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IXTIWDrCTION 

The r\'.:;ults of n. Eerie;; of C'xpC'rimcllts OIl the eireds of 180" bends 
of square ancll'ectllllgular cross section on the tlow of \yater are pl'e
::-;cnted in this uulletin. The Y[ll'ious tests includrd ::;01110 cnsC's wHh 
uniforlll tlmI other eases with 1l0Ht1l1ifo1'l11 yelocity distribution ill 

the channel nppl'ouehing the bend. Tests wpre l1~ade on channels 
fio"'illg' -full under a slight pressure as well as on pn,l'tly fult chan· 
Jlels. The experiments were made by the BUl'elW of Agricultural 
Ellgineering, United States Department of Agriculture, ill coop81a
tion "'it]} the Unj\'ersity of Iowa..l 

The jm'estigation was undertaken for the purpose of exploring Llw 
Jaws goYel'ning the clHLllges in pressure and yclocity in diiferent 1mrt;,; 
of the flowing stream, as the moving water nnclerg-oes the transition 
from motion along a straight path to motion around n. Cllryc, and 
ngttin as it uudergoes the opposite tl'tl,nsition hack to a final stl'aight
line motion. This condition of transitional flow may he considered 
as represelltatiYe or -what always exi::;ls wheneyel' ,,:a.tcl' flows hi :L 

1 'I'he In\'(~stigntlon wns cllrl'leu on nt the lllboratory of hyurlluJ!c rcs~lIreh of the uni. 
ycrs!ty. Fredericl, 'l'beoc]ore Ma \'i~ nssOdllte dlrc,'tor In ellll rge. 

656513-30--1 1. 
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crooked channel, or ",11ene\'o1' moying water meets a bridge pier 01' 
any other for111 of obstruction. A kno"'ledge of these laws is funda
mental to an understanding of the effects, harmfu1 or otherwise, of 
crooked and obstructed chaJ11Jels upon the flow of water, and to a 
determination of the best means for alleviating or relieying any 
objectionable or troublesome effects. A 11O\'el featlll'e of the study 
was the use of tra,l1sparent material for the fOllr walls of the appl1
I'a,tus. 


REVIEW OF THE LITERATURE 


During the past 150 years, numerous investigators have cOll(lut'tPl1 
experiments Oil tlw flow o:f water around bends. Among the eaL"liest 
investigators, Dubuat, (7) 2 published in 1786 the results of his 
experiments on I-inch and 2-il1eh pipe bends. After Dubuat cam(' 
,Veisbach (11') whos(' experil11('nts were performed on pipes about 
1 inch in (Hameter with low velocities. Using his own experiments 
together with thos(' periol'lned by Dubuat, ,Ycisbach deriy('d his 
formu1a. for loss in bends which has since been quoted in many books 
on hydraulics. ,Yilliams, Hubbell, and Fenkel1 (18) carried on, ill 
lDOO, experiments on the dfect of cUl'vature upon the flow of ,Yater 
in pipes. Thes(' tests were notable ill that they \"ere on lmn:-nally 
l:IJ'ge pipes. About this time Alexallder (1) and Bl'ightmore (:j) 
curried on, separately. experiments which added further to the kIHl\yl
Prlg(l of the subj('ct. In 1907 Schader (1;~,) made a series of tests: 011 

various elbows and ~nc1s. Hil" work was followed by that of 
Dayi;.; (0) and Balch (.3). Praetically all of these men cietennin(>d 
Il1prely the loss of head around h(,I1(18 aI1(l did not inn:~stigate ("OJ)

(litioris of flow in the bend itself. . 
,Vhile a]1 of these investigations added to OUl' fund of knowll'c1gp 

on the subject, they clidlittIe towards the determination of the dil'ec
tion of the filaments of flow around the bellc1. Probably t11(' fil':"! 
investigator of this phal"e was EUl"lire (8), who ma(le te;/,s on lJPnr 
glass ill hps. using ('olol'ing JIInU ('[' {() :;tllrl,\' th(' dir('ction of t1ll' 
CllJT(, 11 t. 

In 11)12 LeJI (13) concll1cted tests all a 1800 hend, the ('1Ia11ne1 
being :~.DJ inehes cleep b)T 7.S7 inches wick Lell investigat('d pres
f;lIJ'(-S at many ]Joints around the bend. Kmnabe (11), in 1021. also 
inn'sLigate(l presSlire:; :in bends. His bend was DO° with It r('ctan!!'u
la I" (TOSS H>etion, 3 inc'hrs wide h~' 11,~ inches deep. The benel hac1 fI 
glllss COY(,I" so thnt the flow rould he obselTecl. 
' DI11nwt atl'(,l1lph'd to apply to open channels the result:;: lw (lh
taitH'd in small pipe bends. Il\1mphre~'s and Abhott (10) llPecl 
Dllhnfl~'S t1lror)' on 1)('I1(ls of the' lower Mississippi River, e1lan!!'in!!: 
the eOl1sl'ant in Dnbunt's fOl'mllla S.I that the:il' experiments a11<i tlip 
formula 'would ('heck. Th0se parlier inycst.igators hoped to (lis
('0\'('1' the laws of flow IlI'O\1ncl hPIH1s hI' llsing small c}of;er1 modele; 
which could h(' r:lsil" h a 1](11 ('(1. ProhablY til(, (i('rmal1s \\'('1'(' thC' 
first a(·tually to builr1 in l1liniahH'p. OJ)C'11 '('halllwls with 1)('11(1" :IIH1 
"tuely the flow in SII('l1 models. In this field Be)'el'haus (S) in 1f121 
conr1urtcc1 rat-hUt, C'xh'l1si\'C' rx])('ril1H'nts :111(1 foum1 fhat tll(> ,,:1111(' 

conditions orclH'l'er1in his models that OCC1I1'1'('(1 ';n nat1lral water 

• Hulle Illllllber$ In pllrPlJjhf'~('s " .. 1'"" '" l.iftol'n(tll'" "il ..,I, i' Ii I. 
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courses. Although he verified certain facts, he formlllDtcd no c1efi
nit~ laws. Gockillga (9) has pointed ont the JH'ccssity of pas:;inp: 
from straight sections to curved sections in a gradual manner, e11
cleayoring thus to rednce the erosiyc adiol1 as 1111lch as l)Ossiule. 

The. loss of head of watel' flowing around n. bend depends upon 
the. following factors: (1) 1'he shape of the Chl11111Cl: (:2) the hy
draulic radius of the channel i (3) the CUrYatlll'C of thc IJ('nd: (..\:) 
the length of the bend, (measured along the centcr line) i (5) the 
~'ough 'less of the 'walls of the ehalluel: ((\) the yelocity distribution 
1Il t11 e approach channel to the bcnd: lind (7) tIl(' dCl1sity anel 
yisco,;ity of tIl(' fluid. 

Thcre is no formula which takes into account all of tl1l'se fadors 
and which can be used to determine accl1l'ately the losses in b(,11(1:::.3 

SCOPE OF THE INVESTrGATIOX 

Experim(,llts w('re con<luct(>d on 1800 ben(ls of two siz(>s allcl tW(] 

radii. The first series of tests was made on a channel whose cro"...:.; 
~ection was 10 inches square with a 5-inch inlH'r m(lius. The ncxt 
:ceries of tests ,,-as madc on a chU11\1('1 .j inch('s wide hv 10 inche;;. 
deep with a iJ-illeh illncr radius. The third series of t('sts ,,-a;;; l'l1.n 
on n. channel J inches wi(le by 10 illchrs (leep "with a 10-inch inner 
l'udins. ' 

Tests w(>1'e run with thc ('ha nnels flowing fnll and llnclrr SOllll' 

pr(>sstll'c in \vhich tb(> discharges rangecl fl'(lm 0:7 to 3.0 cubk feet 
P(>1' sc('on(1. Tei'ts W('re abo made with the chann(>l" flowing pal'tl~
full. Dup]icatf' experiments i'ol' seYeral of the qllantHies weee run as 
dlf'ck tests. 

Experimcnts '\y(>l'e made on a1l1ll'1l(ls with lIniforlll wlocit,IT c1istt'i
blltion ill thr nppl'oach ehalllwi lll'al' the \wginning of th(> benet 
Additional test." 'wcre run usill!! the smallest ancl Inr!!cst. c1ischarg(>::: 
in which 1111(>{]l1al yclocity di~trilllltioll ,,-ns ]lUI'j)os'cly ('reated'in 
the approach channel near thp l)('p.-innin,Q' of the bend. Thi" series 
e'onsisted of the following Yal'lations: (1) High ycl()eit~y along t11r 
ontside wall anel a low ycloeity along the inside wnll: (2)' low 
velocity alollg tll<' outside wall nn(l a high wlocity alon!! thp in:::idp 
wall; (3) high yelocity along the bottoin ancI a 1'ow ypioeity along 
the top: (4) low yclacity along the IJottom an(1 a high Yclo('ity al()ll~ 
the top. 

TIl(' invcstigation was p1ann('(1 to ('OWl' the llH'aS111'enwllt of tIll' 
fol1owing h)-c]l'alllic fartors: (1) Thc Y('I()('it~, distributioll in tIl{' 
dlallll('1. both in the two tang(>nts an(l in the hend; (2) thc IJl'CSi'l\l'(> 
<'11l1nges at Yariolls "eetions in the bl'llcl: (a) thl' l'nergy chan!!es a:-: 
the ,,:at(>1' passes around thl' benel: (-1,) the actual l1l':1c1 joss (ll1e 'to tIl(' 
[lend; (i» the clirpC'tioJl of the Hln111cl1ts of flow as fill' water l1l0Yl':-: 

nroullcl t,he h(>I1(I: anrl (0) tllC iricti{l1\ ]oss<,,, occurring in th(' 
approach and discharge tangents.4 ' 

• An annotatNI lJihlio~rllphy contniJlin~ nbout J:l;; 1'1'("I'{,I1('''$ t.) J1uhlirlltions n·intin~ til 
How of Wlllcr Itl'oun(\ l.lCIH]S has hc.·n llrcpan'(\ in mimroJ,,'Tllphc(\ form 1111(\ IIIlty be ohtn inc(\ 
\\ithout chllr~(> from thp Burcllu of A~ricultlmll Engillccrill~, U. S. Department of :\gri.
culture, lI'nshington. D. ('. 

'3.'110 following h.nlrl1uli('·rll/!,in"<'I'in;:; .!!I'n(hllltt' ~tlld"nts ns"istrd (l,l the t{'sls: f1i"lln 
('ox, F. B. Smith, G. Gan~lldhnran. Ernt'~t Schull'rn. Emil S('llII]'!cn, l~rnnk \Y. Edwnl'(\;;.
J. Stuart ~[eyers, R. A. Klllllpmeil'l'. C. fl. MorrIs. and R. ~, Brudeneil. 
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TEST APPAHATUS 

The appamtus used consisted of :t 4 by 5 foot entrance tank, 5 
feet deep, ,L stmight approach channel 2;'3 feet long, the 1800 bend, 
and a straight discharge channel 28 feet long (fig 1). The cntr:lllce 
tank was equipped with the necessary l~afl!es for l'emoying the tur
bulence in the water before it passed 1I1to the appl'o:teh channel. 

Fl!lrlll~ 2-Bt'IHI of iS0" with Illljl1ccnt sections of llpprollch 1111(1 discharge (:tll~ellts os 
uri:;,;ill!llly I,uilt of plate glllBs, Chanlll'l JU inches Huunl'!" . 

SlIlOo{ll l'Ollndt·([ eOl'lJ('l'~ in the tank at the outl,,!: to ilte channel 
lead ing to tll" b'~lHl aid('(l in securing Ull iform YCloci ty d istriblitioll 
in this approach. ehannpl. Further iIllPI'OY('JIlt'llt .in velocity difitl'i
Imtion was oblail1Nl by the oval-shaped huJlles placed in and neal' 
the entraIlce or tlIC approach channel. A flap gate wns nttadwd to 
the. O,lItlct end 01' the discharge tnngent for ],(·glliating the dpp!h of 
flow III the appal'atus, 

The hend and 8% feet of both tllC approach and tlischar'ge chan
nels adjacent to the 1>P11d were built of lr'nnspal'cnt matcl'iltL The 
l'emainder of the two tangpnls W:lR build 01: wood, The transparent 
portion of tll(' \'PI](l Hll<l thp t\\'o tangPIlls wel'(' originally built: of 
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plate glass (fig, 2). The difficulties arising from the continnal 
crackincr of the glass led to the adoption oJ tralJspat'ent celluloi(l 
which ,~as used hI the bends tested later (fig. 3). 

The bcnd used with the 10 by 10 inch channel was 1800 with n 
5-inch inner radius. For measudng the friction Josses in the ap
proach and discharge tangents, 32 piezomc( e1' openings wcrc made 
in the approach tangent and 39 in the dischat'ge tan,!!ent. For nwas
ul'ing the periphery prcssmes in and adjacent to the bend: :22 piezom
eter opcnings were made in It lille passing cntirely arollllli tIl<' 

FIGUltE 3.-11cnil 01' lRO° nnel adJacent sections of appronch !lnd dlschnr/;c tnngc'nts us 
mnllc of tl'nIlHJlIII'('nt c"lIuloitI. CIlIlllllf'I]O IlIche~ SIjUIlI'C. 1')w c('!luloid uclllg only one
eighth inch thick, Il metal frume ,,"us required. 

periphery of tIl(' ehannel at each of five cross scetionH in tll(' bend 
and at two sections on tile approach and clischargp tang<:nts (figs. 
1 and 5). In addition, s('vcn piezomt'h'j' opellillgH were made 
through a distance of 1 foot horizontally a long the mi<1dJro or ('aeh 
of the hUlide and outside walls of both channels adjacent to tllP 
bend 101' the purpose of measllring 010 longi tmlinal changes in pl'C'~
SUl'e at the beginning and a.t the end of the benet Thus It toi'al of 
19G piezometers wer!) installed in a. distnnce of 4% feet lengthwise 
of the channel. . 

The first piezometer opcningH llHCll W(,1'C one-thirty-scc011cl of I1n 
inch in diamefer. I.Jatel' tl1(''':I' were changed to one-eighth in('11, In 
a.ddition to th(,He ('on11ection8, opening~ were made in the cov("1' 
plate at eHeh of 10 sedioTis on the ~ tnn,!!('ntH (figs. 1 nnd 5), Onc
half-inch tubeR were secured to the o]wnings. These tubes served 
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It twofold purpose in the investigations. Actinp; W:i piezomcter tubes 
they regis! cl'l'd the prCSSlln's against the eOYPt' plnte,,; whon the chan
nel ,YUS flowing full and under some pl'eSSlll'p. They also afforded 
opening:; thl'oup;h which the Pitot tubes could be ins<.'etetl for I11Ctl'i
llt'ing the velocities. 

The nppltmtllS as origiwdly built (fig. 2) had rclatively :few pie
zometers, but the 11l11l11wl' wn$ inCl'cnsed dllJ'jllg the progress of the 
te:;ts, as it Iwcamc apparent that additional jnformation was lleetled. 
until in all there we1"t' mote than 206 piezonle(el' openings in the 
apparatus, 223 of which WC1'e in the transparcnt section, 'Fignre 4 
~hows a· close-up view of the Pl('Zollleters .in the bctlrl. 

