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ECEA!‘ICS OF m HYIJRA.ULIC JUEP

SE"B“ 8 f‘; :'»-v '

The: purpoue oi‘ this plpar j.s to preacnt “ mthod ‘of rout..; : S

| ing atrom flow: ‘through the wdnulio “Ytimp inopen- ohannelsiand

therelry assist in- (a; ‘the ‘economiocal design’of spillways'by. mthe-‘ |

-matioal analysis, (b orglnising ‘available:expsrimental dats to
‘support a practioal’theory, and (o) ‘attempting ‘to. direct future: ine
westigations ‘toward:a- ‘ooNnON A Venue - ‘of .effort. - CA theary :of resist
‘anse  to-stresm flow: in:open channsla by action of the: roller body

and &’ formalu’which evaluates ‘this resistanse’ havo been developad. g

‘Zhe prooodm ‘4n ‘the solution of :}unp prohlems by 'l'.ho propoaed
*r.nthmual prmu ia ducribed. R N

Introductlon

It;hus Iong becn sowal knmiladge that n'glaottsg frio-

| }'ti.on.' and assuning the channe) ;floor to be‘horizontal, the sum: oi‘
c ithes prouuro and: m-ntnn of thu atroam at the : ‘start’ fthe jump
ode cqul 40" the :sum:of ‘these /forces. at the .end: ‘of tho!;h@.'

_--oently :the :benefits of oreating the ‘fump -on 'inclined: -ApYOnSs, - intro-a-(jf_'

" dueing ‘the additional:foree-of floor reaction, have been Gepon- @ .-
gtrated, Evdnuuo ‘model -gtudies : ha.vo ‘heen:used- with: gmch uuoaeu

. ;inthe design-of spillway ‘struotures, but-model investigations are

uwm:l.ve and ‘vequire considerable period of- time ‘for construction
operetion, modifieation, and- analyuia :of rosultn. m:re 8 nppnrant

-poed ‘for an analytical: 4001 'An the ‘hands of ‘the . dn:ignor who dn- . . o

westigates, for. prelininery plans and estimates, the: economy of

'altornhte profiles:end proportima of onATEY diuipntimg atmetm-aa.& .;.: S

A repid mothod of: ulmhtion of rrouting .astresn:through the ‘Jump

' "body by:suseessive prooesasss would be of insstimable:value in deter-
-mining ‘the mxximum bonefits with the: ninimm ‘amount -of excavation i

md oonoress -oongtruction. 1% 18 believed ‘that: Mdiatiom of - cost
QP :Alternate lesigns: :dy*ldmtn;eoualy be obtained on ithe
dﬂﬂiﬂs;nbmd, provided that a satisfaotory nthemf.icnl" ‘olutlm
is mnde-available.  Although consideration has been .given {th_e
mios in motion within the jump: bedy - cmtinnously ‘since the. dia-
“;oevery oOf the puscm-mn‘bum thaory, thege efforts have contrib-
uted very little additional inowledge toward: the. objactiu describe
‘abovs, No: doubt:the. conphxity ‘of (behavior . of the  jump body. 1:1-
-oluding ‘4ts : wrbulenoe and ‘surges, ‘have : dhoonraged the:earpest
-offorts of meny 1mstiptors, ‘but, . perhaps ithe . ,perspeotive on the
ﬁ,-nin Lums cf ‘the prablm has boen abutruoted by umor 1mozu15- L




"-tencies of flow behavior. It is suspeoted thut past difficultaea

~ have been axperienced largely by efforts to submerge ‘the. phanomgnon I

into complex: ‘theory,: ‘whereas ‘guidance. by ‘the ‘simple rundnmantal‘“
laws of ‘mechanics and the application of empiricallrormulae ‘based
‘upon .analyses of experimantal dnta would have probably yialdad ‘
' substantlcl progress.' S c

