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| MIT FLOY CHARACIERTSTION AT a0 - »
UNDIRFLOW; SHARP~EDORD, SIMPLE, ‘SLUTCE ‘GATE

1. Introduction

. In the merlier solutions’:”+%of"tie charecteristios of o
two-dimensionnl £low ‘through sharp-sdged '°P“nin€ﬂ-'-ﬁhe.@¢tt_m of
gravity wes neglected, that 18, the outflow velooity ‘along the Tree - -

.surface of the jet wes asmumed constant. Our study is handdm th

3

*rhe ‘Buperacripts refer to the referancas in the 'htﬁl;loéh@hy &.t
" the end of the paper, .and the figures in parentheses refer to. fthé
nunbers of the;equations. o o TR

v

case shown in figure 1, and the varistion of the velocii
‘Arop~down -ourve.:CD 4e ‘enalyzed in an approximate way. Bwo-i4s
sional potentiel ‘flow with the aid of .a ‘hodograph method, we ‘shal
detemine the pattern of -the streanlindg the Presaure distributiog”.
oun the gate BC, the pressure on the ‘botton as well as the velogity
distributién at the croass section OC. - T e

. Denoting the two-dimensional motion by £ = Xy w
pomplex potertial by @+ LY and the oomponents of the v@
by Uy =& cos 0 andd, = ‘W Bin 6, we have the wall-know
forrla: -¢+i—"‘4‘4 .

. ( dld+iy)
Uy iy

o

iy o R
with = const., “d¢ =0, The equation of the streamlines

be written after they are-resolv@e into -components, thus, i

CITE




e (L)oo o (g)y

may ‘be interpreted es the components of the reciprocel veloeity, .
V= - , . : T
S L My LUy L T
‘The .graph of the reciprocel ‘weloeity of a streanline, with whick we.
are concernsd, is.given by plotting -vectorially from a fixsd pdin
the velocity whope magoituds isf{&] . From {1}.1t follows thmt S
the graph of the reciprocal velocitiss of a1l stresmlines - which we '
shall hersefter eall the ~ "4/ -graph" - represents 2 conformal mayp
¢f the flow chargcteristics in the z-plane. T

'

: In the cese of a slules gute, the form of ‘the #-graphil o
based on the following asswmptions:- . B LI AR

‘1. ‘The free gurface AP in figure 1 ia horizontel. ‘The faoct

‘that the stremmline ¢ =Q must ‘rise_gradually above the quiescent’
level because of the velocity of approach, u} is not therefore takes -
into consideratiom, - ° . : - e A
II. The 1line corresponding to ‘mie‘di-o:j)-dm‘eurve €D 181‘!-
Placed by & guarter ellipse (figure 3a). in -the groph of the reei.

rocal velecity. The equiation for .the velocity

. =vZglh-gq) W

is only .vaiid at two points, C and D, on the drop-edm'm cur;vpf.i.m z:t
will be shown that with this assunption, the verietions betmeen: the:

wolocities s
o A

eomputed from the ‘veiocity graph and from ec:_v-,..tﬂ.on‘» (4), a.retmmm
ani et other points of the surface of the jet for small ratics of the

T

-

e

.-




¥ gate opaning, 8, to the hoad h.
Figure 2 shows the outline of the veloei'ty granh and thé """ -

corrasponding graph of ¢/ 19 ropresented in figure (3a) by the crosa-— '

hatched area which extends to infinity. A horizontal veloclty, ug,

ie produced &%t an infinitely removed cross seetion A (figure 1).

