Chapiep 7

e :
Kapidly~var1ed Flow-
_Flow Measuremep;s

-

;.1 INTRODUCTION

Rﬂpidly"’aﬁed ﬂo\.vs (RVF), by definition, have high curvatures of
onsequence of which is the presence of 5 non-hydrostatic pressures d(? f.]OW., :
i a major part of Lhej ﬂ'ow. Further, these flows are essentially local :mbutlon
in the sense that friction plays a minor role. In this chapter a fi\enomena
apidly-varied flow Si.tuationg are discussed in detail. Since a wide :ar?zadc))}
RVE problems ocecur m.practlce, an exhaustive coverage of all situations isynot
possible in book of this nature and hence only basic and important flow types
are covered. The RVFs studied in this chapter are due to: (a) sharp-crested
weirs, (b) overtlow spillways, (c) broad-crested weirs, (d) end depths and (e)
sluice-gates. The hydraulic jump studied in Chapter 6 is an important RVE
phenomenon. In the following sections emphasis is placed on the utilization of
the various RVFs for flow measurement purposes.

7.2 SHARP-CRESTED WEIR

A; weir is a structure built across a channel to raise the level of water, with the
water flowing over it. If the water surface, while passing over the weir, separates

the upstream end and the separated surface jumps clear off its'thickness, the
Weir is called a sharp-crested weir. It is also known as a notch or a thin plate
veir. Sharp-crested weirs are extensively used as a fairly precise flow-measuring
device in laboratories, industries and irrigation practice. The sharp-crested
¢irs used in practice are usually vertical metal plates with an accurately-
Machined upstream edge of thickness not exceeding 2.0 mm and a l_)evel of
angle greater than 45° on the downstream face edge. The weirs come in many
$eometric shapes but the rectangular and triangular ones are the most commonly
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7.2.2 Discharge Equation
erive the discharge equation for free flow over a e
weir by considering an ideal undcﬂ'cctcd jet and to apply a c"cfﬁcmn?[ed
contraction to account for the deflection due to the action of gravity. qf
Thus for a rectangular weir of length L spanning the full widi, p .
rectangular channel (i.e. L = B), the ideal discharge through an Hlemeng . a
of thickness dh at a depth h below the energy line (Fig.7.1), is given b;’ n

It is usual to d

dois gehit (.1
; L
Thus the ideal discharge O, = Ly2g E{ 2¢\/h dh 0
2g 3
and the actual dischgrge 0 =C, 0. 73

in which C_ = coefficient of contraction.
2\3/2 2\3/2
0= Lenr (H,+V—°) _[%
3 2¢ 2 (7.4)

However, since Eq. (7.4) is rather inconvenient to use, the discharge equation
is written in terms of H,, the depth of flow upstream of the weir measured

Thus

above the weir crest, as
0 =262 La}”

where C, = coefficient of discharge which takes into account the velocity of
approach V, and is given by

p2aNE vz P2
C, = [0l e Y0
d Q[( 1 ZgH.) (ZgH.) (1.6)

In ideal ﬂu_lid flow C, = f(H,/P) and this variation has been studied by Stretkoff?
‘I; 1::1 fluid ﬂov.v C, s-h.ould in general be a function of Reynolds number and.
Weber lfumbel’. in addition to the weir height factor H,/P. If Reynolds number
is su..lfﬁcxently large and if the head H, is sufficiently }:1 h to m:kne the surf:

tension effects negligible, the coefficient of discharge . ¢ d

(1.5)

This ¢
and Rous'
for sills 1

L, Gy = [(HYP)

The variation of C, for ied‘ an
known Rehbock fo:mul'i'_ ? gular sharp-crested weirs is given by the well-
c, =0611+008 L an
P .

which is valid for H /P < 5.0.
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5 Acl

A review of the effect of liquid pr(?pcrtics on C, is availabje in R
Generally, excepting at very low heads, 1.€. H, < 2.0 cm, for the flgy, % ef | 1.3 b
r W e

in rectangular channels, the effects of Reynolds nu'mbcr and Weber nUmbcate, The ™ ol

the value of C, arc lnSlgniﬁCam.. Th}xs for gmcucal purposes, Eq,(7_7)r°" . in .

Eq. (7.10) can be used for the estimation of éxscharges, The head Hide ang ple

measured upstream of the weir surface at § distance of about 4.0 H, fromo be

weir crest. If weirs are installed for metering purposes, the relevang Slandlhc

specifications (- International Standards: ISO: 1438, 1979, Thin-plae wc?rd .

must be followed in weir settings. : irs) . Wmcheil

7.2.4 Submergence bo estimat

; - : a jum? 'oCCL‘

n free flow it was mentioned that ] o rical

the tailwater levepis far below the m

crest to affect the free plunging of H, 2

the nappe. If the tailwater level is { H

above the weir crest, the flow

pattern would be much different where AZ

from the free-flow case floor (Fig

(Fig. 7.5). Such a flow is called To gaut
petween t

submerged flow. The ratio H,/ y e
: Fig. 7.5 Submerged ;

H,, where H, = downstream 87315 sharp-crested weir | maximum

water-surface elevation measured above the weir crest, is called submergence Il column),

' Weisbach

ratio. In submerged flow, the discharge over the weir Q_ depends upon the
: . s 5
submergence ratio. An estimation of Q can be made by use of Villemonte EXAMPL

formula'# 0.350 m*/

350 m
2 channel tl

oL [ depth  of

Gj!- A, (1.11)
Solution
where Q, = free-flow discharge under head H
. s » B = exponent of head in the i
hea:}_:“d'm'rgc relationship Q = KH". For a rectangular weir, n = 1.5. :tﬂal-ar
2 _minimum value of H,/H, at which the discharge under a given head iy
; deviates by 1 per cent from the value determined by the free-flow equation

!

::e:::mu: m::umlar 'lin?it.or submergence limit. In sharp-crested rectangular
before the!:ilwzrhm't IS negative, i.c. the submergence effect is felt even
usual to specify the ﬁb'late the crest elevation. Thus to ensure free-flow it is
for small weirs. This mlm;;u;face 2 be_ at least 8 cm below the weir crest
to account for fluctultions of thelsmce will hf“'e to be larger for large weirs
weir due to any wave action. water level immediately downstream of the

.
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w 4 for aeration of rectangular weirs s,

; Hox anning the full w
ﬂ‘”edicaled in Sec. 7.2.1. The rate of

_ Alr supply (g,
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e

e 0, 0.1

Q  (/H)"?
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(7.12)
g = water discharge and Yp = Water-pool de
 whic eir plate (Fig. 7.1). If a submerged hydraulic
/ me'w ted by the tailwater depth. On the other |,
cs“mzurring on the downstream, V%
oc

AL
1 equauon’

Q: 0.22
) = A —
o Z[L-gmzy‘}

here AZ = difference in elevation between the weir crest and the downstream
e
:oor (Fig. 7.1). : 2 g 6 A
air flow into the air pocket through an air vent, a pressure difference

L bient atmosphere and the air pocket is needed. Assuming a
bcm:een - a[r:issible negative pressure in the pocket (say 2 cm of water
mixm:)lm(hie;ze of the :ir vent can be designed by using the usual Darcy-
column),

pth on the downstream
Jump takes place, Y can
and, for the case of a free
can be estimateq by the following
erﬂPi"jCa

(7.13)

Weisbach pipe flow equation.

VR ide h discharge of
lar channel 2.0 m wide has a g

i MPLE 7.1 (a) A rectangu . . :

it oEgo m’/s. Find the height of a rectangular weir spanning the full width of the

hannel that can t&used to pass this discharge while maintaining an upstream
(

depth of 0.850 m’
(7.11)
Solution
' ing C; = 0.640,
f in the A trial-and-error procedure is required to solve for P. Assuming C; :
= 1.5. by Eq. (7.5) 2
a given head ;
ﬂofv] equation HY? = 0,350/(% x 0.640 x /19.62 X 2.0] — 0.0926
o = —0.205 = 0.645m
ii:e;ell i:en H = 0205m and Pa= 0.85(1)1 i)(o e e )
ce-flow it is H/P = 0318 m o c, = 0.6 :
e weir crest Ind lteration; ke
7 weirs
\ largeofthe Sa0) s anm s
. 0.636 e
H, = 0206m, P = 0644m, H/P =0
and

C, = 0.637
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Accepting this value of €, the final values are
H. = 0.206 m and P =0.644 m.
of the required weir
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7.2.6 Contr

The discharge Egs (7.4) and (7.5)
have been derived for a weir which
| width of the channel.
e no

spans the ful
In such weirs there will b

contraction of the streamlines at the
-
ends and as such they are termed
. Fig. 7.6 Weir wi
uncontract . ir with e
tracted or 3s'uppressed weirs. "dl CONtractions

However, if the length of the weir L
is smaller than the width of the channel, such weirs are known as ¢
Ontracteq

Wf.’irS (Fig. 7.6). In contracted weirs, the flow issuing out of the wej . =
will undergo contraction at the sides in addition to the contraction i 2
upper and lower nappes. As a result, the effective width of the weir i(s:au;ed w =
: reduceq |
The discharge from a contracted weir can be i .
_ obtained by usi E.
length L_ in the Eq. (7.4). Th i S L) ]
. _(7.4). The well-known Francis f i -
i L =L-0.nH e 3 =
where n = number of end : N X
i€ = contractions. For the weir shown in Fi . ‘
”I,'h- j and if m number of piers are introduced on a weir crels]t ol .
e discharge equation for the contracted weir is written as W
Ir
o 2 3/2
Q = $GV28(L-0lnHy) (Hn +£J N
For L > 3H, and H - 3 -
| and H/P < 10, th -
i e value of C_is taken as C_ = 0.622. 3

For contracted ’
B Sg:fir][)s-cres;ed weirs, Kindsvater and Carter® have given
investigation covering atid(e .rlasn)' ba:Cd on their extensive experigmcn(;

ge of variables, as

2
0==C,\>2 312
3 28 L H, (1.16)

where C‘k = coefficient of disch
and H,, = effective h‘“‘d The :rﬁg;tt:\);c]c;::ﬁdw:;l-. = Cffe?tive length
i Il Le e K,_ are obtained 356
where K}, and K, are &giuv o =Hin K g;ti:;
attributed to viscosity and Si:f::c:::ima;o account for several pheno.mcna
. Values of recommended K, and K,

are given in Table 7.] :
= 1. The discharge coefficient C, i . L i
/P, expressed as ; d 152 function of I and
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0.622.
have given a
- xperimental

(7.16)
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(7.16a)
(7.16b)
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| K, and K,
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~Z and
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(7.14)

Rapidly-vari
b Flow-2—fow, Measy
T®ments 3
21

Cdc = K] o K’(i)
AP

The yariation of K, and K; are also shown in Tap), 74 @.17)
Values of Paramet : 38
fable 7.1 ers for Use in Eq. (7.16)s
LB % i =
(m) () . P
g; 0.0043 o} 8.599 +0:8228
0.7 0.0041 I 023’57 +0.0450
0.6 0.0037 £ 2 0
05 0.0030 IS 08 e
0.0027 8 592 hon
. S 0.59 0
0.0025 .591 +0.0058
b2 [ 0.590
0.0024 . +0.0020
oL = 0.589
0.1 0.0024 2 0-5 -0.0018
588 -0.0021

tpquaton (7.16) is subject to the limitations H\/P <2.0, H, >0.03 m, L>0.15 m ang
p>0.10 m. ]

EXAMPLE 7.1 (b) In Example 7.1(a) if a contracted rectangular weir of
length 1.500 m and height 0.60 m is used what would be the depth of flow
ypstream of the weir?