FrGUllfl >I,-Close-UIl \'l~w of plezomNers In vicinity or bend, Ch:UllWl of plate gtns~, 1O 
i1whl'i< R'IU:ll'(l wJ( II n-ln~h inner I'lulius, 

'f1H' .i- 1)\, lO-.iilt'h l'halllH'1 Will' lI11ule hy inl'('J't in~' lL pal'tit ion ill 
the 10~ bv iO-illeh (']1:I1I11el. Only the tl'fllispal'cnt p;ntioll of the 10
inelt chaillll'i "'liS shl<li(ltl in (hc'se t<'sts. Th(~ locations of the variou::: 
pi('%ollH'tel'S IIlld illP !,(,(,tilllJs atwllidr IIH' \,(,lo('itic·.-; W(lJ'(1 JJll'Hstll'l'll 
nrc shown in fignre 0. 

Th(' Pi tot· i 111)(1;; IIst'd ill Jll(,H!'Il)'i llg t\)l' wloeit i('~ (fig. (j )w\'J't' made 
Hllll ('alibl'lltpd at Ill(' lahol'atory. Figll.I'e 7 ;;hows till' lO-inch chan
nelllml('J' ('s!; the (1)S(II'\'('1'S :u:e measul'ing Yolneitips with the. Pitot 
lltjws. lfigllre 8 is n gPJH'l'Hl view of the PJltil'(' 1Jl'llcL nppal'tttus and 
(J1(' ,\,pighing' Heal('s amI tnnks llsed ]11 c1l'tt'l'InilJillg the quantity of 
Ho'Y. 

Till' obstl'uctioll for tl'(latillg l\Ol1l1ni:fol"ln vpjlJl'i( r disb·ibution jn 
111C IIPIJl'ouC'lt r1inllill'l to the bend consisic'(l o( wjl'(~ rods of varian:' 
1l'Il~ths sd shw:i!('!'('rl ill rows one-half inch apart. The c1o\\'l1stl'eam 
P1l!1 of the obsti'llrtioJ1 \\'lIS plael:'Cl 4· indws npstrcfllll fJ'(HIl section 3, 
Ill' lfi i)l('\1('S j'J'(J1ll t IlP l)pginni)lg' (rr the bend. 
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TEST PROCEDURE 

Tests were conducted on all bend set-ups with quantities of flow 
l'anginO' from 0.7 to 3.0 cubic feet per second. Each channel was 
tested 7J.owing full uncler some pressure and also partly :full. The 
quantity of water was 
determined both by a 
ycntllri meter and by 
,,·eighing·. nlcastl1'0
llwiitF' () f qll!llltity 
W(>.1·(> mnde at tho lJe
l!inning- and end oJ 
each test. 

In the velocity 
Illcn;-;nl'ements l.'(>ud.-

ilH!5 W(>I'(> taken at ~D 
different points in 
eaeh f'ro"s section in 
the 10 by 10 inch 
C'jll111Ul'l and nt a:l dif'
fl'l'l'llt point's at eaeh 
JlH'lblll'illl! Hec:!ion by 
the;:; by 10 .inch chnli
lIPI. Till'se gUYC Sl','PI1 
nrtiC'nl "elocity tml'
f'r~e::; at carll cross sec
tion of t.hp large chan
111'] lllH1 {h'e 'at pac'll 
1'1'(),,~ ~(,cti(m in 11\(' 
:-UIll]]!'I' channels. Till' 
reatlillg,.; ,,'l'1'(, (nken at 
SeYl'Il . poi nts in each 
n'rtil'nl as follows: 
),"pxt. to (Iw (op HlHl 
thp bolt om . .I illch II nd 
21.. inl'hl's :fr'Olll tIl(' 
tol~ and tlte bot! om. 
alHl at" the ('en('l' 01' {i 
indlc,; from the (01' 
nnd the bottolll. III 

tlll' laJ'gp channt'l n\('
wl'tieal;-; W(,I'U locai"l'd 
0,.. follows: Olle nl'x( 
to ('11('11 of the side' 
wnll.:. one at 1 incll 
alld one at 2U, inclws 
Il'Olll ('H('h u(ihe two 
:oi"!' 'I'Hlls. and 011l' at 
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FIlil"lm :i.-ll!n;.(l'llm or :i- I!~' Hl·lnl'll hPlHI "ho\\"lng locntiull"r /lil'ZIlIIIPtl'I'S: A, Plilll uf 1.<;0· 1)('1111 wilh [ieilich Inll!'I' 
rucl!us showIng" sl'rtiolls Ilt which \'t'loC'ltl' IIlCa~III'CIll(,llt" 
"'(11'(1 t'nlwli., Jl, 'I'yph'nl crOHS S(l('ti01l f()f spetiolls :1, H". 
S. JO, 11. la, nnll ](i, lit whieh Iwripilcl'Y PI'(>S~III'l~S weI'(' 
111I'IIHllr.'tl. ('''" Hurl \\"lth J O-Inch illll('1' radius Is iLlent!, 
«'HI fiXt'Ppt fol' .Hfl'lH'tUI'P or hPIII!. 

till' C(,lllCI', :-;illlilal' :-;pncillg of (]w I'cl'tieals 
frolll the side \\'ltll:-; was tlsed in tire SlllallcL' ehltnnels, 

Fot' eHC'lt ['Ull a. eOlllplote set () r rending;; Iratl obtail1('(l on all piez01ll
eter;;, l\Iuelr cnrc was taken to se(~ that. nIl ail' was exellldcll :1'1'0111 
the YariOllS lines of host' eOl1ll(>('[ing the pipzometl'l' nipplps 10 tIlP 

piezometer tubt's, and a Iso Ihat. all (,Olllll'rtions were tight. Such 
11l'1"'l11itions 11'(>1'(> ll(lCPss:tIT fot' s('('lIl'ing (he. correct prci~IIl'l'S. 
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, In ot'd('1' to compure thc readings taken on the vurious piezomcters 
It was ncccssary to refer all mcasuremellts to It COllllllOll damm. 
Thls required t"he tukil1~ of leYCls on roll p'czometer £1·n111(';.. tile 
piezomctl'r tubes on the coyer, and 011 the bottom of the ci1nlll1cl. 

A e~)mple!:l' tcst for a ~ill~lc qUl\lItity. of flow, cOl11pri:..in~ the: 
ll'corcbng o:r JIt'arly )100 plez{)l1ld('1." n'lHlmgs. the llleaSllI·C'l1ll'nt. of 

Yc]ocitiC's at. 800 llifl'ct'cnt points. unel 
thc rcfcrrin~ of all piczomctC'l's to a, 
common (l11tum, reqll il'ccl nIJollt :1:0 
man-hours. 

The water in the YlI1'iolls pi(lzomctcr 
, t lIbes osciUate<1 considerably dllrin!! a 

test·, freqlH!ntly as milch as 0.0,:3 foot-or 
lIlore. 'l'hese oscillations. cnlls('(l prob
ably bv the tlll'bulcnt flow. J1l1ll1p the 
J'('llcling of COl'l'cct pressl1t'C's (lillkI11t. 
Thesc excessivc oscillations 'YC'],(' re
(ll1('e<1 hI' contl'Hcting the hose eOl1l1('c
tions to 'the piezometer t'tlhes. alHl a 1:::0 
by "'edging into the pi('zoll1etC't' tullcs 
thin slice,:; of! ('ork with smail on('
pighth-il1ch bolps c11'illl'd ill til!.' ('('l\t!.'t 
(rf each slice. E\,!.'1l with thpH' pl'C'l'au
t ions. some smn 11 oscillations O('(,lllTC'll 
and thn llll'an of sc\'cl'lll o:'l'illntion~ in 
a piezomet!.'l' tube was taken a:-: the 
(![llTect l)1'eSSUl'(l :for thc pi('zol1lC'ter. 
It is bclil've(l that; C'rrol's in ll\'P!-~lIl'(l 
(letl'l'llIinatiOlls, wilh :few ex('eptions, 
w(,l'e not grentcI' than 0.01 root. 

In Jl1l'Hsl11'i n~ vcloC'iti('~ 011 t 1)(' tn Il

~el1ts of thc ('xpcrimC'll!al nppHl'ntlls 
('are wns tak(,11 to sec that t Iw wIot'
itI' orifice of each Pitot tuhe '"as 
pointcd directly upstream. T11 the 
l)(Ind. howevcr. thc yeloeit y ol'i (i('(> "'ai" 
lIPId' nOl'lllHl to each (,I'O~S :-l,('tion at 

whieh lllenSIII'('Il1('nt,,, \\'l'I't' ucing taken. 
T!t(' (l1l'lillll'llt. flow as \\'('11 as the :;cc
o!ldal'\, elll'I'en!s in the b('l\(l n,'r on the 
jJl'PSSlil'l' OI'ifiecs oJ the Pitot tl1bc (of 
t lip ('ol1lbillPd type) in such a manner 

FlGl'I'" U,-- 1'1101 tll!>('" U~Pl1 III tilt' I 1'/\' . 1 I i 
JIII'e.' t1g'1I tiOll, ( lat lL [J t'1'l'.IItJa ~rC'atcl' or t'''~ t HUl 

t 11(1 (I'\le olle may be menSl1I'C'll. til liS 
gh'ing the}Joint at which (he \"('Io('ityif; being mensl1l'e(l a wloelty 
~rea(cor Ot' I('ss (hall (lip tl'ue om'. ,YhUe this condition did not. exist 
at c\'cry point at; ",liieh nioeity l11eaSl1l'C'Hlcnts were taken. Hll11r Ye

locity rea<liJl~s showl'd that ~l1eh ('onditioJls acttmlly occurrec1. The:,e 
proba ble occHsional t'lTOl'S j n the vrloci! ies tak('11 on the bC'nd 11l1

doubtedly lH'COIIl1(. ill pal't 'for the failul'e of tltc computation:; Ull H'C

ondary cUI'l'{'nts (<1esel'ibell in a lat(,], sl'ction) to check more (,jose]y. 
,,\Yhiln it; is believed that. H. type or Pilot tube coui<1 be made which 
would re~isteL' ('01'1'1'('( Yl'lo('ilips in :t. h(,11(1, the small PitQt. tniles (le
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FIGcm: 'i.-The plnte·glass 180' ut'nd nnd lO.lnch channel IIlHlt'r test. ObservI'rs taldng
\'eloclty 1l1l'lISlIrements. 

b'WCIlE S.-Uencl'nl vIew of entIre uend allPllrntlls and weighIng' tanks use<l In determln. 
Ing the qUllntlty or flow. 
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velopecl had to be lIsed becaw.:ic or luck of time and funds to deyelop 
the propel' kind. 

In JigUl'CS !) to 32, outside wall of bt'llc1 is at left and inside waD 
at right of each section; bottom of channel "'us level; tl'lU1SYcrs:e 
profiles of water pressure (water smIace if cl1a11nel flowed partly 
fuU) arc show11 by solid lines, amI 111C'al1 velocities ~y ul'okC'p line;-: 
stILl'S represent computed traIlS,'el'SC waleI' surfaces; sIde-wall 
piczometers arc represented by triangles, hottol1l piezoll1C'tC'l''-, l,y 
:;quarcs. 

VELOCI1'Y DIS'l'IUBU'l'ION AROUND 'fHE BEND 

UNIFORM VEl,OCITY DISTRInUTION IN THE API'ItOACH CHANNEL 

ClIAN':mr, Jo'I.OWl::\,O Fl'Lr, 

Althouo'h 10 tests wel'e run on the 10- by 10-inch bend with quan
tities of frow ranging from 1 to 3 cubic feet pel' second, for economy 
in printing the results for only 2 of these tests nl'e pt·el"el1ted. 
The locations, with respect to the 'bend, of the Ct·oss sections t"llvcl':,ecl 
for velocity distribution llre shown in figl1l'e 1. 

The velocities obtained nt the YariOllS cross sections in the lOllY 10 
inch channel with n clischnl'gc of 2.u7 cubic fcet per second (nlcan 
velocity 3.85 fe('t 1)('1' £;('('on<1 )ill'C ~ho"'n in HgUl'e !) by melln::; of I-foot 
cont.oui's. It is apparent that :fairly uniform Ye]ocity II istri lmtioll pre
Yfdl~ in tl1(1 np)ll'OHeh chllnnel nt H'(:tiom: 1 to ,I,illeiu}-.iyl'. ,\::; ("it(' bend 
is approached, however, the walcr next to the illsiclc ,,,nil 8]>('('(1;.: up, 
while the wntcr ac1jnct'nt to th(1 outside ,,"ull slo\\'K \low.o. The (Hirc'r
ence becollH'S gl'eal(,f.t at f;cet'ioll 0, whl'l'e the Wnll)!' JlPxt to till' in",hle 
wall has a. lllaximum nloeity of 0\'('1' 7 :feet. pel.' second ",hil(' the watl'l' 
noxt to the outside wa 11 has It ,'elocity of lcss than 2 j'P({ prJ.' !:,peol1d. 

After passing the hltlfwl1Y point 011 the bell(}' sccUon 10, the wlocity 
distribution gradnally bt'('lillll'S 11101'(' 1111 if01'111 until fit the end of tIll' 
bend, flection 13, it is llt'tIl'ly 11ni1'Ol'111 thronghout the cross !:'cl'tioll. 
with the slowest ,"eloci!", h<m'l'\·('l'. ]lext tileinllt'l' si(le of the bent1. 
A:ftt'l' Jellying the bel1Cl'the smal1l'::;t yelocity rOlltinues C'lo"c to the 
il1nel' wa11 f()1' SOllie distance. At. sed-ioll 1G,' r foot beyond the bClltl, 
the Ylldation is 11111('h l('s~, all(l at scction 18,3 'ft'et be~'ollll thp br'J)(t 
the velocity is substantially lmi'i'ol'lIl again. .1;\.s the waler fluws nl'oUIlil 
tho bend, the thrcad of maximum yelocity tends to llIOY(' towIII',l 
the outside wnll of the bend. ThiR It-; quite apparent at section 10. 

Attention is enlled to tlHl "Wl'l F' or "depression" along the ill;.itle 
waU midway beb\'l'ell the top and bottom at sections 12, 1:3, 1·j., nlld 1.i. 
This depl'(lssion or spot. of low yclocHy is typicHl of 1800 U('IHls of 
short rndlUfl when nni-fol'lI1 velocity }1re\'ails in the llpproach chflnlJel. 

A mean velocity Clll.'VC is dr'awn aboyc eHeh cross section in fh!:llre ~), 
The ynIues which ,,'('re used in plotting these meal! wloc1ity 'cUl'n~!:i 
,,'ere obtained in the following mall11(~r: The velocity measured fit 
each poi nt WHR giyen lL weight proportional to the an;n of crof'S Fcl'

tion represcnted by that POillt. The velocities 1.1enr the top and till' 
bottom of the channel were each giYen 11 weight of 1, thc ,"cloeWes 
1 hlCh froll1 the top lln<l the bottom ~\'erc ench given It weight of Q~ the 
velocities 2ljz inches :from the top and the bottom were ench gin1ll 
a weight of ~-) and the velocit.y at the center of the channel was p-iWll 
It weight of 4. Thns the tot.nl SUIIl of thc w(lighted Yclocities, d.iyir1Nl 
by 1u, gave 1}1\: mean velocity for the v('rtical. 
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The yclocity distribution fol' a disdlal·,!.!\' ell :2.DD cubic feet per 
second (mean velocity 4.31 feet per second) in the 10- by 10-inch chan
nel is shown in figure 10. As may be seC'll, it is similar to Ihe velocity 
distribution shown in figure 0. 

