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PREFACE 

The rr.odel of Wasteway No, 2, described herein, was designed and 
t'.3Zt'3d in th,e hydraulic laboratory of the Bureau of Reclamation in Denv•Jr, 
Colorado, under the supervision �f T. ·a. Owen, Assistant Engineer, and 
under the direction of J. E. V·farnock, engineer in charge of' the laboratory.· 
All laboratories arc under the suporvision of Arthur Ruettgers, S,3nior 
�nginoer, �nd R. F. Bla�.ks, Senior Engineer, 

Tho strucb.tres described h:::rein were designed by w. E. Schneider, 
Associate En�ineer, and K, K. Young, Assistant Engin8or, under tho direc­
tion of A. B. Reeves, Senior Engineer, and under the supervision of H •. R. 
McBirney, Senior Engin0er, and E, R. Crooker, Senior Engineer. All design 
work is under tho gene ral supervision of J. L. Sa.vag�, Chief Designing En­
giLeor, and all engineering activities of the Bureau of Reclamation are 
dir•Jot,-1d by s. o. Harper, Chiof Engine,,r. The activities of the Bureau of 
R,,clamation a.re dirc,ct�d by John C. Pago, Comrnissionor, in :'fo.shington, 
n.c. 
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Denver,  Colorado , March 27,  1942.  
• .. 

;;ii!;1{0RAf: DU;:; TO  CH IEF DES IGNING ENG INEER 
( T .  G .  Oiv,-:n, As s istant Engineer ., 

through J . E. Warnock) 

Sub ject s Dovo lopment s in the des ign of low-head siphons and divergin� 
ohute s re sulting from mode l t ests of W�steway �o. 2 • Ror,n 
Divi s ion , Yakima Project - Washington. 

CHAPTER I - INTRODUCTION 

·• 1 . Purpos e of investigation . Wastoway No.  2 is an emergency pro- , 
v i s ion of the Yakima Ridge onnal system, d� signod to return a maxiJIDlm or  
2 , 100 s e cond-foot of  water  to  the Yakima River. Tho location o f  tho waste-· 
way is  s hown in figure 1 .  The gate structuro o f  th e  waste,vay, lo cated 
o.bout 700 feet dow:nstrorun from t he ,junction of t he wnstowa.y with tho 
Ynkima Rid�e cnnal , a ccommodates . two 10-foot radial gates ,  figu�e 2 . On 
each sid� of  the gRto structure arc two siphons Which empty into tho spill­
way dovmst r�.i ri.m from tht: radial gates ,  figure a. Bo low the gate structure 
i s  n. chut e 22 foct wide which drops about 160 teet in 372 feet and tormi­
nat0 s  in a sti l l in,r, pool 44 foet wide . .  Beyond the still ing poo � . i s  a.n 
.unl in0 d e ffluent c ann l which conduct s the waste wntur  to the Yakima River 
about 4, 450 fcut downstream. 

It i s  p l  nnned at s ome future dato to enlarge the c .a.nal inrmedintely 
upstn) 2.m of tht1 t:;ato stru cture into n fo robe.y from which a maxi mum ot" 
950 s c cond -fu .-::t of wnte r  wil l  bo tak0n to supply the proposed powor plant . 
Wh ,: , n  th ' powe r pl rmt i s  operating, tho siphons wi l l  funct ion .  o.s  emerr,ency 
s p i l  lw".ys t.o provent overtopping of the lined portion of tho onrrnl nnd 
fo robc.y if the turbino gute s should bo suddenly clo s vd due to ioa.d f a.i lur(: . 
A lon::i . fni hlre  at thti plant co.pa.c ity or 950 s �oond-fcot wil l  oroute l'l. bore 
1 . 2 foot hir,:h, I.'. hend on the siphon orosts  of o. a s  foot,  nnd . a. totr...l s iphon . 
operat ing head _ of  8. 43 f'eet. It i s. also  po s si blc that thu s iphons m1:1.y b e  
Nqui rcd t o  r1. c t  ns  water-leveling device s  t o  a.oo ommode.te fluctuations o f  

• 

th-:.. dc;:mr,nd on the power plant . Under the s e c onditions  of  operation it wns • 
in:pc rntivt. th ,,.t tho s iphons prirno qu ickly at n low h0ad on tho crust .  Tho 
s t i l l inr, poo l ,  r,t the foot of' . th� c hute ,  was do s ignud t o  ope re.tt.', for a 
norm�l di s chnrgo of 950 se oond-feot nnd to hnndle n mo.ximurn o f  2, 100 s econd­
fe0t ., � condition of raro ooourronc o and short durnt ion. 

The . cor.ibination of  the ra.dinl gate s  nnd s iphons u sinr: . the sruno chute 
pre sented such an unu su!:'. l problem that it was o on s idored  r.dvisnblo to ohe ok 
the do s irn of  g r..te st ru ctu re ,  s iphons ,  chut,:: , and sti l l ing pool by us e of 
r.iodc l s .  

1 
\ 



Tht' d i (� c n � s i on that f0 1 lows fn l l s  nat'.1 rnl ly unde r two head inr. s • the  
r:nte s t. rn ctu re ,  c hute , a.nrl poo l inve st i 1�at ion;  and tho  s iphon inve st i ,\a.•  
t ion,  The for roo r  wi  11  be  t reated under chapt e r  II ,  the  la.tte r in c h�pte r s  
I I I ,  IV , and V • 

2 ,  Laboratory apparatu s ,  The mode l t e s t s  we r e  made in tho hydrau l ic 
ln l'orat ory in the basement of the Customhou s e ,  Denve r , C o lorado , The floor 
p l an of  the labo rat ory i s  approximate ly 50 by 103 feet , and the max imum 
av�i bble head room is 1 6  feet.  The wate r  system i s  of  the re c i rou la.t inr, 
t;i..,'"f),� • ·H,}ad i s  maintained by centrifuga l pumps ,  and retu rn to the pump s i s  

, e ffe cted by c hanne l s  under the floor .  

The detn ils  of  the o rig inal mo de l  ( s ea.le 1 : 24 )  are s hown in fi 1,;u re 4 ,  
Tho ·:m.tc r  s upply was taken from a 6-inch contrif'uga. l  pump t o  the he n.d hox 
of the mo ,fo l whero  it was qu ieted Md g iven a uniform vo lo c ity of  appro nch 
to th. c A.na.l by pa s s ing through o. 4-inch grave l  ba.ff'l o .  The lon�t h of 
cnn!'.l nppro a.chin1,: tho gnh) s t ructure was e qu ivn lont to 1 50 foe t ,  pro totyp e .  
Th(, le n�th o f  the efflu ent canal boyond the tran::i i t  i on n t tho e nd of' tho 
p0o l ·:r'\s ,.1 quival cnt to 200 f.: · o t , p rototyr,o . The !\ppro r\ch cann l, chut.:: , 
: �n:l st i l l in r  poo l ,.,(� re mad , · 0f  cypr .' s s  t o  r t• s i st soak ing; , swu l l ini; , nnd 
,1rnrpinr,. The wnrpe d wl1 1 1 3  of tho t rn.ns i t i on ,  up st rc mn from the gntu st ru c ­
tur,. : nn-.i d.ownstreC\m fr ,m th(i s t i  l l in1-� poo l .  wr� r t .' m �d0  o f a mixtu ro of mo ld­
inr: p l n stur nnd comunt . ·Tho · o fflu0nt cn.11 : 1 1 wns fo rm,3d in p il.cked s and , The 
s ipho� s we re made of l�inai;ed redwood , rui.d the outer wal l s of the two out er 
s i phon ::; v;ere r:tadE> o f  o. 10- inoh pyralin ( "- tran sparent , colorl e s s p l A. s t ic ) .  
T h e � over s  o f  the re

�
anr-:u l n r  condu it s l ead in g from t he s iphons t o  the 

port s in the wal l s  of the spi l lway we re a l s o  ma.de of o. 10-inoh pyral in. 
Lat e r  _in the t e sting rogram , i t  was found ne c e s sary t o  build  a 1 : 8  �� cl'.l.le  
�orie l of one s iphon. he  construct ion was simi lar .to  that used in  the l t 24 
s ca l e  r:ode l .  The invert an d  the c rown we re ma.de of  laminated r edwood , e a.ch 
layer be inp: a.bout two inche s thick with t he cra in running perpendicu la r to 
th1.! ;: rA.in in the a. d ja.cent layer s .  The cre s t  length in the prototype was 6 
fe u t ;  s o  the -model c re st. length in the 1 : 8  model  was 9 inche s .  Thi s  re ­
qu i red a b lock of wood 9 inche s thick wit h height an d  l ength equ ival ent t o  
t hd ovc·r-al l d imen s ion of the model .  From this b l ock was · cut ho-th t he in­
ve rt and the c r own  of tho s iphon. The two p ie c e s  we re then shaped unti l  
both f itt ed perfectly  a negat ive t emplate ma d e  o f  she et me tal . The sur­
fa.c ,) s of  tht· c rown and tho inve rt were s anded  unt i 1 a smooth surface was 
obt a ined .  Both bl o cks we re then soaked for 24 hou r s  i n  a bath o f  ho t l in •  
se -3 d  o i l .  Aft e r  th8 b at h ,  bo th were chci c ko d  a !;ains t t ho t i::,mpl ate , and any 
swe l l ing o r  war ping was c o rre cted . The b l o cks wo rll al l owed to dry thor­
ourhly and then painted with scvcr!.\l c oat s o f  aluminum paint • .  A l l the 
rr:ode l s  we re -provided with tvro tra.ns p!:l rent J; id e s ,  with t he exc ertion o f  the 
originnl nnd the fir s t  revi s ion, both of }vhi ch had but one trans pn.ro;;nt 
wa.1 1 ,  The s e  wal l s  vrn r1-: madc, o f  1/4-inch ,, pyrnl in to  fa.c i U tat.:· visual ob-

. s ,_,rv::i.tion 0.nd photo ;.�ra.phi c recording. ��ke n the p::t int,; d hl o cks w-:: r0 tho r­
ou ;h ly d ry , thl.' transparent w:, l l s  we re /s c rew·c d to t horn and an airt if,',ht S •cal  
e f'f·- Ct �:d  by  u s inr· � p ipe j o int co:mpoun/:l. 1xtwf: l:n th , · s i :l 6 s f"\.'1 . 1  t ; : ,: ·,m o i·: ., n  

2 



blocks. The mod el  of the siphon was then instal le d . S ince only one of 
the four s i phons was tested , the forebay was s o  proportioned that the 

approach veloc i ty for the one wou l d  be the same as in the case where all 
four were operat ing,  

Heads on  the si phons and ga tes, and tai lwater eleva tions i n  the 
st illing pool ,  were measured by s i ngle-tube manometer gages, Dischar ges 
were measur ed  by a 4-inch Ve nt uri meter for the 1 1 24 mod e l  a nd by either 
a 4- or 6-inch meter f or the l s 8 mod el, A poi n t gage e quipped with a 
ne on glow lamp and needle point facilitat ed accurate wa ter surface mea­
sur emen ts in  t he chut e ,  

3 ,  Model scales,  Where the for ce o f  gravi ta ti on is the most imp or ­
tan t c6nsiderdtion,  for similar ity the Frou d e number should  be  tho same 
i n  mode 1 and prototype , or 

where V,  L, and g refer to veloc ity,  l eng th, and ac celera tion d ue to 
grav ity, respective ly, and the subs9r ipts p and m rofer t o  pro totype 
and mod el, Since  the accelerat ion d ue to grav i ty is tho same in b o th 
mode l a nd pr o to type , i t  i s  obvi ous tha t Lm • N = LP and - vm2 • N = vp

2 , 
whero N is the scale ra tio, The former cond�t i on esta,li shes ge ome tr ic 
s imilar i ty, For tho la tter equal ity to be tr ue , nm • N1 6 = np, who re n 
is the r oughness fact or in Mann ing 's formula. This r e lat i on woul d det ,:r ­
mino the s cale ratioJ that is, if the roughness f'ac-tor in the pr o totype 
were 0, 014 and the r oughness facto·r of the mod e l  is_ 0, 010 , then the sea.lo 
ra tio  should be 7, 55, Such a s cale _  rati o would require a fall of over  21 

fee t in the model and a d is char ge /of 13, 4 · secon d-feet,  bo th of which ex­
cee d ed the labora tory fac iliti es. However, it has bt:Jen shown that air 
will be entr�ined in the water of the prototype whe r� ve lo cities  arc above 
16 feet po r sedond and that entrained ait- increases the resi s tance to 
flow, r esult ing in lower velocities and c onsequent ly lower total energy. 
Ve l ooitios as high as 65 feet per sec ond are ax:poctod at the j unction of 
tho ohu te wi th the sti l l ing pool in Wastoway No . 2. The am ount of resis­
to.nc o offered by t he air in that veloc i ty range cannot be a ccurately pro ­
diotod , bu t i n  similar ins tances its 0ffect , comb ined w i th the· fricti onal 

resis tance of the floor and the walls nnd expressed in terms of a · t otal 
r ou_ghnoss coeffici ent, has been shown. to bo e qu ivalen t to a value of n . 
of nbou t 0, 019, Assuming this to be t rue i n  tho cnse of the pr ot o type of 
Wastowny No . 2 ,  tho value of r oughness for t he mater ial in the mod e l  chuto 
agrees ra ther we ll for a scale ra ti o  c ompat ible wi th l aboratory fao ili ­
ti,)s, Under these cond itions a mod e l  scale of l s 24 wn.s a.coeptnble for tho 

,vnstowa.y, A dis c ussion  of tho mod el s onle ro.t i o for the si phons, includ ­
ing the mathornn tio�l. investiga ti on of minimum mod e l  s ize , will b e  tren to d  
subsc qu8 ntly. 
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4 .  Surnmnry nnd c onc lus i ons of �s tewr.y s tudio s .  M ode l  te s t s  s howed 
t ha t entrr. nco c ondit ions in t he or igi nnl desi gn  we re s nt isfnoto cy, b oth 
nt the gn to t:tnd siphon struc tures. Fl ow t hrough t he ohutc pnst  t he siph on 
exi ts cnuscd no ob jec tionable disturbanc e .  Alt ho ugh n high fin wo.s formed 
"in tho chute when tho s iphons nlone we're d i sc hnrging, t he re s ult ing wwe s  
in the c hu te d id no t endnnger the freeboar d nor c nuse undue di sturbanc e 
in the ope ra tion or the pool .  Model  tests indi on ted that the vertlcnl  
c urve loc n tc d nt the stnrt of the steep  chute nnd d e signed nc co rding  to 
t he trnj ectory theory opernted sati sfactorily. 

Bot h t he pnr�bol ic wa.l l d es ign of the d ive rging c hute ( de s ign 4 )  nnd 
the adopted design using diverging gu ide v ane s were effective i n  spr�nd­

ing t he high-ve locity jet .  The de s ign u s ing t he diverging gu ide vn no s  
go.ve n more ·  even distribution of wnter  across the s e ction nnd hn d the 
fur ther  ndvnnt nge of hnving lower s pe cific ene rgy or wnte r e ntering tho 
po ol. Its �� in disadvnntnge was the constructi on co st o.s compared t o  t he 
d esign u s ing pnro.bol ic wnl lsJ bu t after  consider ing the c ost  of t he who le  
proj ect , i t  wns  ndop te d b ecn use it a l lowed shorter br idge s pnns nnd t he re ­
fore less co stly c onstruc tion o f  the thre e structure s cro s s ing the wn stc ­
wa.y. 

From t he mode l exp erime nts� poo l d e s i g n  wns deve l opo� whic h is 30 
fe et shorter , 4 feet narrower , wi th the p ool floor 4 . 6  fe et hig he r  tho.n 
the original des ign, r e sulting in e. oons id e ro.blc saving_ in excnvo. t ion nnd 
c oncre te .  Twenty-five feet o f  r ock pnving downstream from t he wnrped 
wall trnns iti on was demons trnte d by the mo d el to be o.de qunte . 

5 .  Summar7 and c onc lu s i ons o f  siphon s tud ie s .  An out l ine o f  t h e  de ­
sign or  r:my but the low- head type o r  s iphon is bcyon4 the s cope of  th is 
d i s c us si on. Ge nernlly., the c ond i tions a.t the s ito  of the prop osed s iphon 
wil l impo s e  suc h r e strict i ons o.s maximum nvni ln.ble hclid , mc.ximum wid t h  of 
cro st , mn.x imum ra.d ius o f  cre st/ t otal d is c harge , nnd r e gu ired pr iming 
he�d. Tho de s igner must d etermine t he d etails of the s ip ho n  which wi l l  
m0 st cf f ici urttly meo t the condition s  at t he mi n imum co s t. The follo��ng 
.out l ine i s  pr opos ed s 

h )  Es t i�'1.tt:J t he o.ppr oximnte number of s iphon s requ i red  r,nd the !1.pprox i ­
mo.t� di sc h�rge pe r si p h on. 

( b )  Dotormino the cre st  r adius and t h� d 0 pth o f  t hront , ke ep ing in mind  
th�t for mi nimum lo ss tho R/D ra.tio s hou ld b e  o.bout 2 .  5 nnd t hi:\t th�  c ru s t  
r�diu s determine s t ho mrucimum n l l owa.ble d i schr.trg0 (, xcept when .t ho he 'l.d i s  
very smnl l .  

( c )  A s s ign � vndth t o  the cre st . U suo.l prnctice  i s  t o  m'lk e  the vnd t h  
e qunl  t o  twi ce tho d ep th !l t  tho t hron.t . If t ho siphon is requ ired t o  
pril!'le qu i ckly, i t  mny_ be  expe dien t t o  increa s e  t ho o. spect r nti o - the 
rnt i o  of  cre st length to thr oo.t d e pt h . to s ome v n lue g re 'lter  thnn 2 . 0 .  
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Howov�r , no · d o cronsc in c ond loss duo t o  in c rense d  �spect  r�tio mr.y be ex­
p-:r nt,.d b ·:i low nn  r.spe c t  rl'.ti o of 3 . 0 . 

( d )  Customa ry prac ti ce makes t he'· inl et area twi ce t hat of the t hroat . 
Expclr ier..ce has s hown t hat the exact shape has litt le e ffec t as long as the . 
ir.} 0t ha s reas onably good lines. T he l ip of the hood sho uld be we l l  sub­
me r�ed b e l ow t he fo rebay � leva t ion at w h ic h sip honio act ion sho uld cease . 
I t  s hould  not be placed at the e levat ion requ ired  fo r breaking t he vacuum. 
A pipe o r  a ir vent for breaking the a cti on of  t he sip hon must be prov ided .  
T h is· procedu re results in e l im inating v ibration w hen siphonic act ion is 
b reaking an d also minimizes the forma tion of vo rtices. T he amount o f  ai r 
and , c ons �quontly1 t he s� ze of'  p ipe requ ired de pends upon the shape , siz e ,  
and p rirr.irig characte ri �tt-:t;c.1s of' the s iphon. A reode l  cannot b e  rel ied upon 
to a c curate ly p redict the ai r required by t he prot o type for t he same rea­
sons t hat t he mode l cannot be used to acou ra toly d etermine t he priming 
characte ristics .  The p rototype will r equ i re at least as much air as  in­
dicated  by t he mode l. T here is little ava ilable d a ta on how la rge t he area 
of' t he air vent should be in c omparison to t he t hroat a rea. In installa­

ti ons on recor d ,  the ratio of' the air-vent area  to t he throat a rea varies 
f rom 1/4 . 3  to l_/2 88. T he latte r value ,  howeve r, ·  was · irisuff' ic ier t to  }:>reak 
s iJ hon ic acti�n. T he value u sed for t he sip hons of Wasteway No .  2 was 
1/54 . 2 .  However , it is believed t ha t t he air vent area is a lit tle too 
smal l  for saf ety and t hat it s hould be inc reased  to  about tw ice t hat value , 
o r  from a 6- to a 9r inch _ p ipe , ,  r,iv ing an air vent to t hroat ra t io of 
l/24 . 85 .  · · . \ • 

( e )  T he radius
* 

the lower bend may noxt be dete rm ined .  As demon­
stra t ed by the ·se  t ·sts . i t  does not have to be small for g_ood pr im ing 
q1.lal itfos i� a sat i  fac to ry  prim ing device is us_e d  • . Fo r sip h ons· with par­
ticu larly ! ow heads a large rad ius is a dec ided advantage . T ho large r 
radius is advantageous up to  an R/D ratio of 2 . 5 to 3 . 0 .  

( f ) T he out l et tube ,  when it fol lows a rig h t-angle  bend ,  should  d ive rge , 
the amount of divergenc e be ing a · balanoe between inc reased  d is o harg0 and 
inc reased cost.  In t he Wast�way No. 2 siphons, the divergence was 8 dogroc s 
and 3 0  minutes. The ex its cbnnec t ing t he s iphons w it h  t he c hute wo ro f our 
feet  h igh , so this d imension was allowed to c ont rol the anPunt of qiverg­
enco , making the dopth at the o u tl et 1 . 85 times the throat 4ep t h. 

( g )  T he ve l oc i-t ie s at the ent rance , throat ,  and e xit may now b e  c omputed 
and alt losses - entrance ,. upper bond , lowe r bend ,  di w rging tubo ,  and 
frict ion - expre s sed in terms of the v e l ocity head at t he t hr oa t. Tho sum 
of t hvse l osses plu s t he vel oc i ty head at t he ex it is equated to t he total 
ope ratinr: head. F rom this oxpre ssion the mean veloc ity at t he throat se c­
tion can bo  f ound. Th is s ho uld  be co�pared wit h  t he maximum pe rmissibl e  
me an t h roat ve locity fo und from the/quation 
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where 

log  e 

V = t average throat ve locity, 
radiu s  of c re s t ,  

r .., -- radius of o rown, " 
h -. ma.x imur. a l lowab le vacuum at the c re s t  in feet of water. 

If th e :me ar, vel 0 c i  ty at the throat s ecti on exc e o d s  thA.t r;iven by the above 
l3 g_uation , . th f., rad iu s  n. f' tho crest m ust  be ir.creas ed. The dis c harge c1:1n 
be c offiput u d  hy �ultiplying the mean throat ve loci ty b y  t he throat area.  
If thi s cor::!}ut e d  di scharge is  smaller than re q uire d , eithe r  the lo.:5 s <: s  
r.-,u :: t b �; d o c r 0 a s 0 d  or the cro s s -sectional are a  incruas ed.  

