_-: :� ,.:.. d t lr- ,:, r ,.::-
r:: ·.1:.rt� ,-l_ i '0 r t ·  _ ._: :; ,-. � t to  pn s �  0vr: i1 

� kno·, m  C. i s tnr Lc c . I ! ,  f's. c t  v0 l oc i -
t � ; S  c o t: 1. c! ·, , ,- t �:i-: :-: , - t i s f'P c t o r :i. l . · �L , t  :, 1 1. :1< .. - rl f 'r,'Jr '  s o: ,, ·.; o l' t :, ,  r e c o rd :.; .  



J>tat&noe trca 
Kleotrode No. 11 

fftllber ot 
Eleotrode 

Diaobarge 
Seoond-teet 

193 

11 

36'! 11 

401 
11 
11 

11 

11 

'3BT .  11 
11 

719 11 
11 

Tl1 11 

922 

1005, 

• .. 

01• ta.:1.oe trcm 
Electrode Pio. l 0 10' 100' 

?h.mber or 
l 2 3 Electrode 

fAJJU 2 
0lli.ll!ThD Vl-.W. I :Y 

SL0l'i: 100 - 12' 

110' 200 ' 210' 

4 5 6 

300' 310 ' 400, hlO ' 

7 8 9 10 

Oiao>arge '.!umbers in parentheeea are the observed velocities in feet per aecond. 
Second-feet lhmber• to right &.nd lert of each observed valocl ty  indicate tho 

electrodH between which the velocity waa r'!.eaaured . 

89 
l (35.4) 3 

�-9
) 5 

3 ( ,o) 5 

193 l (37,8) 3 l37,0) 5 (3;.1) 9 
5 (31,6) 7 

362 l (46.2) 3 ( 50,3) 5 c,1.3J 8 (01.0) y 
l (53.4) 3 (�.6) 5 (47.5J 8 (ol.7) 9 

401 
l (46.8) 3 (53,0) 5 
l (46.3) 3 (51.4) 5 

l (52.2) 3 (48.b) 5 (51>.4) 8 
491 3 {56,0) 5 ( 56.4) 8 

3 ( 51,4) 5 ( 57.4) 9 

587 l (55.2) 3 ( 54-7) 5 (57-5) 7 (62.7) 9 
3 ( 56,3 ) 5 (61.0

\ 
7 ( :,5.9) 9 

5 (57.3 7 (o4.o) 9 

l (57.9) 3 ( 57.7) 5 (51.2) 7 ($.5) 9 
719 l (57,6) 3 (56.2) 5 (62.o) 7 (67.4) 9 

5 \70.l) 7 l63.6) 9 

m 
l (64.6) 3 (62.2) 5 (63.1)  7 (

�
.o) 9 

3 (fti.l ) 5 - 7 ( .4) 9 

l (72.6) 3 (74.6) 5 (66.l)  7 (68.o) 9 
l (61.0) 3 (64.9) 5 (&l,3) 7 (68,7) 9 

3 (1:,0.7) 5 - 7 (64.7) 9 

l (72.2) 3 (63.4) 5 (72,} ) 7 (67.0) 9 
1005 1 (74.2) 3 (71.3) 5 (68.8) 7 (63.5) 9 

5 (oo.1J 7 (67,1) 9 

SLOPE 33° - 10' SLOPE o0- di.' 

0 10' 100' 110' 200• 210' 
Diatanoe fz;on 0 
Electrode No. 17 

10' 40 , 50' 

!IUMer of 
11 12 13 14 15 16 Eleatrode 17 18 19 20 

?iwiben in pa.rentheae1 an, the ob1ened Ye loci tie a in :lumbers in parentheaea are the 
feet per aeoond. ?lumber, to right and left or Moh 
obaen.d nlooity indicate the e lectrodes between 
which the fflooitf wu measured. 

obae?"T8d veloci tiea in feet per 
aecond. hw::ibera to right a.nd left 

Diaoho.rr,e ot ea.oh observed velocity indicate 
Second-reot tho oloctrodea botv,een which the 

12 l55,l) 14 (66.1) 16 
12 ,. (51. ) 14 (67,0) 15 
12 (57.1) 14 

nlooity wus meaaured. 

18 (42.2) 20 
362 18 (44.o) 20 

(78.8) 14 
!
ilJ.9) 15 

(6T.9) 14 70.3) � 12 (71.0) (65.4) 16 

18 (42.2) 20 

17 (73.e) 20 
491 17 (�.6) 20 

(74.5) 13 (81.0) 16 rn (56.3) 20 

(74.4) 13 (78,8) 16 
13 (72.5) 16 17 (41.B) 19 

587 17 (56.2) 20 
12 '73.2) 13 (83.6) i5 17 (74.9) 20 

(79.l) 13 
!
79.7) � 12 n.o) (76.3) 16 ' 17 (83.9) 20 

719 17 (74.4) 20 
(79.4) 

!83·9; 
13 15 

79.0 13 (82.8
( 

15 
(74.9 13 (83.8 16 

13 (86.1) 15 

17 (71.3) 19 

m 17 (71.4) 19 
17 (62.7) 19 

(95,8) 13 (93.4) 16 
(88.2) 13 

!
80.7) 16 

13 82.2) 15 

(81.7) 13 (116.8) 16 
13 (106.2) 15 

17 
\1

2
·
7

l 
20 

922 18 69.5  20 . 
1005 17 (77.2) 20 

18 (68.6) 20 

12 ( 85.3) 13 (93.4
l 

15 
12 ( 96.2) 13 (92,5 15 
12 ( 87,5) 14 (85.1) 16 

12 (113.1) 15 
12 ( 93.1) 15 

13 (101.3) 15 
13 ( 102.1) 15 
14 ( 92.0) 16 • 

I 

I 
I 
I 

I 
I 



A, Di scharge 922 second-feet, 

Discharge 1 ,005 se cond-feet,  

FLOW C ONDITIONS  AT CHANGE IN GRADE 

8 
l:rj 

CJ) 



A ,  Discharge 89 second-feet ,  

B ,  Discharge 491 second-feet,  C ,  Discharge 777 second-feet,  

JET FROM WASTEWAY ENTERING YAKIMA RIVER 
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. _'l'hi� a�ooun�s for th_e �lBJ?.}c . �·paces in the t� ble . A large l:llllOunt . 
of tl:li s  di screpancy oo�d . be "el iminated by further imp_r<)vement o f :  
the equipment and teolul-ique . · . Sev�ral of' the electrode s · were dam-

· . .aged �d: a f.ew w,ire . broken off ·and carried away by the oonib l,ned 
action of the hi'� veloo-i ty. water _ _  and 1 >ro.oks and pebbles �n the 
flow. , The_ berit · el e.otrodes . aft�red · the .distanoo botwe on - �ta.tions . 
but sin�e c,9mpe.re:tive1y· long _ roaches were ·used . for the actual . .  