For the 5- bv 10-inch channel with a 5-1]1c11 inner racHus, the 
velocit:v distriblltion j'or two quantities of f!O\Y are shown in figui'e 11 
for a discharge of 1.71 cubic feet per sccond (mean vcloeity 4.1)3 feet 
per second) and figure 12 j;or a discharge of 1.88 cubic feet prr second 
(mean yelocity 5.41 feet per secom1). Attentioll is callrcl to the 
striking similarity of the veloeity clislriuution in fignres 11 and 12 
10 Ihc '(Jistributioll in figures!) m)(l 10. ' 

The velocity distribution for the 5- hy 10-inch channel with a 
10-inch inner radius is not unlike that for the brnc1s with the [I-inch 
inner radius (figs. 13 and 14). In this set-np. however. the spot of 
lo',\, veloeity along the inside wall is not so l11fll'kell as in the benels 
"'ith the smaller radii. 

A comparison of the re<:;lIlts shown in the aboye fi/L1lI'rs illclicatrs 
that, for the channcls having the salYte inner radius of CUlTatl1l'C. 
there is no conspicuous (lifl'l'I'P1]('r (hl(' to a ehnnf!e in tlJ(~ ",i(lth of 
th(' channel. In rnell ensp the <listtll'i>ance or wlocih' distl'ihution 
hegins ll('nl'l~' II inch(·s lwfot'(, the b('~illnjn~ of the ]];'11<1. amI con
tinurs for ti distance of at Ipasi 2 frrt fullo\yjng the en(1 of the hend. 
Similarl)' ~, incl'('asrd radius of Cl1l'\'ntllre pl'{l(luces Jess violent 
eltallges but othet'wise similar df('cts. For the "'i{lcr ('11:1nne1 anel 
j'01' the sh:11'])('1' cnnal 1I1'l' the (1 isturbunC'c or yt'io('itil'S ('xtrnds a 
Rlightly longer distance n]lstTl'nm frol11 the 1wgillnillf! of the 1)('11(1. 
T,he clata. nre not suflicirnt to j'1l1'l1ish a (Iefinit<' 1·lde. hut it may 11{' 
Rairl that the clisi'tll'ban('e a boyc the brginn ing 0 f tlH" ('11 1'\'(' <1{)('; not 
rxteml for a (lislan('e grentt'l· than tli(· width of thp Sll't'anl. ·while 
rlO\Ynstl'eam rrom the lwnd it p(·t'si;;ts for a rl i"tn n("e of s(,\'(,1':1 I f'j Illes 
the ,,,illth of the stream. 

C'I[A:\':\'Er.S FLOWING I'Alrrr.Y Fl'Lr. 

In the ])('n(1 with uniform veloeity di::-triblltion in tlH' appron('h 
tnng('nt a.ml with the ('hal1l1l'1 flowing partl)r full. the Ycl(wity dis
tribution at the \'al'ious seetil)lls on thc llrnrl is Rill1ilar to that exist
ing in the same channel ·when flowing full. :Figurc Hi shows the 
Y('lo('it~, distribution in the 10- by 10-ineIt ehanllel wlwn flo'Winp: 
partly 1'1111. It 'will be noted that as the water moves f'orwfln1 around 
the ])end. the filaments of flow next to the in;.;ide wall of the bend 
havoC a, lJ'ighrr wloeity than the filaments next to the outside W~lll. 
~ea1' the end of the bNH1, howe\,cr, the velocity next to the outSIde 
wall i:: somcwhat. greater than that next to the inner wall. Figure 
1G shows the velocity clistrihut:ion in the 5- by H)-inch channPl with a 
ii-inc'h jnm-r rfltlills while figure 17 shows the velocity distriblltion in 
the 5- by la-inch channel with a, la-inch radjus. 'rhe velocity 
distribution in each of these two chann('l;.; is somewhat similar to 
that in the 10- by 10-inch channel although towards the enel of the 
belHl l1w wloeit." next to the insi<ip wall hl'('()\ll('s qnitr low. Tn 
fuet, the spot of low wloeit.v next to th.r in::il1e, w!lll. begins at a 
point: clost, to the end of the bend am1 prl'::I!'ts to :t POlllt ('ven l)('yond 
the CJHl of the b('IHI. 
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PLOW OF WA'l'l~R AHOP);D 180-DEGHEB BENDS 21 

NONUNIFORM VELOCITY DlST3UBUTION IN APPIlOACH CHANNEL 

CII.\~XET. FI.OW1XO Fur;r, 

Let liS consider the case where the velocity at the beginning of l11e 
bend is higher along the ontcr wall than along the inncr wall. A::-. 
the water in the 10- hy lO-inch channel moves around tlw bend 
(fig. 18) the velocity clJstl'iimtioll tends to become ulliform. Then 
near the end of the bend the vclocity next to the inner wall slows 
up very materially while that next to thc outer wall becomcs very 
hi/!h as may be secn in sections 11 to 1G ill figure lB. In the iJ- by 
lO-inch channel with the I)-inch i11I1CI' radius (fig. 10), the velocity 
distribution is similar exc(:pt that the scctions of fairly uniform 
velocity distribution arc fUl'the1' a1'01111 <1 the bend. For 'neady the 
entire lcngth of the bend the velocity along thc outcr wall is COI1
siderably higher than alon/! the inner. The velocity distribution in 
the bend of the 5- by 10-inch channel with the 10-ineh inl1cl' rndillH 
(fig. 20) is similar to that in the other channels. It should be noted. 
hO"'ever, that in this set-up the difference betwet' II the veloeitil's at 
the outer and inner wulls is not as great as it is for the other beJ1(l~. 
Th is deC'rense. is clue no doubt to the hU'ger ruc1i us, 

Ditl'('rpnt \'eloeity distribution prcvails in the b('IHl wil('n the veloc
ity in the approach channel to the bend is higher aiong the inner 
wall than along the outl'r wnll. This kind of approaeh veioeity di~
tribution tends to increase the \"l'loeities which normally exist in a 
bend. The ve\ocitil's along tIl(' inncr wall are matl'dally incl'ea~ed. 
as may be seen by comparing till' wioeities ill figllre 21 with the v(>
locities in figure 9. There is a spot: of low veloeity :liong the il1nl'l' 
wall from Sl'ctions 11 to 14. The thread of maximllm v('locity, how
ever, shifts to the outer wall at the end of the bend (fig. 21). A 
similar veloeity distribution p1'(,\':li1s in lhe 5- by lO-inch chal11lt'l 
with a 5-illeh inner radius (fig. 22). In this ehannel no well of low 
veloeity appeal'S along the inner "wall and quite uniform yploeity 
(Iistributioll takes place ])ear the end of tIll' Iwnd. In the :)- by 10
ineh challnel with a, 10-illch illlll'r radius (fig. 23) the thl'('[1<1 or 
rnaxinnllll wlo('ity shifts to the outer wall p\'Pn bdore the ('11tl of the 
beu<l is reaeherl. Therc arc 110 rp:11 low S')ots of low yelocitv in this 
set-np. .. 

"Then a high Yl'loeity jll'cvuil:-\ along the bottom and n. low velocity 
along thl' lop of thl' a.pproael\ ehannel. thc conditions of flow "within 
the bend are'solllewhat unstable. 'With IIniform veloe-ity distribution 

I~ in the appl'oneh ('h:lIlIwl the \'l'locities of the Hlanwnl:-\ of flow next, 
to the inllt'r wall inCl'easl'. This in('n'a!-;(, is more 01' ]pss unifo\,1ll in 
anyone YP1·Iielt!. But" wlwl1 a port ion of til(' water Ill'xt to the "illll('1' 
wall has a hi/!h veloC'ity and a pOl'tiol1 has a low vl'locit,\'. IInst:lhl('. 
equilibrium exists. This conditioll of flow may lJo seen in Hgure 24, 
which shows th(> wloeit" distJ'iblition ill till' 10- by 10-ineh bplld 
wif-h a I)-inch il1ner raditis. Nonuniform velocity distriblltion exi!'I:, 
('ntircly around t1H~ bend and l'Yl'1l into the disciutrge tangent foJ' a 
cOllsiderable distance from the u(llHl. Fig-m'e 21) shows the w]()('itv 
distl'ibllt ion in the 1)- ifY lO-illl'l1 ehanllPI 'with II. 5-illeh illI1C\' l'adiu~. 
As lIlay be sl'cn. tl1l'\"(,i"ocity <list I'i/Jntioll in this Sl'(-IIJl is ]lot IIl1lik<> 
that in t.he 10- by H)-inch bella (Ii/!. 24). but attention shonld.\w ('aILed 
to the fact; t"hat thc spot of lo\\" y('l()eity s('elllS to OCClll' SOonCl'. The 
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velocity c1ist,dbutioll for the ii- by lO-inelt bend with a lO-inch in;1Ol" 
radius is r;howll in figure 2G. 'l\liis set-up shows a similar kiml oT 
flow. All three of these set-ups show a spot of low velocity along 
the bottom next to the inside wall. 

'When this velocity distribution is rcvel'HCIL that is, haying a high 
wlocit.y along t.he top and a low yelocity along the bottom of the 
approach channel, the conditions of flow in the bend are reversed 
from that existing in the previous set-ups, Figure 27 shows the 
velocity distribution in the 10- by 10-inch chllllllel with a 5-inch 
inlier radius. Attention:is called to the U1lUsual spot of low velocity 
c"idt'lIt in sections 10 to IG. The nonuniform velocity distribution 
prevails ror F;omc distance into the discharge tangent. Figure 28 
"lIo\\,:-; the v('loeit,\' dist!'iblll'iOIl in the 5- by lO-illch channel with 
,1 ;')-inch i1111('r radius. This velocity distribution is similar to that 
in figure 27 but the velocities in the well or low velocity nre not as 
low as in the 10 by 10 inch ('hannel. Figure 2!) shows the velocity 
!listl'ii>ution in the 5- by lO-inch ehnnnel with the 10-inch inner 
radius. In this set-up tilel'e is not as great a, variation in the veloc
itirR in ally one sectioll ns there was in the other two set-ups. 

It may 'be observed thnt, when at the entrnnee to the b('nd the 
\'('Io('ity 'is gl'pateRt at the top and loweRt at the bottom of the chanl1el, 
II." the tinw the watpr has paRsed arOlll1Cl the bend the areas of high 
and low ye.loc'it,v han' ~ubRtantially (·xehangec1 positions. 

When the. channel is flowing pal'tly full anel with a low ,'eloeity 
at the bottoll1 ana a. high y('loclty at the top in the appl'oach chnnnel. 
tlte Y(,.loeity along til(' illnC'1' wall is high up to fl point about midway 
around the benel. Th('n the thl'pad of 1I1aximum velovit\, ::;hifts to 
the outer bank This t~rpe of flow is shown in figure 30 which is 
the 10- by 10-inch chanllel "with It 5-inch innet· radiw;. Similar 
"clodty distribution ('xi::;ts ill the .1- by lO-ineh ehalllll'1 "with a ii-inch 
inlleL' l'ad ius (fig. 31). ' 

III the 5- by 10-inch channel with a 10-ineh illnel' radius (Ii!!, ;)2) 
the vclocity distrii>utioll is somewhat c1iifel'C'lIt. In this set-up the di£
rercnl'e betw('en the veloeili!'s at theilllwr and outel' walls neal' the 
beginning of the lJc·nd is not, so grrat. HOW!'\,!'I', as the wat'('r moves 
around the bend, the tl1l'(:lad of maximulIl \'p]o('ity shifts to tilt' outel' 
wall (sees. 1'1 to IG, fig. 32). 

The diset'l'pallcy in yelocity (listt'ibul iOll Iwt Wl't'll sl'diol1:-; :1 :lnd 
-! ill figut'(·s :30, :31, HIlCI 32 is d.ue to the £aet that section 3 is locnte<1 
only 4 inehes (IownstT('ulll f't'om the dOwllstl'('all1 l'<1gc of the obstL'llc
tion which WHS [) illelll'S lOll!!. Tlwt'{' i:-; :-;OI1W tllriJ1llencc in the water 
nt sec'lion 3 :IlId more stnlJh' ('ollclitiOl1r; of flow do Ilot pr(~\'ail until 
"I,etion 4 and eve-I! sf'!'tiol1 ;j i" l'C'nelwd, 
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PRESSURE CHANGES IN THE BEND 

UNIFOUM VELOCITY DIsTnmUTION IN THE APpnOACH CHANNEL 

1Vhen 11 flowing stJ'Plllll or watcr mcets an obstruction HO thut tIU' 
various particles of water are diverted from moHon along It stra.ight 
line to motion hi n crookcd 01' curvcd plIth, til(' sp('(ld of the va l'iollS 
particles of water 1l1l1st clumge, and chnnge bv uncqual amounts, 
That is, in gellcrul, somc of the waiN' must lill "C Hs V<'locity in
creased, and other parts of it must be decreasc(l, Accompanying 
these changeR of vcJoeitv ure l'elut£'d chunges of prp,",'-;lll'I', 

A Iwnd may be c(jnsi(ierec1 as an obsLrllction to the flow of waler, 
and C!luses related ehllngeH of velocity und pressure. 1'lw PI'PSSlIl'eS 
against the iop of till' ehannel RhoWI) by the plcvatioll of the water 
in the glass tubps in the ('onr Jmye, hecn plotted :foJ.' eneh sed-ion 
for the various tests as illustrated in figures!) to 14 inclusive, The 
amollnts of these, prCSSUl'(I!" lIgllinRt Hlt' top of the dlHllIll'l HI'I' shown 
hy the solid Hnes for the variolls sections ill fi~nres Dto 14, inclusive. 

Uniform. pressure against the foul' sides of the straight channel 
mmally oecUl's 'when there is uniform velocity <1istrilmtion in the 
C'hannel. As the velocity distribution cha,nges, the pressnre likewi~e 
ehang(ls, bllt inversely as tIll' square of the velocity, The, 11ighel' the 
velocity, the lowcr tlie ])l'pssnre will 1e, This is clenrly brought (Jut 
~J:V Ih(> l11cnn velocity an<1 preSSl\I'e curves shown in fi~nres !) to 17, 
lJ)elnsiw. 