(h ) I'he p ri:-:-.inG characteri stic s  of the siphon are funct ions of th•1 
: : hap-:..- ,  si z e ,  a.r.d de .sign feature s.  If the ho ad on the c re s t  at which prim ­
in 1� o c cur �: i s  of no part icul ar c onse quenc e, p rirriin� device s ne ed ·no t  be 
cor.  .:: id c re d , .for with good desi gn, priming �!lay b e  accompli shed at· a he ad . on 
th 1J cre s t  o f  1/3 without them. "?/hero qu ick p riming at a srra ll he ad on the 
cr,:; :, t  i s  impu rative , many 0xpe dient s may b e  uti li zed. A wate r s�al  at the 
lowo r bond i s  be ne fici al ,  bu t  tho de pth of seal should be sma l l ,  al lowing 
thr: prim in� jot to pene trate the seal ing po o l  and ro l oase the ontraine.d 
ai r  downstre am f rom tho low point of the lowe r bend crown. The lowe r log  
may bQ o ither ve rtical  or ove rhanging. A spur to cau se the priming jot to 
s p rinr; fr,. •.; frorr. the invert and c ross the lowe r le � to seal agains t th,J 
l mv,} r h v r,d crown wi l l  oxpodi te p r iming at a low h e ad. The spur, whe:n lo­
oat -.; ::1  a::;  i r, t h o  s i phons of Wasteway No. ,2 , shoul d bf.I de s igned so that tho 
,j ,:, t G.t th,:; rr:ininrum,. primi ng he ad wil l s trike s li ght ly above the point \•rhc:rc 
e. v,.,rt ic :.1 1  p l ann i s  tangont to t h 0  lowe r bond crown. A sim ple  priming do::: ­
vico con s i s  tinr: of a transverse  slot in tho c rown o f  th€; lowe r bend con­
r.(.; ct e d  to t he diV •.:) r gins tub ,.., by a pipe may b.:: u s e d  to p;reat advanta�c to 
f\1 rt hc r  do cr,.�as e the m inimum priming head and the t ime to p-rime , at t ho 
s a..�e tim0 maldnl!, r.o s acrifice  of effi ciency by de cre asing the radius  o f  
t h ,-:; lo we r  b e nd ,  Tho ups tream edge of the d ot sho u ld be looat,�d at · that 
po in t  'J n thi::, curve of the lovro r be nd wh0 rc· it wil J. mos t  e ffect ive ly catch 
th,, a i r  t. urJ ::, l e 1;;  a. s  they ri s u  f rom the S '.; alinr; pool . 

As  a res ·c1 l  t l')f tho inv•J st igation , it may bfJ c onc luded that laws per­
tai ning to pip , ,  flow art., app l i cable t o  s iphon de s i ,o;n whun tho s tructure 
flow� fu 1 1 . Frioti 0n loss as in siphons may be c omputed a s  in othr.: r c�m­
duit s ,  Th :; b :md ! o s s is gove rned by the s a.me l aws as  the bend los s in 
oth!; r � 0n -Ju i t s  and i R  a func ti on of th0 R/D r atio, thu angle  of d evi ation, 
a.r.d th�, s "l'l fl.r • ,  0f th,, v ,.;l o c ity. ?fuere the bond lo sses ·c an be  1;; s t imat0d 
with a. f11i r  de gre e  of accura cy, 'the d i scharge can be  compute d. Thi s va lue 
c an 1'. h r;r: b�, co rr.par<;d with the dis cha rge as com puted by tho method of fr1.; u  
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vo rt ex f l ov;, If t he forme r  exce e d s  the lat t e:r, then _tlle permissibl e 
,n cuu� at  t he. throat ha� been exceede d and the de s i gn  must be r evis ed . 

The co e ffi cient of d is ohak'.ge is a confus ing and mis leading quantity 
when u z e d  in •conne ction wit h s iphons . The expression f.or effic iency a s  
out l ine d in this dis cussion is probably ��e best indicator o f  siphon per, 
forr:ianc e ,  It doe s  not, however , cons id e r  the priming qua lit ie s .  

Hir.h 'priming efficiency does not depend upon • a  sharp curvatu�J:L.Qf' . . 
the · lc ·:re r b ond , F'or best r esult s ,  the pr imi:rag j et should s trike tho crown 
of the l o·:m r bend at an acut e ang l e , and as near t he s 0 aling pool as �os ­
sible , l'his may be accomp lishe d by properly des igning t he spur and using 
an a6 ra.t ion tube t o  maint ain equal pressu res . abov9 and be low the jet,  in­
su ring a. normal tra. ,j ect o ry. Good pr iming qual itie s are not ne cessarily 
incomp ati b l e  with hi�h siphoni c effic iency, The priming devices pre s ented 
in this dis cus si on are s imp l t:) to construct and e ff i cient in ope ration •. 

C:-iAP TER II - ENTRANC E ,  CHUTE AND S T ILL ING POOL INVESTIGATIONS 

6 ,  Expe riment a l  pr o c e d � As it is p lanne';i _ t hat the radial g at os 
A.nd siphon� wi l l not ope rate s imultaneous ly, t he flow throu gh e ach wa s  
studio d  s ,marat o ly, Flow t hrough tho gate st ructure was inve stigate d 
bo th \·Tith the · ga.tes maint a ining t h e  normal canal water· surface e lovation 
nn-J for the, oo n rii ti on of £'ro e flow wit hout the use of g ates . All obser­
ve.t i (m :::  rm f l ov: a.t tho entranc e to the ge.to st ru ct ure were visuA.l ,  as w0 ro 
tho c. r , 0f'  th•.· f l ow conrU.ti ons whon only  the s i phon s ,w:ere <3:ischarging , 

:3 inc •:i e conomi c c onsi d erations di ct ated a sti l 1 ing poo l  twf oo the 
wict-t h o f  the WP. s t mmy cont ro l se cti on, the  prin cipa l chuto stud i e s  con­
c - . : rncd  t h •. ·  :r:)3 thod of d ive rgin1; the high-ve lo city \Ve. ter e.s it p assn d thro up.:h 
thr; fr,c linod chute t o  the st i l l ing pool, Tho c ·rite r ion of good 1osi�n wa s  
ta.k,m ,r n t he: flow di st ribu tion a t  t he bottom of  the chute ,  This d i s tri­
bu t ion vra n d ote rmine d by c roos-S (1 ct ional watar su r faoo profi le s  whi ch c on­
G i f; te l  ,_, f - ; l ( ,v,m rt; acli"'lgs  at each of the SOV( ira.l S t!\tion s thr oughout t h u  
div •Jr� :tr: !". G hutu f o r  th'3 first fou r  de s igns  and :i ix ty-cwve n  read ings n t f, a.ch 
cro � :c: s -.. c t i. :>ri. f o r  tho a.doptu d design. To faci l it a.t ,.: the s e  nurnc:rou s obs ur­
-,ati on s ,  e. po int ;;e.gc: wa s cons tru cted usinr- rm i� su la.t , )d  I'. iJe d l.0 po int con­
n0 ct e: r l  t0 o. no on , dow lamp whi ch ind i ce.tud  c ont act of' tho point with t ho 
wn t , ;r  s ·i r f'nc 0 ,  Thus the amo unt of divo ri.;onc t:, wa s rn• :asur ,:id . 

Thl: r. +,i l l irrc; po o·l d-esignu d for 850 s u c on d -frJot  i s  re qui  rod to o r: : rat e 
s r..t ir. f'e. c to ri1y fnr 2 , 100 s u cond-fo,.; t, n cond i t i on o f' opo rat ion that is  (,x­
pt.i ctE:d  ra.rd y o.nrl f'or a. dura.t ion of not - more than 2 to 4 hours. 'l'hc pool  
4 cti on Yin s s l:nd ir�r:J. both vis ua l ly and. by point ga.�u t rnvc r s e s .  F l ow condi­
ti ol" G dcr1JT1 s t rv•.:-:-. f ror.1 tho poo l wo re invo s t ip;n.t t)d  by usir. r:: Jyr: in the, wntcr 
(,nd r\]. �;o 1 : y  noU.n;,; t he po sition and ·uxt .:mt o f f. co ur. 
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7 .  Entrance conditions . The entrance condit ions were s at i sf actory 
except fo r an �n stab le  vortex in front of  each gate . An attempt to  e l i­
m inat e the s e  vo rtice s  was rr.ade by ext er.d ir: g  ar.d round ing the nos e s  of  
the wal l s  betweer. t he radial gates  and the s iphon s .  The irr.provenen t was 
only sl ight a.r.d did r.ot ju st ify the exp enditure. For  a d is charge of  
2 1 100 se con�-fe�t under the radial gate s .  the water s urfa ce was above the 
siphor. exit s nnd the re was 1 1  ttle di sturbance.  When the s iphons were 
opera.t ir.g ,  !:I. h i g;h f in forrr.ed in the center  of the wasteway channe l but 

caused no se riou s splash. The f in ind uced wave s which, though refl ecte·d 
back a.r.d fc rth ri own the chute , di d not encr oach on the f reeboa.rd or no­
ticeably affe <!t the pool o pe rat ion. 

a. D ivergin� chute des ign l ( original ) .  Four of the five ded£;ns 
of the diver�ing chute te sted in t he mode l are shown in f'i��re 5 ,  �o­
gether wi th the c orre s ponding water surface prof ile s .  Design 1 was un­
sati sf actory, as rray be s een from examinati on of  the water  s urface pro ­
fi le s at statio�s 1 1-+00 and 1 1+50 , f igure 5 and photographs  figure 6 . 
The .jet was concentrated to the right or t he center  o f  the chute  and · re ­
su l ted ir. a. tu rbulen t poo l -....rith high e ffluent ve locitie s in t he cen ter. 

9 .  Diverging chute de si gn 2 .  T o  improve the d ive rgence in the  o ri�­
inal chute , a 1 , 200-foot radius c urve was fitted to the wal l s  with t he 
po int of intersect ion of the tangent s at s tation 10+50 , the stat io n of  
the start of s trai �ht-l ine d ivergence  in  the original design. The water 
surface rrofi-les showe d  but slight; improveme:r.. t over design 1 .  

10.

�

· Diverging chu te de s ign 3 .  Since it  was be l ieved pos sibl e  to ac­
c ompl ish s ati sf act ory s preading of the wastewa.y f low by pro perly diverging 
the ohu t wal ls, an e quat ion for the ir alinement was devel o p ed cons idering 
the down chute ve locity and the transverse c omponent of the acce lerat ion 
of gravity a s  prime facto rs influencing the divergence . Friction force s 
were ne glec ted. T he re lati on b etween t he divergence an d  the down-chute 
distance was deri ve d  by obtaining ex pre s s ions f or the transverse component 
of gravity, the down-chute a.nd t ransver s e distances  that a part icle  mo ve s  
in t irr,e , t , and mak ing proper subst itutions . An expres si on f or the trans ­
verse  c omponent ·wa s  obtained by resolving the a ccele ration o f' gra.vi ty , f or 
un it mas s ,  ir:.tc its down- chut e and normal-to-f loor component s ., then re so lv­
ing the l atte r into c omponent s normal and parallel  t o  the transverse  wa ter  
surface sl ope which was assumed c on stant between the center l ine and wa lls  
of the chu te. The expre s s i on obtained from figures 7A and B is r 

gy = g co s a s in , •• •• • •• • � •••• ••• •• ••••• • • •• •••• • • • •• • • ( l ) . 

To obta in an expre s s i o� f or the transverse d i s tance , y,  in figure 7C , 
traversed by a water part icle  in t ime , t ,  it -was a ssume d  that the trans ­
verse ve loc it y  was due so+e ly to the comp onent of gravity given by e qua ti on 
( 1 ) ,  that the velocity a:t/ the o rigin o r po int of divergence was z ero ,  and 
that it increa s ed a s  thr f l ow moved d ownstream. With the s 0  assumpti ons , y 
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i:;ay be expr e s s ed a.s the d i s tanc e t rave l ed py . a. fre� ly f'.a..U i.ng_ body . with 
a c c e lerat i on , gy, or 

y = � gyt2 • • • • • • • • • • • • • • • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • � 2 ) 
� 

1r. oMft ining :�n expre s s i on fo r the down -chute d is tanc e trave led  on 
the il:c : ined f loor ,  x ,  in f igure 7 C , it was as sumed that the vel o city 
t h :rough the div e rging se ct i on was constant a.nd enua.l to the average ve ­
l o,c ity i n  thEi s e c t ion. Wi t.h t hi s  ·a s sumpt ion, 

X = vt • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • � { 3 )  

An a. l inement e quat ion y = g c o s  <t s in rJ · 
2 X , a para.bo l a.  o f- the 

2 2 V 
fo rm y :: k x  , re su lt s  when t he expre s s i on s  for 
:) ) s.nd � 3 )  a.re placed in e quation ( 2 ) .  

t a.nd gy in e quat ions 

An as sume d transverse  wate r  surfac e s l o pe of 0. 10 ,  and an averag� 
prototype vel o city of 6 9 . 2 feet pe r s ec ond at stat ion 10+50 , bas �d on the 
mod e l  te s t s from d e s i g n  2 ,  we re  u s e d  to dete rmine the first e quation. By 
in s pe ct L m , i t  �va s s e en that t he d iverging s ect ion supplied  by t hi s  e qua­
t ion wa s t o o  sho rt .  The :maximum instead of the ave �age v e locity at sta- 2 t i on 10+50 wa s then us ed t o  obt a in a new al inement e quation,  y == 0. 00024 x ,  
fe r de s i g r.  3 . The d iv e rge n ce , o r  rraximum value o f  y , - fixed at 1 1  fee t  
b y  t he po o l  a n d  chut e widths , l imited the le ng th o f  the dive rging sect ion 
ir. t h i s de s i 11:n to  2 14 . 09 fee t .  Although t he model t e s t s  ind icated im� 
p rove.r.-.er.t ov e r  the t wo pr evious d e s ign s ,, a c oncentrat ion o f  flow exi s ted  
r.e a� the cent e r  of  the chut e at its  juncti on with the sti l l ing poo l , · No 
:icu'bt �� he g, s surr.pti on s  u sed  in d eveloping or evaluat ing the e quati on were 
i: ·, c o rre ,:- t . Had co rrect a s sumpt i ons ooen made , the f low wou l d  have spread 
r:-,c re· �,-,r�' r: ly and t he mea su re d t rar.sve r s e  wate r surfac e s l ope s in tab l e  I 
\\· ::, ,_; : j  to.v0 b e e n  mo re constant than t ho s e  obtai ne d  for t hi s de s ign, 

TABLE I 
\JEAN •VAI'ER SURFACE SLOPES DETER!.ITN'ED FRO M MODEL 

\'{9. :,_ 1 De s i e;n No . 1 
r· ,� s i gn ! ( Origina l ) De s ign  No .  2 

! Origin a. t Orig in at 
..:3 tal ion I S-ta.  10+50 . 00 Sta. 5+96 . 7 8 
s+oo. oo - ' -
9+5 �, .  5 1  - -
9+:; (:i .  7 2  - -

:0+50 .. 00 - -0. 032 
1 1+00. 00 -0. 043 --0. 042 
1 1+5 1) ,  00 -0 . 042 -0. 040 
l l+7 1 .  7 8  . - I -

I 
I • De s 1.gn No • . 

(;r igin at 
3 

Sta . 9+59 . 5 1 --
-0. 0l l  
-0. 017  
-0. 030 
-0, 02 7 
-0 . 027 

De s i gn No . 4 
Or igin at 

. S�a. 8+5 8 . 34 
+0. 005 
+0. 007 
-0. 006 
-0 . 010 
�0. 010 
-0 . 016 
-0. 017  , . . . Hote c 'i'he p b s  s ign . ind icate s a s lope upward and outward from the 

c ent er l ine ; the negat ive s ign ind ic at e s  that the s l ope i s  
:i '),·rr.wa:rd ar.d outward from the cente r l ine . 
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l l . D iv erging chute design 4. As it was desired t o  a ccompl ish fur­
t h ei r improverr,ent in .flow distribution ente ring the s ti l l ing pool , a 
fourth de s i 171 was d eveloped , desi gn 4 ,  figure 5 .  The me an vel oc ity in 
the diverging G e ction of the mode l c hute and the t ransve r s e water s ur ­
face slope o f  o. on, me asured at stati on 9+96 . 7 8  ori. des i gn 3 ,  were used 
to e s tab l i sh � new e quation for the wal l  alinement. The length of sec­
tion re quire d t o  acoomplish  the e leven feet of d ivergence was prohibitive , 
ind i cat ing the k value of 0. 000011 t o  be t oo smal l , and signifying the 
e'qu at ion to be empirical . A value of o. ooon was then chosen for k a s  
a t ri a l, making the alinement equation y = 0. 00011x2 , whi ch g avo a rea• 
sonab l e  lengt h  of diverging section. De s i gn 4, based on thi s equati on, · 
s howed marked. tmprovelTfl nt in d ive rgence with sat isfactory e ntrance cond i­
t ions at the s ti ll ing poo l .  This de s ign was being cons idered as a .  final 
de s ign when a new t ype was propos ed by t he design seotion. Although a 
gre at d e al of dat a  pe rtaining to the s preading of flow in an incline d 
chute was taker.. from this mod e l, the experimental results indic ated no 
ju s tifi c ation for the assumptions made in deve�oping the equation for the 
wal l s.1inerr.er..t. Moreover , t he model was smal l and the data · too me age r to 
establish r;eneri:tl laws· pert ain ing to the dive rg e n? e of flow in inc l ine d 
chutes • 

. 1 2. _ D ive rging chute d esign 5 ( adop ted de s i gn) . E?Ccept for the in­
�orpor ati o� o f  vanes in the floor for spre ading the wa.st eway f l ow, t he 
:iiverg im; ·s ecti on, inc luding the wal l  a l ineme nt , was ide ntical to that of 
de s i gn 1 , fir,ure ·5. A comp arison o f  f lo;,;. co n ditions in the s ti lling pool , 
fi 1:;ur e s  8 ,  9 ,  and 10 , an d  water surface profil es at station 1 1+50 , fi gur e 
1 1 ,  di s c losed this type to b e  hydraul i c al ly superior· t o  al l  previous de ­
sig:r-.s. Howe ver, con stru ction of the vane s was b e lieved co st ly , and it  .wa s  
only" after comparati ve cost e stimates of this design and des ign 4, inc lud­
ini:: the t ,vo f lurr,es and the br idge spanning it , dis c lo s ed des i gn f to 1:e  
r:.o r i.� c o s tly be c au s e  of the ne c e s s ity fo r l onge r  s pans for t he three s t ruc­
tur,,) s, t hA.t the v a n e d  c h u t e was a dopted for t he prototype. 

, J  / 

1 3. 3 -t i l l inr poo l s tudi e s .  After  the stud i o s  on t h o  div e rgin�� chute 
had beer. s at i s factori ly compl eted,  attention was d ir ected to t he pe rform­
an c e:.  of the  s t i l l ing poo l . Studi e s  of the pool emb r aced  t he ori ginal two 
r�,-ris ior; ,, av.l t he a dopt ed de s i 1;n. The od i:, inal po o l  de sir,n and the firs t  
r0vi s ion, d e sign 2 , f igure 1 2 , were, t este d ,  u_s ing only de s i gn 4 o f  the 
di ve rgir. 2:  chute ; th e s econd revi sion , d esi 6n 3 , fi gure , 1 2 , w as t e s ted 
i•:it h both design 4 · and the ado pt ed design of the dive rging chute. 

30th  vi sual and nather.i.atic al examinat i ons o f  the or ig inal :f->O O l  icr: i­
cated. t tat ·the fl oor s hould be  r ai s ed and sho rtened. According ly, the 
f l o -:ir w·a s rais 9d 7 . 6 8  feet and shortene$i 3 3  f e e t., figur e  12B .  Te s t s derr,­
:n. st ra-ted U,.rtt the cha.!'.ge· was too dra s t ic ,  Irt de sign 3 ,  the f loor wa r 
lo ·:,'lc're d 3 . 013 feet  ar.d :'..e ngthene d 3 feet . C hut e block..5 w e re · u sed Wht, 1: 
t�, is  lu s i ir E  '.\·a s te s t e d  with d iv erg ing chute d e s ign 45 but th e bl ocks we re· 
orr.i tt<: ': ,,rhcr t i:o s t fr ; with , "t he adopt e d  chute de s i gn. The c ornpA.rA.tive data 
fe r t :-: t:, po 0 1. i ·.:<. i -:�-, s  t e sted  are corr.pi l e d  in tab le I I .  
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TABLE II 
COMPARAT IVE DATA - 'M)DEL POOL STUDI ES 

0r ip.;inal ; Adopted 
Item De s i gn De s i ;;n 2 De s i rn  3 i Do s if:, n  

Stati o� a t  start of pool l H-73 . 7 8 11+59. 46 11+63. 6 1  
I 

1 1+63 . E; l 
·.'/i .l.th o f  poo l ,  w 44 . 00 44 . 00 40 , 00 40. 00 
Actu a l  di sc hnrga p e r  foot : 

from mod ,) l .::xpc rim,m t s ,  q 46. 175 46 . 175  50.-7 925 '52 . 485 
Av, : ral';o d opth ente ri ng poo l ,  . 

from mode l ,  dl 0. 823 0. '836 0. 917  1 . 170 
Av,)rag; ,_ ,  v ... • l o c ity entering poo l ,  

from mo de l , v1 56 . 10 55. 25 55 . 40 44. 87 
Tai lwat� r e l evati on f o r  2 , 100 

se co nd -fc 0t  1027. 42 1027 . 42 1027 . 42 1027. 42 
Poo l  F loor  e le vati on �010. 32 1016. 80 1014. 92 1014 . 92 
Actual c onjugate depth,  ' 

d2 . 17 . 10 10. 62 12. 50 12 . 50 
Theoreti cal d2 from mornen• 

turn 12. 287 12. 187 12. 779 12. 532 
Actual l ongth o f  poo l , 1 '  l 75. 00 42. 00 45 . 00 45. 00 
Ler1t;th o f  o o o 1 ,  L : 

I 3 . 5 d2 43 . 00 42. 65  44. 7 3  43. 86 
Avl; rago vul o c ity in effluent I I channc l_, V 2 t 4 . 887 4 . 887 4 . 887 6 . 050 

The watc, r  surfa.ct3 pr of i le s through the edoptod poo l de s ign and poo l de s i ?;n 
3 for b c,th de s ign 4 and the a dopted  de s i gn o f  t he diverging c huto are 
shovm in fi gu re .12 C.  .It i-s ·  e vident f rom tli.e prof i l e s  -£hat the adopted 
pool  :ic s i 1jll is sup erior. The ree_son s  for thi s  - superi ority were not s c l f­
OY i dunt ;  s o  a ch�rt, was prp par.od c omparing the vari ation of t he  hydraulic  · 
0 l io !:1t nt s  fo r the two de si gns , figure 13. The we tted  pe rime ter is the 
sa.17.• ; for b ot h  de s i gns at stat ion l 0i-26 , while at stati on 11+50. 00 the 
w, ,ttod p uri rr.etor  for tho a dopted· chute do ·si c:;n i s  r ou�hly twice that for 
chute ,k r.i i:,n 4 .  Thi s inc reaso  in wottod perim,�: tor  ru sult s in an incroasc · 
of  fri c ti on los s and a. decrea s e  in spe c ific  o n ore;y. From modo l tests  at 
stati01, 1 1+50. 00 , the spe c ific  c norgy c ont ent f or chut e de s i gn 4 i s  1 . 4 2 5  

. tirr.tJS  thnt f o r  the adopted d o s ign. · .  I t  i s  to be o xpocted,  then, that tho 
poo l  6p0 rat ion with the e.dopted des ign wi ll be improved . ov e r  that with 
de s ign 4. Tho se  two dive rging wal l de s igns us od with poo l do s ign 3 are 
compare.d in figure s 8 ,  9 ,  and 10. In comparing the f low cond iti ons shown 
in th.1 s c  fi gure s ,  it s hou ld b e  rememb ered that . tho 950 se cond-fo ot d i s­
char ge i s  tho �ount normal ly oxpe ctod , and that tho 2 , 100 socond-foot 
dis chn rge wi l l  o c cur rarely and for a pe riod of not mo re than 2 to 4 hour s . 
Fro::i th,: s ,1 facts , it i s  conclude d  thA.t e·i the r of the two poo l  de s i gns 
wou ld hflv,, bo0 n  s afe . 
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Downs t r, , r:m  from th ,:i st il ling pool i t  wns found thrit tho wnrped wn.1 1 
trnnsi t ion fro r� ro ctn.ngulr.r to t rnp0 zo idnl section wns s ntisfnct ory, The 
rnod , , l dc mon str'lt t,d that n 2 5 -foot width of ripr np n d j n.cent to tho trn.n s i­
ti ,m s e ction p: f'..vc suffici ent prot ect ion to the s t ructure . 

