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LIST OF SYMBOLS

The main symbols used in this lecture note are included in the following list. When
other symbols have been used, they are defined in the text.

Unit(s)
m2
m
m
m/s
ITI”I,S

Symbol Meaning
flow area
bottom width
top or free surface width
celerity of wave
Chezy coefficient
coefficient of contraction
coefficient of discharge
depth of flow section
grain diameter
diameter of circular section
grain diameters
hydraulic depth
specific energy
Darcy-Weisbach friction factor
Lacey silt factor
specific force
freeboard
friction or resistance force
gravity force
pressure force
Froude number
acceleration due to gravity
depth of flow
critical depth
eddy loss
frictional head loss
total head loss
normal depth
tailwater depth
total energy or head
Nikuradse equivalent sand grain roughness
conveyance m3/s
channel length m
length of flow profile m
m
m
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length of weir

length of hydraulic jump

hydraulic exponent for critical flow computation

Manning roughness coefficient s/m'3
hydraulic exponent for uniform ﬂow computatlon -
intensity of pressure N/m?
wetted perimeter m
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Meaning

discharge per unit width
transverse or lateral inflow
discharge

hydraulic radius

Reynolds number

side slope (sH:1V)
specific gravity of sediment
submergence factor

critical slope

friction slope

normal slope

water surface slope

bottom slope

time

point velocity in the x direction
velocity at free surface

shear or friction velocity

cross sectional mean velocity
depth averaged velocity
weight

longitudinal coordinate
vertical coordinate

centroidal distance from the free surface
datum or elevation head
roughness height

stage

section factor for critical flow computation
kinetic energy coefficient
momentum coefficient
specific weight

thickness of viscous or laminar sublayer
angle subtended by top width at centre of a
circular section

side slope angle

angle of repose

bottom slope angle

von Karman constant
dynamic viscosity

kinematic viscosity

mass density of fluid

mass density of water

mass density of sediment
shear stress

critical shear stress

average shear stress

iv

Unit(s)

m?/s/m
m?/s/m
m?/s

m

m/s
m/s

m/s

m/s

m/s
N

m
m
m
m

m
m
m!u"]

N/m?
m

deg or rad
deg
deg
deg
N.s/m?
m?/s
kg/m?
kg/m?
kg/m?
N/m?
N/m?
N/m?
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Chapter 1

" BASIC CONCEPTS OF OPEN CHANNEL FLOW

The flow of a liquid in a conduit may be either open channel flow or pipe flow (Fig.1 J ).
In pipe flow the flowing liquid is completely enclosed by solid boundary and flow O‘?Ers u:‘:i er
pressure. In open channel flow the flowing liquid is not completely enclosed by sol 0‘““ ary
and flow occurs with a free surface. A free surface is subjected to atmospheric pressure. Also,
water is the most common liquid in civil engineering applications. Therefore, open channel ﬂ?w
may be defined as the flow of \Sler in a conduit with a free surface. Open channel flow 1s also

%‘.1 :t,fmnum"mw

known as the free surface flow.

K (a) Pipe flow % (b) Open channel flow

Fig. 1.1 Pipe flow and open channel flow
Flows in rivers and canals are the familiar examples of open channel flow. Flow of water

in a closed conduit, e.g. in an underground sewer or in a culvert, may be open channel flow if the

flow occurs with a free surface (Fig.1.2). The flow of groundwater with a free surface is also an
example of open channel flow.

=,

Open channel flow Pipe flow

Fig.1.2 Flow in an underground sewer

Open channel flow occurs under the action of gravity and at atmospheric pressure. The
component of the gravity force or weight of water along the bottom slope acts as the driving
force. The boundary friction over the channel perimeter acts as the resistance force. Obviously, -

for open channel flow to occur, the total energy at an upstream section must be more than the
total energy at a downstream section. %

In this lecture note, we will follow the S system  of units. We will also -fﬂlﬁ?‘" o

Cartesian coordinate system in which the x-axis is along the channel bottom, the y-axis is the =
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Fig.1.3 The coordinate system

Eﬂ“ns OF OPEN CHANNEJMQ o* e

An open channel is a conduit in which water flows with a free surface. Open channels are
classified on different criteria as follows. :
B

Natural and Artificial Channels

Natural open channels are the channels which exist naturally on the earth, e.g. rivers and
tidal estuaries. They are generally very irregular in shape.

Artificial open channels are the channels developed by men, e.g. irrigation canals,
laboratory flumes; spillway chutes, drops; culverts, roadside gutters, etc. They are usually
designed with regular geometric shapes. : :

Prismatic and Non-prismatic Channels

A channel in which the cross-section does not change along the channel and the bottom -

slope is constant is called a prismatic channel; otherwise it is non-prismatic. The artificial
channels are usually prismatic and the natural channels are generally non-prismatic.

@Rigid and Mobile Boundary Channels

A channel with immovable bed and sides is known as a rigid boundary channel, e.g. linea
canals and sewers. If the channel boundary is composed of loose sedimentary partici::*: moving
under the action of flowing water, the channel is called a mobile boundary channel. A;l alluvial

channel is a nm_bi]c boundary channel transporting the same type of material as that comprising
the channel perimeter. it :

mall and Large Slope Channels
- Achannel with a bottom (or longiludinél)
I'vertical) or angle of bottom slope less than or
otherwise it is a channel of large slope. The aﬁg

channel bottom with the horizontal (Fig. | 4a). The slopes ofmany npatural and artificial channe

like rivers and canals, are less the
als, an 10:1 ar9 < g?. . ol annels li
and chutes have slopes more than 10:1 or 0>g° AN RELSAT, an;f_iqgal chanpels 1k

2

o N

Scanned by CamScanner

upward (Fig. 1 3). The mean direction nfﬂu'“-_ J

A v
2 i’ff.r :
fm

2 ' | i)
W Section 1-1 Section 7«3
1 : B

slope less than or equal to 10:] (10'h0rizun_'31 "
equal to 6° is called a channe] of small slope: |
le of bottom slope 8 _is. the angle mfad_e_._l?I;}h'.:

&

P




] dk i e S ERANELES ST s Y whavsacgy i :
GCID\NNI"L GEOMETRY AND SECTION ELEMENTS)

(a) Prism atic Channels
The rectangle. trapezoid, triangle, parabola nd circle are the most commonly used shapes
of prismatic or regular or uniform channels. Table 1.1 gives the formulas for'the cross-sectional
arca A, the wetted perimeter P and the top width B for these channel shapes. :
The cross-section of a channel taken normal to the direction of flow is called a channel
section (Fig. 1.4b). A vertical channel section is the vertical section passing through the bottom
or lowest point of a channel section (Fig. 1.4c). i L

2T LA N tradl . §

i = - — l ,l
RE o A 'E- | i} , h
. ' ' h
A
d —J . T
. A J— atum_
LY "355. P Sl D. X
(a) Channel section and vertical (b) Channel section (c) Vertical channel section
channel section (section 1-1) (section 1-2)

sivaeed gl Pk

Fig.1.4 Channel section and vertical channel section

Thc.pi‘operties of a channel section which are determined bff tke geofnetn'c shape of the
channel and the depth of flow are known|as the geomerric elements of a channel section. They

are defined below. : : = s Py
Depth of flow h and depth of flow seetiun@ The depth of flow h is the vertical distance

from the Towest point of a channel section to the water surface. The depth of flow sectiond is the
depth of flow normal to the direction of flow. The relationship between h and d is

'd=hcos8 PR P

Stage: The stage is the elevation of the water surface from a horizontal datum (Fig. 1.4c)

and may be positive or negative. _ . s
Flow area A: The flow area is the cross-sectional area of flow normal.to the direction of

flow.

