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~ ~ a IINTRODU~ION 

With the t~nd : in ~e~n~ . y e a r s  t~a~ :, g~a~r •.depths of ::flow 

over flood ~epillwaycoreats~ the !:impertance~ o f  ~provldi~ t h e  ~ a o r ~ o t  ~ " , . .  

p~of~cl~ ~ has ~ been materi~ly ~:Lucreased. It has been :tl~e ' aece 

rice for many yea~s to:'deslgn ~,the-orest-of a u o ~ e r f a ] 3 ,  dam with<the .~ 

assure ,or ion,  that .the, space ~be 

is filled ~)Ith :the b u i i d ~ g  

studies r~reviously l ~ e  on the ~flow over '~a i~wel~, i 

the under, surface of the ~ppe, b e i n g  difficUlt~-to observe, has x ~ -  

I/: 

e 

A 4eflolency of ~e~%ion?at 'any point, under '~he ~,na~I~o will x~s.- 

su~t in t h e  f o ~ m t l o n . , o ~ . : a  n e g a t i v e  pr~ssuk~e bergen t h e : d ~ % r e ~  

u n d e s i r a b l e .  ~-cau~ ~,~ ~ons  ~> ~ [ 1 1  o b t a  i n :  

be  l ~ s ~ e ~ d  d ~  to-,~he :z~du~g~en of::baok pressure;; 

(Z) ~,The ! la~billty o f  t h e l  negative pressure ' ,~Ith  'its 

~i~termlttent pressure~ c h a n g e  will ~cause. a vib~tion ..aeeompenie~ 

t a t  i o n ;  

:by~>,the u n s t a b l e , ~ o o n d l ~ ' l o n  ,pr~vaL~Lug~beneath 'qthe  , : ~ l c ~ : s h e e t  

~de of!thls ..Ib~tlon ~is exceedingly smal!, ~.the :ace~m~ile~i~ .. . 

, 2  
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' of ::foro~s :witIiln ~.the .: dam :~an .produme :seoondary :for~es,::port:~oulo~- 

". ~ %.: 

~ L a t t o n  to :that-Of :%he v.lb~lon :of %he napery., T~is event 

.... may ~i~ rime ".to :a. movement resembiln~ an e~%hquol¢O ~n !t~ 

?proximity of %he :, struotums. - :i_. " " " -" 

The ,under 8urfaoo of the :nap~ "as :.It.:leavon the ~.~"Ir :'O~St r ~  

sllsh l ,' :t on horlzonta1,, r.i ei:ly.rall,,->ro:.lo.   : 

pa~.~ approximaging  a !Fmmabola, • To:%he :..un-lmlt'lated, .this .-curve of 

~ra~l i s  :Insi~If,,Ioant :and eoarmely notieeable,:but :it, constltutes 

an extremely :~o~t~ut ,phase':o£ .~he "~u~ntals of~%hO :oontr~ctlca 

the :m~bject. of considerable study in .~he ;pa~t, in .~moSt ~oe~es.:ths -re- 

sults ..have •been based on theory ,  entirely :or:on .rather :mea~er ~e~r~- 

~ental data. 

The flrst studies .of ~maFpe .ehapee"wox~ ~ithoso ,.of..:Bazlnl:.made in  

.1886~88, in whloh .he 'rmduced his obsemtions to :unit :head :and :com- 

s~ructed a "ba~o ::curve- representlug .the r~m~ts~of "hie .e~rlmonts. 

In %he -present:stttdies. on ~this .subject, .Bazln,s ~rosults ~ : ' ': ~ ; have~: been iusod 

for comparative purposem. 

The %e~m- ~nappe-'eseppll~d ,to %he ,~shee.~~of water ,-passing ~e "~.~r- 

apparently originated -with :BQzln.. "In ~the itranslatlon ~ of his ,works " 

from t h e  ;b~renoh t o  :t~e Eng~tsh:,  .the t z a n e l a t o r , s  .:ecem~nt on %he.:uee , 

o f  ,the w o ~  ,m~ppe- is :~or want of ,,a ~conv~nlent Enw~llsh e~uivalent o 

~7~efer~noee re . ; l i e te~  -~In h u m o r l o ~ -  -o~e'r  ~of-;Oe~oUr~n~ -in: ,~hO 

bibl iogra=ohy :in ~he  a p p e n d i x .  
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we s h a l l  des~ate tbls sheet by its w~ry appropriate ~Pz~noh •nsme.~ ,tb~ 

nagpe, a nmm applied primarily to e t~ble-cloth, the form Of whioh.~ 

as it ~ Fassel~ freeze horlzonta~t to.n vemt'loal plane :in pnssin~ :over~he " 

ed~,e of thee'table, is well i~Itatod by the ~h~ot el" iwater 1~ssing 

o v o r  the we{It.° 

Baziu~. in dlscuas~ug Zbe subJectl, states. ;,The uppersu~face 

of the napl~, has already been I S ¢ ~  b y  oer%nin,  eXTmrtmen~ezs, b u t  • 

t h e  ur~ler su.=' faee ,  while loss e a s y  t o  Observe, is, ~oerh~Ps,. ~,o~7~eatgr 

interest £ r ~  a theoretical Sbandpoint; for ~Itn: foz~ shows :aocumataly - ~  

the uontzaction at the ;creSto!i In :forming -this ~ontz~otion, the ~under - 

side of the nappe leaves the o~e~t.~at~a~s.~mi~ aI1g~IJ~L,' r isir~g at ~mst, 

then 1:wguoming horizontal, falling, This .upmm~~.cUr~e ~of th~ 

under Side of the nappe, seaz~elynoticed :U~tll now, constItutea~ 

nevorthelesa, one of .the fu~tdumeu~Ll/data of the phenomenon, ~am:1 K, - 

Boussl~esq ~ has made it )f a new theory of the ~£1o~z ,over 

we l ~ , "  

:So faras is ,known, ,ti~B first, attempt ~ d e  in Americaa Z i t e r a t u r e  

to.de~lop .the ,shape ,~of nn overfall dam to fit t h e  overflow.Lug ohget 

~Bs ~hat  o f  :,|uller ~ in ,1908, He ,attempted to  extQnd n e ~ - v e  ;.from~t~m 

,.1~ppor ~,soot ion,-of the iowa r nappo :through B~zila' s ,.d~tn. ,HIS' exp~sslon 

for the c u r v e  :,in ~he terminology of this ,,~rea~lse-.was - .~ 

f o r  ~ t ~  thro .ad  o f  ~ e a n ~ v e l o ¢ t t y ~ w t t h  t h e  o r l @ i n  o~ : ~ o o r d L u a t e s  a 

a p p r o x i m a t e l y  ,O;35hs above aud o~09h9 do~m~t~eam ,.fz~n :,the . : ~ , t h e o ~ l o a l  ',~ 

.~e, . ir  .crest. ]{~ msas~d ;downward one-third the thlo~m~sS of the ~mapRe 

-normal to :~he %hz~ad of,,msan v e l o c i t y  ,to loeat~ the , o ~ e  ~.Of th~ 



ii 
6 

.~ je 

! ! ! lo~r  s u r f a ~ .  :Pa~r ~ repz~lueed M u l l e r t e  cul~e"and : d e ' ~ o ~ g ~ d .  

}'t~t it:d~s.n0t flt vmll~with P~zin,s'-'o~:at '.the uppe~.sect:Ion~ 

!l~z~er.s ,eclat was "The,~errox~ in details are plain~ Bazin'S 
.!2 

::curves > ~ f e r  .to sharp-edged n o t c h e s ,  under'heads . n o t , . . e ~ d i n ~  :i:~?. 

ifeeJ;; and ~;uller avplles -them to th~iok '.notches, •under hea~s "-of :5 Or. i 

: 10 , f o o t .  ,, T h e  p r ~ c  lpZe :is ,a good one.  ~and'.the , , l ~ e s s  leads : : to  'a , 

n t ~  cuz~o~" 

,5 ~fOr l ' i80  ~ 'B ~d :r B N  ~ Offer ' a N~bol'l c " . ~ ~t'i0~ ,:fOr :the .lo~er, 

surface "of '~he nappe r:Of 

X ~ . 1.80hoY , 

where •:h o .is :the :head ~a~a~uz~R :frog:the 'hlghe~.t p o ~ t  o f  : the :lower 

, nag!~. :ouIC:ce : ( flg~L~e :IB)..: .The ~:0r~in Of -the ,cooz~1:inates ::Is •at the 

h:Ighast .point -of tge lower :napN surface..As :a .factor.'of .safety ~or•• 

,?,.~ 

The e q u a t i o n  x ~-- , l~80~oy'  ~ : ~ o  .u~ed -by :the M iami  i C o n s e ~ n o y  

:increase f o r  .factor 

lo~ar:napps,,su~faoe san be o~I~ 

p a ~ b o ~ a .  

, Qml, be : sl~own ;' that ~ a o t u a ~ ,  ,~he " ~ ~' 

a 

, /  J 

: p r o f i l e s  o f  - : t h e ~ o w e l r s  w e ~  des igRod ~to o o n t o z ~  n p p r o x i m s ~ l y  

.... to th~ 1}~Of~o .:o~:~.the lowar ua~N of the o~e:E~l~-f~,a ah!LL~- 

:c~ct~d ::weir a s  : d e t o ~ i n e d  :by ~azl~,:e.  exl~rlmentn.  ~ The prof  '~!eo .as 

:.dealed ;~, appro~r~t:~t~ly in :~he~ .upper ~po~,!o~:. .. :with .tho fo1~Ul8 " 
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me/mu~e .~roa .'~he czvst o~..the ~.~r and ;~ :iS %h9 mmx~zum::ef~C%Ive .... 