Ctll\PT ER III - THEORETICAL CONS IDERATIONS OF SIPHONIC FLOW 

V\lhc n  prel iminnry t e s ts on tho originnl 1 :  24 mod e l  ind ic l'.t ed thr..t t h , :  
s iphons Ws) rl, incn.pA.ble o f  disohnrg ing t he r e quired qua nt ity r. t  tho avr. i  1 -
'.'.b L: hond, '.'.n inve stig ntion wns made of the conditions of simil itude: b u ­
twt' ·.m .modu l an d  prototype, Tho losse s in the s iphon woro oonsidorud 
'1nn.lo gous to simil r.r los s e s  in n bont p ipe or c on d ui t, and othor fer.tur v s  
o f  siphonic flow were examined, inc luding vortex flow, th u div0rg ing t ubo , 
priming chn.rn. cteri st i c s ,  the coeffi c iu nt of di s chnrgo , and th� eff i ciency 
of r.. siphon .  The d iscussi on of the theory invo lve d in the flow of wnt u r 
throu gh s iphons • mn ko s  uso of more o r le ss singul n r  nornunc ln.ture , F igure 
14 sh ows the t,mnino l ogy whi ch wil l  b ti usud.  

14, Vortex f l ow. It is g,mornl ly nr,rc , ;d  thn.t flow o ve r  the cre s t  
o f  �- siphor. r.pprox irnr.tc s fre e  vortex flow. It ho.s bc,m n s su mud thnt tho . 
str·3f'.!Tllifr.) S in 'the t hro r,t of n. s i phon ".r ,i c on c ent ri c  circ k s, the bounda­
ri,.: s boin1.� t h, ;  c ro�:.,t r.n d  c r o s t  o f  th ,::i u pn,.:r lk nd o.f th e  s i nhon, nnd t hi,t 
th·: \roloc i ti, · s  0, r ( :  cnt i r . , ly t ':cn !".,mt ir.1 . 1, 2 For thi s tyri 0 o f'  fl ow the 

1 ., 2 
Tro s v  '1.nd r: 1 1  fo l lowi ng not ss in thi s  mo::rr.or'.'.. ndum refor to  nurnb0rs 

l ist d in  th , Biblio grr.phy, in thu orde r  of thdr r.ppc r.rr.nc u . 

fo l l  nvi "',f'. r : lL'.tions m�y oo writte n :  

whc r :· 

vr == vi :r- 1 == v2r 2 == co nstnnt • • • •  · • • •• ••• •• • •••• ••• • • • • • • • ( l ) 

rz / 
q = v1r1 lo� � • • • • • • • • • • • • • • • • • • • • •• •• • • • • • •. • • ,  • • • (£J 

V l = \/ 2 gh • •  • , • • • • • • • , • • , • • • , , • • • , • • •  • , , • , • , • o o , • • o , ( 3 )  

r 
V 
q 

-= 
-= 
-:: 

th, , rr.d ius r.t n.ny po int, 
thL v � l o city at r ad i u s , r, 

vl -= 
the T'!'!.X irr.um f'.llowab lc: d i schn.rr,c p e r  fo ot  o f'  c re st width ,  
t h,, :.J:\x irnum po rmis s i bk vo l o c ity d; th,  c r" s t ( r ::: r

1
) 

b". s 'A on h, 
h = 

r1 -

t he m".x imum pormi ssi bl o  vacuum r.t th ;;  cro � t ,  i.n f\, c t  o f  
·,·;", t ; r , 

t h ,:, rr dius -,f  the: cr,, s t, 
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r
2 

= the r� d ius of th0 crown � t th <:: thro('.t section, 
g = nccel crnt ion due to grnvity, 

Usu'nl ly the vo.luc, for h is t a.ken c.s  75  percent ·of the b('.romotric pres ­
sur,., ut th e s ito of the s iphon , which produces n sA.fo working pros-eure nt 
which the re wi l l  b e  no sepnro.tion due to r emovnl o f  entrnined a. i r  from tho 
w!l.ter vrhich wou ld co.us e o. brenk in flow continuity in the downstroo.m wa. ter 
leg. 

Thu theory of vortex flow over the siphon crest wns used in  t ho tho o ­
rotic�l investi gation o f  t he siphons of Wa.stowny No . 2. The requ ir ed d is­
chr. rge por fo ot of crost length for e nch s ip hon wo.s 39. 5 8  s eco nd-foot. 
From oquntion ( 3) tho mnx imum pe rmiss ible ve locity o.t t he crest w�s d o tor­
min0d for  h = 24  foot nnd us ed in equation ( 2 )  wit h r

1 
= 4 inches nn d 

r2 = 3 feet 4 inches to f'il'ld q , the mo.ximum n l l ownble discharge p er foot 
of crest length . Tho vnlu e of q wo.s 30 . 16 second -feet , or  2 24 s eco nd­
feet loss thn.n the requ ired to to.l of 950 second-feet for a l l  four siphons. 
From these  compu tations , it was obvious that even if the maximum allowab le 
negat ive pressure at the crest could be devel op ed , the discharge would 
stil l b e only 76 percent of the desired c apacity, and therefore , the d e ­
sign w·ou ld have to b e  r evised .  

15 . Conditions of s imilitude. In s tudies of hydraul ic structures 
by the use of models it is  important to ascertain the relation between 
the prototype a nd mode l d ata . When the force of gravitation is the mos t 
important f�ctor , the Froude number for both model and prototype mus t be 
the· s ame. The Reynolds number shou ld be the s ame in both model and pro­
totype whe

i
e visco s ity is the mo st important item. In cas es whe re the 

surfaoe te sion or capillary for ces become the most important cons idera­
t ion, both model and prototype must have the s ame .Weber number. Where 
elastic ity lis a primary faotor , the Cauohy number . shou ld be the same in 
mode l and prototype . In a s iphon flowing ful l

°
, the last two consi d era­

tions may b e  ne glected . The two faoto rs that must be cons idered are the 
Fr0udo an d  Reynol d s  numbers. Experiment s have s hown that in sho rt . s iphons 
the R,:,yno ld s numb.e r is not extremely important, a.l though for dynamio s imi­
larity .vd ( tho expression for Reyno lds number for pipe ) s hould b e  the 
samu for'\no d el an d  prototype . Gib son3 has s hown thn t  for  coefficient or  
discha rge and p res sur e - d is tribution moa. suroment t he mo d el will  give · close 
agroem ent with the prototype i f  the value o f  vd for th e mod e l  is g roater 
than 1 . 8. Thi s value o f  vd limits th e  s iz e of the mo d e l .  As Gibs on 
points out., in tho few i nstances whe re res u lt3  of both mo d e l an d prototype 
te sts 11rc availo.ble,  agreeme nt of coeffici ents is clos e  where the mo d e l  · is 
l argo enough that t ho value of vd is gre ater than 1.  8. Other invc,s ti ­
gat ors, 4 , 5 , 6 , 7 have c0nfi rmed !h8 fact that whon f lowing full ,  tho, mode l 
close ly repre s ents. the pro totype when .the sea.le is prope rly cho s0 n .  A 
s econd conside ration in the Q hoicc of tho mo d e l scnl o shou ld bt: the pres­
sure. The ne gative pres s ur q· in  feet of water in the model , whon multi­
p lied by the scale ratio , rµtist not exce e d  the al lowable ne gativo pr essure 
ir. tho pr ot0 typ 13 .  A s im p]f) computation  wil l in dicate the minimum mo d e l 
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s cale .  

An other f a ctor to  be considered in scal e mo dels is that of fr io� ion. 
In ord er t h a t  t he mo del represent the prototype as clo sely as pos sible , 
the oo eff i cient of r ou ghne s s  in the mode l should be  propo rtional t o  t he 
c oeffici e nt of ro ughnes s in the prototype . It can be shown that the ooef­
fi ci ent of r oughness in the mode l multiplied by the sea.le ratio to the 
1/6 power equal s the coefficient of roughness for the prototype. Al t hough 
fri ct ion is a m inor loss .  in sho rt s iphons, it is quite pos sible,  as . 
"N i l l ia.mson8 suggests , that the loss in bend s ,  exolusive of friction, may 
be a functi on of t he coefficient �f  roughne ss. This  po int should b e  t ho 
sub ject of  further . investigat ion. 

Fl ow un der t he cond ition ex isting when the siphon is priming i nvolves. 
a c on s i derati on of two fluids of d ifferent kiheme.tio vis cosities. Fur- · 

, the rmore ,  the effect of s urface tensi on dur i ng pr iming becomes  important . 
F or dynamic s imi larity it is  required t hat t he kinematic visco sity be re• 

du cud in the pr opo rti on of t he s cale r ati o  to tho ·  5/2 power, whilo 1;he 
sur face t ensi on o f  tho fnode l shoul d equal that in the prototype d ivided by 
th 1, scal 0 r ati o sqi.iarod. It is ev id ent ,  then, that similarity of the 
�o do l  t o  th6 prot otype i s  imposs ible ,  u sin� tho same fluids in eaoh . How­
tJvc r ,  e x p,_;ri unc e  has shown that tha hee.d re qu i red to pr ime, as indioe.tcd by 
the m o de l , i s  always groater t han tho actual head req uired to prime t he 
pr ot otype . S ome writersl , 6 say that the priming oha ra.eteri stio s of a 
siph on can be pred icted by studying three model s to widely different 
sca.los. Then by extraoolat i on of t he ·curve s platted from the data obtained 
fr om t he three m odels, the prim ing he ad and t ime to prime for tho prototype 
can b o  c } ose ly approx imated. It is interesting to oom;a re tho head s· to  
prime; as  oxtrapolatod  from the data gi  �n by  Voro�so. The results of  ex­
trap olati 0n by four diffe�ent met hods are g iven in the following table. 

Extrapolation Extrapo lation Actual Error 
S iphon Method Head, om. Road, om. Percent 

Camu z zoni · A  9.1 13 .0  -42 . 9 
B 8 . 9 13. 0 ·46 . 1 
C 16 . 42 13. 0  . +20. 8 
D 9 . 04 13 . 0 .43. 8 

Co.rron A 18 . 8 1 8 . 3 + 2 . 7  
B 14 . 2 1 8. 3 ·28. 9 
C 35 . 5 6  1 8 . 3 +48. 5 
D 1 4 .  2 8  1 8 . 3 -28 . 2 

: ,  r; � t,:.: r i �� A.  •J . J-. 42 . 0  40. 0 + 4 . 8 
B 38 . 0 40. 0 • 5 . 3 
C 48 . 57  40 . 0  +17 . 6 
D 47 . 47 40. 0 +15 . 7 
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.2xtrapa la.t i-Jn :"le thods A and B � re both p.;ranhica l, bqt by d ii'fer�nt 
eq-:ine er s. Troe cu rve s  were plot t ed wit h  the scale r atios a::i the abc 1 s s a, 
�ui the �odel head to prime multiplied by t he scale rati o  as t he o rd inat� . 
) reth o d C i s  an a. l. ;rnbratic solution accompl i s hed by putt ing a cu rve of 
->:h r.> form y '::: ax 3 + bx 2 + cs + d throu gh the three lmown po int s a.r_d f1 1r­
the r defir. inr 0ne end so t hA.t dy/dx -= 0 whe n x == 1. Method D i s  
si;.il 1:1.r t,o r�.e tho d  C excert t hat t he e qua ti on ,vas of t he fo rm y · --::  a.x k + b 
bu t ·,•rith :·,,') HY':i t i nc· end condition. The error is the amount t hat the pa r­
t i c � lar ext rapo l at ed h ead either exceeded (p lus ) or f e l l short o f  (minus) 
the a -J t u A. l  head, e. nd is expr es s ed in pe rcent of the extrapo lated head. Sx­
ar.�inatio� of t he table  reve als t hat t he graphical mat hods are as g 0od a s  
a.r"�' me thod t ried. It is apparent , furthe rmo re, that t he a c c ur acy i n  nre­
dir.: t b  � !: he proto ty-pe prirdn!;!; head , -even by extrapolat i on from t he resu l t s  
of  m0d e l s  t o  three diffe rent s cal es, ca.mot b e  rel ied upon to b e very 
c l o ::; o .  £xtra.ro l a t i on from resu lts o f  tJ-,..re e  mori.e l s  appears to be the  
� 1. o s o s t a.p ·· r0x i ' i :at ion n o s s ible  t hat ha s yet b e en d 0're loped , a.ri d ,  FJ l  tho1Fio 
n 'J �  .9.� c' l r <:i.t e , i. t i s  bett or than not hin r .  

Co-r�.pi "l.e d i�1 t ab l e  I II a.re t he va lues () f the n: 1:11m1nr� scale rati o  A. s  dc'­
t 8 r�dned by the  vari ou s Methods . Afte r co� s i�orat l on o f  a l l  factors , a 
:!T,od e l  s c al e nf 1 : 8  wa. s chor. e n. 

TABLE II I 
?H:" F TT '  :-� CA�E; RATIO FJ}{ �.: TPE'Y [ DE1''.::;;- ( 'l '. ] ::;D  :�Y '[; :n ous HETHJDS 

vd / 1 .  8 
vd > l . 8 

I
d 

v�0 re vd � - 1. R 
d = dia.rv)t 0r whorn I c. 

I llm • H . ,·.: np 
·, 1h > o. 2 €l I r.r.1 ,.-.= modu 1 

wh0 re ! rou ,,.hnt, s r: 
-= the th ro?.t ,-: O. O:_O  

C ,_, .,, ,J :i. t lor ;; d � d(, r.-th o f' pipe d = 4 t j !"'.fl s l .:lu nth ; � ·= prot:- :· :vp . · 
c:o ., ,, rn ir:fl', 1 0  f he..r re l of a reR. :,i qu a l t he I h ,..,,. n •: •i rag:e r0ur, lmo s :,  

:1 i. ,: u  j f-:1. t  th:0 at to throat hyd r,au l i c  w,1 rking 1 = 0. 014 
i, 1 1 t. a:' d · , 1,, i I N = scale 0 JfLO( l) �-· e C , J._o_n_� ___ a._r_,_J __ .,__r_a_,_J. 1_-'_S_-+ ___ 1_ ._· ,  ;_·R._l ___ -...r ___ ;,"_,'ll_J,_O _ _  _ 
�.:in imum 

mod -J l 
s c a l u  � s 7 o 85 1 : 1 0. 7 2  1 : 9. 5 1 l : 9. R9 I 1 : 7. 54 
rat i o  I 

l f .  1 , ,1 ::; · : , s .  · n t h t he :tot�l  nvailab fo 0"."') ra.t i'n �� hva.d fix od by th,3 
c on d i  L i o n s  crt i.;hu :; it,-:: .  o f  n l ow-h(Hlrl. siphon,  a.r1 in -rus t.i '!8.ti on of th,; lo s s •..: s  
wi l l  r •JVt, r.l  '.'rh - :tr .,: r or r.ot  thu ri ·.; r::-, i s :· iblc, vo.c,m··I nt t. i · , ,  cre s t y:i l l  b,·: J .'{ -

r:: • : •:;dvt. The, l o �; :;- ,; :,  l YJ  th , ,  s i nho.n o c r.:1 ir 11t  . ; ;' t ,·an r·. · ; ,  ; 1 1 111 . , r  h ,_ n -l, l o·,vc r 
l:, _, n d , - 1 -t -."_; r :·• i �  __ . • . , J ':, : ; , R.n� ,1 ,w  t o  f r i ct ion • 

.i:,;,. c , , p ,_; i i, r.:a ;; . s  whr; r,.: th .:) g ppro ach v . ; } o c l t y  to t h , ,  :, i phon i :.,  h i�h , 
t : :'; ·.r , 'i_ o r; i t :,: :, ,_ rvi r; f  o.ppro ,·t ch �,ny b•; c 0ns l '.i · , r ; ) · l  A. r ,_

.
fin · , rr1: r .t. ,'I nd th- : r , 1 f'o ru 
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n,J �liJ;ib l; . . rh rJ t :·,t �. 1  '"lp, : r�.ti ,..., ·: �lO fl.d •Jn S i ph Jn S with :Vr.rinu s  type s :;if 
:--ut l ·Jt s i � a suh j ·1ct ;, f much c : 1 ntr .1vor1y among hyd raul i c  en�ineers � S..."1.d 
e. d is cu :=: s io-:1 'lf t�is  !)O int wi 1- 1 he con sid e red  subs e riuen tly. ii'o r the 
pro � ent , the t ot n.l ope rati ng head wi l l  be a s su r.: ed to bo the d'i ff'e r,'3no e 
bct·,ro on th':3 for 0ba:r and tai lwe.to r  elevat lo� s ,  and th:i s mu st equal the 
su:: . of thr:: J . o �; s e s  J?lu c the vnl o o ity head at t he exit section. 

1 7 .  E�t rnnc e lo s s .  Jhe rn the ent rRn� e · , i s  b e l lr.t!Juthed and ha s a 
1 n ,- ;,· n r , -, ,.,·--.:.·._,-, . ..... .., r c i :-1  t-o ti. 11 t o f' the thr o" t "' ,d ri on + l- 4' lo s s .,,..,. y S "  f'c 1 • ·  __ . , _ · . ,  • " .. ... . .  · ! ' ... . •.l.  u - • <"- ., t, "' • ,  , . •  :... • ...... , "' .. � ·· , 1  

� , .  n s su!'l -i f!\:-: O. 5 t!"le ve l -, c i ty he ad e.t the ojitr1:1.nco s e ct ion. G ibson3 

ha. 3 s 11.o,·."!1 t h� t  -l:: } ; ,:3 exact s hape of tho ent ra,tic o ha s l i  tt la effect on t ho 
c o,: . ffi �i - , :'lt ..., ,. ·.H Mhe.rgo as l ong a. s  it . ha.1/ r,3a.sona.bly �ood l in es.  

1 8 .  3cnd lo s :. u s .  A l  thou '.';h there }:ins ba ,Jn r.iuch vrork don0 on l o s s e s  
in rino 1:, e;riif;; ,  thu avai l ab le d ata of vai-i ou s invo sti ga.tor s aru 11ot · y ,._, r-J 
oons i ;; t .;;nt , .:\!ld i t  i s  s ti l l  a. diffi cult task  t o  o st imat•J tho lo s s  due ·t.o 
b -.md3 in n s iphon. Thv lo s s  due to bend s  is u sua.1. ly exprc s nod ns  n coo r­
fioi -.mt t i ,1 . , r:  tho v<::: loc ity hoa:i . In oxpe riments  on be nd los s o s  in p ip,, s ,  
B � i .i hn ::: .i ividcd  t h, ;  lo s s  into throe pr.rt s :  ( 1 ) tho lo s s  duo to f ri.c­
tion in  r .  s t r"..i Ght p i pe of lu ngth c quP.1 to th at of' th,; bend plus t hu up­
str ,J '.\:·. -=1.m1 d. T,ms trurvn t nn�onts , ( 2 )  tho < Jxc 1-., s s  los s within the bond , 
·.•rhi o '.!  h, c ; '. 1 1. ::;  t!-1 1., dof L cti on c o 1.iffici 1�rt; , l\nd ( 5 ) tho •:;xco s s  lon s i:� 
t hr ;  d'.) 1.·m r- -t:. r  -:· re -l;s- � "' · 'r!.t ,  ··,h ic h  !ir; cal l s  t hl: t r.nP; ont C'h.;ffi c i ont. His  ··-rork 
W".� d 0n ', .; �·t irc l y  on 9O-de grcu b(;)nd s , u :d11 --:  a p ipe d i v:'lotor of. 10. 2 3  cm . 
( n r:1ro d:, ,.+_, , , 1_ �, 4 . 03 inc:1 1. : s )  �·rith va.riou s  b ond r e.d i i ; nn<l with unifo r'!' · 
v•J l f> ci t:r , 1_ i s t r i buti on nppro'lching thu bond .  3;r p l otti�v tho bond co( . f -­
f i.c i · .  nt, � /· 1 i(} >, 1. '..: the s u,.., of t!1 .:, de f'luoti on nnd tP_ri. ,c- ,mt coo ffic i,.mt s , 
,: c; •' ln:-, t  t h ·  r '.· t i o s  -'.'l f t h .1  r ad iu ::i  o -f:  t h ;; bo:-1d to th, . p i!,K= · d i n,m,Jt(., r  (R ./J ) ,  
! ) • ,  �Ir. ::; :-_;}) T . . ,"'." t. hr.t t hU miniffi\l!, J l O S S  dU...; to th-., 1 )v�.d 0 0 CUr

t 

'J/h•.!n t
. 

h•, rr \; j_ j 
o :· .�: I!) i '. · 1, · ·. tvr, . ,.- :-J.  2 . 5  ('.nd 3 . 5 .  ttt- ,mr,t s 111'.V-'01 b c , ,:r. m 1 td-;:; o pr edict l.h · 
� 1-· • r ·� '  '' ·•'()r T" ; n1• ,..,l j '' • 10 " "  b• r  T"l• · " """ 0. <-' th " 0 - " f' ] l - · d " r bri\lnd 00 11' /l'r) •· • " n, .J l .. · , .L O ,  ... · · -- .u , . . .  "' " .) . ,  .. J {,.,1..1.L1."J J. 1.., ., v . . . . . · . �, 1 -, . , 

r:"t: ti !o - 1 . 1O i'1-; · · r ,:: su lt ::i o f  thi s rno thod o :e F1.nr. ' 1 y:1 .l s  �·nu 1 d  nd ic r.t ,1  th,,.t 
th, :, rc ,  s hou ld !:>, , !'linir:!um vn l u o s  o f  l o s s o ccn rrbl! :--.t r:i.ti o s  o f  , lt/D �l' 1. . :; , 
6 . l ,  16 . D , •i ncl s o  f o rth . :Eiowov-1 r, it is S U,"'; f", -) �t  , th r.-1; / r>.ft ·.;r thr•., ,.:: r- · ­
:J (,' 1)• : -i :-.: "; t}tl, r f'-:\cto r s  :·1ould b:, comi:, promi-n. · . .  n t  c, nou ·· h t o  �' 16d :l. f'�, th . . , flo·.-: t o  
�- 1 � i·: �'-"1 , , :-: 1: , . ) d; tlv·.t thu r u su l ts would b ,·, u�ipru r.h �t �_-.., 1 _ , : .  Th.i n r.,.. , th 0d o f.  
ran'�] :,r c. i :; , �; ,r:v v 1· , 1ou s not a.r;roc with o x  p:fri :···. on� ; r_l_ r t J su l. t :1 -

".f r.r �L 1. 1 ''1U l'. :'.m rt:d lo ::i :, 0 3 in 6 -inc!:i b : md ::i  ·:rith !'.n :{/D ro.t io O f  l e 37 5  
';-.., , 1 +. : 1,,_·, 1. � - • •  ,,.-, r .l !'>u s  nnr, l o a  o f  do fl .,ct iO! l e  Tbi lo s:; ,  .. �1 Ju , ;  to  tho bond ::: , 
, , x ,i lu :J iv : ,  ')t ' f' ri cti (•n , cxpr n s m, d  c. � � c no ff:i c i • ; nt ').', t h,. ,  v1-, l o c ity h,::e. '1 
,,,._, re f' o : 1! ld ! . 0  be • .. • 11 f0r ,.._ 4 fi-dor,r'J · _; be nd , O. 1 5  i'or n. 90-dogro •J h · md ,  
r) . 1 9 f'0r 1. BO-d,1 r;r �, · ;  ho nd ,-lf cnnt inuou :, cu rv,,_t11 rc ,  0. 31  for 180-dv Grc , ,  
bc ;nrl r) f' r ,..:V• ; r ::; . _, cur ·, , ·.t nr , ; , n.nd O . 4O f' or 27O-do r;roc b i;!ld 0 1' t i'/0 r , :V·.; r :; ,, :; .  
T '.; t :;  or, th : ,  l fiO-<l -:, r• rl; • .  bund v-:ith r•;vor s ·: :  curvnt,lro r.. n.,-1 uni fo rm vu loc i. ty 
o f ' , .. _ , 1 y >r ') •  t · h irir! ic •\t i ; , i th,1t � h out f; l p(J roont of + .. h • ,  1. o ri :;  occur ro ,1 i :1 t '.1 u

0 

b -· .. 1 , · : · i+, : : · :1. L' ; t : , ._, r " :o.i ndu r o c c1 1 rr, ., d  i n  t hu d mr('l'' St r . .. . ,n. t !'.� c�1t .  In :-i t\ 1 1 - r  
vrord n ,  t: . .  l _0 r; s  i__ : ·, i . h • ,  l f30-rlr.J �r• ; 1J r1 , v:;r n :, nurv,.� h , •1 : i  d•: ·1o l o p,1d i,,_ th,,  
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bend it s e l f ,  expre s s ed as a oo efficidnt o f  th e  vu locit y he ad , is about 
0. 158. The t ests ind icat ed furthe r  that wi th a nonuni fo rm  v e lo c ity d is­
t rib ution in the approach tangent, the veloc ity be ing highest  on the in­
z i de of  tho bend , the los s was 1 to 4 times that found when u s ing a uni­
form vol o c ity of ' approach . 1Nhon the vol ocity of approach was h ighest on 
t h�: outer side of the approach tangent, it was fo und that s ome b ends showed 
a s l ight ly highe r l o s s . wh i le others indicated a somewhat l ower loss. 