In this study it has been assumed that the :hydrnulic jump -

is ‘a systnm or two distinot straams; one, ‘the: principn “stream:
_ocoupying the’ dower, portion ‘of ‘the’ jump body. -and’the -other & ro-
‘tating mixture of ‘water and:air ‘supported both inimotion: and posi
tion by forces. imparted to it by the princlpal stream, The. prin
cipal stream-is assumnd to: remnin “dntact a5 a8 flUld trainiduring.
" its trevel through ‘the jump body. expanding in eross section by
‘action of the: retardlng forces vhich include: (a) differential
hydrestatic- preseure, (b) friction of ‘the :channel’ boundnriea, (e)

shear applied to''the top boundary:of ‘the stream, and ‘(d) differen;g\5"7

- tial boundary ‘reaction 1ntroduced by ‘the weight of the “Jump hcdy. o
. The system of flow may be consxdered analoLous to. an incl1ned,‘_ S

rubber conveyor belt :in’ mot;on ‘and loaded viith-a’ quantity of fine--;§:1;ﬁ’i
grain sand, - The angle:of" inclination of .the 'conveyor is.so chosen: '
~ as to prevent ‘the - transportation of 'the  annd. beyond +th .end of the

- "belt but to raise the grnins adjacent to.- the ‘balt to ;elevatlan
- 1imited by the action and- magnitude of: mschanical irictlon. Lrom

~which -elavation the sand. ‘graing - rlow downward by ‘gravity over: the r

_‘top of thé mass, ~The body of sand iz -in equilibrium when the - fric—y7
‘tion is equal:to the ‘component ‘of weight -of ‘the sand resolved Anooo
the d:.rectioz of thr belt motion. : ' :

The tudy 15 introduoed by the reviqw oI,thaory to the -
extent of " demonstratlng the convarsion oI the law. of pressure- .
‘momentun conservation to: the law of energy conservation applied to
fluid flew. with and without Jump. action. This is fallownd by .an
"~ analysis of the hydraulic progarties of i e jump. ‘body, the: deriva=
tion'of formulae for res istance to. flow‘and the: reactive momantum
of ‘the roller 1n terms of tho hydraulic roper:

Conservatlon of Prﬂsquro Plus komentum andf

The darivation of the euuation b‘ianaggy”conéﬁthtipthgy
be demonstrated 8BS follaws- SR EL T S e




Case I - Acualerated Flow on Inolined Plnne S f,‘:

In: this nt.ae a priam or wu.tar, whioh 1: a portion of a ; o
.- ..oontinuous stream, has moquired 'motion on en inclined. plans by the P
~“net’ influence of gravitationsl end bnundnry friotiopal notions. l‘he;. E
regimen of the stream hes been selscted 80 83 %o precluds the fr.sr- CEE T
mation of @ jump., Referring to figure 1, the. foroes (in _uni_tn of o
~the weight of & unit volume - of nter) noting ‘on’ the stresa prism of ;[f T
length L are as follm: ‘ -

(a) In duwnntrom direction'

Component of prism weight - W - (" 1,_:

‘asa B Le pE S

Coi:_:bining. terms. -
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Tranaposing terma, “the' equation'_‘ i‘or oonaewation
dmlopsd as follows:

g.¢id. 008 4 +h _ wd cosig ek i+

W

: sen. aelected to per- :
"-nﬂ.t the fomtion of ‘the jump and the'roby subjeot the Q-otream
prism to the action of two additionel forces, ‘mamely, shear a.t""tha
‘%op ‘boundary: of ‘thé principal ‘stream and (the ompenent .of ‘the
~welght of the: roller.-“Rererring toFifigur ,2 \the foroes ‘.dcting”on
t.ho principa.l stream priumlof length ; :

Bnd‘pressure = P = (e

- ‘Component of prisn weight'> W, ~AL sina







LW l

ot

. Bnd pressure = B,




Trampaaing .terms, 1
prmozpal stream will

»

,-_Momutum 01‘ principnl atream -

?.th&nﬁu;n of '-f,r,,'o:l-ier'r altrép#tf:@' :mz.

End ptessure - P -T_ cos a







‘ . The dorivatiou 0
) aeribed¢ i

B Thonoe prooeeding aa :
s ;,be developed as; follows:

: , f.:-,also 1n1‘ormtive
';’;lervation of energ: ~af %the"*rolle

tion of’ ths priam are




. This aquu.tion oould a.lao‘abewuaad ‘to. aolve Jump problem
1n neu 0f the. -energy - aqmtion of ‘the prinoipo.l atnm*hacauu At
simply states that the - -energy given up by the" pr 8 :
- been absorbod tvy the ruller s'bruim.'

