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ABSTRACT OF THESIS
 

DISCHARGE THROUGH INCLINED GATES
 

Fourga1tes; one rectangular 'and,three circular,
 

installed at 45;degreesfto the channel*bottomAwere investi

gated., The rectangular gate performedtasa-submerged weir
 

fonly. ',The-circular gates performed as submerged,Weirs-when
 

the upstream water depth was below'thel'top of-the-circular
 

opening, and performed as orifices When the upstream water
 

depth was'above the top.of the circular opening. -Two'-kinds
 

of:nappes, surface nappe and plunging nappe,:wereobserved
 

in the submerged weir flow conditions. Weir'discharges under
 

plunging nappe flow were independent of downstreamwater
 

depth, so these data were used to calibratethe free flow
 

discharge equations. The free flow discharge-coefficient
 

for the rectangular gate was constant, and for the circular
 

gates was a function of the ratio of upstream head to the
 

crest height. Data for the surface nappe condition were
 

used to calibrate the submerged flow discharge equations.
 

The submerged flow discharge coefficients for all gates were
 

functions of submergence ratio and opening configurations,
 

and different by multiplicative constant from reported
 

coefficient for vertical sharp-crested weirs. The discharge
 

equations for orifice flow were functions of opening config

urations.
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CHAPTER I
 

INTRODUCTION,
 

It has been demonstrated that losses along water
 

courses (channels which receive water from the distributory
 

and discharge that water into individual farmer's fields, or
 

into branch water courses) are a primary cause of low overall
 

irrigation efficiencies in less developed countries (LDC).
 

A particular need in overcoming these low efficiencies is
 

effective control and measurement structures. Proper control
 

structures allow diversion of water to where it is needed,
 

and measurement structures provide the data necessary to
 

evaluate overall irrigation efficiencies.
 

Two types of gates which can be used as both control
 

and measurement structures, and which are adaptable for use
 

in LDC's, have been designed in Pakistan by the Colorado
 

State University Water Management Research Group (i)*. Both
 

are designed to fit into a channel or channel constriction
 

of rectangular section. One has a rectangular opening and
 

the other a circular opening. Both are installed at a 45
 

degree inclination to the horizontal so that gravity will
 

assist in holding the gate in place and in sealing it against
 

leakage. In both cases, a compressible sponge rod is used
 

as the sealing material. The gate frames and gate closure
 

panels are cast of reinforced concrete.
 

*Numbers in parentheses refer to similarly numbered items in
 
the Literature Cited.
 



PURPOSE
 
The purpose ;of he.current investigation is-to determine 

the diScharge equations of the gates mentioned above. 

SCOPE, 

.,Fourgates werei used: in this -study' three,"of',-which have
 

.-a,- cir6ular,opening, ,the fourth' of Which had :a '*rectangular 
opening. The rectangular gate 'had 'a'0'.a46!.mwide opening and 

' O".1 llm high. crest; , For ithe circular gates, two opening-a 

-,diameters were studied, .'0.38' m,'and -0.46m. The' 0. 46i 

.'diameter gatehad acrest height :of' 10.20,m. 'The' , other two 

circular gates had the same diameter opening, 0V3 8 ' , but 

different crest heights, 0".16 m'-and i-0'.22 Im.'"' 

--,The-hydraulic; data were' collected under-'both0 'free flow 

Land submerged! flow conditions. The medthod' ,6f subMerged' :flowU 

analysib reported by Villemonte:- (2) was utilized-iif develop

'ing tie rating'curves .for ,those ates ,operatingunder sub

(merged, flow conditions, These'ratings :were then ,compared 

;'with those'btained'"for vertical weirs ('2) 'in -o'iderto" 



APTER jII
 

DEVELOPMENT OWEIR AND ORIFICE EQUATIONS, 

GENERAL'FEATURES
 

By means of the law of energy conservation, nearly any
 

kind of a contraction to flow in a closed conduit or an open
 

channel can be employed as a metering device. In this study,
 

the two types of gates were used as discharge metering
 

devices. The rectangular one performed as..a.,submered.weir
 

with partial contraction. The circular one performed as an
 

orifice when the water surface upstream from the gate was
 

above the top of the opening. It performed as a submerged
 

weir when the upstream water surface drops below the top of
 

the opening.
 

Generally, weirs are classified (3) as head-area meters.
 

They apply only to open conduits and involve a simultaneous
 

variation of head and area, which means that the area of the
 

fluid flowing through the weir notch is a function of the
 

upstream head. Orifices can be used either in 'closed conduits
 

or in open conduits. In both cases, the cross-sectional area
 

of the fluid flowing through the opening is cohstant and
 

hence they are classified as head meters.
 

BASIC EQUATIONS FOR:WEIRS AND ORIFICES
 
It was'shown by'Mavis (4) that orifices and Ii simple,
 

exponential-shape weirs bear a single-family reiationship of
 

the form:
 

=C A/Hi, (2-1)
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where Qf = free-flowidischarge, C =a discharge coefficient, 

A arke6 ii &Ifl0in gthrbugh.thdt-,Ottdh, S = head on 

the crest
 

As stated above, the area A in Eq. 2-1 is a constant
 

when in orifice flow, and A is a function of H1 when
 

weir flow octurs. The specific equations for orifices and
 

weirs are now discussed.
 

ORIFICE EQUATION
 

The velocity of a fluid approaching an orifice or
 

similar device is called the velocity of approach. In
 

Fig. 2.1 it is assumed that the plan area of the tank is so
 

large relative to that of the orifice that the velocity at
 

point (1) is negligible. If the Bernoulli equation is
 

written between points (1) and (2), and it is recognized
 

that the pressures at both Doints are eaual to atmosnheric
 

pressure, then
 

whereeV 2t is the theoretical velocity because no friction
 

loss is cinsidered, H1 is the head on the orifice, and g
 

is the acceleration of gravity. Owing to friction the
 

actual average velocity,,V2 at point (2) is less than the 

,.theoretical velocity V2t and the ratio, V2/V2 t = Cv is 

.called ,the-velocity coefficient. Thus, V2 =,CvV2t The 

actual discharge is
 

AoV2 t = (CcA) (C V2--l), =.C)CvA 2j1-?l (2-2) 
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where Cc , the contraction coefficient, is the ratio of 

the area A° at the vena contracta to the area of the
 

orifice, A • The discharge0qoefficient C is introduced
 

as
 

C= CcCv
 

Therefore, Eq. 2-2 can be written as
 

Q = CdAyg- 1 (2-3)
 

Equation 2-3 is the discharge equation for a free jet orifice.
 

Figure 2.2 shows a submerged jet orifice. With the
 

notation of Fig. 2.2, realizing that the pressure head in the
 

vena contracta at point (2) is equal to 
y , the Bernoulli
 

equation results in
 

H + y = y + V2t2/2g 

and therefore,
 

V2t = gf
 

where H is the difference between the upstream and downstream
 

head (Fig. 2.2) According to the definitions just given,
 

the actual discharqe is
 

Q = CdA2gH (2-4)
 

Equation 2-4. is the discharge equation for a submerged jet
 

orifice.
 



Watd~er'Esurface
 

H1
 

C.L. of orif ce 

Fig. 2.1. Free Jet Orifice
 

Water surface
 

H 

Water surface
 

C.L. of orifice y
 

rig, SubmergedJet'Orifice
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WEIR EQUATION
 

In 1716 Poleni studied a rectangular sharp-crested
 

weir without.end contractions (Fig. 2.3) 4nd assumed that
 

the velocity over the vertical section at the crest must
 

vary with the square root of the distance below the level
 

of the approaching _flow. 
 To derive a flow equation for the 

weir, consider An elementary area dA,= Ldh , and the 

velocity through this area is assumed to be /7-i . The 

total flow through the total area is 

H1 
Q = Cd f V7-E Ldh = 2/3 Cd /7g L H13/2 (2-5) 

where h is the head on an elemental area Ldh , is the
H1 

head measured from the top of the crest to the undisturbed
 

water surface (Fig. 2.4), and other symbols are as defined
 

previously. 
This type of weir, with the sides of the
 

channel acting as the ends of the weir, has no end contrac

tions of the nappe, and is called a suppressed weir.
 

If the effect of approach velocity is included, the
 

discharge equation is (5)
 

v2 3/2 Wv2 3/2(26
 
a -Q = CL[(H 1 + ) (c )3] (2-6)
 

where C = 2/3 /2g Cd of Eq. 2-5, a = correction coefficient 

for inequality of velocities in the channel of approach,
 

V2/2g= velocity head due to the mean velocity of approach,
 

V , and H = measured head as defined for Eq. 2-5. 



Water surface
 

Crest-.. 

L
 

'ig.2.3. Front View of Flow over a Rectangular Weir
 

Water surface
 

H1
 
--:C-- -- r e s
 

0 

p
 

Fig.-;2.4. Sharp-Crested Weir
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If the sides of the notch have sharp upstream edges so
 

that the nappe is contracted in width, the weir is said to
 

have end contractions and is called a contracted weir. End
 

contractions reduce the effective length of a weir. Francis
 

(5) in 1852 found that
 

L' = L - 0.1 NH1 (2-7)
 

where L' = effective length of weir, L = measured length,
 

N = number of end contractions. For two complete end con

tractions, N = 2 and if the contraction is suppressed at
 

one end only, N = 1. The measured head, H1 , is defined
 

in Eq. 2-5. As a result, the Francis formula for a weir with
 

both ends contracted, neglecting the velocity of approach (6),
 

is
 

Q = 3.33 H13/2 (L - 0.2 H1) (2-8)
 

If the velocity of approach is included,
 

V2 3/2 v2 3/2
 
Q = 3.33 [(H1 + - 2g ](L - 0.2 H1 ), 

(2-9) 

where all symbold are as previously defined. 

Some additional important formulas for rectangular weirs
 

are listed below (5). Those formulas are all written in the
 

form for suppressed weirs. If there are end contractions,
 

length L is represented with the effective length L' of
 

Eq. 2-7. All formulas given here are in English units.
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Th Fteley and :Sterns formula, ,,(1883),: 

Q = 3.31 L (HI +'1.5 ' + 0.007 L 

rhe, Baz:in formula (1888): 

2/3 /Yg L H3
H32 (060. 01476 )(0.675 + H 

H 2 

(1 + 0.55 ) 
Y1 2 

where Y1 is the upstream water depth measured from the
 

channel invert.
 

The Frese formula (1890):
 

H 3/2
2/3 /7g L (0.615 + 0.00689 x 
- 1 2 HI2
 

2
H
(1 + 0.55 ) 1 

Y12 

The Rehbock formula (1912):
 

3 2 1 + 0.08H1
= 2/3 /2g L H1 ( 0.605 + 320H 1 3 P 

where P is the height of crest. 