Poinl A renreaents the source of all streamlines. At the lower

boundary of the streamlines, W = 0, the volocitv haa o horizontal

direotion and increases from o to

W, = ag(h- ao) (s)

‘80 that the -corresponding polpt in the hodagraph and in tha graph o:r
. 1/ 1i®s in the stretch from A.to D. Point D coincides with the :
sink of nll streamlines, The path ABCD corresponds to the upper
boundary of the siremnalines, ¥ »=Q . At point E, the velogity is
-equal to zero and atpoint € 1% is given by ‘

\/ 2 9 ( h— Q.) {6)
u; depends on the ooari'icient of contrnction, o, which wil}. be
discussed later. ‘ ,

R ' 8. The Distribution of Potentil over the Graph of the N
. W'Reciprocal Velocit},r. . . _ . oo

’ ‘I must ‘be mentionsd that the actual problem conaists in o PR
.determ.tning b+ yty a3 a function of the couplex variable - e~ o

which is rundanantally ;poasible on. the basis of a.lmmption II. ‘.[t v
j.a known that the outer yegion of the ellipse shown in 3a in the
4/ ~plane can be transferred conformally to the outer ragion ot a
- unit eircle in the v-plnne (risrum 3b) using the relation, -
. - . A I . ' . A .
K V =™ R 2 o AT

in which _ ¢
v . .' - \v| e | »
s o complex varlmt "”h K and A » ﬁonsmnf-ﬂ- {K deteminn the . e

soele of the graph). After aewamting Lntc real and imaginm
par‘ba ) We ha\re




“In the foregoing, anly the rourth quadrant .af both planea 13 con-—
sidered.

Ifin rpla ece of v .we suﬁstiﬁttét‘q |
@‘

the qnnrter ‘cirele lvl =178 'branaromed into & seninirule.--;_
outer -region of the semicirecle 4n the “’lauar half :of ‘the vi-pl:
(fisure Sc) is further depiated conrormlly by -the : fu.nct-ion' ‘

«

a2
'-V""V RPN l\/ ! e'® =y e

: .,."‘,f.‘ ‘
EN A

-on :the _éntire lower :haifugplane ‘{figure 45},‘".- ‘_ |

(B3

.. | ‘ r | L
-.v‘“f-v’“-t- L v., = |v"1e.“’¢

“The .stretch ;:rm -2 to ’3 ron the ':: -axia correspnnds to ‘bhe noi,nﬂn

lar are

lv =i
“Then

T T
| '»-u'?:'ie? ¢+ ?e;. .




In this case,
vy 2 .

-

.3 The. Equn:biau of ‘the :Drop=Down Gum D, :

ALl vuriubles in the ‘integrals (2} anﬂh(B) Wil be=xﬁp-‘
‘reaented as:.functions of .the:angle.¢ ., Then meccording:io -agiuations -
(1le) and (12) -we:have for' the points on the unit oircle (figure :m)

¢’+ l-q-’ = --x[‘us(v -'Z, cas ‘2¢) - qu (2 2 cos 24,)]“4:_;. . g
4\Q Slh 2:¢ Sim 2¢ ’ _
TNV ~2ces2P Z(lmc;:sfz':p)) e

If the values :’m (B) and (13) -are 1ntrnt1uced mto Mtagral (2)‘-

aQ="

xo = xc.= Q) | o

. ___;;sm¢-.¢.os9d¢
’ : ‘a;. — 2 3
3%? z— cosa'clﬁ-l-th ¢ 3}“ -“035* ‘@*ﬂ?‘

- Into this equation.we. introduqe (see equaﬂionﬁ)‘

Q= R,z e -‘—"—-z-
i ).,
‘After some short mtemndiate calculatiana AWE have

_'—rc.as |
ccsa¢ d.c.qs ¢ + Scc.qs"¢ d.:f.nsé

‘.48'.'..'*.'.2- c.qs ¢
8 4
Both 1nte3rals ara or the fom




‘we - obtain finally
au[__.b 1 oq 2 b cos‘b

. Considering equntions (9), (1.5) and (14}, equatinn (5) yields

.sm¢
‘a0 |+Az( { sin%g d sing

Yoa = 2O
ma= R Yo o2 4 osind 4’

S»l.h ¢ -l

..:impl:lfying we ‘have

~,

Finally.we ":"obtei{ﬁ

n .
H' k .G (a.rc‘tq.n -—-9 tarctan --)
~ A%

3““&

Incorder:to.evaluate “the . coordinates X and ¥, the. caefﬂcient ar
-eontraction, O , rmust:be, aetomined. By putting

. P =2m
we obtain .from equation (186)

(16)

.We now introduce a new. ﬁqgle ,"QE :,,'.'dor:lned $hus

=-arc.cotan

‘The coefficient.of contraction -.,!5.
= 8 = Q‘D
.cannot be Acmnputed 88 ‘yot fyom th.ts aguation, - heoaw;e N apd »i,. ds-

‘pend on-® . .On account.of :the uniquepess .of the solution, ‘the . boundgi'__y

-equations (5) -and (6} mist -be- taken into . conaideratinn. waution
(8) .gives for oTOo8s .8ection .D.with :

P =2,




.