. It will be noted from- thq o.bm derintions that the equa
tion of praamro-nomnttm -and ithe squation of energy expre "
_thecries ‘based .upon the rumhmnul law of

‘equals ‘the. ;product of :mass :and: acoehra.tion”"

the ‘terms .of :one ‘aquation is :force’ iand “the :

“terms .in‘head .units by ‘the u.lgebu:lc"v roses ;:;bf uubatitu’bion, 'bmna

position, and: using “eommon mltipliers 1:"The following mquntiona e
- -evident from figure 3, whioch shows ia ‘graphic’ anembly of ‘the ‘m—‘_i RN
ponent parts o.t‘ enargy a.nd foroe &nsemd within’ the jump body.

' Gomervation or ene ﬂ 3 tion.
Eo - d b -?'.fh e

-d +h

_ : 2Gcm:s§mtion._i G f :

R . ’l‘he emrgy equation requiros ‘No. oomment nnd oan be solve
: by supplying the value of h - which will be- deacribed dater,. .
~“ferring to the ;pressure-nomefitum equation ‘it :should :be ;explained
- ~that ‘the ‘terms (g Fr = ZP ) ropreuent ‘internal’ foroes of the Jump " -
“body, the algebmic sum ofrwhioh .is equal to uro at the oon;jugate e
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;pointa uf tha junp und of aueh mgn:l'!mda" etwaen the 8o pointu to ‘

. ‘compangate for the: maeaaary :change of : ‘the. total praum-muatum
. Acocardingly the. oquivl.lnnt value of these tem for. the var:lonu s
o tmuhns of ono III vmuld ‘be a8 follm: ¢

Rnnh llo.

_and 8o on to

Reach No. N (zF,

“The forces acting on,th } jump bodyrwh" ch,‘rests en
floor of irregular profile‘{figure 4) ere as. i‘ollowa"
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The 1'1tom1 foroea ure:

The roller ahear (acting upa_ eam) o\ ‘the prinozpal trem
-F -HA._-‘ s e T

The mt cmnponent of roller weight (ncrting dmstrm)(
the prinoipal atroa.m - f»l?

: Equating tmv_::foroas of
‘;prinuipal atroam, o T

P - F ..c-.;.-‘ttl'!:”

1!' : ; ‘,
‘ : The oquu.tions ‘of .enargy -and presaire pluu,.momntum are,
¢or ‘course, ‘expressions .of :basic theories and: nnst ‘be satisfied in.
‘the - aimltaneous ‘algebralc ‘eaioulations required for . ‘the 'solution
rof ‘Jump problem. It iss nnaunm, hm'ire to obta.in for aubut
tution in the basic: equntlona on 0f 1
~ energy, h_, ‘transferred:by :shear f ”f_m ithe: wprineipa 'm,troam £o ithe.
“roller: stfoam. and (2) ithe . momnmm" ained{ by ithe roller strean as
the result of this trangferio onergy karms ‘
.properties . of the: prinoipa :

o .pages, :efforts have ibeen, ms.d ‘o Purni

‘and: although based :upon ;
‘appear to ‘be reconcilab . pr
-~ funmetion of :the . energy, ihis hp,s beer derived‘
lesting .empirical influen‘es:and ‘determining
-applied:to: examples of - widely var;ring flm-r oh&rac_
attempt has been. ‘made to . -evaluate ‘the :momentum of: the: rollar tream
by mlytioal darimtion ‘based ‘upon :an’ assumed velocity_;;distribn-
_-:tion and tha Prandtl-Von Kdmanffomuln ror ‘hxrbulent ;—,shoar st'.reus




x'rha energy =gr-.d1ent ’of the df 1 um ’ hrough 'bhg{:“‘hydm 110
' ‘k;,jtmp my be eva].uated as: t‘ollowa; “ /

e snnihihted A.!.m x-

" .the. length of trt.vel is on roo't " thi'__;
i fopras’ Fi iin. pounds, : Mting a1om
v_ s roller uﬁd the principll stre

o -r:with tha sumtion of*two .rincipal influences. . B
S proportioml 40 1the .ratio fithe roller : stream:area ‘;;-,t.orf'the i Q-atmam
}‘:«.uea ‘and the five-hnlves_:po:e o tha maan .velocity of - the Qestream,