A recant pape r by Wi l l iams on8 gives t he lo s s es in 4- by 4 -inch s quare 
tc> akwood 1x:nd s of variou s anli;les of deflec tion and va ri ou s  rat ios o f'  · R ID. 

· Thu _bund s  t o stod vm ro a ll of cont inuous curva.turo , and the val uos ,:,;ivon 
�.re t hose oi' oxt ra loss to t he b,.mds al ono . As st ated abov o , t hu l oss0 s 
Jot� rminod hy Yarne l l  wo re nll fo r bond s of circula r c ross soction nnd an 
RID rat i o  of 1. 3 7 5. Int e rpo lnt ions bet ween va luos of th e bend lo ssr-J s  for 
� 1 1 t.hv R/D rA.t ios o f  1. 5  and 1. 06 g iven by Wi l l irunson wore requ ired so  
thr. t th� dir ect cornpo.rison, given in  t ho fo llowi ng t nb le ,  could  be mnd.::. 

Ang lo Loss in Bond Lo s s  in Bond 
of Bend , of o f  

De reos Circular  C ro ss Sect ion ,� .., w\r" G ross Section 

45 o. 1 1 � v2 
0 . 08 -

2g 2g 

90 v2 
0 . 1 5 - v2 0 , 16 -

2g 2g 

1 80 0. 1 9  � v2 0. 32 -
(continuous) 2g 2g 

Ins-p0 ct ion of . t he w, lues r eveals that agreeme nt is ve ry clos e except for 
the l�O-degree b end. In t he pa s t, it has b e en as sume d ,  wi th out pro o f ,  
th�t losses  i n  b ends of r ectangu l ar cro s s  s ection wou ld approx imate tho s e  
in bends of c i rcular s ect ions. The above compari son �ou ld a t rongt hen the 
assunpt ion. 

12 -Madison and Parker ha.Vt� publ i sh ed t h e• resu lts of tho ir experiments 
on iosse s in ben ds of r ectangular se ction using air as the flu id , Thu re ­
su lts of th e ir expe riments indicate th�t the R/D ratio  for minimum los s is  
in  tho vicinit y bf 2. 5  to  3 ,  Th is is approxi�ntoly the sama value as �as 
found fo r  b ·,inds of circular c ross s ecti on. In the· oxpo rimcmts on b,.mds of 
r,:ictanr:ular· sect ion th ere aris.:: s a t l.3rm whic h  Mad i son and Parkt::r c al l  the 
aspo ct '  rat io , and they d efine it as the rati o  of the width al one: t h0 ' ax is .  
of the bend t o  t ho dep th in thEJ plane of tho b e nd .  In a si pho::1 th is  would 
corre s pond to tho ra tio of t he l ength of t he crest to th<:: depth of tho 
throat s ect ion. The r es1 tl ts of tht, so exp ,J rimonts show that in the rn.nc;o 

-. 
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o f  R ID rat i o ::; of  1 . 0  t o  3 . 0 the los s i s  practi c a lly  in de pend e nt of the 
n ·• µ c c t  r- a t i o  fo r . be nd s  with a s pe ct rat io s f r om  1 to a lmo st 3. .Fo r h i gher 
a s pe c t  ra. l: io s  the l o s s  due to t he bend decreases  unti l ,  for an a s pe ct ra-. 
t io of 4 ,  the l a s s i s  88  perc ent of that . fo r a b end of  a s p ect rat i o  o f  
un i ty ( s qu a r e  i n  c ro s s  sect ion ) . F o r  bend s  o f  lowe r a sp ect rati o s  the 
l os s inc rea s ':1 s  r apidly unt i l ,  for an a s pect r at i o  of 0. 25 , the l o s s  i s  
ab ou t 217  p e r c ent of  that o f  a bend o f  a s p ect rat io o f  unity. In t he ra.n e:e 
.� r ��: In rat i o s  fro:r.1 o. 0 · to 0 . 5  the l o s s  irt a bend wit h an a s pe ct rat i o  o f  
c .  25 i s  1 :�o  r-0 r c ent o f  th at when t he a spe c t  rat io i s  unity. The l o s s de ­
c r l� a. s e s r::i.r., i d l y  as the aspe ct rat io i s  inc reas ed to unity and more s lowly 
l:\r, the a.s r· - � ct  r at io i s  increas ed beyond uni ty. The value of t he lo s s  when 
th0 a s po c t rat io  i s  4 become s 74 percent of that o f  a b end of a s pe ct rat io  
of  uni ty . 

The re su l ts of t he exp e r iments a l s o  ind i c ate that the lon s in an e l ­
bow i s  practic al ly �ropo rt i onal to t he angle o f  tu rn up to 90 de �ree s .  
Fo r  a 45 -do grc e  bond t he l o s s  was found to be 5 2 pe rc ent o f  that for a 90-
degrco b ond ;  and for a 1 80-de gree b ond the lo s s  was found to be 165 pe r ­
c ent n f  that f.or a 90-do groe bond. The s e  finding s  a.re more o r  l e s s  qua. l i­
tn.tive ly c 0n s i s tont with t ho re su lt s o f  te sts by Yarne l l .  

If  i t  C Rn  b,3 a s sum od that the ro su l t s  o f  t ho s e oxp erirnents which u se 
nir  0. 3  tho flu i d  can bo appl i e d  dir ectly t o  the ins tanc e s  whe ro wnter i s  
u s ,:. J  a s  t h0 f luid , somo int e re s t ing ob s orvati ons re su l t. It ha s been found 
t h n.t tht1 rnt i o o f  R/D , p.:ivinr.: minimum l o s s ,  ,l ie s betwe tm 2. 5 and 3 •. 5 .  By 
in c r -..i a. sinr tho o.spcct r e.t ic , ho l ding tho R/D rat io  at the opt imum , tho lo s s  
.Ju ·.; t o  · t }',_.:; b ond may be furthe r  decre a s e d . Tho usual v�luo of the a. spo ct 
r" t i o r. t thu thront s 0 ct ion o f  a s i phon is o.bout 2. In cas e s  where n 
vn.luc o f  R/D of  2 . 5 c annot b e  obtai ne d ,  it ml'.\y be po s s i pl ,3 to  increas e  t ho 
!l S ? "C t  r ·--.ti o unt i l  the' lo s s  i s  comparab l e  with that o f  f.\ b "'nd o f  R/D o f  
2 .  5 ·l::d !'. sp ect  r r.t i o o f ,  s o.y , 2 .  Irurtho rt:no re , log i c  wou ld po int to tho 
c on cl u s i on thnt n siphon of l ar ge aspoct rati o n t  tho c ro st  s ect ion wou l d  
pr imo mor o qui c kly the n nnothe r  s iphon of equnl  throat area but SJllt'l. l lor 
,:, s po c t  rnti o ,  b u � nu s e ,  for  the s rune vo. luc of tho pr iming hend , the a.re�, of 
the pr ininr: ,jot wou ld be l r.rger  and the vo lume of  nir  p er foot o f  c r(;)st  
bn;;th to h •) oxh!\u stod wou ld b o  le s s  in  the s i phon o f  tho  large r a sp e ct 
r�t i � .  In n numb e r  o f  insta l lat ions the a spect r at i o  hn s b een decreased 
betw,_'. on t he thr oA.t se ct ion and t he lowe r bond o f  the s iphon. In the l i ght 
o f  t. h,J ,;; xoo rimcnts p er forme d u s ing nir , thi s pro c edure has r e su lt ed in in­
c r e a s ed lo s s  at the l owe r  b ond� C'. fact confirmed from te sts  performed · by 
G ib s on ,  Aspey, r.nd Tntto r s n l l . 

Ade quntz informRt ion on l o s s e s  in bon ds o f  rectr..n�ulnr c ro s s  s e ct i ons 
i s  ve ry s c !'.'.nt.  Whnt l i ttle the re-- i s  o.vni l nble at tho pres ent t ime i s  not 
c ons i s t 0nt .  To d e s ign � s iphon s pi l lway without the u s e  o f  hydrau l i c  
mode l s ., t ho •.mg ine e r  mu st b o  nb l e  to dete rmine the los s e s  r r.the r acour�t e ly 
or s e r i o u s  d ifficu l ty w i l l  r e su l t .  If ,, for ins t anc o , the a s sume d bend 
l o s s a s  �r e t oo high ,  the pe rmi s s ib l e  vnouum o.t t h� throat mny be exc e ed ed ,  
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resu l t inr;  in cavitntion at the cre s t or even a break in  the wateT le g ,  
ca.using the s iphC'n t o  pu l sate . On t he other hand , i f  the a s s 11m0d be nd 
lo s se s  are too low t he capaci ty of t he s iphon wi ll b e  l owe r  t han thnt for 
which  it is  designed.  Un til suc h time as a dequate data on berru l o s s e s arc 
avai lable , the de s igner must resor t to mode l test s . 

19 .  The d iver5ing tube. An ingenious device for inc reas i ng the dis­
charge an d effic iency of a low- head . sip hon i s  the d ivdr ging outle t tube . 
When the diverging tube run� f ul l, part o f t he kineti c  en ergy i s  thereby 
converted  to pressure ene rgy, which cau se s a dec rease in t he pre s s ure  a t  
the . throa t secti on and consequently an increase in t he throat ve loc ity , 

wit h a corre spon ding increase in t he eff iciency. A dif f e rent, and po s s ib ly 
a simpler,  co ncep t o f  t his s ame p henomenon wo uld be to consider the outlet 
sec tion of t. he s i p hon as an or if ice d i s charging wa ter under a head meas ure d 
from the forebay level  to t he co�ter of the outle t. T he whole s i phon mig ht 
then b e  cons id ere d a s a di storted  mo u th to the orifice . In comparing t he 

d ischarges of  two orifi ce s operating und er  t he same head , the orif ice hav­
ing t he larger area will have the larger d i scharge . Furt he rmor e ,  tho ori­
f ic e  having a cons triction in its mouth (which is analogous to a siphon 
wit h  a d iverging tube ) wou ld obv ious ly have a lower coeffic ient than a n  
ori f ice hav ing no constriction. When t he action of a s ip hon with a diverg­
ing tub e  i s  cons id ere d in this l ig ht, t he I't:,ason for the increa se in d is­
c harge  i s  obviou s.  Furt hermore , t he reason for comp).lting the di s c harge co­
e ffi c fo nt bas e d on the outlet area is a lso obvious. 

Tho diverg ing tube increases t he capacity of  the s i p hon without in­
crea sing tho c ross- sec ti onal area of  t ho throat sec ti on or . of t•hc low0 r 
leg  which , i n  s omJ de si�ns , re su l ts in decreas ed co s t end shor ter priming 
time . By increas ing the ou tlet ar�a,· the efflu ent volocity is de cren s v d 
whic h, und er  cer tain cond it ions , suc h  as in the case of Wa ste�y No . 2 ,  
rr.ay be an advantage .  Tht: d iverg ing tube  d ecrease s  the pr ess u N  at  th0 
throat Sl1 Cti on. thus necess i ta ting a stronger c rown. 

The · optimum ane:lo of d ivorgence in a tube fol lowing a right-angle  
bend w·as f oun d by Gib son3 to be  8 d egree s 30 minute s .  Hi s expor irnents l 3 

ind icate t ha t  the los s  in a d iverging tube . inc lud ing f ricti on, is & 

where 

h
d 

= loss due to d iverg ing tube , 

v1 = t he initial  ve locity in the diverging tube , 

v
2 

= th0 f inal vo l ocity in the diverg ing t ube . 

1 9  



2 0 .  Fr i c ti on los s .  ThP los s <l ue to fric ti on cnn b f' co :nputcrl. con ­

'/f· n if'n tly b y  tlw Mr-mninr formuln : 

2 (nv) 

') 208 4/3 
.::. • "  r 

h "' h0ad lo s s :iur to f ·  

/ 
/ 

fri c ti on 

S = mnA.n sl  o r,r' o f  hy1f r0.u U c: f rtvi i rnt in tho r ('f'\ch,  

L = thC' l c>n c th of  r f'nch  c ,rnsid C'rn d ,  

n 02 Cor ffL� i0nt o f  r ou 1::h!'1 r · c. :· ,  

v = th•.' :nt• nn v,. 1 0 0 .L ty ir: thn r r,'a.ch , 

r = the mrr..:r. hydrnu l L� r a. -1 ius in th0 rf'ftch . 

T', t.o tnl lo s s  1u - '  to f r::. c ti on i s  thr- sum 0 1' th, i .r; n i •r i .iuf't l  l o s s, s i n  

, r. �: :·, r · r, ch .  T:-v-· fri c ti on los s s honld L e  c ornrut, · rl. only t o  th. s tnr t o f  

trw r Uvn rr,in1� tube , s i ne ,.· th , ·  los f; in the -U v<:rl_'.'.i ::1[. tub inc ludr- s fri c -

2 1 . Totn l  lo s s t hrouch s iphon . Thr kine tic  < 'ff· rry A.t the� c�utlr -t  
I 

·" 
') 

v� : s  cc, ri.put, � by th- - formulA. , -�,.-, whcJ r': 
..., t, 

v is  th-· v - · loc i ty nt  t lw ''X i t  

I f  d l  th- nn ·l t he- 1: inn ti c nn0 rrN ni, ont lf' t  nrc :r. 01'1' "X-

p r · � ,, .·· rl in t"rms of n co • · l"fi o fr nt tii'.I(· �� thf' v<" · l o�: i  ty h, r. rl "· t th<! thront 

s c -::.j m1 rmi! tl-w i r SU!rt is �0t < riun.l tn th, r,Yni 1 ,.,,b l r ·  totr. l hr- A.d , thP. 

v , ·, loc i  ty r>, t th, thron.t s h: ti on c nn b • · (.) omru t,, ::J .  Hn.vi:1r t h-: mom v, , 1oc ity 

r.t th, t:-iron.t s c· ction n.nd -L h( d i c. chnr,, I'' r foot. oi' c r ·"' S t  l , inr, Lh , Uv ·n 

t"l ,  rnd iu�; o f  th>'." c r ,· s t, ,-,, f' !:;h n t  thrnn.t ,  ".n,, so forth, cr.n :: ,-. fo1J::1d . 

22 . C r itf - r in  oi' _ r; i_r•1 nn d r3� .  In thr· l r.s t. f'\nn.ly �-; i. s , t�w bn r. t  

s iph,�r: d r· :, i 1;n i :, t!lc or. , ·  1'l1 , lch  cn.n s r>, t i s l"::' t h, ·  ,· on h tions 01' d,·- s i 1�r. n t 

th, l ow,-- r, t . c: o c. t .  �lhi 1. .-· s uc h  f. c r i tr r i on i s  )"'lFl.rl\;-r,ount ,_.,h,"' r. consi rk rinr: 

'F. r i. rm�  s iphor, . ric- s i r- 1 1 :� i'o1 ·  Fl. pr. r t i (!Uln r .i.:l :; tP..l ll" ti on , i t  i s  imprncticnl  

� ' .  1 · �· , - ··,n "_;- ini- thh ,,p.- rr, t i -'.'ln )f  i i f t ' � r , ·n-t s iphon s -lur- ) ,0 •  .. o:1ly to thr • ii f-
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tiE>s  and dur ing d if fe rent pe ri od s of c onstru c ti on .  It  hA. s thP re fo re bP.Pn 

ne ce s sary to find s ome o the r b a s i s  for comparing s iphon perforrna.nc P . Un­

fo rtunately , no single  c rite ri on can be e s tab l i shP d wt. ich  inc luded  rr.ir.irr.um 

priming head,  priming ti� , d is c ha rge , arP a ,  and ope rat ing hP�d . 

2 3 .  Tbe c oe ffi c ient o f  d i s chare;e .  In c omputing the coe i' fi c i ent c f  

di s c harge , the g e !lf? ral f orm of the e quati on i s s 

whe re 

C u 
Q 

A y2 gH 

8 -=- the coe ffi cient o f  d i s char r�e  J 

Q = the total di s charge in s e cond -fe e t ,  

A O the a rea i n  s quare f�e t ,  

H � the operating head i n  fee t .  

Thus the expre s si on s hould give a re lati on be tween the ac tual  di e ­

charge and the the o re tica l  di s charge . The re a re two point s , howPve r , 
14 that are sub je cts of much controversy ,  the a. rea and the head . Naylor 

propo se s that the outle t area. is the only one upon wh ich  the computh.ti on 

should be based.  I f  this  practice i s  adhere d  to , the coeffici ent wi l l  

never b e come uni ty o r  greater . For example , in thf'! te s t  on thi:: Wa.s teWRy 

No . 2 s iphon , a coe ffic ient of 0 . 59 6  was obtained when the coe ffi c ien ts 

we re based  on t he outle t a. rea.J  but when base d on the area of the throat,  

the c oo ffi c ient b ecame 1 . 09 3 .  In a pape r on the coFJffi cient d i s chA. rr;e of  

s iphons , S c imeni4 be.s e s  the di s charge coe ffi c i ent on  the throo.t area. . In 

th� s ame pa.per he al so  d i s cus se s  seve rn l  s iphons , the mos t  notnb le of  

which  wa.s a type rep orte d  by A .  We irich  in  11 Selb s ta. ttige Se.ugubnrfa.l lo " 

( Deuts che Bauzcitung 1 9 1 7 , P •  22 5 ) . Thi s  s iphon ha.d a.n ove rhanging 

cre s t ,  n d ive rging l owe r  leg ,  and di scharged  v� rtical ly into n poo l . 

Weiri ch did  not menti on the me thod employn <l in c omputing the coeffi c i ent 

of  rli s cha.rge , but g ive s vn.lue s ranging from 0 . 95 6  to 0 . 9 84 .  8 c im0ni ex­

prc s ::- "· d hi s  surpri se  a.t  s uch a. high co c ff'i c i nnt .  Apparently A. coe ff'i ­

c i,,.nt  of thi s s i z e  or l c.r gP. r could be obtni ne d only i f  the thron.t A.rcn 
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vras usPd ins tead o f  the out l e t  nre e. .  Thi s  examp l e  ha s been c i te d  to i l l u s ­

tratP the confusi on whi c h r e su l ts from having no unive r s al ly s tandard me th ­

o d  o f  c omputati on , I t  s eems mo s t  unfo rtuna te tha t t h i s  c ond i t i on s h ou l d  

e x i s t  'Nhe n i ts r19medy appe ar s  to b e  s o  s i mp l e . 

The s e c ond te rm  in t he expni s s i on for the c oe ffi c i e n t  0 f  d i s c harfJ= o i ' 

the: si phon ?•hi ch , b, cfl.u se �f its  indefi n i tene s s ,  he l p s  t o  comp l i cA. t,· the 

1=t l ri:- ady c onfus ing t e rm i s th0 to tal ope rnti ng hn ad . In c a s e s wh,' n' thP 

r xi t  i s  s c· ale d by the ta i lwate r ,  d e te rminati on o f  the ope rA.ti n� hC'a. <l i s  

s ir.,� le . The head i s  thP- d if fe renc e b e twe en t hP for r·ba.y and the lr. ve l  of 

the tai lwA.tr· r . ':'Then thP s i phon d i s cht:>. rgr s hor i z onto.l ly a.nd fre dy into 

the a i r ,  thP exit s e c t i dn b e ing ve r t i ca l  and f l owing ful l ,  the head i s  

me A. su rf:d t o  t .hE:· C C' nte r  l i m, o f  the jf· ts .  In almo s t  e. 1 1  othr· r c a se s  the 

p o int t o  v,hi ch to rr:c e. surP. the hP ad i s  a. matte r  e f  opin i on an d thf'. rcby bc ­

c om( s an inde fi n i t� val ue . 

1 5  • 
S tevens propc s1: d tha t thn co P ffi c i�nt b�  r. xp re s so d  by e. re l a t i on 

wr,ic.: h  d o c:, s  no t inc lud,:,  thf. hr· ac:l and ,:,h i c h  i nv o lve s tho a rea o f  the outl e t .  