· veloc-ity dctorminatfons tho _ error _ introduced from ' thi s _ s our.� e - v,e.s 
. small . : . 'lho behavior . of tho . se.l t ·cloud as it travels' down .  the wasto­
wa.y is . a . subj cot �bQut w-hioh littlo is. known. _It mny t·revel from' 
s_ido . . to 'Sido . as it· p.rocrc s sos .down tho ohuto • Thi s inf.oronoo was 
gathered °f·rom observ.atio1;1 of t..'1.e -electrodes , after the ,comple ti on of 

. ·: . . the te�ts . Jt' was noted . that the · electrodes suftered· mor�- _ damace . 
. and t�ie concrete showed more ·erosion on the left wal l · of  the waste-

. way at · _one �·tation w;111e  flt the next ·s tation downstream the dem�ge 
·a.n4 .eros ion was . on the . opposite wall � · •  Such aotion, . althouc}l not a· 
symmetrical zigz,ae; pattern ,. was rtotod throuihout the l ength of the 

. 

wastew�y. It i s  poss ible th_e t  - some portion of the salt  c lolld trave l s . 
c ontinuously in the 'hi gh y-elooi ty cente� .flow and it i s  thi_s .  por­
t�on wh� ch caus es  the init-i·al dc .fle ction of each galvanometor . If 
thi s  is true the measured velocities  are the maxim'UI!l veiooitie s .  
The ve loci ti e s  observed between electrode stations 1 and 3 ,  with 
a discharge of 1005 s econd- feet , are sli ghtly above ·the mean ve l �e ity 
cal culated .from V � �. ThG value of h used was the di f.ferenoe 
·in elevati'on between the water s\1rfaoe in the · canal and the water 
surface at . a - point midway between the two stations . No ontrance loss  
or  los s · :due to  fricti on was as sumod . Thoso  ar(.;  tho only two obscrvod 
veloc itie s that oxcocd tho voloc ity calcul ated by the e.bovo fo nnula . 
3inco both obsorve ti on3 niade und$r the same c ondi ti ons exoeed the . 
theoretical veloc ity, · it nmy be that the re sult s  were infl uenced °h'J 
s ome unknown factor . I t  may al s o  indicate that the measured ve lo·ci  ty . 
is  the maximum veloc ity in the flow· . It  has been s hown that as the 
vel oc i ty incree.ses  in pipe s , the maximum velocity approac he s the 
moan c ro s s - s_eotional velocity in magnitudo .  Thi s may be · assumed to 
apply in the case  of o.n open c hanno l  unti l  furthe r s tudy prqvo s  
otherwi se . The moasurod ve loc iti es a.ro there for e as·s umc d  t o  bo moan 
cros s - s ectional vc l oc itio s . otho.r s ourc e s  of orror , a lthow)1 very 
cmal i .  lie in the fa.ct that the spots from al l the e l.ements in the . 
o s o i l lograph canno t  be adjusted to l i e  exactly on a l ine perpend icu­
lar to the c anto r l ine of the -film and the rotation c ons t�"ltS of 
tho e l ements · are  not identi c al '" Ee.ch element de flects  s lovrly a t  fi rst 
but with rap idly incree.s inc-,; ve l o c i ty ,  partly beoa'.4s e  the cur rent is  
inc rea s ing a.�d partly be cause o f  its . own ihert ia • . Henc e i t  i s  
difi'icul t t o  dotf;rmine on the film tho oxac t t imo that · a defl ection 
starts . Thc so sources  o f error art) s o  smal l that thoy w·t:ro oon­
s i d,e red nogl i r, ib le for th .:.. typ,; o f  work be int: done . 

-
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· 21 ; : Entrained a i r .  The ootl1puted ·entrained air in 
nero_ent of total volume of  rfow is given in · rable 3 .  Station . 

· ( l-3 ) · rei'ers to the. reach between el ectrode l and electrode 3 ;  
·station ( 3-5 ) refers to · t\le reaoh from eleotrod� .3 to electrode · 
5;  etc • . ( eee - f'icure 1 ) .  It i s  wel l  to emphasize  the note ( table 
3 )  ref'�rring to the calculations for air content on 33 ° - 1 0 '  
a lope ·. · Bece,use  o f  unavoidable c .iroumstanoes .  �tor s urface roe.d­
ings wero ·not taken · at· tho 'po int c;a:ge station 11- 12  for d i sche:rr;es . 
,i))ovo -491 . second- f'e9t . 'Also  the observati ons aro 11ot complete 

. for the two high _discharges at the next two stations below • 
Therefore the· �epth and hence .the a.i r _ oontent ·are cons idered to 

. _ be �t fomd .a.t t}:le lower . stations . The mean . depths . ·hydraulic 
radil and_ velocfties. r.e.f'er to the mean of al l such, ·:dleasu:rements 
·taken at the ends of . and within eaah reach. . In that por·ti on of 
th� tabl� applicable to .the · 10° · - 12 1 slope ,. if . the two lower 
'di:.ohargea are disregarded beceuse of tn,e traveling wave type or 
tlow and parti�ular observation made of -the veloci ties. prevai ling 

· · for 'diaohargea 362 to · 719 aeoond-fe-et, -inclusive ; there appears to 
· be an ·  1noreaae in velocity fQr each dia.ohar_ge as ·the . flow pro-
. go.s:ae,, dcmistre•• · �ia · 1a  · not · apparent · _tor the three . highor 
diso.harges . This condltion may . bo only a result of errors or 

· 'f�loei ty · tluot.�1,iollS but seems ·to be .too consi stent f'or that .. 
. · ·. It -.y' be · that tor : inte�ediate disohatges . ·  constant flow condi- . 

,, . . . . ticma bad ' tiot been r·aaohed in the transition seotion · but · tor . : tlut hi:gher. . discharges auo.h a ootidition .did prevail • . The water­
·. , · _ . ,  : . . . . . . · _surtaoe measurements show :an -almost constant depth for eaoh dis­

. . . . . . &hug• . · :throughout 
. this ·. sectiQJi. ot the wast�y • . . · Anpther reason 

· ·�t � water .aurtaoe in$a�W"enumts .  do .not. - agree ·w1.th the . trer,.ds 
. ; : . :/. ' .:.:/ , , . ;. : . · ;. I ab.� by_ the velooi ty measurements is because th4:t po�t gii.ge 
. · . . . · . : ': · · : . _ · · · reading• · oovered· ',� eonalderab�e. p,riod _ of . t'ime and represent· 

_ .  . .._:-
· 
. . . , r: . .  _ ;  ( . .  

· . the •ve:rage wa:ter . surface. o��r this period while the a_alt - c_loud 
. . · . . . . .  · .  -' ·:- :-\ · >. · ·emp1or.,d �o- m.eaaure · .velooity represents a: localized section o f . 
-:.'- � :· -: ,: :_r_ ::. _ · · · . · . \ . the. ·ti.ow . �d me.Y attain a velocity associated >wi_th a s ingle · .. . 
:-- . .  ,\ . : _. --. . · . . - : . · veJ�o�� - ·n"°tuation. For the · higl:l discharges . on · the 10°· � 12 I 
·< . . : _ . ,  ' .  ·'. · : · ' . : _ _. !. al_o,e · ·-4 :f�f'. . ai.� 'disobarge� ·, on th4;' -�30 - 10' slope� · there i's · 
:· · · .. . -.:·, .· · : · _ . : . ,: _ . · . ,. ·.: . . ·· �0'. .oonsiaten,t: · :increase o,t ..-.1ooitt to;r. . a give� discharge and . · . . · ,  .. - : : .  , : . _ · .  · . · ·.alCJpe · ·a:s · th�:. _no

v
(p��CJ'ess•s d� �e ��teway. . Hence · ·it · i s 

· :' :.- - ·  · · : :· :· · · : · ' · · . : · · -log1�': - · .tQ asa�e :, .that· '2Jiit� flow ·cond1:t;iona ._ prevai l. . This · 
- � · -., .  : , · : � . . . . . _ .-.: . '- 1� _not .. : t,WJ. tor the ·. ·f'.J,at . Slop; at . .  the : lower: end ot- ·  the. waatewaye 
. : · . . · · 'i·. ·.' . , /  . .. : . · :· ·;· 

. . ��· .t,,h�i n(!llr. was deoel,ez-at1ng and _ ie 00t14tequently nontmii'orm-� 
·'• 

. 
. \ . : :,,, ·

_: :-. ·. 
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: : .  / · ·  ( - ;,., - · . · · . :· - - . . ·. , _ -_ .. . . _ · - �� · :  _ S� 2t· all t�ata on - c.hutes�- A suminaijr ot all 
. . ·· . .  · . .  , .. . · . . . _ ' . - ��-- :on . ai:� c,o#e�t in- oli�ea l, given in: Tabl• 4 • . Intoma�i <m 
=,::_ · : · :: ·. ·  . .- . ·: :< · : ' ·: _ 1, .::�y. :�111.eli on . o�ut·�- ln/,ith:lch· the da� -i_a �amplete . : �-n · or- .· . · . 
� � - · . _' i-}, ;·:"_ - :. : .- : _ . _ .