The King formula (1918): 
12 

Q = 3.34 L HII 4 7 (1 + 0.56 2 ) 
Y1 

-rne twiss Society of Engineers and Architects formula 

HI -(0.L3 0.615 

1 , (0.615 + 305H 1 + 1 . 6)x 

(1+ 0.5 ) 
Y1 



The Schoder formula (1927):
 

Q = 3.33 L [(H + -+ )3/2 + V-2 1 

where V is the mean velocity in the channel of approach
 

a,
 
above the crest level and Vb is the mean velocity in the
 

channel of approach below the crest level.
 

As discussed above, the velocity of approach and end
 

contractions do have effects on the discharge. 
However, in
 

this study, the simplest rectangular weir equation,
 
2Q = Cd L /V H1 3/ (2-10) 

is applied, which means that the effects of the velocity of
 

approach and end contractions are included in the discharge
 

coefficient, *
Cd 


As for the circular weir equation, there are no avail

able formulas which can be used to compute the data collected
 

for the circular gates. The derivation of the circular weir
 

equation is by no means as simple as that for a rectangular
 

weir and is given in detail in Chapter III. The submerged
 

weir condition is discussed in Chapter IV.
 



CHAPTER'III,.
 

"DERIVATION OF CIRCULAR WEIR EOUATION
 

In this chapter the circular weir equation is derived.
 

Two well-known mathematical relations are used here. The
 

first of these is the binomial expansion,
 

(i-X) = l-NX + N(N-I) X2 N(N-I) (N-2) X3 

21 3 

+ N(N-')(N-2f)(N-3) X4, +4-1
 

which is convergent for the case X2 < 1 . In these studies 

n = 1/2 , and the expansion becomes 

x/2= 1x- x-2 1 3 5 

7 5 (3 -1)
 
23 X . ... . o•. .. .
 

The second needed relationship is a definite integral,
 

a 1a+n+l N )r (=)
 1n/2
f jP (a2-X2) dX = T am+n+3 (3-2) 
r , )3
0 


0 2 

where m , n are any real, positive numbers and r(w) is 

the gamma function of w 

DERIVATION
 

With the notations of Fig. 3.1, assume that the ideal
 

vlco,:ity of a stream filament issuing from a weir notch at
 

a distance h below the undisturbed water surface is /g.
 

The area of this filament, dA , is 2Xdh , and hence the
 

ideal discharge, Q' , through the total area is
 

12
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D 

-

R-H1
 

" - TF-HI R 

x
 

Fig. 3.1. Circular Weir
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H1 l 
Q ' V,/5E Xdh 

n: 

Introducing the discharge coefficient, Cd as defined 

previously, the actual total discharge, 

H1 
Q 2C/ 7 f X V dh

0 

Q , becomes 

(3-3) 

where
 

2 1 2
(R2 + h)- , 	 (3-4)
X (R -H 

and R is the radius of the opening,. 

Expanding Eq. 3-4, 

2 /1 2S,,X= [2R(H - h) - (H1 - h),I

is the diameter ofReplacing -R--with -D/2 , where' D 

the opening, yields 

X = [D(H -	 h) .-.(H - h)2]11/ 2 (3-5) 

Combining Eq. 3-3 and 3-5, the discharge becomes
 

H1
 
Q = 2Cd 	 f 'F VVD(H1 h) - (H1 - h)2 dh 

0 

(3-6)
 

Let
 

u 

- h '+uH1 

Then
 

du =-dh
 



15
 

and 

IL= when, h = H 

Equation 3-6 becomes
 

Q 2Cd;H/ f U u.- - u2(-du) 
H 

Q4 2Cd I VH1 - u VDu - u2du (3-7) 

In'oder to apply the binomial expansion, the first
 

axpression under the integral is written
 

M1 u.=: 1 V1 u/H1
 

This meets the criterion of X2< 1, because 0 < u < H1
 

2"

and so (U/Hl) < 1 . Thus, 

1 u 2 1 331 


lu-~-i (.l)4~ ~ T~~F 
1. 1 

58 u - (3-8) 

12 1
 

By '.siilarmanipulation, the second expression under
 

the integral becomes
 

1 u.2 _:... u 3
 
•g-=) -.... ]2 (1-S,
*'D1-2- VD l

5 u4 -(3-9) 
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T:the expression under the integral now :becomes 

1H, - Uu: =u 1 

HD 

A 2. 2 3 

H1 H1 

12 H

H
 

23
4, 23 3F 3
: 7 5 5 +2-- 3 DH 755Q5 c 
d 31, 55

N~~~~~~~I ;(D-. L 

H H H H 
25 .42 5 

Q22-3 D[~ 2" .. L2+J3TWher iegat by ter, abesult ion.
comntem, Eq. 3-7 
- ,H H 'H 2 
1" 21 H11 H
2, 1


1 1 

3 ~2'.' 

Tnere, is a domnon term, H1 2' in the above equation. it 

canbe thus~~~~ in- nfnt eredqitennthe variable 



17
 

H
 

:d 1 DH 

- 0.033 (H) - 0.012 H1 3 - ,.*] (3-10) 

One can now write
 

ri
 
Q = Cd V2gD H 2PL' (%) 
 (3-11)
 

where
 

HI
 
I H1 

PL' (H-) = [0.802 - 0.206 (H1 -) 0.033 (H.)2D D-- D 

- 0.012 (--) 3] 

H1
 
The polynomial function 
PL' (-) is a convergent infinite

D
 
series, of which the value cannot be exactly determined.
 
However, a.special case can indicate the error between the
 
infinite series and the polynomial function with finite
 
terms. The special case is that when 
H = R , or when the
 
weir is half full. 
Equation 3-3 can then be integrated by
 
means of the definite integral, Eq. 3-2. 
 In this case
 

x = /2 -=h2 

so that Eq. 3-3 becomes
 

R 
SQ,-2Cd' /" ,/TR 2 --- 2- dh (3-12)

0 

Comparingq. 3-12 with Ea. -2. i4- a-,...-.nt that
 
m 1/2, n 
= 1, and the following results,
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1+1 1+2 

or: 

R5/ 2Q=CdV-2 49 2(3-13)
r(1
 

The values of the three gamma functions can be obtained from
 

mathematical table (7), and Eq. 3-13 becomes
 

R 5 / 2Q.= 0.9585. Cd/2 (3-14) 

On the other hand, Eq. 3-11, the general equation for a
 

circular weir, under the special case of flowing half full
 

is as follows.
 

= /d 22R R2 PL,' (2) 

or
 

*R5 / 2 Q =Cd/ - r2 PL' (1) 
d 2 

Thusj 

Q;= 0.9747 Cd2/2 Ru/ & (3-15) 

Comparing the coefficients in Eqs. 3-14 and 3-15, it is
 

seen that the difference is 0.0162, which is about 1.7
 

perceAt. The finite polynomial PL' (H1/D) for the special
 

-Waseinvestigated thus compares closely with the exact
 

solution of the same case. The error would be even less if
 

nnrA fralR war&U*"ed in the determination of PL' (H. /D). In 
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the calculations given here, Eqs. 3-8 and 3-9 were only 

expanded to the 8th degree, 

:X Equation 3-11 can be rewritten bynoting that 

2ro 2 D5 H /D Hence, 

C D5 / 2 PL (-s) (3-16) 

where
 

HL(-g (1)2 
PL (_PLI() 

H 1) 

112.28 () 2 - 28.84 ( -)3 4.62 H, 4 

H1 

1.68 (H 5 

and here g = 
29800 mm/sec 

The curve of the above function, PL(H1/D), is plotted
 

on Fig. 3.2. In addition, its values between HI/D = 0.1
 

to H1/D = 0.89 with an increment of 0.01 are shown in Table 1.
 

Equation 3-16 is the discharge equation of a circular
 

weir with diameter D , neglecting the approach velocity.
 

Because the end contractions in a circular weir cannot be
 

properly defined, this circular weir equation does not
 

However, their effective
explicitly include their effects. 


is included in the discharge coefficient, Cd
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 D / D 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
 

H /D
 

-ig. 1.2. Curte of Function PL(H1 /D) 112.28 HL 2
 
D)
 

281A4(-!l) 3 .2(--)4 - 1.68 (-l5



2 3 _4 5 

Table 1. Values of PL(HI/D) = 112.28(H1 /D) 2 28.84(HI/D) - 4.62'H1 /D) - 1.68(HI/D) 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

0.1 1.09 1.32 1.57 1.83 2.12 2.43 2.75 3.10 3.46 3.85 

0.2 4.25 4.67 5.12 5.57 6.05 6.55 7.06 7.59 8.14 -8.70 

0.3 9.29 9.88 10.50 11.13 11.78 12.44 13.12 13.81 14.52 15.24 

0.4 15.98 16.74 17.50 18.28 19.08 19.89 20.71 21.54 22.39 23.25 

0.5 24.12 25.01 25.90 26.81 27.73 28.66 29.60 30.55 3-1.51 32.48 

0.6 33.46 34.45 35.45 36.46 37.47 38.50 39.53 40.57 41.62 42.67 

0.7 43.73 44.80 45.87 46.95 48.04 49.13 50.23 31.33 52.43 53.54 

0.8 54.65 55.77 56.88 58.01 59.13 60.25 61.38 62.51 63.64 64.77 



CHAPTER IW
 

SUBMERGED" WEIR FLOW' ANALYSIS
 

A submerged weir freguently-proves t be a useful and
-economical!	M6t -i .. . . ."open ": 

eleterng device.in'open channels where head.can 

not be sacrificed. 
But in using a weir, the difficulties are
 

to accurate1y predict the effects of submergence and to
 

select the weir formula which is most iikely to give reliable
 

results. Because.weir,flow, teither free or submerged, is
 

a gravity phenomenon in which-friction plays little part,
 

dynamic similarity is governed by the Froude.law. The
 

dimensionless ratios H2/H1 and P/H' (Fig. 4.1) are also
 

important.!
 