Thu s , he devr l cp s  t he 1: xprc" s s i o n s  

vrhr,rc 

vrhc rr, 

C :::r 
Q 

C "' cop ffic i 0nt o f  d i s charge b a s r d  on outl e t  nrf' a ,  

Q � d i s char g r  o f  s i phon in s 0 cand - fr 0 t ,  
• I 

A �  arAa o f  out l r t  in s qua re fPP t ,  

hf 
= 1-J o.rl rc r1uirr, d  to pro du e<' f l ow 

2 
Q

2 

2 r:  2 
') FGA c, 
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and 

Then 

and 

h1 = to ta l l osses 

n ( a.  + b + C + 

in the siphon from 0 ntranc 0 to  e x i t  
2 2 2 2 

) v . v  I Q  Q • • • • -- = K - = K ----,..-- = B -2g 2g 2 A2 2 �  r; 
a. , b ,  c ,  e tc. = co P fi' icir: nts o f  losse s due to e ntrance , be rds, 

fri cti on , Ptc. 
K = a +  b + c + • • • • • •• • •• 

B = _K_ = sum of loss co � fi i ciPnt d ivide d  by A2 

A2 

H = 

C = 

Q
2 B Q2 Q2 

+ (.....L.. + B ) ,,, _  
2 g 2g 

. A2 2 gA 

Q 
----====:;:========-

= 

I 2 -
1 Q ' 1 A \ _

/ 2g (- ' - + B ; ) 2g ;_ A2 

1 

/ 1 + BA2 

This 0xpressi on was proposed by Str:vens for computati on of th.-:: coe ffi cient 

o f  discharr;P- . It  wil l be rememb e red tha t B is thr: sum of the loss co -
2 K e f'fic i i:; nts d iv i de d  by A , or B ,.. -

AZ 
• 

fi c i Pnt becomP s : ·  

Thus the e xpressi on for- the coc f-

1 
C =-

· ./1 + K 

T 1c i s  i s  in t hn for m  "rhich Sciml'lni propo s e d. I t  i s  intr•rcsting; also to 

no te th nt a. simi lar e xpress i on is civnn by Schokli ts-cn. 16 It appe ars to 
bP  a.n i d e a l  e xpress i on ,  s i nc f'  i t  involve s nP i th€r the indefi ni te head 

nor any are a. ,  thro at or outl e t .  In thos·e case s whe re the values o f  the 
intr: gra.l  p ar ts of K cnn be dete rmine- A ei ther by ve loc i ty  tra.ve rsPs o r  

prr- s surc ffif; a.surcmr nts a t  thE· sc,vr;. ro. l necessary points th roughout thf.' 

s i phon , the a.bov <:  c xpr0 s ::l i on can br, us e d to rie terrnin P the cof· fficfont o f  
1 h cha.rg:c, . Al s o ,  in dusi rninr: the s iphon this r: xprr:ssi on may b e  use d, 

s ine , thr va.l ur· K c an br  dc t•c rrninr, d from th,, a.ss umf'd lo s ses. However,  
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in most siphon i nstallations the pre s sure or  ve looi ty  measuremPnts nc� dPd  

at  numP.rous points a.re impos sible  to obtain , and the refore , t ho total  

1p�rnti ng head mu st  be known i n  order to  oom.pute the c oefficient of di s ­

cherg� . Fortunate ly , many s i phon i nstal lat ions have sealed  e xi ts and in 

thos e  case s the operating head is defi nite , The out let  area, as previously 

•pointed out, i s  thA only one used in computing the coeffi cient .  It wi l l  be 

shown in t he fb llowi ng c hapter that the coe ffi cie nt i s  an unrol iabl�  c ri ­

te rion  o f  the eff �ctive ness of  t he s iphon , 

2 4 , Effi cie ncy . The e ff i ci �ncy of  any machine i s  th� rati o of the 

output energy t o  the i nput e nergy . When appliP.d  to a s iphon , th is is 
l e quivalf'nt to t he rati o of the ve l oc i ty  hPe..d at the outle t  to the total 

ope rating hPad on t he siphon . The e ffioi Pncy would b�  

,, .. ,--
but 

V 
2 

h 2 g  

and v2 
H a 

2g 
thP.n V 2 

TJ .. 
v2 

Q, C "' 
A ,j2 gH 

0 

A • 
A -� 

0 

V 2 V 2 V 2 
c2  .. __ o_ It 

2 gH 
0 0 

----- · ---

v2 v2 

w-h�· re 

2 
Tl a C 

2g 2g 

TJ .. p ffici �ncy of  s iphon , 

h .. v� l oc i ty h( nd at outl� t ,  
0 

H = to tnl opn rnting head , 

V .. ve l ocity n t  outl e t ,  
0 
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V ·- th0oreti c.:A.l Vf' l oc i ty corrf' sr rmrl ing L o  totnl ope rH t in.-:,:  hi=: ad � 

Q actual di s chnq c of s iphon , 

A = A.rea o f  ou t le t ,  
0 

C cnrffi c i rn t  of  d i s a hnr:r , 

If  t r r  cocfri c i f'nt er  d.i �; charg:E' i s  not cor.s iden' d  sat i s fac Lury a s  A. t.:ri t0 -

r i on o�· pe rformanc e ,  t.hc11 thC' c ff i c ic-r.cy a s  rxr rc- s : :011 by T) ""  C .... wcul :i bf.  
15  1 7  subject  t o  the same c ri t i ci sm .  S tevons a.n<l Le Contr b o th d i s cus s thi s  

ni:-pro n c h .  Stevens 1 5  d i s cus se s a.noth0 r exri rf' s s ion for c fl ' ici rmc:y wh i ch he 

r: e fi ne s  a s  th<' rati o of actue.l flow to mruci mum attai ne.b k fl ow ;  the la. tte r  

· , rouln oc cur when a sul:ie.tmosphe r i c  prc s �ur0 o f  onE' a.tmosphf' re i s  deve loped 

a.t  the th roe. t s A cti on .  The cffic if'ncy in thA t case  vrould b0 

Q At Vt 
TJ .,. 

At /2 ge. At V
e. 

when, 

Q = actual _ d i s c ha rge , 

A .,. area at the throat s e c t i on ,  1 t 
V = e.ctun l  mean throat v� l oc i ty ,  t 
V a = th0. ore tica.l mean thront vel oc ity corrc- sponr1 ine; to a 

hoe.ct of  onf' atmosphe re , 

a = head E' (1U ivnl0nt t o  onn a tm)s pllf' r,� . 

,. 1 l4  d 1 d 
. · 1 . h "  h J- d ,., . 1rn.y o r  . 0v0 ope· a s 1.1:u e.r e xp re s s i on 111 1c.:.  . .  w . r J. 1!1<: s a ::; 11 Thr 

rP t i o· of thf' d i s charge to the diecha.rr;e of a 1 pe rf, , c t 1 s iphon of the sa;:if 
t:iroA. t  a r0 e. .  By a ' perfr., c t  I s iphon i s  rn0e.nt t h" pur�. ly thf' orn ti c al c on -­

c r - p t i on o f  a s iphon with a pF:rfr-- c t  va·cuum a.cro s s  t},e throa t . " Thus , t!-lr 

cxp rr s s ion : 

Q 

A ·,/2 ge. 

'. ·he rP 

T) :1 thr· c ffic ioncy of th.- s iphon , 

- � = th� a c tual �i s charbc , 

A :1 thr a rr� of thr throat s e c ti on ,  

I I 

R = vacuum h,,.·ad in f1-; r- t  of wA.t<:r f' quivnl Pnt to onr ntmosphc:- rc . 
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I 
I 

i 

When 

a �  34 feet ,  the expr� s si on become s 

Tl "'  __ Q __ 
47 

At 

This  P.xpress ion e l imi nates the indefi n i te he ad and definite ly f ixes thn. 

ar€1a e. s  that o f  the. thr oat s e cti on .  BP. cause it  would be impossiblf' to 

obtRin an average ne gative pr�ssuro of  ono atmosphe re across t he throat 

s e ctio n ,  the effic i�noy oe.n never reach 100 pe rcent . Naylor  further po ints  

out that "t�e 1 ooe ffioi e nt of  di scharge ' d iverts attenti on from t ho true 

desiderata of a s iphon . It s ugge sts that the d i sch�rge is proporti onal to 

the square root of the head available  in aey particular de sign,  wht� reas 

it  depe nd s  rather upon the vacuum e.ttaine.blf:l at  t he throat secti on . "  ThP, . 
truth of the f orego ing stateme nt miw be demonstrate d .  

The total operating head must e qual the sum o f  thr: lo s ses  plus  the 

ve loc i ty  head at the outlet . Thu s ,  in a l ow-he ad s iphon with a d ive rging 

tube s 

V 2 V 2 V 2 V 2 (Vt - V ) 2 

H "' a t + b t t + d' t 0 

2g  2g  + 0 2g  2g + e 2g  

V 2 

+ ---
2g 

or 
2 gH a {a + b + e + d + e )  Vt

2 - 2e Vt V
0 

+ (1 + e )  V
0

2 

whE1re 

H • the total operating head , 

Vt = thP average throat v� loc ity , 

V = the avnrage outle t ve l oc ity , 
0 

a ,  b ,  c ,  d ,  and e � the coe ffi cie nts of los s for ontrancn , 
uppe r bend , fr ict ion, lovmr b€'nd , and d ive rging tube , 
re sp fl ctively .  

By t�king th� fir st  der ivat iv� of t he head , H,  vr it h re spect to thP- out-
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fo t vel oc ity , V , a nd e quati ng this  to z e ro ,  a re lation b(' tween the out­o 
le t ve loc ity and thr oat velocity i s  obtained ,  

or 

dH 
d V = - 2e  Vt + 2 (1 + e }V0 "' 0 

Vo :::r __ 
e __ Vt 1 + e 

There fore , t he mi nimum head to devel op t hE' mRximum allowable negat iv� 

pre s sure a t  t he cre st , whic h, in turn, wi l l  l imit the allowa.blfi avE' rage 

t hroat ve loc ity and the maximum a llowable d i schargf' , i s  obtained  by sub­

stitut ing t he value of V i n  the origi na l  e q uati on so tha ts 
0 

H = (a + b + c + d + 

S ince 
r2 q a v

1
r

1 
l og

0 � v1 = 

be see n tha t s  

V =' t -../2 gh 

e ) 
l + e 

V 2 
t 
2g 

whic h, when subst ituted in the preceding e quat ion , yie ld s  

H .. (a + b + 0 + d + 1 : e ) (h ) ( 

where 

H :::r the total operating  head , 

rl 
r -2 rl 

log e 

2 r2 -) rl 

h m maxi mum permis s ible vacuum at the c re s t  in ff'( t of  wat0 r , 

r1 a the rad ius of the c re s t ,  

r 2 = the rad ius of t hf' c r own .  

If ,  n t  the uppe r  bend ,  Wf".: le t R/D "' 2 . 5 ,  , thnt is r2 = 1 . 5  r 1 , and take 

h = 24 feet , 

H = 15 . 7 8 (a + b + c + d + () ) l + e 
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N01.� ,  i f  n • 0 . 10,  b • 0 . 1 6 , o • 0 . 10 ,  d .. 0 . 1 6 ,  and e • o". 1 7 , the 

vnl uP for the minimum hP.Ad become s H .. 10 . 5 7 fee t .  Thi s m�ans th�t. 
for thi s  p11.r ticular d e s ign fo r ho ads in 1:1xc,e s s  of 10 . 5 7  fee t ,  th� r1 :l � ; l'.lhnr r,e 

cannot be. s afr ly increl\sed  by me rely incref\s ine; th0 ope ra.ti ng he nd , L ut thr? 

rA.di i  of thP c re s t  nnd c r own  mus t A. l s o be. incre a s e d  i f  t ht:- R.l l owa.h ln vncuum 

at th� c re s t  i s  not to bP. cxce.odo d . 

the 

It appears tha t e quati on � .  Q , whi le i t  do o s  no t  inc lude 
, A -./2 ga 

priming ch,u-A.c t0 ris tic s , �·rould bf'  I\ sn.t i s fA.c tory cr itc> r i on for c omrn. r -

ing siphon pe rformn.nC A s , nlthough i n  a.n n. o tun.1 de s ign the c ons truct i on 

co s t  may be oi'  much  importnnce . l'he e ffi c ioncy mny b e  incrPFt se d  b;{ in­

c re.A. s ing the rad i i  of the bends , by p rovi di ng n l on� dive rg ing tub0 , And 

by other me ans wh i c h ,  when c nrr i� d to o x treme , woul� invo lve n c on s i d � r ­
a.b l e  inc rf?A.SP. in co st . 

2 5 . Priming chn.rncte ri s ti c s . In instnl ln ti ons in whi c h  s iphons 
: : . 

n.rP to be  u sfl d  r.s wnte. r -lovt=: l regulnto rs , thA intP re s t  l s  parti culn.rly 

in two fF1c to r s 1 the hM.d on the cre s t  nt which the s iphon : wi l l  prime , 

Md the tirn£1 re qu i re d  for the s iphon to pr imP ��  _thi s hen.d . Bo th of  the se  

quA.nti ti"' s n.rr- d epf'nd ent upon 'the siz o nnd s}mpc 0 1'  the s iphon and upon 

the rat.- of ri s f'  of' the forAbr-.y level . Mnny inv':! s tigato r s  hn.vE· rt \:.tcmptrd . ,  . . 
in  mod,:,l  te s ts ,  to d � termin� thP. hend  re quir e d  to . prim0 when the fo re bay 

lf:'vf' l w n s  ri s ing n. t "· cons tnnt rf\t�· . ThC'y dP- fin;• thr· hPnd re ciuir�"i to 
prinr fo r n spP c ifi o r nte of forebny r i se n s  thnt hend on tho e rr s t  �t 

thP · ins tr.nt whon t1.l l nir i s  evn.cUA.t-, d  fr om the s iphon . To o s tr..b l i Rh thi s  

qunnti ty ,  three  vn r i l'\b le s ,  thr. time , t he  fo re bay l Pv� l ,  nn1 thP qunnt i ty 

o f  di s c h� rg� mus t be cons idP.r�d . Mod � l  dA.ta obtnino d  by thi s  p rocP dure 

is sub j,, c t  to inl'\ c cu rn.ci r• s  unlf" s s  "" lnborn t(" A.ppr. rntu s i s  u s e '1 . Mo rA OV!' r ,  

modi'."!  dA.tEt o n  pri mi ng  o hr. rr. c tr r i st i ,J s  cennot b<' s c�. 1 .-, d  t o  th�  pro totyp11 . 

Th,:, r i;- i'o rA , thf> only v '\ l uE> · or  s u c h  dfl. tn. i s  for c ompn r i s un o!' priminb qun l i ­

ti <' s  o f  mod , b of th!' s "1r,e s cn lr- . A more Rccur!\t" P.nd a. s irnp l •'r  oxp,, d i ont 

i s  to d E" t111 rmi!lf' thf" minimum hP n. d  r,- qui re d to prinv- wi th I'\ �ons tn.nt lr vri l 

o f  tr_,.,  fn rf'bny . Thi s 0 l iminr.t< • R one - vnr iA.b l .-" ,  thf ·  rn to of  fo rnbn.y r i s �· ,  

�nd i s  nn"-. l o �,. cus  to t hP s i  tun.ti on in  wh i c h  t hr• fo r , , br.y nrNt l f  lF'. r{;t:' , wi th 
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the conse ouent slow rise i n  the fore bay leve l result i ni: in t.hP s iphon n rim ­

ing ,  for al l pra ct i cR.l  cons iderat i ons , at a constant  hf'la.d on thf' , : rF- ri t ,  

Some exp eri me nters have expre s sed the head requ i red t o  prime i n  te rms 

of depth at t he throa t seotion . Thus 

where 

d 
h '  = k  

h, = he• d on crest · d f · · 
c� re quire or pr1nu ng: , 

d = dept h of t hroat sect i on ,  

k = priming cons t A nt . · 

I f  the t hroat  depth were 3 fee t  and t he head t o  prime were 0 , 5  foot ,  

. . d 3 d k = - .. .......,..,_,,,._ = 6 ,  or h ' = -6 h '  o . s  

I 
This expression suggas t s  that the head re �u�re d to prime is a func t i on of 

the d e pt h  at t he t hroat sect i on ,  whereas thb he a d  to prime ac t ually de ­

pt=>nds upon t hE> shapf> of  t he siphon and t he me t hod employe d t o  eff'e c t prim­

ing , Considering the rat e of priming, a be t t er criteri on than t he time 

alone wo uld be t he me an rate at whi ch the air is evacun t E> d , Thi n la.tt o r  

value would t ake int o acco unt not only the tilllP. · but a l s o  thP v olume o f  e. ir 

to bc- e xha.ust e 1 . 

2 6 ,  Priming devices . In siphon ins tal l ation whflre qui ck pri mi ng e.t 
a. low he ad i s  one of the. foremo s t  cons iderat i ons , v nri ous  rlev i c c· s  hnve: 

been emp l oye d t o  decrease t he he ad fll.n d  t he; priming time . In one t ype , 
the e ffe ctive cr�st was l�· ngthen1:· d by zir;za.g met al s t rips <:,ml;ie dde d i n  the 

con cre te of t he cre st. One inv�st iga.tor1 8  claims t he priming t i me w-a.s re ­
duced 2 3  percent by use of' thP be st  t ype 01' zigzag cre s t  ?1" t e Fl t h  as com­

pare d with thl'l.t of the cre f-1 t  using no tee t h. Ifo fa.i l i::  t6 s tat e the effc- c t  

o f  t he z ig zag crest on the coe ffi cient of dis charg<> or rth" · e ffi c i ency of' 

t hn siphon . Obviously , 1ur ing pri mi ng ,  wit h  the s am� ho ad on t he nre s t , 

such n device wo uld i ncrnase thr-J dis chA.rge as compare d wi t h  a strnight , 

smooth cr<:st, and thcr0 for� de cr,�A.sf, the time to pri r.v.,. However , when 

flowing full thf' l oss ov0 r  s uoh a sharp and irrP gulnr cre s t  would be highP. r  
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than the lo s s  when a smooth o re s t  was employed. 

Another devic e is the pr iming weir.  It is s imi lar to t he type wit h 
the castellated or z i g zag c rest in that it also has  a c rest of in crFJ o s d  
leng th whio h  dis ch arge s  mo re water per uni t head than the ordinary s .i r ! ,_on 
d ur ing priminr;. The we ir is at th e elevat. ion o r  the cre s t ; i s  CQM'0ctn ·"i 
to  the crown or the lowo r le.r, ;  and i s  su ppl{ . . d with water by a chMno l 
whic h  c orrmnmioa.t0s with tho rorebay. Usu a l ly th i s ·priming dev ic e  i s  u s t, (l 
in siphons whore the lowe r leg i s  not ve rt ica l bu t  s lop o s  downstr ,J a.rr.. 
l'ho jo t fro m  t he p rimin J:"; wo ir cross e s  the lower l e g, so s.l ing the air in 
th� crown. The ai r in t ho crovm i s  g fadua l ly cvacuatod and primin� i� pro ­
du c ,3 d .  In thr ;  B o ar River si phon s , 19 a pr i.mint; w·�ir wA ::: 1 1sod ,  and t e s t s  on 
the prototyp1; st ruc ture indicated that when using this device t he he ad roqu i r •J d  
t o  prime was rduced  to a. b ou t  ha.1f t�at when a pr imin g: w·,:i:r wa s  not usnd.  
Neither the prirr:ir.."' we-i r nor  the  deviC H! ' Us ins:: e. c a st fJ l la.te d  crest have m :1t 
with much approva l .  It is fu  l t that t he advant age du0  to thr-; l ower prim­
ing he ad i s  moro thaYJ offs,Jt by tho r0du ct.i. on in tho o f ri cioncy. 

On many of the '::) 8.l"' lier instal lations requ iring a low pr imin� he o.d, a 
sma l l  auxi liary siphon i s  u s ed. The p urp o se of the aux iliary siphon i s  t o  
reduee both t h e  he ad and th e  time require d t o  pr ime .  This was a.ccompl i shod 
in one -,f two w ays . In the first , the a.ux i l � a ry si phon dis cha r ged an un­
broken jnt obliqu oly ac ro s s  the lower leg of t he main siphon , thu s  produc­
ing an airtight s oo.l, The ai r trapped abov0 tho S ·Jcl  ·,·rn.s grn iunlly ovac­
uatod by the sh t,ot of  we.tar flowing ove r  the crest of tho  ma in s i. phon, and 
pr iming vm s effcotod . In the sooond ca.s o  the auxiliary s iphon primed and 
-thon nct ed ns an o j octor , d rawing o.ir .from the mt1.in s iphon unti l pr imine; 
wns compl otod. Tho dis advantages of tho aux ilia ry si phon s a�nin outl�o igh 
tho adva.nta?;o s. They are not only difficu lt but oxp•.;n sivo to c onstruct . 
Usua l ly t hoy act n s  o.n ob stru oti on to flow in the mnin siphon, and bocnuso 
thr;y '.:.rr! no c essnrily srnn l l ,  ther'J is n l so thfJ dn.ng e r  tltnt they rnr.,.,y b ocomu  
fouled  with t rn s h .  

Altho ueh not a priming device :in a. s t r i ct s ons o ,  the s e a. ling b nsin 
p lays rm importr.nt pa rt in the p riming o f' tho s iphon. On th is point C1. 1-
mos t  r. ll  r. uthol"ities  agree. After the forvba.y leve l hn s ri s ,m and c overod 
the air vent , if the siphon is oqu ipped with a s0a l in �  ba s i n  tho int e rior 
of the si phon is t hen sealed  comp let e ly. Uo air can enter. Air b ubbl os 
ar� then c arri e d  down by the jet into the s cal ing b� .s1 n, where  they aro 
re loa.s �1  to  ris e  downs t ream f rom the lower bend and -ar� t hu s  exh�w stad to 
th& atmosphe re. Some de s i �,.', rs c o n si rl e r  tha.t for be st  priminr.; qua l iti o s , 
the radius  o f'  t h e  lower bend rn ui::t be sh arp, c-, v•:: n to t r· :� p o i ri.t of b 1:.lcor.;inr, 
a knife cdr:e. Tho d i sadvant a�es of· a soa l inr p "J ,, l n m  that . if thti rato 
of ri so . of th•.;l for obay love l i s  rapid, t he a ir t rapp Yi in tho inte rior of 

. the: siphon may - l) f )  compre ssed. F urth<;rmore, the •soal in,� pool de o rcas u s  tho 
e ffici ency of tho siphon soroowhat . Tho advanta.r,e s ar,.; the great reduction 
in the h�.ad and prirnin..: time . 

Probab l�r th(� mos t corrnnon method o r  prod•1cina: pr imine; in a siphon i s  
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t -'.) in :iu c e  the j e"t tc :e ave the inv e rt ar.1 c r o s s  1:h e l owe r  l ee: 1: 0  i mp ir.r;e  
at a.!'"� a c"Jt e an g l e  on t he ::. ovre r l e e;  c ro0sn ., th e r eby prod uc in0 a s e a l . The 
r.etho d s  of  br i n,dng thi s abou t vary. In s o r.-, e  ca s e s  t he l owe r .'..e 1; i s  s u d ­
d e n l y  b ent downward ; in o th e r s , the re may b e  a d oub l e  be n d  t o  pr o '.l.uc e the 
de s i red  r e su lt .  A srea l l  spu r or st ep  may be eRp l oye d , The s t e p  o r  j o � � l e  
�ay b e  e i th e r  wi th o r  with out a s ea l in g  po o l ,  I f  b o t h  the s t ep and t he 
s e al ing poo l a ro. enpl oye d ,  it  i s  advant a ge ous  to  l o cat e t he s t e p  s o  tha t 
the j e t  wi l l  s t ri ke the c r own c l o s e  to the ou tlet  l i p ,. 