The relation of pre:-;snre to yelocity can best be sttllli(><1 by compar
ing, the, preSSUl'e and velodty changes in It fllaJl1(>nt of flow at. the 
varIOns sections as the filament of water mO"e~ a L'Ollllll the bene1. 
Bel'l1oulli':,,; theorem will npply to 11 partiele of wate'l' or a unit. 
YOllll11e of water in Hs travel around the bend. The areas under the 
mean velocity curves for the vnl'ious sectiollf; ill test GO, figure 10, 
haye each been rlivided into 10 filaments or ('qual :trea, A unit 
\'o]nIrl(' of water in tIll' filament along the ontsi(h' wall of the 
f'hnnnel for test GO will be studied, There is comparatively little 
11ifrcL'l'llce ill thc vdodt}' of this unit volume as it passes sections 1, 
2, alld 3, Thh; nnit volume of water hns a. velocity of 4.0 feet pel' 
:;cco;nd at ::;ectioll 3 and IL "elocity of about 3)35 feet per sc('o11d ut 
!"eetlOn G, 

Bernoulli',; theorcm 5('allls that the pressure pIns the elcvation 
(above a conunon datum) pIns the velocity head of It unit volume of 
water at one location in the, channel is equal to the pressure plus 
11](\ elevation pIu::; the ,"elocity head of this same unit. volume in its 
Ilew position at n point dowllstr('am from the first position, Since, 
the floor of the channel was Jevel, the, !'lcvutioll factor need Bot be 
considered. 'rhe l)l'essl1l'C of the unit filament at section ;3 is 1.50
a" showl1 ill figure 10. The mean w]oeity of the unit particle at 
this section is 4 :1'('('1: pel' .c;c('onrl for whieh th(' velocity head is O,24D 
fool'. The prcsslirc ('xcrt('(] h,v this 1.11Iit partiell' 01' watcr at sectioll 
G (rig, JO) is l.IJ(iiJ. The nwull Y('loeity 1'01' the nnit pm'tiele, at section 
(J is 3)31) i\,<'t: 1W[' seeond (t-aken fr'olll tIl(> IlI(lall '."elocity cul'yc) for 
which the '."(>locity 11ea(l i~ 0,174 root, Applying Bet'l1orilli's theorem 
We W't 

1,;')0+ O.:24!l = LiG;') +0.174 

t 
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which is within the usual limits of error in taking measurements 
during a test. 

The pressure and yelocity changes in the filaments along the inside 
wall of the channel do not appear to have any direct relation. This 
apparent discrepancy is due to the difficulty of securing the correct 
pressures of the inside filaments. It will be notecl in figure 10 that 
for sectiolls 3, 6, 8, 10, 11, 13, and 16, pressure readings were obtained 
for piezometers located in the floor and both side walls of the 
channel. The floor readings are designated by a square while the 
side-wall readings are indicated by a triangle. '.rhe pre&'3l1res against 
rhe top of the channel as measured in the glass tubes in the cover 
plate are shown by. circles connected by straight lines. It will be 
110ted that for sectlOns 3 and 16 located on the two tangents, the 
side wall and floor pressures check the pressures recorded against the 
top. For the sections on the bend the side wall and floor pressures 
for the outside of the bend check quite closely the prcssures obtahlCd 
for the top. But the side wall and floor pressures for the inside of 
the bend do not ngree with the pressures against the top for this 
part of the benet Inyariably the side wall and floor pressures are 
lower than the prcssures against the top. 

Knowing the veloeity distdbution at each section and the radii 
of curvature which the various particles of water take in going 
around the bend, it is possible to compute the elevations to which 
thc water surface must rise in the glass tubes 011 the cover. For 
convenience in computations each section as shown in figure 10 has 
been divided into four units of equal width. The mean velocity for 
each of these units was taken from the velocity curve. The ,yie11h of 
the unit in this case would be 2112 inches, one-fourth of the width of 
the channel. The radius for the center of each unit was determined 
from the cnrves shown in figure 33. Substituting these known values 
in formula 4 (p. 63), the difference of elevation between the two sides 
of each nnit was obtained. These differences plotted as computed 
l)l"essnre points at the various sections are designated by stars in 
fiames 9 to 17. 

bAttention is called to the remarkable agreement of the computed 
transverse pressures with the observed. pressures for the various tests 
shown in figures 9 to 17, inclusive. The points of greatest variation 
are along· the iIlside of the benel. As shown in figure 10 the side-wall 
pressures for the inside of the bend agree fairly closely with the com
puted pressures for this part of the bend but do not check the pres
smes against the top as represented by circles. 

The computed transverse water-surface profiles for the 5- by 10-inch 
channels check fairly close with the observed valtlPs, figures·ll to 14, 
inclusive. Even when the channels we]"e flowing pal"tl)~'fnll, thc com
puted transverse profiles thcc1\: the measlll'eclvalucs rcmarkably dose 
flS may be seen in figures 15 to 17, inclusive. . 

Since the pressurcs as indicated by the various piezometers along 
the inside of the channel did not agree as they scC'mingly should. nIl 
:inycstigation was made of the cliil'erenecs in pl"cssure ent.Irely around 
j'he pcriphery of the channcl at each of seven different sections. In 
the 10- by lO-inch channel, 2~ piez()llLt'tC'l" connections were made at 
eaeh sccti(m. 3 in thc floor, fi in 111<' cOYer platc, and '{ on each of the 
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2 side walls as shown in figure 1. The pressures as obblined for 
the various piezometers for eaeh of 8m'en sections with several dif
ferent discharges are given in figures 34 and 3;). A~ shown in 
figure 1, section 3 is located 1 foot upstream from the beginning of 
the bend, section G is at the beginninf! of the bend, section 8 is 45° 
or one-fourth of the distance around the bend, section 10 is halfway 
around the bend, section 11 is three-fourths of the distance around 
the b(·nd. section' 1:3 is at the en(~ of the bend. and section 1G is 1 
foot dow~stream from the end of the bend. As Inay be seen in fif!ure 
fl. piezometers (L to {I are 10eater"! on the outsicle wall of the ehannel. 
piezometers h, j. Imc1 /.. are in the floor, and piezometers l to tare 
located on the insidp wall. The pressures in the piezometers on the 
('o'-e1' directly oyer tlw piezonwt('rs in the Hnor have been repre
s('nted by open circles in ligures 84 anel 35. 

It. will be noted that for the smaller diseharges tll(' piezometer 
readings for the seetions on the tangents and at "til(' beginning and 
the end of the bend are practically level, showinl! that at each spc
tion the pressure is approximately' uniform on the four sides of the 
channel. Howeycr~ for the sections on the benel. namely, 8, 10. and 
11. the piezometers alonf! the outside wall denote uniform pressure 
whereas the piezometers along tl1(' inner ,vall show unequal pressure. 
Not only are the pressur<'s on the inner wall nnequal at each of 
sections 8, 10, and 11, but a definite relal-lon appears to exist between 
(,prtain piezometers, particularl~' for sections 10 and 11. regardless 
of the quantit~T of flow and the material of whieh the, channel was 
built. The piezometer readinl!s for the smaller discharl!e~ were 
taken on the glass channel and the readings for t'he 1:1I'l!cr c1ischarf!es 
were taken on the celluloid channel. 

A study of the graphs in figures 34 and 35 shows that for sedions 
]() alld 11 piezoll1etel's 7 and t (fig. 5) genemlly read higher than 
0, p. and 1" ex('ept for the highest qUfllltiti(>s. and also that 0, p. an(ll' 
I'()ad higher than III and 8. It will be noted that '111, and 8 usually read 
10w('I' than any of tIl(> pipzomet('l'f; on the inside wall at sections In 
lind 11. TIl(' piezometprs alonl! the inside wall for section 8 show 
praetically til(> Same YHriation for all di~whm·f!('s. In this section 
pil'zOI1l('t()I's I a\1(l t rl'ar1 highel' than th(' other piezometers. Sin('(' 
t hpse piez()Inf'tl'rs consistc·ntl.,' r('l!ish>r approximatcl~r the sanl{' dif
f('r('I1('(,5 rPf!anlll'ss of t1w qnnntity of How, an attempt will hp madp 
latpr to explnin tll(' rpa:<on for t.he Yariation in pressnre. 

The ri- lry 10-inch chal1n('ls had onl~r three piezol1lCi:pr eonn('ctiolls 
in the con:r plate, thu:-i tl1('Y had only 20 pi(,7.oll1eters for eaeh set 
of ppriphery reaclil1f!s. Th(> periphery prNisurps for these two c-han
11('ls with uniform y('loeily distribution in t]w approlleh channpls 
nrp shown ill fig-m'ps :~(j an<1 :37. It will 1)(' not('d ill tlwf:;P ('1Iaril' 
that while the Tlr('s!'\Il'p>, a~ainst Ul(, outsid(' ,,,all are quit(> uniform, 
tho::;e Haainst thp illsi(](' wan hasp thp same ilTP!!ularitil's a::: ('xi!'ted 
in thp io- b~,'lO-ineh ehallIwl. ' 

XONUNIFOHM YELOCITY DISTRIBUTION IN TilE AI'I'ROA('H CHANNEL 

In the tests with nonuniform wloc'ity distribution ill the approach 
('hal11)(>l tlw comjluted transyprse wntpr sud'ace IH'ofil('s did not 
('h('cl\ tht' obs(,l'\'p<1 watpl' snrfne('s as closply as the data with uni
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form distributiOll, Thel'e Ul'{" h<nYC,T{'l', 110 great differences as may 
be seen in Jigl1l'es li' to :W, inclusl"(', These figul'es cover the three 
I:izes of chrlllllels with ynrlotls tn)('s of Yelocit"T distt'ibution in the 
approach tangents, 

The data :1'01' l·lIeH' tJ]J'(.'l' c11alll1t'ls whell flowing pnrilY full :11"(> 

giYC'H in lignre>: 30 to 3:2, int"illsiw, It ",ill bp s('('11 that the"computed 
lrnlls,'prsC' wal(,I' sul'fa('e jll'ofih'" l'Iwek till' adllHI waleI' surfaces 
:fairly well. 

l:\;l'ipht'ry P,'('sslIrp !'l'adings wcre takl'1I ollly UI1 11ll' ,)- by lO-il1eh 
eh nlllH' I with a 5-il1ch inner raelills, Yarious types of YClocity <lis
t rilJlltiol1 ,,'e1'(' I1S('(1. The data for these tests, showll i 11 HI-,'lU'eS 38 
alld 3D an' ,,'ol'th} of ('ollsi(lernbl(' study, Tlw gl'('at difl'('l'enees in 
Jll'rl plH'l'Y ]lI'pSSUI'l'S at si IIglp s('('tions show till' )1l'('(1 i'OI' sen'ml 
piezol1ll'tl'ie ('Olll1l,(,tiollS ·",h('11 ]lJ'('ssliJ'{,S at nllY i-il'l'l ilm al'e <lei-iir('d, 
TI]('sl' ('x('pssi n' cl i1)'(>l'el1('Pl' lin' ('a tlsl'd ill pa I't lry t 11(' \'lll'ial iOlls ill 
y('lo('ity distl'ibution at Stl('('('ssin' ('I'OSS sections 'as till' mllpr flmv:-; 
al'ound the 1)(,1I(l. III additioll, th(· strl'l1gtll alld !lil'pet ion of the 
int{'rllal sC(,IIIHlary ('lIJ'I'(>nts "'ithin Ih(' maRS of' forwal'd-f1owing 
watp)', the diaml'1l'l' of thc piezOillet('r opellillgs in l'l'Iation to the 
diaml'ter of tIl(' piezOllll't(ll' nipples, the length of hose ('onlll,eting 
j]j(' pil'Z(lIlI('tl'r llipplr to the pi('zomel(']' tub(·, and th(' {1iameter of 
the pipzol1lPtpr tubp, all ail'pcl to n. grpater or less ch'gl'cP the alllount 
of 05cillatioll within thp pi('zomctcr tube, and Irpnec thp aCC'lII'aCY 
of a PI'C'SSlIL'C' I'pading at any ]1oint on the IH'J'iphpry of til(' bpJl(l. 
FllIthpl' illYestigatioll iR 1ll'C'cle<l to (1e(prI111nl' to what extent each 
(lIlP of thpsC' factors affects the pressure, 

ENERGY CHAXGES WITHIN THE REND 

1nH'1l ",atp!, flows around a Lll'lld it -follows clill'prent laws from 
those it i'ollows in straight chaJl11l'ls, rsuaUy parallel filaments of 
flow pl'('vail in It straiglit chnnnel whic'h ol'dinarily Illpans uniform 
velocitics and preSSUl'es, But when ",alp)' flows around a bend it is 
aetcd upon by ('pntrifugal force ancl it follows the laws of frce vortex 
1lI0tion, This cpntrifuga I force causps lll1Pqual velocity and pressure 
distributioJl within the bend, henee wp han the highest velocities 
along tlw inside of the b(IIH1 an(1 the gl'{'atest pressnrcs along the 
outside of the bend, III an opt'n ('hal1l1('l difl'(']'('n('es of pr('Si-iUl'C may 
be indieated by an 11lelination of the water surface in thp trnns,'PI'SP 
..,petion of the channel; that is, the watel' along thc outer edge of the 
ben(1 may ]w higher than the watcl' sud'a('('. alollg the inner edge of 
the b(,J1cf TJsually at the bp~illnlng of a \wnt'iin an open chal1JlC'1 thp 
longitudinal slope along thp Olli:t·), hallie \)Pl'Otn('S tint, fl'(·quently lewl 
i'OI' a short distancp, while there is a, Jloticpahle drop ill the water 
surface along the inner hank. In a elos('d chaJ1Jll'1 such fl'(,N1oll1 of 
movt'mPllt <1ops not exisL hcnce we have high PI'l'sslIres along til(' 
olltsic1p ,yall of tll(' 1)(,lId :1)1(1 low prpSSlIl'('S along til(' insicJp wall. 