Solution

L
In this case B = é?—‘g = 0.75. From Table 7.1,

K, = 0.0042, K, = 0.001, K, = 0.596 and K, = 0.0375.
1 L, = L+K, = 150+0.0042 = 1.5042 m
As a trial-and-error procedure is needed to calculate H), assume C, = 0.60 for
the first trial. From Eq. (7.16)

1 HY2 =0350 / (% X 0.60XV19.62 xl.5042) - 013133
(4

Hle = 0.2584 m, H] = 02584 - 0.001 = 0.2574 m
{ H/P = —032% = 0.429 and from Eq. (7.17)

C 0.596 + (0.0375 x 0.429) = 0.612

g dc
ond iteration: Using the above value of C;

s = 013133 o 600 = 0.128755
| 0.612
| 0.255m, H, = 0.254 m, Hl/P
C,. = 0.612 which is the same as the
Hence the fina values are H, = 0.254m and Cy,
O the upstream of the weir will be at a height of 0854

= 0.4233 and

assumed value.
— 0.612. The water surface
m above the bed.
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head-discharge relationships and are described in literature'. A t BIVE specific
.which the discharge waries linearly with head, known as Sutro yvse.o.f Weir for
in ﬂo_w measurement of small discharges and in automatic eir finds yg,
sampling and dosing through float operated devices. control of flow,

The details of some special sharp-crested weirs are given in the ne
Xt section,

, r J
Table 7.2 Discharge Relationships for Some Commonl
Rectangular Thin Plate Weirs y Used Nop.
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i
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SPECIAL SHARP CRESTED WERS
7.3

1 Introduction
1.3

ion deals with special sharp-crested weirs des;
s Sccuohead relationship. These are also
dISCharge;vcirs)‘ Since the flow over a P-
g (P-Iated dosing devices, these are wide
ﬂoa(..regu any defined shape of weir, the d
G;vgned e.g. in the case of a rectangular
de(ejr;n';d ‘in the case of a triangular weir (V-
o2 n where 4 is the head causing flo ‘
iy weir to have a known head-discharge relationship constitutes the
T rtional weirs. The design of proportional weirs has considerabje
desiig:ag(t::s“;iohydraulic, sanitary and chemical engineering.
app

gned 1o achieve 5 desireq
sometimes caje

WEIr can be contr
ly used in industry
ischarge through it can be easily
weir, the discharge is proportional
notch) the discharge is Proportional
W. The reverse problem of finding

d proportional
olled easily by
and imigation.

73.2 Linear Proportional Weir

i ir, with its linear head-discharge characteristic is used
il frfo PO;;Z::L;SZ;:‘;‘M% devices, as a ﬂow.me(er ax_ld as an oultl:(;
e b?:r (sedimentation tanks). The linear propomona'l weir was invente
sgicn 7rs This weir is only of theoretical interest as ltS. \'mdfh at l;asccl;
by S‘tout “-89 k improved by Sutro (1908) to develop a practical Imcar' ;,‘:s :
iqﬁn.ltc' A pthc Sutro weir. Referring to Fig. 7.7 the Sutro w;:u' s
e We"'know"'v:f which a designed shape is fitted. It is found m;',:;abovc
f:ol::illa;;is fv:ir the discharges are proportional to the heads meas:
a

ir. Referring to
areference plane located at one-third the depth of the base wei
Fig.77.

2 (718)
— +—a
whem b= thc proportionality constar

133 Sbape of the Sutro Weirs

. - lh
: lar weir of wid
= base on a rectangu e ik
Referri i t the wéir have the. 5 e :
°f;::j"§::t: f.. ;oz' cl:nvenience, the horizontal and verti

etrical
- umed to be symm
Oare chosep a5 yand x-axes respectively. The weir is ass

t the x-axis.
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=h+

— W\

b 4

Weir Crest - w
Fig. 7.7 Definition sketch of linear proportional weir

The discharge through the rectangular weir when the depth of flow is /i ahove
the origin is

a =% \/_[(h+a)3/2 3/1] (7.19)

where C, = coefficient of discharge.
The discharge through the upper portion above the origin called the
complimentary weir is

, = 2C\2¢ 0\//: - x f(x)dx (7.19)

The total discharge through the weir is
0 =4,+4q, ,
We wish this discharge to be proportional to the head measured above the

> 2 a ;
reference plane situated 3 above the crest of the weir. This reference plane is

chosen arbitrarily by Sutro for mathematical convcnience. Thus
Q=g +q,

i

»*’i’rﬁt- = ﬂ“l;z'.' : qul(h.g.a)‘{ll_h)l! +ZQJ—‘L\/—_-I(X)‘”

posi
of 2
tern

¢

so 1
seri
we

* Sut
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is no flow above the base weir Meisuremem

When =

ere
AS "'O . Eq. (7.20)
b = WK q'?

s ave by sup

where K= 24 J_

bsmuung this value of b in Eq. (7.20)

Su
2wk +ay2 - pn2 I =
: : [ ]+ i \/hf(x)dx=wauz(h+&
h o) 2a 2
= x)dx = W, ==
L
2 30 R
= = + g 2
FIE’ 2 3 .
s she h312__ ~1/2;2 -3/2 3 =
Z 3 3“{ 3k dea il "E" e+ }

[t is required to find the function fx) such that Eq. (7.22a) is satisfic.
positive values of A. This is achieved by expressing fx) in a series of |
of x and determining their coefficients. A general term x™ in f{x) res, |

: term
s /i above ﬂJr;f" e L,x"'(h”z SRl d - h‘mx2 )

= Const (k™32

FA9 so that the first term in Eq. (7.22a) can be obtained by a constant e,
series for f{x) and the other terms by taking m half an odd integer. Corn:
lled the we assume,
fX) =y = A +Ap"? + A2 + AQ2 4
'Substituting this in Eq. (7.22a)
(7.19a) "
j (Ayh—x + Apfhe - x2+ - )dx
(] .
: 4
ove the X _AL B2 4 ”Ath ”A3h3 SﬂA‘h
1 165 128
plane is 1 W[h”z e ]
Y =W §
2 .2 :
= ~2riw
= ia’mw

32s

ll.lllng

/.22a)

' lor all

| Owers
$ina

(71.23)
in the

‘uently

(7.24)
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coefficients in Eq. (7.24)
72 x3/2 ‘\5/2 1:]
)
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Substituting these
+

WI:I ——;{;ﬁf % a2 525"

fo) =
/= g—tan"‘\/g

= V(3 a ; (725)

The discharge equation for the Sutro weir can now be summarised as
0 = b(h+—2—a) = b(H—g—) = bH, (26

where b = WKa!'”? and K = 2C,/28
H = depth of flow is the channel. (It is usual practice to make the ¢y

h the bed of the channel) o

of the base coincide wit
h = head measured from the top of the rectangular base weir

over the datum.
r is found to have an average coefficient of discharg
e

H, = depth of water
The sharp edged Sutro wet
of 0.62.
A simple weir geometry, called quadrant plate weir, which has the line
head-discharge relationship is described in Ref. 7. This weir has the advamaar
of easy fabrication and installation under field conditions. Linear proportiongael

weirs having non-rectangular base weirs are described in Ref. 8 and 9
EXAMPLE 7.2 A Sutro weir has a rectangular base of width 30 cm and hej
6'cm. The depth of water in the channel is 12 cm. Assuming the coeffici 5
discharge of the weir as 0.62 determine the dischage throuvgh the wei 1e\l;/t 3
would be the depth of flow in the channel when the discharge is Acis ha;
(Assume the crest of the base weir to coincide with the bed ofo the chZEn:;i.

Solution
Given: a =006m, W=0302=015m, H=0I12m
K=2C2 = 2x0.62x\/—m = 5.4925
b=WKd? = 0.1; X 5.4925% (0.06)"2 = ol,zmg
From Eq. (7.26) 0 =b (H_i) i
3 |

& 0.0
0.2018(0.12—TG)=0.02018 m/s

: : = 20.18 litr
When the discharge is doubled, Q = 2e>s</so 02018 = 0.04036 m?/
! =) m-°/s

From Eq. (7.26), 0.04036 =0.2013( _M)
2 : 3

H =02+002
2+002 =0,
=22 cm g m




3.4 General Equation for the Weir

and Banks® have shown thag the

I cury :
COng 5 e : urve desc 5
Jd,;ch-'lfgc Q=bh" form>1n s given by 115Ing the weir Producing
g ) = b I(m+ 1)
= o = e =372
7.5 PN P0G asn  Rimiip) @i
1 (7.27)
= il2¢c x)4/2 -
;. e 0= |26 TV G 4
.26) b h = head rneasured above the crest of the wej
Xy = coordmal'cs along vertical and horizontaj e !
be p = a coefficient of Proportionality ;7% Iespectively
est i 1
¢ = coefficient oti discharge of the weir
I = gamma function.
e relationship between the exponent m and the profile of the WEIr is sh
: 1s
& e ; shown
4
ear 2
age
nal
gh[ m=35
of
Al m=112
d?
).
> Y

0
Fig. 7.8 Weir profiles for different values of exponent m

Itis clear from Eq. (7.25) that an attempt to design a weir producing a
discharge proportional to 4™ for m < 3/2 inevitably leads to a curve which will
b asymptotic at the base giving rise to infinite width, which is physically
Wrealizable. The linear proportional weir (m = 1) is one such case. Sutro
O%etcame this defect by the ingeneous method of providing a rectangular base.
A rationa) explanation for the selection of the datum was provided by K°_Sh‘_“a
Murthy2.1213 yhich s enunciated in the theorem of slope discharge conaILY

:Ihe slope-disc harge-continuity theorem states: “In any physically realizable
"t having a finite number of finite discontinuities in its 8?0'?"'“!/- the "‘“:;:
8 of discharge is continuous at all points of discontinuity.” Physically &
408 that the curve describing the discharge versus the head for any COBPOC
'%Whavemorethanoneslopea!an)'P"in"m'scmaso ’




s o

nels

there could be more than one value for the disc,

the neighbourhood of the discontinuity w;; ar

less. The proof of this theorem which is based on the lllch is

lace transforms is beyond the scope of this book. Se of

The P-weir consists of a known base over which a designed complime

xed. Each weir is associated with a reference plane or datum Whim .
ating @ new parameter A called the datum constant bCh .

application of slope discharge—:ominuity theorem. The p:oblem of design oyf the

weirs is solved by the technique of solution of integral equations. This is explain;

by the design of quadratic Weirs in the following section.
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mean, theoreticallys

it would &
| strip in

in the infinitesima
physically meaning
the theorem of Lap

weir is fi
determined by evalu

tch Orifice

| weir in which the discharge Q is proportio
This weir has applications in bypass ﬂr;al
W

7.3.5 Quad ratic Weir-no

proportiona

A quadratic weir is a
f the head h.

to the square root o
measurement.

|

£ O8 DIl
SEotE =

x

Fig. 7.9 Definition sketch

It is evid
S (;i‘;::hi:t :rom the general Eq. (7.27) that an attempt to design a weir to
hajina inﬁm'tcg ) groportlonal to k™, for m < 3/2 inevitably leads to a curve
ohiat s e ;h at the bottom which is physically unrealizable. In order (0
s e e oD bae T oo of a rectangul
_ idth 2W and depth a, over which | rc? L
(Fig. 7.9). : ch a dCSIgriled curve is fitted
Referring to Fi o % !
e x-fxi: Flvgh e’/r.’9ﬁt‘};eﬂwelr.xs ;:ssumed to be sharp-edged and symmetrical
’ ow is I
rectangular weir, below the y-axis i: bove the base, the discharge through the

2 :
g = EWK[(" +apl? _ h3/2] ' i

where K = 2C, J’j‘ ;
. aV28,Cy = the coeffici ; ) :
complementary weir above the origi:,m;m of discharge. The discharge from the

h
o= KL\[mf(x),dx :

(7.289)

T otal dischi

we wish

consw"‘ an(
to the squal
b and A ar
continuil)’ |
mcorcm'

When h =
Eq- (7.30)