.:head,on the welt inclNine tNt dUe gO r'~olootty 'of.:al~p1~l~,l~,h.~.N" 

diaeha.rg8 over the epLll~tv wei~ par .f0ot;Of .leng~h"~mB ;Computed ~:- 

O m'o age r ~ ' propo  ~ s.- e n. e•que%:ion 

for the line . o f :  ave~ .veloclty Lu '.the ,nappe ;~v~th :~ :thel :or~g~ '0 f 

units above the .~hest ~ .~of ~he :lo~vr nap~.-suriSace. :Sc~mem~ 8 

shows ;that th~ equatlon .given .by .~C~ ,Zocat~S'~::R~J.~ . iwhlch W~I ~':- 

.i 

;z'eco.u:.~mnded ;by.Oreage~" as ,a: fatterof "safeSya ' .~ . . 

8 c l ~ m i  e s t a b l i D h e d  ~sn 

surface"~beyond x = O#,050'whlch~.~igl ~ ~ . '- 

y,.Jx.-,:0~10;) ÷ o.osx - 0;ZB6 " 

in ,which ~th~ " ......... 

we: ,L~,. Unfoz~:Unately,, 'thls~equatlon,.!oOs:no~ .;eove~, 

~o~io~. of t~e, ere st, n~1~. t~ ~o~ ion -bergen. ,t~ie .spr~~po,~nt 

and the high ~OJJlt Of the ,,trejeotor~,, ....... : " "~ 
,) , . • 

An,ompi~i~ai .equ~tlon'.for ~h~ ,.~ a-,.~a:: surface ,.oi the .,n~ppe ~as 

which 

" H - 0 = 8 8 ~  ~i y ~= 0.52~ =87,P, . . 
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with ,+th~ (z~Igin of the coordinates at 'the ~highsst pO~t~' Oti: the l~r 

s u r l ~ .  A s i m i l a r  e q u a t i o n  w i t h  t he  same o r i g i n  o f  o o o r d ~ e s  d e r i v e d  

by  A s s i s t a n t  E n g i n e e r  H. L.  D a v i s ,  Bureau o f  ~ o l a m a t i o n ,  i s  

+ + 

There  e v i d e n t l y  .~mst be a r a t i o n a l  e q u a t i o n  f o r  t h e  shape o f + t h e  

napkin o f  an i d e a l  f l u i d ,  l~mub 9 d ~ r i v s d  a s e t  o~  p a r a m e t r i c  e q u a t i o n s  

for the ~nh~pe of the surface of a+ Jet Issuln~ from a sharp-edg~ 
+ ,. + 

o~-Iflce. With some m o d ~ $ ~ a t ~ o n s  and  the i n c l u s i o n  of the effect of 

gr~vlty, equatloae ml@ht be deri~ which would fit the observed data. 
• , . 

The development of such equatlcms offers a f~ne opportunity for re- 

search to some engineer or mathematiclan. ~ 

Need ~ o r  A d d i t i o n a l  E x p e r l r ~ n t s  + 
. . . . .  , ,  , ,  , , , ,  

In the earlier days of dam design 0 the practice "~n the design of 

the so-called "ogee? cz~st of a spillway was to use a vertical up- 

stx~am face., The dam cross sectlonwasdesigned to flt exactly or to 

be slightly 'lar~..~r ~haa ~the space beneath the lower nappe of a sharp- 

equ  + to the  maxlmum disc arSe. The shape 
i ,  

was, lu most inst~noes, computed + in a c c o r d a n c e  with Bazln's classio 

experlments, ~which covered a ,conslderablo . r a n ~  of nappe shapes. 

/ ~u" ,y 

Recently lax~ dams havin~ other than plain vertloell upstream 

faces have been ~built ~or which the data of Bazin,.'~s not applicabXe. 

In one form, th8 crest overhangs the upst~am face .of the dam+ + " 

( f i g u r e  ~ ) ,  T h i s  ~ e  has  been e v o l v e d  as a ~ s u l t  o~ i t s  +sev l ~  o f  

material. The theoretical form of stable n~~flow .dam is the 

trie~le ,with the water surface at th~ apex as shown in flgure iC, ~or 



lO 

an o v e r ~ f l c ~  .derek, t h e  shape would b e  a p p r o x i m a t e l y : ~ h e , . t r a l ~ m o i d  

formed by removin~ the  epex from t h e  ~upper pBr t  o f  t h e  t r i a n g l e  t o  a 

d i s t n n e e  e q u a t  t o  t h e  d e s i g n  head ,  h e ,  on t h e  a r ~ s t  a s  shown i n  fi~qax~ 

1D. With an o v e r f l o w  hav ing  a dep th  o f  h e ,  however ,  t h e  d m m s t r e a m  

s l d o  o f  t he  t r a p e z o i d  d o e s  n o t  ,have s u f f i c i e n t  ~ i d t h , ~ u d  t h e  nappe ~ 

would J ~ p  C l e a r  o f  the  dam, as  shown i n  f i g u ~  1~, f ~ t n g  on a ~ u ~  - -~ 

e z t e n d i n ~  a m~xtmwn d i s t a n c e  N o u t s i d e  ~he ~ t r a p e z o i d ; ~  To i n s u r e  

dora from u n d e s l r e b l e  vacuum e f f e c t s  t h i s  .space be tween the  nappe and 

the dam should be filled ~ith concrete. T~i r- concrete is n o t  loea~ed 

in the mo~t efficient position to ~esist overturning of the d~me By i 

moving the point corrospondlng to the weir ~creet upstream a distance 

N, the nappe e~u be brought tangent to the ~ownstreem fees of the 

, t r a p e z o i d .  Th~s x ~ s u l t s  in  a h o r i z o n t s l  o f f s e t  in  t h e  upper  p o r t i o n  ~ 

o f  the spiilwsy section e~ual to the ~dist~noe N~ The upstream e~Be 

i s  co.~nonly c o n n e c t e d  t o  ~he upstx~em ~ o e  o f  t h e  dam e i t h e r  by a " " 

single inolined surface or by a snort-~seotion of verticel .face below 

which .is an inclined ~faee. The first form, outlined by the heavy " 

broP~n line on flgur e IF, was used on the Cono~In~o Demon the Susque- 

hanna Ri~r 8nd the Reek Can~on ~rTler on ~Che Arkansas River, The / 

second for~, th~ solid lines on ~ri~ !F,'I ~' Was used on ~the Wil~ 

D~m in .the-Tennessee River, tl~. ~afe .~le~bor Dam on the Susquehanna 

River and the Bull Run Dem on the ~Bull Run River in 0re6an= Inthis 

for~, the o o n o ~ " ~  . ~ . u i r ~  under the nappe is pla~ed where It is 

mo~ eff~ctiv.e t~ resist overturnLng and thefTS, results !ha mo~ 

econo~icel d~m® The proJeetin~ upstream portion~ of the dam usually 

a!~r~ ,~he shape of ~e nappe, and causes it to no lan~er ~ollow :i!: 

"'1 e~actl¥ the f.o~n which v~d result fro~ a weir ,w~th a ~ertieal up- :~: 
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S t Z ~  f~ce® 

Xt was to determine the nappe shapes an~ ~he oooffielente of~- ~/ 

ehe~rge for ms,h overhanging crests that 'an extensive series of,,experi- 

meats were Instica~e~"by the Bureau of ReeInmntien, 

~:xtent of EXperimental Frog~ram~__ 

In the design of various preliminary forms of spillways son- 

s i d e r e d  for Boulder-Dam,  mm~ questions arose in oo~ction with over- 

flcm crest shapes $. oonssrnlng whleh data was insufflcient to permit 

exact solutions. During the course of the deslg~: work, experimental 

d=ta  ~ , ~  ~oonectea w~~loh provod o~ w1~ ~ ~ e  p ~ p ~ t  ~on oz ~e,...~L~ter 
!" i 

desig~ns of the side-~hannei spillway, and this should be helpful in ~ 

preparing future designs, not only of Side-channel spillways, butof 
T~ 

other .forms employing, overfall ~ Be Ct Ions • 

The a im in the orlglz~l pro~ramwas t o  coz~Iste all available . r 

Infarmatioa o~ the subject and treat it fr~= the practical standpoint 

of the designez~ ~it~hly, the Program has fallen far short of ~he 

original in~entlon, but such circumstanees weru u,~avoi~able idue %o 

constant intorzup%ion by more ~gent or~.. m'-~tIs plamaed at this time 

to complete ,studies of %he mor~ eo~mon shapes ~as ,.opportttulty permits 

and f A n a l l y ~ p u b l i s h  t h e  :en t i .~ ,e  ~esulte as  a p o r t i o n ~ o f  the final ~ports 

on B o u l d e r  Dam, 

The principal phases of spit!way design eo~zldered in the experl- 

meats b~, ~ e  .Buz~eal of ~8clematlon were as follu~s: 

1, Determine the j~pe;~of a~st~re~uir~d ~o best f i t  the 

l ower  nappe o f  ~he o v e r f a l ~ i n g  s t ~ e m  u s i n g  s ~ r p - c ~ e s t e d  we i r s  

i 

k 
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r s p r s ~ n t l n ~  ,de~ ..~ot:IOn~ Wlf, h -vea~6 :~  u I ~ s a m  ~am~s m ~  ~ . 

R,, S~,u4y t h o  d e v i ~ t ~ o n s  o~" tho n n p ~  ahnpo d u e t o - a  ~ o -  

c l t ~  oi" ,eppx~ah® ~ z ~ u  e~m.red ~ p o r t l o n  o f  :~h~ £ ~  b u t  h i s  

oxl~r~a~n~s  W ~  n o t  e ~ e n s t v ~  e n o ~  t o  o o ~ p ~ l y  a n a ~  ~ho 

,5. D e l ~ e ~ t ~  t ~  oosfi~lel~nt~ o~-~iemh~6m ~or  d ~  ,~tth 

ve~t~cnl ~n~ cd~set upat'~ ~=O~e 

~ A ~ i l y ~  ~ho ~m~uu~ e ~ e o t s  ~htOt~ ~may oo~u~ on ~the. d o w n -  

c .  

.~,.,laoe~aln t i l e  ~ d u ~ t t o ~  or...p~e~ .~mlob oe~ o n  t h e  

u p e t r e e ~  t ~  o~ ~ ~ d u e l l o  t h s  l u e ~ a . e  o ~  ~ l o o ~ t y  ove~ t ~  

cres t ,  T h i e  efToc~e wh~le s l i g h t ,  doc~asen the ove r tu rn ing  

moment o~ ~the d ~  end l~  oond~tvo ~o e: : ~  r~duotion :in 

emotion. 