. . .. . .:, :  _- - d•r· -�_;· ,��ne �he - vol� -- of' ' air� ': the . :qwmtity_, . . the vel,ooity,, '. '  
, · ·· : :  : . . . · · · · . · ,>and thf area ot .the -oros11- section lllUSt · be measured. Other data 

, . .  -: . > · · .: .- . . ,-.. �'ire.�_been t,ounci, �t ia _ moat_ -"in$tdo_es . -only �o ot 1:;}l�ae value's 
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Discharge liean 
Q Depth 

Second- D 
teet 

Station teat 

89 • ( 1-3 ) 0.49 
(3-5)  0.50 

C l-3 )  o.ao 
193 (3-5) 0.a1 

( 5-7)  o .e3 · 
( 5-9 )  .82 

( 1-3 ) 1.25 
:,$! (3- 5) 1.25 

( 5-8 )  1.24 
(S-9 )  1.24 

401 ( 1-3 ) 1.26 
(3-5 ) 1.26 

(1.3 ) 1.54 
491 (3-5) 1 .55 

(5-8 ) 1 .56 
( 5-9 ) 1.56 

r
-

3 ) 1 .eo 
587 

3-
5

j 
1 .eo 

5-7 1.79 
(7-9) 1.eo 

(1-3 i 2,02 
719 (3-5) �:g;, (5-7)  

(7-9 ) 2.07 

8:�l 2,24 
m 2 .22 ( 5-7) 2.21 

(7-9 )  2.26 
(1-3 ) 2. 52 
(3-5) 2.49 

91!2 (5-7) 2. 5P 
(7-9) 2.51 

i��
) 2.10 

1005 2.
1 5-7( 2 .  

(7-9 ) 2.66 

. .  

,._ ___________ ---·- -� 

,A U: 3 
� .;.�· · ·  ... :.. :. :- · ·.A� .; .. I A I :� 

tiLO!'ll lo" • 12 ' � 1,0lt 33° - 101 
-� --- --- ---�-- - --

JJ.r :.:ean J.:ean Uea.n 
A� 

Air :>iecha r:;e �ea.n ��eu Lean i..ean 
A� Area lf.Jdraulio 01::served Co:i.tent �: Uepth Area Hyd raul i c  Vb s •.1 rved Content 

A Radiua Velocity �econd- D A :ta.di us ·,: e l o u i ty 

rt.2 R V fe'? t R ;· 
reat ft ./atJc.  ?eroent � t-.ation f11at t· e .2 fae t ft./sec . ?ercen t · ---- --

3 .88 o.1,4 35.1, o. 64 36 l l2-141 1 .02 b ,07 o . b3 ';4.6 o ..... 
3,96 0 .1,5 34.o o . ci6  34 1:,3 ,i;...161  1.14 �.o4 o .�u cx,.1  0 .32 oil 

(U.-15 )  1 .14 :1 . o4  0 . 10 Q7.v 0 . 32 0; 

�� o.68 31.a o . •10 20 
o .68 31.0 0 ,61 19 

o, ;5 0 .10 31.a 0 . 10 22 \ 11-14 ) l . :i()  11 .s3 1 . 1 1  73. 3 0 ,42 
6.48 O , (iJ 3,.1  0 .10 24 362 , 12-J;, ) 1 . ;.;  11 ,93 1 .1 1  ·11 .0  0 .1.; �7 

� 1i ... 1 5 )  1 . -,3 12 .nc 1 . 17 70.1 o .;.c ,-L 
:1,90 o .96 4; .B  0 .13 27 (:i..-1 ,;i 1. -3 12 . :<, 1 . 1 7  65,4 o .:..3 ,,-, 
9.95 o.,6 52, 5  o,fJJ 31 

74.l,._ 0 .1�:> :,4 9,85 0 .:16 ;..� .4 o , 74 26 l ll-13 , 1 .L,.., 1 1 .75 1 . 1 1  
9.84 o.% 61 .3 OooO "° 4ol , 13-101 1 . 53 12.08 1 . 12 ·n.!. 0 .112  :,,i.! 

10.06 o . ...  a 14-o. & o .bb  14 ,12•13 I 1.\14 1,.32 1 .32 73 .2 o .;'4 76 
s,.90 o.:11 ,2 .2 0 .11 23 L)I ( 1 1-13 ) l . ;14  1:,.32 1 . 32 1:1.1  0 .1-1-1 iJ 

1 . 14 24 \ 12-14 1 1 .:14 1 5.32 1 .32 77.0 0 .44 56 
12.'7 52.2 0 ,76 l l3-15 / l . }C'I l:i.lJ� 1 .30 .5 1 . 6  o .:"' •J) 
12.30 1 .13 52.0 0 .11 23 - �161 1 •-;o 15.02 1 . 30 1�.3 0 ,<.3 t;.i( 
12.36  1 . 14 ,�.4 0 .12 28 1, .3 o ... "" j4 12.43 1 . 15 57.1, o,{£) 31 \ 11-1 3 ,  2.05• 1 :. .2; .. 1.; ·t' 

�1 , 1;;-15 ) 2.c5  1 -. •  lu 1.37 82 . i· 0 .,11-1 '.JO 
14.32 1 .20 55.2 O o74 26 ( l}•lD1  2.0� l t.- . l o  1 . 37 03.e 0 .,.3 �7 
14.33 1.26 56.5  0 .13 27 \ 1 1-13 , 2 . l t: •  11.2 :... .. 1 .� . !  .,� .o  o • •  � :  ,_, 14.2e 1,2G ,& . 6 0.7c 30 71') ,13-1 :: J  2.2c 17..:2 1 ... 3 02.2 o. :,v ;.<. 14.36 1.26 ,l..3 0 .75 25 \ 13-16) 2 .20 17.42 1 .i.3 01.1 o .:.�1 :,3 

16.11 1 .36  57.6 0 .11 23 
111 ( 1 1-13 , 2 .; �· l L! . :·,1· 1 . � 1  ol.7 0 . :.,1 q') 

16,12 1 .37 57,0 0 .1a 22 , 13-16; 2 .10 1, .00 1 . 51 1 1 1 . =- 0 .37 i3 
1

6:f.
3 1 .3e 61 .1 0 .72 26 

16 1> 1.3;, -10.a 0 . 05 35 t l2-13 ) 2 .,,. 20.83 • l . c (J  :10.e o • • , . ,2 
( 1?-14 ) 2 . ,->3 • 2<; ,. < ·! ·  1 . �  67 . 5 o . :il i.:,'j 

17,87 1 .45 6'..6 0 ,67 33  922 \13·1� ;  2 . tx\ 2 1 .2l 1 . ,  l _. ;i; .o 0 •• . 1 ,3 
17.68 1 .

M 
63 .2 0 .10 30 (lii-b) 2 . (k 21 .2c 1 . i,I u ;., . 1  0 . -11 4 )  

17,58 1. ,,3 .1 0 . 10 30 
17.97 1.Le 63 .7 o . "8 32 112-1,j . ��:i - -- -
20.02 1 . 56 66.8 0 ,6) 31 1005 13•1 :; - - - - -
19.79 1 . 55 66,7 0 .10 30 ( Ju-16 ) 2 .,4• 2 3 .2C •  1 .  ,1 :,12 . 0  O .L7 ,3 
19.BL 1.55  63 ,2 0.11. 26 
1:1.96 1 . 56  ,,7.1 o .w 31 l · oi 1 . t  c;a.ce read i : l{; G  ?"Ade onl;, a t  t.. h e  e n d  o !' ".. he aec •. ion  
21. 50  1 .63 73.2 o.d.. 36 
21.11  1 .62 01 .4 0 .11 25;/ 
21 .15  1 .62 c,, .3 o.U:J 31 
21 .1:1 1 .62 6!,.:1 o.6c 32 