In 143', Vennard and Weston (8) compared the data of 

five hydraullic workers -- Francis, Fteley, Bazin, Cox and 

Cone -- and made graphs to show the-possible relationships for
 

submerged-flow through-vertical weirs. ennard and Weston
 

plotted the discharge ratio Q/Qf (tht.. ratio of the actual
 

discharge to free flow discharge) against the submergence 

ratio, H2/H1 for various values of P/H1 . It was found 

that all the data points with a constant value of P/H1 fell 

on one curve,and for different value of P/H, the curves
 

changed. i'This implied that
 

/Qf 	 P/H1)

fH/Hl,
 

Later, Villemonte (1) obtained more valuable results by
 

assuming tfnat the net,flow over 'the.weir is.the difference
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Fig. 4.1. Submerged Weir
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between the free-flow discharge due to H1 and the free

flow discharge due to H9 . Then, 

Q = -Q2 (4-1) 

where Q is the net flow over the weir, Q1 is the flow due
 

to the head H1 and Q2 is the flow due to the head *
H2 

This assumption implies that the head, H2 , does not directly 

affect the flow of water due to H1 and likewise, that head, 

H1 , does not prohibit counterflow due to H2 . This approach 

is equivalent to an application of the principle of super

position which is frequently used in evaluating the combined 

effect of several independent conditions. Dividing through 

by Q1 I Eq. 4-1 becomes 

=
Q/Q1 1 - Q2/QI (4-2)
 

Equation 4-2 should not be espected to give a quantitative
 

relation for determining 0 since interaction and other
 

perturbing influences have been entirely neglected. The
 

experimental tests Villemonte did showed that 
Q/Q1 was
 

related functionally to 1 - Q2/Q but that the appropriate
 

function was not the simple linear one of Eq. 4-2.. This
 

relation may be expressed in the form
 

Q/Q1 = f(l - Q2/QI) = K(l - Q2/Q1)m (4-3) 

or, since
 

01 = C1HI1 and Q = C2H2 
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then,
 

=Q/Q1 K( - C2 H2 2/CH1n1) m (4-4) 

where K and m 
are constants and are determined from data
 
and the C's and n's are the coefficients and exponents
 

that appear in the free-flow discharge equation (such as
 

Eq. 2-10, or Eq. 3-11). 
 For an ideal weir of identical
 

upstream and downstream conditions, the coefficients, C1
 
and C2 , and the exponents, n1 
 and n2 , should be equal. 

Then, Eq. 4-4 reduces to 

Q/Q1 = K(1 - Sn)m (45)
 

where S = the submergence ratio, 
H2/H1 The constant K
 
and the exponent m , 
which account for the interaction
 

effects, were determined separately for each weir type but
 
only the arithmetic average of the 
K's and the m's were
 
reported. The values given were 
K equal to 1.00 and m
 
equal to 
 0.385 for a practical submergence range of 0 to
 

0.90 .
 Thus the general discharge equation for all sharp

crested weirs expressed by continuous single-valued functions
 

is
 

Q = Qf (1 - Sn) 0.385 (4-6)
 

In this study, the submerged weir problem is analyzed
 

by Villemonte's method. 
First the free-flow equation is
 

determined by using the standard weir formulas. 
For the
 

rectangular gate, Eq. 2-10 is employed. 
For the circular
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gate, Eq. 3-11 is used. The 45 degree inclination is
 

neglected at this moment , allowing comparison with the
 

vertical weir data referred to by Villemonte. More precisely,
 

the exponents for both circular or rectangularweirs are
 

assumed to be the-same values as in the standard weir equations,
 

or n = 1.5 for a rectangular gate and n = 2 for a circular
 

gate. Attention should be paid to the fact that the circular
 

gate equation employed in the study is Eq. 3-11 rather than
 

the general Eq. 3-16. The former was chosen because the
 

general Eq. 3-16 does not show the desired exponent n which
 

is needed in the submerged weir flow equation. It is also
 

noted that truly free flow for weirs were not obtained in
 

this experiment as explained in Chapter VI.
 

Figure 4.2 shows three different possible weir flow types.
 

In Fig. 4.2.a, true free flow donditions are shown. This
 

indicates that the water level in the downstream channel is
 

sufficiently below the crest to allow free access of air to
 

the area beneath the nappe. Sometimes an air vent is needed to
 

assure a free access of air to the area beneath the nappe.
 

-Figure 4.2.b and Figure 4.2.c show the two possible submerged
 

weir flow conditions, the surface nappe and plunging nappe.
 

'I'ho former occurs at high submergence ratios, and the latter
 

at Jojw submergence ratios. The surface nappe remains on the
 

water surface- all stream paths are directed downstream and
 

standing wavcas are developed. The plunging nappe plunges
 

beneath h.e water surface and rises to the surface at a point
 

doWnstream where some stream paths are directed upstream.
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a. Free flow
 

Standing wa're
 
HI 

H 

pi
 

b. Surface nappe
 

P 

c. Plunging nappe
 

Fig. 4.2. 
 Three Types of Weir Flow (After Vennard)
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The transition from surface nappe to plunging nappe can be
 

identified by a breaking of the standing wave crests similar
 

This implies that
in apprearance to a hydraulic (jump 


critical flow could occur'when the pilunging nappe is present.
 

Actually critical flow does occur in'the plunging nappe
 

It is
condition, and this will be discussed in Chapter VI. 


known that when critical flow occurs4n the vicinity of a
 

contraction in an open channel, the downstream water depth has
 

no effect on the upstream water depth. Therefore, in the
 

submerged weir problem, plunging nappe flow behaves as free
 

flow, and--data for plunging nappe flow were used to calibrate
 

the free flow equation.
 



CHAPTER V
 

,,EXPERIMENTAL ,FACILITIES AND GATE G
9"METRIES 

The data for this study were collected using a test
 

channel located in the Hydraulics Laboratory of the 

Engineering Research Center at fColorado State -University, 

Fort Collins, Colorado. "The test channel-1-is i.83tm wide, 

1.22'm.deep and 18 29.lm long. 'In this experiment, the 1.83 m 

wide?,channel is divided,by a partition into two subchannels; 

one with a width of 1.22 m, the other with a width of 0.61 m, 

and the gate is installed in the 0.61 m wide subchannel
 

(Fig : 5.1). The test',channel has a zero slope. The water
 

is supplied from a sump located-under-the Engineering
 

Research Center building and is circulated by'a propeller
 

pump.,which gives a makimum capacity of 156 liters,per second.
 

,The water is transported from f.he pump to the head of
 

the test channel by 'a}.-0.30 m diameter pipeline which is
 

'1ocat'ed'along the •floor of the laboratory. A i0.25 m diameter
 

orifice is set in thetipipelinei and;the dischargeican be
 

determined from the rating cur e of the orifice,
 

Q = 5.73 V/H" 

where Q is the discharge in liters per second and H is
 

the differential head'On the orifice,lin mm. The upstream
 

and downstream heads are read from manometers ',attachednear
 

the upstream and downftreAm aces of the orifice,'
 

The watekr is very turbulent when it emerges from the
 

head sumpm, and this could cause large fluctuations in flow
 

http:a}.-0.30


sump :--1.22 ":S'Head sumpDownstream.suImpN m' 

ate 

0;;61 m 

0.25 miorifice 

Fig. 5.1. Plan View of Experimenta1 Facilities
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aept'- throughout the length 'of the channel.' "This turbuience
 
is removed by installinga damper at.the entrance ofthe
 
subchannel. 
 There is'aso a damper in"sta 
e a the down
sreamsump of the'test channel to 'prevenE possible vortex 
flowor turbulence 'fromoccurring.

As'"the stream passes' 
over the'weir, the'top surface
 
curves downward. This drawdownextends upstream from the
 
weir notch. 
The upstream head, Hi, must be measured at a
 
point on the water surface in the channel at a distance
 

beyond which any significant drawdown occurs. 
This distance
 
is at least four times the maximum head on the weir (6).
 
Four manometers are placed upstream from the gate at distances
 
of 0.30, 1.22, 2.44, and 4.88 m. 
As the water passes through
 
the constriction, the contracted stream reaches a minimum
 
width which corresponds to the vena contracta in orifice flow.
 
Beyond the vena contracta, the live stream expands until it
 
reaches downstream where the water surface is undisturbed.
 
The downstream undisturbed water depth is taken as the down
stream head 
H2. Seven manometers are placed downstream to
 
determine the undisturbed flow range. 
They are located down
stream from the gate at distances of 1.30, 1.32, 1.37, 1.83,
 
3.35, 4.88, and 5.49 m. 
The four upstream manometers are
 
tapped 0.08 m above the bottom of the channel, and the seven
 
downstream manometers are tapped 0.03 m above the bottom
 
of the channel. 
The water level in the eleven manometers
 
could be read to an accuracy of 2.54 mm (0.1 inch), 
the
 
water level in the manometers of the orifice could be
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.readi tw an-,accura 0f 1 12'! inch The _diac 

can be,.varied by.- adjusting...the va'lve on the'.R ipeihe. 

The'crest: height:,,., ,,of; the- inclinedo gates-.,i 

ilUxstrated .byFi.. 5. 2.. The configurationand,. dikenstons

of. the. four gates, are- illustrated. byi Fig., 5.3; and. Tablet 2;. 

The-partidulr: gga-es..investigated:.were,chosen.to!be geomet

Eca-ly
-SimiAa-n.gates,,used in,.the: field..
 



P = 0.08m0.308m	 o D = 0.38m, P = 0.14m. 

or D = 0.38m, P = 0.19 

Seal 	 45 Seal /
 
ALA) 

pP
 

Rectangular gate 
 Circular gate
 

Fig. 5.2. Illustration of Crest Height for Inclined Gate
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A
 

0.92 m 

Section A-A, 

S 0.62 m 

Rectangular gate 

A 

CH 
SG ,.AA 

section A-A HJ 

0.62 m 
'Circular gate 

Fig. 5.3, Configurations of Gates 

I 
1.92 m 



Table 2. Dimensions of Test Gates, All Variables Refer to Fig. 5.3. 

RECTANGULAR CIRCULAR CIRCULAR CIRCULAR 
P = 0.08 m D = 0.38 m, P = 0.14 m D = 0.38 m, P = 0.19 m D = 0.46 m, P = 0.18 m 

A 0.46 m 0.48 m 0.48 m 0.56 m 
B 0.08 m 0.38 m 0.38 m 0.46 m 
C 0.05 m 0.02 m 0.02 m 0.02 m' 
D 0.03 m 0.03 m 0.03 m 0.03 m 
E 0.08 m 0.08 m 0.08 m 0.08 m In 

F 0.04 m 0.04 m 0.04 m 0.04 m 
G 0.04 m 0.04 m 0.04 m 0.04 m 
H 0.10 m 0.18 m 0.16 m 
J 0.15 m 0.23 m 0.21 m 

K 0.07 m 0.07 m 0.03 m 



CHAPTER VI
 

RESULTS AND DISCUSSION
 

RESULTS"
 

Since th' equations for rectangular and circular weirs 

have been determined, the main purpose is -to find a dimension

less relation for the discharge coefficient Cd , which can 

then be applied to an gates with different dimensions so long 

as they are geometrically similar. For the rectangular gate, 

weir flow only exists, either submerged or free. For the 

circular gates, both the weir flow and orifice:flow, which 

could be submerged or free in each condition, should be con

sidered. Dimehsibnal analysis was employed to help find the
 

relationship between possible dimensionless factors, such as
 

the submergence ratio, S , the Froude number, F , etc., and
 

the dimensionless discharge coefficient, Cd
 

DIMENSIONAL ANALYSIS
 

In general, the important variables that can influence 

fluid motion are the-following: (1) the several linear di

mensions fully defining the geometrical boundary conditions-1 

L1 ,L L3 , L4 , etc., which might be the crest height, the 

width of the weir notch, the width of the approach channel or 

the water depth of the flow; (2) Kinematic and kynamic char

acteristics of flow -- a mean velocity V (or a discharge Q), 

and A pressure increment.Ap.(or a resisting force, or an 

intensity of shear);r'and, (.3) the fluid properties of density, 

p , 6pecific weight,,:y ,v iscosity, i , surface tension, a , 

36
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and elastic modulus '- . Application of 'the 11theorem gave 

the following relatiOnship between the discharge'coefficient, 

C , and dimensionless parameters (9), 

Cd = f(L /L2 , LI1,/L3 ', F, e W , C) 

where L1/L2, L1/L3 , L1/L4 are some linear dimension ratios,
I4 

one of which might be a submergence ratio S , H2/H, F 

is the Froude number, and F = (V2/L1)/(y/Ap); Re is the 

Reynolds number, and Re = (VL1 )/(V/Ap); W is the Weber 

number, and W = (V2L1 )/(a/Ap); and C is the Cauchy number 

and C = V2/(c/Ap). 