Wetted perimeter P: The wetted perimeter is the length of the interface between water

and chanrel boundary. 5 ers ] =
Top width B: The top width is the width of a channel section at the water surface.
HAydraulic radius R: The hydraulic radius is the ratio of the flow areato the wetted

perimeter, i. e. | . e iy
Clwlmie =R o gt
Hydraulic depth D: The hydraulic depth is the ratio of the flow area to the top width, i.e.
e 5 11 1 11 4 o _r ;l. i 15 By s r: it ; 5 .l_...'--..lr -:4::-
D=A!B _ ; : | s SRFAI S 16 Snf 2t 0 ﬁlé.’l,ﬁlfﬂﬂw
3
B 2>



-] sections
Table 1.1 Geometric elements of some channel

b 3

Joneomss o & G &
P=b+2h ‘ah..— h E E

B=5b D':"%ﬁ "'—E;’# L .raf-bff”‘l '2
- —

v

i R
2. Trapezoid (side slope s:1)
D A=00+shh 7= bh *%

P=b+2hJ1+5s*
B =b+2sh

/3. Triangle (side slope s:1)

A:shz 1
P=2m1+52
l B =2sh
4

T

4. Parasola (perimeter equation z = cy?)
4h>' 2

3J/c - v
P=§|:'\/;+x2+—]-h1(x+\ﬁ+x2

2
A==—Bh=

)

x
(where x=—4—}1)
5 B
8h
=~ B+ =5 (when x<1)
34 241/2
B=—"— =
2 Ve
S. Circle

®=2cos" (1-2h/d) | s
A=(w —sin m)a’oz /8 dg —I_
P=ad,/2 I

B=d, sin(ew/2) L4

Note that o is the angle made by

the to -
whenh=0, o = » when h = do/2 P width at

the cent
and i = nter of

the circle (w0 =0
7 when h = do)

|
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Obviously, the geometric elements
the depth of flow (Table 1.1). As a
sually bécomes difficult when the dept

_ i P
\Vilé Channel

When the width of a rectangular channel is very large compared to the depth, i.e. b >> h
nerally b = 10h), the c_hannel 1s known as a wide channel (Chow, 1959). The alluvial rivers
e usually treated as a wide channel. For a wide channel
A_ bh _ bh Wil —
- o
=5 Bz~ 5 ~h & Gikdomd] 1.4)

A, P, R, etc. of an open channel flow section depend
result, the solution of an open channel flow problem
h of flow is unknown and may require a trial-and-error

](b)__]'!nn-prismatic Channels

_ Non-]_:lrismatic or irregular or non-uniform channels like rivers are ofien encountered in
‘practice and in such cases it is necessary to compute area, top width, wetted perimeter, etc. of
the channel section. The stream-gauging procedure used by the U.S. Geological Survey involves
dividing the total cross-sectional area into (N-1) pockets or segments or vertical strips by N
number of successive verticals as shown in Fig. 1.5. The depth of flow at each vertical is
measured and is taken to be the depth of the associated segment. The segment cross-sectional
area extends laterally to half the distance between the preceding and the following verticals
according to the mid-section rule. The total cross-sectional area is computed as

l N-1

| A="3 Ad; ~ (1.5)
|

1

i=1
where AA; = area of the ith segment
' = depth at the ith segment x (1/2 width to the left + 1/2 width 1o the right)
= 0.5h; {W'r + W§+[}
The top width is computed as

- N
iy g (1.6)
- B 1‘51 n ;
where W, is the width between the two adjacent verticals.

Wi | W | Wisr |
& & 1

Nenl meler locations

Fig. 1.5 U.S. Geological Survey procedure for stream-gauging
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TYPES OF OPEN CHANNEL FLOW _ . o ' 2
LI'A ‘\J:;:;cn?hmmcl flows are classified on the basis of different criteria as follows.

fanned O sitemiziva-nn ¢

3 . 2 gt . itm‘iﬂﬂ) 1y 1l iy 03 I T T L0
Steady and Unsteady Flows (timeis the cr ‘ , <9

\/ Flow in an open channel is said to be steady if the depth of flaw h, mean t,eiocrt?!,U AN

discharge Q at a channel section do not.change with time:: ‘The: flow lsaunslead}ﬁ-ifftha
quantities at a channel section change with time. Mathematically. for steady flow {11 |

vl =L LR S (N

o for fixed x
True steady flow'is rare 'in nature. Floiw in'a'channel may '‘be steady:only when the
discharge in the channel is constant, i e. for steady flow not only AV 31 = 0, but also &/é& =0,
The flow of water in a straight prismatic channel with a constant discharge (e.g-in a laboratory
flume in which a constant discharge is circulated) and the dry-season flow of a river may be
considered as steady flow. The flood flow in a river and ‘the tidal' low in an estuary aré two
familiar examples of unsteady flow. ' R R

Sh/&r=0U18r=80101=0

Foorg ey (]

(b) ¥niform and Varied Flows (space is the criterion) ' MW L0 S
Flow in an open channel is said to be unifon

n if the depth, mean velocity and discharge
do not change along the length of the channel at a given instant of time. When these quantities

chz_mgc along the length of the channel at any .instant, the flow is termed as varied or, nop-
uniform, Mathematically, for uniform flow - e

c:hfaxzau.’&\::&Q/ale)- Jor fixed t |
In uniform flow l
parallel to one another,
_ True uniform M
In & laboratory flume) v

:--the channel bottom, the water sur
le. their slopes are equal (Fig. 1.6).
ow is 2 1N n: The il i i 1 i '

; ik rare in nature. The flow of waterin a straight prismatic channel {e-ﬂ

s cons 1 o i i i

like weir or slujce gate may bﬂ ‘l'%:an.l discharge and a constant velocity and without any structurt

4 B 5

T - considered as uniform flow.

) can be steady only. The unste

time re

"uniform flow"

face and the total cnergy line an

X
L

-

surface fluctuates from time 1o
impossible and hence

= ady uniform flow requires that the waté
Maining parallel {o the channel bottom. This is prn{:ticallj
1S used to mean "steady uniform flow". ;
(i) gradually varied flow, h- urc Fl_lr‘thcr classified into
{“} rapidly varied flow, and i |
(1) spatially varied flow.

Scanned by CamScanner



: .S'rad“’i"}’ Varied Flow
i, S If" the depth of flow and the mean velocity chang

4 - ge gradually along the length of the
1annel (éh/@x = 0. AU/Ax = 0), the Now is l_rmhmlh varied (Fig. 1.6). It may again be steady or

un'-;lr.ad\ For steady gradually varied flow, oh/o 1 = SU/A = QIO =~ QI ~ 0, WX < O, N I/
=0. For un::.tcad} gradually varied low. 8h/dt # 0, AU/ # 0, QIO 2 0, HQ/ON # O, Th/dx = 0,
al,]fak ‘= 0. The flow™ upfd'u:dm of a dam in a riv er or upallcmn of a shaice gate ina canal is an

| ""’“““Ph— OrSt'-a'-t}' gradually varied Now. The flood flow in a river ‘and thefidal Now in an ¢stuary

are two familiar examples of unsteady gradually varied flowy; Friction plays in important role in
gradually varied flows.

Rapidly Varied Flow
The flow is rapidly varied if the depth of flow and the'mean velocity chanpe abruptly over

- acomparatively short distance (9Wox >> 0, dU/dx == 0). Rapidly ' varied Nt is also known as a

local phenomenon. It may be steady or unsteady. For steady r.urndly varied flow, dWeot = All/an =
oQ/at="0oQrex =1, &h/dx >> 0, oU/ax >> 0. For unt.h.mly eapldly varled flow, dlvat # 0, a0/ #

0, 8Q/8t # 0, 8Q/8x = 0, Sh/dx >> 0, aU/ax >> 0. l!ydruulu. jumps and hydraulic drops are two

. familiar examples of steady rapidly varied flow and surges in canals and tidal bores are examples

of unsteady rapidly varied flow (Fif:, 1.6). A surge is a moving wave front that is produced
whenever there is an abrupt change in the discharge or depth of flow or both, i.c. during the
sudden closure of a sluice gate, in a channel. The tidal bore is a moving wave front by which the
tide enters a river. Friction can usually be neglected in rapidly varied flows.

i

Spatially Varied Flow. .

A flow in which the dtscharge varies along the length of the channel. resulting from the
lateral addition or withdrawal of water so that 8Q/0x = 0 is known as a spatially varied flow. It
may be either slcady or unsteady: For steady spatially varied fNow, dh/ét = dU/an = dQldt = 0,
8Q/dx = 0, dh/dx = 0, dU/ox # 0. For unsteady spatially varied flow, dh/at# 0, dU/ai = 0, 6Q/dn
= 0, 8Q/dx # 0, 6h/ox = 0, AU/8x # 0. The flow over a-bottom rack is an example of steady
spaually varied flow (Fig. 1.6). The production of surface run-off due to rainfall, known as
overland flow, and the flow over aroadside gutter are examples of unsteady spatially varied flow.

The cl
flow are sket

“E"—f___'__/" F

sification of open channel flow is summarized below and the various types of
edin Fig. 1.6." oy N DI v

R

~

ey ‘Uniform
——9 . Gradually varied.