E,Tcn th01lgh lllH'qunl y<'\o('il), <1istribnflon and unequal PI'PSSIII'I'S 
(.xist at t1w bPIlc1, thp total (,1I('rgy ('onslIl1lrd Iw all of the' ,'aJ'ious 
filaments of wat(')' in /lowing al:o't111d Ih(' 1J('nd' nsid(· :fJ'om the loss 
('allsed by the bend is about the same, 

To detpl'llIin(\ the enl'lJ,.')' ('hau~('s within thp bend ancl the 5P('tiol1 
of the bend ",11(I1'e the lo~~ o:f Iwac1 takps plac'p, C'I1l'I':.r"T gl'a(1ipnts al' 
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shown in figure 40 have been plotted for the vurious eltl llH'l1lul',V 

strips. These gradients were plotted in the following ma I11ICI', ] t 
will be noted in figure 10 that the areas unc1(ll' the 1Ilean Y(lIoeity 
cunes for the ,"arioll!:; sections han~ been cliyidccl into 10 (''Jurll pal't:-, 

f. ~ ~--:.-~- ~ --.--------.. +--- -- ..-- -..-
- --- -- -. ---DiiiislciN "L1NE~9-'~---- - ----

....-4 
DIViSION LINE 7 

'Total e:-.er :! 345619'01112131415:6 l~h ,e 
.s Pres!.ure 

t "O 
~o.S 

CC C'u.,nel bottom 

~t~~~~~=,-.'~:~:~~-~~~ 
t tt .... 5 101\1 L!~E 5 j 

~~~.
=2~·==~~·=-=·======~j 

FI{a'l:I~ ,)(),-l'I'I'SSUI'(' 111111 (Il(al I'IU'r/lY I!radh'llts rur (,,,lill) flhlllH'lIf" ()( /low in 1 "0' 1)('1It! 
whit ;; Illch Junet' ratllll-;, l'II/UIlIt'!]U luelH'S "'IU,ll',', Ubchnr~{' ;!,(W ('uloh' h'/'l 1)1'1'
seconl!. 

~jnc(l :fOI' the pipe Howi)w full tJl(l nrelL lInd('1' nny y!'loeity cnrY(1 
j'('Ill'(,::-;Pllls in (>11'(1('t; tIll' (lll~n!ity of wnl('l' pa!'l'illg; that :;('ctiOlI. {,llell 
Olll' of t!l(1!-'c :"111:111 Ullit, an'as n:(lI'P:-;(lnt:-; ollP-tpntIl of the ql1antit~T of 
flow. TIIP c1idding Iil1Ps Tor Ih(l;.{· I'Ipllwlltal'Y qIJ:lJJlili(1!-:, us tldcl'
milll'd ill lig-IIl"C 10 un' ::-;howll ill 1i:.r1lJ"(' ;3;}, For ('ol1\'cnicncc in ('0111
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puting, the energy gradients have been drawn for the division lines 
between the elementnry quantities. As shown in fi~lll'e 40 the divi
sion lines haye been '"numbered consecutiyely begll1uing with the 
division line next to the inside of the benel. 

The pressure gradients 'were obtained by plotting aR ordinates the 
pressures for the points represented in figure 10 by the intersection 
of the diyision lineR with the pr(1ssUl'(1 cunes. The distances along 
the respectiye division Jines b(1tween the ynrious sections were used 
as abscissae. These pressure gradients are shown in figure 40. The 
yelocities for the int(1l'sections of the c1iyision line" with the mean 
Y(~locity cun'('s wel'e l'e:}cl from the diagrams in figure 10. The yeloc
ity head for cadl Yclo(:]ty ",ns tlwn ('ol1lputecl and added to the pres
Slln~ for the COl'respo]Hling point. This HIIII, which is the pressure 
head plus the wlocity head, represents the total head OL' energy at 
that point. The bot tOIl1 of the channel wa;.: It'w1 for th(lse tcsts. 
'l'hese total C'IIPI'gy yalues :fo]' the YHriollS (Iidsion li]H's haye been 
plotted ill figUl'e 40, In addition to (ktl'rl11illillg fhe pre~"l\l'e and 
energy gmdients for the ytlrious HlnllH'llt;.:. the avcL'a~o prcssure and 
energy 'gradients 1'01' the (Intirc ehaJlJlel have also been computed, 
The values used in th(' [lvenlg(1 grndients nre the average of the 
Hun of the yalnes i'ot' the indi\'itlllal filaments, These awrnge prcs
surc al1c1elle1'gy gradients ttre abo shown in figure 40, 

This method has cprtain limitatiolls, pnl'ticularly on the ))('11(1 and 
the tangent downstL't'1Il1l l1'om the hend, The Inenl1 yelocHv cu]'ycs 
for the'various sC'ctions Oil the b(,IHl ilia" lJp somewhat ill ('ITOL' due 
to the <liJlieultv o£ J1lclHsuring correct yt'l()('ities on a CllL'\'e, In acllli
t ion, the turb'ulent flow in the bend (':tURes gn'ate]' oscillations in 
the pi('zoJ11(·tel' tubps Hlld thus grNlt{'I.' c1ifliculty in obtnining the 
('01'1'('(:1: )ll'PSSlU'PS, 'fhis turlmlence i']'equentiv continUl's downstre:tm 
i'o]' Hlllle <lis!arlC'C' whieh llnturally ('tlURPS possihle C'L'l'O],S in pl'e:::sures 
aIHl V('loeities, It. j", belieY('(l that the n1eilSlll'l'IlICnts on the lJpstl'(1nm 
tnll!!l'nt nrc the most HccuratC', 

thll llJo\'C'llH'nt. oj' tIll' illtlh'idllftl filftllH'l1tS may 1ll' ;;(lIllietl as the\, 
tray!'l al'olllHl tht' lJ('LHl. FilnHlPnt ]lO, 1. the filament of wnt(,I' Ill'Xt. 
to tlrC' in~ide of thC' 11l'Jl(1, .!!ains sl)(led as it tr'awls tlrOlllltlihe bend, 
During it" ImYel iti;., illlpaL'tillg pal't of ils .1l1otion to the H(lja('C'nt 
filalJlent and at the SHJIlP time part is COllS11Jlwd ill fJ'i{,tion i'l'OIll the 
inside wall of tlte elJalll1C'l. At the NHI of the iJem1 it has Jost IlJOst of 
its incn'ase(1 y('loci!\' a-: may Ill' spen in the l11('an "('loti!'" ('\11."'(' fo]' 
sectioll ]:3 (fig, 10): Filanipnt uo, :2 in its tran'l aro\lJid the b(~11t1 
gnins ('nc]'gy'from filamC'nt no, :1 and imparts part of its f'peNl to 
the tilullll'llt next to h, B\' tiro time it has J'cadll'd spdion l:~ it also 
has 10"t most of its illcJ'eHsl'd spt'l'Cl. Filament no, 3 in turn los!'s part 
of its speed in helping to pull filallll'l1t no, 4: fll'Ollllll 01C' bend, Thus. 
in turn, each filament tenels to pull its neighbor Oil the left. This 
trnmd\'l' of ener!!y [lml y('loC'itv takes pla(:e thl'oughollt th(' entin' 
b(11)(1 st'dion anlfiinally l'l'sults in n. higher wIocH,\' ulong the outside 
of, tl](' ehf1l1lwL R('tl()jnstment Ol' lmii!oJ'Ill wlocit.y distribution £01' 
thIS partlculur quantIty (test no, Gll) d()C'~ Bot take plae(} until tl 

point abont 0 i'eet d()wll~f renm from the (11lll of fhe. bend, !'eetion IH, 
j~ rC'flched, 

'fhi" chungC' of PIIl']'g)' j lIf;t dl's('l'ib('cl is illust rn ted. grHphi('aIly i 11 

lif!lu'(' -10, Pl'(,!':-II]'(I. gJ'adiPllfs as w(111 as totnl ('Jll'l'gy gl'iHliC'lIts hayp 
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been plottecl for each filament as well as average pressure and 
energy gradients for the ellth'e section. The individual graclients 
for the various filaments show in turn the slacking up of the velocity 
of each filament. This is representecl by the interval between the 
pressure and enetgy gradients for each filament. For the last fila
ment, no, 9, this intervul is the smallest of any of the inclividual 
filament graclients, 

The average pressure and average energy gradients are of more 
than usual interest ill that they show not only the general balancing 
up of the total energy change within the bend but also sho,,, the 
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i'r,;f-m: -ll.-I'l'(,';SUl'Cl nUll totnl cnel't(~· !!l':lIIi,'nt,; fOr fOllr ('qual filnments of 1110,,' 1.1 a 
1 ~IJ' [I"1l11 with It ;:;-ill~h illl)!>r rIl.cjills, {'!tullu"l;; iuetH's wide by 10 iuch.." [It',,!,
Vi-clmr;.ie 1,SH cuIJlc r~':t l'~:' sl'coud, 

)1),,:, of lwall illelll'l'ell because of {he hpnd, Howcrer. duc to tIH' 
!!l'l'at 1111l111ll'l' of "arioll:; faetoI's ,yhieh l'lltl'l' inlo the l:oIlRtnn'ti('n of 
tlJi" !!PIIl'ral curn', the }.,:,S ineUITPfl fr01ll the bcml Clln be outaincll 
lWll'P nccl1l'atpJy b\' the hydruulic g'l'adients fot' the vnriou" tests, 

This ::-alllC pr()(~Plhll'e was followe(i in tC'st nO, ti3 (fl!!lH'C 12). which 
1:' fo!' the .j by l!l inch ehnlllld with n ii-inch l'l1dills and for a 
db,'hul'!!e of f,"" {'uhi!' feN per S('e011(1. FOl' this tC'st. howeycr, 
rlw dUlllllPI was Ll.iddpll into foul' ('(lIml qunntitil's of H(l\\' and the 
Ill'e"slll'p aIHI ('lWt'gV grndh'llt "\\"('1'(' 11l'tl'l'milled :for each filament, the 
<'cuter line of ellch' Hlalllt'llt being used m; its base (fig, 41), 
The gem'ral :wcrup:e, Pl't',;:,un' p:mdit'llt and enel'!!Y gradient -1'01' 
the, entire dh;chlU'ge III the ('hanlle! nt'e also shown, .\,' maT Ill' 
lintI'd thpsp eIlPl'!!'.\: !!l'mliPllls an' similHl' to those in fi!!lll'e ,W, ' 

HEAD LOST IX THE BENDS 

'flIP lwad lost ill a lll'mI is due to :,eyeml facto!':', ...\mol1g tlH,'se 
lire the frielional l'(,!-'i:-:talll'e ol1'pl'('<1 uy UIP walls of tile' chillll\el, the 
u11eql1al "('locH,, distrihutioll within Ihl' 1)('11<1, alHI litl' it'ouble:mu1P 
\"f)l'ticp,,: fOl'll1l,[i alOll!! thl' ill"idp\\'nll of I'he' l'hnllllPl ]]('(11' the etld 
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of the benel. In short, the loss is the energy required to brillg n 
disorderly condition of flow back to normal fiow. 

Investigators have llsed different methods for measuring this loss 
of head. The usual method has been to install piezometers at points 
above and below the bend, measure the total loss, subtract the loss 
for a length of straight pipe equivalent to the distance bet,,'een 
the piezometers, and the result is the loss due to the bend. 

One method for obtaining accurately the loss of head in a bend 
is to determine the hydraulic gradients for the channel for !-;ome 
distance n 1>o"\'c and below the bend. If the channel has the samo 
characteristics throughout its entire length the two hyc1l'H.ulic gt'a
clients may be parallel; the gradient downstream from the bend 
will lie at a lower eleyation than the gl'adient upstreanl fl'CIlll tIl(' 
benet The "\'ertical difference bebreen these gl'aclients is the actual 
loss due to t1H~ bend and does not include the friction loss in the 

FIUrllE 42,-Reprcscntntivc hy(]mullc j!l'l1llil'lIts allore 111111 111'101\' the lJl'l1!1 h.\' nIl, 
quantities of lIow, 

bend. Fignre 42 shows two representative examples of hydraulic 
gradients for two quantities of flow in thG 10 by 10 inch channel. 
A diiHcult.y about u:;ing this llll'thod is that thG hydt'aulic grnt1i(lnt 
'for sOl1le dishmee lIdo\\' the hen(l i:>; likely to be flatter than lm<lt'r ~ 
normal conditions, because of the great variations in velocity distri
bution in the cross section. 

ThG loss of head may also be obtained by :mother method. The 
total energy gradient shown In Hgure 40 represents the eneqry ex
pende~l by the water in flowmg around the benel. If the general 
elevatIOn of the average energy gradient below the bend is subtracted 
£rom the general elevation of the average energy gradient abovG the 
bend, the results WIll be the loss of head can sed by the benel. The loss
0'£ head for test 60 (fig. 40) as gi~'en by the difference of the eleYa
bons of thG average energy gradIents aboye and below the bend is 
0.10 foot, whereas the loss of head as drtermined by the difference 
of the hyc1r:1nlic gradients above and below the bend for the same 
test as shown in figul'r 42 is 0.09 foot. 

ThG loss due to any bend has been represented in varions waTE. ..A. 
common method is to reduce thG loss to an equivalent ](>!lgth of 
straight channrl. Another is to plot the loss as ordinate ailCl the 
ratio of the radius of the channrl (if a pipC') to the radins of the 
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bend us th(} abscissa. Loss-of-her.d cnnes arc drawn for various 
velocities usin(r these values as coordinutes. In sWl ullother method 
the coetlicient'O is used in the formula, 

'iYidth of channel \12 