.Lunit_‘,ﬁcolum of _h "firollar bc;dy rosting oi -strem (o m)
These  influsnces: wers:revealed:by “trial cnleulations a.pplfe
‘eral ‘jumps of" k:nmrn profilos the . trot rtios f: whioh,_vaw.

v_i‘:'ner a‘wide range ‘magnitude and ;£1ow oond itions, i'l’hefexperimhtal

8, 'which mbstnntiaw the.




h - JK 1.

1:1 whieh

nnd 0.0B) *tn "order %0
the energr line ot‘ the £







The ; mticn‘upat;rm s‘ otwrbe _,‘b’y gmvit’g
mst he mtarded to :e_romnd acoela atod dmatrem‘
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‘-‘-the poiht “y - -a.. ‘u “U ‘w}.:icﬁ

‘tho ‘rolier ana ‘Qestreams, iz %coen
‘mendtl-Kaman Formila ‘Prandt lms ‘@live
.::ror tha turbulent uhn.r kstreaax

O As e nonuequenne (0 -
lence s Kamm dori_ved the fqllmi
& at: any po.int y dn it :




any ueotion A8+ proportional "j'to ithe unit- shear’ Kn, ‘nnd ‘

»of ithe iroller i&e. This ‘relstion -appears “approp qtp"'when

unity, that is,-when the - ‘depth of" thew,roller ‘L5 ‘equal “to ‘thy

ness of the Qestream. ‘An-inspection iof : examples -oaloulated in ev-

v

~reletion to ‘the :extent of - .‘Lntroduding the __:ini‘luenoé ‘of .-
:faator J. ﬂw‘»modiﬁe qui '

‘cordence with equation (31 :shows the necessity of. modify ‘

Gonstant o

i 1ler jet any ae‘
;minus the cemponent of 1







"..‘,Assm ndditiom_.l &
e onlou'lations.
L tha presaura«-

“;j!mp nt station n 'vril— ba
‘ is beiioved thgt

i.ion Q]
Fmt station A with ‘the: &l
7 higher, -'*ﬂmn.aasme anothar ' i :
V‘ji-falightly ‘greater than 0,07 or’ eunversely.
‘2-.-a.nd repent the nalanlation}s‘ £ 'the full ‘
Jump : ' ‘

10.| Tha eorreot langth.:'oi' the: Jum
Yo othe oalculated vratar surt
uil-m.ter L8 f’aoeyat atat

INVESTIGATIOM

: : The propertiea of 2. Jump on’ a
must e.lao ntisfy formilae. mmbers {23)
solution -oannot be: organized ins simply
~vestigations my ‘be uocomplished

. cedures :(Refer to. ﬁgure ) \L ‘

1. Jake a lqybutfaf the rluor profile to be inwestagated.g

el Bmw ‘the nnrro.oes oi‘ th»e npproaching m.mi depart;lng stronms
“in prex 'm.ty of the ouxxjug&te points. :
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R Druv ana
ts-is.l mluulations
the equilibrinm or

4. Divide the trial jum. ody ‘into renches, the. -zprcportima;»
“of ‘whioh will be: adaptnble'*te atru.ight l:lna variat.tcn oL :
draulj.u propertian without uppruuinbl X ‘ :

5. Calcuhta he ‘mean valoc
a.otion or naeh rnnoh by f'omuia

6. Thn Mculntad .omrgy 1ine mus t naneaanrily nu:lnc
the emergy Iines of ‘the ‘appragohing ‘and thpnrting ntrom.:
trial- o&loulatim fall to ubtain the uaimidanm, ‘either the J.ength
‘or depth of ‘the dump body must be: modiried o Moox@nsh the re=".
‘quirad diaaipat.inn of energy, Tho mdxﬁutim & ‘be
u‘ter ‘some - oxparienna in wrki‘ wi