—

. —+ Steady — M Rapidly varied _
O-peﬁ ' B o L—» Spatially varied "
channel —» .
flow —* Gradually varied

—— Unsteady —®»r—* Rapidl varied
—— SpaLia¥ly varied
(With respect to time) (With respect to space)
7
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1.5 EFFECTS OF VISCOSITY AND (ilm

(a) Effect of Viscosity 1 flow is
The effect of the viscous forces relative to the inertial forces on open channe
determined by the Reynolds number, which may be written as
| p1A(L/T?)
Inertial forces _ Mass * acceleration __ _ > - —=

Viscous forces Viscous shear stress * ared T.A
_pleir?) _ ppLir?) _pr _(/TIL UL (1.9)

~ uildu i dz)I7 - :u(! / THIL)L"’ uT mlp v

.

Re =

e mean velocity of flow, L isa

where U is a characteristic or representative velocity, taken as th Y A
°c. v=10"m"/s.

characteristic length and v is the kinematic wmtx of water. Fer water at 20
This value of v is normally used

In open channel flow, the characteristic length common
(= A/P), so that

ly used 1s the hydraulic radius R

, when Z_ 2 g'wu‘m/

i) Re < 500, the flow is laminar,
ii) Re = 12,500, the flow s turbudent, and
iii) 500 < Re < 12.500, the flow is transitional.

_UR 7;8;’@!‘%{1,10)

In laminar flow the viscous forces are strong relative 1o the inertial foces and dominate
the flow. When the flow is laminar, the water particles appear 1o move in defunite smooth paths
or laminas with only a small-scale mixing. In turbulent flow the viscous forces are very weak
relative to the inertial forces and the inertial forces dominate the flow. The water particles move
in irregular paths in a random fashion with large-scale mixing due to generated eddies.

By injecting a finc stream of dye, it is possible to identify whether a flow is laminar,
transitional or turbulent. The stream of dye looks like a thread and does not mix with water in
laminar flow, becomes wavy and irregular in transitional flow . and mixes with water and
disappears in turbulent flow. .

In laminar Now the head loss due to friction varies as 1. whereas in turbulent flow-the
head loss due to friction varies as U”.

Most open channel flows like the flows in rivers and canals are wrbulent. The Reynolds
number of most open channel flows like those in rivers and canals is high, of the order of 10°. For
example, for river flow, (] = 1 m/s and R = 5 m, so that Re = 5x 10" This indi:ates that the
viscous forces are very weak relative to the inertial forces. Therefore, the Reynolds number does
not play a significant role in determining the state of open channel flows

Laminar Now occurs rarely. The overland flow and the groundwater ow with a free

urfacesare two examples of laminar open channel flow.

) Effect of Gravity
The effect of the gravity forces relative to the inertial forces on open channel flow is
determined h} the f‘--l‘uh’fﬁ’ number, which may be writtén as )
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INVAL

E Iy nertial forces | Masi* inertial ucceleration i
[ ——————— ST ke sted e - :
V Gravity: forces \ Mass * gravitational acceleration |

} Inertial acceleration : LT _ I(L A ?_:}ﬂ J U ’ L aan
\

g Vo g

| : . _ s a characterisi
where U is a charactenistic_velocity, taken as the mean velocity u!l ﬂ(“;énl L:{;znn|1el Mow. II'II:'
length and g (= 9.81 m/s?) is the acceleration due to gravily. ng}n‘!\n that
characteristic length commonly used is the hydraulic depth D (= A/B). ¢

il il

Gravitational accelerati on

f ' (1.12)
fea L

JeD :

sy
s \/gD _the Now 1s critical.

iy Fr<l,U < /gD .the flow is subcritical, and

i) Fr>1,U > \ng . the flow is supercritical i

| and gravity lorces are equal. When the Now !
itical. the inertial forces!

i

L

When the flow is critical, the inertia i ¢
suberitical, the gravity forces are dominant and when the flow 1s supercri

are do ninant. : R L
The flow in most rivers and canals and upstream of a sluice gate 1s subcritical. 'As an}

example, for river flow, U = 1 m/s and D = 5mand hence Fr=0.1 4._Supercr:t1cal flow normally
occurs downstream of a sluice gate and at the feet of drops and spillways. Flow upstream ofa.
hydraulic jump is supercritical and downstream of a hydraulic jump 1s subcritical. - §

The Froude number of open channel flows varies over a wide range covering bmhi
suberitical and supercritical flows and the state of open channel flow is primarily governed by the
gravity forces relative to the inertial forces. Therefore, the Froude number is the most important
parameter to indicate the state of open channel flows.

Equation (].12) states that at the critical state of flow (Fr = 1), the flow velocity is equal’
to JgD.It can be' shown that JgD is the velocity (or celerity) of an elementary or small-
amplitude wave on The surface of still water (see Appendix 1.1 at the end of Chapter 1). The;
Froude number can then be defined as the ratio between the flow velocity 1 and the wave celerity
c. i.e 1

—
HE 5 (1.13)

¢

Obviously, then
i) for subcritical How, Fr < | and U < ¢,
ii) for critical flow. Fr=1 and U = ¢, and
iii) for supercritical flow. Fr> 1 and l) > ¢

A small-amplitude wave can be easily produced by gently throwing a small object 11}
water. In subcritical flow, one wave front propagates upstream at a velocity (c-1J) and the othe
wave front propagates downstream at a velocity (U + ¢) (Fig.1.7a). In supercritical flow. both the.
wave [ronts propagate downstream at velocities (U - ¢) and (U + ¢), respectively (Fig. 1.7b). In
critical flow, one wave front remains stationary and the other moves downstream at a velocity (U
+ ¢) (Fig. 1.7¢). Thus, by observing an elementary wave whether it propagates upstream, =l
stationary or propagates downstream can be used as a criterion for physically identifying
subecritical. eritical or supercritical flow, respectively . ’ ;
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e U+e — L. «

Fr< j,U=¢ Fr- 1.l — ¢ Fr=1,U=¢

Fig. 1 7 Propagation ol wave in subcritical, supercritical and critical flows

] I'he fact that a small disturbance such as an elementary \wave can propagate upstream
: against the flow in subcritical flow, but not in supercritical flow, has important practical
F significance. In subcritical flow, conditions upstream are affected by downstreara conditions.
i Therefore, subcritical flow is controlled from downstream. In supercriti zal flow, conditions

upstream are not affected by downstream conditions. and hence. supercriti zal flow is controlled

from upstream

Combined Effect of Viscosity and Gravity: State of Flow
A combined clfect of viscosity and gravily may produce any of the following four states
of flow in an open channel based on the numerical values of the Froude and the Reynolds

numbers:
i) Subcritical lannnar Fr< 1. Re -~ 500
1i) Supercritical laminar  Fr = 1, Re = 500
111) Suberitical turbulent Fr=1.Re = 12.500
iv) Supercritical turbulent  Fr » 1. Re 12.500

Ihe first two flow states, suberitical laminar and supercrincal laminar. are very rare. I'he
low in most rivers and canals is suhcritical turbulent. and the flow at the feet of drops and

«2:2]!'-77?5 is supercritical turbuleni

apezoidal channel has a bottom width of 6 m and side slopes vl 2:1 Compute the
Jischarge and determine the state of flow n this channel if the depth of flow is 1.5 m and the
mean velocity of flow is 2.30 m/s. [Felementary waves are created in this channel. determine the
speed of the wave [ronts upstream and dosvwnstream

i)

Solution I'rapezoidal channel. b 6~ 2. VS m L= 230 nus
A= b+ shr=(6+ 2% 1.8 15 - 135w’
P‘—-hilﬂ\f’]—i-.-.'?'—'ﬁ+2?\|."\'\-]'3? = T8 T

Bebtdili=6+2%2%).5=12m

R=4/P=135/1271=1.06 m

D= dtB=135/12=113m
LO=AU=135%230=31.05m -
(/R 2.30x1.00
v i

T
AR W

Re = =244 11y 12500
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{/ 2.30
= —mm—= = —— '.'%:‘-:-_.'_.—: = {J(I{} < ]
JeD  J9.81x1.13
Hence, the flow is suberitical turbulent.
Now, ¢ = JgD = J981x1.13 =3.33 m/s
*ed of the wave fronts upstream = ¢ — U
“the wave fronts downstream ~ ¢ + U

[Exffip1.2

A circular channel 2.
etermine the state of flow.