Dpifferential
under the i

Applying t
we have

Solving Ec

The refere1
Equali()n (




Rapldly-varieq Row-2 R
Y g ischarge Q SEd et 9, = e‘“‘"‘fﬂenm 329
;Sharge 1o dis i
Ich jg 2 2 i
— W, h /2 2 a7
Yoot 3 K[( b t ]+KJ;\/’?.xf(x)dx 2
- 29)
entary gaulhohave the discharge g _ R Where b i
lich g i antand A 1s the datum constan, [ other worgs e e Prom“l‘)nalnly
by the co’l';c square root of the head measureq above 3 reference largv: 'S Proportiong|
of p. wand 3 are 10 be evaluated. They are determineq by lhs ::rco - ol
laineq bn(in"“y of dls'charge and the fequirement of the slope discharCOnquns .of
eorem. Rewiting Eq. (7.29) : 8¢ continuity
2
== 12
S
:xtc])g:/] ' = m forh>0 (1.30)
i hen h = 0. there is no flow above the base weir. Hence, Substituting h =  ip
£q.(7.30) :
2 32
EWKa = h/la (7.31)
Differentiating Eq. (7-30) on both sides'by using Leibnitz's rule for differentiating
under the integral sign, and re-arranging
h
£ b e,
= =2W|(h+ a)2 - p12] _
o VhA—x T W[ ] 9(h) (1.32)
Applying the slope-discharge-continuity theorem, i.e. putting A = Qin Eq. (7.32),
we have
b = 2Wa'? (7.33)
K\ Aa
Solving Egs (7.31) and (7.33)
- to y 1 %)
' == and b = ——WKa ‘ (7.34)
- i ir is si d at d above the crest of the weir.
lar The reference plane for this weir is situated a 3 e
ed Equation (7.32) is in the Abel's form of integral equation whose solution is’:
Lok
7 ristnemles
Wbstiuting for g'(n)
2 0 b, f 6 Jxla (7.35)
‘ = i 3x
e s g g5 A

T "I profile drawn to scale is shown in Fig. 7.10.
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Weir crest = W — (a)
Fig. 7.10 Quadratic weir ()
_ as an orifice for all practical purposes. As this weir gives discharges proportional
to the square root of the head (measured above the reference plane), both while Erom
acting as a notch as well as an orifice, this device is also called a notch-orifice,
i The discharge equation for the quadratic weir can now be written as
Q-bh+£-b"(H—3a)_
| =l Tt - S
i
i ' - Inm
‘ where b = Jg WKa and K = 2Cd\' Zg a\:er.
situa
and h = depth of flow above the rectangular base of th
H, = head above the reference plane : of
H = depth of flow dete
. . » ]
Ql.xadra?xc weirs having non-rectangular lower portions (base weirs) & relay
described in detail in Ref. 14. | shag
The ; i :
quadratic weir has an average coefficient of discharge of 0.62. Ina intey

g:;icrlr?n; ngf the error involved in the discharge calculation for a unit per cent
2 ano:ah 1:1 only 0.'5 per cent as against 1.5% in a rectangular weir and 2.5%
ch. Hence this is more sensitive than the rectangular weir and V-notch-

the

EXAMPLE 7.3 A e
-2 A Quadratic wei fome . e Jar
'. channel of width 30 cm, b designed for installation in a'rec‘]alnj?dﬂl

gular base of the weir occupies the fu
The crest of the base weir coincides wi




N|on
5

T
+
8/

oportiona]

oth while

“h-orifice.
as

(7.36)

irs) are

52. In a
per cent
d 2.5%
/-notch.

angulaI
1 width
es with

nel bed. (a) Determine the dischar

AT e harge through e
D;ﬂow in the Chd;nt;» n.shl 5) gm_ (b) What Would be the dtc:::r fw‘;}en the depih
oir when the discharge in the chanpe i« Ot flow upsyre
fthe wel 15 25 litres/s? [ A « . s
p [Assume C, = 0.62).
.Sojulil]" .
Given: a =006m, W = 0.3072 = g ISm, H <
4 2 11 =0.15m
K =2C;\2g = 2%0.62x 2x 98] = 54925
- ;
b=—=WKqg= 2
V3 I 15 %5.4925 0.06 = 0.05708

romEq (136, O = b \K,,_\%)

2 x 006 172
@ 0= 005708 x [0.15 < (TH

= 00189 m¥/s = 18.93 litres/s
(b) When the discharge Q = 25 litres/s = 0.025 m¥s

From Eq. (7.36), 0.025

1/2
0.05708 x [H 3 (MH
3

0.1918 + 0.04 = 02318 m
23.18 cm

H

1.3.7 Modelling of Flow Velocity Using Special Weirs

In many hydraulic engineering situations it is desirable to maintain a constant
average velocity in a channel for a range of flows. A typical éxamplc of this
situation is the grit chamber used in sewage treatment. To obtain such a control
of the velocity of flow in the channel, proportional weirs can be used at the outlet
of the channel. The channel cross-section shape, however, will have to be
determined. This, in turn, depends upon the shape of the outlet weir and the
rlationship between the upstream head and velocity. Design of such chanm.:l
shapes controlled by a weir at the outlet is described in Refs 8 and 15. It is
interesting to note that a linear proportional weir, such as a Sutro weir: fixed at
tbe end of a rectangular channel irrespective of the fluctuations of the discharge.

14 OGEE SPILLWAY

.

The ogee spillway, also known as the overflow spillway, is a control weir

Ving an ogee (S-shaped) overflow profile. It is probably the' most extensively
5cd spillway to safely pass the flood flow out of a reservoir.
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- - =~ Energy line

Energy
head 2 Crest

—

Straight
face

Vertical _,
u/s face :

Reverse curve at the toe

River bed
Fig. 7.11 Typical ogee spillway

Ogee
spillway

Equivalent sharp
crested rectangular
weir

Fig. 7.12 Lower nappe as a spillway profile

A typical ogee spillway is shown in Fig. 7.11. The crest profile of the spillway
is so chosen as to provide a high discharge coefficient without causing dangerous
cavitation conditions and vibrations. The profile is usually made to conform to
the lower nappe emanating from a well-ventilated sharp-crested rectangular weir
(Fig. 7.12). This idea is believed to have been proposed by Muller in 1908. Such
a profile assures, for the design head, a high discharge coefficient, and at the
same time, atmospheric pressure on the weir. However, heads smaller than the
design head cause smaller trajectories and hence result in positive pressures and
lower discharge coefficients. Similarly, for heads higher than the design head,

the lolwer nappe trajectory tends to pull away from the spillway surface and hence

negative pressure and higher discharge coefficients result.

apel::( o:'s Z:;gul: ;P;I:V;:y ;&,/P ti]; 0), .il is found experimentally that the SPi“‘:’;)y

Thtdelia ndeiet hihec o e grmgied welr crey g Lo

discharge equation with e 8 thgn' hy = 0.89 H,,. Considering
suffix °s* for an equivalent sharp-crested weir

=2 5 ;
255 V2g Hi? (for the sharp-qrested\we“)

and

s €
are Nt
welr ¢
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llway
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asy tosee that €, = 119.C, e ihe O8ee spillway discharge Coetficients
Cia 7 i i : !
s Lumerlt"’”-v about 20 per cent higher thyp the corresponding sharp-cresteqd
n
are ficients.
COC' 1C
well
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7.4

are no crest gates over them. such
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Reclamation, ang accurate data
ischarge and other information
Considering a typical overflow
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) X
- = K| — (7.37)
H, (H,,)

__j — — — —— Energy line

Eq (7.38)

Fig. 7.13 .Elements of a spillway crest

: rve of the spillway
i f the downstream cu ign energy
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B iz of coo ed above the crest to the energ stream face and
head, i.e. design headI meazu;)cn d upon the inclination of the up
constants and their values de

0

Kand n are . - z

Sk ‘ 1.850
Upstream fuce 5500 e
Vertical = 17 A

x | Horizontal : 1/3 vertical 3234 1.776

; . rtical a6
\li{onzonlal 2k ve is usually given by a series
he apex IS us
The crest profie upstream of LI

f compound




Yo

334 Flow in Open Channels
e equation for the upstream portion of a verticy| o
e

Cassidy!? reported th

spillway as o ot
¢ e
_ 0432 | = +.0.270
7{‘- = 0724 [_/7{,’ + 0,270J 0.43- 77 J + 0126 (3 38)
J g

; oo asse X 5 S0 and 0= —=0126. T
This is valid for the region 02 H, : H, C sars
co-ordinate system as for the downstream profile [Eq. (7.37)] is used for )
(7.38) also.

Since the hydraulic ch
spillway to another, it is foun
velocity of approach in vario
With this in view, the expression for
spillway at the design head is written as

2 )
=3 Ca\28 L H}" (7.39)
nergy head (i.e. head inclusive of the velocity of approach

t of discharge at the design head and L, = effective
= any energy head over the ogee spillway, the

aracteristics of the approach channel vary from ofie
d desirable to allow explicitly for the effect of the
us estimations related to the ovetflow Spillway
the design discharge O, over an ogee

in which H, = design-€
head), C,, = coefficien
length of the spillway. If H,
corresponding discharge Q can be expressed as

2 =
O GRS (7.40)

where C; = coefficient of discharge at the head H,. In general. C; will be
different from C,. If H/H, > 1.0 then C/Cy > 1.0. If on the other hand,

HyH, < I.O.‘(hen Cy/Cyp < 1.0. By definition, if HyH, = 1.0, CJC, = 10.

0.76 ‘ :

! 4 T T T
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Fig. 7.14 Variation of Cp with P/H
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al thCed

(7.38)

€ same
for Eq,

m one
of the
11 way.
| Ogee

(7.39)
roach
ective
y, the

7.40)

1l be
nand,
1.0.

harge coefficients C; and ¢
dis¢
¢

4 Are both fyncr:
ly, and of the slope of the Upstream face.
r‘spcc'(.vclzc' variation of C with p/y J

ie. for PIH, < 1.0,

is € heads, i-c. d

i C"g"ayva,uc of 064 at PIH, = 0,10
hin

alytical modelling of the spillway flow has been oy
an

Coefficient of d
files by usin
lex potential plane. Tkegawa and Washizy2
jna comPe h the finite element methog (FE
flow .thfo"’fn of the basic problem. Diersch et
simphﬁcazon of gravity flows of ideal flujds
o H, for a spillway of P/H = 429 43 :
g, vith HoPa imental data are available on the vaniation of C. It is found that
Several cxP‘;';] ly a function of Hy/H, as indicated in Fig. 7,15, It is seen that
Cf/CaO is'essen s continuously with HOIH '~ Experiments by Rouse and Reid 3
(1) ;ncria's;er and Diersch?' and the FEM studies of Diersch have re\:aled
O | ¢ - <
st i S<l:1alrge coefficient ratio C/C, 4 continues to mcreas.e w;’th :(;/ h:rh a-:
that the. disc 7.15 up to a certain maximum value‘ of head ra:o ( é{] n:,e:(.:e =
5y I(?‘g;:ha.xrgc coefficient at (H/H)) > L0'is due to ¢ :u;’:s R
vy es on the crest. At sufficiently high negative Prc; ﬂov;/ ey
i sur ithe
fegalive pres: layer from the crest and consequent det.‘rezlstc1 e
of the boundary 2555 tive pressures approac apo
if the minimum negative p thus corresponds tothe
results. Also, i r. The maximum head ratio (Hy/H,),, thu
avitation can occur.

empted by Many
ischarge and surface
8 the relaxation technique
have studieq the spillway
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336 Fow i . s known to depend to a small extent op Py
onset of separation, that there 13 00 possibility of separatjg, , ¢
Experimental studies equence would occur in the °Verﬂa:d
also N0 pressu;ofrl\u:‘:iut; HyH, < 3.0, the inception of cavitation is the omv;
spillway OpeT :
probl'em to be g‘iﬁrd(:jearﬂgilgsstbnlway. when \xorkJ:ng at 1< HO/Hu_ < (HyH)
It is seen that the of higher values of the discharge coefficient €. Tdh,,,
has the desirable featur® d in the spillway design. As maximurlrs\

ntageously exploite :
featuf] C;ﬂo:; ggtvaovegr a spillway is @ [are event, the spillway profile can pe
pOSS] (4

designed to correspond to & Jlower value of head such that at the maximum posgjp),
i H, > 1.0. The other structural features can of course be designed 1,
Qoo e flow. This ensures that the spillway will be functiop
safely accommodate the flood flow- 2 el hing
at a higher average efficiency over 1ts operating range. §X1mum o
flow occurs, the spillway will perform at a head more fhan the déSlgn head, ang
consequently, with an enhanced efficiency- This practice of designing is called
underdesigning of the spillway. : : 7

The use of H, and H, the ener.gy heads, in the discharge eciuatl(?n IS not very
convenient for discharge estimation. Usually the value of V?/2g is very small
relative to the upstream head h,, where hy= (Hy— V02/2g)_ For .Spillways Wi
hy/P < 0.50, the velocity of approach can be assumed to be negligibly small and
the relevant head over the erest up t0 the water surface can be used in place of
tlie energy head, i.e. hy and h; can be used in place of H, and H, respectively.