" 7. It is psasibla ¥ mtis.fbr ‘the
ficianmy in. depth and an ‘exoess in lsng ’.
fore it ig’ ‘TRceasary ito: egploy ‘the ’mllar
_-obtain the ocorreot propertions of oth’ depth and length‘-
mowentum et the gaverel ‘880tions .of ‘the Arial 3 ‘ ‘be: .
oaloulated ‘and applisd to. effoct the. smbility of . eanh mnh'in on
j&notion with tha othar oroes acting_.on'tha -pe.r*ial body. B

B T‘:e mv‘-:aﬁgatim oi‘ Ju.mps vrith chamwl :f’fluora of a
_.niable ourvaturs will roquirse ‘the udditinnal axaminntion
" effect-of " ‘oentrifugal forae, A ‘portion =of-‘-~the.:ftkinetic 8

principal stream will be tr&ns!‘ormed to potential energy, Thd ra- S
duction of velocity near - “the oenter of the ‘ourved floor ‘lencth_uwill::;f

daorease the walue of the. ooerf‘iciant‘;& K ~in- t.he reais'bann
-and oomequently -reduce ‘the.: :8lope ‘of the tmergy line.
monts of ‘the - principal streem ‘progres.
potential is transformed to'ikinetia.. emergy end mny ra
‘erease of disaipation, depending upon ‘the valu of it

"his point. AN , :

(2) rolier mement u, " an .‘ by,
~ the .curvature,: Ad;}ustmnts and’ rapeatad oaloulations' will be maea-‘
sary until the: l\ydmulic prfqpex_-.tias ;h;we_.»bean evaluated ix~ uchorda-
‘ance v'ith thase f'uno ions.'- S A Lo R




epomd theor;r‘ 'to i
bility : o.{‘ the ffamulma.




S The fhllowing lettar nymhcla, An
_.esaantiﬁlly to the "Letter: Symbol innd Glaasary*fo
Mamuel of Engineoringqfrmctioe”uo .
Givil Engineera:

Chaay 1riction f\etor

. ycoeffioiant of pn:purtiomlity ’
o formule (21).

depth or'waterdin ehannal, R .
4. ¢5: and 0 forth = dspth at particular sections..
e msan dapth. : : b T

total energy,.w
tntal force
'-u friotian.

.,,_‘.

Pe ‘m roller ¥ruction.’ﬁ

Fl’ 2, mndL 0 forth - friation*im particular;raaches

“volume of roller routing upon he“prineipal_iﬁf;
of lengthf;L,“ :

o total head.
,._, .minor | head
_; f7‘b -\ivelaclty heed.
‘:ff ﬁ ‘é frictionghead.‘ i
.'xh - prassure haad¢‘ 
7',f$” - rollar reaistaﬁne h@ad‘ ffV




' J = mean: depth or rollar stralun per: unit memn‘ __}epth. oi‘ tha o
V'prinoipul strom. (The atandnrds ‘manunl _g;tes that: J
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{ Friant Dem”

| ;F}i‘é.nrf Dem’

v o In each example, the
whanasl floor were ocbtained fro
. mathod used in the investication '
" ddscarding assumed Anfluences u

- aoyoral cxamples could ‘be ‘recon
~e2ioulation of ti hydraulic p

in suoh case that the :slope of ‘the eters:

dom, s proportivmal to the coefficient.
| . Uslosity mensur, the coefficient
| deta ag
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nergy head destroyed = 116.7 fast.
wer. deatroyed = 3,408,000 hps




.T u.
..uu_snnm;vmp.‘
DR e .33

o :
P ieidiaed A8 Y e T

k ,.unh.ﬂ.y.s‘
A2 ool B
A ey B2,
2

W

Lo g st e o1, pon

|
|
|
!




Lo -“m fﬂ‘alle.ng na:sunplea,of l\vdmulio dms on mr:i.wntal
flaow will dowmonstrate ‘the workmbility ‘of the formules ?hu
‘enorgy 1ive ard water surfase profile'in esch cage ‘
‘minsd with ohanwsl !‘r&ctim-mglsomd
' shown in ons - mse. on:pie Nog

‘seleulations | oﬂ'"emgle
effeut ai‘ p.‘memg ﬂm
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