Loss due to the bend = 0 X,· - ., ,X --,Inner radIUs 2g 

The ayerage coe1Iicient fot' 17 tests in the 10 by 10 inch chunnel was 
0.1$: for 12 tests all the 5- by lO-inch channel with 11 5-inch inner 
rllcli U:i, 0,:2:3; and fot' the 5- by lO-incll channel with a 10-inch inner 
radius: 0,23. The average valne, for a~l, the exp~riments was 0.21. 
It should be l'emembered that tlus coefhclent apphes only to [L bend 
of the same rudi.us and section as the one used. 

In, the expel'hnents performed by Kumabc (11) the hydraulic 
grllcltents were shown. These data ·were treated in the same manner 
as the Iowa experiments. The llvcrage eocilicient for the Japanese 
tests was found to be 0.31. 

These coe1Iicients, however, arc only approximate since the loss of 
he[lLl in these tests was quite small; in some case::; ollly foul' times the 
probable errol' in measurement. 

..:\.ppal'ently the loss of head coeflicicnt hUR 110 tlir(lct relation to 
yelocity, This is verifled by the re~ults of Sehoder's, Davis', and 
Bl'ight1l101'e's tests. 

In general. it might lie said that the greater the disturbance in 
flow ~\;ithin the bend, the greater the loss in the benel. Exccssive 
dl::;tnrunnce usually is caused by high velocities. Small bodies of 
wutcr, ~o to speak; moving within the main mass of flowing water, 
and pOs:3cssi.ng velocities hlghcr than the aYCragc velocity as tt whole, 
quickly chnnge positions within the J)cnd with respect to the inner 
and outer walls of the channel. The shifting of small moving masses 
of water usually small in lIl11nbel' within the entire body, l1:ttural1y 
mean~ lL shifting of energy Jrom one position to another. In their 
JllOWl1lPllt thrO\lghout t11e b('nd. these small sep:ll:ate masses of watel' 
('reate friction with the neighbol'ing water. These disorcled \' conc1i
tio]).'! make it c1Hlicult to l1lc'asure tl1e, loss of headltt successi,;e points 
Hround the ben(l. The e[[sicr and more accuratc mcthocl18 to measlU'C 

1.-. till' total loss of head eausec1 by the bend. 

SECONDARY CURRENTS IN BENDS 

_\ll intE'l'e"tlng phase of the investigation ,,,as the f'tu(ly of the sec
()llIltttT (,lll'l'ents witlJin the bend as the water flowed llrotll1(l it. It 
hth 1,;lJg been known that such CUl'rcnts exist but flppal'Cntly few 
inn'stigatoL's have lllncle a det[Lilecl study o-f this p1Ie110111ena, 

Thomson (15) knew that when water flows around (t bend of n 
tinr, the greatl'st velocity is aJong the: inner bank and not along 1'h(\ 
outer bunk as commonly supposed. SII1CC erosion takes place elden,\' 
aJollg' the' outer bank nml not along the' inner hank where the greatest 
yclocit)- O('CllJ:f', he lwgan a search :f'or the reason why sur:h con(litiolls 
('xi,:;t('l1. In 1876 he built a SJl1tLll w()()(1en open channel: S inches wide 
and :2 inches dc('p with II lSOO hene1. His rcscal'ch on the flow of 
wat(lr in this model :fl1l'nislIed tllC due to the apparent anomaly of 
rl'O"i~l~ in bends. Nailll'aIly, -when watpr flows anJ\ll1cl a bend, chic to 
Cl'lllTIiugal 1'ot'c(I, the "'filer alollg' the oulpl.' bnnk stunds higber than 

http:pOs:3cssi.ng
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tile water along the inner bank. 'l'hls CIHl"<'S II grcnte);' hydrat!lk 
pressure 011 the bottom at the outer bank of the bend wInch starts a 
secondary current. To proY(' that secondnl'v clIrl'Pllls exist in bend;.:, 
ThomsOli fastened short threads to pins whIch "'eL'e stuck in the b(Jt~ 
tom of his model and studicll the (jirl'etion of t11l' YilrllS ,,,bile wat<'l' 
was flowing around th(> l,)(>n(1. '1'11e»(' !lIl'ends ('I(~nrlr pr(H'(>(l that. 
transverse motion took placc, He ll1<'ntiol1s that this oblique flow 
along the bottom towllrds the innl'r bank began CY(>l1 upstream from 
the bend (which waS not apparent in the Iow~a experiments). 

Eustice (8) pl.'()bnbl~' IlHlde tlH' first (}bs('l'ndions of secondary cur
rents in pipe, bends. H() experimentcd on ('iJ.'l'lllnl' glass t11bl'8, 1 Clil 

in dinnwte)" both in 900 and ISO O b('))(ls, Tilt' 90" bends ,,-l're te:,tetl 

Top of channel 
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101rJ['lm 'l:l,,-lJl:ll(r:tlllIlIatiC n'IIl'p';f'nlllllon ot' (11'0 SI"'oJl()nry Clll'J'~n!a 1I!thln tho 1!!'llu, 

with pight difl'PI'('llt radii awl thl' ]800 bends with fi\'(~ differcnt radii, 
Tl'S! S W<'I'C also mnde 01\ :JGO" and n l.H'upt nt' :-;hal'p right-angled l.>elHl.~, 
Thn Illo(i()n of till' watN' was :;[udil'd by introducing ntr.ious colore,] 
liquids and Etlstiec dt'linit<,ly p:-;tnbliHlJed the ('xistelJ('p of se('ond:u'y 
clIl'I'ell!s ill pipl' bends, IIp stat('s that in open ell:lImels thero is free
dom in a nJ'!i('al clirp('(ion wIrPl'P:l» in pipl's no stich fl'l'P(JOlll exi~..t:;. 
HpllC'c "tJH' (,fI'<·('t of pl'l'~HlI'l' on the transfer' of water :frolll th(' oute!' 
[0 f'heinncL' ell I've is nHH'(' PI'OIlO\IIH'(I{l in a pille than in a cllannf'l." 

Thesf' s('coll<lnl'Y CI11'L'en(5 al'e also mcntioned by BOllssiJ)f'sq (.; I. 
L61iavski (1,2), Gockinga ([)), nnd Towllsend (Jr/) , 

That scto!lcl:try ent'I'c'nts exist:, within the ben<1 was <1emonstJ:atefl 
in the Towa experill1<'nts by ml'HnS of )':11'115 ntta('hed to small rods 
placed in Ole rh:lIl1wl. IVlH'1l IlI1ifol'l!l Yelocity distribution exists 
at the begin !liug of tl1<' bend, (h('l'(' are two s('('ondary currents in 
the clOSl'd channel, as illustrated in figuL'c 4:3, The bottom current 
mores towrtl'd the insicl(' of tIl(' bend nlol1g the hottom, thcn upward, 
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then back to the outside wall. aud finally (lown to the boUoll1, The 
top cUJ'rent moves toward the inside of ih(' bl'1ll1 nlong the top. then 
c1o:"vn the' inside of the channel to ahout Hs ct'JJtt'l', alH1 then('e out
ward to the outside of the bend. 

The yariation in pl'e:''Hll'l' between til(' piezometel''; on the inside 
of the bend at nny one el'O:-:' :ocetion is due JH'inl'i}JalLy to the:;e ::-cc
oll<1aL'Y ('ULTen[,;. FJ'olll the sk('t('b it will b(' seen that the water 
is' flm\~iJlg toward piezoJlll'h'l'B land t. At <> and m the flow is up
ward. while at sand r tlll' flow is downward, ~\t thp upper and lower 
corners of the "quare ('l'O,;"; :-;l'ctiOll, where the trans\'l'l'!:'l' horizontal 
('ol11polH'nt of \'('Ioeit" is diYericd into a Y('rtical \'elocih', there is 
llatllL'allya slight inei'Pl1:;(l of pressure. Similarly ~Ii the i)iez()met~r 
11 when' til(' oppo:;inO' wrtieal ('lIl'J'l'nts art' agalJl dl\'erlpcl to a hol'l
zontal clirl'C'tioJ\ thPl~ is a :-imibl' Blight ilH'J.'p:I:-p of IH'P;;:-Ul'(,. These 
10eal Ylu'iatioJls in pre;.Hlre arc so small that ('in'dlll olJ"('L'ration is 
llPeeSSUI'V to determiIle tlll'11l with cpdainh', Examination of Iig;lIr('!'; 
:l± and :35 ::;hows that. the val'iatiol1s at'l' il1():-t ('ollsph,uous witlt tIl(' 
lal.·~pr flows ancl eOlTesponding ~reatel' Yt,joeities, as would be ex
ppcled. Fllrtht'rlllol't': thl'se seeondar,r CLJlTt'ntS arp onl)T gradually 
(lcvl']oped during the pmgress of the \\,:1(('L' around the bend. and 
11 l'11 (,(' the re;;ulting \':Il'intions ill 1l1'('Sl-iure :-how cl('ady only at ('ross 
:-('etioJls 10 :lnd 11 in [h(' Intter half of the beJl(l. It might be ex
pec'tNl that "illlilar YtlriatioJls in pr('s:;ul'(' \\'ollhl show OH the outer 
"'n 11 of tlH' lJPJl(l. but the ;;llltlllel' \'(']o(,itie:-; e:'-'istiul! along the outer 
wall 1'<'1)([('1'('<1 the 10('[\1 l)l'P:-;'lIJ'(' Ylu'iations too slllali to be dptect('(l. 

III tlle Io\\'a ('xlwrillH.'llt:- tJ'ullsparl'llt lIlatt'rial w:\s lls('cl for til(' 
:-ides and top of the bend so that the direction of the, filaments of 
How iU'OUI}(l the b(,l1d l'ouhl 1)(' "tlJ(lil'll. :It "'fI::; d('('j([('(1 to usc ill<' 
]:u'g('st <jualll i[)' of {tow, 3 ('LIllie f('(,t )Jl'L' i'('COIl(l. ill ;.;tudying 1I)(\ 
lJIo\'eJlJPllt of tilt' water arouJl(1 tIl(' bt'nd, ,Vires were placed in the 
lioor at seetiom; SpI1l'c(1 :!:!1/~: apart af !Ill' \)('lHl. and nt S()llm s(,l'tioll!-' 
('Il tIl(' two tan![pnts, .A short yam was t ipd to eaell wire and all 
yamB "p[ OJH'-r(;llL'th ilwh abow 'the 1100t' of Lhe challllel. Figure 44: 
shows flint dia~onal flo\\' :\(,l'o:-;s the ('ilalllll'l toward the innl'L' ballk 
l'xists jn tllP ))Plltl PI'OPP!' but, not on the approach ian,!!:l'llt. Thel'('
ion', it was d(,(,j(led to stUllI' furtllPl' the flow within the bt;nd itself. 

.1\. FPl'il's of photogl'ltphs ,,-pre takpn showiJl~ the yarns pla('pd OIlP

fourth 1rwh niJn\'p the floor. 1 illeh nbon' the floor. alld at Slll'('p:;sin, 

incrcm('nts of :tn illch, the lnst !-'et bping n3:~ ill (,lI('s abo\'{' the {tOOl' or 
ollc-fourth illch lw1n", tll(' top of tilt' ch:1llllPl. The set of Tams 
placed ollc-rOlll'tll ilwll nbm-p thp floOL' js "ho\\'11 ill figl1l'1.' -J.1. '1'11p:-:(' 
i('sts sho\\,p(l that tht' ya rJ1S p1n('('d next to (he bottom and l1Pxt to 
the top of the ehallllPl .iJ1d il'all'c] d ingollal flow aC'I'oss tlie ('ha11l1el 
from the OUl('r wnl[ (0 till' il1JlPr ",nJI. Th(' yams pIn('Ptl midway of 
the ehflnl1el sllo\\' the flow lilnnH'lli";; tl'JJd to incline to",anl thp outside 
wall of the bend. 
If the s('condary ellrl'puts illuRtralp(l ill figul'e ,.l:~ ('xist ill the b{'l}(l 

it should be po!-;sib1p to "how t1ll'1ll by photogL'nphillg tlIP dirp('[ion 
of flow of the varioLls fjlnn1C'l1fs of water at anI' oue seetiOll, This 
1VUS aC'(,()lllplishpcl in thp J0110Willg manner: AlI the ",iL'{'B ,,'pre re
mon-II from the> chanllPl. Thpll n wil'(' with 11 YHI'JlS aHnehed was 
set in the floor of the chflllnel at s<'l'tioll 1). olli·-fo\1l'(h inch fl'oll1 
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the outside wall. The yams were so space(1 that the bottom yarn 
was one-fourth ineh abo\'e the bottom of the cha11l1el, the second 
yarn 1 inch above the chan11el bottom, follo\\'l'c1 by yam:; every inch 
up to the elen'nt h ~'al'l1 which was one-fourth inch from the top of 
the channel. The CO\'('l' ,vas l'Pplaced and the watel.' run tlirou!!'h 
the chal111(>1. .\. photogl'llph wn" thell taken of the yarns looking 
thl'olluh the side wall of the chanlll'l. The waU'r wa,: then shut 
oil'. tllP CO\'('1' relllOYl'll. and the win' J1lo\'('<l toward the inside wall 
lIntil it was 1. ineh from the ol1t;;idt' wall. The cover was Ihl'n re
plal'('(L the water tlll'lH'd Oil. ancl a pllOto!!,J'apiI taken, Yip\\,,: w('r(' 
tak('ll at "llC('('~:-;h'(' tlistancl'S of 1 ineh from the ol1tsirle wall. These 
:'-('paratl' photographs ,,'(,I'e then tl'il1lllll'!\ and mOl1ntl'<l on cardboard 
with tl1l' yip", nrxt to the olltsi(l(' wall plact'll at tlw J'ight alld tilt' 
dew adjn(·(·nt to tIl(' insid(? wall place(l at the t'xtrcme left, A photo-

I'~'" 

'~"1\ 1\\ 


F!';('lm 'l·l,-:-new lonking do\\ JJ nn hl'nt! showing yarns pl/H'NI onp·follrth inch ahoY,' the 
Hoor of th,> chn11l1P1. ",ote how Rtrnli::ht tIll' ~'Ilrns in the aplJrolll'h Ilnd ,Ji~"'lItrg:P 