To approximately estimate the minimum pressure on the spillway p_, for
operations higher than the design head, the experimental data of Cassidy" in

the form
Pm HO
=117 |=— -
TH, ( H, ) (7.41)

can be used. This equation is valid in the range of H/P from 0.15 to 0.50.

EXAMPLE 7.4 (a) An overflow spillway is to be designed to pass a discharge
of 2000 m/s of flpod flow at an upstream water-surface elevation of 200.00 m.
The crest length jis 75.0 m and the elevation of the average stream bed is
165.00 m. Determine the design head and profile of spillway.

Solution 5

A trial-and- :
trial-and-error method is adopted to determine the crest elevation.

Di i
ischarge per unit width g; = 2000 = 2667 mYs/m. Assume Cpp = 07

75
B 2
YRR 0~ S CuoV/28 (Hy "2

%67 = 2 07
3 (0.736)v19.62 (H, "2
Hd =532m

, Open Channels '

veloci‘y of

jevation ¢
Crest €lev?

For this v
ond iterati

hd = 003.
Crest elev

PIH, = 5
iterations
Design er
and crest
The dowr
present Ci

The_ups!
0< - x

=D
5:31
The apex
abOVe t“
EXAMP,

Solution




rge

| is

36.

Rapidly-vari
1 ; lied ﬂow.z\n‘)W "
®asur.
LB G SMents 33,

v of approach V= = 26.67
w[o(,l[y £ hy (200(X)~ 165 00
= 0.762 nys i
Vl
h — h“ =
a 2 0 0296 =~ 0.03m
vation of energy line = 200,03
e =
grcs( clcvauon = 20003 — 532 = ]95 71 m
2=21957 1% 165.00 = 39 I
30.71
PIH,= —— =
ehisa. o

£ his value of P/H, from Fig 714, ¢ _ 734
nd jteration

HY % = 26.67
Q1303806 Hy=531m
4 = 0.03. Elevation of energy line = 200.03
(s clevation  200.03 — 531 = 19473
P =19472-16500 = 2970 m

pi, = 5.60. For this P/H,, from Fig.7.14, Cao = 0.738. Hence no more
jlerations are required.
Design energy head H, = 531'm
ud crest elevation = 19472 m
The downstream profile of the crest is calculated by Eq. (7.37), which for the
present case is

]

[}

y % 1.85
L = 050{ X
531 50(5.31)

The upstream profile is calculated by Eq. (7.38), which, for the range
0$- x £1.434, is given as iy

BN .2 0.625
). x
=0. ———H1) - 0.432 ——+0.270) +0:126
531 0724(5.311-0270)) 0 ‘ (5.31 )

Te apex of the crest at elevation 194.72 m is the origin of coordinates of the
e two profile equations.
UnpLE 7.4 () In the spillway of Example 7.4(a), what would be the

_age if the water-surface elevation reaches 20_2.09 m? What co::i\::dnﬁe the
Mmm',m on the spillway crest under this discharge o

Ylion d

hy = 202.00-194.72 = 728 m
hy + P = 202.00-165.00 = 37.00m
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head A, = 0.05m, the eleyas;
he velocity of approach I L ;

Assuming t oh s
energy line = 202. . 262 4 * o2 = 133m
= 202,08
ENE 3 3
o) 5B
: . e e
. 7.15, corresponding (0 =205—1]738, 1.04.
From Fig. 7.15; H X
Since €= 0188
' C, = 0.768
g = 2 1962 (0.768)(7:33) = 4500 e
3
V.2
V- g;io _ 1216mis, A = 5> = 008m

2nd iteration:
Elevation of the energy line = 202.08
H, = 202.08 - 194.72 = 7.36 m

H L - :
L300 35 = 1.04 from Fig. 7.15
H, 1.386 e .

C, = 0.768
% J19.62 (0.768) (7.36)2 = 45.28m%s/m

q

V,=122dmand h, = 0.08 m which is the same as the assumed value at
the beginning of this iteration.
Hence

Il

7.36m, ¢ = 45.28 m%/s/m
4528 x 75 = 3396 m%/s

HO
Y

Minimum pressure:
Using Eq. (7.41),

Prm

Y 5 LI (7B6) (1'386 =1

-332m

The minimum pressure head over the spillway will be 3.32 m below atmospheric

7.4.2 Contractions on the Spillway

Z;Za:;::; ::c uov;rﬂow spillway operates with end contractions. Ths®
i cm_y s rE ue .to the pres.ence of abutments and piers on the sp iy
H Thé effecti - £quation (7.40) is used to calculate the discharge at any e

S ective length of the spillway L, is estimated by

b Ll oo k) B, (142

is placed d¢
be directed
the ogee pI
If the tri
the crest is
full-gate of
spillway.
The disc
following |

where G
after allow
Crest and £
coefficient
installation
an approxj
using the |
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- actual length of the Spillway, n _
levat; pc! :
10n of th

m Fig. 7.5,

d value at

ospheric.

. These
;pillwa)'
ny head

742

= Mumber of Piers, g ir

traction i Sl
Coefficient. The values

Metry of the contraction—causinq

on coefficient and K = abutment ¢op,

coﬂ‘fam K depend essentially op the geo
an (o, o ey

of /p o relation to the flow. For prelimin

. 1 Aty studies, the following values
Clem a”y adOPIed ; <
g usu (i) Square-nosed with rounded corners K =00
piess: (ii) round-nosed Kp = 0.0;
(iii) pointed-nosed Kp = 0:00
ats: () Square with sharp corners KZ = 0.20
Abutm® (i) round entry corner K =010

spillway with Crest Gates
143

.pillways are provided with crest gates, the
W?\en Sp under high flood conditions angd with partia] gate openings at lower
S l”“’a}{ t partial gate openings, the water issues oy of the gate opening as an
ﬂoWS.

ce flow and the trajectory is a parabola. If the ogee is shaped by Eq. (7.37).
onﬁc‘f'ﬁce flow, being of a flatter trajectory curve,
the ori '

Y have to operate as uncontrolled

will cause negative pressures
iliway crest. These negative pressures can be minimised if the gate sill

0 :stream of the apex of the crest. In this case the orifice flow will

s pl.a e g(jj\zwnwards at the initial point itself, causing less difference between

g rofile and the orifice trajectory.

s jectory of the orifice flow with the gate sill located at the apex of
L .lraJZC otg,d for the spillway profile, the coefficient of discharge at the

lhlel Cfe;[ cl);:ning will be less than that of an equivalent uncontrolled overflow

full-ga

splf[l}‘:? Zi.ischarge from each bay of a gated ogee spillway is calculated from the

following large orifice equation.

0= 2\3g L - B T ()
3

i = effective length of the bay |
= : f the gated spillway, L, = e ! ) |
ot Cg i Cofefﬂtc le()nt-:r(l)d contgractions H,, = energy head abm;:. th; i;gl)lh;;z |
. i : i O .
fe?; :lnl:;‘;';"g_ energy head above the bottom edge of thc: 5at:.f( t ;,5 L5 et
of n the geometr ate,
| Coefficient of discharge C, depends upod b e TR
stllation, interference of adjacent gates an O s S e
% pproximate value of the coefficient of discharge C,

sing the USBR data'® as

i T{;_ < 0.83

Hy
Cy = 0615 + 0104 7




Region of
negative pressure
X
Traject
o
/" H=(H|‘Hm ‘
~~  Spillway face by |
Eq (7.37) \;
»hg. 7.16 Flow under a crest gate 1
///‘ ,. = w
OAD—CRESTED WEIR

{rs with a finite crest width in the dileCliOl'l- Lty = called broad.cregy
weirs. They are also termed as wetrs with finite cr est W'd'.h and ﬁfld cxle.nsivc
applications as control structures and. flow measuring fi:vnccs.. It is practical
impossible to generalise their behaviour t:fecause 'a wide Yancty. of crest apg
cross-sectional shapes of the weir are used in practice. In this section the saliep
flow characteristics of only a simple, rectangular, horizontal broad-crested weir
presented.

Figure 7.17 is a definition sketch of a free flow over a horizontal broad.
crested weir in a rectangular channel. This weir has a sharp upstream comer
which causes the flow to separate and then reattach enclosing a separation
bubble. If the width B, of the weir is sufficiently long, the curvature of te
stream lines will be small and the hydrostatic pressure distribution will preval
over most of its width. The weir will act like an inlet with subcritical flov
upstream of the weir and supercritical flow over it. A critical-depth control

section will occur at the upstream end-probably at a location where the bubble
thickness is maximum.
Assuming no loss of energy between sections 1 and 2 (Fig. 7.17), and futh

assuming the depth of flow at section 2 to be critical,
i 2

]
=
4
ks
[}
|
~<

R ?’-,-"c=\/8¥c‘““yc='§'"
ideal discharge per wnit width of the weir is

: 9
% = Wy, = % (%g) w = 1705 H? (4

and O =

It may
the weir |
weir mei
angles to
is apt to
these ter!

Since
H, an alf

where F
measurey
discharg

If the
instead,
Point sh;
will be |
Critica] {
Crested
in Ref,

Rty
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Fig. 7.17 Definition sketch of 3 broad-crested weir
To account for the energy losses and the depth at section 2
equal to the crtical depth, the coefficient of discharge C,,
£g. (7. 45) to get an equation for the actual discharge ¢ as
BS Cdl qt
I70SRE HE2 (7.46)
. 0 = gL, where L = length of the weir.
' It may be noted that in connection with broad-crested weirs, L = length of
the weir measured in a transverse direction to the flow and B = width of the
weir measured in the longitudinal directon. Thus B, is measured at right
angles to L. In suppressed weirs L = B = width of the channel. This terminology
is apt to be confusing and as such warrants a clear understanding of each of

being not strictly
is introduced in

these terms. |
' . & - : sl
Since Eq. (7.46) is rather inconvenient to use as it contains the energy head

: el .
K an alternate form of the discharge equation commonly in use is

0 =2 ¢,\ag L 147

Where H, = height of the water-surface elevation above the weir s.urfgce
mﬁasured sufficiently upstream of the weir face and C; = the coefficient of
'SCha[ge 1

If the upstream end is rounded, the separation bubble will not exist ami
e, g boundary layer will grow over the Wweir with the critical- dept?'cogrt:s)t
Mm sh‘ftmg towards this downstream end. The flow over most part of its

the
b Suberitical Consxderable flow resistance from the upstr::f:oiae?;:oad-
el iy, section exists, influencing the value of C; Th:a rt;l; i
Weir is not dealt with in this section and the details

ety
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7.5.1 Classmcaﬂon
Based on the value of H,/B, the flow ?‘v’clr a broad-crested weir w
sharp corner 13 classified 35 follows™™ " thap, o 7.5-% ]
| H/B, < 01: In this range the critical flow contro] ™ m E
downstream end of the welr and the resistance of SeCtion i Fro v
plays as important fole in determining the value Oflhc weir s:‘"\c are &
This kind of weir, termed as long-crested weir, find () (Fi“'lf‘(c
reliable flow-measuring device. : s limigeq “sé b
2. 01<H/B, < 0.35: The critical depth control occurs i,
Fnd c_:f the weir and the discharge coefficient varies nlcar the upg A form
in this range (Fig. 7.18b). This kind can be called a : owly with iy |
weir. & rue brogd.,,, "
: -cr
3 0355 H/B, < about L.5: G
all ;,f' ; .5: The water-surface profile will in whic
over weir. The control section will be J bccuwi"nw ughn
(Fig. 7.18¢). The weirs of this kind can be at the upstregy e
weirs. The upper limi - termed as end proad ¢
2 pper limit of this range depends narrow-cy,
4 H/B > about 1.5: The pends upon the v ested effect |
.ul N . flow separates at the alue OfH/P
J !_nps clear across the weir crest. The fl upstream °°mcr| ;
(Fig. 7.18d), and the weir can be 4 surface is high| i Con:
classified as sharp-cre dy Curveq yariatif
-Creste
: : ' a gooct
—”lf\J\ 3 basis ¢
Sazv . ’7 | 20 anl
,j : z ‘ of C;
7 T T T T g r 2252 EE
’.——B' I '\ T T y T
(a) o '._B"—‘l 2. F
(b)
3.F
H
2 : ’*‘lHl \
Ty r”i\ J_
TTTTY
i Yo

ey "I
Fig. 7.18 (af"' 7
) -crested weir (H,/B,, < 0.1)
w i

(b) Broad
-Crested
(€) Narro weir (0.1 S
w 3 H/B_ < 0.
; S es0an s H,/B i
weir (Hl/B" > l.'S) 'w ‘
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5.2 Hie
1 4« AND c

from Eqs (7.47) and (7.46) the discharge coeffj

Cients C, and G
1

are gyen as respectively
Cy =
2 and < 0
M Gy
SV 1705 g (7.48)