~.-D~'~z~In~ tl~e . ~ I s o h ~  ~o~f lc i~nt~ TOt ~ o - o l  ~ 

d i f fe ren t  .shaped ere~a ~wlth on~ w~7~out e o n t r o f . ~ t e s ,  Them 

s~Td~.tos ~o~"o ~0 lnc].m~o ~he eI~eot o l  ~ a(~Jn~ont t~rru ln,  ~ : ~ ,  

en~ poeitlon of Rx~ fl~toa. 

7, In th.e ~e~ oi" sup~ntar~ ~m~e on. nodeie or ~o~Ni~ . 

to be obaeaw~d :~to provide in~o~at%on £or'~tlm uso o~ ,:the :~mm:i~n 

d e p e ~ n t  in c ~ t l o ~  stres~n on ~o s t ~ o t u ~ e : ~ : ~ r ~ .  

~ i a ~  o r  ~xpe r !m.n t~ l_  

Ooiltnz~ ~y'd~L1Ao leb~:smtorg'  I n  ,1.9~ ~s B ~ o~ pz, ovt~t.=~g u ~ e n ~  
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nsede~  material for the compl~lon of ~he B p i l l w u y  deslg~s forBoulde~ 

Dam. Because of the routln® natt~ of .the studies., they ~ere subject ~ 

to considerable interruption b y  other more:~uz~ent ~wa~k. These :demands 

prevented the complete :analysis . ~,' 

were made. In ithe following .years, as tln~ and p e r s o r m c l  v ~  available, " '~'~ 

the material w~s analyzed c o m ] ) l e t c l y  to pr~par~ It for publleution.:: A 

thorough study ledto t~m bellef that parts were I ncaus~ht and ~ 

worth publishing. Acco~d~gly, /in 19,~6 ~authority was sought ~mnd ~elv- /!~ 

ed t O  repeat c e r t a i n  o f  the test ,programs to:p~vlde a comp le te  r s c o x ~ .  .:!i. 

Thls new program w~s conducted in the BUreau of Recl~matlon hydraulic 
~j 

.structur8~ ~aboratory in the ob sement o f  the .Customhouse, In D e n v e r , , . .  

C o l o r e d o .  C o g n i z a n c e . w a s  t a k o n . o f  t h e  s h . o r t o o m l z ~ s  o f  t h ~ , . o r i g i n ¢ l  

teats to avoid a repetition of the failures.. 

The ~rluclpal difficulties In the original studLies ,wo:z,e laok of 

e x p e r i e n c e  in ~planning a study of this type; lack of definite p ~ ;  .... 
t 

and the deficiency of ~t~me ~and personnel with which to analyze the 

material c o i n c i d e n t  with the actual ~aaurements. 

In full appreciation of ~thes~ troubles, .the ~petlti~n of those " ' 

Ceots wax preceded by a careful plan of procedure, As eac~ measunD- ' 

meat was completed, ~n ~analysls was cede before proc@ed~ug t~ ~the ,next 
~' ~ 

step. .... I n  that way, .any Inconsistent or Ir~le~nt mat~rle~ 

nated immsdlatel~. If-the results of :a pax~iculer test we~ 

sistent, the test was r e p e a t e d .  . 

Sool~o .o f  Tbe s_ts ! 

I n  , t h i s  t r e a t i s e ,  t h e  d i s c u s s i o n  h a s  been  l i m i t e d  -to t h e  s~ud~3s ~ 



z~de on t h e  w e i ~  w i t h - t h e  v e ~ t ~ i e ~ u p s t r ~ a m ~ i ~ e a e . .  The"ishepe O~ ~,~e 

u~er aap~o,~ the profile , o f  t h e  upper ~ter s~rr~ne; i:the :,devlet~o~ . o f  

the nappe due to the "volooity of ap~roack,; ',the ,eC~fflc~emtm of .'die- 

o h ~ o . ;  and the  .reduotIon .of prossuro  on ~oho ' :upstre~ui faee  o f  '~the:.:~f~mn 

havo all ~oen oon~de~d. 

'-The trostment ,of ~ s l~ l ! lwsy  c r e s t s  ~:W£th:~ o t h e r  ,upstream Shapes 

would ~be a ~l~tltlon o f  p~ocedu~e ~d o~e3~, tienoe,  is o o r ~ d e r e d  

beyond the scope of this ',thesis. : 

The tests on models •of actual ~ deelgns :to Tdetermlne %he ~aUthentl- 

city of this method of 8pproach ha~: been ~ t ~ n t e d  in other ~pa~.~ 

the meaeu~mont of the under nappe of flow 'over a :sharl~Z~s~ed ~ir. 

,! 

j'': 

' . i q 
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II -LABOE~TOHY ;FA01LITIES ARD I~ST~TATXON 

Colorado State ~ ! c u l t u r a l  . E x l ~ r ~ t  Statlo~ H~aulio ~I~bomtory_ 

Ths crlgi~al experiments m~do ,by ,the Bureau ,of Reclamatlau 

were ~ r f o r ~ d  in the hy~rauli~ : l a b o ~ t o x 7  of the OoloxudO ;Stat~ 

Agrloulttu~l ,Experiment Stntion, Fort:Oolllns. • Colorado. The :~~ " - 

apparatus ;~s ..Instal/~d in the weir box'~within ~,the la~ratory ,build- 

inS. The ,e~perimsntm ~re conducted on weirs .two ,feet iai~iehgth~ 

this .being the 

be maintained ,~zlth -the ~,water ~supply .available. The :appro~mh ::c~l: 

to the weir and +:the channel downst~am+",from",the ~ir ~z~ also :two 

feet wide, so that the , e o n t r e c t i o n ~  at the .~elr ,,wez~, supp~ssed., i T)~,. 

:interior of th~ ~ eha~l WaB ": 

was approxt utely t 6  : et l ong ,   he .sld  . ex nd ,  . the  bottom 

of  .the concz~te.%ank :up~ax~ to  ,a ~ho~ht o f  6 f o o t  ~ inches, in  o rde r  

that .the .~w~ter-mlght e n t e r  ,~the 2-foot :channel ,with the  least possible 

d i s t u r b a n c e .  ,The entx~uoe was f l a r e d  ,with a ,shoz~ rounded,  see , r i ch ,on  

.each side enflln8 .tan&~nt-to %he channel sidewmlls. The ,,chanuol .was ~ 

fitted ~Ith a movable floor adjustable ,~to,dlfferent poslt'ions In,order 

to vary the velocity of approach ~o the :,weir.. ,This floor:was :~held in 

place ~at each ,end 1)y two-cables, which extended from.~the movable floor 

t h r o u g h  p~l toys  f a s t ~ r ~ d  , to  the bottom of, t h e  c o n c r e t e  t a n k  and ~thenee 

throug~ holes/~n !the ,,approach :ohanne-I ~alle tO anohors .,near the top ~of 

the t ank .  'The buoyancy o f  :~the "loot combined wlth the jnet U~zd 

~ressu~e ;due .to difference in-velocity ,ebc~e and .below held the ~floor 

.at the .en~s of.~the oabl~s. At ,~he u~z~am~end of ,thls.mo~abl~ .flo, o~,,~ 

• a m~vabl~, incl~d :lamp .was ,inBe~d .to e ~  from ,~he fl~or ~o :the 

c 
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bottom of ~,tlm ++oonez~te +t~, Th,Is ~z~P ,oo~bined wlth+++f~riz~•si~e - 

walls mnde a amnverEinE entrance to +the :weir ~:ehannol for++~ positionS"+ 

of th~ flo0~+ + 
+ + +  , 

The test weir was supported ib~ 

end of :ttte ,P~-foot obmmel. The :test +~eir ~(:f+~+e R) ~ms held' in ~ p l ~  

atop ~hs (weir ,plate by, a ~splioe, plate an~ ,oounterstu~k ?.:~olta ~to .~r~vide 

made of stainless ~steol ,to avoid ,eorrosion. Throughou%' +the +teSt ;px~- 

gram ca~ was e~z~ized+' , to  ~alntaln+a-sm+OO~b upstwoem i f ~ e - a n d  <a,+shaz~ •:+: 
• . +  . , + , + -~ 

ed~O ,on the weir, -~,.~,,,,:. 

.In the OrNinal .studlss, .the :~op of \the ~wolr +was made+ with ;a 

width o f  +-I/l~-~ch and a ,slo~ of 45 d e ~ e ~  :on.he t 0 ~ m r > e ~ . '  A 

~tt~ly :by Rouse and Rald II ,at Ma o f  T e ~ o l o g y  " ,  
, . ~? 

showed ~that ~"---, surface ~tens lon:",eauses ~the 

shor~ distance blow ,~ho exist rather :than at .the sharp upstream sd~, 

due p~inclpally to the small width of :the ~erest, 'which is never made 

absolutely:sharp+" To overcome ~t~Is :dif~laulty in the t~st~,In tim 

Denver laborato~+, the ~.weir crest :~as. ground ~o+~a ~Ife ;edge .With a ~ 

vert leal ' upstream face rtO' el~t~ ',the vlsmous effects' 

"The, Sidewalls of the + P~foot :eh~l we ~ /re ontinued ~ d~strmmn" 

to prexmnt the ~spx~ading :of ~,the nappe+ A -hole in .one 'wall+d~wnst~am 

from .the ,weir :and :below +the crest p~rmit%ed ..access ,to ,the ,lower ~Ide 

of ~ne nappe ,:for operation ;.of ,the lower +nappe coordlnometer,  
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f r c ~  :the : r e s e r v o . J ~  ' i n t o  -ithe l a b o r a t o r y  ~was c o n t r o l l e d  :b~ 

with those gaten. ::Minor adjustments c~cr:the test :~eir"we~ made::by,: 

man ipulat ion of an .adjustable ,waste weir and 'valve.. ~The waste we'Ir:~ 

hinged at the .treadand was-adjusted:in height by rotatlon~,&f.':;a :h~. 