In open channel flow, friction force plays little part
 

compared with gravity, and hence the Reynolds number, Re , is
 

not important. Water is considered an imcompressible fluid,
 

and its density does not change appreciably in the test; there

fore, the Cauchy number, C , is neglected. The Weber number,
 

W , is important only when the molecular attraction, which
 

gives rise to the liquid properties of cohesion and adhesion,
 

plays a primary role in a fluid problem. The most common case
 

of such a problem is the capillary rise of liquid in a tube.
 

In an open channel fluid problem, the molecular attraction
 

usually has little influence on the flow. In weir studies
 

cohesive forces would be significant if the nappe tend to
 

cling to the weir surface. This condition did not occur in
 

these studies and so the Weber number could be eliminated.
 

The Froude number, which reflects gravity forces, has no
 

effect on the discharge coefficient over the range of flows
 



38
 

4 nvesa.gateanere. i.hus,? thei discharge coeff icients of,the 

weir,and.orifice.are ; functions .of,lihnear.dimension,ratios 

only.
 

MEIR 	PERFOMANCE -- FREE FLOW
 

As mentioned before, the of a free-flow weir was
Cd 


calibrated by using the data collected at'a plunging nappe
 

condition. For the rectangular weir, the free flow discharge
 

coefficient Cdf was calculated by Eq. 2-10, and
 

3/2)
Cdf =,Q/,(L/2 H1
 

where Q is the observed discharge at the upstream head equal
 

to H1 • Similarly, Cdf of a circular weir was calculated
 

by Eq. 3-11, and
 

Cdf = H12pL' (D/--). 

or
 

)]
Cd= Q/[/D HI2PL(Hl- ,

c 1	 =2 H 

where PL( -) is the polynomial function derived in Chapter
 

Iv. 
After several different linear dimension ratio had been 

tried, it was found that Cdf for the rectangular gate was 

constant, 0.481 , but Cdf for the other three circular weirs
 

had a linear relationship with 1l/P (Fig. 6.1). The free
 

flow equation for the rectangular gate with a crest height of
 

0.08 	m hence is
 



0.9
 

,o0.8 

A-- D = 0.38 m, P = 0.14 m 

*-- D = 0.38 m, P = 0.19 m 

.-- D = 0.46 m, P = 0.18 m 

0.7
 
1.3 1.5 
 1.7 1.9 
 2.1 2.3 
 2.5
 

HI/P
 

Fig. 6.1. 
Free Flow Discharge Coefficient, Cdf, for'Circular Gates; As a Function'of
 
Ratio of Upstream Head to Crest Height, H1 /P. 
Cdf = 0.090 - 0.080 (HI/P),


2
Correlation Coefficient r = 0.973.
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3/2 106(61
 
Qf = 0.481 L/2- H1 x(6-1)
 

where Qf is "in liters per second, L and H1 are in mm , 

g equals 9,00 mm/sec2 :and Uhenf er 1-6 isthe c6n

version factor from cubic millimeters per second to liters per 

second. The.-same dimensions are used throughout this report. 

The unique relation .for the three circular gates between
 

Cdf and H1/P is
 

Cdf = 0.990 - 0.080 H1/P (6-2) 

and hence,
 

PL(H1/D) x 10
- 6
Qf = (0.990 - 0.080 H1/P) D

5/2 

(6-3)
 

Equation 6-1 is the discharge equation for the rectangular
 

gate when plunging nappe flow takes place. Equation 6-3 is
 

the discharge equation for the three circular gates, provided
 

a plunging nappe occurs.
 

WEIR PERFORMANCE -- SUBMERGED FLOW
 

After the discharge equations for free flow were
 

determined,, the discharge equations for submerged flow could
 

be calculated by the method illustrated in Chapter IV.
 

The submerged discharge coefficient Cds is the ratio 

of the submerged discharge to the discharge calculated from 

the free flow equation using the same head, H1 . Therefore, 

for the rectangular gate, Cds could be expressed as: 
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Cds = Q/(Cdf L H13/2) (6-4) 

and for circular gates,
 

Cds QQ/[C'/D PL(H /D)] (6-5) 

In Eq. 6-4 and 6-5, Q is the observed value of
 

discharge, and 
Cdf is that determined previously. The 

values of Cds then were plotted against the values of 

(1 - Sn) on logarithmic paper with Cds as the ordinate and 

(1 - Sn) as the abscissa (Figs. 6.2, 6.3, 6.4, and 6.5). 

The symbol S has the same meaning, H2/H1 , as in Chapter 

IV. The value of n is 3/2 for rectangular gates .and 2 for
 

circular gates. As expected, for each single gate, a
 

straight line resulted from plotting the data. The equations
 

for the four straight lines are as follows:
 

For the rectangular gate with a crest height of 0.08 m
 

(Fig. 6.2),
 

3 9 3Cds = 2.069 (1 - S3/ 2 ) 0 . (6-6) 

For the 0.38 m diameter gate with a crest height of
 

0.14 m (Fig. 6.3),
 

Cds = 1.128 (1 - S2 )0 "385 (6-7)
 

For the 0.38 m diameter gate with a crest height of
 

0.19 m (Fig. 6.4),
 

3 7 8 Cds = 1.062 (1 - S2) 0 . (6-8) 
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Isc
 

0.01" 	 0.1 


Fig. 6.2. 	 Submerged Weir Flow Discharge Coefficient, Cds, 

for Rectangular Gate with a Crest Height of 0.08 m; 

As a Functionofi - S 2, S is the Submergence 
Ratio. Cds = 2.069 (1 - $3/2)0.393 Co..relation 

Coefficient r2 -,0..987. 

1.0 
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2

S

. .3. uDmergea wear Flow Discharge Coefficient, C
 
for 0.38 m Diameter Circular Gate with a Crest
 
Height of 0.14 m; As a Function of 1 - s2, S is
 

S2
the Submergence Ratio. Cds =1.128 (1 - 0.385 

Correlation Coefficient r2 0.990.
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S2
 1 -

Fig. 6.4. Subierged Weir Flow Discharge Coefficient, C-, 

fr, 0,.'3'8-M'Didined Circulari Gate with a cr'est 
HeIght.of 0'.19.m;'As a Function of , - S is 
the Submergence,Ratio. -C =.062, (1 - S2) 0.378 

Correlation Coefficient ,r2
 ,.=.O.997.
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For the 0.46 m diameter gate with a crest height of
 

0.18 m (Fig. 6.5), 

,O216 (1,i- S ) (6-9) 

The submerged weir equations could be written as 

Qs- C (6-10) 

where Cds is as shown in Eqs. 6-6 , 7-6 , 6-8 , and 6-9, 

Qf is as shown in Eqs. 6-1 , and 6-3.,' This completes the weir 

equations for free flow and submerged flow. 

ORIFICE PERFORMANCE
 

The orifice flow rating curve is developed for the 

circular gates when the upstream water 'depth is above the top 

of the circular opening. Plotting the discharge, Q , against 

the head difference, H , between upstream head, H1 , and 

downstream head, H2 , with Q as the ordinate and H as the 

abscissa, the data points fall on a straight line when plotted 

on log-log paper. As a result, the discharge equations are: 

For the 0.38 m diameter gate with a crest height of
 

0.14 m (Fig. 6.6), 

Q = 13.6 H0 . 4 7 7 
(6-11)
 

For the 0.38 m diameter gate with a crest height of
 

0.19 m (Fig. 6.7), 

4 7 (6-12)Q = 13.3 H0 
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1.0
 

0.1 ___ 

10 

1 - S2 

Fig. 6.5. Submerged Weir Flow Discharge Coefficient, Cds
 ,
 
for 0.46 m Diameter Circular Gate with a Crest 
Height of 0.18 m; As a Function of 1 - S2, S is 
the Submergence Ratio, Cds = 1.210 (1 - $2) 0.392 

Correlation Coefficient r2 = 0.993 
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Submerged Orifice Flow Discharge, Q, for the 0.38 m
 
Diameter Circular Gate with a Crest Height of
 
0.19 m; As a Function of Head Difference, H
 

477
 (H1 - H2 ), Q = 13.3 H0 . , Correlation Coefficient 

72 = n-QRq 
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For the 0.46 m diameter gate with a crest height of
 

0.18 m (Fig. 6.8), 

Q = 21.3 H (6-13)
 

In Eqs. 6-11 , 6-12 , and 6-13 , Q is in liters per 

second and H is in mm . Equations 6-11 , 6-12 , and 6-13 

are the discharge equations for the three circular gates
 

operated under orifice flow.
 

In this study, the values of free flow discharge co

efficient, Cdf , the submerged discharge coefficient, Cds 

H /P and (1 - Sn ) were calculated with the help of a
 

digital computer. The linear regression calculations for all
 

the rating curves were determined using a Hewlett Packard
 

programmable calculator.
 

DISCUSSION
 

HEAD MEASUREMENT - It was observed that the undisturbed
 

flow took place upstream and downstream at the maximum dis

charge, 156 liters/sec, around the places where the first
 

manometer and the tenth manometer were set (Fig. 5.1). There

fore, the upstream depth, Y1 , and the downstream depth, Y2 

were the values of the water level in the first manometer and 

the tenth manometer, respectively. The maximum depth in the 

channel was about 0.61 m , and the discharge of both the
 

first and the tenth manometer were 4.88 m from the gate, and
 

hence, a general rule to measure Y1 and Y2 was that they
 

should be measured at a distance at least eight times the
 

maximum depth of flow. The upstream, H1 , was the value of
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r2 . 990
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'water'depth measured from the'top "df the crest !in 
a weir
 

flow codiion, 'or
 

H Y - P 

In an orifice flow condition,: H1 is me"asued from the
 

center of the orifice, or
 

H1 =j P --


The quanitity, H2 , is similarly defined with Y1 replaced
 

by Y2
 

THE EFFECT OF SUBMERGENCE RATIO - In a Parshall flume 

or a cutthroat flume, there is a free flow condition when 

critical flow occurs in the vicinity of the flume throat. 