!..Lu,•:.; 0° • 04• �- - - - - -
Dlachart;e J.:ea.n ;..ean l.ean 

;,,epth Ana P.fdraulic 
i econd- & A J:&dius 

feet � tation fee t  f't.2 
R 

i'oet -- -- -- -
362 l ltl-2C )  1 . 52  12.03 

491 117-20 ) 1 ,62 14.41 
(18-20 ) 1 .82 1;..4 

587 , 17-19 ) 2 .14 }!).:•:-
(17-20 ) 2.IJ. li:, ;h 

719 ( 17-19 ) 2 .36 18.69 
l l7-20 j 2 .31; 18.6-) 

m ( 17-19 ) 2 . !.1 20 .76 

922 ( 17-20) 2 .::11 22.�3 
\ 18-20 )  2.91 22.93 

1005 l l 7-20 J  2 . ,0 22.;,e 
( lf-20 ) 2.10 22,)H 

- - - --

o., acco,.1.�'":: of 6 !Jr&.Y •  

-
:..ea.n q Air 

�sorved A'i Con';or:.t Veloc ity 
V 

rt ./seo . Perce:-.t -- --
42 .B 0.10 30 

6'-.7 o . :;i1 49 
,6.3 o.to 40 

41 , (· o.r3 27 
6o. 6 0, 57 43 

11 .3 0. 54 , .,;  
7; .2 o .l.1 ,1 
67.1  o. :.,t.. • 44 

72 . 7  0. 55 45 
,, . 5  0, :,7 1,3 

77 .2 o. �i7 43 
6e.6  o. ·.-i , 36 

• ·  - -

- ---- - � - -�--.--



have been determined and the thi rd cal culated from the .formula 
� ::i AV. General ly the d i s charge was cal culated from measured eross­
section and measured veloc i .ty . . Thi s ,  o f  oourse , giv.es a quanti ty 
that inQludes the air  and hence is  in excess o f  the true water 
volume . · For this  reason numerous experimenters have fourid a. value . 
for "n" for Hanning ' s formula. that i s  very c'lose to that expected, 
whereas ·  if  the a ctual water di scharge ·were . used, some other va lue 
mi ght have boon foU:11d • Only thoso data. based on measured value s . 
of  all  three factors have been inc luded in the table . · It is  
pos s ible that some of th� observations woro made in _regi �ms where 
stablo fl ow conditions had not been atta.inod • .  The data undor . 
number 26  undo\lbtodly belongs in thi s ola.s s • .  Observati ons and 
pictures show that at thi s locat ion, whito flow prevai led only 
near tl:le s idos of tho structure while  tho contor · por�ion of the 
flow was darker colored.. The data under number - 27 was taken on 

. a . slope prooodcd by a s teeper slope ( No .  26 ) .  A compari son Of the 
· :rnensU:red vciocitio s indi cate� that the flow was dooele·rating at · 
thi s .soction. Other data may ho.vo bee.n influenced by similar c on� 

· · di tions but details  ar� not available .  

23.  · Velooity · o :f' flow in chutes . In attempting to estab­
li sh some · relationship between .the hydraulic  factors . in a channel ,. · 
an equation 'based on the analysi s  or observed !;la.ta, mus t be ' e s tab ... ,, ' 
l i shed. Ehrenberger found 

V = 97 R 0�5i { s in q)0.4  

This relation was establ i shed by model tests .made in  . a  woe>den · , 
chute . 0 .82 feet wide . · . The depth varied :from: 0 ,; 048 . to· o .· 1s1 feet . 
1µ1d the hydraulic radius from 0 . 04'3 to· 0 . 116  feet.  . Experiments 

· reported by Ehrenberger on the 1{uetz wa·steway in .Austria shc:,w that 
the velocity varie19 with R0 • 53 • The bo.ttom width of . this wasteway · · 

· was a . 2  · reet •. · The_ depth ·ror the · flows varied from :0 . 10 to o . 74 
feet and '  th.e hydraulic radius f�oin 0 .097 to 0.640 feet .· This \Yaste- . 
way had a wooden : lining. ·. Data fr.om this · seme wastewa.y reported . . 

: .  by Sc�oklitsch give d.epths from 0, 31 to 0 . 94 feet ·and hydraul ic · 
· radii from 0.29  to 0.79 .feet .  They showed no consistent , relati onship 
. be.�en V and -R  • . · The experime�1.ts ma.qe by' Steward in 1913 do not 
· . show · a consistent relationship to exist between .veloo i ty and hy-

dr��lic radi\lS • · ·  The experiments on the Kittitas .wasteway CQ�red 
<lept�s from 0 . 5  to 2 . 9  feet and hy�rauli:c radii from o . s · to l .7 

· feet. The _data . on velocity and _eydraulic radius for the.se tests 
have 'been plotted on logarithmie paper and fi strai ght ·  line drawn 
thro:u/jl the· point� pertaining to each slope · ( figure 2 ) . The 
oq·uations of thoso  lines . are : . · 

· · · 
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1111iai111eqw"• llallel 
Cllmte_ I • tlool  

WUlll • 0.82 ... 
Bla 8 •  Oe2" 

nn,,JN;:gw'e. w ClllaU l'l, • l'l'eo4  
'llutla • 0.82 ... ssa e .  o.em 

Blacllilo:.,ar·• -1 
cnmte m - 1rocl4  
, Wl4tb • o.82 MI  

Sla 8'• 0� 

Blll'aN2'pr'• � 
Cl!lllt8 IV • 'IRIICl4 

'IH4tls • �!lloll 
81a 8 • 0 .  

,, 

, . . ........ Jlo4el 0Jmte V • 1roo4 
1114111 • 0-82 Ml 
Bia 8 • 0.'°6 

6- 7, 1 8. llaets ...... 

9. 

10. 

11. 

12. 

, ;a. 

1"" 

15. 

fl. � Holdlll • Tl'oe4 
.... 'ld41dl ri e.e ,...  au. . .  elopu • 1oli OIi 1 

· Sia e • 0.'°6 
� fllua_ of 4, 

a4 v u  gl- llJ 
11111'811be,ger) . 

-. w..--, - .w-
. lllt.ta INm 8tlltllluo!u 

s� a 
lfo111abahr 

ni-1a 11 .• 0M 
b •• • • ,.. ren 

llelcot 
Sia I •  0.602 
· ···· • 3.28 teets  

llllllld.a • flapuo14a1, 
s11a 1 ••••• • o� 
1""'°"1 �56 f'oet: 

illl'flO Drop - 'loo4 
Sin 8 • o.lll4 .II ••• • 6.0 f'oet: 

liora � • COIIOl9t:e 
. Sia 11· • O.aBl 

la ... . ,.o toet 

Vallet � Clm1:e -
'Clomrne 

. Sia e • 0.156 
b ••• • , teet  

1>1eobuge 
Q Depth 11,dJ'aulio -- 4 Jla41'119 - - -

o.s 0.057 0.050 
· o.706 o.090 o.� 

lM o.ie, o.094 
lo57 o.161 0.116 

O.J" o.054 o.dia o.706 0.o&7 Oo072 
1.o9 0.120 oo093 
1.57 0.156 0.113 

O.J5' 0.051 o.o4� o.706 o.oee o.0611 
l.OJ 0.115 0.090 
1.57 0.151 0.111 

o.'" o.olie o.e>J&, 
o.706 0.019 o.066 

· loOJ 0.112 o.oee 
1.57 o.tliB 0.109 

0.353 0.052 0A7 
o.706 0.0115 o.on 
loOJ o.ns 0.092 
1.57 0.156 0.113 

17.7 0.10 0.097 •. , o.16 
�� 120.0 oJs 

27.9 0.210 
36.0 0-272 
52.:, 0.361 

129-2 0.512 

0� 32.a 0.26 
56.6 0.311 0.311B 
&.5 �i 

o.� 70.3 o. 
151.9 o. o.6'0 

36 0.31 0.29 
51! g� gjJ 56 
911 �:l o-111 

� 0.72 
159 o.94 0.19 
191 - -

. Je.1 o.64 o.46 
26.1 o.1121 o.:,4 

2llo9 2.20 o.94 
1<11.4 1.21 0.10 

11i6.o 1.23 0.92 
134.2 1.15 o.sa 

95.0 0.57 o.46 

27.5 0.32 0.26 

22.4 0.27 0.22 

UJIU! 4 

CO!!PILo\TI0II OF IWILD!R CIIIJTII IIIIASUREIIEUTS 

-ed -}, Teloolty Pt.�. P91'0811t 
water 

9.61 19.0 16. 
llo!ili 19.0 

tl.1 80.7 
ao.1 17. 