wheel near rote hea~ gage,. : The val~e -could also :be ad,~ate~ :from the 

gagins station ,throu~ll.a bevel-,gdar and :~od ,:assembly. '~a~ ~,ad~u~t. 
• - :~ / 

meats w o r e  m a d e  with ,the movable: ~ste •weir..-a~d fine .adJustmen~p: by":: " 

the waste valve, .. : 

Two ~ l o a t  ,,gages and .one ~hoo~ gs~e v~,z'~ : : i n s t a l l e d  I n . , ~ ) l l ~  , o o n - , ~ .  

w e i r ,  The fl~at-gages:were ~he t~e develolmd,.at Corael-l.~Unlve~si~y~. :" i~ 

Heads were read directly to thousandths of :a .foot ~ .Two? : 

of .the gages ,were ocanooted to openings in the movable ohanmel floor,- 

and the :thiz~ ~v~s connected to ~an opening .in ,the ohannel wall 9 Inches ~ :~ 

below the weir crest.. When the ~loor ,was placed : a b o v e  . th is  :opening, .:, 

the third, gege was not used~ 

B u r e a u :  . . . . . .  o f  N e c i a m a t . i o n :  . . . . . . . . . . .  H.yd_ r a u l i c _  ,!, _Laboratory_. , :  . . ~ n  : D e n ~ o r  , ~ : C p l o r a d o : . ~  " " . . . .  - ' ~io., 

.In -.repeating ~,~-..~,~ p~e ~ meesur~, monte :.in '.the Denver :leboratory - :i 

practica,l.]÷y .the _sa~s :arrangement .or' appera%ua was employed :as. :in the " :, 

original expertise:is. The tWc~fo~t channel ~v~:  dupilcated :except that /: 

the :approaoh chennel'was ..the same width as :the test channel the~e~ ":~-, 

ellmlnat:in~ ~he::necesslty for ~tlie ,trenS:i~:io~ .wqlle• .a~d floor~ Sultable 

ba,ffles-~t the :-upstream end of the :a~pi~oach :.o~el-',.dlsglpate~ th~ 
" % ~ , 

energ~ .from ,the ~ supply pipe ar~t~uted the fic~ unlfonmly in :the 

• •:~'%) 
..... i'r. i': • i"/ 
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ahann~l. "The . .wa te i r  

hOOted to 

J u ~ e d  iby 
L 

meter in :t 

~ d ~ m ~ o t l ~  ~e~m~ 

• E- JLL: 

,The oaoord~,mete.-':,used :in ~ ~or~lnaI  ~%eat~-to ~asure ::the . : "  - "  ~" 

l a b o z a t o r j  m ~ u z e  :the i:~i~Up "!oe nal~..pe an6 the .:.!low -:.;port:ion :o .... . . ".to :" " e n t '  r ,~ ' r ~ f -  " 

. i  

espe¢i~lly .to h a p l y .  '~.~ma 

i n s t a ! l ~ d  on t h e  dova~tmeam:<faoe ,of  :t, he ~ i r . ,  . . . .  - 

inst~nts known as c6ord~ome%~ms' The ~inStz~nt :by~:..hich:~the " 

aurfaees were .measured :"in Ltho = Foz~t', ~ Co 

&n fi6&tres ':3, 5 ead '6& ~It~eonslsted el . 

be~n mounted ~zer the'.woir:ehaanel pax~Lle: ! f . l ~ : ,  . 

upon~whleh~.was mo~mtefl an adlJus~ble ;~vsr%:ieal~bar.:~a,~ing:~at.~Its ' lower 

~ ~ ~ p o ~ t  ~to ,oontaot  ~ o  ~ s t e r  . u ~ a ~ .  iT~e . ~ Q ~ ~ t o ~  ~or ~ ~i ~:~ • i 

p o s i t i o n  . o f  t h e  : p o l n ~  . ~ e r e  r e a d  ,.on ~ -the , .  . : . :  

and no~l~,~.to:L:theidim.#ti6n~:of"tt~ .flow. The,~be&-~ ~made~sufr, i- 

elen~ly heavy %0 support :.a .live .load ~of sever~l~hu~dz~d :.pounds .wlthout - 

a .msasu~ble, de fie~tle~, -The ;carri~ 

was eonne~%ed ~th~ough ,.-a ho~l .zen~al  ~;slow~ .. 

~e ~-~o~n 'by:whioh...flne ,ad:Just~ent~ of: ~t~ :horlzontei position could 
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be , :~de .  ;A ,vernier  ,~mm prowtded to rgad to : . thousandths o f  e foot ,  Th~ 

ver~:ical ,~r .moved. groove ~u"the radical be~m 'end ~a~ fitt~d 

w.ith,,a 'c~..~.:~ow-~otlon no~ew :and verier. 

• X:J 

? 

upper~napps and  the  hook~ t o  p o l n ~  the  lowor : s u ~  

ups tream f o r  m~anurlr~, the  s e c t i o n  o f  :the :owD~ nappe':Upstream ~ 

f o r  ~aSuri~o:t~m ~mainder .of. :the 'lovter 'surfaceo :'~Iu ,~um~ t h e "  OOO~i-, / !  

t h e  wa~ez, surf~e, .The,'vertie~ :.reading ~e ~nde, the oa~-i~e .~d: ::" 

t o  a new _ p o s i t i o n  and :the .proeese  repeated  u n t ' i l  :the . e n t l r ~  nappe 

was t~versed. In -~l~g ~he measurements ~:of rthe icier, sU~fa~it. ~ : ,.~ 

i n s t r u ~ n t  ~ e  i n ~ e r ~ d  'i~ the  J e t  u n t i l  the t i p  .of t h e  h o o k  touohed,  :ii 

the .lo~r surface, For the lower.heads, ~hi~ ,contaet ~wus.~C~l~arly ~..'i.-..?. '~: 
• >. 

visible 'fL'on above., b~15 f o r  t h e  h~lo~.~he~:~It./,~v~si..nece~y gO ~le~W 

the hook ~hrou~h the-.observutlon :po~ :'in .-the slde~e '!i~:~':i)i~ : -- i.':i 

.Th~ c o o r d i n ~ e t e r  shown in  f~i~uxws :~, ,.5 :and 6 :~was <uSe~,:,~.n , the .  :~ i 

ori~,ina! ~ests to ~.t-~ve~se •.both .the upper .and lower .:nappes, it WAS" ii: 

n o t  enti.~ly s a t i s f a o ~ o : y ,  p ~ r t i o u l a r l y  i n  ~her,l~oO, t~Lon O~ th~::~. 
n ~ p e  ~ t w ~ e n  ~he  s h e r ~ : c r e ~ t  o f  t h e  ~ e s t  ~e l tr  and the  7ve~a . O . o n t ~ ¢ ~ .  . i 

whioh is the impox~ant .~o~tlon of the e~. ~ that iporti~on"of ,t~¢ <, 

8pil~way do~o not fit the ~et within-~ l ~ a e o n a b l e  de~r~e, qU~te : 1 i ~  ;:;:i 
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ne~atlve Pressureswlli~bedeveloped. TH~s 'was proven Ina serlc~L'Of 

stud'Ios on~ a model ~ o f  the f i ln~l  :ozo~s : ~ o t l o n  ~o1" 'the : o ~ s t  fo~ .,the 

Boulder Dam: elde-ahannel 'spillways. A -px~file developed '..fzmm"the 

o r i ~  mappe .studles~ when l n o o r p o r a t e d  i n t o  ~a exist, flttsd :sati~- 

fa~to~lly.~yo~ the vena ~ontraota but prm~uoed ,negative px~ssures ' ,, 

between the spring _line,and the soak. ~ Numeroue~:trle~s fa ~led ~to 

produ@~ a , c o m p l ~ t e l y ,  e a ~ l s f a o t o r ~  pressuze .dlstrlbution. ~Ther~ ~,we~ 

found ~..%hat the water would<:o~Ing ~oto the .:flat top~ of the :.test we~r.en~ 

produoe.~ex-roneo~s results, and ~ (-2) ~tho original ooordlnoms~r.~wns 

not adapted to "the e~ead1~y careful:.msasur~ments .needed in that 

region. The: .first dl/~fi~ty.:wes ~?rem~d~d ~byisrlndlng-!.the top of 

¢,he test w~ir~.to ~,~ knife edge; ~the-z~oond, :.by oonstruotlmg.,a :new 

eoordlnommter!to :be fastened%o.%he:.downstr~am~fa~ of !.the :w~:ir.~s ~ 

s own i n  f i g u r e : 2 ,  

This lower.: coom~llmometer o o n ~ I s t ~  o f : - s t a m ~ a m l  l a b o r a t o r y .  • 

point gage mounted on::a @arm!age :wlthtthe.point ups' The .~rrlage 

was mounted on a horlzon~l bar:with:;•hand,owheole .,.to ::eont~1 .the ihori- 
" • • , t 

z o n t ~ l : a n d  ..vertloal m~ve==ts~ i~h-the : . ~ r ~ l o ~ X i m ~  h o r i z o n t a l ~ b ~ r s  

were V~radumted ~%o hund~dths of,~,a .foot ~wlth v e l m i e ~ s  :to ~ead,~%L~ ' thou-  

samlths .of,.a .:foot. ~o ~olnt~:we.rs pr~vlded :-for:.the ~arbl@al bar.O 

One ~oint was otralght,~md.oons~Itut~d,.au:oxtemsion of~%he bar :in ~the 

same vertical ~.li~, The .second point ~wa~ :bent ~.to,.an an~le, of ~eppr~x~- 

merely forty-f lye, de~rees -~ud. oould be. placed !!In ~pOSl~lo~ :sloping t@~ • 

wa~1 or: mmy from. the ~.we1~o la i f l g u ~ s  2 ~and .4, :the bent  p o i n t  i s  i n  

pOSitiOn ; away ~th~' ~ i ~ .  
! 

• k 

I 
tj 



~,r 

~.j: . . . .  