This critical depth makes it possible to determine the dis

charge knowing only the upstream depth. In this submerged 

weir study, it was noted that when a surface nappe was 

changing into a plunging nappe, the standing wave of the 

surface nappe appeared very similar to a rolling hydraulic
 

jump. As the discharge increased, eventually, a hydraulic
 

jump~wo4Ild take place. As critical flow must exist before
 

a hydraulic jump can occur, this observation implies that
 

critical flow occurs in the vicinity of the weir notch when
 

a plunging nappe appeared. Actually, this has been proven
 

by the free discharge equations (Eqs. 6-1 and 6-3) because
 

only the upstream head, H1 , was involved in those equations,
 

and they gave a very accurate estimate on the discharge under
 

the plungingi nappe condition.
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The, plunging nappecouldoccur only, when the submTrgenceZ.For4 theeagua
 

ratio reached some value, or below it. For therectan ular
 

gate with a crest height of 0.08 m, the plunging nappe begins
 

at a submergence ratio of 89 percent, at "a submergence ratio
 

of.51,percent for the 0.38 m diameter circular gate with a 

crest height of 0;13 m, at a submergence ratio of 38 percent
 

for the 0.38 m diameter circular gate with a crest height of
 

0.19 m, and at a submergence ratio of 62 percent for the
 

0.46 m diameter circular gate with a crest height of 0.18 m.
 

One of the distinct differences between submerged weir
 

flow and submerged jet orifice flow is that a critical flow
 

can never occur in the vicinity of the orifice opening no
 

matter how low the submergence ratio. This is because the
 

flow through an prifice follows the law of flow in a.closed
 

conduit, and in a closed conduit critical flow is not defined.
 

This is why only one kind of discharge equation was obtained
 

in this submerged jet orifice study, and in those equations
 

both,the upstream head and downstream head were involved to
 

calculate the discharge. In addition, the submergence ratio
 

,has very little effect on the submerged orifice flow.
 

THE DISCHARGE COEFFICIENT FOR THE INCLINED SUBMERGED
 

WEIR - The submerged discharge coefficient Cds for weirs 

has-the relationship
 

_Sn)m
Cds= K(l 


As discussed in Chapter IV,.the results of Villemonte's study
 

of seven vertical sharp-crested weirs of different shapes when
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averaged arithmieically showed&that, K equa'1 to 1.00 and
 

mequal-to 0.385. the maimiuim"variation of 'ach 
from the
 

average is less than 1 perceht. In this study, the average
 

valu of 'the'four m's, 0.393, 0.385, 0.387 and 0.392, is
 

0.387; from which: the maximum variation of each is less than
 

1.'2 percent, if the K's value of each remains the same. 
The
 

average of the four K's, 2.069, 1.128, 1.062 and 1.210 is
 

1.367. The averaged 
K results in an average variation of
 

each is about 20 percent, when m = 0.387. 
 It is apparent
 

that the coefficient K is not equal to 1.00, and varied
 

considerably with shape. 
 For the rectangular gate, K = 2.069,
 

and for circular gates K is between 1.062 and 1.210. 
This
 

variation from the results of Villemonte was primarily caused
 

by the inclination of the gates and the unsharped crest. 
The
 

conclusions reached by comparing the results of this study.
 

with that of Villemonte's are:
 

(1) The exponent value 
m does not vary appreciably,
 

either with shapes or with the inclination of the
 

weirs, and m always approximately equals 0.385.
 

(2) The coefficient 
K equal to 1.00 for vertical
 

weirs with all kinds of shapes, but K no longer
 

remains a constant when the gate is installed at
 

some angle with the channel bottom, and K varied
 

significantly with different shapes.
 

THE DISCHARGE COEFFICIENT FOR THE ORIFICE FLOW 
-


Reviewing Eqs. 6-11, 6-12, and 6-13, the discharge equations
 

for the orifice flow had a constant exponent, 0.477. It is
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orifice, flow,;.the, dispharge _oefficientknownthat; for an 

,only,depends on the,boundary geometry. Hencelthe,arithmetic
 

ayerage of the two coefficients for the 0.38 m diameter.
 

circulargates wasitaken, and this average value,, 0.843 was
 

m diameter
,considered the discharge coefficient for the 0.3,8 


circular gate. It had been shown previously that the dis

charge coefficient was a function of linear dimension ratios
 

only.. The same values of Cd...might be used for equal ratios
 

.of the opening diameter to the channel width, B/L This
 

resulted in the discharge equation for the orifice flow in
 

the form:
 

4 77
Q = CdA/-c H0 . 

and,
 

Cd = 0.843 for B/L = 0.625 ,
 

Cd = 0.925 for B/L = 0.750
 

FREE FLOW NEAR THE TOP OF THE OPENING - When the ratio 

of upstream head, H1 , to the diameter, D , of the circular 

opening was greater than about 80 percent to 86 percent,
 

though the submergence ratio was in the plunging nappe flow
 

range, the free flow discharge equation did not give an
 

accurate flow estimate. The error was more than 5 percent,
 

rapidly increasing as the submergence ratio decreased. This
 

problem could be explained as follows:
 

When flow is-at or near the critical state, the water
 

surfaceundulates due to the fact that a minor change in
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specific energy, the sum of velocity head and the potential
 

head, will cause a major change in water depth. Those minor
 

specific energy changes may be caused by variations in chan

nel roughness, cross section, slope or deposits of sediment.
 

Therefore, the wavy surface associated with critical flow
 

touches the top of the opening and truly free flow does not
 
occur under such conditions. 
Thus, under free flow condi

tions, when the water depth is approaching the top of the
 
opening, the free flow discharge equation fails to yield an
 

accurate answer. 
Knowing this point, the restriction of
 
H1/D less than 86 percent should be imposed on the applying
 

of the free flow discharge equation. Thus, the free flow
 
discharge equation can only be applied when plunging nappe
 

takes place and H1/D is less than 86 percent.
 



CHAPTER VII
 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
 

SUMMARY,.

'The.purpose of. this -study has ;been -to develop.general
 

lischarge ratings for- the,:four gates5, pne., rectangular and
 

three,circular:. As.has-been stated. earlier, the; rectangular
 

late can only operate under weir.flow condition. The.-three
 

ircular gates can.operate under either weir flow conditions,
 

Then the upstream water depth is lower than the top of,-the
 

ircular opening, or orifice flow conditions, when- the up

;tream water depth is higher than the top-of the circular
 

opening. For thelweir flow conditions, either free flow.or
 

.submerged flow exists. For the orifice flow conditions, only
 

submerged type flow,.takes place in the studies described here.
 

In this study, the discharge is given in liters per
 

second, the weir lengtY, L , the crest height, P , the opening
 

diameter, D , the upstream head, H1 , and the downstream head,
 

H2 , are all given in mm . The acceleration due to gravity
 

is 9800 mm/sce2 , H1 and H2 are measured from the top of
 

the crest to the undisturbed water surface in weir flow con

ditions, and are measured from the centerline of the circular
 

opening to the undisturbed water surface in orifice flow con

ditions.
 

The results of the investigations are given in Table 3.
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CONCLUSIONS ,'
 

(a)H and H2' should be measured at a distance: at
 

least eight; times :te maximum depth -of flow.
 

(b)The .free flbw.weir equations, Eqs. 6-4 And 6-3
 

.sh6uld-be appiied .when..'H1 /D... is--Iess then 86
 

percent.
 

(c)When orifice flow.takes place,,:,both the upstream head 

and downstream heady should be measured and applied to 

Eqs. 6-11.', 6-12 , and 6-13 

RECOMMENDATIONS
 

Recommendations for further research are;
 

(1)Additional dimensions in crest heights and weir
 

lengths or opening diameters be studied in order to
 

determine,if there is a general relationship for the
 

discharge coefficient.
 

(2) More data,:be observed for circular gates operating
 

under free ,'flowweir .conditions-for HI/D greater
 

than 86 percent so that the problem of an undulating
 

surface touching the top edge of thelopeninq can be
 

evaluated
 

(3)Additional inclination angles be studied.
 



Table 3. Dischige Equations- for Models investigated. 

T-ype-- f iFlow.Device_______S 

Geometry-weir., 	 rge- ow (Sur edljnpe 
Flow (Plunging Nappe) Submergd Fw rfac 	 N.e)

__________Free 
= 

,Rectangular Q C x10 Q 	 =C 1 /2 -6 

Cdf ds g 
3 /2 
- s 0.- 9L = 0.46 m C df=2069( 	 dsd 0.481 , S< 0.89 

77 S>0.89P = 0.08 m *T.M.P. = 18 	 T.M.P. = 
T.D.P. = 12
*T.D.P. = 3 

T.C.P. = 65
*T.C.P. = 15' 

= 5 	 x 10 = C D 5 2 pLD
Cidrcular 	 CPL(H/D) 

= 0 990 0.080HI/P = 1.128(1 - S 0385S>0.51D = 0.38 C
df -l.. . . Cds 7 


T.M.P .- = 15' , T.M.P. = 114 


P = 0.14 m T.D.P. = 0 T.D.P. = 20 


T.C.P. = 15 • T.C.P. = 94 	 .' 
2-0.378 
m ---099- H /P Cd= 1.062(1 	 - S ,S>0.380.38 C 0 9 	 ..- df .-- .
 

57 	 ..T.I4.P. =T.M.P. 9 . ... 
-P = 0.19 m T.D.P. 0 	 T.D.P. = 3 


54
T.C.P. = 9 	 T.C.P. = 
0 13 9 2 


D 0.46 m Cdf . 0.-.080HI/P Cds 1.210(l 
02

) ,S>0.62 


9 T.M.P. = 54
T.M.P. = 

P =0.18 m T.D.P. = 0 T.D.P. = 4 


T.C.P. = 50
T.C.P. = 9 


Notes: T.M.P. = Total Measured Data Points 
T.D.P. = Total Discarded Data Points
 
T.C.P. = Total Calculated Data Points
 

Oiics
Orifice
 

._________ 

6H0.477
 -

T.M.P. = .71
 
T.D.P. = 26
 

' 
T.C.P = 145
-- 0-U477.Q 13'.3H
,.s-


T.M.P.= 60
 
T.D.P. 9
 

' T.C.P = 51
 
04
 

Q 2 1.3H.. 
T.M.P. = -39'.
 

T.DP. 2
 
T.C.P. 371!-]
 

http:0385S>0.51
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Table 4. Hydraulic Laboratory Data for Rectangular
 
Gate with a Crest Height of 0.08 m.
 

(Lit/sec) 
H 

-(rm) 
H12

(mam) 
H 
(mm). 