K K _
“ /29 (h-ax)

If we place $=.5M/2.8nd4'0 « 3 T/z in equation (9), ‘then .

LA S K =4 4p®

""SBolving we obtein

The,nu'xiliary ;angle, g ., ‘can b-e‘f,r.'tetemined';_fndm the -,je__qu_é;_ionht con-
tinuity, ‘thus S . o B Cet

Yo _ awx l_’i_?_\i =%

Tl 22

A=
: £

= € _(=X)h  KI-RPKE o ) 2
Vo = co o‘n"ﬂz.- 2aek + Yl *-:,Ql"j.‘ + A BT

'

-0 depends -only. on the ghte opening ratio a/h. "The detami_ﬁiﬁﬁ R
. of &%, A ,.00d £ from -aguations (17), :(18), -amd (20} 1s:ahp by
‘%he following mumericel ‘example: i 7 T

Brom ;qq;.m;i_ons A17), (18], and (20) 4t is .geen ‘,timt‘§tneo_r§§1§§ﬁ§iy'if'f,fﬂ‘




Txample: ‘Given'h =1, 5 meters, & =.0J6n; ‘then a/h = 0,12,

Choose & ='0,610 and compute A2, and €., and : 1ntroduce thaae values'j-,“

‘in .equation {17).

“This gi‘rea o= 0.6065. .Now choose & = 0,60653, ‘then n%&:ﬂ_
tion - (18) gives ‘A2 = 0,013065 and- -equation ((20) yields: E. = 5026}
-and ‘therefore v, = 13,5611, Equation {17} .confirms the: correctmsa .
‘of the choiee of ‘&, After computing ‘the- constanta ‘h = 6,817 and
¢ = 6,7437 we can determine ‘the coordinates of the drop-down: ‘curve

{table l). ‘¥e ean-alsgo check the deviations at single: pointa or the e

"TABLE X

Y

2n-¢ 909 . 60° 485° 30 15° 8% 00

o ox (w) 10,0000 0.00337 '0.01193 0,03101 '0,07333:0.14789 00
{a=y) .(m) 0.0000 ©,009%8:0.02056 '0.03523 0.05237 0.,06459: 0.07082
- tiwl.x/Bec. 15,089 '5,1070 5.1285 '5,1565 '5,1890 '5.2121, 8, , 2238 -
lul mi/sec,:5,089 65,1217 $.1560 5,1891 '5,2144 '6.2226 .5.2238 °
lu;;lwl ‘0,000 .0,0147 :‘0.'0265 0,0326 0,0254 '0.0105. nn.oooo
. aaqQ, .

streamlines from. equution {4) ror B cha2: IT. After: elminating
2

angle: @, ‘equations (8) and (9) givo ‘a veloci‘l:y camuponding -to the ;
3 hodograph ‘thus -

g 9

\/l+)s — 2 A% cos 2¢

-Since the difference batween the: velocities ‘4 and W 13 inaigniﬁ
ccant, ‘ ,

fwt =

‘{-tor :_%--fu;.o.'lz, *‘thanﬂl‘lﬁ%ﬁ‘ é-\.0.53 % -max;

for:8 =05, ‘then Aul - wl o:3,8 ¢ max.)
‘h g

it appears that the cho:l.ce o:!‘ function ('?} “for an- appronmate sol\lv
'tion A8 valid. -

v

: ‘In:.table II are given the theorotical valuas: Df u o
:well . usg ‘the ; ‘ecoordinates of the: drop~dowm ‘curve for various: valma
-.:oi' the .ratio*, a/h ‘1t 'is to‘'be noticed that the streamlines 'for .