~A, ~.m on ~ t o w  lamp.  was -o onno c t e d  by :'e a': insle:  ~ n ~ u l a ~ a  ~ ~t o~a 

set sorew on the po4_nt in ~use ~wh~h was eloo~r~eal'ly Lusul~ fx~m 

its mounting. By oom~ot:lm~ ithe z:s~glmv:~laup to~the ung~dad 

.Si~ Of a :llO~volt, sln~le-ghaso, el~o~rloal.:c'i.-oult~ thin .~"Iwould 

side o1' the ovoz'flm~ sheet. This g low~p was es~olal l# uaef~ i !n  

trawersln~ the lo~r nappe whe~ the flow ~as :fluctuating 

as was the ~ae wl~n the quantity of flewwas lar~s 

~velooity 'of approaoh weB,groat, Since tinter ~would 

point as it le~ ~In eont~t wlthtthe, wa~er~ silTface ~, and ~ stab '@. llsh .... an~" : : ~ . ~  

eleotri~al : shorb-s Irmuit ~around ~the. ~Insulated mounting , d dmip ~-oup,. 

r ~ ~ ,this . .up, if aurf~Imxently-stead~v;, wou!d :oa.~e a ',,~r~'~;'C~------~' 

~ e u l t  ! to  .~tl~ . h a n d : o r  arm . o f  : the o ~ z ~ t o r ,  s o  a lent~t;h ~Of ~ h,~.~a 

on  th~ outer fr~x ~he sup renderaa~':the ~inatzument ~harml~ss. 

:.The 'traverse of ~the ~uP~er mappe .:was per~or~ed ~In one ~:~ 

the s%ralgh~ .polnt .(,f1~u.~ ~7~).,~ ~g~nnlng.ati,ai'po.int ~,,the 

t r a j e o t o z ~  ~to t h e ~ L ~ . t  ib f  ~ h s : i n s ~ n t ,  : : . .  " • ::• 

The under nappe was ~raversed in four .... stops, UsLug.~he - ~ ~  . ~' :?.:. 

poln~ :in-.the lower ~eoordlnom~t~r with:the elsie0 .~pst~ea~,: ~he .lo~r 

slde of the Jet .was ~az~fu~y surveyed from the o~st o f  the ~~r1;o 

a xlmdom l~oLnt :near %1,e -vena eonl;~r~mCa~ .~ e b o n t  ~i~1~zt,.~s ~ s p ~  ~ 

,bY r~J~S Stra~t 9olnt. the Instrtm~nt 8hii%ed ho~,i~t ~. yr ~O~':'.~h~ 
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/ 

we'i~ so as to.:ob~ain one or .m~re obsez~mtians Inthe regioa alr~ad~ 

eov~d bythe, bent .p-oint~ The obss~vat.ior~ ~ma ¢ontIn~d to. the 
• .,' j ,,, 

~lacsd by the :.:bent .point but this time wlth t~ ~IO~R~ d~n~t~am ~ :  

the o~saz~rations oontinued to :%ks Lmit of elthe~ the horizontal ~_ 

. 

'The obse1~a.tlons were z'eeoz'6ed on suitable fo~.s~l~eetse ~m: 

observers were requized to make a complete set of Ob~rvatlomsl - 
' _ _ two 

to ~,~rate and z~oor~t the l~er"ooozdlu~ter ~adlngs; 

and ~ozfl .~he U~er ,coordlnome~r ~ a d l n ~  one ~o.'make 

one t~ z~ad •~d record the head-ca the ~Ir.:and the p~s~u~ on the• 

~ l r ;  " and °ms to .Obme~ the hea~ oa:~he, Y-nOtch the 

~:ir for the flow measurement, 

/ 

• It-was .~ .PZ~aotlcable to .make, '~he ~z~es of t~)e ;s~l~s on th~ 

• e~e~t .co! the ~test ',we~.. ,PrIor to t~te flrs~ tes~, .and at freq?a~n~ Imte~ - :~ 

x, ala .th1'mughout the: Pr~mi , ~slt iota of ,,..: 

.the te~t ~e.ir-,wez~ a~ou,~at~ de,ermined wigh ~Nre~ae to each @f the 

coordlm~m~ter l~O~uts.~ .~]Yno ~lev~tlom of itlhe ~we,~r •wlth:~z~ferem~@ %0 ,th~ : i~zl 
;'5. 

~channol .bead .g~ge and ~he~ manometer. ~ube~ Conmec~%ed }o. ::~th.e :'plezome~ers j~ 

opening, on-the u~t,~am face of-~th~ '.~ir wa~-.alao ~ e ~ o ~ l  ~ ,, 

2 
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~T" 

. , T h e - , ~ r  for  "the Denver e x ~ r l ~ n t B ,  o~ , p ~ v i ~ m l y  m m ~ t i ~ ¢  : , 

~ e o m m a t ~ O ~ o , a  , _  . . . . . .  , : ,  , :  : .  : .  " ~'inoh-!.Vcng~rt :~tex.!,:tn ithe. :aul~ply, i~ t o  .gh~,:::,~st 

.. t e ~ g  well-,:m~o. %h~ ~-Sto:~l~ .ehS~mols 

under ~tho ~ o ~ - ' a t o x ~  ~']oor. 'l~rom ~he ~ s t o ~ c h ~ n e l ,  the v/ate~- "~-. • 
. "  % / .  ' i:i " :: ; 

~flcwed-o~sr, ~a-V-notOh ~ e t r  Into-the .pump sump, ' ~'ne V-notch ;~re$~.;'~ 

. b e s n : p ~ v ! o u s l y  ~o~lihrated v, o lumst~t~al lY , ~ d ' ~ a ~  u s e d  . ~ o ~  t h ~  ~ . . . . :  

aoou~a~ ~ a S u ~ m e n t  o:~ ~th~.;flow. 

• ~e V e n t u r l  ~t~r ien~1 .tlm ~,whc~e, o i ~ u ! a t l ~ n  sy~m .in the  l a b o x ~ t o x ~  

lir~ ~ 'the head on :..the .w~ " " " "" ": 

S t a b l i ~ t y  ,of %he fl~, ~bF 

observat ion o !  ~ h e , s %  ; , 

d " h a channel hea gage ~,szu~ ,the ;.V.no?...eh .we~.'head.. ,~.8~.-~t~n .'~ e r ow :h~ '~' 

o f  ,~he :uPPe.r .snd l o ~ r  

f l b u ~  :and Y~no~oh .we j~" .' 

out '.:the'. ,test, 

k 

?: 



Ill - ANALYSZB "OF. E~..RIMEh'gS 

~.., 

{. _ 

Since the primoipal purpose of these experiments -~as to detex~- 
• / 

mlne the offset ,of the approach ~veiocity on-the ~profile ,of theIcier 

nappe, the ~-depth - of. a~proaeh ,was varied by ~plaeing .the movable :floo~ . . . .  

at a different elevation ~elative ~to .the ~e~ nrest 9oreaeh series -~>f 

,tests, 'During a ise.~ies Of~tosts, ~he d.ischarge over the ~ir 

varied to pruduee:~a .range of relat'ions betv~en: .,the. ~headdue to vale- 

city and the total ~head on the crest. 

z 

The terminology used in cempillng, the results •is iSBOwn an 

fi&~_~s ~8. A cummary o£ ~the ~est results is shown In ~able ila~ with i 

the exception of the original ,ooo~inates of the u~per .and lower :nappe 

which are tab~iated in table .2. .Nappe traverses :~wsre not .m~de :on the . . . . . .  

enti~e .series, as they ~.~were .mot needed .~to complete 

Those tests, in w~ich only welr.calibrat ion m~asurements were .made are 

ind.ioated in .solumn-.~O of table i without asterisks; .those • in ,which 

both  c a l l b z ~ ' 4 o n  and nap~e .measurements .were .made .are ,des.lgnated ~by 

aste risks~ 

7 '  . 

f , - :  

By ~rarylng the ,depth of approach :belc~i the sharp cre~t of the 

:it, P, ,Qr by 

the disoharge ~u~mtity ~ ~ within ,a ~se~ies :.of :%estS , :a range~ of ~el~- 

city of appl~aoh, 'Vi :and -hence°, head ..due to.veloclty of approach, has . 
l 

wee ob~a~lee~., By.;,~vary;ing ~the discharge through a Ser~es of-~estsl a 

o f  . - o b a ~  heads  ~on the c z ~ s t ,  ,ih8, .was o b t a ~ , : .  " _  
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z, • 

• ~ r % .•'•- "° 

~ o  del*,~ ,.orap~roaoh, 2, :in OOlum~ 2"{ta~1~ 

• t h e  ~ ' ~ t l  the ~8:~.m8:. a ~ a -  

tlon, rW, .in~colu~m 4; the. act~l .observed he~i.•on 'the ~r,. h~ as... 

test ~ I r ,  .L, in coiumn 12, have .been explained .o~ az~ Obvlous. 

?ms obtai~d b~ '-' 

Jr, 

The rXrel~ [~y Of approach in ool~m~ .g was ;de~rm~d" ~ 

L 

The velocity ,be~d, :he~ Incolumn B, ~w~s"eo.~ted by the velocity he~ 
"'::12 

fo~nul~ .. ..... 

The r~.-or the  lower nap~, E; above .%he~.~'&r~ ernst of, the ~e£w 

9 was t ~ n / ~ r o m  ,~he.,~oooz~l!nometer %~ve~a~ o'fl ~he i0~ 
shown in column 

Colu=m= .11 ~.:.1~ ,:eze ei~,p~ in t e ation•.of, ~ .~-of 

d!schaxl~e, C, I"o~' the ove~T~ll e~r~st.:Lu column 14,-.:!!TI~o ~flcien~ cir. 

dischax~e we~,~oompu~ed by the.-fo=la: . " 

H~/!~-R ~ COlt~ 16e-r;Nhi~h is ~he I~8~Io of~ ~,ot~]. h~d. on ~h~ 
" (/,~ . 

.i 

!i 

J 



SS 

on the sharp-crested ~Ir,• He# •In OO1%~ i19 V~O Obta~|S~ r~ ~$~g :he 

az~d ha. The ratios h~/H s in col~n 18 and E~Is in~columm 19 nz'~ self- 

e~plnnatory. 