i'll/lillich l'uiut <I0\I·nrl(r(!lllll. Illlile UII the IWIlt! they int'lint' towarll lhp IlIshl" or t hu 
hentl. 

!!rnph (ak('11 of thi:; arl'angl'lI1l'llt j" "lio\\'11 ill figure ·1;), Tllj~ figure 
i" ('xll'(,IlJPh- IUlpl,C':;tinu sil1('(' it j" (111(' \'p]'ili('a[ ion of till' ('Xi,,[C'IH'(' 

of ~econdai'Y elIlT('I1I'~ 'within the bpntl, If t\\'o speolHlaJ'\' CUlTellts 
('xi!'t within' [lip lH'nd. a;; :-;howll in JiUllt'(' ,l;~. then. of the ,'am!'; next 
to tlil' ()lIt"idp wall. t lIo,.;C' lwlo\\' flIP ('(~lltl'I' will dip'!\o\\'ll\ninl to\\'ard. 
til(' f1uot' while those aboV(' the centpl' will tlr. up toward the top 
of til(' ('hlllllH'1. The yams atl'rwherl to the rod placed next to the 
insiclp "'ldl will ((,IH[ to dip to tile C<'llt('l' of the dWllIwl or a point 
micl\\'ar IJPtwl'('1l (he top nlH1 the hottom, Thl' ~'aJ'l1s attaehrd to the 
]'O(l phu'ed ;; illdll':-; from the ()l1t;-i!lp wall will tend to approximate 
a positioll ill wIdell thl',\' will IJ(' nil parullel. Tlwsp cOlhlil iOlls are 
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all l1Iet in figul'e '10, The ('xist('llc(' of the secondal'Y l'lll'l'pnl's 1111l.v 
perhaps be seel1 bpitel' by looking It'ngthwi};(' 0"1: figUl'C .j.;; from tlw 
outside to the inside of the ChUI11H'1. 

Additional menStll'eme>l1ts ~ on the seconc1al'V (,\lI'J'('llt~ in the h('lll1 
,,"el'e made ,yith a quantity of flow of nlJout ;3 ('ubil' f(,pt J)('I' SC('OIH1 
and witll uniform Y('locity' in til(' appl'oueh ('hanlll'l nt the I){'ginnin,!.!' 
of the bend, This condition formed two s('colHlnl',Y (,UI'J'!'I1t;; in till' 
ol'l1cl as showll in fig-lire ':la, 

The dcflcctioll ofthe thn'ads upward 01.' downwal'!I i'l'om tlw 1101'i
zontul was 11H.'IUilll'('d hI' lI1e>ans of a. elillollwter, FI'OIll til(' top of' til!' 
channel was 1'1'11<1. by 'lIlt'HIIS of a PL'otl'attol', the al1!!,l(' of (lcflcrtioll 
of thcse till'cnrls {l'Olll tlH' tungent to the> Cil'('Ulllfpl'PI;('(' of the circle, 
'YWI thcse two anfdl's it ,,'as po:-:sibl(' to d(·t{,l'mille l'xadl,Y thl' dil'!'('
tion of flow of the waf·('I' IJ:lrtlC'i('s at any point in tll(' dJaIlIl(,l. 

The yelocitirs at definite points .il1 tll(\ ellllnllPI hnd pl'p\'iol1sly be'!']1 
detel'min{'d by Illpam; of Pitot tuiws, The horizontal ('Olllp()llt'nt~ of 
the yelocitirs for' srwll points of tbl'('e Yl'l'ti('als for spctiOI1 lO,locatc.{} 
midway al'oulI<1 til(' l)('n<1, \\'('1'(' eompntp(l. Likewi;;(', thr y('!'ti(,f11 
compollent;;; of tlw YeJo('itips for fin' points Oil ra('b of thl'('e hori
zontnls "'('I'r dt'tPI'lI1ill(,(l. .All C'omponl'nis whi('h W('I'e dO\yIlW:IL'<1 01' 

inward towards th(' ('('lIt('1' ()f ('UI'\'atul'(' of the 1)('11(1 '\'rl'(, (':111('(1 llC!!a
tiw wlH'l'('as all wlo('ity compol1ents ",hidl \\'('1'(' llpWal'(1 01.' olltward 

9 8 7 6 5 4 32 I 
Distance of pins from Qutside wall of bend (inches) 

FIGt'Uf; ·IG,·· S("'OIHllIry ('lIrr""t~ ill 1"'0- 1H'lId, )'lIrnH nll:u'h!'(1 (0 It rod plt(lto!!r:tplw(] 
nl SlI('C'PSt-:i,-(l Tlo1uts :t('rOH~ tlw ('hnUlWL Vh·\\"s taliI'll nt H('etlol1 ~I ·l:i (ifl\\JJstr('um from 
(he b(!~iIlJlIIl;; of th(' Iwud, 

\\'('I'r ('alh'<J positin' , At 1iJ'~t (11(lu,!.!'hl it wOllld appt'al' thnt to han' 
stabl!' ('OIHlitiollS at: all\' ~!,(,ti()1l oil tlH' [Wild, t1H' !"lllllllwt i011 oj' thl' 
ujJ\\'f11'd \'plo('ity GOIllJ)('lII!'IlIS :-houlcl hnlall('(, t:hl' sllIllIllatioll of tIl<' 
downw:lrd reic)('ily ('oIllJloJll'llb. al:..o tlH' HII1lI)lat.i()1l of Ih(' OIlt w:led 
1101'i%011t:l1 ('OIllI)()Ill'llls should "nimH'!' thl' !"UIlIIIl:ltiol1 of tl\(' iml'al',J 
hOl'i:wnlal ('OIllPOI1!'l1is, !Jill c]u(' to tlH' ('hangc':, ill tli!' n'lo('itil's in 
thl'(,(' diJ1H'n~ioll:-:, tli(';;(' ('011<111 iOIl"; do not IH'('(,;;;;:lI'j,,· ('xi,,!. Tin' ('Olll

J!utecl horizontal nnd wl'ii('aJ ('0I1Ij101}('UtS al'(';;]IO'\\"1l gl'ajlhi('ally ill 
llg-ure ·Hi .It lind 11, 

For ('OL1Y('niC'IH'(' of allaln,j" tllP ('1'0;':;; s('('tioll of fl\(, ('l1nl1l1(>J wa" 
c1iyjdl'(l into ]() <'qual rtI'P:ls: l':w!t (1I1!' of \\'hi('1i was C':I1It't\ n Ulli! (fig, 
4G,O), Thp!,{, \llIil:-; \\'PI'!' 11 11 III 1J!'I'('d (,(lIls('('lItiwly IJl'!,dllllin!!, at: till' 
11])1)('1' ]pft-hal1(l ('OI'lH'1' Hlld going- frolll IpH to right. ' F()f' (:a('1r ;;idl' 
of ('I\('h unit the \'Ploeili!'s W('J'(, takC'1l fl'om til(' elll,\,p:-; ill figure .j(;, 

• COllclvIIS('(] f,'ollt th(, r()\l()w!n~: (1,\:(1'\1011"(.1:(, (:, 141'111,11, h't,I)\\' 1'\ ,.; HlTl' IIIA""';!.'o. 
1'lIl1l1hl;,),,'<1 1I111~1,')"" Ihpsis, ['Ili\'. lUII'll, 1!1:!7, 
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A and B, I~ach nnit 'was 2% inches sqnare which gave :four units 
along each side 01' til(> channel. Thn::; in figllre 4:el, lJ, th(' Yel'tical 
:;cale o:f the ('ury(> for (he hol'izontal eOmpOl}(lJ1t;:, 2~~ illches from 
the outside wall, was divjt1('d into fOUl' ('qunl parts and the mean 
ycjocity UlIc1er ('ach part (ktel'minell. Thus fo!' unit !lO. 1. tIl(' 
nlocity was towards the inside an umollnt oJ --l.:m :fp('t IW!' second. 
l'he ynllleS :f'ol' t1w nll'iotH units HI'(' gh'cn in tahle 1 :11111 shown ill 

figure" G, ('. Th is fiL,'1.ll'(' c'lt'ad)- shows llIP ('Xistellec 0 ri\\'o sl'(,olld:Il'~' 
ellL'J'!'nts within till' hl'lJ(1. 

~I\ull.g 1.---C:()I/1IJ(JI·i.~0/l IIf ~rJr. (1111/ ,1-',"''1",) .1: ilt (01'11111711 ~t.l-. (Y,-V,) :r, 
for c(Jnt/ition of 111'0 8('('01/(/(11'11 ('UI'I'I'II/8 1 

TH,\XSVEHi4J<: n:Loct'rIg$ .vI' SI,C'l'!()X 10 IX Fn:'I' PElt SI,COXl) (1',) 

elltt rnleP,lrt of unl~ 1 .• 

'----j- 
Insl.J~..... H.,. -L~~ -1.~2' -1.02 +O.OS l +O.5!) I +0.00 I••••.•••'" ....... , ••••• ' 


()ut$ldc..... , '''-. ................... +1.2S +1.22 +Lfl2 •... -.OSI -.5,51-0.0r. 

Botto1l1..... __ -.' ....... '''.:17 +.09 -.00, -.12 +.20 I +.H I +.11 .1..0-1 

'ltoP .. ~ .. ~_ .. _.. ~... _~ ~ ._~~~_.v_ "......... ~~;._~ .. ~ ....... ~ ...._... ~ .. .. "......... -.37 -.09' +.00, +.12 


-~~-, ..,-~ _.-.-- 

1
lushle, ....... , ........ ' ........... -~.l -!.W -1.;'~ ...... __ +0.J3 +0.72 : +0. Or. L ..._._ 

Imtsl<l(' .. , ........ , .. '" ............. +:!.1 : +J.r~) I +LW -.13! -.72 I -0.06 

Botto1l1............ ".......... ,. +.r.tll +.1;): -.117 -.1II ';".30 +.20: +.12! -.03 

'rop, ..... , ... , ........... ' •... :':1'.':1',"'-:",'.'0',3"" ".()" 	 ~1";I;; =.. r.[,~,j -.13: ..... 071 +. 10

:!J~l!', ,- .. ~ ~ ~_ .. ~ .". "~ __ .•.. ".~_ 	 II I _ ;) +.60' -.·17 +.07 
O'.-I'':L ...................... +.17 +.2,[' +.JU' +,HI .. ·.03 ,..02' +.00 -. IS 


tTnitI',JrL of unit In 

In~ide,""", .•. 
Outside... 
Bot!nm.,., ,
Top .•••••_, 

Insldo,....... ''';'{).5,~: +n.uu' +0,.;2 	 ~M" _~ ~l -0.71 ; -,J.1:1 : -O.-lio) i._~ __ ..__ 
-fl, ;;2 i,' ...... .' -t.71, +1.13 rOo 4~B~tr~~::::: :::: : . . ........ ':'::ia'! ::~ ~:~~: 
 't".-Il I"" ,. ",' .. 

'rop............... , . ' ...... ". -.ar.' -.2C1, -.12' -.03' +- I;j '+.2(1 ':::;~.(j' "·:::.4i 
:::J't', ..... _~" .. ...... _ ..... O!I! +,no: --.!ifl -.H: ~,.r.~ -.21 +.45, +.07 
(I',-VI)X. '. . ., ...... ~·.(H +.05 '"',un -.31 i +- 1:1 +.18 I +.13' -,05 

_ ,.___ ~, _____'~__I__ 

1+ indknh'" /lUll' upward ur nut" "r') with ft'sPN'i to ('on'er oC hOI\lI; - i11llicnt"~ llQw dowllward or 
Inward with reSIl('r( to ccut('r uf j"'!l<J, 

"VhpJ1 wa(PI' fI()W~ frOlll ntH' cross sPcti()ll to another, say fur l'X
ample from ('I'OS:; !"('dion S to ('ross s('dinn 11, along one' o:f thesc 
units. tlln ('X('P"~ of waleI' flowing Ollt of each nnit. if any, at S('(' 

tion 11 01'('1' tllflt of the "-:1,1('1' into ('hc sanw· unit at section 8 must 
rOIll(, from ()J)(' or mOl'C of fhp Ilrigbbol'ill.g uilits. In ol'(lcr to c1wck 
tlw Hll':tsn1'rI1H'llfl' of I hr small vrlo('itil'~ through tlH\ sides of tlwsn 
Hllits (11r :follo",ing nnal,,;;is was mndl': Earh lInit was r()n~id(,I'c(l 
hp(W{lPll sp('(io)):; R' alld ,.\ n:-; ~h()WIl ill figlll·pli. in ",1Ii('11 
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:: 

0 ...~ ~ '"'-' 

.lJ F Bottom 

, c8 

I '" 

5 ,55La"! 6 

j~-It-,-.:B:;~~ 
~ , ,n ',ffi ~ 

::. 9 '10 II 12 

-5~,~_ -F'---t~.---~-.~-
IJ 14 15 16 


C ,43 ,~ ,49 


TWO SPIRALS SINGLE SPIRAL 

VELOCITY ~--.:"__""'!~ ~ DISTANCe: 

fee. PC" 50,"01 0 I 2 3 " 5 6 1 H 9 10 0 I 2 3 4 5 6 Inche. 


Vel",'t(':ty s('v,fJ reft..'rs to tour I..pper a:'JlromS only 

FhCR» '1G,-lIorlzontal ("l and D I lIud YCI:t.!crll (11 llnd B) ('ollll1on('nI8 of \'clorltlcs of 
\'o,r'ions IlImllt'nls Ilt s~('tI(jn 10, In 10, Ill' 10-lnt'li cllflnn('1 bolh fiJI' t.ht· two s('rOJl(lury
rllrrpnls «(!) und for the sing-Ie seron(1I1I'y c'urrrnt (Pl, fil'etlon 10 of channel Hhown
Ie und P) dll'ld"d into unit nrens with <IirN'llll1l Qf currpnt unt! IIIlllflliludl! of horizon till 
and yertkal t'om[lnll('nts (If th(' 1'l')or)!i('H for II dI:le)",!':!!) of :.!,7 ('uuir f(,(·t Pl'!' ~N'OIl!1. 
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J,'n;nm 47" Fluw (If \I <I II'\' In amI ollt of ,':I<·1t IIl1il. 

x:::.. the height and the ,,'jclth of eac:lt unit 
r 1 =t11e entrance wlocity into the unit at ('ross sectiOl! " 
r"h=lhe disehal'!!e wlodtv from thc unit at cross H·eti(·)t 11 
r;=the a\'cl':1/IC' wjority' compmwllt PIlI{'l'ing olle -idf~ "f 

this ullit whosc length is L. 
ThplI 

r:,'t'~-"qllalltity elltpl'jllg OIlP (·nd of the unit 
I,....I·~ "'"quantity clisrbal'!!illO" frol1l ('he oth('l' enrl of tlIp Ullif 

;1'/. t-., '" <jl1antj(;'~ ('llteJ'in~ nile sid(' of a unit 
T1IPJl v, 

1'1.1'2 ~- :::::>'Lr,= r!,/': 
or 

Equation (1) was it'steel Lehvt'Pll ~pl'ti(Jns S all(l 11. TIll' no-lilts 
aJ'(, shown in the last two lines of talJle 1, "'hic11 shoulellJc iclemica.l. 
TlIp 1'PStl Its do not appear to chp('1;: ,'pry clost'ly. One l'('aSOll i~ tlHl 
(lifliclllty ill ll1N\SIII'ill!! con'e('t y('loeitit's in t11t' lJ('ml. This IlIH\" l)t' 
(111(' to ihe low \'(~lo('i'tj('s obtained as well as to the inaecnracj(:,.. ill 
lllt'a:-:\lI'ill!! t lw :1ng1('s of ddleetion o:f the threads, 

A sirni'lar sf ucl~r was made 01' a sin!!1(' spcon<lal'v C\llTc'nt within 
the IJpnrl. This (:omlitioH was obtnin('(l 1»T ins('rtillp; an Ob:-:ll'1wtiOll 
ill OJ(' ebannt'l at· th(' beuinnill!! of tl1(' hl'1ll1 so :1S to r1'('ate a low 
nloC'ity at the bottom (if tlw'ap]ll'o:l('h ehanne1. TIms flow con
clitions somewhat similar to thos(' t'xisting in open eha.nll('ls were 
el'pa!ec1 ancl a singlr sr('ofl[lul'Y elll'l'('nt l'esllUp(l, 

Since the f1mollllt of tlt'fI('c"tion of the tln'pads in (hl' C:1:-P (,f two 
sP('olldnry ClllTt'J1tS is not as gl'('at ns tha t in tlH' ease (If a ::jng-le 
sP('ondlll')T C'Ul'l'('nt it ",as thought that 1l10l'(' aeetll'ate 1'(lHdts 'Y(Jllld 
he obtail1(>(1 in the stU(ly of II ~ingle srcol1dary C'111'1'(,1lt. 1'11(' "nnw 
metho(l ,,'as :1'0]]0\\"('(1 as was \18(>(l'i11 (]l(' st mlY' of the two !-p('olldnI'Y 
ClllTt'l1tS. " 

The \'('1't.i('(l1 and hOI'i7.()l1tnl y('loeitr compol1pnts arp Sh(nYll ill 
fignrc 46, 1) and E. whi~e. the final velocity eomponents £01' ('aeh 
lInit are giWll in tuhl(' 2. '1'11(' clnta as shown ill tahle 2 ,,'('1'(' nan"'