10.24 n.o 
t: 75.0 1s. 

75.0 
16.o4 75.e 

19. 
11.liS 72.9 
14.47 11.6 
16.31 70.4 
17.55 70.7 

13.22 
16.80 � 20. 
18.73 $.1 
20.18 63.5 

15� 51.3 
19 51.2 
21.65 51.0 21. 
23.& 51.3 

23.6 64 
32.2 li4 
56.1 39 

ai 
41 22. 
38 

47.2 lJ 57.0 

�� 37 
37 23. 

47.9 37 
51-2 

� l'e.3 

68.6 
65.9 25 24. 
53.5 27 
70.2 39 
70.2 25 
70.2 

� 70.2 

3'.l 64 
25. 

28.2 (,6 

Tt.1 38 
e,.2 38 26. 

68.6 -
1\3.0 -
32.3 86 27. 

22.0 78 

26.3 6, 

.. 

ANm Chute • ConoNte 
Seotlon 11 Sin 8 • O.l!(l2 

b •• • • 6 tt. 
Arem C- .• ConoNte 
SeotlOD 21 Sin 8 • o.151 

b • • •  • 6 tt. 
Arem C- • ConoNte 

Sin 8 • 0.206 
b • • •  - 6 teet 

Ll&ard C- Hoe 1 • 
Conorete 

Sill e • o.082 
b • • • • 3 het: 

Ll&ard Chute l!oo 2 • 
Conorste 

Sin 8 • 00194 
b • • • • 3 1eet 

Kittitu wuten:, -
Conorste 

Sin 8 • Oo547 
b • • • • e reet 

()!euw,,,,,,,t:• made down-
et:nam tram olmte) 

-rhill n..... - l!etal 
Camdian Puoitio 11,r. 
Alberta, Camda 

Sin II •  Oo057 
b • • •  • 5.10 f'oet 

llalro:, n- - l!et:al 
Camdlan Puoitio R;y. 
Alberta, Camda 

Sin 9 • 0.032 
b • • •  • 10.2 feet 

lateral c-11 n,_ - ·1;ood 
CaJl&dien Paoitio R;y. 
Alberta, C amda 

Sin 8 • 0.052 
b • • •  • o.9 root 

Seoonda.ry Canal - Wood 
Camdlan Paoit'io R;y0 

Alberta, Camda 
Sin 8 • Ootl!5 
b • • •  • 4. 18 toot 

South c ..... 1 Chute 
llilopoat 2 • COJIO Nte 
Uno� l'!'ojeot: 

Sin II •  0.275 
TTapezoida.l 

Bottom w14thn8.64 t'eet: 

South CIUllll Chute 
llilopost 2 - C0110rete 
Unoompo.l>&N Project: 

Seot:ion 2 
Sin 9 • 0.070 

'.l'rapetoic!Al 
Bo�am widt� .47 t'eot 

Disoharge 
Q 

Seaond-
Peet 

23.26 

23.26 

50.llo 

o.114 
2.01, 
2.80 
5.72 
7.97 

16.l,2 

o.114 
2.01, 
2.80 
5.72 
7.97 

16.l,2 

231 � 

61.o 
26.5 

59.2 
151.4 

1.24 

6.16 

� 

267 
4oo 
463 

Depth llydraullo 
4 Rlldlus 

Peet Peet 

o.24 0.22 

0.22 0.21 

0.32 o.29 

o.o4 o.01, 
0.11 0.10 
0.12 0.11 
0.17 0.16 
o.24 0.21 
0.36 0.29 

0.05 0.05 
0.10 0.09 
0.10 0.10 
0.16 o.14 
0.21 o.18 
0.31 0.26 

a.so o.67 
1.3 o.98 

- 0.5'73 - o.433 

- o.m - 1.311 

- 0.107 

- 0.155 

1 .15 0.98 
1.30 1 .07 

1.06 o.e7 
1 .39 1 .09 
1 .53 1.17 

l!easured 
Tsloolty 

Ft.foeo. 
20.4 

19.6 

29.4 

4.97 
9.33 

10.9 
14.3 
14.2 
19.2 

6.9 
7.a 

11. 1  
19.6 
16.0 
23.8 

52.2 
66.o 

27.5 
18.6 

15.2 
17.6 

9.62 

9.25 

, 

l,o.24 
}8.17 

28.13 
31 .93 
32.55 

Q 
IV 

Peroent 
Water 

19 

90 

89 
73 
fr, 
71 
72 •  
78 
79 
42 
67 
65 
60 
60 
78 

f.i 
70.5 

65 
86 

54 
76 

'fi 

95 

87 

103 
ltl! 
1ol, 

• � 
I 

. : 
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. : . . 
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' · · ·. · 
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. . .  · . . 
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' · · · · ·  . .  

. ,  
, . . . 

· . V . = - 49 .-8. R2/3 · wl�r� .Q .:  lb0 1� ' 

: y- � e? :�- R2/3 . whe�e 9
. 
: ·  33o 10 1 

( 1 )  

( 2) ·  '. 
·: · ·/: -," ·. ·  :·.··. ·. · 

· _  . . , 
. - - ,.: :_ ·_- . .  . . 

. · . · It miglit :.�· sa.14 .. that 'the -�xponeht· ot .R inorease·s ·as R is , inor·ee.s-. 
. ··� ;� : . . ' ..: :-: � ·- · . · . , · . .  : .  ,;_' -��c i� ·$lirertbe,rger. •· s  -f�tmul�.: the· _ d�ta: :rrfJBl ·Rueti .:wasteway� and. _the 
� ,.· , . . : : . _ . : dt1 ta .:f'rom Ki ttite.s �at.eway a re . oons idered ·• However• .  th� d� te. - are 
.: . .

.. .  ;. -,.' · ' •  - . _/ . . :· - t:po .mea:eer to :place'' a'  �e·at deal of :wei�t upon _ thi13 relati_ons_hip ·.- .. '.. >.: . /J _ ' '  . . · :- ,-:· ·. w
K 
_ _ 
1
�t
t
. _ t

hQ
1
· _u
t
: t · i'urth

t
·. er . �xp

1
·· ��

1
i."'l

d
entat

1
ion

,: 
· S:tn

1
ce_ the

1
:
t
exp

1
_ e1�1'me

t
nt s o_n

1 
_ _ d
: th�

d
: 

.II �. ' 
. . _ . . • · . 

: •r . .
. 
· . 8.8 ·Wfl.S evtay . nc ·.u . e· on. :y · w,V'O . S ope 11 , . 8 no cons :ere. . 

. · . . -. : -. :· .: ' - . ·advj.seble '· .to determine n' releti on ,uoh ·as  Ehr.enberger ' s  -botweon ·
. 

V and si:Q - �f f'or ·-R .  consta1�t� IImrovor. if we a·s supie- tho vol'ocity 
.. : · ··. : .- · 

:-"ll, ..
. .  