A oonsido~ablo uum~r of dams ax~ duslgn~d ~whi~h hnvm a .height.. 

qUltO small in comparison ~;Ith ~hs depth :of wa~or flox~in~ ov~ :them, 

The. velocity of approaoh in these .ca~es Is .appz~iable :9~d..should i~e 

oonsidez~d in the :duslgn. With- ' ~ , z i s  in mind, t h e  ~eompu%ations , i n  table 

i were so arranged as to include v~Ioci~y ' o £  .appz~a0h bgsp~n~ :the ~- 

SUITS in tel~ Of dlmensioILloss ratios. 

These oxperi~lun~s ~eve 1 ~ r f o r a e d  ,on,~r~a.~hU~'~r~O.~,jed ~c~i.~ rot 

which the head, hs, was the basle ~asu~mont, In thcdos'S~n .of a 

~pill~my c~st, it in more oonvealent ~o start the .desi~n~with the 

setup! head .on the top of t.he er~st~ :he,Ll ~It is ther~fo~ noaessary ~o 

transfer the experimental r~ou!ts from ~the first to ~m .~oond .~point. 

This has been done by evaluating .the .flee off, he '~O~e,:~ n~.pp~ ~:2 

the sharp omsst in terms of the 5o~ ..he~id.on_ -~he sh~!~9.~el~st,~ . . :whloh 

not only t~.os into account ~the .veloolty of app~onoh, but 81so rBlntes 

h o to h s or ~o to He, With the ~at'io ha/Hath column 18, tabl~ I, .as 

the ab~Iss~ and the zmtlo E/~! s in oolu~m 19, .table I, as .the ordinate,, 

the curv~ shown on figure 9 was Plotted~ 

The ourVB in figure I0 was also ~otted from table le The dl- 

mens£onless ratio, Ho/F~ in column 15, ~a8 used 8s the a~ciss8 an~ 

the eoefflclent ~of disch, r~e. C~ in column i~, as t|~ o~S/In~. 
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The n a p ~  +.relatlongh1.~s "in flguze8 9 'and i0 .:~mpa~ ~favorably  

with. those obtained:.by S~zin +in;~H-Is experiments in"1886+ .The ,~sults 

of certain of, his extolments With+ n weir 'wi~+h.<a +vertlenl upst1~ss 

~5 

The ,Limits of h~_~ 

~o 1~latlonshlps .shown .:in ':fi~u~s 9 and o~rri~d ".%o 

plmotlcal limit= of appllca~lllty..+Ae!hn/~s'and .Ho//~.,-++.++"~:~app2'oaoh ze1"o 

as a limit, the Values of~E/Hsand O ::become constants for,all praotleel 

purposes, ~ figure 9 i '~the average .v~itte ofi.E'/Hs ilc iO,ll6+.for.:nog~i- 

F.Ible velocity of: approach, and in fi~u~s i0~ O '.hua~s :app~oxlmately 

4e06 for %he same .oondi%iono As %he :d~pth ~ of .np.pr~AOh+/IS ~:deo~ased .and 

the veloclty of S,ppl~DaOh '~ol~eassd~,"~ho+. ~I~08 'of ~E~8 eBd~C ~o~I~ 

and v a l , m s  o f  h a / ~ s  ~aud :Ho/P4E a r e  ~ s . I ~ O h e ~  +.where t he  ~ l a ~ i o n ~  ~a~ 

no lo~r valise This :limit .is :the orltleal ~d~p~h +of :flc~ i~ :~he ..~os% 

~hannel. ~i~ 13. defines critical depth as ~"(~I) ,the del~th.+at ,+whloh, ;got 

o~cu~.; or+(2) '~+~he depth at'whlch in+a ~ l v ~ n  channel a glvon .+quantity 

or vmter flo~s ~wlth ~he minimum c~n~ent of+ensP~Dt," ~In .h~ dls~usslon .! 

of ,~rlZioal- depth, he ,gays •"~.It will be +.obserwed 9zom:both of the ~fi{~u~us "! 

( f.i!~x~s :,91 and' 92.~ Ei~' s 'Hendbook. of Hydreu~l:ios ~ ! ~1~ .e~.:i%io~+, 'I~ i• 

3Yl) that a t  or n s a ~ , - e r l t l e a l  :dep%h a +~elstlvel~ ?la~-~ i~.~.".in det~th  i 

corresponds to a relatively small c h a n g e  InenezEy+, F1c~ in "this .i,~- i 

g!on Is ths~foro +rather unstable,, ~s i s  usually In~l~at~by ch~raetez- ..! 

face have been Incl1~led i n  table::l -and plotted on ~hoth :fi~.~ea -9 :end ,I0+ 

Bazln~ in his expevlmentson the va~Ioal-',~ml~,~cove~d only , t h e , , ~  

of h~t~S betwe'Jn'O.OOl+and O+080m ~llCh,ha8 p~ven+~o 'he too.sm~ll fc~ 

e number of + spillways ~eelghed + by +the Bumsau .. of ,:F~lemst£on. 
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~:ist'iO w a t e r - s u r f n c e  undulations," 

This limit was very ~adily detected in the test w e i r  Clues and 

woe m~uirested by ~:the surrmce undulations described by.Kin~. As the 
\ 

test rem~Its were analyzed, th'is limit became , a p p . r o n t  from the 1~um- 

sistency of the results beyond certain range of ha/~s..A ,limit ,of 

. h a /H  ~ of 0.220 in table 4 w a s  ther~fo1~ set :beyond whloh it was .not 

considered ~ safe to evaluate the r~oults .:for desi~u~ purpOses. 

In .figure 9, the ~.curve reverses beyond he/He'~ = 0,~0 "emd .~hews 

a tendency~to~beem~e asymptotic. Th~is was ,the oondltlien in test Ii, 

but in test 12 the z~latisn elmn~d ~oompletely. , In ,test Ii, the 

depth of approseh, .P÷Ho) was epp~aohlng the critical .depth, while 

in test IS it had p~ss-~d critic~.il id.pth and-was flowing below it. In 

figure i0, test 18 shows ~a behavior consistently different f~mm 

prosed img. tests.. 

This li~It .ii~ ~Iso shown in-figure II whore Q, the discharge 

over the sha~-crested weir, ~h.s been plotted as the ab~olssB against 

he, the aCtus3, observed bead above th~ sharp ,crest of the weir. ~as the 

ordlnat~. The curves for tests .ito i0, inolunive , plot consistently, 

but n portion of test ii and ~ of test IS .c:z~ erratis~ ~ The 'first 

throe points o f  test ii ~m quite consistent b u t " l ~ y o n d  t~tt.the c u r v e  

breaks and shows little conslstenoy. In plotting the . n a p e s  shapes for 

individual tests, the o u r v o s  follow~d a regular pattern ~,.otll t~st ii 

was roached, after which the trajectory flattened very .markedly and 

behaved differently from the pr~vlous tests. -~ Tests II-S, II-~, 11-4, 

nnd  11-5 a r e  shown in , t a b l e  3 as h a v i n g b e e n  u s e d  t o  establish 
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the final nal~ .shapes, Only test 13.-5 ~,Ith ha/~8 .O,~500,ex~ee~6~ 

the limit emtabllshed, It ~s. 'these various ;~Ir~leation~ :the% l e ~  ,%o the 

de~tslom to establish ha~.!s ~= ':07~20 .as .a :o.Or~orvatlve upper l.lmit, 

Reauotlon of Na~/,pe profiled-to 'Unit ~ttOad ii. ~ !il i 

I t  h~a l o n e  boon reeotr, uiz~a t h a t  .;the mapN~ o f  war, o r  f l o w i n g  

frse!y~over a .sharp-crested wo~II " -has 'a sla!Inr shalm fordiffer~nt 

h~ada.  T h i s  was d e m o n s t ~ t e d  :by Bazlnp who reduced  ~all iHis ;e~mr,~ments 

to the same bases :.by expressingth~ .dimensiOns '~in:'terms of. thehead on 

t~vzeir, When this is .done 'the results are ex~ssed !n:d!menslonless 

units as In the oases.of figu~%s 9:-and I0, equally acplisable %0 any 

sye~om of ~ m l t s .  

. .• The.up/~]r~ and lower.nappo trmverse.m~as,uz~mnn%s ;as observed .~n the 

~: ~ac~,inomstez~ , ~re related ,%o,. the iz~_ ~/~~.~ oo~dlnates x .~ and .y 

(.flg~ 8):wi%h their orig, ln~nt:-.+~he s ~  ~ez~s~ JOf :the ~ . i r . : h y  ~embt~of~- 

izzg the ~r~forence ~lues ~or zez~ee,' ~The resul%a, t~ue ob~Ine~ a~l 
• . [ " 

still ~omsldex~d ,.%o be orb.Incl. ds~8 ~are..com~i~od .in table ~2 for. ~both 

the ~Upl~r and lower :napI~, The tests .so :xBeOr~sd ~ams those .=~ .in 

-column 20 of ~table I° 

Wee .coord.tuatee.  o f  ~%he lswer.~nappe ; f ~ O a o h  test  shown ~,iu %ah19:2 

we~8 p l o t t e d  ~to. a l a r g e  s c a l e ,  and i a ~8~ooth :~IZ~v~ ~rawa :~hrou~h %hem. 

This ..step: el:iminated ~ L r r e ~ a r l t £ e s  wh.ieh net,umaliy, exla%~/due ¢o ~the 

fluctuatlon o f  t h e  wa~er s u r f a c o ~  This flu~huatlsn i~em~ased~, as  ,~'the 

depth o~:-appr~aeh ~was i d e c r e a s e d .  C o o r d i n a t e s  :ware then read f-rein ithe 

smooth curve f o r  each  t e s t  and , d l v i ~ d  by H~I ~ h e  t o t a l :  head o n  ~he 

e x p e r ~ n t a l  we,lr f o r  . that  pal~cule~w-,%es+., t o ~ o b ~ I m .  ~,~Luos, o f ~ . ~  
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and Y~[s- With the ,~elmtlon ~ha~s as ,e eriterlon the tests were com- 

bined in groups and plotted ~. terms of unit ihsad on ths ~i~elr :CreSt. 