61 FLOW OF WA'l'Rlt AHOI.:.sll 180·l)EGHg.E DEXlJS 

fer1'l·,1 to firrul'e 40, F. It will be seen that the results ill tahlt' ~ 
(thl):::e of c(luation 1) check more closely than those in tuble 1. 

T.\BLE 2.-Co1n1Jarison of ::;Ll". allli (V1- 1",).1: in f()rmula::;J~V.',,,, (l'!-- V,) :t', 
for COIl/lition lif 01l(> NC(,!IJlllfu I'JJ I'UI'rellt 1 

TH.\:-:SVEHSE Yl,LOCl'l'm:-: AT :::],;(''1'10:-: '0 1:-: FEET J'FH ::;Eco:-:n (1', 

-'""--~----""-----~-"'''''.-''''''--'-' ~ .......-.---- ...-.-
P. rt ufunil CUill : {'nil:? ! t:nlt 31 rIlIt ~ Iruit U i run 0 IUnIt, 1 Cult 8 

...... _-- ... -~ ~>" - ~~-"',~-- ......,~- -,-_. 

] n"'~'~I"\
(Jut"":;:'~4 
llo!tI l!'"!* •• 

Ti11'M ... 

• +~~-,.....~-----,..-~. ,. 

111,; je .................. , ;-0.74 -+0.76' ;-0.-17 i.. .. ..l +0.2! ! +0. IS ! -0.10 1........ 
(}ut:-l·llo!'_ .. ".. __ ... ~ .. ,," ... _~ .. ,~ .. ~ ~"' ... -.i4 -~in! -O.~17 t"---.---I -.!!1 t -, 1~; +£1.10"<OM" '.' 

H'Jtt'tII~ ..... ~ ......... >~_~ ~ ".~ i -Ltl~! -tl:t -rt~!! -l.,.ao I -a.(;[j __""10,' --4".211! +1.3G
, .. 

~L')rl'~,",~-.·."._:~ .• ·'.'.•.. ' .'............... : __ ~ .... _~1,.~ .- .. ~ ..... ~ M~!~~ .. _.... _ .. I +l .. f/s I' +1.15 -.22 -.3a 

_ __', _ _ ,,-.04" -1.1:;, - .. 0;' -.1*1, -l./n +.52 1 -.~11 ..... I.I!! 

1':-1' ; ............. ___ .. -.!lI!' -,J.!, -.2;): -1.11 -.11 i -,t>I I -.'~' -.G:; 

P..n ofUUll L'uit U i CnitlO, Cuit 1J 1LUi! 12 I:mlla i l'uilll ("uil t:, l'lIilll; 
_______,._ ~__.:.-...,,_ ~ __ '•.--..1 ___- ~. ___ •__ 

1!: ~. ;~r' 
flut",.1·'. 
11- ,~! ••••• , . 
·11,1'· .... ·· 

: -fl.:;'1 j -u.fil i -U.il)! -l.:il ~~I.;r;-: -t L,"i 
: _,~_ ~\ --+.54: ....... hl, "i-lI.jlt _ 1 .... L:a .... t ~I; 
, -1~5.j i -,0; i -.:m I 't-:! ••!J 

+:!.(}:;~ +..11 1 -..:!'J~,-j.f•.f\·-+1..,":t t.f~T __ . ..!fl 

... t ',. 

.!..ih 

IU!li·j.· • 
IIU(, ;01»., 
Bon,,;;., 
1 u,. 
"J I' 
~l~-!· .. 

: -;n J:;·.tc~ lIow llpwurd or olllwanJ \lIth rC${lccl to C('ut('r of IJ~ud; - indicates lIow t1uwnw;.rd fir 
IllW jf.j ;qtil n',:-pcd to ('.cn{('r of bcud. 

,,'ldl,> thp:;c ealC'llllltioll::' Ill'{)\"e analytic'aUy Uw ('xistell(,C of Olle or 
t WI> ' ....11Jlcl:UT ('lllTPllb ill tilt' hl'lld as tilt' ('a,..(' lJIay 1)(', tlIp\' do IlOl 

giYf' till' l'lUiillS of CUt'l"a(Un' of the !:il'COlHlary (,'l1ITl'lIt oi' spiraL 
~itJl'e II pltl'tieie of watt'l' ill it::; 1l1()\'l'Illl'nt al'olllld the bend follows 
11 spiral til' hd.ical path, the ll'lIf;th of the l'udiu::; of C'tH'rnlllre of till' 

jltlth all,l the positioll oj' thp (,(,lItpl' of elllTatUl'l) both val'y. 
III ol'dl'l' to further !-'tlldy thl' path or a pal'ticle ()f \Ytltl'l' nowIIIg; 

:U'OUIl</ the belld, illragilH' It tlin'HII \rolllu1 ai'ollnd a stl'uif;ht eil'clI1n'! 
"yIilld,'r ill the shape of a 11l'lix. This tlrl'Nlc1 i:-i as:-il1Jl1e(1 to be tIll' 
pnth of It partide or wal01'. X('xt Jet the cylindpl' be b!'llt Into the 
shape of an annulus ((lid a~SllnlP the pnth of tIl<' [HtL,tide is along 
the thread as befort'. (Aetwtll)" tIle ('xpl'rinH'lItal ehannel had a 
!-iqllarl' ('1'01'5 section, bllt lhe spil'lIl W:b m:isul1I0d to bp on the cyl
indl'l·). The It'f!IlS\'(']'::C \plc)('itil's nt s('t'tion lO til'(' shown on t11(' 
t'ircle in figure <HI, F. T!rpy w{'J'e ('(lllIPltl('cl f1'01l1 the eUl'ws ill 
fig'ul'I' .J1i. j) and R'. 
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The path of the particle of waiRr pas~ing- around the bend )](1\\' 

has two factol's influencing- its dit'C'dion: (1) ThC' motion due to tIl!' 
spiral, and (2) thC' motion due to tll(' ('lll','utll1'e of tll(' bend, If (}I" 
",il'e(l~ the radius of ('lllTntul'(' of n JlHl'titlp of wnt('t' at :lny point ('II 
the lJen~l Can be detl'I'lIlim>(l by (It':;('I'ipti\'(' gC'OIlIPtl'}, if the cOlllIH,. 
nC'Jlts 01: the nboyl' J:wtOI':-: al't' knowl1, 

THEORY OF THE FI"O\\' Ol~ WA'l'ER AlweND BENDS 

A eOllllllon ('h:u'u('('l'il'ti<' of OPPII ('ilalllll'ls is the l>I'PSl'I1('P of eUl'n'· 
or \wnds, ,Vhell water fI<nl's in a l'tl'lli!!ht channel the tl':U1s,'cr:-I' 
:-lIl'faN> ]ll'ofi]e is IH'psurnahl)' a, sh'aig-ht'lillP, On a ('\11'\'(' or' bell'; 
tht' trHlIs\'el'S(, WlIt('l' slll'i'a('p ]Jl'ofill' ('!lnllOt, be Jl'\'('1. ,\rater nat· 
IIl'alh' IllO\'c"" in It stmi!!ht lill(' 1I1l1('~;o; (]('I1('('tl'<1 h" t1\(' action of sonw 
llllim'tnll(,pcl loree, ,\'1;(,11 wat!'!' 1l10Y!'S UI'Olllld a 'IWl1d, IIIl 1IIlbalane(',; 
lO1'!'!' dir('etecl toward til(' ('pnt!'I' of CIU'\·atlll'C' nd;.; a!!niJl;.t the ,ratl-l', 

For ('o\l\'enic'IJ('p of iJlu::-tl'atiOlI l!'t liS ('om,illpl' a plilll of the ehnnlll·l 
at tIlt' }JPlHl (Ii.!!, ·.IK) , . 

/ }'. i IIlt!'l' 1'1\ (till" or \Jellll. 
1', 0111('" nilliu'l or hewl, 
r 1':uli 11 'I at 1Il1~' 1'01111 ...

p.':~rop';dP thp hl'll11.-N .. 
U l'adll1~ III ('I'UI!')' .. ~ 

,0 \r ?§ "lWIlIl!'1. 

III(' ypl"d!\' (If 0111\ ,tli:, 
v ./r lit 1':11/111, r .• 

/1 thl' )lI'(>:;:;lIl'I' at :lIlS 1"";1,' 
til 1"1( Ii Il" 1', 

Jlrp~-,: tll'{I. 

I, Ilitlth III' 1'!\H11lI1'1 , 

I' dl'l,th (It' ~II'ip til', 


/1' w .. ldu of n twit YOlel/l"

·l'J:lIl h( IIt'lIl} ~ltltwitt1~ .... ~,lllf,!I}s nSl'll in 

<ll'rinllioll (If rurm'llH'. ..I \\':111'1" 

If [hI' wal<'l' 1ll0\'(':- with ~tr'!'allllilH' ll10t ion nlullf.!.' a ('in'ulal' path 
the C('ntl'iJlwal -f01'(,(, on lhe parliclp:-; of walpl' will be baltuu'(·.i 
br the radial difl'l'I'PI1l'C in Pl'l':-i:-iUI'l'. If n. ,"PI,til'al l'h'Ill(,lllnl'}, :-olil'(' 
of walC'l' has lillie l{,llf.!.'tlt alotlg thl' 'itt'PtlmlillP till' yojurnn (If til,. 

. d' 1 . t(' 'I'J('I.ct\lcnL 1S1{ t' Its W('l!!'I'It 1~ 1/'1/1 I', nil!1 '( IS llln:-s 1/dr, II' C':\('P~E. " ..• q' 

11l'eSSl1l'C' on the ont:-:i<1{' fuc!' of' tI)(' ::;iril' ill' is ow!iT.'!, 

It is knowll from IllpI'hani('s thn t ('('nl drug-al fol'!'p 
l' 

If'Ud!l 

or 



G3 
In ordcl' to inl0gmte (hi:; ('(lll:1!ion it, is 1H'{,p,,:-.al'y 10 tlplel'mill!' [\\1' 

velodti0s nt [ho !:,pv(,l'al sp('[iolls H('I'():-~ Ihl' l'llUl1Iwl in lCt'llls of /', 
A commoll method (Jfi) is [0 a":-.lII1H\ V ('oll;;tunt as Ull' ll\'p!'ngl' 
vcloci(v lIlHl to as:-.lI1l1H J' a ('oll:-Iallt ntltw for (l1e ('pntt'I' of (Ill' 
eiHlI111C'·1. Tlwn Uw 

DilJ'('1'(I IH.'c ill (·lenttiol1 01 (h!' walpl.' :-lId'U('(l bl'[wPl'1l Ihl' lwo sid(l'-: 
of til!' e/tul1llC'1 

\'2b 
!Ill 

TlIP total dill'l'I'Plll'P jll pjpralioll of (lip \\'lIll'1' H,lda{'\' I)('{w(l('n thl' 
two :-idl'!-, of tlIt' I'hUIIIIl·j IIII1Y 1)(' obinilJP(l If\' j'()J·lllllla·1. 01' if 
I[('sil'l'(!. Ill(> diJl'l'l'('Il!'P ill ('/('\'UI ion of Ihp \l"lIf'('I~ "'\11'1':1<'(' lwtW(,Pll llH' 
(wo :-.itip.... of 11, ::;11'ip or Ill!' dlalllH'1 llIH" 1)('. (':tl('lIlnlpcL It :-.hould 1)(' 
Iw[.pd tbat (/1(> l'fid,ill:-. )'. Yltri('s d('}lPIlc'lillg: lIpol\ llH' le)(,t1tiOIl of 11ll' 
:,tl'ip 01' poillt in lilt' IH'IHlll':Ill:-\'PI'sply, 

COXCLn.,IOXH 

Till' follol\'irw ,r('lll'l'a1 {'oll!'lusioIlS hun' IlI'l'll dl'awll fl'Olll till' 
I'xjlPrinll'll1 II I dnla ~ 

1. A :-.llIoo[h bl'nll ads:tll all olJ"ll'll('tion disltll'hing' [lip dj"tI'iIJlI 
tion of jH·PSSI.Il'P allci \'(·t()cily ill lhl' l'I'Os:- sP('tioll fOl' :i sholt distal1l'p 
lll):-tJ'('Htll fl'UIII (lie bp!.[iIJnillg' oJ titl' IJl'llit. 

~, .\::-; walp.!.' appl'oHell!'" th" l)('g'illllill,!! of' a ,,1l1O()th IWlld, ill till' 
()u(sid(' JilallH'lIts Ilw Ill·P ...... lll·!' 1I1\\uys ilJ('l'l'a"ps nil!! till' n'l{wity 
d('(,I'('ases, III (lip ill"jtil' liIallll'lIt:-- tl1('sl' I'IlHlI!!l':- itl'P l'l'\'!'I·s!'!!. 

:3, ~\s wntp!, /lo\\'s 11I'OIllIt! a lWIII!. Ilwl'(' W'llS( 1)(, hi!.!"il!'l' jlI'P"SIlI'I' 
Oil til(' out.side . 

•J.. "-itll :-1l1J"lnlllialh' lIIlil'Ill'II1 wl!wity di"'{I'jlllltioll in tilt' ap
jll'O:lC'll ('h:tlllH'l to Illp fWlld. t]l(· \'pllwil iI'''' o/' {Ill' liillllll'lIts alolJg' (Ill' 
ill ... id(· wall of Ilw bl'lld at'P iW'I'l':lsl'd whil!' tlw \'plcwil.il·S of tlw 
filalll(,llt~ :dOll!! the otlt:-;id!' wall HI'(' l'l'dlJ('pd, 

,j, .\ ... wa(p!: ilowH 1ll'Olllll1 a 1)(11111 till' ('JI'p('t of wall fde(ioJ1 is to 
jil'(Hln!'!' an tlllstnbl<, !'pfation 1)('(\\"('('11 till' IilulJll'llls flowin,!! at dif
ft'I'C'Il{ \'('Ior'ili!':'. willi til(' J'(· ... lllt Olnl tlIP lilallH'lI(s of hii!1H'st \"('I()('ily 
(Plld tlu'oll!!h a :-('('olldal,\, eiJ'I'III:Jlioll to dt'Ht IowaI'd t'he onlpl' Intil 
oj' 	tlw lWlll/. • 

Ii.•\1 tIw <'lid (J f the 1)('1111 {hen' is II II(Jt IH'I' I'n t. 1Il'I' :t iJl'llpt l'(,!! I'I'nn,!!p
lIll'll!. of lH'P,;Slll'PS and wlo('itips in til<' ('l'Oo.S :,pc·tioll. \\'h(J~(' (l11'<,,'!s 
pPI'",i,..t /'01' a ('ollsidr'l'aiJ](' di::talH'p dO\\'ll"t I'palll fl'ollJ tll!' JJ('lltl. 
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ORGANIZATION OF THE UNITED STATES DEPARTMENT OF AGRICULTURE 
WHEN TlIIS PUBLICATION WAS LAST PRINTED 

8ecretaryof Agrieulturc____________________ RENIIY A. WALr~\C~:. 
Under 8ecrelary____________________________ RE:\"FOHD G. TG(JWELL. 

Assistant 8cC/·elal·y_________________________ 1\[. L. WILSON. 
Direotor Of Extellsion Worl.; ________________ C. W. WAnnUHTON. 
Dlreetol' of Fillatlcc________________________ w. A. Ju~[P. 
Db'eetor of IlIfol'tllUtiOIl-___________________ l\I. S. gIS~:NHOWlm. 
Direclo!' of 1'ersollllel, _______________________ W. W. S'I'(JcKOI~nOIm. 

Director of Re8eal·ch_______________--.-_~_ .TAMES T. JARDINE. 
l;;olicitOl.___________________________________ ;,IASTfN G. WUITE. 

A!lriclllll/r(li Adjl/StlllCllt Acllllillisir(ltiu/I ____ R. R. TOLLEY, Administrator. 

Bureau Of Agl'ieultltral Ec/lIIomics ___________ A. G. BLACK, Ohief. 

Bureau of Agl'icultllral Enginecrillg_________ S. H. McCnonY, Ohief. 

Bllreau of Allimal Ind1/slry________________ JOHN R. MORLEn, OMel. 

Burectll of Biolof/ieal Survey__________..____ 1RA N. GABRIELSON, 011 ief. 

Bureau of Ohemi<;trJ} alld Snils_____________ 11. U. KNIOwr, 01lief· 

Oommodity Exchallge Administration________ J. W. T. J)un:r., Ohlef. 

Bu!'eau Of Dairv IncZUslrJ}__________________ O. E. RElm, Ohief. 


Bllr ea1lof Entomologl! (lnd 1'lallt QUI1/'UlItillC_ L~:I~ A. S'I'JlONG, Ohief. 
Of{ice of EIXperimcnt .SlatioIl8 _______________ JA.\[ES ~'••TAitDINJo;, Ohief. 
Pood. ancl DI'lIg ~lclministl'Cllion_____., ________ "'ALn:lt G. CA1>IPm:Lr., Chief· 
Forest Sel'eice_____________________________ FEltDtNAND A. Su.cox, Ohief. 
Bureau of llollle ECOIIOIII i('s_____________--_ LOUISE S'I'.\NLEY, Ohief. 
Libral'y____________________ __ ,. " ___ ..' ___--- CLAnlllF:r. n. BAltNI,TT, Libl'Uriall. 
Burea1l of 1'lant IlIclllstrl!.- _________________ 1!~REm;ltICK D, ThCIn;" V7lict· 
Bureau of l'ltblic Roads____________________ 'rno:\c"\s H. l\L\cDoN,\T,D, Ohief. 
Soil OOll8cn'aWm Service ____• ____ • ____ • -. II. II. BI~NNE'IT, Ohicf· 
Weathcr lJurealt.______________"-. ____ ·• -<_.- WIT.us U. OUEGG, Ollief. 

~rhts bulletin is II ('olltl'ilmtion from 

Bllre(1.'1/. of Ayricllltllr(lI EnginCcI'ill!f- _______ S. H. MCCIIOUY, Ollief. 

D;visiOIl of DraiIIClUc------------------. r•. A. JONES, Ohief. 
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