• .· ' . ; • 

. : /\ •\_:_ -·.- . :{ 
. to ba: an. exponential function of the hydra ul i o  �o.liiua .and ·oOl'!'lputo 

. ,• · tho -oxpcino:n'.t, _usi�g only tho · bro - - val�o s. ot. sin Q . ·and in_cludo thi� 
.- : . ·.. . - . : ·  �ction _. in . a · · r:;onora.l ·rorinule.. tie; - have ' . ' . · ' · . '. · : ···· · 

. ' ·: · · 
' . .  . . : . . . . .  . ·, · t .  'I 

-.:.. �. : . . ,, . - ,  : .By· : QQinpa.ring :: thi s, w-fth . Ehr�nbc.rr;�� �  s '.formula :  i,t - e,ppc·e.r:S the:'t · .as : · 
- ;, _· -:· :: -_-: : : : -- .. . · • - tho· hydrait1ic radtus incrQ�sc s ,  tho · exponent . of · {{  1-ncroaso�  �d< 

: - · tht: oxponont of' sin· 9 · decroriso e �  Thi � str,tarn.ont'. shoul:d not bo . _ . : .: ·  . . : . 

', · �o� idered- ·as  final · because of . the small  'amount , of · data upon_ which - . 
:, > :' _.: ; · : · ·- i_.-- - · · :  _ : :  to · 1:>a1se . �_ :eonc l.�si_on . · The fact · that ·thi s .exponent of R -. e:·gr·eet? �th 

. · : · tpe I expone�t - of R: iii Miuml:Q.g' s  _f'ormula sug:;e sted that ttn•t. be ·  com-· . .  : .· . ,  _._ . putd!i . for . uni form 'flow in steep oh_ute.s· , the lpss  of;_ -head per ' u�it . . 
· ·  ._ . - :· _ -;; · · : : - - - len�� ·or ·· r1ow is .. expre� s ed by · s in· 9 , ·  wh1;9�e 9 . 1 s ·  the· ·anc;le of in-
. .  · , · - : _ ·  . . , ·  c:il�ne.ti on · o� tlie bottom wit1:t · r0-spe�t · to.:the . horizontal . · Thus Yan-
. - :. , · ' ning.t S f()nnula- ' "for ·s teep ·s�ope-s bec,ome.s 

• . • f •• > · . • � . . . . . . . , • . 
. . · 

.. ·,: .. : ·: -� - _ ; : _ � · · : ·: V - � -1�486 Ri/�(sin Q ):1 /2 ·_ . . . . . n . . ( 3 ) . ' 

· . . · -- : ,  

' ' . 

. . · :  . ;  . ... 
' 

·cOJiipµt��i _· �'nit us ing . equ� t'ions (lJ , ( .2 ) � 
. 
�rid . - (  3 )"v;e . 

· . • · '  . . - - . 
. . . ' 

n =- O� Ol ;?G ( Q  = 10° . - 1 2 ' ) 
, n  = 0 . blS4 ( g  -.=- . 33° .; 1 0 ' ) · 

find : · 

,T�i� .wo�ld i�di-tsate · that the ·value · qf . "n": increase s  ,vith th� - - sl ope . but this _ conc lusion _i s  not ·- locice. l s irice the val ue of "n" is as­
. . '· · ·_ s:umed �o - depen_d _ upon :the r.ou,gh..Tle s s· of_ the channe l . The v�l ue of'.  

· : :.  · · : - _  . ·  ''n" fc»-. _the 10°' 1
°
2 • .  s lop� 'i s :""hat mi e;ht be. expeeted but the· . " i1" for 

. . . . . _ . : � · · . - · '�39 10 1 · _s_lo;pe · is high . fo.;r · the typ_e· of materi al in · thE! - :che rine l .  · 
. .  · . ' · . .  _ · . : - \ ·  H�nc� . we , me.y !:l,S sume _ tllat Hanning ' .s formula.' i's not oo:rrect fol' . ... . . .. · · . · . · . · . steep ' ohutes • .  !-!ere · aga:tn morfl "dP:ta sh'o.�ld' pf!: 09nsi:de red · bof9rc 

· . ·r:ialdri� e. positive _ ste.t01.:'ent �  . . ' · - · · · · -:: 'ft � - • . • • • 
• •• . ' • • 

• 

I • . ,,. ·�· _ . . . 2 4 .  Ai r c ontent o f  flow in· chutes . · · Ehrenborgo r  a lso . 
; :_ - _ -

. dpv� lopqd :· fort.fUl E fS f.Or dCJ tc;,x,:-iinin� tho WP.to r  porti�:n�' · µ , in a_ · . ,: · ,  unrt· _V"9 lumi : . ot ·1Nhi tc 'Irate r ,  Tho s �� r-i.r,s : · 

80 -
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-O , Of1 - CJ , 23 
µ = .J , 42 Et ( s in Q )  :i. or s in Q �0 . 4'/ 6 

nnc - 0 , 0G -0 . 74 
µ ... 0 . 30 n ( s in Q)  for sin Q '.:).o . 476  

', T! .e·se formulas  9.re be.sed on te11ts me.de on five different elopes 
rl\..'1rin:'_" fro ,, � = a0 49 ' to 9 "' 3 •1 ° 1 8 '  and hydraulic radi i ranr;­
ing-: fro:., o . 01�; to O , llC feet . 1-'rom the fom.ula s it nppears th.F1.t 
with e 0· ual ·,,'."'.11  rouchne s s , t�1e s lope is tha mos t important facto r ,  
nnd the hydrr>.ulio  rt-.dius , end honoe the depth , e.re only minor 
t1;1c tor s . J. cor:,puri son of tho ve loc ities rmd '1ir c ontent observ­
· ;d  in tho Ia ·�tita.a --.mst0""'"-Y and corre sponding Vf.1.lut: s o d culc.tod 
1J� Ehr0nh :,rr.;:. r '  s fo:nt1ulr s nro 5ivcn in Tnblc 5. Althour;h thG ob­
s ., rvc d r: ,1d co l cv.lr t dl vr:. luc B r, rrc ,) to ,, cortuin oxtcnt, there i s  

. not a oona i ':·t,_·nt r .:c l --- tionship . , !Iovrnv- r , 7thvn th,, d" tE'. nrc c ons id­
� r �<l. ool l o'c iv, ·ly for or- oh s lop,.:. , th .. rc i s  lJottor r groon,mt . Th0 
·: : a n  �. ir  co�1t . .  t for :. �.er: s lop" of tho !:ittitr:i s m, st, vrf!.'J r nd the 
dr.tr fr01� t ::.bl ,_ 4 w: . f:.  )l otted on lo :�D rithrr.ic p,1p· . r  ( fi gure 3 )  • 
.r,,ro :y r,-, l L - 1  l i ne s  m.r.y bo  drr::m t:1rou;.)1 th• , S (, point s . l'ho (; qun.­
t:l. o�·. s of t!�c :.- :  l in ::; , re 

� a 0 , 8 1  s in Q o . e 
Cl( a  0 , 62 s in Q ·1 0 6 

�,here Q(, i s  the volume o f  entrained a.ir in a uni t  voluc"ie of e.er.a.­
ted vrn.ter ,  rhe numbers e.;·.yieari : , f; i r:  the figure c orre spond t o  the 
m.n:cbers give,_ tl.e data. in ta.118  tl . Tv,o l inos vrero drawn because the 
points rcpro s cntine; de.te fror:t t!10 model  chut(., s did not appoar to 
be c losely a. n soei ntod with ·chos · ,  from prototype struc turc, s . Tho 
upp·� r line IM.Y be. said  to roJ - �� ; 1.: nt va.luos i'rom prototypo tests,  
:, xc cpt for t!') . .  flo.t tc. r slop� s wll .... n th(; points ere badly scattorod , 