CHAPT ER IV 

EJ..FERI :;:Ei:iTA L  INVES T IGAT ION OF SI PHON.S 

2 7 .  Exp er imenta l pr o c e du r e .  To o bt a i n  the ,,ar i ou s  c r it e r i a  of s i phon  
p e r fo rman ce - co e ff i c ient of  di sc harge , e ffi c i en c y ,  and  the head -d  i s c har r'; ,=, 
re l at ion - it ·.va s ne c e s s a ry  t o  c al i brate the r.iod e l fo r a w i de r e.n p; o  -o f 
total  ope rati nr,  hs a d s . The d i s c ha r ;!'.e wa s  r.: easu r e d  by 7 r mt u r i  J"',1 t c r s .  In 
t ':-J s t  1 - 2  ( fi �r e  1 5 D ) , whe r 0  the ex it wa s not :,v) a k u  by t h·� tai l wa t cJ r ,  t h n  
t c,tal  he ad wa :, me e. su red f r o m  t h 0  fo r e  b a y  wat e r  lc '1 • , l  to t. h t, F .  c .  o f  th ; 
l owr; r b ·;nd . In t e s t  2 - 1 , f ip: u r e  1 6 D , th ,: he ad  wo. s r.: a s 1..l r ·>l f r 0rr: th ,; f o r .; ­
bay wat e r  lov,:.: l t o  t he 0 le vat ion o f  t he c •. ;!ltr '; r  '.) f  c u rv a t u nJ o f ' t h· :  l •.J'-'! C r  ' 

\ b •.,r:d cro'h'Tl _, 1x c •:, r:,t •.vh�, n t h,, d i 'r o nd n;,: tub •c '::F.J. 3 ! :a d : '.:. o  f' !. o w  f•, l l  b y  i n-
c ::- ,: a s i r. ,� the ts. i 1':ra t · : r .  Th,:, tai lwntu r ,,3 1 , , vat i o n ,  to r r 0d u c " t h i :, c o nd i t i o n , 
G O r r  .. : :; p0nd8 ri 7:;r? c l o s r; } y wi t h  thi:.:  r, l ,NcJ.t i 0 r: ')f  t r. •. -:: rown n:: th • • • . .:d. t c. ,  c- ­
t i on .  'I'hu s ,  ·,rhon  th·.: d i vi:.:rg inr; tub ; - wa s f l owii-: ,- fu l l ,  +, h ,. h · ·. n. i  ':r.1 s r. :l. ·  

s 11 r r.A f ror.. t h,., fo r ·�bay  l r:v,, l to t h ,; ex i t  c ro wn , , J  . va t i '.c �l .  A i l  th ·. "  p , , r ­
f'.) rm'.lnc u c ha.r�1 c t ,� r i " t ic s  of th•; s i phon r..o d c l s , ·:ri :·. h  1, h , , · , x c ·  r , t i on 11 ! '  t h ·  
p r i r.-: i n ;r  r1u rtl i t i ,; G 1 W· ; r r.: r}0 t •1 r:.· in,; d from + ,h , : s  .. : rr. ,,o. :,u r . .  ::, ,, r: t :� . 

:fany i n•; ,; s t i r;a L 'J r s hu v•; dat •., rrr.i n u d  th1 "lin i : r ur,1 h · : 8. d  n.: ') u i. r  : i  t ' o r  
;:i r imim· ,  u s i!li"' n. r 1 s 1r, c:  f'o r · .: bay W-lt,: r l , .:v , , l ,  n n d  d , ) f in , ,  i t  11 :; t h ,  h· . · . ·1 · :t 
wh i� h th ,., s i phon p r irr:c s , whr:; n th •.:; rflt ,_, of r i s • ·  i :. 'l {"iv n v r, lu ,) .  Sh , · r, 
4: hu �  ,j ,; f inud , tho h,�8.d  r ,c qu i r c d  to pr im- , i s  • ;  f'u n� t i or, 0 f  +,h , ,  rn. t  ) f' ri � 
o f' thi., f'or r�bn.y wr.t .; r  lcv r; l  for r>.r,y r-, ivt , n  s i phon . To rh1 p l i c 1 , t ,  i ri th ,  
r-.o dc l '1 i::iv r_,n p r ototy p0 conc tr,,nt r r>.t , ,  o f  r i n ,; , t wo f'r'c c to r c  rnu c. t·. b . V ' . r i - d ;  
r) ) th,,, hc: ad  on tho s i phon c r u s t  rr.u s t  b ,:; in c r u r. s , : rl ri.t ' l  c nn c t '.i nt r• ,t ,. · , n.n '.1 
( 2 )  th · ,  di s chnr g c  mu s t  b ,, incr ., o. s ul o.t ,, V ' . ry i n 2;  r ··, t ,. ir.  o rri(; r  t o  rr: · � in t' i '.l 
tr. i ::  c0 n s tE'.nt r8.tc, of r i s v in thu f o r e:b rw vmt c r  l -; V f J l . To fo l l ow th i s  r r n ­
c •_, ,Ju r· .  ?ri th a.ny d -.: gru o o f  11c cu rricy i s  d if fi c u l t. I f  i t  i s  no t �, c c 1 , r ·,t ,  · l y  
d or:• . , th ·., r · , sc1 t 1, i s  rr. v m i n ?'_ l c c s .  It hr. �; 0. lr c r.dy h , , ,:, n po int r, d  ou t  t l l' . t  
··;v -, n ·1: it h t h r :, : l'T!o rl,; ] s ". t d i ff , , r , .nt  c c r. l e: s ,  Llv p r o t o t yp , :  p r i.min f' h ,  r , d  c ·  r t ­
n o t  b p rr , rJ ic t •J d  t o o  r,. c c u r ·2.t • , ly . Fo r th,, s ,  r ,J, S /) ) ' :.: i t  '.'!rt e dc c i rJr , d to 1 :. ­

;, l o y  r,1. s impl r, r  r�•. : thod  o f' rL t •..: rrr: i n i n r, th 1.; : r. ir. irr,urn p r ira i n 1r; h- , 'vi .  '!' h L, 1 , r o -
c ,!ur • :  r , ; r1 1; i rud  t h•., v · · r � · . t ion 0 f  Q n l y  0n 1 , q u ·  nt i ty ,  th · . d i s c-hr · r r� . I n  L h ·  
:r, rJ rL J. t • ; : : t :.: _0n +, )-,,; ;; i ph() n ;: 0 f  '.'1 11 8 t • ; V{"'. y  '. Jo , % , c,_ /" ') ,: ,J i t; i o n 0 f ' f l. o w '/! ' :, 
· .. : : +_ ·  !) ' i :; /1 • : · i : ;o i . h - . +, r,h c: i : ih r)n  r:. rJ ' i , i wr; : 1 ] rJ  r· rJ 1.,  p r i. r: :  i. r ,  ' : ny J , , r1 1 • t h c, f' l , 'i r r : . 
: '.y  i r, , : r ·, · � :: j r, r- t , h, .  !-'; , , , . . J  () !J  1 h r: r , · ; ' _  r ,y : ; :�a· ·  [ !. i. r ! C r  . J:, · . r 1 I. · : , : ,h •  r :! i. r . i •:: : u r  L ·  · , r j 

r , '� u i r • . 'J +J r ;, �� r j :·> .. ·:·,- 2 · j , t r � · i : • .:-1 . Th .i. : ; p r 'J C • , r i u r 1 '.'/fl �: ! i ' ) t  ·J l . l .'/ : ; · 1 ! � . ! 1 ! · : r ., 



but also  r csult od in !":luch gren.t er f.\ ccu r'.1.cy thc. n cou ld h!-.ve; b een ob tninud 
by employing ::'. rising wntor leve l .  Fu rthermore , th is pro cedure probn.b ly . 
dupli cates proto type conditi ons more c lose ly than the o thers , sinc e the 
rat s of ris e  of the forebay water level is us u ally s low enough to be c on­
s idered ·  cons tan t ,  exc ept i n  t he case whe re  t he fore bay fr-$e w ater sur f.'ace 
are a  i s  r0la t i1r e l y  s mall. 

In det e mining 'the t ime to prime at tho min imum priming h ,.;ad, tho 
si phon w a s  ven t0d to the at mosphere to pr event pr iminr". d uring thu timo 
f l ow e qu  i l ibriur:i wa s bei ng estab lishe d  in th � r.;od e l .  When t h e  he ad on 
the cr0st was accurat e l y  s et and equi l ibrium of f l ow cx is t od, the air 
V : ,r:t s t o  the s i phon we r e  c losed .  The t ime requ irerl.  to !)rim e wa s  re co r :k rl. 
a s  the e lap sed  ti rr," from tile in stant the air supp ly w a s  cut off ur.t i l  th(� 
a ir was conp J. ,.,to ly e: xhausted from the siphon. 

In Wa steway No. 2 a bore cau s ing a.n o. 8 8-fo ot h ofl.d on t h e  s i phon 
cre s t s wi 1 1  be form ed if the turbines in t h e  povror plant nro suddenly 
shut off .  It was d 0sired to d etermine the t ime r e qu i red for primin g  und e r  
this pract ical ly instnntanoous ho a.d, and this was a c c ompl ished in th·,; 
model by raisin?, the wate r  in t h0 forebay f'r om  norrr� l  elevat ion to the 
bore h ei ght l evel as q u ic kly ns  poss ible and ma. ir,tni ning the O.  8 8-foot 
head durinis t he priming action. Th e time r e quired to prime und , ;r th i s  
condit ion wa s r0c orde:d n. 3  the el aps ed t ime from tho instrmt the water in 
the fl)r .,-Jb'lY b 0 ga.n to ris r; unt il thE: siphon wa s comp l ut , :ly p rim · ,d. 

Tho m i Eimur:-i d i s chf!r2; ·3 f o r  continuous op ern.t ion wn.s  c -Jn s id ·� re d  n. s , i n ­
s i t i v 8  ind ic atnr " ru l ati vs t o  the priming churact � r i st i c s  �nd wn s th e r o ­
f'or•j :Jb t n. irv · d  in �,l'J st cn. s e .s . Tho h en.d s on tho c r .: ,: t 0 f  t ho s iphon co r ­
r -: sp :, _. , ,11. !"ii' t ::  v n. r i o 11 s  d i s ch rr r.; n s  thr ou gh i. t ;uorc ··. l so r1 c t e rm i n , : d. 

:C: 0 .  �,r i :.,. inr l mod ·.;l ( Te s t 1-1 ) .  In t h • ori r hr.l ci . s i�n ( f 'igurc 
l b !.J ) , t h -.:: 1 i. r,  0f th� s i phon  \'ro. B p l rlC •Jd  r1 t t h e  no rmid f' 0r•J D'l Y yrr, t . ; r • , Lwr-,_ ­
.t i r:in s 0  t r, ·.t  th;-J s i phr:in ,.nu l d  b r fJG.k i t 8  pr f r  .. · ,  wh , · n  th e; •!fr.t or vrn s  _ l o w(,ru cl 
t 'J  thr_ -+_; .l · , ·: · : l .  A hump W8. :, p l r·,c nd  in  the  • ;X it. tu b t; to  1c: :, tnb H. s h  f, ·.wtt Eir  
s • : • . l  rJ.t  th•..: l ovrnr b r:m d. T(1 S t s  pr ov od t h•\t th i s  s ,, r-. l in;::  poo l vin s in ,j f­
r� c tiv� in  f� c il i t nti n �  pr iming. The f l o w  fo l l owe d tho in vo r t  fro m thG  
c r •; s t  th ro uf".h ths l 0 vr,3 r bond n.nd r emov ed the  w,,. tc r in Lh LJ s cn l i n r;  poo l ,  
thu :, r•mi:k ri n r;  i t  w: • : .l r:; s c; . :/1/h, :n '1 he rvi on the c ro r; t  ,-; qu iv'-1. l fmt to l . � 3  
fv:: t  p ro to type wn s ,:i_t ta. :in u d , th - �  j rc t  r.; prr..np; fr o r ·· f r orn th o cre s t  r.rnd , 
c ro :: 2 i ,1 r:  th ,:; l o-:re r 1 , , 1'_; , i mping •.1d  on th,, o p p o s it ·. 1w, n ,  f' o nninr:  r-. c n rt�.i !i 
� r; � l . Priminr qu i c kly 0 n s u c rl .  

:ih=m t h(; s iphon :--.od c l  w'1 s f l o'lrinr: fu l l ,  th :, ' t e tu nl wr. s  fnr bu ] O"T th• · 
dr, '."'. i n; ,.,d e r.'r,o d ty . Th •:; du s igno d  dis chn.rp; :1 w ·i. s 950 s , , cr:ind -f e ,: t  for four 
:: i r,h rm c: ·, o r  2 37 . 5  s c c o nd -f• ;et fo r e 0ch , 11t '.:t  h, n.d on tho c ro s t  of O . Frn 
f '-:-,, r; +,. J,t t h i '.; h , ; r..d th,., d is chn.rg; ,-1 ,  a.s  dot errr.inc d from th • J  mod e l , wn G o n ly 
l f, Zi.5 :> ; c:r:>r. , J - f,:,, , ; t , 0r 6 4 . 6  pu rc , :nt o f  th,:; d. : J s i r.:nc d  vrt lu n .  
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The e ff ici e ncy, c ompu t e d  by the e q uat ion 

l) .. 
Q. 

w�, s only 1 8. 1 3  r,ercent , At the d esii;ned head , the. mo, i ,, l  ;; h L)W t1 d  a. c oe ffi ­
e h: nt of J.i s eha rc,, of 0 , 365 as  compared to 0. 6 5  wh i ch \'rf\. :'. u :c: u J in thv c lo ­
s i!!;n, It wa s at"pn rent that t he hump in .t he exit tub e wa : ; t h,· s o u rc o  o f' 
r.:uch lo s s  a.n d, si n ce it wa s i ne ff e c t ive in pr o duci nf." n sv n l i m; poo l ,  :, h n u l d  
b 0  0 l iminat od.  

A l arf'.:e e ddy zone down s tre am a.nd irnrr:oJ iatuly b ,-1 1 0 1•: the  l� ro s t  of  Uw 
o r i ,- i. nal mo dt, l indi c ated a. de fi nit e l o s s lu.:, to s harpn : 1; ::;  o i' t-h : :  11 npc r 
b e nd , Th0 wah, !' c o u ld not fo llow th0 inriu r rad i u s  a.nJ tr.:· i ; _lt) ..J t o  c rowd 
a.r-ainst tho outer radiu s  forming tho t.Jddy z onu . The p ro f' i k  i f  the wa L t, r  
pa.s ::;agc  i n  to ::: t  2- 1 ( fi r:ure l G D) wa s de s i. : �> 1 od  to fo l l ow t he f l o": t, a th rmcl 
t •."' _, l iminate th,· 0 dd ;y zono i.ndicat8 d v i su r-t l  ly in th:, ori r,ina 1 .  

The o ri ginal modt?l had a transparont fa.co o n l y  on t h l) fro1: t ,  whi e h  
wr. s a handic ap i n  photor.;raphing the f low pattorn, 1/fu,m t he mo d .:; l wa s re ­
bu ilt for te st 2,  both fac es we re m ade transpar· 'nt s o  tha t l i p:ht c ou l d  bo  
rufle ct od t �rou�h tho f low, 

2 �. R�moval of hump in ori gina l  design (Test 1-2 ) ,  \.'fhu n th,_., hump 
vms r�movod,  tho exi t  tube be cruno di ver�ing ,  a.s shown dott ed in figur u 

15D, This c hange e liminatod t he double b end. 1'hc; priming qur, lit ie s were 
not n,.ffecte d  by th •J change , but the disc ha.rgo characteris tic s ·.v0 rc .  im­
proved considerably. Wit h  tho outlet frc D ,  the dis cha rge wa s  1 8 7. 0 
se cond-foot , an increas� of 21.8 p ercent ov er t he original model.  The 
co eff icie nt of di scha rgt, o.nd effi c foncy we r e  incroasc: d proportionn.t 0 l y. 
When t ai lwat0r suf fici o nt to subrnurge ,tho o xi t was ob tain ,-,,d by e. cont ro l 
in the 1:, fflu 0nt cha.nn8 1. the disc ha.rgt:'! was inc·reasud to 2 05.  8 s e cond-f,_, ot, 
or an in cr(.; 8. S d  of 34. 1 p erc,.mt , This vuluo· was s t il l cons iderab l y  b 0 low 
tho re quired di schn. r�e.. A new mode l was then d e si gne d  in wh i c h  at t ,.; nt ior. 
wns gi ven t o  reduc inr l a ss o s  and the roby incr e a s in ,c::  the d i s c h.n.r rc . 

30 ,  Effect of incre A. s c  of cru s t  a nJ. lower bond rncli i ( T ,: s t  2- 1 ) . 
Te s t s  1-1 ar.d l-2 show.A thf'.t t ho on trn.n ce condi t ion s cou ld b ,·. impr::iv ,.:,d ; 

· th::-at tho c re s t  and lo '.vor b en d  rA.d i i shou l d  b o  incr, , a s ,�· d ; 11n .J "Lh ('.t a d i ­
vc.,ric:in,1: tube wu s o. deci d e d  n.dv?. nt!l.f.: C: i n  incrons in�� th0 d is c h ·:r f', 1 . when t he 
·JX i t  '.'m s sub:"". ,7 r :::0n. ,  Th·-1 s ,  fs rtturus 1'terc inc orpo rc.t od i n  th , " 0 • k; l  ( f :i 2;u r 0  
l6 D ) .  The sh·, pc o f  thc; cre s t i s  a clo so  r..pprox iT.�:t i •)n to  -1:11-:; r,urvc d p 0,th 

. dc :o:: r, r i b nd by tho lo,·:0r n?..pp0 r;.s  it s pra.ng fr0 o2  frorr, the c r,:: s t ,  'Jf l he 
o rii" Lt!', l  nod c l , fl m·;ins-: und G r  !'- 1 , 3 3-foot he o.d , A 1 -inr,h  o f f' s .. , t  wa s in­
tr'.)du cod !x, l ow t hL c re s t  to e r.use t he j o t  t0 sprin ,· · f rl: ·,: frr:w, t h,_, invert 
c:t: th�.t  poi,1t , tc fn.c il ite.t _, priming, '.l.nd prov i s ions wo ru  IT'�'t d,  fo r as.;r[', ­
tion  ':! f'  thr lc··:r. , r x:r.pp c  :>.t the off s 0 t  b y  [', Vt";nt to t he n.tmo s ph...:r·.i• Thl ,  
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l ow,1 r  l o g  wa s ma de in an S-shape to improve the prim ing charact erist ic s 
and in cro n s e  the effici ency. Tests showod· that with t 'he outlet free ,  
th, : di schar g e ,  with a he ad on the cres t  of O. 88 foot , "8s increased to 
2 70. 4 se cond-f eet, an increase of 44. 6 p-errcent qver test 1-2 . Whe n the 
out l ot was sub me ri:i-:c d,  the d ischarge at the s·ame he�d was 37 1 . 1 seoon d ­
feet, or 80. 3  pe rcom:; greater than in t e st 1-2 with the outl et subme rged. 
The diverging tub e did not flow fu l l ( figure 17A ) when the ou tlet wa s  not 
submorgo d, e ven with a d i s char ge of 317  second-foot and a ho ad on tho 
crest of 4e lO fvet , the maximum po ssibl e he ad in th� modo l .  Figure 17B 
shows . the d ive rging tube flowing full a s  th0 rosul t  of submorging tho 
oxit . For this condi tion , the maximum capa c i ty o f  the mode l supply pum p 
was reached be fo ro the maxi mum head on the cre st co uld be obtained .  Dy0 
was introduc e d  to s how the s tream l ines. Th@ pr iming cha racteristics fo r 
this mo de l, when t h e out l et was free, we re infe rior  to the original . Tho 
m in imum  head r e qui re d  to prime was 2 . 3 7 foo t ,  with t he nappe unaerated,  
giving a pr iming efficie noy o f  d/1. 27.  Wi th the  nappe aerated  and the 
outlet free ,  the minimum priming he ad was 1 . 53 feet,  giving a pr iming e f­
ficioncy of d/1 . 96 . 

The nnppe , clinging to the invert,  oan be se on in figure 18A. Figure 
18B shows the aerntod nappe s p:iinging tree at the o ffset , cross ing the 
lower leg and fonn.ing a seal a� the oppos ite si d e. When a s eal a t  the 
lower bem was o ffo cted by c ontrol ling the t a �lwate r and wit h nnppe aerated , 
the minimum priming head was reduc ed to 0. 45 feet , l es s  than thro e-tonths 
of  the value found with nappe aerated and the 9utlet  free . With the nappo 
ae re.ted and the out l et ·unsu�erged, the j et sprang f're e · from tht' .'inve rt at 
tho o ffse t ,  c ro s s e d · the lowe;T' leg, and impinged on the oppo s:i: t e  side , the re ­
by se a. l in g  t ho uppe r po.rt o.f · the s iphon from \he l owe r  (figu re 18B ) .  · The 
sheet of w"..t •) r flowing po.st tl\e crown of tho lowo r bend and dropp ing to  thv 
inve rt was b roken !l.nd allowed ai r from thu dive rging tub e to pess _ thr�ugh 
it-, :me.into. ining r. pre ssure of  p ractical ly atmosph,)ric  int ensi1ty in the re ­
gion be low tho nrtppo . The upper surface of the n11.ppe g rnduaUy evacuated  
air from t he S }J\ c 0  abov,J it , An d  s in ce the pre s s�re be low the nappe re­
· mained pr�c t i c a lly �tmo sph eri c , a diffe re �ce in pre s s ure b etwe en the uppe r 

and lower p !'.rts of the siphon. thu-s d iv i d ed try th..:z j et ,. we.s r.;ro.duo.l ly 
cre ated.  '.7fuen th:i. s  d iffere nce in pr e ssu re r c n. cho d n ce rta in  vnlut.1 , the 
nFippe be ge.n flut te ring , the int ensity incrc c, s ing unti l su d denly t he se al 
betwocn t he upp er �nd lower part s of the s i phon �s broken nnd tho pre s­
sur os equf.l ized� ;,"fith n.n · incrense ·or he n.d on the crest, th0 nn.ppe th ick­
ne s s  incro n.so d ,  the durr,tion of t he flu tte ring moti on be came long(i r  w1til 
at n he nd of 1 . 53 fe et  the thickne s s  of t ho nnpp o '11!:'. S suffici ent to ma in­
tain t he pre s :o:u rc dif fe rence , and afte r e. shott p e·ri od of' nnppe flutter, 
th0 si phon prim:i d .  W i th no seal ing poo l !'..t -'tht1 lower bf.md , the m ininnim 
ho �.d re qu ired  to prime becomes that · head which wi l l  produce  n ,je t of su f­
f i c h:nt thicknoss nnd v e loc ity t o  ma. int a in e. s0� i "  without bro clc inr,: . With 
suffic k nt t r-i.i lwater, the seal ing pool me. into.ins t he pressure diffe re nc e ,  
an·d t he minirur.: he ad ne c e s sary for priming i s  thn.t wh ich produ c e s  a jct  of 
s i z e  �ad ve loc ity s uf fi cient to pene t rat e the se al ing po o l  to a po int whe re 
the ,mtr!',in,., d r.ir wi il  ri s e  downst re am from the lowe st pe.rt of the c rown 
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of t h e l owe r  b e nd . The mi ninum pr im inr:: h , :ad  in  the �; e c o nd c a. s •.' i n  l E· : : ,� 
tha n i n  t he f ir s t ,  wh ere no s e a l  at the 1 owr· r te nd. w r.rn p rov ide d . The 
s n a l inc: po0 l p rove d o. de fi nite ndvrmt a�e in pri m ini� r-md wa s i n c n r pn rnt n ,l 
in  t he :rnb s c que nt te s t .  A fu rt he r increase  in t h e  r ad i i  of the cre $ L  ri. nd 
l owe r bend , a nd n d e c rease  . ln t he de pth. a t  the throat s.e c t i o n  wa s al s o  in­
J ic ated.  