A formal dimensional analysis of the flow situation will al
reveal that

Tk Re, W, ;_(T‘l
in which Re = Reynolds number, W = Weber n
roughness of the Weir surface. In most of the situations of practical i '
proad crested weirs, the parameters Re, W, k/H. and H /L hay fme.res.t with
effect on C, (or C,). Hence for practical purpéses, : o
Cylor Cy)) = f (H//B,, and H,/P) (7.50)

Considerable experimental investigations have been conducted to sludv.the
yariation of C, (or C;)) as indicated by Eq. (7.50). Lakshmana Rao! has siver
a good bibliography on these studies. Govinda Rao and Muralidhar® o; the
basis of extensive studies of the weir of finite crest in the range 0 < H /B <
20and 0 < H,/P < 1.0, have given the following expressions for the variation
of Cy:

1. For long weirs, H /B < 0.1

C,(or Cyy) =f[%, H H
(7.49)

umber and k/Hl = relative

& well as H,/P, the coefficient Gy is a function O

C, = 0.561 (H,/B)*% (7.51)
2. For broad-crested weirs, 0.1 < H /B < 0.35
C, = 0.028 (H,/B,) + 0.521 (7.52)
3. For narrow-crested weirs, 0.45 < H,/B, < about 1.5
| C, = 0.120 (H,/B,) + 0492 (1.53)

The uppler limit of H,/B,, in Eq (7.53) depends on H,/P.

Between cases 2 and 3, there exists a small transition range in which
Eq. (7.52) progressively changes into Eq.(7.53). In this transition region
Eq.(7.52) can be used up to H,/B, < 0.40 and Eq. (7.53) for HyB, > 0.40.
It may 66 noted that Eq. (7.51) through Eq. (7.53) show C, as a function of
H,/B, only and the parameter H,/P has no effect on C, in the range;‘)f data
used in the derivation of these equations. Surya Rao and Shukla® have
conclusively demonstrated the dependence of C; on Hy/P. As such Egs (7.51),
(7.52) and (7.53) are limited to the range 0 < H/P < 1.0. ;jHl

Singer? has studied the variation of G, for values of H/B, uwpto15 a:lue g
Pup 1o 1.5, For the range 0.08 < H/B, < 033 and H,/P < 0.54, e

] i fH /B
Ca is i a value of 0.848. For higher values of H,/B,
@ 1S found to remain constant at LSy S




Flow
ce clevation measured above the weir creg
jable. the flow over the crest may be entire zt(""i»
will depend upon both H, and th nlci sy "'liw'
depends upon Hy/B. andiiniihe, broad.credicd Wcir‘;]b et
¢ of 65 per cent. Al {lis yalde, the downstream i : ra“!:
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Fig. 7.19 Submerged broad-crested weir flow

EXAMPLE 7.5 A broad-crested weir with an ubstrcam square com,

spanning the full width of a rectangular canal of width 2.0 m is planne:r;:
proposed crest length is 2.50 m and the crest elevation is 1.20 m above lhébed
Culculate the water-surface elevation upstream of the weir when the gj '
is (a) 20 mYs and (b) 3.50 ms. "

Solution

(@ Q=20ms

| Assume the weir to function in the broa;‘l-crcslcd weir mode and hence assume
; C, = 0.525 as a first guess. From Eq. (7.47)

2.0

2
3 X 0525 x V19.62 x 20 x Hia

AV e
H"® = 0645 and H, = 0.747m

H,

=0'.
8, )

By Eq. (1.33), ¢, =!0

Substituting (his (55 q‘il {e8 Sy 0.521 = 0529

i in Eq. (7.47)
b i 0080, & = 07437 and o Eq. (7.52)

<

@ 25
gince @ !
assuming '
are starteC
[st iteratit

From Eq ’

The Weir
narrow-cr‘

2nd iteral

From Eg.

3rd iteral

Hence. H
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Omer and
ined. The
> the bed.
lischarge

assuming the weir to function i the narro.
> started by assuming @ = 0.55.
st iteration: C, = 0.55

From Eq. (7.28), 3.50 = 2

3 XO-SSX \E

X 20 x H{"Z

3/2
Hl

Il

L077, H, = 105y, H,
; e =0
= . . &v 2
The weir flow is in the transition Tegion between th
narrow-crested weir modes. Hence, by Eq. (7.53) ;
.Cd = 0.120 x (0.42) + 0492 = 0.534
2nd iteration: Using C, = 0.534 ip Eq. (7.47)

H

broad-crested and

H]3/2 = 1109, = LO71m, E = 0429
From Eq. (1.53), C, = 0.543 :
Jdieration: | Hi" = 1091, By~ 1086m 2L = 00
@ 0548 '

Hence. H) = 1.060 and the water-surface clevation above the bed is 2.260 m.

7.6 CRITICALTDEPTH FLUMES

Critical-depth flumes are flow-measuring devices in which a control section is
achieved through the creation of a critical-flow section by a predominant width
constriction. In practice, these are like broad-crested weirs but with a major
change that these are essentially flow-measuring devices and cannot be used for
flow-regulation purposes. A typical critical-depth flume consists of a constricted
portion called the throat and a diverging section. Sometimes a hump is also
Provided to assist in the formation of critical flow in the throat (Fig. 7.20).

1.6.1 Standing-wave Flume

The cn'tica]~depti1 flume shown in Fig. 7.20 is known as a standing-wave
fume or throated flume. This flume can be fitted into any shape of the parent
channel, The throat is prismatic and can be of any convenient shape. Thus fo(;
drectangular parent channel, it is convenient to have a rectar.\guflar th;oat, ann
for a circular sewer, a circular throat is preferable. A hydraulic jump t<l)lrrr‘;15at ois
e downstream of the throat and holds back the tailwater. If B
Sbmerged by the tailwater, subcritical flow prevails all over m'cm umr: bl 4
“Sual to operate the flume in the free-flow mode only, ie. Wi



L - Section EX/

Fig. 7.20 Standing-wave flume surfi
’ : shar
During the operation a critical depth is formed somewhere in the throat g
as such its discharge equation is similar to that of a broad-crested yy; Son
(Eq. (7.46)]. However, it is usual to relate the discharge to the upstream depj Fro1
H, which can be typically recorded by an automated float equipment. 1
Thus for a rectangular throat section, the discharge is given by Sha
0=C B K" 08 i
where C, = overall discharge coefficient of the flume = S(H|/L). Fora Ist|
well-designed flume, C, is of the order of 1.62. It may be noted that it
standing-wave flumes, I/, is the difference in the water-surface elevation upstrean By
of the inlet and the elevation of the crest at the throat. If the flume is submerged
and the subcritical flow prevails all over the flume, Eq. (7.54) is not validflld
two depth measurements are needed to estimate the discharge. Constriction
flumes operating .m.the subcritical flow range are called venturi flumes.
The modular limit (H/H,) of standing wave flumes is high, being of i¢
on;cr of 0.90. It is usyal t0 take it as 0,75 1o incorporate a small safety
a"L;‘r’ avoid the re 8 of transition from the free to submerged-flow ‘“°d°
B¢ varieties of staming. waye flumes with different types of modificaio®
of the basic type Ao 2 : 2n¢
- g above, resulting in different geometric shapes
corresponding flow characteric; ; i
features of all these 3 o 2 in use*. However. the basic ¥ foss:
(i) rugged conggeg 1% MUMes can be summarised as: (i) low cney!®
2 loﬂ, ("l) €as f = nded mal
load and (jv) high .Y Passage for floating and suspe it
use of throated ] limit. These features are responsible for X! ol He
v S i m as ﬂow-'muﬁ . . nt p].n(s
in mirrigation practice ng devices in water-treatme
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(7.54)
). For a
d that in

€ flume withg
ut a :
dth = 20 hump s to pe Provided

2 rectangular channel of bottom w;
> = 0.015 and So = 0.0004

: discharge of 2.50 m3/c :
maximum 8¢ Of 2.50 m¥s s ex
limit of . Pected to 1 om0
the mo%glz;r trmit of the flume fs 075, fing the widfhp;i:sed In this flume, 1f
C/ =1.62. the throat. (Assume

On
$ = —=— = 25 X (0.013
—=2 X (0.015)
V‘S) B3 m (2.0 = 0.29529

M
rom Table 3A.1, =2 (corresponding to m -
F B glom=0) = 0656 ang normal depth

- 1.312m. This is the tailwater depth H

Yo
For a modular limit of 0.75, H1=1(')3\7152=1_74 A
ByEq (hod), B=—2 o 20
C; Hj 1.62 x (1.749)%2
= 0.667 m

EXAMPLE 7.6 (b) In the Example 7.6(a) compare the heading up of water
surface (afflux) due to the flume and also due to a suppressed free flowin
sharp-crested weir. §

Solution

From Example 7.6(a) heading up (afflux) due to flume
= H, - H, = 1749 - 1312 = 0427m

Sharp-crested weir
For free-flow operation, the crest of the weir should be at least 0.08 m above

the tailwater elevation. Hence P = 1.312+0.080 = 1.392 m.
Ist trial: Assume C, = 0.650 ‘

By Eq. (7.5) Q = % C2e L2
h, = head over thr, crest

2:50 = 0.651,h = 0.751m
x 0.65 x 2.0 x V19.62

' =

W |

% = 0.54 and by Rehbock equation [Eq. (1.7),
C, = 0.611 +0.08(0.54) = 0.654

2nd trigl: Using C, = 0.654
3 L 0.650 _ =(.748m
=0.651x 22> = 0.647, =0
i 0.654

h/P = 0537 and C, = 0654

h, = 0.748 m
Afflux = 0,748 + 1.392 - 1312 = 0828m
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62 ,n%h.n Flume

“Parshall flume is a type of cntical-depth flume popular in the USA. This
flume consists of a converging section with a level tloor. a throat with a
downstream sloping floor and a diverging section with an adverse slope bed
(Fig. 7.21). Unlike in the standing-wave flume, the head (H)) 1s measured at
a specified location in the converging section. The discharge in the flume in
the free flow mode is given by

0=KH; R (555)
where K and n are constants for a given flume. The dimensions of various sizes
of Parshall flumes are standardised and further details are available in Refs 4,
5, 25 and 26. G

iu i A\
H
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— eyl
Flow /
Convc_rging Ci{:lThron( Diverging Half plan
scction section
5] [3e

H

4.

¥ ) .
Ve vl Moot Crcs‘\//l; L-Section

Fig. 7.21 Parshall flume

7.7 END DEPTH IN /nu OVERFALL

A free overfall is a sifuffion in which there is a sudden drop in the bed causing

the flow to separate from the stream bed and move down the step with a free
nappe. The situation is analogous to the flow over a sharp-crested weir of zero
height. A free overfall causes not only a GVF profile in the subcritical flow,

but also offers the possibility of being used as a flow measuring device in all
flow regimes.
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Energy line

Fig. 7.22 Definition sketch of the end depth

A typical free overfall is schematically illustrated in Fig. 7.22. The flow in
the nappe emf.:rging out of the overfall is obviously affected by gravity. With
the atm‘ospherlc pressure existing above and below the nappe, the water-surface
profile is a parabola. Due to the need for continuity of the water-surface profile,
the gravity effect extends a short distance o the water-surface profile behind
the edge. causing an acceleration of the flow. Also, at the brink, the pressure
should necessarily be atmospheric at points F and F". This causes the pressure
distribution at section FF' to depart from the nydrostatic-pressure distribution
and assume a pattern as shown in Fig. 7.22. A1 sections upstream of the brink,
the water-surface curvature gradually decreases and at a section such as 1, at
a distance x, from F, the full hydrostatic pressure is re-established. The result
of this effect of the free overfall is to cause a reduction in the depth from section

I in the down stream direction with the minimum depth y, occurring at the
brink. This depth y, is known as the end depth or the brink depth.