Fr

133 2.30 .03 m/s
-.:{‘“H 1 .30 5.63 m/s

55 m'/sata depthof 1.1
fl?:l?
P
.ﬁ
|9"|/' ”
_6.55m/s,h=1.1m ‘gb 7 '70&

Solution Circular channel, do = 2.75 m, Q o S g
@ =2cos (1 -2h/d,) = 2cos Y =2x1.1/2.75) = 4

2 i)
A=(w-sinw)d,” /8= (2.74 —sin 2. -)o
P=ad /2=274x275/2=3.7Tm @‘M){;?‘L‘?

B=d sin(w/2)=2.75x% sin(2.74/2) = 2.69 m _r
R=A/P=222/377=059m da ‘_

D=A/B=222/269=082m '
U=0/A=6.55/222=295m/s l | !

R 2.95x0.59
Rt::U = il

. z e b r‘l']l' 6.
75 m in diameter carries d discharge

4) = s 95t R 222 m’

=1.74x10° > 12,500 ¢

v 107
! X!
‘F'r = --i—__ — —-—...—'-‘;132——.._' - t."-l > ] ‘ ]
JeD J/9.81x0.82 1

Hence, the flow is supercritical turbulent

1.6 VELOCITY DISTRIBUTION

Velocity Distribution in a Channel Section
Owing to the presence of the free surface and the friction over the channel bed and banks,
the velocities are not uniformly distributed in an open channel flow section. The velocity is zero.
(a;__the Sght}rl}bt undary (no-slip condition) and gradually increases with distance from the boundary
1g.1.8). The measured maximum velocity usually occurs below the free surfac :
2 ! ; sb surface at a distance of
0.05 to 0.25 of the depth and is ahput_ 10% to 30% higher than the cross-sectional mean velocity
~ In turbulent flow, the variation of velocity along a vertical can be : G il
logarithmic or power law e - G - ¢ approximated by a
& 1c or power law. In this case, the average of the velocities a1 0.2 -
mean velocity in the vertical. g X 'S apprgximately equal to the

P

Mcsul:ﬁznentlof Velocity and Discharge

e velocity of flow in : e

st SR n% v U‘éhlgs&nl}‘c‘r] Lh‘ann{:l can be measured with ::cu:Tcnt meter. It is the

¢/ by measuring the velocities at O gg"-(‘]i] 5Ul'vacy o determine the average velocity in 1 vertical

more than 0.61 m (2 1), or gt b ¢ t_an 0.8 of the depth below the free surface whe |*. dL. 1CH
2 0t the depth when the depth is less than 0.6 L
S less the 61 m, ie. S

] (i
N (1.14)
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(c) Logarithmic velocity distribution
along a vertical

Fig.1.8 Velocity distribution

The discharge is obtained from the measurement of velocity and area by the area-velocity
merhod. With reference to Fig.1.5, the total discharge is computed as

o= fdQ. (1.15)

yul

where AQ, = discharge in the ith segment

= cross-sectional area of the ith segment x average velocity at the ith vertical
= MI"UJ

The mean velocity in the section is equal to the discharge divided by the area, i.e.

U2 (1.16)
A
The surface velocity uy is related to the average velocity in a vertical U by

U =ku, (1.17)

where k is a coefficient whose value ranges between 0.80 and 0.95 depending on the channel

section. The surface velocity can be determined by float tracking or other surface velocity
measuring devices.

! ‘ !c data collected during the stream-gauging operation at a certain river section are given

in Table 1.2. Compute the discharge and the mean velocity for the entire section.

Solution

b T e e e

The measurements made 2 m and 15 m from the left bank involve velocity at 0.6 depth
which represents the mean velocity in the vertical. Other measurements involve velocities at 0.2
and 0.8 depths and the mean velocity is obtained by averaging the velocities at 0.2 and 0.8
depths. The width associated with each measurement extends halfway between the adjacent

13
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lable 1.2 Computation of discharge from stream-gauging

E’:‘«?ﬂ:‘l‘ﬂ.'—t_ ]_'ﬂ[_;-li _'\f_fclcr_ ] -;EETE_H') -\"\-"id-li‘l vrea ( m-) Mean
from lefi Depth depth (mi (m's) (m) velocits
tfank (m) (m) - ~ (m/s)
0 _ 0 il ' I I
i S SS  TON 7 S W M
T3 S0 380 0098
0.70 1.62 _2.00 7.00 130
6 520 416 EE7]
1.04 1.60 2.50 13.00 1.48
i 6.30 5.04 1.36
= = 1.26 181 250 1575 1.59
11 440 3.52 1.51
0.88 172 2.00 8.80 1.62
132328 132 116 200 440 1.16
15 080 D48 D64 200 160 0.64
17 o W e e e s
Total: = i 52.55

q
segments. So. tor example. tor the measurement taken 6 m from the lelt bank, the wnfllh 15 [(6
4)/2+(9-6)/2] = 2.50 m. The corresponding area AA 15 (5.20x2.50) = 13.00 m" and the
corresponding discharge AQ is (13.00x 1.48)=19.18 m?/s. The areas and discharges assuciatcg
with other measurements are computed similarly and are shown in Table 1.2 and summed to give

: & ; 3 ; 5 ;
total cross-sectional area A = 52.55 m? and total discharge Q =74 65 m’/s 1 herefore. the mean

velocity for the entire section ~ 74.65/52 55 - 1.42 m/s

L, g

1.7 VELOCITY DISTRIBUTION (_‘UEFFIL'IENTSQ

e How in a straight prismatic channel 1s 1n Tacl three-dimensional, 1.e. the tlow
properties like the velocity and the pressure vary in the longitudinal. lateral and vertical
directions. However, the variations of the flow parameters in the lateral and vertical directions
are usually small compared to those in the longitudinal direction. Consequently. a majority of
open channel flow problems are analyzed by considering that the flow is one-dimensional, 1.e. we.
consider the cross-sectional mean values of the flow parameters that vary from section to section’
only. ’ ;
~ In the one-dimensicnal method of low analysis, the discharge and the mean velocity of
Euw |;1}.;.: ch;nmel section are computed as follows. Let u be the velocity over an elementary arefl
isii?'i-h E:: annel cross-section (Fig. 1 9) Then. the discharge passing the entire channel section

= .

O= [udA (1.18)

and the mean velocity of Tow Li s given by

@ | ¢
U= = —-|udA
_’ A): (1.19)
Fig. 1 9 Defimmon skeieh

14
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Owing o non-unitorm svelocity distnibution in a channel secuon, the Kinetic energy and I.h_t:

momentum of flow computed from the cross-sectional mean velocity are generally less than their

actual values. To get the actual kinetic energy of flow, the kinetic energy bascd on ll_'lﬂ mean

velocity is multiplied by the coellicient a, known as the kineric energy coefficient. Similarly, to
get the actual momentum. the momentum based on the mean velocity is multiplied by the
coefficient B, known as the monmentum coefficient The energy and momentum coefficients o and,
[} together are known as the velocity distribution coefficients. _

The kinetic energy of flow passing AA (Fig.1.9) per unit time is equal to

| ;_J
- g = = = o A
2 =

where p s the mass density of water | herefore. the total kinetic energy of flow passing the
channel section is equal to -

F]

P )

— | u dA
2 fI-'

where A 1s the total area of the cross-section. 'he total kinetic energy based on the mean velocity
J and corrected for the non-uniform distribution of velocity is

(x P TAY
2

Equating the above two gquantities and rearranging

TL ) SRy L (1.20)

I'he momentum of ow passing AA (Mg 1.9) per unit time is puAA x u = puz.-_\A
I'herefore. the total momentum of flow passing the channel section per unit time is equal to

_nj u’dA

I'he total momentum based on the mean veloaty Ul and corrected for the non-uniform
distribution of velocity is Bpl " A so that

A

Ir.*:d.‘l
Hal, o BU8H (1.21)
{]" A | —

I he energy and momentum coetficients are always positive and never less than unity. For
anform velocity distribution in the channel section, @ = B = 1. In all other cases,a > B> |. The
values of a and B are higher for laminar flow than for turbulent flow, since the etfect of
turbulence is to make the distribution of velocity more uniform over tie channel section and
reduce a and 3.