3 1. Redu ct i on of t hro a t  de th and furt he r  increase  of  cre s t  and 
l owe r b e nd r ad i i  Te s t  3-1 • The d e pth at the throat s e ction wa s redu c ,.1 d 
fr o!'.  3 fe e t  t o  2 feet 2 inche s ,  making the r ati o o f  the r ad i u s of t ht-1 
cont e r  l in o  to  t he depth at the thr oat s e ct ion R/D = 2 .  345 , as  compare d 
t o  an R/D = 0 . 6 1  for the o rig inal mode l and an R/D = 0. 83 fo r tc s t . 2 - 1 . 
At a point 6 0  der,re e s  d own f rom t he c re s t a t rans ve r s e  s l o t  vo nt o d  t o  t hu 
atrr.o s phe ra ,  s e �i c ir au la r in s ect ion and with a 2 -inch  d i ame te r ,  was in­
c l u ded ir.s t e nd :, f  the offset in te st  2 - 1 to fnc i l itnte ae ration of t h ,:; 
nappc . The ar: d ,· of d i  vo rg o nce of the cxi t tu be wa s ma.de 8 du 1; ro 0 s  30 
minutt, s ,  ·:,i i i c h  G i b s on cor.s id e re d  th 1.1 opt imum fo l l owi ng a r i ght -nng lu b '-, nd . 
S in c; e  t h· .. ' d e ptJ t  of the ba rre l at t he s tart ,, i' t h ,:- div-:, r gi ng tub ·� h ad b ,  .. on  
d o c ro n s c· d  t o  2 f,.: ct 2 inc he-s , a.n:t b (, c n us ,:, the de pth nt ex i t  wa � fix• �::l at  
4 fe e t  b y  t he:: s i z c  oi' t he e ff l uent c o nnu i t ,  th"' 1 0 nr, t h  o .r t ho di  �Jr.gi n i': 
tub,::. wa s ncc ,:· s s nri ly p.;rl · nt u r  t h an previ ou s l y. A s o n  1 .  at th ,) l ow,:: r  bt:! r.d 
,.,,a_s, ·,.:ffe ct ,:- d  by l o c nt inr-: tho low po int of the- cr own o f  the lovr: · r bt) nd t:'.t 
t he s nr::.0 e lc v·'1.;ti on ..,_ :, thP. t o f  th0 inv,) rt n L  tho out l 0t s e ct i o n  ( fi e;ur ,! 
1 9 D  ) . 

In t e s t  3 - 1 , t,h� d ive r ging tub e o. l 1vo.y s fl owe d fu l l  nt  th.J d · ' S i !?'. n,,:; d 
he�d o f  o .  8 8  fo ot , a nd th ,: d i s c hnr r,,.: at t hi s  ho nd wn s 3 3 1 . 1 s u co nd - f;_ ,_-, t ,  
'.l dc c r-2 °. s .:, o f  10. 8 pe rcent a 1i  compa rod ' w:ith  t e s t  2 - 1  wit h  t h\.) ou tL· t  sub ­
rr,c r :, ·  \1 o B e c ::i u s o  th0 thr o n t  arc �. o f  thi s mo J .=:· 1  vm s d r} c r,� a. s t> d  27 . 8 p ,: r c , · �1t 
". S C "l c:,pa red  wit h te st 2 - 1 ,  th, :  d e c re R S •,1 in d i s c hn r r:•1 wo. s e x p\_) ct ·. d . 

The s ,: a l  r, t t he lowe r b e nd  pr o s qn h: d  r. n,, ,·, p ro b l c 1:1.  As t hu wri. t •.! r 
1 -.:, v·:� l i l'"'. the fo rub'.ly ros e, P. bov c, tho l i p  of t h , ·  ho o d , n i r  tr r-tppo d i n  the 
s i phon wr•. s c omprc• s s c d ,  wit h  tho re su l t  t h..'1. t  th2 w'.ltc r  L;v-. , 1  ins i d •.: the 
s ip hon wn s l c s  s than tho for e  bay wnt ,J r l 0vc 1 .  With t h is c o nd i ti on,  th ,_, 
t ir::o of  p riming was in cre a s e d. · A c.ompr o s si on - rol i ,:rf tu bo ( f ir,u n 1 9D )  'N'.'1. S 
ir.s tr�l l t.:d co nne cting the uppe r pn rt of  the· s i phou wit h th ,; d iv .:: r 1_,; i:r. f-". tub e, 
�t n p o int s u ch that it s lo we r  o nd wou ld br: s c r.h, cl  whu n t h � }K n.d 0 n  the 
e r  .. s t  wa s o. 8 8  foo t .  With the compr .:: s s i a !l r,..: l L  f t u b,; open , t he rdn imu::i 
h,: '.\ d  to pr-il"! •..: ·t,n s o. 96 fo o t ;  th0 m in inum · h . .. '\d ':,":-t s o. 6 8  fo ,Jt • .  F i :,:,.J r c  2 01. 
i s  r� vi-.., ,•: o f  t e s t  3 - 1  flowi n� f',t the :'1.in ir.mm •.l i s ch <1 r r, , ,  for conti nuou s ,) pc· r ­
�- ti on.  

3 2 . i:; ffe c t  of stop in c r own of v x it ( T�, s t  3 - 2 ) .  /, :n.:u d:/ of  r. h•; :: ·.' 9 L ­
in·::  p ::> o l  s h owe j t h at ma ny o f' the air  bubb l e s  whi c h  ha d n a. s s e d  l. l : t,: 1- o ,•i(• s t  
p J :i ·· , -:  :-i i "  ·th ,2, C' r o,:m o !� ,th,c-, l owe r b end ·,•1cJ rr-.1 c '.1.r r i od h a c k  int o t : , s: 1- o ·::c r ; i. i r 
Z0-:-'.0 ) � '  t he � iphon b y  ·:mt (� r  c1.1 r re n t s  cre at'-2-d  h y  t h<:> j o t  ,n�te r i n :� the s ··.r n. 1 -
ins  _p :J ::> l. .  In a!1 ntte !".'1't t o  p r ,, vrmt th i s  a.c t i :m an:l t he r.-. b y  d A � r o f-1. : : r ·  U.e 
t L ·, , ·  :)J' pr i : -- i ·" ::�, n. � t 0p . t ·. ,o inc he s i ef- !' ·m.'l. s , �ut  .i n i h�.' � rown (I {" t l-\o ; i ,_· ,. · r ,� -
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inc; t ub e  ( fif;u re 1 9D) .  Tht, step wa s not c ffectivo in imp rovi n r,  the p rim­
in 1� qua l iti e s .  

3 3. Addi tion o f  s u r  abo ve aerat ion sl ot Te s t  3-3 ) . It a.ppo a.r 13 d  
that i f  th o j et c ould b e  made t o  cro s s  the lower e g  and imp inl!, 0  u pon the 
o ppo s itt1 s idf, thn t it would c l ing to that side as it  dropped i nto the s o a l ­
in 1� poo 1 and tho priming c haracteri s tic s would be improved. To accomplish 
thi s  e nd ., a. s pur was ins t al l ed above the a.orat ion slo t  (figure l 'JE ) .  Thi s 
spur defl ect ed tho j et exce s sive ly so thf\t i� impinged  too hi gh on the 
o p p o si to  s id e .  

34 . Increase or s ur radius Te s t  3 -4 ) .  A revi s ed sru r with a lonccr 
radius ( fi eure 1 9E de flecte d the jet the rip;ht rur,ount .  By r c f'e ren c0 to 
tho summary of perforITlll.nce ch aracteristic s on fig:ure 1 9 , it wi l l  bo  s e o n  
th flt the e ffect of t he spur u s e d  in te st 3-3 wa s  t o  deoreaso th(� di s cha rge 
by only 8. 3 se co nd-fee t,  or  2 . 5 percent , while at the same time , tho mini­
mum he ad re qu ired to p rime was deoreased by 0. 12 foot , o r  1 7 . 7  po rc o nt .  

· · The t ime re qu ir ed to pr ime a.t this minimum he ad, as indic ated by t ho mode l ,  
wa.s 10, 350 s e con ds or  a lmo s t  3 hour s .  Al thoueh it wn s  known t ha t  the prim­
ing que.Utios in prototype would be better than indicated by th,, mod o 1 1 a 
f\l rth or improv�"l!lcnt was de s ired . During te sts on the long e r  rndi u s  s pur,  

it was  obs e rved the. t p riming woul d  s tart wit h a ve ry low head on the crest 
and sovo ral largo bubbles v,e re noted to bo in motion in the c�nt o r  of the 
crown ( fi gure 2 0B ) . After a nogative mod e l  p re ssure of abou t  0. 02 foot of 
water was developed, thu primi ng a.ot ion would ce ase .  That i s , whe n the 
te st  wa s firs t  s tart ed, a. few· air bubble s would esc ape ooyond the low 
po int of the crown of the lm�or bend , but aft e r a few minut e s, the de pth 
o f  tho sea l  wa s increased due to the negat ive pressure in s ide. Al thou gh 
the S t : (:>.linr; poo l wns chargod wit h  bubbles , few, if any, cou ld o scap o pn st 
the crown of the lower be nd be cause  of the incr•:?a.sed de pth of s c n.l. I t  
wa s  not until A. hc nd of o. 5 6  foot on the cr,1s t wa s  r0 ncho d  t hnt priming 
'leti on co nti nued . A .l tudy of the priming phenome non k d  to  the deve lo pment 
of  P. ne w p r i ming device . 

3 5 .  Guido vane in lower bend ( Te st 3 -6 ) .  A guide vane s p ·,c od two 
inches from t ho cr own of the l owe r be nd vm s  ins t nl le d in the mo d e l  ( fi p;ure 
1 9F) . Thci purp o s e  of the vane ms to giv� tho nir-l nde n  primin :  je t e. 
hori zonV,l d i rection so ttm t t he n ir relen.sed in the se a.l ing poo l wou ld 
ris e; downs t ream fro m tho lower be nd .  The guide ·'lfB.no wns vt1 ry :i ucc ,�: s s fu l  
in thi s r ,3 s .po ct ,  Figures 2 1A n. nd  B show tho siphon during p r imin 1� vrho n  
tho ru) etd on tho cro s t  ·wa s 0, 5 1  foot �nd wit h air e s o�pine f ro m  tho e nd o f  
t he 11r imin.r: gu idc vn.ne dur ing flow et t tho minimum he nd t o  prime •  Tho re i s  
n co r;:p l oto r.b s e noo  of n ir bubbl e s  in the lo ft si de of th.: se n.l ing poo1 . 
Tho r.bs o nce o f  rd r is eve n mor o  striking wht'J n compnre d with figure 2 0A or 
fi gu r, s 22A n.nd B i n  which tht: gu ide vane w r, s not us od . Tho minimum he a.d 
requ ired to prime wn.s reduc e d  to 0. 15 foot , �ivine; a. priming e ff icie ncy of 
d/1 4. 46 . At th is he o.d the siphon primed in 6 90 su co nd s  with the compr es­
s ion re l i L f  tube: c lo :; od. At  c. he o.d o n  the o re s t  or  0. 8 8  fo ot , t h e  si pho n 
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rr i: '.:e d i n  1 ;� 0  s r, co nd s  wi th the  c 0mprr3 s s i on r ,-i l ie f  t •1 b , ,  0 pc• n a nr! 1 ,3 8  r, · c ­
n �--. d s  ·,y)w::1 c l o  sed., 

·:·he• d i  s ch"l.rt: o of the si phon was d c:creas o d  by 2 8. 6 ,; c:, c "n d - fv1 t ::l r  
s. (� pe rc dn-1: , �hci ·� o the int urferoncu  of th ,·; p ril;!ini". va n,J. T h  , ,r,:-, W ·  . .  r · , 
hov:, vo r, Mtt c h  rr:nr ,3 s 0ri o u s  ob j ection s .  It was f 1.1 l  t that  tra s h  mL�h :� f ' i  1 1  
th-:; SI:1. ru. l  spac, b ,)twe un t he vane and th:, crown ,  or that ic,) mi r::ht bund o r  
broak it. 

36. Trashrack in guide vane en trance ( To s t  3-6 ) . To overcome, tho 
ob ,jection the. t trash mi ght plug tho s pace b otwv on thu guid1 . .  V!lnc and tho 
cro�m , a.'!'J.ntho r vane was do sign e d  incorporati ng a tra.shrack ( fir ure 1 9r,. ). 
Furth r.:: rn.oro , th o passage be tween the crown and the vano wns d i v0rged 
s l ightly. · W  ith this d evice  the s iphon pri r-1u d ut the sitmi:.1 ht,ad a s  it did 
·,vith the ori gina.l vane , bu t it  re quirod 1:1. mu ch  lon ger tirnu. The d i schnrp:o 
charr.ct-.;ri ::; t ic s wore worsu than in the formor e ns� . For thc s .]  ro :.l.son s , 
th ,; prln:b1r; v a n , ,  ·:,...n s not considc-rod t o  bo  t: ntiro ly s�tis fnctory, m,d 
anothe r approach t o  tho proql om wn.s tri e d ,  

3 7 .  '.i.'rn.ns ve rsc o t ube ( Te st 3 -7 ) . j� trnns -
v:;rso priming s lot cut i n  t o crovm of tho lowor bend wns connocto d  by n 
6 - by 6 -inch air-escape t ube to tho downstrc n:;, ond  of the divorisinf" outlut  
tub ·· ,  ( figure 1 9 I) . Tho minimum h"a.d re qui red  to -primn Wl'\ S 0, 1 5  foo t ,  tho 
0 '.un,: i:-, s wh,; n the r;uide v<lll.C s wory used ,  b ut th e:· pri nin r:; t im, . 11.t t hi s  h'.H ld 
wn s co ns i ,lvrn. D ly r- , d. u c ,:;d, The time t: o ' priJ!, ,·, nt n h,. ; o.d  of o. 8 8  fo ot ·.-m s 
rc ,fu13ed to 7 8  s c cr:- uds, The disch� rr-;e cho.ro.ctc ri sti cs ;•r,:;re su pcri'Jr to 
t h '.' s e  wh.m t !vi p;uide van e was used, ·tfuen tho s iphon wn s I",mni!lf!'. fu l l , l t  
w�·. s noti c ,...:d  t!: r:i.t there was 11 circu l ntion of' wr.te r  be.ck f'ror� tho d i v, ,r ,,J n ,� 
t ubu t ,') t :·tl, 0riMinf'. s lot. A te st wo.s rnnde in w:i i ch t h ·:.; n.ir-o s c n.po tub u 
· ·r'.'. s  cho ke d  su ch r. s t o  allow e.ir now but imped •.) wnt o r  flo,..: bo.ck thro ugh 
thu tub ,.J , Th�; eff't; ct of clo si ng the a ir-csca.pc: tub, ., in t hi s rnn.nnc1 r v:e. s to 
incrc c. s , :  t he d is c rr�rge 2 ,  l pe rcent .  C ompnro d with te s t  3-4, t J-w affuct 
r:, f  the prir:iin;,: s lot  on t he di s chl:'.rge with t h;; ni r•,l S C '"( pu  tube op :n  · ·.�. r. to 
rk cr0 '.•. s o  it  hy only 1 , 2  pe rcent. 

38,  Enhri,;rnn ont of primirn� s lot nnd r. ir - 0 s c n.p .:.: tube (Te s t  3-8) . 
'.i'he ori r,:in('.l pr i1.'l in n:  s lot appe n.r3d to bo inn.d e ,iur.to, s o i t  wn s ,•rid0n ,.1d, 
thu corners of' th,, r,mt rr.nqe roundv d ,  nnd n.r;i>ther r. ir - oscn.pu tub ,�. 'ldded 
( fir; ure 1 8 1 ) . Ex p ,:.,riml: nt s ind ic0.tv d thr. t ,th0 minimum prir'!inr, hu '\d ro ­
�· .incd u!1chru1,'s v d , but t he t ime ru qu irod fbr priming y,ns reduc-J d. by 5 8 , 7 
? ' , rc  ,nt ,  or to 1 6 6  scco�d s , n s  c ompared with 4_02 socon:i s ruqui rcd for tho 
Qri r� ir.r .l primirw s l ot. Th8 time to  primt: at n -hrJil'.l.d of 0-. 8 8  foot  'Ya s ro ­
'iUc,;ri b y  2 8. b  purc··.::nt , or to 5 5 socond s , ,:,. s conrpn.rod ,,.,i th 7 8 s ,. co!'. ds for 
th, .  ::iri rd nr.l priminr; s l ot. By roundinr. tho c d�c , s  of tho prirr.in .o; c l o t , 
t h, ·i i sclr ·.r:r: ·J •.•r,:� s incr0 n s o d only 1.4 sccond -f.u � t, or o. 44 pnrc , ,nt. Whun  
th·, �dr-c s c np,:.: t ub c, s W 1 ; rE; choke:: d  to  preve: nt roturn v.rr.ter f' h >·:, , t h- , •Ji c ­
r: il' ,r,� . Vf. . S  in cr, ; f. S r.; d  b y  ,'. , 5 porC\:nt I compa rr;d v.rit h the ori � j_ n�.l p ri r:1in r.: . 
s :i.0 t ,1p 1 ; r · J.i , :  , .  1md ur the s r..rr.rJ 0 ondi ti ons. Th , mod el showed f'urth 1., r th ·1t 
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t�e c k \'R lve s in the ai r-escape tube s to pr ·�vent thi s retu rn f l  ow 1:: i ;�ht · 
.iu st i f' y  the  e x pen s e of instal lat i on, s in ce by ·u s in �  them the d i :.; c h9. r , ;e  
c ou ld be  in� re a s ed by 4 , 2  pe rcent , or the e ffic i ency inc rea s e � by 2 , 3 5  
per� ent , 

·,�hen t he priming slot wa s  used ,  t h e  compre ssion re l i ef t ub e  wa s  
omitted. The s p ur, howeve r, was considered qu i te · es s entia. l ,  s inc e it 
caU f. P. d  the J1t to  s trike the s ide  of' the lower leg  oppo site th , : cre s t ,  
where  it t •.mde d t o  cling to the crown o f  the l owe r b end , the reby givi ng 
the r eleas e d  air b ubbles a downst ream direction as th ey pass e d  throu G" h  
the :rn a. l ini!'. pool,  Vvhen the j et does not first stri ke the wa l l  oppo s i te  
th e c r r) s t  befo re e nt e ring the sca l ing poo l ,  as with the s p ur ,  a l nrge 
po rt i on of t ht) tmt raine d air returns to  tho a i r  z one b o l ow the unde r 
na.p�t and hinder s priming. The action o f  the, jc t ·with and without the 
spur is i l lus trat e d  in figure 1 9D,  By u sing tho spur, the area  in th8 
vi c ini ty of t hti priming slo t  i s  mo re dens , 1y chargud with air , 

3 _J ,  ?r o s surc c ri ua l i ::v r  (Test 3 -8) ,  The priming of a s i ph o n  co n s b t s  
0 s s -. i ntual ly o f  (iva.cuat i on o f  the air in the s tr uct1 .1 ru and rey; l o. � inrc i t  
with ':'t fl ow o f' wate r, which may b o  acc omplished . by s omo o uts idr, a.:-, ,mcy  
s uch rl s a!'l· air pump , provid inr: t he entrance e.nd e x i t  are c l o s ,: d  by whtcr 
s e al s ,  In la.r g G  s tructures, unde r automatic operati on t hi s is not Qc o ­
nom i c !� l  o r  comp let e ly pra.ctica l ; so the j et o f  we.t ,) r fl owing ove r tho 
cre s t  m u::; t  n ·J ma.de to  pe rfo rm that :f\lnction. 

1'ho prc s ::mro o q ua.li zer ( fi g ure 1 9D )  was int rod uc ed to incren. s e  the 
e fi\, cti veno s s  of the jot. The o ffse t in · tost 2- 1 nnd the 2-inch s em i ­
c ir :�u h :r  t rrm s ve r s o  a e ration sl ot in tost 3 - 1  we r e  int roduced to  d i s rupt 
th,: c o!� t :i:nu i ty of the vi sco us f orce which c a.used tho thin sh00 t  of w<i.t or 
to c 1 in g  t o  the inv e rt an d not break fre e  to impinge on the opposite. 
wa l l  t o  forr.. 11 seal . As the f low pas s ed tho o ffset o r s l ot, nn eddy we. s 
form,_ d whic h b r idged tho �ap and al lowe d tho water to continu e  to cl ir.. g. 
In th e fir s t  r.ttompts to r eroo dy that c ond ition tho offset or slo t  was 
vented to the a bno s phfJ ru t o  r e l iev,:; th e s ubntmospha rio  pr e s suru in thu 
::iddy ,  As the te s ts pro r;ressed, it b ec rune apparent that with s uch aera­
t i on . the reduc tion in p ress ur e  in t he uppe r air z one defl ected the je t 
upward, cau s inf!; i t  t o  impin.e;e at an adverse an1,; l e  and r eb o und . This 
t ende•i  to d e feat the purpose of t he j et def l ecticm, S ince the a i r  above  
th•i je t had  to  be  evac uated to prime the siphon and air was being take n  
i n  f ro rr. th e atmo s phe re t o  re lieve the l o w  pres s ure und e r  tho ·nappe a t  
tho aura.t'ion  s lot, the i dea. was advanced t o  take  the a i r  no edod i n  the 
a ! rati on s l ot from the upper . zone , from where it had to bn remove d any­
·.'fO.�f• The p r, : .s !':'nrc e qu al izer shown in figure  1 9D was instal l ed to pu r f'o r r., 
thi � �lua l f'un r:-t i nn, It e q ual i zed the press ur e  in t he two air z o n os,  
::: tr\b : l i z' in · t h<:i ; e t  0.n rl  al l owi ng it t o  impine;c at thu op t imum an?: lo . In­
� t · . � <i ')f 1 h0 · l m·r, · r nappe removi ng thE: H i r  draW?J in thr o u !J'.h tho aerati on 
·r · , nt , i t , i r,  . . -: f i 'u c t , ar; sistod  the u ppe r nnppc in cva.cu n tino.- the ai r in 
th .  . , , t 1 r ,, :d. nh ·-, �-; . 1.Jl/h ,.:n th ,.1 a ,1 ration tub e i s  not u s �d Md thu s lot i s  

3 8  



vent ed to t h e  atmo sphe re , t he r e  i s  a c on s i de r able r etound , wi th the  rc :: u l t  
t ha t  thf' C"'r.-<;;e r o f  � rav ity o f  t he a.i r - char F",e d  ar e a  i n  the s e u l in� po o l  
l i •] s  fart.h er fror.; t he primini; s l o t .  The e ffe ct o f  thi s i s  t o  iuc re a s e  'v hc 
pr irr.inr. t i,,P . F' i ?-;ure 2 2A show s  the no :rrr,al  j e t  wit h  the pr e s su r iJ s  ba l •HtC t! d 
by the pre s sur e e qua l i z ing tu be , and 2 2 -B ,  t h e  c ondition with n d i f fc r r ,nc , ,  
in r, re s s u r ,: t etw,:; s r.  t he upp er and l owe r pa rt s  o f  the s i phon who n t ho pr •  .. s ­
su r e  e qu a li z e r  i s  r.ot u s ed.  

1 0 .  Lor:g itu 'i i nal  s l ot s in  lowe r be nd c r awn ( Te s t 3 - 9 ) . A s ,: r i'.::-s o f  
l '.)n f" i tud inal s l ot s  i n  t he c ro wn  o f  the l owe r b end we re  c on s i dc r ,;d a s  a 
po s s i b J_ .__, r:-.c a.ns o f  impro v inr,; t he pr iming cha ract 1Jri s t i c s  o f  t he ::; i phon b y 
an A. cti on s irr,i la r to tha t o f  the pr iming i�.t i --::o  i.ra.ne . S11 ch n dnvi c c1  i s  
sh •Y:.-r, in f L,; 1.1 r o  1 9H .  The rf'.i su lt s we re  d i s appo int ing . 