The range of ~/Hs in the te:~ts wan from O.O01 to O~F/O as sho~ in 

~. For example, there were five tests which :had an approximate ~alue of 

hQi~ s ~= 0.010. I~ li.Ve manner, groups of ha/He approximately equal to 

0.020~ 0.030, 0.040, etc.-wore f o r m e d ,  ~Yrom ~aeh group, an~ curv~ 

Was co~mmted for~a given value of ha/H s. ~These new curves were then 

combined ,into the f, lual groupil~, ~ Since ~all of this adJusT~uent was of 

necessity performed on ~ scale so large as :to .prohibit :inclusion of the 

drawing in this report in any form, ~,three t~ical curves ~ro plotted 

on fi6ure 12 'to show the effect of velocity o f  approach. ~.fter the 

adjustment of the entire sot of taste had been completed on the large 

scale ,drawing so that the results were,,eonsls~ent, the values~of x/P~ 

and Y/He were read and t~C',~]mt~d in table 4, in a,  form,,for use ,:it* ,the 

design of a particular overfall crest with a-vertical upstream face. 

The observed coordinates of the up;mr n a p ~  .were ,referred to the 

origin at the sharp crest and ~re included in table 2. These coordi- 

nates were not reduced to unit need az they.were notm"tleeded forthe 

analysis of this ~:rtisular problem. ~ This information has been in- 

cluded for future analysis as the material may be needed. 

? 

Coo ,~dinates of Lower Nappe for. _Diffe,..-ent Values ~of ~ha/H m 

The values of ~ l l  s and Y/He In table 4 aze : b a ~  on K 8 equal tO 

unity, In the solution of a specific problemt the head dusts velocity. 

of approach, ha, e~{ the total head ~above the s p : v ~ i ~ g  llme of the 
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ovsri~l crs.~t, .Ks , may be ~etermine~, With the ratio hanna thus,:ob- 

ta~ed: the ~ t  s .ooordlnatms may ,be read in colwmz i of table ~ a~t~ I 

y~I s ouordlnates in the column eo:e~spon~Int~, t;o the Imrtieulaw ~he/H s 

being, uonsider~o For instance., i f  b ~  e = 0,080¢ the y~ ooo:~lina~s 

a1~ those listed in colun~ .II of tabl~ 4, By multiplying the:.valu~s in 

columns 1 and ii by I/n, the x.ond :y ooor~lnatos may b~ cc~pute~, I f  the 

ratio h~/Hs is-one not .shown in the table, .as .for Inst~nme, :h~ = 

O..08B, interpolation for Y/~e ~oord:Inat~a b e t . w e e n ~  = 0.080 and 

h~/~s = O.,OOO will pr~uee .sufflci~nBly-aeoua~ mm~Itlts, 

The lower.napp~ shapes for three values .of :ha/~ .wlth~e equal ..to 

unity have been plottmd .in flguz~ 12 to Illustrate the :effeot:of~ velo-~! 

~ity of u p p ~ c h  on the low~r: n~.I~. :shape,,..The data for :these ~ul~s 

were ~ n  directly from :%ab.le &, The x-.,eoOrdinates .~ze taken .~om 

eolumn i. The y c~ozdina~s for  hm/He - 0.00~ .from : 0 ~  I~ rot  . ~ a ~  

0,0~0 f~ oolt~m I0; .and for ~ = O,S~:.fr~m col~mn 18, 

; .}; 

.The cu2wes we~ m~lected as illus%rati~ of .c~ses of neg!iglbie. 

mo~e~%~, and :hlg~ velooltlus of appro~oh:~an~ the ~L~fez~n~-Ill .oh~u~- " " 

velocity of app~oh, .givss a g z ~  r ise~  E,, and a :s~pew~slo~ 

sufflc~at distance %his curve .cl~sses the othor'ou~wes. In ~he.:i:case.~ 

ofbi~h~rv@looitles of~ppzoaoh, ~he path of .%he .%mdsr slde Of.%h~ 

Jet becomes flatter and .a ~reater-horlzc~tal ..distance is %~i~ ~ 

reach.any .l~r%loul~r dowa~r~am sloe. 

. - 
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As outlined :In,the IntrodRo~ion.,,~one phase ,of.,thle study was %he 

d e t o 1 ~ I m a t l o n  Of t h e  . rmduo~ ~ n  o f . p ~ s s ~ o ,  on . the : . u p s t ~ a m  f a c e ,  o f  t h e  

dam.due  t o  t h e  c o n v o ~ s i o n  of. otatio t o  k i u e t i o  e n o x ~ y  a s  <.th~'.wntor f l o w s  

over the ,.oz~st of the weir, Plozomm%o~s wore Inetnllod :.in .tho~,~'upstre~n 

fa~o of the m~Ir-~n4 oonm~ated :to manon~%er tube6 as sho~n in if~%%~Te .2. i 
/ e i 

The pressures at %he~:polnts ~z~ ~cox~ed 'during eaeh test and":::;the 

x~aults di&~sted and • oho~n, on ~f~uz~ 17. The .'original me%arlnl':ws~ i 

voluminous ~I :not con~Ad~msd oi" sufficient Impo~nce :.to .include In , i 

its ontlr~ty in t~i~ 't~a~i~. ,The ' e:E~nt. Of the pressure ,reduotion 

for, different', approaeh ~velocltiee is.shown on figure i~ in ~terms of,ithe I 

total head on'the weir,"~H s" " ' I 

Th~ :amtual elevation .:of %h.e-~ator surface in ~the m n n o ~ t e r  :tUb~ :~ 

relet~d %0 the-weir crest is dun~e~] by-the .t:~, Hp. as :shown iln :,%he .. 

d~,on figure .i~. ,If;the~P~ wor~ ,no 1~uotlon of pressul.e..,,mld ,,no 

VO!OOlty..of approach, tthe ~leva%ion-of the w),tor.surfaee ,In a-~ter 

tube.w~ald be 8 d~stance I~,abo~s ~he welt.crest. If theme ..were a 

velooity of appro~eh bu~ no ~r~duetion..of p~ssu~s..,, t~. el~vmt'iom 'in the i 

manometer tube wc~,id be. a.dlstmnce H ~ , ~  above .the weir,:erest, :or ~:~ho !. 

water su~feoe in the-.%ube would be the same ~8 in;~the .reservelr~or < 

ohanm~lo To .. evaluate ~.nll of ~ho -vari~blos~ t h o  ratio .of ithe'; d Istanoe) 

. .d, bOlow t h e  s h a r p  . o ~ s % ,  ,.%)0 >-El s ,  , ~  .,to.ta~ 'head ,  :has  >boon.plo~rt~d ,aa - il 

:the ozdlnate, mad .the :ratio of ,the -reduction. of ,pressure ~ .,Hs~ , <to i!] 

: t h e  total hoad)"He:,. ]ms  been . p l o t t e d . . e s  ..the. a b e o l ~ s a ,  ii I 

Wlt~ ~.~e . v ~ l o o l t y  head : ~ .  :.the t o t a l  !head k n ~ ,  ...~he l ~ d u e t i o n  
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IV "" AP~IOATION :OF RESULTS 

i/ 

, .~ F 

i: 

With',th~ ~ . I n f o ~ t l o n ~ n o w  a ~ i l a ~ l e ,  i t  .:In p o s a i b l ~  t o , d e s ~  : the  .~, i: i' 

crest of .. an~ overfall ~ dam with a :,vert loaf,, up~t~enm '~fame : and cone iderable 

veloOlty of.. app~ach, It~wi~l !bo.,so deslgned i.that.at the maximum de- " ' 

./ 

,;a~ned ~head ~on. the~ spillway-,creSt, 'the downstream, tame ,of ~he ~ ,w~ll - 

~it ".the lower side ,..of the, ove~flowi~ sheet at max~ '.?disclia~e :with 

.'little or :no. nega$ Iv~ p ~ e ~ e .  between ithe '~face.,, of "~he:~ spil!way ~ and i~,the 

--'sheet : of w a t e r .  ,- 

Two, e~mmples :will ,,be :..mon~idered~i!~i(~ ) ,~ a ,maximum .~ad, on :.£he •-spi11~,~ 

.~ay ~,creat,  :: and ! ( 2 )  . :a maximum d S a c h a ~ e  . ~ e r  f o o t  ~.. o ,.spl ~LI~y . l e n g t h , . -  In 

;~he .first example, ,~the .maxlmum:~e~crvoir~,~ater:surfec~,; he. i~s 20 ~feet 

above:the c~est of the ~.e~! the,dopth.'of, apcro~h,;-P+E, .ia 50 'feet 

-belcxv~the:. ovorfall.~cres~, A.. rectangular ..appreaeh .to ~the: s p i l l w a y  !~is 

assumed, The length: of the ep~l~ay man be,varied it'o::mee t .the discharge 

• Th.n 

S i n c e  ~ h e  . t e s t  ~ s ' ~  h ~ . b e e n  p l a c e d  h~ term~ ~of t h e  ~ t o t ~ :  

head, ~B O, .:the ::!des.J4~n must be by :.,,successivo ~approxiL~tlons. ~U~InE ho 

instead of Ko, :since 'the ~veloclty head :is :,not :known, 

P~E . ' ~ 50 

and :the :coefficient. o f  discha~F~,....C.-:.frou -flgu~e .'I0 '.is 4.0~.. 

• Q~=:O~ 3/2 

- 4.02:x 1 :x 20 ~/2 

- ~59 .55:  second-feet .per f o ~  o f  spil!!my. 
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The mean ",~l~ql~y, o~ 'tho npproaoh:in~,~ w~'~oz':will,be : : 

:V:- Q~A ~ o o t  ~o~ n e o o n d  ' . : 

Ho - : h o  * ,ha " 

::: F o r  ~poses o f  thls:w.:ue of He wouldpz~- 

bab!y be suf.~ielontly acournte, b~t.~suOcossiv~ :appx~xlmatio~:.will 

ryleld 8 mOl~ aOOUl'ete :d'~s~he~e oapac:~y,,, 'UeinC,Ho.-20,41, 

if: 

~ E  :50 

=,4,o~ x : l  x (2.o.~1 s/2 ::i 

- 5 7 0 ~ 6 8  ao~ ,ond - fee¢  per  f o o t  o£ s p i t l v ~ v  l ~ h  

,V ,=.;,~ - 1570o5B 

- 5.~30 : f o o t  per  sooond 

ha - v~7~  
j . 