S 

64085 258sUl 251.92 6.10 97.637 
7i,37 259.b4 25192 7.62 97.064 
71@31 
84,54 

260.bb 
2620o 

251&66 
251,92 

a8,89 
10,16 

96,588 
96,123 

9*101 264;be 251.92 1270 95.201 
9.ro 267;11 Pb0.65 16.51 93.820 

104.78 269.0 251.41 17.78 93.395 
7i.31 221.44 206.20 15e24 93,118 
8469 223*vy. 20.6.20 .17,78 92.062 
8a.08 226.be 206.20 20.34 91.029 
9b.72 230.3's 206.20 24.13 89.524 
4U,21 
50098 

230.44 
231.bu 

2Z7.79 
227.03 

2.54 
4.57 

98,897 
98.026 

56.06 
6.70 

232;ul 
235;41 

226.77 
227.03 

610 
8 " 38 

97,382 
96,439 

70,80 2369b - 26.652 10,16 95.707 
75,05 237. b 226.77 11.18 95.303 
7Ye30 239.;u 226.52 12.70 94,§91 
8J483 241*,b 227.03 14a22 94.104 
8V,49 244;30 227.79 16.51 93o242 

9ea 2469a4 227979 - 190P5 92.282 
10.J37 249-.b 227.79 21o84 91.250 
109.32 253-iv 226.52 26.67 89,466 

1958 1830$4 176,2 -.7,11 9b,121 
49956 183;3 t75.72 7.62 95.844 
4U71 279§;b 277o57 2929 99.183 
5b.79 28;1.s 211.83 3.30 98,825 
6d,02 281, b 2i7.57 3.81 98.646 
6".40 282040 277,57 4o83 98.291 
79o22 28391b 271.32 5.84 97,937 
8O.15 2849 2t77.32 7.62 97.326 
111,86 272.*4 2bI.92 20.32 92,536 
11f*24 2747lb 251,92 22.86 91,681 
124.48 277,4e 252943 24.89 91.024 
12b.17 278;bv 251.92 26.67 90.427 
149,73 
141U,89 

2771b( 
275.04 

193.50 
193,50 

84907 
81.53 

69,7!1 
70355 

14?.83 2840-94 189.69 95.25 66.572 
15i,34 
11!)89 

289@*?b 
2420U0 

118.42 
155.40 

10.1.35 
86.61 

659q?5 
64,211 

12491 251.ye 157.94 9398 62.694 
12f.44 258;il 154.1 104.14 59.677 
123.19 25i;41 156.67 94.74 62.316 
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rlTable A.. ,Continued 

Q H'1 H .2 H S 
(Lit/sec) (mm) (mm) (mm) 

80.38 286*i1 277.57 8.64 96.983 
-716,0 379 17 376.38 ;2079 990263 
841,2.8 
11.00 

379.9 
23?71o 

376.38*-
158.45 

3 eg56
78.74 

04.o64 
66,802 

12b.96 259.b4 198.58 60.96 76,512 
131.69 264;.7 196.64 68.83 74.012 
16b.96 310os4 241.76 68.58 77.901 
16.79 315.'4 239.22 76.20 75.842 
66,9 216 3b 266.20 10.16 99.304 
71.93 2181U 206.20 12.70 94.198 
4.99 254ov7 251.92 3.05 98.805 
5t'79 256-24 2s1.92 4.32 98.315 
31.72 180;2y 177,75 2.54 98,591 
4J.05 
50.69 

182;01 
183;ub 

175.97 
75,72 

6.10 
8.13 

96,652 
95.579 

1o.80 234;14 206,20 27994 88.067 
13J.10 281;uY 251.66 30.23 89.277 
14u.18 285*19. 251992 33.27 88.333 
151.34 289 ?b 191.47 98.30 66.076 
55o06 2131te 206.20 7.62 96.436 
3!4 253.i 251.92 1.27 99.498 

'116.09 280.11 251.92 28.19 89.935 
202@.iY L73-18 29.21 85.567 

410190 238;71 206.20 32.51 86.380 
8OU36 380.7u 3?6,38 4.32 98.866 

1i0,28 247..oY 20'.12. 45.97 81.394 
140.89 292sub 249938 42.67 85.389 
1'4i82Vs .49 295.1018711b 246.841-?5.72 48.26ll.4. 83.64693,893 

6 .02 1#9 0bti 175.72 13.97 92.635 
304'02 278Bbv 277.57 1.02 99*635 
3v.93 279 sb .76.33 1.52 99.455 
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Table 5., Hydraulic LaboratoryData for 0.38 m Diameter
 
Circular Gate with a Crest Height of 0.14 m,

Weir Flow.
 

Q H H2 H S 
(Lit/sec) (mm) (mm) 

3U.02 167aab 175&l18 US TZo 93*240 
34.55 
3do2J 
4i,31 

191;6' 
195.0b 
2-4.-' V 

172.64 
172.64 
168a3 

L9.05 
22.86 
35.56 

90.062 
88.,307 
82.h02 

34.55 
41.91 
4(.01
5o.98 
40.78 

1§ ,*Vb 
198.04 
20j .L 
2661j 
1981# 

17137 
170,10 
167.56 
166,29 
172.64 

21.59 
27.94 
a5.56 
40.64 
25.40 

88,811 
85.891 
82,493 
80,360 
87.174 

29,17 
50,34 
6J.44 
4YI156 
4b,31 
31,38 
29017 
5J,81 
56.64 
60.89 
62.87 
-50998 
31.72 
41.35 
50.69 
7,78 
7b.45 
9*,61 
94o74 
9Y,12 

104J65 
106,2O 
111000 
116.38 

190, e 100226 
2i6.0'j 168.83 
223.44 166.29 
20.0 167956 
203,1w 170.10 
106;77 172,64 
1908.ad 176,45 
21esde 165.02 
213ei- 165.02 
217@ov 162.48 
226; 0 162o48 
20-,1 168,83 
.18616,. 112.64. 
195 ,b0 168.83 
205.6 165,02 
234.6.1 .. 162,48 
2450j 157.40 
256.4 153,59 
26= -153.5.9 
2670.i 149,78
272;91 148.51 
279.ji .145.97 
284;40 143,43 
2920oe 142.16 

1.0,16 
48.26 
57.15 

.4 0 L.4 
33.02 
24.13 
13.97. 
50.80 
48.26 
54.61 
58.42 
40e64 
.13.97 
26.67 
40.64 
72o39 
87963 
102.87 

-10.7.9E 

118.11 
124.46 
133*35 
140.97 
-49.86 

94.664 
77,769 
74,422 
8.0.40 
83,743 
87,737 
92.663 
76.461 
77,372 
74.844 
73.553 
80,598 
92.514 
86.358 
80,239 
6-,178 
64,236 
59,888 
581..i5 
55.910 
54.405 
52.258 
50.432 
48.681 

.UJ976 
12b,74 
131,07 
56,34 
5V919 
6V*38 
7!)905 
7o86 
8o81 
94.089 
9V.69 

299'.04 
303,j4b 
3 6.jj 
?I 9-b-! 
222-17 
231'06 
240.06 
24307b 
25 1.ju 
P a1 
26?;v 

a?--.62 
13835 
1J7.08 
10.2.40 
159.94 
157.40 
154.86 
152o32 
151.05 
14.9,7 
148.51 

619. 
65.10 
89.23 
Si.a7 
62.23 
73.66 
0309-.. 
91.44 
00.33 
1.l,49 
19.38 

4.6.5-9 
45,592 
42.008 
75,730 
71.989 
68,120 
64. .@1 
62,487 
60,088 
57s547 
55,436 



64
 

,Table 5., Continued,.-. 

" H" I. -
(Lit/see)' (ram) (mm)- (mm) 

7f.31 
81,00

_'8b609 

264-;Uo 
267;3w
272yf 

213.28 
213,28 
-210.74 

50a.0 
54.10 

-62.23 

aD.763 
79,766 

-77.202 
'i91.47 2789ub 209.47 6858 75,335 
9685
1o6,20 

284.4U
294!b 

208.20
.i 5.6 

76.20
88.90 

73.206
69.819 

1OV88 298.37 263,12 95,25 68.076 
11,55 
11,V.79 
126,02 

304,7d 
309.uo 
319*'Yb 

201,85 
20058 
198.04 

102.87 
109.22 
121.92 

66,241 
64.745 
61.895 

12,44 323*7 19677 127.00 60.774 
114,23 
12b,46 
131.97 
'13650 

365s;y 
3i2. * 
322,bu 
332abb 

190.42. 
186.61 
18534 
180a26 

115.57 
126.24 
137.16 
152.40 

62.230 
59,648 
57.469 
54.187 

141.60 346.64 175s18 171.45 50.537 
144@4J 353.e 175.18 178.05 49,593 
14i.55 365.6d 157.40 208.28 43.042 
14S,30 380;ve 152.32 228.60 39,987 
'140.18 33901 137.08 201.93 40,435 
146.14 361.b 116.76 245.11 32.265 
'14',26 365.b6 172.64 193.04 47.210 
15e36 3809ve 168.83 212.09 44.321 
15f.4o 39B70 .165.02. .233.68 41.389 
,10*,35 292@bg 205.66 86s87 70,304 
11U.73 299.64 264.39 95,25 68.211 
116.66 3089bJ 201.85 106968 65.423 
12,.16 321;24 199.31 121.92 62,045 
134.39 332obb 195,50 137.16 58,768 
*139,'05 345.4b 192,96 152.40 55,872 
'10:00 372.uj 190.42 181.61 51.184 
15e.36 383e9b 185.34 198.63 48.269 
156.33 396.16 182.80 213.36 46.142 
16"1.71 416;4b 180.26 236s2? 43.281 
16b.8o 445.6V I10.1 275;59 38.i65 
28s:32 2286be 222,17 6.35 97o221 

_3e.57 23190b 222.17 8.89 96,152 
"3b 23 233;66 220.90 12.76 "4,963 
"44.61 236.14 220.39 15.75 93.331 
4bs88 238!bb 219963 19.05 92,018 
,,5e.0-* ,1 241041" -M2 -266 e18.6 0 do533 
56.64 24504j 218.36 26c67 89.115 
0.60

'44 
248;.4
.2 ; 

217.09
217.09 

31.75
34'.29 

87.241 
86.369 
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Table 5. Continued 

Q HI H2 H S 
(Lit/sec) -Imi) (m) (im()am) 

'6Z.401.- 0 
S7,1.92 24SOuJ 

8.4 
182.80 62.23 

77.-487 
74.603 

80.15 
109.60 

2510jb 
284;40 

180.26 
172.64 

71,12 
111.76 

71.708 
60.703 

114015 
120.64 

292.od 
299. 