Experimental results (Watls et al., 1967) suggest that, when the channel is straight and
prismatic and the flow is turbulent and uniform or gradually varied, the two velocity distribution
coefficients do not normally exceed | 10 and 1.04, respectively, and one can assume a = = 1.
However, in channels of complex cross-section, upstream from weirs, in the vicinity of
obstructions, near pronounced irregularities in alignment or when the flow is concentrated in one
part of the section, values of o and  mav even be greater than 2 and 1.35. respectively

LS
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er a wide range depending o
slightly. in the range 281

o3
-
=

. .1 values of a and [} vary ov

th the numcrrr...:l_m]uu, ol Bt ary
’str?tﬁ.}:]tiou. the ratio (a-DA(B-1) tends to vary only -
. 1966). .é:
i i 1 asu= | + 3z/h, where his the depth i
relocity varies along a® ertical as u 32/1 .
i< the vql:r]lg,],it::?;:lea dist:a'lncc z from the channel bottom. (1) (,minlputic th;:igls:chai;ge :
l|‘tii] \etermine the state of flow, and (iii) compute the \:E’ty___._m.hu.l on :
'd p and the ratio (a-1)/(B-1). ifh=5m. z 3

jion
Solutio annel we can co

a wide ch
(l.lg‘fl;}* the flow depth h and dA by d-=.

depm-avcraged velocity U/ . Therefore, .
U lhd 1h(l+3z)d-’* ][h+£]—l+3=250m,’5
LIHE;[HZ—E! noh 2h 2

place the area A in

the channel and re .
locity U becomes

nsider unit width of :
ectional mean ve

Then, the cross-s

Eq
the

SR

| m/s at the channel bottom (zh=0)104

Alternatively. since the velocity varies linearly from it th _ :
m/s at the water surface (z’h = 1), the depth-averaged velocity 1S obtained as :
1

U= l—gﬂ =2.50m/s < A m/s / |

(i) Then, the discharge per unit width 1s
q=Ef_h =2.50x5=12.50 m?/s

s
e S TS T

(ii) The Reynolds and Froude numbers Re and Fr are then T f;
E:{E:yf = 2-50)(5:12‘5)(10&}]2,506 g
Vv v 10" 2

(for a wide channel, R = h)
U 7, I
- 208~ 836<1 “D=h)

7
Fr= —
Jebh Jgh Vv9.81x5 “*M_E__E‘_‘n:{s,. i

Hence. the flow is subcritical turbulent.

|

(iii) The kinetic energy and momentum coefficients o and B are then

1 h A . 3
a = ;:F'J—.Ilfjd.?:%—‘f(]-}:i_] dz
I/ hb h

U ko
. 9; 27z 27172°
=_5||1+—+ +
;:3;,;[[ h h? h’ sz
I _
= ~=—(h+4.5h+9h+6.75h) = H = 2125 =1.36 "
I h E] 5" -
] i I I 3
g = ~Ila dz = — (1-#-—‘] dz
4 .I!Jn U f‘.'n

J b 62 22 I
=l 1+—+ — e .
f'?hi( 5 B —‘Ezh'(h+3h+3h}=52 :2—":52 —1.12 v/

e )(B-1)=0.36/0.12=3

Note that when u is ex :
: pressed as a funct . =
oo meddeenil ol e AT ion of z/h, the numerical values of 7 , o and ff

ﬁﬁﬂﬁnﬁhnilﬂﬂl_,m__,’-_m_.“:z_*'“ R TS . - a

KNSRI
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n
L

I xample 1.5 . 2 o

. Using the trapezoidal rule of numerical intesration, uompul:_;: the ldl':-cil'_lm:ge per unit width,
‘e mean velocity and the numerical values of a and B for the following x_clm.u; measurements (u
i~ the velocity at a distance z from the channel bott ym) along a vertical in a wide channel. when
the total depth is 6 m.

z(m) 0 | 7. 3 4 5 6 1\1(.;&1
u(m/s) 0 295 331 362 3195 4.12 4.51 6
solution h=6m Az =1m 5
b
q:I udz =X ulAz = Az 3 u 4
1]
0+4.51 ) : 3
=] —— +2.95+331+3.62+3.95+4.12|=2021 m /s
l 2
20.21
U= —E e 357 m/s |
' dz 0
o }[__ - Yullz AZ . , W (mn(s)
= = S mebes —Xu
1 J h I h
I DY 44.57° "
= 3‘3"_!7‘; '(;["-—_;--——-Jr 298 +33P 43627 +395 +4.12% |=1.25

| — 2—'—- +2.95" +3317 +3.62° +3.95° +4.123]= Ll

. | AA}=—
ll.ﬂ PRESSURE DISTRIBUTION

- ;
i

Hydrostatic Pressure Distribution
Let us consider a vertical column of water
of height h and cross-scctional area AA (Fig. T’ET

e

1.10). Let p be the intensity of pressure or unit
pressure (force/unit area) at the bottom of the
water column. Then,

P AT Fdii s ¢ld dPiesenrenrs

' Fig.1.10 Definition sketch
p:f‘ﬂl'c't* _ Weight of water column _ W yhAA

Area Area A AA = pgh (1.22)

o Equation (1.22) indicates that the pressure at any point is directly proportional to the
epth of the point below the free surface. This is known as the hydrostatic distribution of
pPressure and h is the hydrostatic pressure head. ;

| The hydrostatic distribution of pressure is valid for parallel flow in a horizontal or small
slope channel. When the curvature of the streamlines is small, the flow is known asparﬂ”ﬂfﬂun

':_Fig']'”a)- Uniform flow is practically parallel flow. Gradually varied flow may also be
regarded as =

bt as parallel flow since the curvature of the streamlines is small and negligible. Hence, the
Wydrostatic law of pressure distribution holds exactly for

: ifor : and imately fi
gradually varied flow in a horizontal or small slope channgrlfmm L e

17
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’ i e C'Gpn:e¥1ﬂtww
(a) me”ﬂ flow (b) Concave flow (c)

3

Fig.1.11 Pressure distribution in parallel, concave and convex flows

.-';
%
b
b
£

sure Distribution in Curvilinear Flow ) -
ores 1 he flow is known as curvilinear

= el

When the curvature of the streamlines is considerable. t ] S
flow. Such situations may occur when the bottom of the channel i1s cur:vcd, at %19109 gates and al &
free overfalls. In such cases, the pressure distribution is not hydrostatic. Curvilinear flows may
either be concave or convex. In concave flow (Fig.1.11b), the centrifugal forces resulting from
streamline curvature combine with the gravity forces and the pressure 1S more than hydrostatc. -
In coavex flow (Fig.1.11¢), the centrifugal forces acl against the gravity forces and the pressurcis
less tl an hydrostatic.

Let us consider the forces acting in the vertical direction 0

2 and cross-sectional area AA (Fig.| .12). Then,

|
J
|
’;
e

n a water column of height h -

Mass of the water column = phAA

If r is the radius of curvature of the streamline and u is the flow velocity at the point under
consideration, then

a

1

Centrifugal acceleration = —
r

and

Centrifugal force = PhAA ¥

r

5 ? /
The intensity of pressure as a result of the centrifugal force is l

2

F 2
_ Force _ pPhAA . A p;,ﬂ. (1.23)
. i

P.=
Area AA '
and the pressure head /
P. u’  hu &
h,=—-—=--p—h*--=—' (1.24) //
¥y FPE7 gr
For practical purposes, the velocity uis replaced by the TT T
cross-sectional mean velocity 1. Pe

Fig.1.12 Definition sketchl

" . ’ "

Total pressure head = hth = h+ ',—122 =h( £ _U? ) 5
» o - (1.25)
Total pressure = y(hAx h )= yh(l + U_) j 1.26
here the pl 4 i
where the plus and minus signs are used with concave 0
g with ‘lLé'JI'I.Lth and convex flows, rt:spr:ctively” 1
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A spitlway flip bucket has a radius of curvature of 20 m. If the flow depth at section 1-11s
nd the discharge per unit width is 66 m®/s, co npute the pressure at A.