25 . Genert>. l  discus s i on of chute data . The flow of 
water in open channe l s  with hi�h gradients is  e. moot subjec t .  
Di fficulties encountered i n  seourinr; - da.ta from such conditions of 
flow cause th!; res ul ts to be subjoot to con s i dereble  variation . 
Lack of suitr,ble equipment and structures o f  suffi cient  si ze hnve 
retarded :;,rorro s s  toward an undorstEmdine; of tho c onditi ons pr o­
ve.i l int ,  · Concortod soarch of li  tere.curc, supr,l umcntod by fio ld 
mco suro?:,cnts s how the.t �'le.tor flow:i.n6 at high vol oc i ty in a.n open 
che.nn ,Jl  doc s  ontre.i:1 air  e.nd the vol oc i  t iu s  nrc lowGr than provi ous­
ly co?:1put,3d or  c.ssU!'l.od . This stehw, ,mt oi'  oours0 appl ie s only t o  
th0 type o f  struc turv s stud ied .  T o  who.t oxtent tl 1u  cond iti ons 
!!lny be : xtrri. po l c tud o rrn only be: dotu rminc;d by furtlbr ro s00.rch . 
In tha c:xp0r i, ·•. cnts on tho Y.i ttitr-. n  ,rnstcwo.y, th..: ind.ioction3 vrnrc 
thr, -t  .:i th tl · .-� ivc ,r: c nnd iti ons , r tc nni na.l vv locity existed .  
Furthr, rno r·,. , l: : ,  r �  i ::;  r�'.) f1 Uu Gti oa "but thc.t r. vc.; r;r lr.rg-... runount of 
c.ir  ,ms . :.ntrr, in·. d . , ·:i t!". 'l flm: of  1 , 005 socond- fc ,.;;t on o. s lope . 
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Discharge 
Second-

feet 

89 
193 

. 3 62 
401 
4 91 
5 87 
719  
777  
922  

1005 

Di scharge 
Second-

feet 

. .  193 
. .  362 . 

. .. 401 
491 · · � " 987 
719 
777 . . . 922 

1005 

Table  5 

ComRari s.on of Observed Veloc ity 

And Air Content with Those 

Calculated El Ehrenber�er ' s Formulas 

SLOPE 10° - 12 1 

Sin Q s 0 . 177 

Observed Observed Calculated Observed 
Mean :uean: Veloc ity Uean 

Hydraulic Velocity ft ./se_c . Air content 
Radius rt ./seo,. Percent 

rt. 

0 . 45 34 . 7  32 . 0  35 . 0  
o . s9 37 . 9  40 . 0 2 1 . 3 
o . 96 53 . 3  47 . 5 3 1 . 0  
0 . 97 . 49 . 4  47 . 8  18 . 5 
1 . 14 54. 3 52 . 0 2 6 . 5  
1 . 26 58 . 7  54 . 7  27 . o  
1 . 38 G0 . 7  57 . 4  27 . o  
1 . 45 63 . 7  58 . 9  31 . 3  
1 . 55 66 . 0  .61 . 0 2 9 . 5  
:\, . 62 69 . 0  62 . 4  32 . 0  

• 

SLOPE 33° - 10 '  
Siri Q : 0 , 547 

Obs erved Observed Calculated Observed 
Mean Velocity Veloc ity Mean 

Hydraul ic ft ./sec . ft . /sec .  Air Content 
Radius (Mean ) Percent 

ft . 

0 . 90 . ,62 . 6  72 . 2  64. 0 
1 . 1 1  · 70 .0  �2 . 6 · 58 . 0  
1 . 12 76 . 9  80 . 8 5 6 . 0 ·  
1 . 30 77 . 4  87 . 3  57 . 6  
1 . 37 82 . 0  8 9  .• 8 55 . 7  
1 . 43 87 � 1  ,91 . 7  5·2 . ·7 
1 . 51 96 . 6  94 . 4  5 6 . 0 · 
1 . 61 89 . 1  97 . 6  50 . 8  
1 . 71 99 . 0  100 . 7  53 . 0  

Calculated 
Air Content 

Percent 

3 1 . 4  
32 . 9  
34 . 0  
�4 . 1  
34 . 5  
34 . 9  
35 . 2 '  
35 . 3  
35 , 5  
35 . 7  

Calculated 
Air Cont·eiit 

Perce:nf · .  

5 2  
5 3  
5 3  
54  
54  
54  
54  
5� 
54  
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. Of 100 ' 121
, a 1118ziDlWL mean V.$l�ity- . of 69 feet per 880•: nd and an 

a,ir content of. 32 percent b7 �lme· was found. In a similar man­
ner, on a slope · or 33� 101 with a ·  flow of 922 aeoond-teet, a maxi� 

· mm mean velocity ot 89 teet per second and all air content of 51 
percent was determined. Indioe.tions were that stable flow .con­
di tiona had been reache4 in eaoh oaae. : The velocity increas�d 
with the two•thirda powei- of the hydraulic radius _ for- v.alues of 
R between,. 0.6 and 1.  7 feet. For a. given discharge with constant 

• · flow conat,tiona (R conatatrb) the ve.looity varied , tt,r tho two 
· slopes tested as 

· 0. 277 
V • K sin 9 

where ; &  is the angle ot inclination ot the ohannei b_ottom with the 
horiaontal, . and lt is a constant .• · Comparing this ,vith earlier ex­
perimonts, it · see• that the exponent of sin Q may docreaso as tho 
hydraulic radius increases .  The air oontent in a unit volume of 
wat&r.;.air mixture appeared to be dependent on the slope of the chan­
nel,  hence hydraulic radius and velocity being only minor factors .  
The relation aa determined from the two slopes is 

<JC D Oe81 Sin 9 
o.s  

This -relation, or  course, is tentative since the data from the 
33° �o· slope may have been inf'

.
luenced by the faot that the section 

was preceded by the flatter slope. . 

26 . Mechanics of air-water mixing. The mechanics . by 
whioh the ai r enters the water is  not known • .  Personal observations 
and existing data point to certain factors that. influence the air  

·. entrainment by t}:le water : 

( 1 )  

. . ( 2 l  
' ( 3  

. · (4  
. ( 5) 
( 6 )  
. ( 7 )  

Roughness o f  the sides ·and bottom of the channel • 
Slope of the channel . 
Depth of flow • 

· - Velocity of the flow • 
Area of  the water surface in contact with the air . 
Width of the channel • 
Pressure in the flow. 

Turbulence;; in the flow, regardless oi' the factors that create thi s 
condition, is  without doubt , of prime importance in mixing and 
retaining the air in ·the flow. It  may be that a s olution to the 
entire problem may best be obtained from a better understandi ng 
of the mechanics  of air-water mixture . Theoretical oonsideration 

. haQ been given to the development of a means of determining the 
tenninal ve locity for aoceleratin:::; flow. This work is in progres s  

. an� ·definite conclusions have not been drawn. Practical ly a l l  of 
the data c ol lected to date a.re appl icable to flow in channels . 
Only one instance oa.n be found where the veloc ity has been measured 
at the toe of an overfall  dam; those on Madden Dam . N o wat(, r 
surfaoo .moa.sut-omonts are availabl e ,  honoc th0 a ir content o f  tho 
jct cannot be ce.loulatcd . To who.t extent the laws of fl ow in 
chute s applio s to the flow on the faco of e. d,-,m hnvo not as y·.;t boen 

2 2  



. . 

dt:;tE;rmined,  princ ipal ly becaus_e or insufficient data . Observation 
of photographs taken of  n\11\erous overfall dams seem to ind icate 
that the jet·s overflowin g struoturea of thi s  type do not contain 
air  in the quanti ties ob·�erved in narrower channels . Thi s may 

· be because there i s  not sufficient length or face on the dam to 
establ ish constant flow conditions . It may al so  be due to s ame 
relationship between depth and width of the jet to the a ir con-
tent . The . entrance o ondi ti ons may also be an important cons idera­
tion .  Roughness of the channel must not be overlooked as  a prime 
factor contributing to retardation o r  the flow. For instance an ex- · 

_ tremc example i s  a cascade in a mountain stream. Here s izable 
quanti tie� of flow have been observed to travel down a boulder­
strewn bed on a s lope of near 45° without attaining any great 
velocity even after flowing some distance . A terminal velocity 
apparently has· been reached in thi s  instance and the channel  bed 
i s  the governing factor .  Vi sual observations of water falls  
supplemented by slow-motion pictures show that the jet disinte­
grates rapidly after leaving the . brink and assumes  a very white , 
turbulent appearance . Here , of course ,  the flow i s  completely 
surrounded by atmospheric pressure , The only force hold ing the 
jet to gether · i s  surface tension and in the case of large j ets 
accompan ied by a high de gree of  turbulence this  force is  re la-
ti vnly smal l .  Consequently the pres sure in the flow is probably 
ve ry close to atmospheric and thoro is  me rely an interchange of 
positi on of  partic les of water and a ir .  'Whothor or  not a terminal 
veloc ity exists somewhere bolow the brink has not boon doto rminod 
but it �s re asonable to assumo that i t  doos . Tho internal pres­
sure may have s ��e bearing upon the air mixture _ in high vel oc ity 
flow in steep channel s particularly where· the flow traverses a 
vertical curve . 