170.10 
170.10 

121.92 
129.54 

58,249 
56768 

126.31 307ib 166.83 138.43 54.946 
,8469 293'e 180.26 73.66 70.990 
9u.6? .264 Ut. 177,72 .86.3 67.297 
96.57104.80 269;1b

278.ub 175.18 
189.15 

93.98 
88.90 

65.083 
68.027 

84,39 5640 ... 178.99 77e47 69..792 
99*61 265.sb 175.18 90.17 66.018 
9b.84 

1OV932 
272,Y1
265-ecf 

172.64 
167,FB6 

100.33
1.18011 

63.245 
5-8.655 

121.49 299.b4 161.21 138.43 53.801 
121.16 307-eb 157.40 149.86 51.226 
13i.69 3.149u 156.13 158.70 49.583 
13b.65 322sbf 155.62 166.88 48.254 
13de.54 317;4w 159.94 157.48 50.387 
12f.72 
106-63 

309.bu 
2819bb 

159994 
170.10 

149,86 
11176 

51.626 
60.349 

41.58 218.4b 190.42 27.94 87.204 
13d.54 3171id 16.02 152.40 51,987 
13b.79 327.bi 162048 165. 10 49.600 
14i.60 344!oY 159.94 184.15 46.481 
144.43 .356,7r 157,40 1.99939 44,115 
141.60 342.*a 149.78 193.04 43.690 
14928 355.be 148.51 207.01 41.772 
14Y.25 368.*e 144-70 223952 39.297 
13?.35 3271;U 15.32 175.26 46.498 
2is3i 22907V 223.44 6.35 97.237 
34.83 232;3J 223.44 8.89 96.173 
4i948 236.14 222.17 13.97 94.084 
4b.14 239.'y 220.90 19.05 92.061 
5J.52 243.7b 219.63 24.13 90,101 
5d@34 246.3u 218.36 27.94 88.656 
64.57 251*u 217.09 34.80 86.185 
70.80 ?259o ?15,82 4318 84.328 
7s.16 264.0u 213928 50.80 80.763 
8.J26 26991b 212.01 57.15 78.767 
8b,36 274.74 210.74 64.01 76.703 
9b.72 283.1 200,20 74.93 73.535 
101.39 288.1d 206.93 81.28 71.798 



66
 

Table 5. Continued
 

__Q 

-(Litisec) 
H1 

~m ) 
H2 

71i'i,.(rm) 
H 
(mam)' . + 

S'. 
, 

-Q,'-,03 274; 31 14.4 132.08* 52i7,13 
110.:40 89-4 1.. 470 144,78 499.06 
J2,0076 
131.97 
-L.72 

30614 
31 4 ;U 
2082U 

143.43 
142.16 
198.04 

156o72 
172s72 
1o,6 

47,786 
45.147 
95,120 

41o91 214,bb 195.50 19.05 91,121 
5U913 226;90 142.96 27,94 87.352 
58.06 
-3b.40 

.2268;b
200stib 

4i,4.
181.53 

39937-. 
19.05 

820771 
90.502 

3Us02 208,iu 198.04 10.16 95.120 
40.21 21;.ol 195.5 16.51 92,212 
58.13 218#bb 191.69 27.18 87o582 
57.,21 225.yb 189.15 36.84 83.702 
64,,29 234s87 185.59 49.28 79.020 
6i.25 238;bb 185934 53.34 77.652 
7bo90 246;4u 182.80 63,50 74.218 
64,57 234;8 186961 48.26 79.452 
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Table 6. Hydraulic Laboratory Data for 0.38 m Diameter
 
Circular Gate with a Crest Height of 0.14 m,
 
Orifice Flow.
 

Q H H
H2 

(Lit/Sec) (n) (mm) 7 (mm) 

38.77 169,06 160.94
 
46.95 173,64 158.40 15.24
 
65.14 183.8) 155.86 27.94
 
102,24 163922 97o44 65.79'
 
147.55 181.26 23.78 157.4P'
 
154.34 193.7u 18.44 175.26
 
160.1 204.12 13.62 190.50
 
16511 219.36 10.82 20b.3
 
127.72 146.97 35.21 111.76
 
135.,)9 158o4o 31.40 127.00
 
135.09 158,40 31.40 127.00
 
141.6u 169.83 27.59 142.24
 
70.80 186.34 154.59 31e75
 
70.80 186.34 153.32 33.04
 
78.16 192.18 152.05 40.13
 
73.63 190.15 153.32 36.63
 
84.96 199,04 150.78 48.26
 

100.11 211.74 145.70 66.04
 
113.28 224.44 14062 83.2
 
127.61 237.14 145.54 10.b)O

141. 6L 254,92 127.92 127.00
 
156.55 	 281.59 120.3o 161.29
 
77,88 193.96 153.32 40,64
 
75.61 191.42 153.32 38.10
 
56,n-7 177.45 158.40 19.05
 
56,64 179.99 158,4t) 21959
 
70,S0 188,88 154,59 3Q.29
 
42.48 172,37 160.94 11943
 
*6.73 173.64 158.4b 15.24
 
50.13 174.91 158.40 lb.1
 
58.34 178.72 157,13 21-59
 
63,44 181e26 155.86 25.40
 
42.48 171.10 159.67 11.43
 

151.51 277,78 125938 152.*40
 
159.44 291.73 121,57 170.18
 
166.52 305.72 116.49 189.23
 
108.18 221.90 145.7u 76,0
 
121.21 237.14 140.62 96.52
 
131,4u 249.84 134.27 115.57
 
140.47 	 262.54 130.46 132.08
 
83,54 199.04 153.32 45.72
 
88.36 202.85 152.05 50.80
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Table 6. Continued 

Q HI H2 H 

(Lit/Sec) (mm)' (nMM) (mm 

68,62 133,00 105,06 27.94 
57,21. 129.19 1080.7 20.32 
70.23 .136.81 110.14 26.67 
41,91 120.30 108.87 11.43 
36 .82 117.76 110.14 7.62 

50,55 124.11 107.60 16.51 
56.19 126,65 110.14 16.51 

141.88 207.93 74.58 133.35 
146,.41 216i82 72.04 144.78 
159,72 238.41 60.61 177.80 
155.76 232s06 65.69 16b.37 
99,12 155,86 94,90 60,96 

110.,16 167.29 d9.8e 77.47 
113,2S 172o37 88.55 83.82 
127,16 186.34 83.47 [02.87 
36,82 117.76 111.41 f.35 
50.07 122,84 1C7.60 15.24 
57.52 125.38 105.06 20.32 
62,3 : 129.19 105.06 24.13 

70,80 134.27 102.52 31.75 
76,24 138.08 99.98 3U.10 
83.83 143.16 99.98 43.18 
42.48 119.03 107.60 11.43 
66,27 140s62 112e68 27,9* 

67.51 140.62 112*t8 27.94 
37.47 117.76 108.87 8.89 

45,88 120.30 107.60 1 .,7o 

99,35 160.94 97.44 63.50 
113,28 176.18 93.63 82.55 
1o9.32 167.29 92.3b 74993 
122.0%6 181.26 87.28 93.98 
84,96 148.24 102.52 45.7-2 
99,6u 162.21 98.71 63.50 
113.28 176,18 92.36 83.82 
127.44 192o69 87,28 105.41 
43,64 74.58 64s42 10.16 
51,06 7839 b3.15 15.24 

71,39 89.82 59.34 30.48 
155,76 19523 3.46 191.77 
16794 260.00 5680 203.2o 
141,6o 211a74 '79o66 132.08 

6203;C. 136.81 112.68 24.13 
45.3) 74,58, 61.88 12.7C 
99.60,' 
113,28, 

112.b8 
130.46.. 

5q.45 
44.10 

62.23 
86,36 
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Table 6. Continued 

Q 1 2 H 

(Lit/Sec) (mm) (ram) (mm) i 

126.82 145.70 37.75 1u7.9'5 
141.6u 169.83 28.86 140.97 
75961 92.36 58.07 34.29 
79.47 
81.65 
84.96 

94.90 
97,44 
99.98 

56.81) 
56.8J 
56.80 

3b.lO 
40.64 
+3,16 

99.69 112.68 49-18 63.50 
73,35 
85.81 

91.09 
99.98 

58.07 
54.26 

33,02 
45.72 

91,76 105.06 51.72 5363't 
99.40 111.41 49.18 62.23 
105.35 117.76 46.64 71.12 
112.43 125.38 44.10 81.28 
120.93 
58.37 

136.81 
82.2U 

39.02 
60.bJ 

97.79 
21.59 

62.53 84.74 6u.61 ?,.13 
65.28 86.91 59.3-4 2h.67 
67.51 87.28 59.34 27.94 
42,48 
56,64 
62.87 

121.57 
127.92 
183,8 

110.14 
128.87 
15894C 

11.4? 
19.05 
25,40 

69.67 188.88 155.hb 33.Uc 

76.18 191.42 154.59 36.83 

80.71 
38,8t) 
33.13 
42.48 

196.50 
171.10 
168s56 
171.10 

153.32 
160.94 
160.94 
162.21 

43.18 
10.16 
7.62 
8.89 

52.96 177.45 159.67 17.78 

133.95 
143.30 

195.23 
210.47 

80.93 
75.85 

114.30 
134.02 

153.78 226.98 69.50 157.,+8 
160.29 239.68 64942 175.26 

16.18 141s89 105.06 36.83 
81.28 
86.09 

145.7i, 
149.51 

102.52 
102.52 

43.16 
46.99 

90.91 153.32 99.98 53.34 

38.8C 72.04 b3.15 8.b9 
65.99 82.20 56.80 25.40 
91.76 105.06 54.26 50.80 
77.u3 92.36 56.80 35.56 
82,13 
71.08 

96.17 
88.55 

54.26 
55.53 

41.91 
33.02 

67.97 86.01 58.01 27.94 
59.76 82.20 59.34 22.36 
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Table 6. Continued 

SHI H2 
(Lit/sec) H1(ram),. H2H(mmn) (mrm) 

5.79 79.66 60.61 19.05 
60.04 82.20 5934 22.86 
65.*1;4 84o'4 r-0.34'0 2..0 
70.80 88.55 58.07 30.4,8 
70.80 86.01 55,53 30.48 
75*91 89.82 54.26 35.56 
79,58 9?.36 5492b 38.10 
83.83 94.90 52.99 41.91 
47.01 72.04 59.34 12.70 
49,56 74.,7 5d.83 15.2. 
54,94 77.12 5,,07 19:05 
60.89 79s66 56o8(. 22b6 
41,35 69,50 59.34 10.16 
43.61 70.77 59o34 11.43 
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Table 7. Hydraulic Laboratory,Data: for 0.38.m Diameter
 
Circular Gate with a Crest Height of 0.19 m,
 
WeirlFlow.
 