2M
Solution r=20m, q=66m’/s, h=3m
(D =88 03 mis -
ho 3 1
2 2
p=ﬂr[1 +—U—] =pgh[1+."~_f_) e R
Br gr __
227
=1000%9.81>3x| 14+ —22
[ QBIXZG} ; 1-4J

= 102030 N/ m?

cffect of Slope on Pressure Distribution ‘
onsider a water column of height h and cross-sectional area AA (Fig.1.13). The pressure

at B in this case balances the component of the weight of the water column AFE. normal to the bed.
Now, weight of the water column

W = vydAA

Fig.1.13 Pressure distribution in a channel of large slope

The component of W normal to the channel bed, i.e. alon

' _ 2 AB = Wcos8 = ydAAcos0. Hence, the
Intensity of pressure at the bottom of the water column d ; o

_Force W cos® ydAAdcosé

P - . g =ydcos@=yhcos’ 0 (' d=hcosB) (1.27)
. Pressure head, P _ 4cos6 = hcos? ) (1.28)
» :

Thus, for channels of large slope, the pressure head at anvy verti is
¥ T ! g rtical depth is equal to the
gl‘ErJEth afﬂow_ h n’lulllpllt‘:‘d by a correction factor cos?0. Fo‘r a smal‘{ slope Clmnrllel, 0 i%n, ihe tise
So t{}] (1.22) instead of Eq. (1.28) involves an error less than about 1% and can safely be ignored.
» the effect of slope on pressure distribution is considered for a channel of large slope only

19
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de walls of a steep

E ] 1 3 o Hi
e and the overt rni:])}__ moment on the P s the depth of

sve fhat the shear fo
o . respectively. where

Tectangular chute are (1/2)y 12 cos3 @-and (1/6)y I> cos
Now and 0 is the angle of bottom slope of the chute.

7 ERpCRree
-
A
A
G '{IT_,‘,,'_,, G T B ,.:-
dAcosb

Solution Pressure at the bed af the chute, p= yd cos A’

! : > ® - it length '_
de walls, F =;xpxd=-2—x wilcos@ xd ( per uni gth) |

Shear force on the st

1 » 1 2 3

= — 3 5 = — ~0S &
Z}d cos ?yh c

' Overturning moment (about point O) =

I 3 d ] 3 I a . 4
= _ ¢ @y — =—yd” cos@ = — " OS5 7
z}r cos x3 6-21! 0 6}4

(-.d=hcos)
Fxarm=Fxd/!3

PROBLEMS AND EXERCISES

open channel {lows are (i) steady or unsteady, (ii) subcritical |

I.1(a) Sta'e whether the following
ied, rapidly varied or spatially varied, and (iv) laminar or

or supercritical, (ii1) gradually var
turbulent:

1. Flood flow in a river

3. Overland flow

5. Flow downstream of a sluice gate.

(b) State whether the following open channels are (i) natural or artificial, (ii) prismatic or non- g

prismatic, (iii) rigid or mobile boundary, and (iv) small or large slope channels. |

1. Alluvial river 2. Irrigation canal (unlined)

3. Laboratory flume 4. Spillway chute

2. Flow upstream of a hydraulic jump
4. Tidal flow 1n an estuary

1.2 Define (i) open channel flow, (ii) prismatic channel, (i11) channel of large slope, (iv) stag
(v) wide charjmel, (vi) steady flow, (vii) unsteady Mow, (viii) uniform low (iw{)hur-:?;h;q;h— b aj:l:d
flow, (x) rapidly varied flow, (xi) spatially varied flow, (xi1) Reynolds n‘un;hg;r i(x"t'} ]‘\arle -
low, (xiv) turbulent flow, (xv) Froude number, (xvi) subcritical low (xvii) eriti | {11” ;d"}“}:a-r ]
supercritical flow, (xix) parallel low. and (xx) curvilinear flow o Al

]'3{;:) ;‘Jrii‘e ”]"ec differences between pipe flow and open channel Now,
. f{]n?w :21:;;;3;::’:‘901”““" "fﬂﬂl open channel flow problem becomes difficult when the de]'Jllf_
23 ?_;ale why uniform l‘!nw can be Steady only. |
mrbmcm??w can you physically identify whether the flow in an open channel is laminar or &
e) How ce sically identif :
N ;u;ersri'»I ir;‘:::?you physically identify whether the flow in an open channel is subcritical, ‘-"I'iﬁca-]-.
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(O Eapham why aihe Foaode simber is o impartant than the Revnolds number o determime
the state ot open channe! hoaw

(o Eaphan why an clementan wanve can move upsteeam i subenitical fow, but not
supercrineal o What s the practical s licance of tas phenomenen’?

State win the velovity distabution coetliciems o and [V are used i open chinnnel 1o

claee eapresaons for them: Win e the munerical vatues ot aand |3 greater for Tannnar oy
thu oy o tarbadent Bows?

LY

L3 Deduee the expression for the pressure head vorrection for curvilinear Now (g 1 24

Fow) The depth and mean velovity upstecanm and downstecam of o vertical sluice gate inou

hovizontal rectangular channel are 4 1w ad T and 2o s amd 8 mes, respectively. The width ol

the channehis 6 e Determne the state ot o both upstremm and downsteeam ot the pate.
i) Consder the tollowing data o the Padma iees) viver at the Barara station in Faridpue

on the 2ud taly, 1989 A= I3J00 M7, Q -~ S6.200 m s and 11~ 3820 m. Compute the state of
ow . Assume that the river is wide

o7 Noater thovwes i an open channel at a de
discharee and determime the state
1 wide

Phvor D and o mean velocity of 3 /s, Compute the
of Now il the channel s
_ _ y ) rectiangular with b - 6 m
1 lI.I]."m.‘.'\'lh"l;lI with b oonyand s . A% H'Iill\}'.ll'illl with s 2

Vi parabohice with B 4 iy Vi) eireular whose diameter is 2.5 m.
It clementany waves are created i these channels, detenmine the speeds of the wave tronis
upstream and or downstream

L.8@) The anverage depth of water in a wide river connected 1o seicis S e Determine the time
taken by a tidal wane o travel trom the river mouth to 30 kmoapstream (1) when there is no ow
m the river, and () when the av erage ow velovity mothe river is | nvs,

(M) Wanves o siall amplitude are created at the center ol a cireular-shaped pond of radius S0
M The waves are found o reach the edge ot the pond in 10 s, Estimate the approximate volume
ofwater in the pond assuming that the depth of water in the pond s same everyw here.

() Two sbands A and B siuated inan ocean e 1000 ki apart. An canthquake in island A
creatles a an_[p tdal wave (tsunam) whieh Propagates across the ocean o i‘w‘-]:llh\ 1V 1 the avernpe
water depth w the ocean s 1 k. estinate the tme ot arviy al ot the tsunan inasland 13,

lu aowrde river the velocity varies along a vertical as w1y 240 where huis the roal
&

TPt and was the velocity ata distanee 7 from the channel bottom, The river is S m deep. (i)
l“ﬂl'l'll"'lﬂl‘ the \.“\L‘lhll:_",;‘ Pt LEINE W I\il_h, l,'t_l.‘l tl-.‘h.‘l.l'l‘l'lllll.‘ the st ol o Land U“‘] ‘I.‘Ul'l\]"l.ltt‘ the
numerical values of the velocin distiibution coctlicients a and [ and the matio (= b=,

\ . 3 |
(b)Y Solhve the above problem itu 122 Ty
L TOG) For lamvinae low the veloeny distribution along avertical can be approximated by

[—
TS

1 W\, S
2h

wWhere uis the velocin at a distance 2 trom the chamnel botom, b is the depth of low and g ix
the velocity at the free surtace. Compute the clociny distibution coetl clents a and ¥ and the
Ao (o= (P10

(BY For tirbulent Tow the veloeimy distiidbation along avcrieal van be approximated by e 2",
whenn - 17 (Prandil's one-seventh power o) Deternmme the veloeuy distribution rucl’tiuim;la
aand fand the ratio (- 1) (B-Dmermsolnand toen - 17 Compare the numerical vadues ol u
ond B with those obtained for laminar ow i Problem | 1O,
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1.11(a) Solve Example | 3 using the Simpson's rules of numerical integration.