'For.'g_-.--o; a=Q,1'm For-a/h =0.2 - 0.5; h-=.lm,
‘h




-each gate opening, u, -if

0 ‘¢ B €aq:5
h

.
. "j.- .

devinte from one another .an insignific&nt'nmqunt ‘and ‘that ?.thé :ratio’ o

!.Ilug:l"‘f’uol

Nugl

vdries'..between=l‘0'aﬁd ‘18 -pereent., From.this "stability" of 'fthe‘-.“drqp-"'
dovmn ‘curve mgaingt ~changing of ithe velocity-plane ‘1% rmay be condluded
that -the- Tlow boundary ‘corresponding ‘to-a rigorous ‘solution can di7-

- fer only a small mmount :from the . curve ‘as determined,
) TJ‘LBLL“ III

a/h 0. 0.2 0.3 0.4 0.5
& © 0.6110  0,6046 0.§036 O,604% 1046066

‘&« 3007 .0,001925 ‘0,00360 '0.00504 “C.00605 ‘0400655
‘$=-315° .0,00678 0.01287 .0.01822 '0.02232 :0,02473
“@= 3300 ‘001754 -0,03370 [0,04848 0.06080 - 0,06960
“P=3459 .0,04130 0,08031 :0.11744 0.15109 (0/17947
P 355° 0.08308 . 0,1628L -0,24069 0.31495 [0.33932

“$:3000 0;00521 ° 10.01025 .0.01475 ‘0401673 :0,02071 _.
(a=y)(m) #=:3150 -0,0L140 0403259 -0.03286 0.0399) 10,04798
'P= 3300 .0,01945 .0.03893 ;0.05732 0.07819 '0.08744
9=-345° '0.02883 :0.05821 .0.08680 0411214 <0,13838
iPp=3550 0.03549 0.07203 .0.10813 ‘0414155 .0,17689

4. Pressure Distribution along the Gate and. along ‘the
-Floor. . - - . : -

‘After -introduoix_:_g @ =

' "..1htegral (3) :reads | ‘ | ", | B
h % de v

i\ .d = h -y o= L —— ey

W R Y i s

It ié 'j;f;ﬁrq;iér to i.ezpreé:s 1 and ¢ asg-: dnul.ytic ;fun'ct:lons of c-.the i.,v_a.r'-'

dable’ | v| {figure 3b) , ihuly thuﬂ

= o e etz e

e Y




; AT
(' l o+ v ) |

q)'t' I kIJ = e— loﬂ -V +LQ

[IOS(V - ,+l°¢3¢(— —V ) 2_|nq(|__..“ ')]'i-t.'Q

[.o,‘\(v " mm,(... -
For the length W we havo '

N= ""»L l\l‘

$= :(T;){.“’ﬁ“’o“"' )+‘°9(v=+"")’2‘°‘l“*“‘"’]

B! | L eE
' Al Wiy
¢_2auk ( vl '2.1 ) guyl

+ - S
lTll-A") V2 +N\‘ -ga,,-&-m" ;...Mz :

M’--d-,\ NI 4-;\ .|vl +?\ d}wt'*'
+lvt‘- - J+Nt‘"

%5 :

] _L”_ \.h‘.
Vo + ( Vo

| :-\?ﬁzf[( s ..-‘ arccatqn
z (1.-73-) a.rcco‘bo.n lvl

Ir e chooss “Tor ithe vard.able lvi any va.lue batwaen 1 and £0and -
compute the correaponding veloaity GA rrqm equntion (Qa). than wﬂih




’

‘the. aid of equat:lon (23) every po:lnt on’ 'I:he gate ‘at vhich this =ve-
‘loeity occurs can be determined, ‘In: ‘table III.ere given the ve-
locities and- pressures, determined from Bernoulli's. -aquation, .for
‘several 'points on:the gate (h'=1.50'n., a = 0,18.m,}

: TARLE 1T |
ﬂ'--—""li 0 0.05 :0.10 0,20 '0.30 0.40 0,60 - 0:80 ai00-

v
~u(r/sea.) 0 0.2573-0,5155 '1,0606 -1.5448 2.0579: 3_0753 40090 5,089

.22 {ra.} "0 D.0054° 0 0135 ‘a, 054].‘.’:0 121640 2158 D 4851 0 8531 ‘l 3200
g.