4 1 .  F i l LJ t  in ae ration s l o t  ( Te s t  3 - 1 0 ) .  Thr ·a ,J ra t i on '.; l o •· us -. J  in 
pr ,wi ou '., -:i e s i e:n s  t o  ex p ed i t e  pr iming wa s f-i l l c d •s i t.h r::o c k  l in g  c l r1y to 
pe rJ'!".it e:val :r nt i o:r. of  the l o s s  due to t he ,:, ,'M y in t he :::l o t  whe n t he: s i µhor. 
wa s f l owine: fu l l  ( fi gu re 1 9E ) .  Tho mode l frrl i Cf-l tijd  t hat the fi l l - · t i n­
c r e a s 0 d  tht:J  c ffi ci c Ecy by a.p r r ox im11t e ly ou: pv rc c '1t . Sub s c: qt1<:��t ly th .  
sar.t•., r, ea su rcF•r nt �va :3 rr.a.dc ir. te s t  4 - 1 , wi th c or.: paraJ: l LJ  r e s u l t s  ( f i e:u r t :  
2 3D )·. Thi s fi } l ,� t  re s'J l Ld i n  a s l ight in c r e a s e  i n  d'f i c i en c y tut  s h "'wcd 
a d0 fi n i t (, t -:md ,:m cy fo r tho j ot t o  c l ing t o  tho s i phon inv -:; !"t at. l ·1 w  hut<.b . 
·.Io re ov0 r , a r! rati ol"! wo 1.1 l d be mor e d if f i c u lt with t hv fi 7_ l,: t .  

4 2 . ::;h arp l owe r bond r adiu s  ( Te s t 4 -1 ) .  S om,J auth o r it h s  r d i , :vc 
tha t tht:, r ad iu s  cf' tho l owo r b ond mus t  be sma l l  to ob t R i n  r� o o d  nrirr. itw. 
charn c t , r i:c: t i c s  ar.d that priming e ffi c i en cy is  r a ine d  at t h ·.:: - · ,: 1, , : �1 :o i; 0 i' 
th•: s iphon i c  u ffi c i cnc y. A now mo d0 l wa s co n st ru c t ,.., d , o s s ,:n t i n, l  L y s i 1 r. i  '. nr 
to t hi; mod(� l  in t ,c s t 3-1 cx c 0pt tho c rown o f  t h,j lowe r  b ,c: nd hu ci n rnd i t.. G  
o f  8 inc h•; S ins tead o f  1 8  inc he s  ( fiR;u r e:  2 3 D ) .  Thu r., in irr,um h,_; r. d  r n qu i r, cl 
t o  p r i r�,_. wa s 0 . 1 1  foot , or  a du c r 1j [l S l)  o f  onl y o .  0 1  f o o t .  F i e.i r e s  :: •1A !l l �U 

;3 s ho1; t ho p r o c ,_; s s  0 f  pr imin g . Th ·.: p r ir,. ir '. V: · , r·, , 1 rl L � hr- r •"". •-' dl 'ff ". c- t ,� d  s t  i ,, s  
arc  r• i v ·:on in t h:; tflb l-::, and cu rv,, s , f' i g;u r ·-'- :>. 3 . 'i' h i: t lr: . .  -L o  r, r ir : ·  rr1: l �;, 
rr. ini1,.urr. rri r:,in g hc o_d was 1 63 s e c ond s , whi c h  c •;r::ri•1 r , , :; fr.vo r 0,b l y  wit h 1. 1 · ,  
:c: • , c0nd s , th<_; t imr:, r ,..: (}u ired t o  prirw, i n  t t; �c: l  ,5 - 8  wh,..: :-1  w; in.r: t he , , r1 ! ' , J'i': · d 
p rimi nt s l o t .  Th•, tirr,o t o  pr ime with  n h- : ad o f  O .  B f: f' ·i ot  wr. s t i f. c: , , c� c : ; ,i :; 
!1 S  corr,p!>. ro d  wit h  5 5  s r:; c ond s in t u s t  :S - 8 .  Ex p L r i n, . , nt n l  e rro r c rm l , i  ' \ C G c' :l l d: 
f o r  s cm,r; of t h i s  d if fe runct:, , bu t it wou ld rtppc n r  t h n t  the- r;r ir r i r: ; ·  c 1tr. l i. -­
t i r, s  in  t , , : : t ;:: - 8  ·:re r , , su p , , r io r  at t h,:, O . BB - f'�, 0 t  h,·· n.d . : , n  t. h , _  0 1 h· r J1 ·'. , -. . J , 
t }t , ,  v r• lu , :  of ·t : h,..: m i nimuri · d i:::: chnrge f or c 0 nt. .i. n1-1 0 1_1 : ;  0 r1s, r :1 t i cm i r� l , o · : ; L - 't - 1 
i ::; :-;::!· · l l - : r  -t;h '. ·. n  t he vr, l u  . . f ou nd in i: u ,: t  3 - t , :i . f '. i'. ·, , _ _  c• .· , : : d - f' t · . L l ' o r � h , -
f0 r!': -: r 0

1. s c: r_,;- : nr . r ,  d ':: i +:h 2 1 . 7 s c co n •1 - fuc t ' ,:, r  ; !) . .  l .• , , _ i_. c r .  

Th•;  1 :i s c h r ,_ r;::: ,  r::hrtre.c t • ; r i :, t i c :; i t ,  t , s t  'i - l · ·: r .. i : ·, f ' , - r i ,1 r  t . ' \ l . u �: , · l. : 1  
t •� s t :� - 8 , ;.: ! , !� . l :. � (: ', n r1 - f' ,_, , . t  0, :; r; -, r:: p ·, r •A w i.t. h .-. ; : 1J . 4 ;. · c 0 ! ·: · ! - f ' ,, ·  l ·:f · :  '- 1 1 , .  

�u r - · _ ;; � :q , ,  t,1 : b • ; :, v,,r; r · ,  ' J TJ , , n , ci r  , ,  d ,_ : C' r  .r ·. :.; •:i i '  i ; :., , .:', , ; , ,> ' : : , J - 1 ' ,  ,_ · i , . : · , :q , r ,  : · . · . i 
i �. , ,-_ , +, t t , , r '/i' Y , t h ,, , , ff . , ct cif i n cr ,_; •1 s i n · r t h · r · � r l i u : ; -') .f' i h,.., ! O P," • !' i . : . • !  ,_. , : ,  
t o  i n c r• , 1 _ : : ,  Lh • ·  .J i · : ch 8, rr; , ;  by 2 !:i . Po p •.; r c - :: n t ,  tu · · ! ,  li y u �, i r : r� n r. n p 1 , r · 1 � J r i ,_, l 



priming device, t he re wa s no advers e e ffect on the prim ing quali ties o f  
the siphon. 

CHAP TER V - ANALYS IS·  AND INTERPRETAT ION OF RESULTS 
OF S IPHON . S TUDIES 

43. Effect o f  incroas ing c re s t  radius. The discharge of the siphon 
��s inc rease d' by le ngthening the cre st rad i us . Curvos 3 ,  5 , and 6 in 
figures l5 C ,  16C,  a...�d 19C give the re l at ion between he ad and disch ar� o 
for thre e models tested under s imilar condit ions . The dive rging tubo , the 
crest longth, and the ou tlet are a we re const ant in a ll three t est s .  Tho 
thro at ar0n  for curves 3 and 5 wa s  the s ame ,  but thu throat aro a for curve 
6 was cons iie rably reduced b ocause  of the material inc roe.se o f  c ffici c,ncy 
due to  l ..:,ngthening o f  the c re st radiu s and the do s irab i l ity o f  rc ducin:; 
th0 si z (;.  of t h0 s tructure. The cre s t  r adii 1vere 4, 1 1. 84 , and 48 inc ho s, 
rc: s pcctive ly. By comparison, c u rve 5 indi c ates a mu ch h igher disc hargo 
f'or th e) sr:ur.o h ead than oitho r  of the oth.:;r two curve s. The 1 1 . 84- inch  
cre 3t radius  f'.'iV•J s  tho best re sult s. How:. vi : r , t hf; -a.r ,_,a  of th0 t h ro at 3e o ­
tion for cu rve s 3 and 5 wo. s  18 square feet , vrh i h  t he throat arv 'i -:> 1' '.!u 1·v0 
6 was reduced to 1 3  square fe et.  In compa.rin,"' t hiJ eff,�ct of t he cre s t  
radius, t hu c omparison shou ld bo on the basis o f  t hroat are n. A t  a head 
on the cre st  �f 2 . 0 fe e t ,  the discharge pe r s quare f 0ot o f  thr oat are a 
wit h  a 4- inch cre s t  radius was 1 2 . 1 SF.: oo nd -fa et ;  with an l l . 84 - in c h  rni i u s , 
21. 9 sec ond-fee t ;  and ;ori th a 48-inch rad ius,  2?. 8 s 0 c?::1d-ft: e t. By incro a.s ­
ing the c r ,3 s t  rad i u s from 4 t o  1 1. 8 4  inch es, a n  incroas o i n  disc hnr;:_:; , )  of 
81. 0 pe rc e nt was obt e. in ed J  and by incroasinr, the rad iu s  from 4 to 4 8 ineh.-, s ,  
an incre as 0 in d is charg e  of 1 2 9. 8 perc ont wa r.  ob tai:ne d .  This in cre n. :. .:.  ir 
discha.n;a was du o to de cre as in g t he lo s s e s. Incr<:: e. sinr, t he cr,_· :, t  radiu s 
,'1'8. S not alone r e spon s ib le, for t h e inc reased dis charge: , . fo r, in all cn s ( , s  
wherr:> th,,, cre :i t  rad iu s was enl arged , so a. l s o  was the radius of th·� lo wer 
b0nd. 

Th(, h•.; ad -dis churg ,,:; curye s ,  in almos t e. 1 1 oas es, have a poin t at 
wh ich a su ridc n  chango o f' s lop0 occurs. It ts  at thi s  point t h_n,t t he s i-
phon c o a s o s to draw air . Thu hoJ ad Rt whi ch thi s  occurs va..ri e s  with t h ·:: 
partic ·.1 le.r d;::, s iGn• The s iphons· he.vin� the b ,,st he ad -<lis ch�. rge  ourv'--' s '1. l so 
r. 10.v,::; t h•; br.: s t  u f'fi c i ency curve s. Eff i c iency, ns do fi nod in this  d i s cus sio�, , 
may a l so b i; o x press,:d a s  the square ro ot of tho rat i o  o f  tht., uctu ltl vR.cuum 
�o  a p or� , ct v� eu 1w at th u throat s u ci ion. As th� d ischnrge ch arnctcr­
istic s 'Jf' a. s i :, hon arc impro ved, so  also 'si l l t h t:  off'ici tmcy , or th ,i VA.cuur. 
r1 t t hf. : t hr oat b e  inc r0 nsud. The inc re ased  vn.c uwn a.t th< :  t hroat r o s u lt s  in 
f! r�r ; 'tt c: r  r; r.t r1:. :,c c vr_, loc i t y ,  noc ompnnicd by n r, r •_, n.t ,::r drr.w-down curv•.1 , w i t h  
th•; u 1t ir:-:". t� r€.: s u l t  t ha.t thr;; h,:; '1.d on t he cre st n t  whic h th<!: siphon cen :3 ', s 
t0  dr�w qir wil l bo h i �hcr. 

A c o r:-,pc� ,. i ::.: 1'ri o f  th, :  co �� f i'i cic nt o f  d i s c hnrr,o , curV() f 3 ,  5 ,  ",nd  f' ., 0n  
f' i f"u r.- , � l 6A ,  l t'iA , r,nd  1 0A, i !",1 i � nt ,-, t.h r. t by i n r1ru n. d v1. / ' .t h, · c r •J !3 1=  rfl.d iu :s 
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from 4 to 1 1 .  84 inche s, the di schnrge- chl'.\rnct c ristic s Wt-,rc' � r . , 'ltly im­
prove d ;  but who n  the. crest rc-.dius was in cre e.s e ::l  t o  48 inche s, tho dis­
chf'.rge cho.ro.ct eristics were . ,vorso . Such is not the, cn.su , how :,v; , r , sine •.: 
no considerati on i s  me.de of the area· of the bo.rrol from tho thront s , ., c­
t ion to the beginning of th,1 diverging tube . If , on the other h�.11d , the 
area. o f  t he throat se ction is u s ed in computing the co e ffi cie nt, �. vr. lm, 
greater thnn unity may result . This i l lustrntes the inhorent difficu l ­
tie s  in using the coeffici e nt o f  dis chnrr;e n s  a. moo.sure of  the e f'fe c tivc ­
ncss  of th0 siphon. 

· For <:\Il.Other e xamp l � ,  oons ider curves 4 arid 5 on figure 16A. Al thou gh 
the d is ch!'.rge wr.s lower in t he cnse of' curve � than in curve 5 ,  th:;; co c,f­
ficiont of di s chnrge is l arger. The outlet �ron in tho cnse of curvo 4 
..,.ms the snme as the throat area,  while in cur-re 5 tho out let area. wo.H 3 3  
percent grontcr. The he ad for curve 4 wns me p.su rod to npprox imr.to ly tho 
center  of c urVl'l.ture of the lowe r bend , s i nce ihat wns consido red the point 
who re atmos phe riC' pressu re wns atta ined. Tho ho P.d usod in c omputin ,· cu rv , 
5 wns mo o.sure d to the sur t'a.�e of tho t.ai lWt',t er, whioh was npproximr�tu ly 
the el evation of the crown nt the exit section. B eco.use both the !l.r·..:g, nnd 

·t he head wo re sma l ler, the coeffic ie nt shown by curve 4 'is lnrger t hn n  in 
curve 5. Thi-s se rvo s  to i l lu strate another inconsis tency of th·'J cooffi ­
c ient as  a measure of the effectiveness o f  n s iphon. 

The effect upon the effic i ency of inc rea.sing tho rndius of the crest 
is s hown by curves 3,  5 , and 6 in figure s  15B, 16B, �nd 1 9B. For n head 
of two fee t ,  curve 3- shows an e ff ic ioncy of  25. 8 pc rcvnt fo r the iour­
inch c re s t  rnd ius and curve 5 an effi ci ency of 46 . 7  percent for the 1 1 . 84-
inch re:di u s ,· or an· inc rease of 20. 9  percent . By inc re a s ini; the c re s t 
radiu s  to 48 inche s ,  the offieiency as indioc.tod by curve 6 was in cre::.s,3d 
to 58. 6  pe rcent , more thnn doubl e the valu e given by curve 3. .l.rhis 
clen�ly illustrat e s  the advantage g aine d by onl�rr, in� the rndii of thu 
bends. 

/ 
/ 

44. Effe ct of the diverging tube . The U fl t)  of r.. 1ive i;rg bg tubo in-
crc c.ses the s iphon d i s c harg e. Curve s 4 nnd 5 ,  fie;ur e  16C ,_ ·  i l lu s trn to thi s 
point .  With n head of o. 88 foot on t he crest, the die chr. �gc: , whim the 
action of the diverging tube vins not uti l i ze d ,  wr.s 270. 4 SE: CO nd- f'<wt. With 
s uf fi cfont tni lwo.ter to cn.u s o  tho d iv e rg inf; tub ,;; to flow fu ll ,  tho dis­
c hr. rgo was 37 1.  l se co nd-fe e t ,  an incrcr.se of 100. 7 so con:i-f,:i G t  or 3 7 .  2 
porcc nt .  The d iverging tubo i s  an ·ndv�t�geous fe tc.t uro s o  Ion� '.'. s th' 
pressure at the c ro st does not too clos e ly appro nch the V'.'.por pre s su r ., of 
wn.ter. 

The coefficie nt of dis charge , as shown in tho table on figure 16 , is 
docrc u s 0 d  when the divergi ng tube - i s  in act ion. Tho cooffioiunt without 
tho div,�rging tube is 0. 6 91; but ope rating with it, th•) CO •)f t'ic Lnt i s  ric ­
cr:; a s '.l d  to 0. 6 68. As previously exp l nined, th& ho s.d 'Ul.d th·; outlo t  �.r.: a. 
in th:: computf'.ti on of t hu coe fficiF; nt are tho co.U S G  of this incon.si:; t ,Jncy. 
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;,ath -out t he dive rgent tube action, the he ad ,iras  measure d t o  the po int \',he re 
a.tnosphe rio pres s ure fir s t  occurred in the lower leg , approximately t he 
oenter of curvature of the lower bend. The outlet a rea was taken a s  that  
o f'  the lower leg a. t  the same point .  This area was the same as that of  the 
thro11 t. But in t he c ase where the diverging tube was made to flow :f'u l l ,  
the he a d  was measured t o  the crown of the outlet secti on and the are a  wa s  
t ha t  of the autle t section. Although the discharge i n  the sooo nd c ase wa s  
100 . 7 seco nd - feet larger than in the first ,  the increased out l et area an d  
to tal he a d  were suffic ient to decrease the o oe f'.ficient. 

The efficiency in the s ame case w�s increased, from 31. 90 to 44 . 20 per­
cent b y  employing the diverging tube .  Thus the e ffic ie ncy i s  a much be tto r 
indi c at or of effect of the dive rging tube upon the p erformance of the s iphon 
than i s  the coefficient of discharge. The difforenc e in e ffi ciency � iv � s  
an indi cation a s to the amount b y  whic h th e ncgetive p re s su,re a t  th(,l throe.t 
is cha.n� ed. 

45. Effect of deviees  u on etficienc . One of tre princi pa l  
pur pos es of the Ro z a Wastowa.y s ip on nve stigat on wa s  t o  de tc rrr.in e  tho 
relati on betwe en good p riming qualitie s and siphoni c  ".J fi'i c i e ncy. Aft , ; r  rlr.. 
e ffici ent siphon de si gn was obtained nt n rea s onabl � co s t ,  fieu re s 15B , 
16B , and 19B , att ention was c oncentrated upon tho priming charact 0ri st i c s . 
Many previous investii,;ntor s haV6 con clu do d that high s iphonic ,:3ffi c i oncy 
is incompatib le with g o od priming qual ities and that for high p riming e f f i ­
c iency the radiu s  of t he lower b e nd  should bo ve ry s?Mll , with a. ·,•rn.to r 
seal in the lowor bend . Curve s  8 to 15 , inc lusive , fi gu ro 1 9B , i l lus t rato  
the -3 ffect on efficfonoy of progro s s ive ly improvin,; t.he  pr iming cha.rnct\, r­
i s tic s .  Curve 1 5  s hows that tho e ffic iency of the mo1e l in te st 3-8 i z  
a.bout a s  high a. s  that o f  any model t e s ted . Furth ermo re, the priminp; chnr­
o.c t e ristics  of th ... ,t mode l wore as goo d  ri.s any of the vnriou s mode l s t-j �: t • .' : 1 
,·rhich inc luded t e s t  4-1 havinr, a sharp curvatu re at the lowo r bend. Gurv ,; 
18 repre s -.mt s tho "Jffi o i ency o f  El. mode l with a shn,rp l�r bend ,  rmd , ,vfom 
compared wit h curvo 15 , tho c oncl u s ion is  that th� r r...dil.lS o f  tho l O'rr< :r 
bond do e s  not h�ve to be  s harp to d evelop good pr iming chnrncte ri stic s. 
Furth �rmoro , good prim ing chnraotn ristio s  are not nocessnri ly incompatible  
wi th high s i phonic effici ency. Ro su l t s o f  the inv,:: s t iga.t i o!l confirm tho 
f<ict tha t for rr ood priming oha.raote ri st ic s e. wati"3r seA.l nt the low·e r be nd 
is c s s ent in l,  

46 . S iphon inlet sect ion. The entrr�nc o  cond it ions in  to s t  3-1 ,  f 'i ;�u r , · 
1 9D ,  V/f..J rc:: s r•.tis factory for a l l  bends e x c e pt tho se  thn.t nl low1:: d nir t o  mt, . r 
thu s iphon. Undo r tho l �tt0 r condit ion s , t h,; mode l vibrnfod . To n. 1 1 -Ni ri. t r  
thi s  con:li. ti on i t  wn c  re oo:rnn..:. ndr� -1  thn.t tho l ip o f  th'.J hood of th•" s iphnn b , , 
oxfo nd ed be loYr normal forobay l avo l nnd r. pip<1; for br•:: n. Jd.np; s iphon i c  r., c tio r. 
be incorpor�t0d in the pro t�type des i RJl• 
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A. DIVERGING CHUl'E WITH SPREADING VANES 
ADOPrED POOL AND \'/ALL DESIGN. 

1 1 1 1 1 1 1  

B. DIVERGING CHUTE WITH PARABOLIC WALL 
DESIGN 4 AND POOL DESIGN 3.  

WASTEWAY CHUI'E AND srrLI..ING POOL - NO DISCHARGE co 
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A, DISCHARGE 317 SECOND-FEEI' VIITH llEAJl OF 4 , 10 FEET (PROTOTYPE ) ,  NO TAILWATER. 

B, DISCHARGE 404 SECOND-FEET VIITH HEAD OF 2 , 50 FEET(PROTOTYPE ) 
TAILWATER TO SEAL EXIT. 

EFFECT OF TAII.l'/ATER ON SIPHON PERFORMANCE . 

MODEL WITH INCREASED CREsr AND I.DWER BEND RAIJII - SCALE l:cf. 

FIGURE 17 



A. DISCHARGE 44 SECOND-FEET WITH HEAD OF 1.53 FEET (PROTOTYPE f .  UNA.ERATED 
NAPPE CLINGING TO INVERT , INCREASING TIME AND HEAD TO PRIME. 

B. DISCHARGE 44 SECOND-FEET WITH HEAD OF 1.53 FEET (PROTOTYPE) .  AERATED 
Kr OFFSET , NAPPE SPRINGS FREE , SEALS UPPER AIR ZONE , INDUCING PRlMING. 

EFFECT OF NAPPE AERATION ON PRThlTNr.. 

MODEL WITH INCREASED CREsr AND LOWER BEND RADII - SC.ALE 1: 8 

FIGURE 18 
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A. DISCHARGE 22 SECOND-FEET{PROTOTYPE) .  FI.OW CONDITIONS FOR 
MINIMUM HEAD TO PRIME. 

1 E. CROWN OF LOWER BEND - BUBBLES MOVING SI.OWLY OUT TO INDUCE PRIMING. 

MODEL WITH SEALING POOL, REDUCED THROAT DEPTH .AND FURTHER 
INCREASED CREsr .AND LOWER BEND RADII - SCALE 1: 8 

FIGURE 20 



A, SIPHON DURING PRTh!ING, HEAD OF 0,51 FOOT (PROTOTYPE )., 
NOTE ABSENCE OF AIR IN SEALING POOL, 

B, AIR ESCAPING FROM END OF VANE PAST CROWN OF LOWER BEND, 
Kr MINIMUM PRIMING HEAD OF 0,15 FOOT, 

ACTION OF PRIMING GUIDE VANE IN LOWER BEND, 

MODEL WITH GUIDE VANE IN LOWER BEND - SCALE 1 :8 

FIGURE 21 



. FIUURE 22 

A. PRESSURES IN UPPER AND LOWER ZONES EQ,U.ALIZED. NAPPE IN NORMAL J::'OSITION. 

B, . AIR ZONE .PRESSURES NOT EQ,UALIZED, NAPPE DEFLEorED UPWARD. 

_EF.FECT OF PRESSURE EQ,UALIZER. 

MODEL WITH LONGITUDmAL SWI'S IN LOWER BEND CROWN - SCALE 1:8 
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FIGURE 24 

• 

A. Fl.OW AT MINIMUM PRThITNG HEAD( O . 14 FOOT PROTOTY.!'E) • 

.. B. FLOW NJ' LOWER BEND _ 
WITH MINIMUM HEAD TO PRIME( O.14 FOOT PROTOTYPE ) .  

FI.OW CONDITIONS WITH SHARP LOWER BEND. 

MODEL WITH VERI'ICAL LOWER LEG AND SHARP LOWER BEND RADIUS - SCALE 1:8  