A S i - o . v submerged
(b) Figure 1.14 shows the velocity distribution downstream ofa slllltu_t.t%a:la;:t:ii‘l:lrrgu s Iz;-nh 2!
condition. Using the trapezoidal rule of numerical integration, ‘_'“"!“ﬁ“ ¢ ' e
width, the mean velocity of flow and the numerical values of a anc

d N o . "85 at the bed of the

1.12(a) A steep rectangular chute has a slope of 1H:3V. (._?TPU‘;“:f E::;;;::l'li_ ho oo snd thll
chute if the vertical de pth of water flowing over the chute is | m. Also. =
overtuming moment on s side walls. : P X

(" \'s'll;ih: computing the shear force _and the n\'enurnlnlu munn.-n't::nhlll'lc::lg;s“:wd thath;.:ﬁz
spillway chute having an nclination of 1H:3V and h = 1 m, an e (i)
pressure distribution is hydrostatic. Are the computcd results corree -h iy :;rrnr :
correct values of the shear foree and the overtuming moment, and (1) 1ht ‘I: kg SO

(¢) A high-head overflow spillway is shown in Fig.1.15. The ﬂlp” u?_ c : th: hnL'{ ‘u,
spillway acts 10 change the direction of flow from the slope of the s;lill“ ay am? (:i 4 d'r-lir(t“ al-
and to discharge the Tow into the air. If'ry = 1y = 20m,h;=h; = h;=hy = 1 man '; Ei disc :lrgc
over the spillway is 6.5 m'/s'm. determine the intensities of pressure at points 1, 2. and

him}

— 055

- 0-3C .00

€.50

-

il
045 N
M
N
0.30 \
My
i
015 i
I
0.-0% f_/’.}/;'—/ff/;"_/i.’;;;,,r
0.00

—t=u(m/is)

Fig. 1.14

¥
|
i 1 AA 4
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Appendix 1.1

CELERITY OF A SMALL - AMPLITUDE WAVE

I'he celerity of a small-amplitude wave can be obtained considering the movement of &
<olitary wave of height Ah traveling to the right with celerity ¢ in a channel as ng‘:;e l:,:
Fig.1-16a. The cross-sectional areas of the channel corresponding to depths h and h + e
and A + AA, respectively. The situation defined by Fig.1.16a1s obviously unsteady and canno ;
analyzed by elementary techniques. However, if the wave form does not change du.n.ng its h_'av; )
(he situation may be rendered into one of steady flow by applying a velocity of magnitude ¢ inthe
direction opposite to that of wave travel as shown in Fig 1.16b.

Ah C (D W i i, .. S
i" i ™ —
— —— = = i e i
(a) (b) (c)

Fig.1.16 Propagation of a wave: (a) unstcady flow, (b) steady flow appeared to an observer
moving with the wave crest, and (c) section through the wave crest

Now, application of the equation of continuity for steady flow (derived in Art.2.2)
between sections 1 and 2 yields

cA =U(A+ AA)

which on simplification gives

if c{l - i‘-’-] (1.29)

A

Assuming a horizontal bed and neglecting friction, application of the energy equation
(presented in Art.2.3) between sections | and 2 yields

L‘J l‘.'lj [ AA ]t
hte—e—=h+Ah+ —|1——
7 o + Al % F (1.30)

1_With reference 1o Fig. 1. 16c. the clementary waler area AA near the free surface is equal L0
BAh. Since the hydraulic depth 1) = A/B. solving Eq.(1 30) for ¢ and simplifying, one obtains

c=/gD (1.31)
For a rectangular channel. D = hand the celerity of a wave of small amplitude is given by
&= \/gfq (1.32)

LR R

e
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Chapter 2
,_____.__--—'-'"_‘
DNE-—I]II\IENSIUNAL FLOW

;! b i e
AL PV el el .f,.i

BASIC EQUATIONS FOR STEADY

The three basic equations tu
equations derived from
tion of eneruy and

annel flow.
1d the momentum

mass, conserva
ass can neither be creiled nor

d or destroyed. but may he
entum says that a moeving
e. which is a statement of

o T

2.1 GENERAL
Water movement is
ater movement are the continuity.

the key process in open ch
describe w the cncrg}i at 1
the three fundamental laws of physics — conservation of
conservation of momentum. The conservation of mass says that m
destroyed. The conservation of energy says that energy cannot be create
transformed from one form to another. The law of conservation of mom
body cannot gain or lose momentum unless acted upon by an external forc

Newton's second law of motion. .
As stated carlier, the flow in an open channel is. in fac

properties like the velocity and the pressure vary in the longitudinal, : : S
Since the variations of the flow parameters in the lateral and vertical directions are small comp

10 those in the longitudinal direction, a majority of open channel flow problems are altﬂl}'ZFd by
considering that the flow is one-dimensional. i.e. the variations of the flow properties _unl}- in the
longitudinal direction are taken into consideration. This analysis gives the cross-sectional me

values of the flow properties, which do not vary within the cross-section, but vary from section to

TN

1 thrce-din'lcnsional and the flow
lateral and vertical directions.

|

section.

2.2 CONTINUITY EQUATION )
= ass implies that during a time interval the mass of water

The principle of conservation of m
entering the control volume minus the mass of water leaving the control volume equals the change of
here cannot be any change of mass within the

mass within the control volume. If the flow is steady. t
control volume and the mass entering is equal to the mass leaving. Therefore, if there is no lateral
addition or withdrawal of water (Fig.2.1a). the mass flow rate (mass per unit time) passing vario

flow sections must be the same, i.e.

plQ| zp;;Q: E T

0,
- P [didddl]
i~ £Q ——
3 2
‘\i. :_'_’7?;3?:'7 —— @2

o e e b i

7‘;";5;—;:‘_', Mﬁ’??
*: sy T —
e N ______5_3:'7"777::7-,-,.
(a) Without lateral inflow or outflow i N it
ateral inflow

Fig.2.1 Definition sketch for the continuity equation

¥
3
|
£ |
§
i
]
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s,

' channel floW ofan

s density of water and Q is the disch;

. e | o ’ .
hannel sections, ke (volume Now rate) and the subscripts

= = 1id
e he .
where diﬂ‘.;rcnt C

ceionalé i ater 1 .
desigh qinct‘{:‘ - AU and water 1s practically Incompresiible (py, = py) q.(2.1) takes the form

B .o _ or UA=U..A4 =
- = [ Bl r Bl =
0 =2: - R (2.2)
here A 18 the cross-sectional area and U is the mean velocity of flow
wherc £ : il . :
2.2) is the usual form of the continuity equation for steady one-dimensional open

Equation (= 4 ;
incompressible fluid without lateral inflow or outflow. It indicates that in steady

flaw not only £Q/C1 = 0, but "{'15” ‘?Q{ dx =0, i.e. the discharge iv the channel is constant.
[fthere is a |F:'|lEl'Ell addition or withdrawal of water at the rate of q" per unit length (Fig.2.1b),
lly varied (Art. 1.4), and the discharge Q; at section 2 at a distance L from section |

18 spalia el
o harge is Q, is given by

where the disc

Q=0 tq"L (2.3)

where the + sign is 1o be used for inflow and the - sign is to be used for outflovv.

The total energy or head at a channel section is given by

H=:F+h+ay—- (2.4)

=
=g

where zy is the elevation or datum head, h is the depth of flow and atU?/2g is the velocity or kinetic

energy head based on the cross-sectional mean velocity U and corrected for the non-uniform

distribution of velocity and a is the kinetic energy coefficient. For a channel of large slope, Eq. (2.4)

becomes @ @

-

i

H=:z +hcos” @ +a— (2.5) .
2g ‘ui e L)
fl
oy gt $19%_{jn by
. e 2g
According to the principle of 3 — ——
conservation of energy, the total energy at the W vl
upstream section 1 must be equal to the total ; ""!-51’-
¢nergy at the downstream section 2 plus the iy
trictional loss of energy hy between the two —4—
ceehons (Fig, 3___-_1} ie
£ ] . hy
i o M"'
) L - _.‘_-—
el Tht 4
T 2 )
1 i Datum line _.I_._
:h'lih.f(]__,_i_____ :. C
=z.+h +a,——+h
' 28 h2 2 2 ZH !
(2.6)
o
F=Y
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fFor a channel of large slope, f-q.(2.6) becomes | B
2 (72 =
5w Z, cos’ 0 + @, zi;; +h,

z, +hoos' 6+ a, 5

. . [e1H.
ions is known as the ene ualtio

rey ey
= Eq.(2.6) becomes

Either of these two cquat :
For an ideal fluid, a; = @2 © | and hy = 0. Hence,
‘{ 2 f,'.: (2-8)

F4 "J. :'—il- —- z_q-h,-s—_‘_‘_

al T. zg ¥ 7 2;:
This i ell-known Bernoulli equation. . ‘ _ '
B has the dimension of length and rcprey::zt? energy per ung
he term ‘head’ 15 used for them

ergy equation
blems in opes

jzach term in the en :
/N or m-kg/kg or simp

weight of water, i.e inm-N / ;
The expression of energy in this form is particularly conven

channel flow.
For the flow of a real

due to energy or head loss. As a result, in an open €

ly m. This is why t

ient for dealing with pro

‘n the downstream directios

fluid like water, the total encrgy decreases
grade line always slops

hannel flow the energy
downward. =i ._
The frictional energy loss term hy in the energy equation signifies the energy that i

tic) energy into heat energy. This energy slighth

transformed from mechanical (potential plus kine
raises tae temperature of water, the channel and the surroundings.
-prismatic channel can be considered to ke