____'H H' _ _Q 1 2 H S
 
(Lit/Sec) (ram) (mm) (mm)
 

1,0-P.7kjvI it 706. 178465 .30;47 

10 .f"962 266.07 78.11 187.96 29358
 
116.68 275;7 77.61 198.12 28,146
 
120,08 263;sb 75a57 200,28 .26.624
 
.5$,79 203,04 146.69 57'15 
 71,964
 
60:89 210,i' 144.15 66.04 68.581
 
66.84 21101 14i.87 75m44 65.285
 
7e.22 224.i 140.34 83.82 62.608
 
7be73 232;bb 16.53 96.01 58,713
 
8be53 240961 03991 106.68 55.675
 
91.76 248.bb 132.72 115.82 53.400
 
9t.27 256'. 130.18 126.24 50.770
 
10.77 268.b± 1 6.88 141.73 47.236
 
11b.26 278;01 125.10 153.67 44.877
 
4.31 191.14 151.77 39.37 79.403
 
5U.13 197.* 149.23 48,26 75.564
 

114.70 278.e 128.41 149o86 46,145
 
12J,48 288.Y 126.37 162956 43.738
 
12Y.14 297.0o 123,83 173.43 41.686
 
131.64 309'17 121.29 188947 39.157
 
3i.80 1841i 154.57 29.72 83.874
 
44.61 18965L 152,28 37@59 8.Q
 
3 .97 1800't 156.85 24.13 86.667
 
4J.05 189.bi 154.31 35.31 81,381
 
5d991 207ov.. 146,95 60,9 70,.79
 
6914 216ob4 144.15 72.39 660570
 
7.63 225!Y4 141.61 84.33 62.677
 
8d969 238.11s 165 101,60. 571.315
 
3b.40 225.4J 215.27 10.16 95o493
 
40.78 229.i4 215.27 13.97 93.906
 
46,30 232.bb 213,50 19,0 9.1,808
 
50.98 235.by 212.99 22.61 90.405
 

14?9.26 353070 177.17 176.53 50.091

154.o3 370-sie 029.09 .194;1.1 46.t *A 

94.87 25.4? 131.45 i2.92 51.882
 
7€,22 215;a7 98,27 127.00 41,006
8VOZ6 W1tiu; 113p67 104,14 .52@109
 

9j.65 222.si i1.3 111,76 49.860 
94*86 230*bl 108e59 121.92 47,110 

1049,79 234,4e 107.32 127.00 459802 
4b.44 169.bb 132,72 36o83 78,278 
45.99 172.jb 131o45 40989 76.273 
54.81 177;94 128.91 49.02 72,4O 
60,04 'i4;Y 12637 58,42 68.387 
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J,-TabI ~. ontiud 

Q 
(Lit /Se c) 

12 
(mi -

H
(ra ) (mm) 

•4. 1510.77 139.33 12,45 91,800 
?A1,3l 
13U~8O 

l6;ub 
1~.26 

1.37 .8o 
135.26 

19,65 
2.'67 

87.855 
83,.530 

:44 ,18 167;01 133049 33i53 79.925 
U t,68 
1ZJ.19 

Z94;bu 
309ob 

193.68 
1919.91 

105.92 
17.35 

64.647 
62.055 

L20,9 

1U.0'.45 
1.10.74 

316-u? 
Z.53810.bOI 
24I;44' 
248;y 

189037 
149.23 

[OE05 
100'.97 

127.5l 
53*34 

135.3 
147'.32 

59.761 
73.669 
43,926 
40.667 
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Table 8. 	Hydraulic Laboratory Data for 0.38 m
 
Diameter Circular Gate with a Crest
 
Height of 0.19 m, Orifice Flow.
 

Q 

(Lit/Sec) 
1 

(mm) 
H2 

7(mm)i 
H 
(mm) 

61.74 71.49. 47.36 24.13 
66.55 74.54 ;6.09 - 4.5 
71.93 78.61 +5.59 3302 
76'.4b 81.65 43.55' 3b.lt 
7b*,.6 81.65 43.55 38-10 
80.71 85.46 43955 41.91 
84,68 88.77 41.78 46v99 
89.49 92.32 'i4101 Si.31 
94.1,2 97*4u 38.9d 58.42 

100.25 104.51 37.2o 67.31 
106.2u 110.86 34.bb 76.20 
113.H5 119.75 3u.85 Bbo90 
119.51 127.88 28.82 99.06 
129.11 141.34 24.50 116,b4 
134.24 
138.4b 

150.23 
1576u 

2,6,) 
19.42 

129.54 
138,18 

31.44 1U4.51 98.16 b.35 
40,7d 107.56 9b6.89 lU.67 
44.75 
50.96 

109.59 
112.13 

96.39 
94.b 

13,i1 
1727 

57,49 114.67 v2.07 22.61 
62.(12 117.98 93.08 24.89 
66.55 121.28 91.81 29.46 
7U.52 124.33 91.81 32.51 
74.48 127*37 9r.5 36.83 
77.88 129.91 b9,27 40.64 
81.28 132.45 89.02 43.43 
85.81 136.26 87.- 49.02 
90.06 140.07 Cb,23 53.85 

100,25 150.23 82.92 b7,31 
107.62 157.85 79.37 78.49 
118.38 170.05 74.29 95.76 
150.3Z 174.11 .37 173.74 
146.9b 169.28 4.18 165.10 
142.17 161 ,39 7.99 152.40 
135, 148.96 14.34 134.62 
146.7v 172.59 14.34 158.24 
154.34 185.79 9,17 17b.02 
159.16 195.95 5.45 190.50 
163.12 205.61 2.91 2. 9 
119.51 127.88 28.82 99.06 
129,14 
134.24 

141.34 
150.23 

24.50 
20.69 

116,84 
129.54 

138.48 157.*b 19.42 138.18 
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TablJ6 8. Conitinued 
_____, __ ____1 H2 .H .' 

(Lit/Sec (mi). (nu) (mm) 

42a!40 6 1 033'' 49s490, 41'~ 
5.265494 19,+ lb..00 

68.,95. 48.63 20 A,2 
128 57 1810.98. 70.22 11146 
28,5. 181 -98, 7o022 111.76 

t:1.35 
1460Tu, 

194068 
208,#65. 

h3., 
6o.0,, 

130-i8 
148o59. 
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Table 9. Hydraulic Laboratory Data for 0.48 m Diameter
 
Circular Gate witlia Crest Heigh'of 0.18 m,
 
Weir Flow. 

Q H1 H2 fH S 
(LitlSec) (mm) (mm) (mm) 

120.36 277 ........ 4 3. . 68857 
126.02 282;'i 189.67 93.22 671048 

31,.97 288;7. 188.40 100.33 65.251 
13,.45 295aut . 1-5-86 109.22 .62.986 
146 078 362.1r0 183.32 119.38 600562 
1549.63 310.js 180.27 130.05 58 092 
151.18 312,.w 179.51 13.3.35 57.377 
166.25 320.'U 176.97 143.51 55.220 
3,40 252oib 248.09 4.0b 98.380 
44.75 254.4. 246.82. _. 7.6. 97.005 
5U098 25b.b 246.82 10.16 96.046 
63.32 260*.*7 24479 16.00 93.864 
74.50 264 .bu Z43.77 20.83 92.128 
81.96 
91.76 

269;*b
274.7 

241.74 
239.71 

279.4 
35.05 

89.640 
87,243 

104.50 
11b.46 

20t.Jb . -. 
292.OJ 

2j.-,6.6 
236.66 

45@72 
55.37 

83.809 
81.039 

12b.22 299.bb 235.39 64.26 78.554 
13U.91 309,0i 241e58 78.23 74.749 
146.98 3i5;v1 230.31 85.60 72.904 
15,.66 3250bb 227.77 97.70 69.963 
166.oL 331-YI . _ @. 105.-4i. 6.241 
16.92 335.7d 221.42 114.30 65.954 
17d*75 3382b 218.88 119.38 64.708 
4oO4 
48.14 

28691y
287.4b 

a.38 
281.11 

3.81 
6.35 

98669 
97.791 

56.19 290.OO 279.84 10.16 96.497 

71.93 295.01 279.84 15.24 94.835 
8 .13 297ob 278.57 19.05 93.599 
91947 302-7. g7.01.72qa 5.40 91e6.09 

1040.50 307.7u 274.76 33.0a 89.272 
113.*2 31i.bb 273.49 39.37 87.416 
124.20 317OV4 27.Zs 5,Z. 85.620 
12b.29 321i7b 272.22 49.53 84.606 
13J.67 325.bb 269.68 55.88 82.836 
149'26 333,1w 247.14 66.0A 80.179 
156.69 3390-b 264.60 74.93 77.931 
164s96 345.eu 262.6 83.8a 75.766 
170.49 350*Vb .26079 9Q.17 74.308 
173.88 355.o 25.52 96.0I 72.995 
161,71 340,Uo 259.01 81.79 76.001 
16J.97 
_17i.42 

3434! 
342;07 

g58,95 
216.34 

6 .5900 
125.73 

75.217 
63.244 
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Q .- n2 H S 

(Lit/Sec) -(mm) (mn) (mm) 

,1635 
17,.05 
13J056 

325obb 
329,147 
274'6. 

175.70 
173.j6 

"1'4,5 

149*86 
1.6.21 
.175.26 

53,969 
52,573 
37.371 

13'V.90 
122420 

286.h' 
265-1 

1C7,12 
20 

179,07 37.430 
42,,322 

126040 2727J 1630 16 39,277 
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Table 10. Hydraulic Laboratory Data for 0.48 m Diameter
 
Circular Gate with a Crest Height of 0.8 m,
 
Orifice Flow. 

Q H____1 -HHI2 2 H 

(Lit/Sec) (nun) (ram) (mam) 

63.72 85.26 75.10 10.16 
12.22 87.8u 75,10 12s70 
78.81 90e34 74o59 15s75 
85.64 92.88 73,83 19.05 
92,f4 95,42 72.81 22.61 
97.7o 97.71 72.56 2515 
104.50 100,50 72.56 27.94 
111.3u 103.04 71.29 31.75 
137.35 
145.42 

115.23 
119,55 

67.48 
65e45 

47o75 
54.10 

152.47 123,61 64.94 58.67 
158.59 127v93 629.65 65.28 
41.ql 52949 48.43 4.06 
54.63 55.(13 47.4i 7,b2 
7U.fj9 
d5,24 

59.35 
63.67 

-,7sI 
44o67 

12.19 
I8.80 

96.57 67,48 44.11 23.37 
107.9u 72956 42.08 30.48 
115.b 76.37 40*81 35.56 
122.4; d0,18 39.54 40.f4 
100.11 70.02 44.6? 2b.Q0 
133.1,: 85.26 38,27 40,99 
142.17 90.34 37e00 53.34 
150.66 95.42 34.46 60.96 
127.44 74.59 2b.o84 47,75 
117.53 68.75 2i.38 39.37 
48.54 82.47 76.37 0.10 
5,.79 83.99 75,61 6.38 
158.59 174.92 1I1-52 7J.41 
162.84 
166.52 

177,97 
182.29 

11.52 
101.52 

76.45 
80977 

170.20 185.34 96.72 86.bi 
118.46 105,58 70,02 35.56 
123.19 108.12 70.02 38.10 
124.61 108.37 70.02 38.35 
124o.4 72.56 29.38 43.18 
41.91 8u.43 (o.37 4906 
156.61 99.23 34s, 64.77 
163.46 103.04 33.19 69.85 