(h - y)m ‘0.0.5620:C 90'?9 l 135]. de 2291 Le 2729 ‘La 50‘78 1.3180 l 3200.4 .

P (m) 00,5586 0.8944°1,0810 1.1075 ?1.05‘?1_10.824‘7 '0.4649:0.0000
= . | )
" The- ‘pressure or the Tloor cen be similarly: dutemined. It muat ba

- -observed, -however, that for the atrenuline /=0, cequatian (El‘) nuat
“be replaeed b:,r 2““

o= il e :

If-a-value of-v is chosen’ between 1 and vo, ‘then the absciasa of . each‘
‘point at- which ‘the velocity

Uz

Q.
N -;';é..
l b Wi

occurs, .-dnn":be .computed ‘from -

KX 2 [( l\f
E‘“(I-ﬁ) : Vn

' Ve M -
(‘“‘ - XN )(l v:wm

wb=1 we_,-:
ITET I vy

—2( l‘?&")( oy -

‘in -,which
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For detomining the- absoiuan ‘E dn. rigure B, “bhe equi-potnntial
‘ourve EC wns constructed in 'the: ‘f0llowing mauner: .On the v"vplane,
the corresponding curve is represented by a oirele [(figure 4). 'The
‘coordinates of ‘aeveral points of ‘the ‘equi-potential -curve ¥T.in the

V-plane can be computed vith the aid of: equatiogm /(B) and {9). ‘The N

quationa 24 :and :25. uz‘e roots of ‘the -mapping- equations (J.O) tmd (1:1«):. ,

"-determination of -equi-potentiel 1ines ‘in :the Z-plane -follow tm the - ;.
graphical evaluation of 1ntugra.la analogoua to equnt:l.uns (") a.nd {3) » A

Curve P in t‘i;,,ﬂzre 1 gives the total presauro ug,a.ina\. the. gate (w:ldth
'l n.) for various gete upenings and rcan :be detemined from: ths mpﬂlae
-.principle. ‘

= Lh ( : ) - o (2 - ‘ ')]

The -values indicated hy ‘the dasnad li.nea apply to:a- rigoroua enlution
.0f “the problem (essunptions I and II ere not made}. With:'s paminsiblej
-approximation, wo may put o _ L e

5. Camjmrs.aon of E::pemmantnl ueauu.rments with t-ho 'Phao-
- -refieal - Qem;ts. ‘ _ et

1t may “be conal.lde:l £rom the (amerhnents pﬂrfo:rmd in xoch%av IR
1aboratory4 and ‘also ‘from tests:by.Keutner® ‘that the cosfficient of
seontraction otis: mdepandant 0L the -nead,he !(au'cnar g.tvoe u aBLa
zrunction of the gats opening. a. e -




The theoretical coefficient of ‘eontedotion, ', which ds
‘solely dependent an tho gate -opaning ratio, ‘%,‘ waries batwean 0."6(_135
and 0.6110 (1f u/h 1iss between 0 -and 0.8); 4t 1a worthy -of, mention
that 1% 13 on the average smallar ‘than -cosfficient of ‘contraotion
neasured by Keutner, but it ig darger than -valus of B = 0,80 (for S
2 =0.18 n.; h-= 1.2~1.8m,) given by Carctanjen. .an agreement with
this -coefficiant can be renched ufter transforiing -equation A8,
Suppose we renlace U, and u by ' : o

Yo = $V2glhmay , ug =VZgth-am)

vwhere ¢ is the coefficient or velacity.  Theae euqations =-nep~.éa with
‘Keutner's velocity meusurenents. e obtain the eéxpression o

Tquations {17) and (20) renain unehanged, . o

' For & = p.12, @ =:0.98, thn'ec_‘qerfiéient‘ of cantraction 1B
‘found {to'-be,qg-B‘O.solB. This value .does not dizrar-.uatertully_rmq e
O-GG- . . : LT HE P