In subcritical flow a critical section must occur if the flow has to pass over
to supercritical state. The critical depth y_based on hydrostatic pressure
distribution will occur upstream of the brink. In Fig. 7.22 section I can be

- taken as the critical section with y, = y. Then x, = x,.

In supercritical flow, y, will be equal to the normal depth, y, = y,.

7.7.1 Experimental Observations

Rouse?” was probably the first to recognise the interesting feature' of the er?d
depth at a free fall. His experiments on the end depth for subcritical flow in
a horizontal rectangular channel with side walls continuing down stream on

either side of the free nappe with atmospheric pressure existing on the upper

and lower sides of the nappe (confined nappe) indicated that y, = 0.715 y.

Z : on a
Since then a large number of experimental studies have been conducted
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variety of channel shapes and boundary conditions. Some of the impq lat

i arised in Table 7.3.

sm;ﬂ:;;"; -;”;m:]e term unconfined nappe mca{ls that the side walls terminage
at section FF' and it is seen that this end constraint has the effect of dCCTCasing
y./y. values. For subcritical flow in horizontal, rectangular channels, y)
).e ; 0.705 for unconfined nappe as against 0.715 fo.r the confined case. Iy i
ircnercsu‘ng to note that the channcl-roughm.:ss magmtuc'ic. does not have any
significant influence on the value of y/y. in tl.’le subcritical ﬂo.w .rangc, e
possible magnitude of error of the various experimentally determined valyes of
y/y, is also shown in Table 7.3. 5 ‘

For the supercritical flow cases, Delleur et al.~ showed that the relative epg

depth can be expressed as

%:. = f[—‘% channel shap6)‘ (7.56)

For a given channel, the variation of y /y_can be expressed as a unique function
of Sy/S,. The results of some experimental observations on rectangular channels
are indicated in Fig. 7.23. Similar variations of y fy, with §/S_ for triangular,

Table 7.3 Experimental Results on End Depth in Subcritical Flow in
Horizontal Channels )

* End conditions: C = confined nappe, U = unconfined nappe

SL  Shape Investigator(s) End Variation
No. conditions b (approx.) Remarks
Ye per cent
I Rectangular  Rouse? C 0.715
Krainjenhoff () 0.715 + 20 No effect of
et al’ - roughness
U 0.705 +20 -do-
Rajaratnam®' and C 0.715 +35
Muralidhar?-! U 0.705
2 Circular Rajaratnam and U 0.725 +35  No effect of
Muralidhar ® roughness
3 Triangular  Rajaratnam and U 0.795 20 Fully deve-
Muralidhar® loped appro-
ow
4 Parabolic Rajapatnam and U 0.772 +50 aCh-dt;lr

Murhlidhar?*
3% S &

5 Trapezoidal Du‘kiE” U f["_'yz]

[ 5

B
A stnten Frad S f["—q‘] +50
Muralidhar®

.pﬂ

st
of
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do-

— Delleur™. pest it line
= O for eXperimental data
m === Eq.(7.66) [wide |
< 0.7 P rectangular channel )
=t LIS, Rel.31 [B/y. = 4.8 10 3,5)]
= 0.6 — Ui —
N
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Fig. 7.23 End-depth ratio in rectangular channels

) . R Ko
Experimental studies™ have shown that in subcritical flow <= is of the

order of 3.0 to 6.0 and is a function of the Froude number of the fiow. Furlhs‘r.
if the brink flow is not to be affected by the tailwater level, the ¢rop Az (Fig.
7.22) should be greater than 0.6 y_(Ref. 3).

7.7.2 Analytical Studies

For the prediction of end depth, several analytical att;mp.ls have been made by
earlier workers. Most of them are based on the application of ‘the momentum
equation with various assumptions, especially regarding the velocity a:;is ;Z);eéSl:;:
distributions at the brink section. In a typical momentum ftpproat? - il
pressure force at the brink section is expressed as F, = yA(_\'le. W he;\ 1 | _[he
prcssurel-corrcction factor and ¥, = the depth of the centre of gravity be :wn 5
free surface at the brink section. The success of the mo.m.enlun;{ ;quj‘v i:; i
predict )’-{ depends upon the proper choice f’f K, (the .varla[t’l:)ln)o |
geometry of the problem has to be determined expemjncg ally o 8 oy
The numerical solution of a two-dimensional ideal ﬂundj oSw fz_:nme o
has been attempted by some investigators ll}rough Vaf'o‘:, i ﬂ(‘)w o
schemes. An excellent review of these studies on potentia

: Jkoff et al.¥
Overfall and a theory describing such a flow is prelsentei: t;)’ Slt(;z S
While it is possible to solve the end-depih et emh as the fanite-element
: L sh advanced L e fiut":f rent shapes have to be
Method, the solution of the problem in channels of diffe

lickled by alternative methods.
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7.7.3 Generalised Energy Method for End Depth P

redi

In a free overfall, the water surface is a continuously falli o
surface profile starts in the channel somewhere upstreamlng curve. The

2 ¢ Water |

throug:l the brink and ends up as a trajectory of gravity f0f the edge Pa:m l
€ 5S1 :

general expression for the end-depth, expressions for the cu all. In deriving Sty |

rv
ature of the yy, |

surface are separately derived for the channel flow as
well as fq
I the f,
e |

overfall and matched at the brink.

(a) Curvature of the channel flow
Consider a
linearly from a finite val e sl e if' e = |
e piczomem:eha;d thfe surface to zero value at th assumedi iy
[Eq. (1.33)]. The water su‘rfic L el e d‘mnnd il
¢ curvature is convex uprgsufggeSg €quation
the specific |

e : i
nergy E at any section is given by Eq. (1.41)
(01 as

E=h,+al
By using Eq. (1.33) for h ;
= y+ « %,2— + l .V_22 izl ‘
1c: ; o i k‘
. 5 = @ |
Woap (= 1 Qz
242 " 3 gA? (%) 1 E

Assumc the
specific e
?::noﬁtl:dhcr o a'frlg{)f {0 be constant in the neighbo
.0 for si 42se .
respect by the suffix e) is ex r simplicity. The conditig P o-f teie
to the critical depth pressed, by non-dimensi O';i at the brink section
depth y,, as sionalising Eq. (7.58) il

pale Oy diOyly)

a5

3 gAly. e d(xy.P

Yom Ve

Y/y‘.-_— n; ‘Ag‘
21y =/ M ad £y
e = E

Remembe

The exp!
from E

() OV

Refermin
{rajectot

where |
For a g

where

Since

Noting
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(7.58)
brink
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) with

7.59)

-
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: o
gemembering that Q%/g = AYT Eq (759) (00 b s
S

= ! | R

d(x/y, )

DY, (7.60)
: for the curvature : ]
The expression ature of the channel wate N

from Eq. (7.60), Clwater surface at the brink is

d*(y/v,) e : ]
d(X/,\" )2 n f(n) Sl 5 f()] (7.61)

Y=y,

e

(b) Overflow tra Jectory

Refemng to Fig. 7722, V. = % = component of the velocity in the overflow
{rajectory and is given by

: V.=V cos 8 (7.62)
where V. = mean velocity at the brink inclined at an angle 6 to the horizontal
For a gravity fall

dav, dv,
— = () & = =
a and T g
where V. = y — component of the velocity in the trajectory.
s OISR
Since 7 v
d?y el s gAz
iz &l (V,A)? cos? 6
SiSe _ (7.63)
Q> cos’0
2oy AL : i g
Noting that =~ = —*, Eq. (7.63) can be written
T
&y A s ol
Pk A} cos’ 0 y, f(n)cos” 0

domBl sl (7.64)
d(x/y.) f(m)cos 6

=
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(c) General equulon for end depth ratlo
For 2 continuous water surface slope at (x = 0.y=y)Eq (7.6‘ ’:
(7.64) must be identical and as such ) b Fq ‘

1 =_,.3——-|i6—n_lf( i SinccE

~ Fmcos’e NS > n)}
S'mPl;f)’;"Sc-osze _ 2 n(3c0s’8 - 1) - 3 fin) cos¥6 = 0
By sub!

In the usual cases when 8 is small, cos 6 = 1.0, cos26 ~ 1 s i (7.65)
)

simplifies to
6 — 41N - 3An) =0
(7'66) Thus f¢

This equation is the general equation relating the end-depth ratio (

non-dimensionalised specific energy arthe brink and is based on thcn With A

of constancy of the specific energy in the neighbourhood of lhcas;lfmpﬁ““ Eq.
rink, T,

e of Eq. (7.66), the prediction of end-depth i
pth n ex
POneq

illustrate the us
ing section. ti

channels is presented in ‘the follow

7.7.4 End Depth In Exponential Channels am:hca
a, the
An exponential channel is defined as the one in which the area 4 i the flc
to the depth y as A = Ky*, where K and a are constants. It is easil 1S relateq |
a = 1.0, 1.5 and 2.0 represents rectangular, parabolic and trian 1ly seen th an s
respectively. i gular chamnely If the
For ex ial dA ; “ =
ponential channels, T = == = Ka y*-! and ALy | Consi
dy T a (167) E
3 |
el L S |
A2 Ty, ia Oefyey = arpe (163)
Eq. (7.66) now becomes , Puttir
6e - 4n - Syculise o ‘
o ape " a8) ‘
solution of Eq. (7.69) is now obtai
channel flows separately. ained for subcritical and supercritical
() Subcritical flow '.
If the flow u
pstream of the brink i o
:cfzre the end-depth. Asguming co:;t:::bmnc.al' the critical depth must o oy
on and end mtﬁrl t specific energy E between the critica In a
€= ..E_-’.= E a
Ye Ye
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d
&, gince B =X *

= y“+

el [ AT
2Ty

By substituting Eq. (7.67), for an exponential chanpe|

L
N
o lnk

.65)
'-65) (0 =0 | i
for a given exponential ch . (7.70)
.66 Thus for a ntial channel shape (je. 4 - .
th: for subcritical flow. (e a = constany), ¢ is constant
tion Eq. (7.69) now becomes
'.ro 6(|+L)-—4n—zL_
Itia] 2a a pa =0
and can be solved f.or a given value of a. It is seen that for a given value of
a, the end-depth ratio 7 is a constant in subcritical flow and is independent of
; the flow parameters like Froude number.
g (i) Supercritical flow
els If the flow upstream of the brink is supercritical, the normal depth Yo is less

i than y, and the critical depth does not exist in the profile between y, and y,.
‘ Considering a section between y, and y, (Fig.7.24)
7) E,_E _» . o

Eat=m= =T
Yo Ve Ve 284

8 Putting gl 4 and, noting that -Q—zﬁg = R}
' e g4
: ey
)) E =0+ 2 76}'0
al 2
. S %3_ 16 )
where f(8) = L
: ¢ (1.722)
I In an exponential channel f (8 ) = & /a ‘
, \2a+l 1 )uﬂ ’ (1.725)
s et

] (7.72¢)
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. tial channel having supercritical flow

o) i ps
brink, by substituting Eqgs (7.72a, b, and c) in Eq. (7.71) it is‘s:::am
a function of the upstream Frou

> 2
B0 (, - _&LJ
}'62/(2:”!) 2a

n =ﬁl (a, FO)

End depth ratlos in exponentlal chan
Using Eq- (7.69) along with appropriate expression for &, [y,
subcritical flow and Eq. (7.73) in supercritical flow], the value of g
ratio 77 can be evaluated for a given flow situation. Table 7.4 give: end.
of n for subcritical flows in rectangular, parabolic and maﬂgu]a:h:v .

evaluated by

nels -

experimentally.
Table 7.4 Comparison of End Depth Ratios of 1 Obtained by
9. (7.69, &
el e el
shape a 52 experimental under
value estimation
by Eq. (7.69) (Table 7.3)
Rectangle 1.0 0.694 0715 + 3.5 P
) 5 5% 3
Paabola 1.5 0.734 0772 + 5.07: 3'9 |
Triangle. 2.0 0.762 0795 £ 2.5% 4'3

Generally, the predictions are less b

: y about 5% of the mean i

;'?lut:;t,t probably d.ue to the neglect of frictional effects. Consideri:"q,t:lnmcmal
scal er of experimental results, the prediction of 7 by Eq. (7.69 gt

as satisfactory and adequate. e

Energy line

_7_,_______-4_/__________; _____ -

el

de number Fy given by lha:t\ :
W

Eq (0,

Eq. (7.69) along with the corresponding resutg b
0 laingg |

End depth ratio, 1|

0.60 —

0.50 -

~

0.30
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is_seen that ¢ jg
0.80 —

(7.74)

z. Eq. (7.70) in
f the end-depth
ives the values
gular channels
sults obtained

°
3

=
g
g
by Eq. (7.69) ‘-2
3
r cent o
der & 050
imation

2.9

perimental
g the nature
can be

1.0 20 30 " 40
Froude number, F,

Fig. 7.25 Variation of the end depth ratio in supercriﬁcal flows

Figure 7.25 shows the variation of the end-depth ratio 7 with F; for
supercritical flows, in rectangular, parabolic and triangular channels, obtained
by solving Eq. (7.69). Detailed experimental data are not available to verify
these predictions completely. However, available data on triangular channels”
have shown the prediction to be satisfactory. Satisfactory comparison of ayailabie
data in rectangular channels is shown in Fig. 7.23.