= • ~ 2  = ~.Q,4'~ f o o t  ~ , 

- 20  + : . 0 . ~  - 20 . .4~  f e e t  ~(seoond . a p p r o x i m a t i o n ) , .  

In this cose, o~ ~additional. approxim~lon .~,~: give the ~sam~ -,,vnl~ 

for He. So :the discharge CClmcity iis 

i(2oo ) 
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The n e x t  stop is to determine the value of E, the riBe o f  the 

c~dst above the s~Inging line. /~aln solving by suecesslve approxi- 

mntlons and letting Ha - ~o for the first approximation, 

ha = ~ " '0.0~"2. 
Hs 20,44 

Sr~n rlgure 9 E/H~ = 0.Z0e, 

the~ E = 0.i06 IIs~ 

Substituting in Hs -Ho +'E 

= 20,44 + 0.106 'H  s 

11 s -0.i06 Hs - 20,'44 
• ~; 

H s -20~44 - 22.88 feet (second approximation). 
1"0.106 

Hepeati~ t h e  solution 

From flgu~ 9 

then 

Subst itutlng in 

h h~;L !'0,44 -- 0,019o 
ss 22oss 

E/He - o.i07J . 

E = O.lO~;II s .  

I ~  - H e ÷  E . . . . .  

- 20,44 + 0.I06 Hs 

Es- 0.i07 Hs m 20 .44  

H e - ' 20 .44  - 22 ,89  ~ ( t h ~  approximation). 
i-0.i07 

This last approximation did not yield a Ereater refinement but did 

illustrute the llmit~ of %he solution. 

With h a and lls oompu%ed~ the x/H s and y/r{ s oool~llna~es ,of the 

lo~r n,p~:of the jet over the crest at maximum disehal~ :san be 

M a d  f rom t a b l e  4 u s l n ~  t he  ~ a t i O  ~ha/K s = .0#019. The a@tua l  ¢ o o : ~ u a ~ e  

can  be ocznputed by m u l t i p l y i n g  t h e  .x/He and y/H s coomxlinntee b y  H s ~ee 
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shown in the tsbul~ ion below, 

"0,000 0,0000 
+0.010 .+0.014S 
0,020 0.0266 
0,040 0,046~ 
0.080 0.09~5 
0.120 O,OBS~ 
0,160 0;0984 
0,200 0.i054 ~ 
O,250 0,1054 
0,~00 0.i020 
O.SSO 0.09?0 
0,400 ~ , 0 , 0 9 7 6  

ri~Oe4~O ,OeO~51 
0,500 0.0610 
0.60 ÷0,025 
0.70 -0.027 
0,80 0;085 
0~90 O.149 
1.00 0,22~ 
1.25 0,4..52 
i,50 0.~ 
i~5 1~066 

÷~+00 -i~460 

X Y 

0o000 ~ 0,000 
"+0,229 -+0~S98,~ 

0 , 4 5 8  ..0o609 
0.916 1.058 
1,351 i.855 
~ , 7 4 8  ~ ~2~0~ l  

" s.6~a 2 . 1 9 2 •  
4.578 2,567 

~5#V1~ 2.41S 
6,867 2,S55 
8.011 2.220 
"941~6 2.005 

IO.ZO 1.719 
II.44 1,S96 
IS,?S .,.0=S26 
16=02 -0 .618  
I8.~L I~900 

2~89 5.104 
28.6~ ~ I0,446 

40.05 24~401 
÷45.;'/8 -..3S.4.19 

In cases whems the $,epth of appro-oh, P+E, &S ,small, more approxi- 

mations will be needed to reach the final ,values of h~-un~ Hoe In;the 

above case, if P÷E = 10 feet instead of ,50 feet, ,the 1~sults would be 

as follow6: 

Approximation Ho/P÷E C 

First 
Second 
Thlx~ 
Fourth 
Fifth 

.Q V b a 

2.000 ~.935 ~51.95 11o93 ~.14 S~.14 
2."~14 So920 408. ~9 :15.61 2.88 22,88 
2.888 5,920 4agjo0 l~,SO ,5-.18 2 Z , 1 8  
2.~18 ~®9£0 . 4~V.47 14.58 : :~.30.  IP-~.~O 
2.3;',0 ~ 3 . , 9 2 0  441.06 14.~VO ~.~5 .~..~5 

In a second example,, ,the maximum dlsehazTge per foot :of spill~ay 

leagth and the hei~toT dam are given and the overfall ez~st ,w~ll be 
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dosi(cled. With P+E := 50 feet and. Q = 500 second-feet per foot of : r 

spil:lway length, the flrst step in the oomputation will be to estimate 

the coeff.icient of discharge to determine the head Iio. If an approxi- 

mate vnlue of the coefficient of discharge, CL e ~S taken as 3.95, 

p 

= 500/S.95 X i = i~6.6 

He = 25,21 feet (approximately,) 

and  He -25,21 " 0 . 5 0 4 .  
50 

Fz~m flgure i0, C = .4,01 

then .SeO0 
4,01 -'/i, 

= 124.7 

and He = 24o96 feet. 

This process can be repeated for greater accuracy but once is 

sufficient in this case. With the head Hedetermined, the remainder 

of the solution is the same as in the-first examuple. 

Effect ?.f Surface Tens, i.on on_ Nap~e Sha~ 

There is some questieu :es to the possible effect of~surface ten- 

sion o,, the shape :of .the nappe inthe tranr~ferenoe of the test results 

to a prototype structure. Harrisl*0ensiCers a molecul, r cerx~etlen 

.for coefflcients of discharge at low heads. ~ He 'recommends ...additive 

moleculf~r correotlons amount~ to as much as t~n. p~r .cent .of , the. 

aoefficient at heads as low as 0.15 feet. These corrections x~eommendm 

ed by Ran:is have been applied to coefficients from several tests made 

by the Bureau of Reclamation and by Schemer. In oyez7 .case,. the eo~- 



puted  c o e f f i c i e n t  w a s  t o o  l a r ~ .  hence i t  h a s  b e e n , ~ n e l u d o d  t h a t ,  the  ",: 

m o l e c u l a r  e f f e c t  io  n o t  as  i a ~ e  as  HaXTis i n d i c a t e s °  He henri  t h a t  

t h e  area  of  the nappe i s  a ~ £ e c t e d ~ a t  low h e e d s .  The ~ e s t s  p e a c e d  by .,i i 

the ~l~eu oT Raclonatlon on verti~l weirs did notshow an appreolahls " : 
:!:iii 

devtatlan the law s i Itu  of .ha  i or, he ds lo as O.le 

feet. It is p~sslb1~:~that there may be a sli@ht ohan~e in shape'~~for 

different heads due to the failure of surface tenslon~to follow the 

l a w  o f  s i n l l l t u d e ,  b u t  i t  i s  eonsldered~ t o  b e  e r e f o ~ ,  ..... 

it Is rs~sonable to assume ~hat Lc material eompiled :in figures ,.~ 

!" 

The f o ~ e  o f  .a ir  d r ~  upon the"na~pe Shape was a l s o  i n v e s t i g a t e d .  

A point was chosen ~.5. feet below the crest for a head o~i:or~ foot and 

the air ~ ~8s considergd to be the same as f o r  .a point 2.5 feet'~be- 

h i n d  the  l e e d i n ~  ~ d ~  ,.of a 8 t a t i o n a ~  t h i n  pla~e  in.  a s t r e a m  o f : a L v .  

~ a n s e n ' s  e q u a t i o n  15 f o r  d r ~  f o r o e  was u s s ~ . . , T h e  h o r i z o n t a l  co~ponent  ",~ 

was consi:e~ t o  ~:dis~Tibut~d paraboZlcally, di~InIsh~ ul~u~ aud r: ' :$ ~:~ 
~ . . . . .  . :-:,:::. :i~:~ ~ 

approachin~ ~o, at 2.5 feet above the point Invest~. T~ force .. :~,'~ 

was int~:ted over the d~s~ancs,aand~~or the period which it aeted 

~ms found to be su~flciont to d~£1eet the nappe toward the weir only .. 

0.000516 foot. The assumption considers noair drag foxes.on the upper 

side of the nappe. As a matter of fact,.the airon the under s~e-pro- ~ 

bably moves ~n s lar~ eddy so that the ' dx~ :: would be di~inlshed. T~ 

effect of air drag ~s considered t o  oe o~:au o:~ le r  sufflci~ntly:~s~11 -.. ::::i: 

to be ~glected. ::!' 



., R e s u l t s .  'and :Oonelustons 
, | _ _ 

" The predominant result of this ;particular :s~udy is .the plwSent- 

at ion  or   teria: whe by the *omple,  

~ !  the veloc Ity :of approach, In perfo~g t h e  experiments from i ~::'I 
• . ~ ? /  • 

, design data has been defied, the 'validity ofB~z~'s St~i.s":in:?IE~3t~ '. 

88 :h~!~been authen~icated and the range of  h i s  w o r k : , e ~ n d e ~  ,.am f a r : a s  " : 

t k ~  v e r t ~ c a i :  ~ i ~ , . i s  o o n e e r n e O , .  - . - ' 

The :m~i~nt~teriai needea in the ,design of e crest with a ~:: 

i; vertical upstz~om face is. ,shown in ~d i0 and In.table, 4. " :~i 

. The method '~,of :i~ust~d"b~: ~examplee; in:':cha:pter IV. 

A p r ~ o t i e a l  limit w a s  ,~ i n  ,the Z~tlo o'f v a l e t  fry head %6:: ~: 

i::: < t o t a l  head.. h~/IIs..In the weelon Of.~ s. . O.~#,the depth OfflOw " 
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