The coefficientsof contraction,®, chserved by Keutner® -
‘are sonewhat higher for small gute openings, a. This can ‘be at- .
‘tributed to the influence of the boundary flow along ‘the gate .ang. - go 0
‘f1loor as well ag the rather dull knife-edge :of the gate., .At greatar LS
gate openings, the water.surface was ‘severoly disturbed, .. e :

- By neglecting the efreet of gravitys i{*thp'w,e;d.dgﬂ;tyf},&;l,q@gf
‘the “free ‘boundary of the Jot :1s .constant), o 48 found ‘to “Ancrasse.
- rapidly with increasing '-.valupaz.‘oi‘.-:;%;fg. LR R T
. A.coupanrison -of the ‘theoretieal -wizh -vthe';.expemnentul"-.drqp-f,'_
‘dovin‘eurve ‘as -observed :in:Kogh's ‘laboratory 4s :ghown in Pigure 6 for
B =018 m, ‘and h x50 Heutner® -sets up enpirical squations
~for the .part of ths : ‘heginning at the knife~odge, Inooo
‘ ‘ and’.theqreti-cal:,cnmes-ara preaontad. The
nstructed -as :followa: ;iftep detemining -

the potential line T by 'the method desoxibod Audast ‘aection, the

gtreenlines o =Q, 8, and 34 were derived Lrom ‘the #'«plane by .

- grephionl _'lnftegmtion-of&quatibns (2) and (8).. “The ‘3391291?!95 at.
*he intorsections .of ‘these streamlines with -the ‘¥-axis 0an ‘be found




from the 2/=plene, ¥For the solution the .‘followingr congtants were .~ -
: .'1 USEd: _E!.';,Ool‘l'ﬁs

; = 0.3758, &= 0,6040, A% = 0,53826, v, = 4.18343,
h  0.089% ~ | - o

’ vy = 2010163, uy; = 1.1077 meters per.second, u, =.2.1835 metars :par
second, '

Pressure measurements .were -perfarmed ‘An :Koeh's labbiafld‘#& |
‘ for h = 1.5 e, 8 =-0,18 m,, and a'tai‘l-_-wuter‘dapth of 1415 :m, {fdge
S ure 9). ‘Redueing the -velocity head in table III v’in‘proportiun 0"

: 2 o 2 e
Q* - Q“ - { ©0.2909" -t
—_— o >N — = ] =0.202
Q% = 2gefai(h-aw) RS
' (Q,u ‘reprasents the diachdrge measured in the ‘teata; Q 48 the ,thuo-: '

\-0:5703,
retiecal discliarge for h % '1eB My, n = 0.18'n,., and tall-watar -dapth

2'®& ), we enn determine g pressure curve ‘which agrees very well vith
the exporimentnl pressure curve,

Ot e it e e e e

i Figure 5 shows the theoratical preesure distribution along - | .
the botton 4in cenparison with the *distrihutiqn neasurad ‘{n ‘Koech's dabe "
oratory. ‘The ecmputed floor pressures are given in ‘table TV.- S

, . TABLY TV
b oTeD = 011710 = 0,60862; 2 .= 0,012711; Vg = 17,8096 ,
h o 1.281 , ' - g
| 1 o 0,42
Py ni) 1.2694 1.2345 1.1764 1.0756 .0.989p )

{x=xXz) (me) -0.6385 ~0,1945 =0.0744 0.0000 '0.034?_

I'\..'/i 0.5 08 0.9 0.95 0,98 1,0

P/yim.) 0,8596 0.5264 0.3223 0,2087 10,1883 0.0910 -

(x=xp) (ms) 0407135 0.1441 -0.1947 0.8398 00,2966 00T s
Upstreen fom the gate the ex

perimental -and theoratieal cu:vap agzzee R
well., Below the gnte the exparimental curve lies fh;l.ghax_ho!;‘-;aecnun; R
of the vortices Which oceur. ' . o S

The camparison.of ‘the theoretiesl and :exporinental eurvos '
. is not unsatisrastory and .shows that the us

e.0f ‘the potential :theory
s justifiasble for 8olving the -p;:oblam;preajented 4dn this paper. e
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