7.7.5 End Depth in Other Channel Shapes

The generalised energy method described in the earlier section is a si.n.lple and
versatile technique to predict the end-depth ratio 7 in both subcritical and
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!
supercritical flow modes in prismatic channels of arl])z Ssi:lnap]:e,f{?:le.ver' ‘
Eq. (7.66) and expressions for £ and f (17) may not always b (F; sol\r/)e tS”Slons ‘
and in such cases use of computers may have to be récsl (i e or n. K
Subramanya and Keshavamurthy?’ have used Eq. (7.66) to € end-

my, s in trapezoidal cha ‘ 2
depth ratio 7 as a function of B’ for subcritical flows in trap nnels, ‘ By E4 (

The available data substantiate the high degree of accuracy OFtus prediction The gen¢
Subramanya and Niraj Kumar® have used the generalised energy methog |

(Eq. (7.66)) to predict the end-depth in subcritical flows in circular channejs

'l;qul £ fn (y./D). It has been shown that 7] is essemlal.ly Vitgie s LR

the entire praétjcal range of y/D viz. 0 < y/D < 0.8. This comga;zs \;lerdy Wc;!l ' :

with the value of 7 = 0.725 + 3.5% obtained by Rajaratnam and Muralidhar? 8

Niraj Kumar® has reported extensive use of Eq. (7.66) to predict the end-depth

Substitut

! ) Solving
ratio 77 in a variety of channel shapes including elliptical sections, inverted ‘
trapezoidal sections and standard lined triangular canal section. t 7.7.6 |
EXAMPLE 7.5 A channel has its area given by A = ky* where k = a The unic
constant. For subcritical flow in this channel estimate the ratio of the end-depth ‘ end dep
to critical depth. section
I a chann
Solution k is confir
This is an exponential channel with a = 3.0. For subcritical flow by Eq. (7.70) ! is better
1 ‘ The dej
s=1+2=1.167 ; means (¢
o a const
1 eral
B - (7.68), f(n) = = gen
e 4 e , fora g
The general equation of end depth Eq. (7.66) is ‘ method
6 —4n -3 f(n) =0 j Ins
o 35 g ‘; needed
Substituting for £ and f (1), (6 x 1.167) — 4n A 0 ot
el : — e | " EXAM
ie. ~$+4T’ 7= 0.6m
Solving by trial and error 7 = ¥y, = 0.80. known
EXAMPLE 7.6 A rectangular channel carries a supercritical flow with a : Soluti
Froude number of 2.0. Find the end-depth ratio at a free overfall in this TaEin!
channel. subcri
Solution
In supercritical flow, for an exponential channel, € = fn(a, Fp). Foe a
Here a = 1.0

ok S (H_’EJ

F2/asD 2a




pe. Howcver,
le expressiong

) solve for n. ;
nate the end- Ao s e
22/(2. 1) m = L89

dal channels, - |

Eq. (7.68), oY SIS el
s prediction, BREL S(m ana - ﬁ
T2y method The general equation of end-depth, Eq. (7.66) i
ar channels 66 — 4n - 3 g { s
t at 0.73 in ot
s very well Substituting for £ and f(n), 6 x 189 _ e _35 '
1 1 n

e 4M-1134+3=9

Solving by trial-and-error, n = y.ly, = 0.577.

7.7.6 End Depth as a Flow-Measuring Device

The unique relationship for Y/y. for a given channel at a fr
end depth the status of a flow meter. For flow-meas

section should be truly level in the lateral direcﬁonlt:;n:l:sgubrzo;::ﬁ:degs
a channel of length not less than 15y_. The overfall must be free and where it
is confined by side walls, the nappe well ventilated. The accuracy of measurement
is better if the slope is flat, i.e. as near to being a horizontal bed as possible.
‘The depth should be measured at the end section on the channel centreline by
means of a precision point gauge. In subcritical flows for a given channel shape
' a constant value of y/y_as given in Table 7.3 (or as obtained by using the
general equation for end depth, Eq. (7.66)) is used to estimate the discharge
for a given y,. The general accuracy of flow-measurement by the end depth
method is around 3 per cent in subcritical flows.

In supercritical flows y /y. = fn(Fy) and as such two depths y, and y, are

needed to estimate the discharge. In view of this, the end-depth method is not
advantageous in supercritical flows.

"EXAMPLE 7.7 A triangular channel with m = 1.5 has a brink depth of
0.6m at a free overfall. Estimate the discharge in the channel if the flow is
known to be subcritical.

Solution

Taking the experimentally observed result (Table 7.3) of y,/y, = 0.795 for
subcritical flow in triangular channels

3 ¥, = ‘n%g’s - Q755

For a triangular channel from Eq. (2.14)
¥y, = 2%gm)"”

e 0 - (g - [BUR0TF]

= 1.645m%s

ee overfall has given

.
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PROBLEMS

Problem Distribution il —

l‘mMrﬁw )

Topic a oK,
Faln e Y ~

Rectangular weir

l- y

2: Weirs of various shapes 74

33 Triangular weir ;: i

4 Sutro weir 8,

5 Quadratic weir 1.9, 7 I.l ‘

6. Ogee spillway ! I..' '/ ,l 6 1

7 Broad crested weir 717 7.20 t

8. Critical depth flume LRl (e !

9. End depth 7 .:l 7.28 |
3 p )

10. Sluice gate 5 : 729 <« 7.34 oRney

7.1

A rectangular sharp-crested suppressed weir is 2.0 m long and 0.6 m high
Estimate the discharge when the depth of flow upstream of the weir is 0.90 m
If the same discharge was to pass over an alternative contracted weir of 1.5
length and 0.60 m height at the same location, what would be the change in the
water-surface elevation?
A sharp-crested suppressed weir is 1.8 m long. Calculate the height of the weir
required to pass a flow of 0.75 m's while maintaining an upstream depth of
flow of 1.50 m.
A rectangular sharp-crested suppressed weir is 3.0m long and 1.2 m high
During a high flow in the channel, the weir was submerged.with the depths of
flow of 1.93m and 1.35m at the upstream and downstream of the weir
respectively. Estimate the discharge.
Develop expressions as given in Table 7.2 for the discharge over triangular,
circular, parabolic and trapezoidal sharp-crested weirs.
A right angled triangular notch discharges under submerged condition. Estimate
the discharge if the heights of water surface measured above the vertex of the
notch on the upstream and downstream of the notch plate are 0.30 m and
0.15 m respectively (Assume C q = 0.58).
A 15.m high sharp-cr;'estcd weir plate is installed at the end of a 2.0 m wide
rectangular channel. The channel side walls are 1.0m high, What maximum
discharge can be passed in the channel if the prescribed minimum free board
is 20 cm ? ’
A sharp-crested weir of height 0.80 m and length 2.0 m was fitted with a point
gauge for recording the head of flow, After some use, the point gauge was found
to have a zero crror; it was reading heads 2 cm too small, Determine the
percentage error in the estimated discharges corresponding to an observed head
of 50 cm.
Design a Sutro weir for use in a 0.30 m wide rectangular channel to have linear
discharge relationship in the discharge range from 0.25 m¥/s to 0.60 m's.

gh e_bgs :20f the weir will bave to span the full width of the channel. Assume
ll— A .

7201

7.12

7.13

7.14

7.15
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Design 2 quadratic weir spanning the ful] width
channel at the base and capable of passing minimum
of 0.10m”s and 0.40 m%/s respectively under th
relationship. (Assume C, = 0.61)

A Sutro weir with a rectangular base is installed in a rectan
width 60 cm. The base weir spans the full width of the
coinciding with the channel bed; and has a height of |
disc’hnrgc mrogg)? the chmnsl when the. depth of flow in the channe| immediately
behind the weir is 25 cm. (ii) What discharge in the channel is indicated when
the depth of flow is 33 cm? (iii) What depth of flow in the channel can be
expected for a discharge of 0.20 m?/s? [Take C,=061).

A quadratic weir with rectangular base of 45 ecm width and 9 cm height has a
depth of flow of 15 cm in the channel. Estimate (i) the discharge through the
weir and (ii) the depth of flow in the channel corresponding to a discharge of
25 litres/s. [Take C, = 0.61].

Find the clevation of the water surface and energy line corresponding to a
design discharge of 500 m”/s passing over a spillway of crest length 42 m and
crest height 20 m above the river bed. What would be the energy head and
minimum pressure head when the discharge is 700 m%/s?

A spillway with a crest height of 25.0 m above the stream bed is designed for
an energy head of 3.5 m. If a minimum pressure head of 5.0 m below atmospheric
is allowed, what is the allowable discharge intensity over the spillway?

A spillway has a crest height of 30.0 m above the bed and a design energy head
of 3.0 m. The crest length of the spillway is 50 m. As a part of remodelling of
the dam, a three-span bridge is proposed over the spillway. The piers will be
1.5 m thick and are round-nosed and the abutment comers will be .roundcd.
What will be the change in the water-surface elevation for the design-flood

of 2 0.50 m rectangular
and maximum discharges
€ desired Proportionality

8“'" Channel of
channel, has its crest
2 em. (i) Estimate the

discharge? . !
An ::::ﬂow spillway with its crest 15 m above the river bed level has radial

i i the water surface upstream of
gawsﬁnedonthcaest.Dunngloemnﬂow, ‘
thedamwasobsavedwbcz,SmabcvemcMandmegmopenmgm
1.0 m. Bsﬁmﬁcdndischargcﬁomablyofls.Omlmgm.(Negleamd

contractions.) a vertical face is designed to pass a 'ﬂood flow of

o omg’je s‘l?!:lelv:wbctwm the abutments of the s_pillw is 450 m. A
:;?; ,p:n bridge is pmvided over the spillway. The bridge piers are 120 m

nosed. If th crest of the spillway is 10.0 m above the river
wide and are o 'lllfsoet'!bcmsmfwemdmxyline.Usingthis
i i e,alcullted:espillw:yaeﬂproﬁlc.
o i .;Ig:::c'g.::cmM|mmdwchd height 1.0 m.md
Amv;‘-;,hof|,5mwihnnwcﬁmmywmd?cﬁﬂlmqwm.
7 mumemﬁmwvemMuo.s,m.mmcdme
I the the weir. If the same discharge passes over another similar weir,
pﬂi::::“mmofiSm,wwwouldbemcmwfmdm
but second weir?
g dmuweirofhdmZ.Ommdwid!h3.0mspnstbeﬁlllwidlhof
width 4.0 m. The channel is used as an outlet for
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excess water from a tank of surface area 0.5 hectares at the weir c.resl level, It

the water leyel in the tank at a certain time is 0.?0 m above the weir crest, What

is the discharge over the weir ? Estimate the ll.mc la}‘cn to -lower the water. [
surface elevation by 60 cm. (Assume that lhcrc is no inflow into the tank and g
the surface area of the tank is constant in lh.lS range.) i 0
A rectangular channel 2,0 m wide carrying a discharge of 2.5 m%/s is to be fitteq . 8
with a wéir at its downstream end to provide a means of ﬂ‘ow me.asm_»cmcm s % 2
well as to cause heading-up of the water surface. Two choxccs,.vxz_ (i) a sharp-
crested weir plate of 0.80 m high and (ii) u’broad-crc.stcd weir block of 0.80
m height and 1,0 m width, both spanning lhc.full w:dthlof the channel, are
considered. Which of these weirs causes a higher heading-up and to whgy