2 7 .  Appli cation o f  data to Shasta spi llway. In the case  
of the sp il lway for Shasta Dam present · conjectures are that at the 
lna:ximum dischart;e the jet may be o f· such proportions the.t the · en­
�raim.ent of r.i r  .wi th its consequent e ffect on the depth and veloc­
ity of flow �.1a:; not be of major importance . However ., at s ome lower 
di s char;;e , the conditions may be  c onduc ive to entrairn:i.ent of a i r  
in  large quanti tie s . I f  the re sul ts o f  the experiment s on Ki ttitas 
·;1asteway nny be c ons ide red to be appl icable  to the cond iti ons that 
wi l l  preva i l  in Shasta s pillway ., the a i r  content ., as calculated from 
the fonnula  oG =O . 0 1  s in  g0 • 6

., wi l l  be  70 percent  o f  the fl ovt by 
irohmi.e , c ons iderini:, o f  course thn t t: . e  spi l lway i s  o f  suffi c ient 
l en�h for uni fonn flow cond i t i ons to be e stablishe d ,  This may or 
ma.y not b' the c a s e . The ve l oc i t i e s , a s  calculated fra,1 the formuln 
V = 81 R2 3 ( s in  Q ) 0 • 2 66 :1. o cl.u,� ed  from the s ame exper ir.1Gnts , 111i l l  be : 
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. · •, .,: . 

. . ... 
It. 

. 

· ·· . · :  . . .  , 
·J. "" . � . 

. Depth 

0 . 5  
1 . 0  
2 . 0 
3 . 0  
3 .5  

Di scharge per foot of  sgi l lway · second- feet 

3 . 6  
2 3 . 0  

144 . 0  
42 7 .0 
643 . 0  

Velocit  
fee·t s ec . 

48 
7 6 

1 20 
158 
175  

Again, it  is emphas i z ed that these  veloc i tie s  wi ll prevail  only if 
unifonn flow conditi ons .are establ ished on the face of the spillway 
and that data fran narrow channel s  may be extrapolated to include 
overfal l dams . 

28 . tonolus ions . Only the most si gnificant results have 
been �oted .  Adequate explanation and formulation must await further 

. investigation and analysi s .  A sreat deal o f'  furthe r work must  be 
dona before the problem can be explained quantitative�y and in par­
ticular a study of the surface of' .flow exposed to the air should be 
made by. means .of  an ultra-speed motion picture cemora in order to 
better understand the mechanics of the air-water mixin� process . A 
sati.sfa,otory means of measuring high veloc ities in flow has been 
developed which should assist  in additional study of the : problem. 
With ·aome · ohanges in equipment and technique and a c loser cal ibra­
tion of the method, it should be poss ible to determine the maximum · 
and average velocities e�isting in the flow. The ultimate solution 
of the · hydraulic  principle s involved in high velocity flow may be 
found in ·new formulas that do or· do not contain the factors gen.er• 
ally used .  · For instance , it may be the.t the accepted ,re.lue of the 

. hydraulic radius is  not e;tirely correct but . should pos sibly in­
clude the aide of' the- perimeter that separates the water and at­
mosphere . The relationship between the component parts of'. the 
formul:as -� ght be shown by same means other than exponential equa­
tions . No definite statements can be made at the pre sent time be­
cause .of' �he . dif'ficul ty of  establishing argument s for such, but 
the problem ·should be recognized to exist and not be ovorl ookod in 
tho desi gn of' structures . · It i s  hoped that interest may be stimu­
lated in the on·gine:erin:g profe s s ion to tho extont that a.ddi tional 

>,-; de.ta and analyses may .be , added to the small  store now ava ilable . 
· ':::�ome means . of' · studying t.he· probl em or  self-aerat ion of  flowing 

w�ter . is  being s our:ht in the laboratory . To date • the ae-rn ted 
tl'O,I! closely resembl ing ' obs�mtion� made in prototype structure s  
has been produced by arti ficiaily roughening tl.e channel . Thi s 

. means - �of producing such flow greatly retards the velocity and 
· no oorr�ct.ion ·ror · this factor h&s . ,�een detennined . Labor.atory 

work ls al.s o  be ing _done by Dr . L'. G e '. Straub of the Univers ity of 
r.�innesota ··:Snd data from tho se studios will  be available  through 
a C\)Operative exchange of  data s ponsored by the Spe c ial  Conmi 1..--'tee on 
Hydraulic Ro�earch of  the .Ar,1erican Sooioty of  C ivi l Engineers . 
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2 9 . !, c: _now1.ed . · e::: 101: �::: . .A. 1 1  ,· �c ;ie r i:ne nLa l worL fl.nd tl10 
: r " ;)a.r ati on 0 1·· t \i s  .ar->mor r-i.r-,d u:: •. 1n s unde r ·  the d i re c t  s,.1. ·:,e r·v i s  i on of 
J . E . · :arnor.1 - . "i'ho ve l o c ity , , r:- - ::; ur i n,; e quiµ:ient wa s deve l oped thro u �h 
, : 1e co:. b i r;ed e f O:'orts o f  J . S . :arnock , E . F .  ·· -;i l s ey ,  and C .  '.i . 
ThomRs . Va l uable su �. e s t i ons in add i t i �n to t he l onn o f  the osc i l l o� 
"'rO.!'.':: were ,1a. cie by R . E . G l ove r o f  the te chnicnl s e c t i on .  E .  F . 

··:_. l soy as s i s tod i n  the, ·c onduct of the tests  on the K itt i to. s  wo.stc­
\/V /  a!.d in t : 1c n.ria. lys i s  o f  t:-w. r e sults . :rfo al s o  added 1. atc r i nl ly 
to an undo rstc..ndin6 of the sub .icct by trans lat ing tho rd ovunt 
c. r ti c l o s  fror;, forc i ;:;r, l i  to ro.turo . Tlw o l ci c tro<l u s  wore insta l l o d  in 
t h0 I�i tti tn::;  wa stowuJ unck r the directi on of J .  S .  rooro , Sup,) r-
int ,!1.dc.;nt , Ya!:::imo. pro ,i oc t .  Tl . r, c urre, nt-mo tcr m0nsurur .. ent s for thv 
t e s t s  were made by I-' . A. Je .·,ne , 1:ydro grapher ,  Yakima pr o j e c t . Ef­
f i c i ent control of the flow ,  a s  we l l  as other a s s i stanc e very valu­
Rble  to the s uc c e s s  of the fie l d  ., ,1e a s urement s , wa s a c c ompl i s hed by 
·1 . · r . Rus s e l l ,  r11anage r ,  e.nd lI . T .  �-,'l ite , watef'sma s ter , both of Kitti­
tas Rec l ama t ion Di stri c t .  J.  C .  Stevens , consul ting en gi nee r ,  
Portl and , O re ,_,on , vi s ited th o labora tory whi le the vo l o c i  ty-mea sur­
i ng equi pment wo s be in� dcve i opod nnd s pent som0 t ime on tho ground 
VIh i l o  tho f i 0 l d  tests  wo re bo i n� oondu.c tod . On the s e  occasi orn:, , he 

· offo rotl val ue. b l c  sug;;0 stion s  0.:!'ld advice . w. F .  Durand has s ugro stod 
a math::r.i.at ic e l  aid to ·b,, us o d  in sol vin,:; for a t,,rmi:ne. l vo l o c i  ty in 
e.c c :: l o ratcd fl ow .  
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