719

extent? . : : j
7.20  Show that for a triangular broad crested weir flowing free the discharge equation 3

can be expressed as ]
729, 55

il %-?—C,,, tn6 J275)g H* t

—

where H = energy head measured from the vertex of the weir, 6 = semi-apex ! 730
angle and C, = coefficient of discharge. ‘ .
7.21 A standing wave flume is used to measure the discharge in a 10.0 m wide
rectangular channel. A 5 m wide throat section has a hump of 0.5 m height.
What is the discharge indicated when the upstream depth of flow in the channe|
at the flume entrance is 2.10 m? Assume an overall coefficient of discharge of |
1.620 for the flume. 3
7.22 A rectangular throated flume is to be used to measure the discharge in a 9.0 m
wide channel. It is known that the submergence limit for the flume is 0.80 and
the overall discharge coefficient is 1.535. A throat width of 5.0 m is preferred.
What should be the height of the hump if the flume is to be capable of measuring 735!
a discharge of 20.0 m%s as a free flow with the tailwater depth at 2.30 m?

NS A T

7.31

)

wa

~
LSt Y

ERirALIN: e

7.23  Obtain the end-depth ratio n = % fora:triangular channel having (a) subcritical
; e ,

flow and (b) supercritical flow with a IFroude: number of 2.5.

7.24  Show that for a channel whose area 4 = k ¥*3 the end-depth ratio 17 for
subcritical flow mode is 0.783. Also, de‘ermine the variation of  with Froude
number £ for supercritical flow in the channel. ; N

7.25 A parabolic channel with a profile x2 4ay, where y axis is in the vertical

direction, terminates in a free fall. Sho“f that the end-depth ratio n =y, Jy, for

supercritical flow is given by l >
2 -4 +1=0

Determine the relevant root of this equation and compare it with the
experimentally obtained value of 1. :

7.26  Find the end depth at a free overfall in a rectangular channel when the upstream
flow is at a Froude number of 3.0 with a normal depth of 0.70 m.

727  Estimate the discharges corresponding to the following end-depth values in

- various channels. The channels are horizontal and the flow is subcritical in all
cases.

o A0 ot o -—
e TR = > ST
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(i) Rectangular channel, B=20m,y = 0

(i) Triangular channels, m =10 \" =10 &
0,0, =05m

i) Circular channel, D=

( 0.90 m, Y.=03m

[Hind: Use the value of y Ay giy en in Table 73]
Write a general mometum equation to the f o

oW at & 20N
exponential channel (4 = &) Assumino th the end-depth region in an

¢ channel to be horizontal without

wy friction and the pressure force at 5
el D atthe brinktobe P = v 5
e = Y YeA.K,, show that

o T,l.'l % LGH) (1‘_5;’)
l', a E;"+l

here NS
winere &, _}{/_\l_.

A rectangular ch\\nnel 2.0 m wide has its depth backed-up to a height of 1.2 m
by.a %hu‘rp-cdgg‘t‘d sluice gate. If the gate opening is 0.30 m and the downstream
flow is free, estimate the discharge through the gate and the force on the gate.
A rectangular channel 2.0 m wide has to pass a flow of 2.4 m%/s through a
sluice gate opening of 0.4 m. If the water depth upstream of the gate is 2.0 m,
find the depth of water immediately below the gate.

A rectangular channel carries a discharge of 2.5 m¥/s/m. Find the opening of a
stuice gate required to pass this tflow with an upstream depth of 4.0 m. The
sluice gate can be assumed to be operating under free-flow conditions.
Apply the momentum equation to the submerged sluice gate flow (Fig. 7.29) by
making suitable assumptions and estimate the depth A, immediately below the
sluice gate in terms of y, a. C. and H,.

Obtain an expression for the force on the sluice gate in submerged flow for the

situation in Fig. 7.29. : 5
Show that the modular limit of the free flow in a sluice gate (Fig. 7.29) is given

by
Ve %[_h\/h“ﬁ]

= -
|
H = tailwater depth.
where F2 = (%] ( e Cc) and y, = tai \\ai.er P X
y 3

|
* < *;7

{
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[(OBJECTIVE QUESTIONS | 712
/| e head over a 3.0 cm sharp-crested sill 1 96 cm. The dischagge SO0 Mg
(' for use in the weir formula 1s \
(1) 0738 (b) 0.848 (©) 0611 (1)
19 A suppressed sharp-crested weir is 0.50 m hgh ‘u}d r‘unr‘\ a How wig, 1 heyg
’ of 2.0 m over the weir crest. The discharge coefficient €, tor he Weir | 1 7.13
(1) 1.06 (b) 0.931 () 0.738 (W 061
7.3 The discharge Q in a triangular weir vancs as o
(a) H"? () H'? (c) H*° () 42
7.4 In a trianguar notch there is a +2% error in the observation of (he head The
error in the computed discharge is
(a) +2% (b) +5% ~ (c) -5% (d) +2.5% 7.14
L) A nominal 90° triangular notch was found to have 2% error in the vertey angle
While discharging under a constant head, the error in the estimated discharge
5
(a) % (b) ® /4% () * 2% () 2%
7.6 In submerged flow over sharp-crested rectangular weirs the Villemonte cqunn«fn
relates 0 /0, as equal to ,
| H 385 R -3 v 7.15
' i
(a) [I-(#J:r (®) |1 (”‘] :
' ' |
T 0.385 : PR 1 | 7.16
) | 1= =2 d) 14| =4
o -(&)] ()
el In a triangular notch the tailwater head is 50% of the upstream head, both
measured above the vertex of the notch. If the free flow discharge under the
same upstream head is 0.5 m?¥s, the submerged flow, in m's, is 717
(s) 0.464 (b) 0411 - (¢) 0.500 (d) 0.532
7.8 A parabolic sharp-crested weir has a profile given by x* = ky. The discharge fn
the weir is given by O = K H* where n is 2.18
(.) 0.5 (b) 1.5 (c) 2.0 (d) 2.5
7.9 A scparate arrangement for aeration of the nappe is necossary in a
(a) contracted rectangular weir
(b) suppressed rectangular weir :
(c) submerged contracted rectangular weir .
(d) triangular weir NI T o)
ey T s ional weir with a rectangular base of height a, the discharges
are lincarly p onal to the head h, measured above a datum, The minimum
(a) a.t wh.¢§' re k ®) a‘;;‘d-dlscme relation is observed Iy A, = 7.20
(c) a3 (d) 20/}
7.11  In a quadratic weir the measured head above the datum was found to have an

eror of 2%. This would mean that the discharges estimated from the wel
discharge formula will have an error of
(a) 0.5% () 1% (c) 2% (d) 4%
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Rapidly-
apidly-varied Flow-2—Flow Messiiiss
Designing of the spillway profi nts
sharp crested weir makes
(a) the pressures on the spillway crest always positive
(b) the pressures (o be positive for H,>H Positive
(c) the pressures on the spillway always Ze:o
(d) the pressure on the crest zero for Hy = H, only
i y ; . d
If the head H, over an overflow spiliway is less than the desis |
(a) the pressure on the spillway crest will be negative Y1gn head H,
(b) the cavitation phenomenon can occur
(c) the separation of the streamlines from th
; e surf 5
(d) the coefficient of discharge C. will b ace can occur
: ()} e less th
of discharge C,
The coefficient of discharge C, at any head H, of a spillw

H
(a) (—;)Q) only (b) (%Jonly
d

P
(d) E only

le to conf o4
ntorm to the shape of (he nappe of »

an the design coefficient

ay is a function of

A vertical face ogee spillway will have a crest profile downstream of the apex
given by (/H,) =

(a) 0.5 (x/Hd)'-So (b) 0.5 (X/H‘,)‘“

(@) 1585 x/H )= (d) 2.0 (/H 20

A broad-crested weir with H,/B, = 0.5 and H,/p = 1.0 and a sharp-crested weir
with H /p = 1.0, both span the full width of a canal. If the coefficient of
discharge C, of the weir (= C,,), and C, of the broad-crested weir (= C ) are
compared, it will be found that

(@) Cp > Cap (b) Cpp > Cpu

() Cp.=Cyy (d) C,, = C,, for small H, only.
A finite crest width weir with H,/B, = 0.20 is classified as a

(a) long-crested weir | (b) broad crested wc'ir

(c) narrow-crested weir : (d) sharp-crested weir :

The modular limit of a sharp-crested weir (M), l?road-crcslcq weir (Mb). and
standing wave flume (M) are compared under equivalent conditions. It will be

|
found that !
Sumew | Qusy
(c) M, > Mb < Mf [ ¥ b /

ischa 3/2
The overall coefficient of discharge 0!

f a standing wave flume C;, = Q/(BH{™)

is of the order of

0.61 (b) 0.95 (c) 3.30 (d) 1.62
S(?tze (;ischargc equation of 2 Parshall flume is expressed as O =
(b) K H,

(a) Kﬁ:

© KH,
The end
(a) shape
(b) Shape

| @ K (H"~H™)
depth ratio /5, in a channel carrying subcritical flow is a function of

of the channel only
and Manning's coefficient




7.29

7.30

722 A2 m wide

723 A 2.5 mwide rectangular channel i

724 Two horizontal channels A an

h a8

374 Flow in Open Channels

(¢) Normal depth only

shape d > number
(d) Shape and Froudc B y
horizontal rectangular channel carries a discharge 3.0 m Vs

|h.
e overfall in this channel the end depth iy s ¢

flow 1s subcntical At a fre s

1S

(a) 0438 (b) 0612 (c) 0715 (iTide

s known to be having subcritical fow, [f 5
h at a free overfall is 0.5 m, the discharge in this channel in, mY, | e
(b) 4.40 (c) 1.83 (d) 3.50

d B of identical widths and depths have S0Ughness
such that (K)), = 2(K))s- If the discharges observed by.mc end-depth meihog
in these two channels are denoted as 0, and Q, respectively, then it woy|y be

dept
(a) 2.56

found that

|
@) 0,>0, » (b) Q":EQB
(c) QA = Qg (c) QA < QB

7.25 The effective piezometric head h , at the brink of a free overfall could pe

represented as
(a) hrp < y( (b) htp > )’, (C) htp = yc (d) h". . ).’

726 If a rectangular channel carrying a discharge of 1.85 m*s/m width shows ;

brink depth of 0.35 m at a free overal, then
(a) the discharge measured is wrong

(b) the end depth is wrongly measured

(c) the flow is subcritical regime

(d) the flow is in the supercritical regime

7.27  In submerged flow through a sluice gate the coefficient of discharge C, =
o

LN
(a) f(Hl 5 a) (b) C_g” (C) Cd, (d) Cd
7.28 The coefficient of discharge C, in free sluice gate is related to C_as
c
C
) (&) = DR G, = Ca
Vi+(Carhy - Hiy1 - (Caal H)?

C
e WA e
(C) Cd (d) Cd __QL—

1 mas
(HI)CC

;r)xefd(lec’l}a;ge coe f;icnt Cgy in submerged sluicegate flow is
1

©) S, y,a)" & e

Sluice gates u field applications have d
(a) a bevel on the upstream face

(b) a bevel on the downstream face

(c) bevels on both upstrea
(d) no bevel, pstream and downstream faces
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