Normally, the total head loss hy. for flow in a non
made up of the frictional head loss hy and the eddy loss he, i.e.

|

h; :Th.f + h' (2-9)

The eddy loss h. results from flow contractions and expansions and may be appreciable in nll:lmI
n to be proportional to the absolute magnitude of the ch&ngeiiﬂ!
1

prismatic channels. It is generally take

the velocity head between the two sections, or
Ul U2
h =kla, = —a,—* )
i3e i3l (2.10)

where k is a cpcfﬁcicm which is taken to be 0.1 for gradual contractions, 0.2 for gradual t‘.‘:i-:]:aaﬂsi{.‘-l'l:i
and 0.5 for abrupt expansions or contractions. The eddy loss is usually neglected in prismaﬁtﬁ

channels.
i Ihe loss of energy may also be due to other reasons, like the presence of bends, flow
submerged bodies, etc. and has to be included in the energy equation when it is tncoun;ered

F.xampl:f 2.1 Derivation of the Law of Torricelli
If a constant level is maintained in a vessel with

at T o

:[;?;’1-"?2‘:"“: pressure al the water surface and at the discharge

i ig. 2.3), then application of the Bernoulli equati
ctween points | and 2 yields HE=—

2
- WL AR )
2g 2p

(2.11)

26
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Fig. 23
For a wide vessel, Uy <= U, Henee, from Eq.(2.11). veriting U for Uy, it follows that

v = J2gH (2.12)

which is the Law of Torricelli.

2.4 MOMENTUM EQUATION

The momentum equation is based on Newton's second law of motion which staltlzs that the
algebraic sum of all the external forces acting on a fluid mass in any particular direction is equal to
the time rate of change of momentum in that direction. )

[_et us consider the control volume bounded by sections 1 and 2 (Fig. 2.4). The various forces
acting on the control volume in the longitudinal direction are:

i) the resultant hydrostatic pressure forces Fpi and Fp; at the two end sections, ,

ii) the force due to gravity, Wsin®, which is the component of the wzight of water in the
longitudinal direction, and

iii) the external frictional force Fydue to friction acting on the surface of contact between water
and the channel.

Fig.2.4 Definition sketch for the momentum equation

The momentum of flow passing a channel section per unit time based on the mean velocity
U and corrected for the non-uniform distribution of velocity = BpQU, where B is the momentum
coefficient. Then, applying the Newton's second law of motion, we can write

;@(ﬁzuz_ﬁlul)::}?pl e ;JE+IV Sing“ﬁ‘} [213}

which is the momentum equation for one-dimensional steady flow for the flow situation shown in
Fig. 2.4.

. Note that the terms in the momentum equation have the units of force, i.e. Newton or kg-
m/s”,

If any other external force is present, it has to be included in the momentum equation. The
momentum equation is a particularly useful tool in analyzing rapidly varied expanding flow like a
hyc}”‘“"“ Jump where the energy losses are significant. The momentum equation is very useful in
eslimating the forces on different hydraulic structures (e.g. force on a sluice gate).

27
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Example 2.2 : o statio at plat
s . ar A e stobomaey et prkingg
; Dyenv e the exprossion for the normal foee when o et ol watet ik

Solution  When a jet of water with a velociy U ““H: : 1 ‘
stationan Nat plate normally (b 28, the foree on the l‘:“f* |-T Maty
equal 1o the rate of change of momenium ol the jet | 1'L"'|l“

leaves the platwe angentially so that all its momentum 1 ikt

L —— F
. S - .
Lirection nonnal the plate s destrovaesd. Henee, the normal q_y_——t—w
Al tik by

foree on the plate s ' Water Jet

Foa U 0)s QU ot (2.1:4)

e A is the erossssectional area of the jet. ) .
e Fig. 2.5 Jet striking a tlat plate

3.5 APPLICABILITY OF THE EQUATIONS |

For steady one-dimensional open channel low we have three basic '»‘li"l"""m.m.m - }Tc .
to compute three unknown quantities. However, in many flow problems, usually it is required to,
compute two unknown quantities and we need only two equations. For example, it may be required
to compute flow depth h and flow velocity 1 at a downstream section in @ channel when th_u: -ﬂnw
conditions at an upstream section are known. The equation of continuity is invariably used as it is the
simplest of the three equations. Then, the choice remains whether we will use the energy or the
momentuam equation.

I'he energy equation contains a term hy of internal energy losses. So this equation can be used
initially only when this energy loss term hy is small and negligible. On the other hand, the
momentum equation contains an external friction force Fr. So this equation can be used initially only
when Fyis small and neghgible and if any other external foree is not present.

As an example, let us consider the flow under a sluice gate as shown in Fig. 2.6. Flow undera
sluice gate is an example of converging flow in which energy losses between sections | and 2 are
usually small and negligible. The flow depth h; and the flow velocity U, at section 2 can be
determined from the known flow conditions at section 1 and using the continuity and energy
equations. Initially the momentum equation cannot be used for this situation because of the torce on
the sluice gate that is unknown and not negligible, although the external friction force Fy is small and
negligible. However, once h; and U, are determined, the momentum equation can be used to

compute the force on the sluice gate. Q‘_) \

For the hydraulic jump downstream of the < 'J @
sluice gate, the energy equation cannot be = B '
mitially used because of the significant energy 4 RO A
loss hy  involved in the jump. However, the : i
momentum equation can  be used without .a' @
difficulty since the jump takes place in a short ¥

L.

distance and the friction force Fyis small and
negligible and there is no other external force.
Therefore, the continuity and momentum
cquations are used 1o compute the flow depth h;
and the flow velocity Us. The energy equation can
then be used to compute the energy loss hy .

Fig.2.6 Flow beneath a sluice gate

p—
Tr7i? NI 737 P T 77T 797777 -¢ 7 R7 7 e ?

5
X
£

d
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. Sunitorm and gradually vars
For steady :ll IHd_d'u.lil} varied flows, the energy and the moment : A
s and we can use either of these * momentum equations give
r results at bt ther of these two cquations. However, the cnerg;l equatiﬂir:: i
o sS¢ S CisyY vers ; " i x e
R e rstand and use than the momentum e uation Vig b
d momentum is a vector ‘Illilll!ily q ,asenergy isa scalar

simila
pri‘{iﬂ:ﬂ:

2.3
Example
) o = 7 7 shows a sharp-cresie T
r::gu_n.-.l..? :::_U t_“?n_l}f:;gl”b:‘thlnd Welrin arectangular channel. If the discharge per unit width
eir is 4 m'/s, estimate the energy loss due to the weir and force on the weir plate for the

of the ¥ i
d flow condition as shown.

submerge
Let the force exerted by the weir plate on @

Solution : .
water is F. Then, assuming unit width

U=i=i=2m:’s @

1 I 3 _&

. : 2m
U, - =267 m/s 1!.' 1.5m

Applying the energy equation between sections

1 and 2, we obtain
Ulz = J?;. + UE: + h Flg 37
Rt (27 -2.67%)

U
h, =(h —-h,)+(=———-—)=(2.00-1.50)+
{ S 2g 2 ) 2x9.81

h, +

=0.50-0.16= 0.34 m of water
Applying the momentum equation between sections | and 2 and assuming unit width, we
obtain
1 2 1 2 .
MIU;—U.}=;}?‘?| _Eﬂ’z o i

1
LF =yt =) - pgU; -U)

x1000x 9.81x (22 —1.57)-1000x 4% (2.67 —2.0)

B | =1

= 8583.75 - 2666.67 = 5917.08 N
The force on the weir plate is equal and opposite to F.

PROBLEMS AND EXERCISES

R . . pompary . . 2 .
2.1 What are the three basic equations to describe open channel flow? State the principles on which

these are based.

2.2(a) What does the frictional loss term hy signify?
(b) When does the eddy loss he occur?
quation for (i) contracting flow, and (

(¢) State the applicability of the energy €
(d) Which water will be warmer [rom the hydraulic p(lil'lt of view

1:,0\»'ing out of a tap? Why? -
3 Dtive o momentumn equation (Eq.2.13). State two uses of this equation.

29

ii) expanding flow.
_ water stored in a tank or water

T

~ Scanned by CamScanner



3 -1 . i - T I * ch
as shown in Fig. 2.8, the water rises in the Tt o,

~ 4 When a Pitot tube is placed under water i
ube 15

herght H. Show that the velocity of stream upstream of the t

w=J3gH

exit angles of a ski-jump spillw
glecting &
and vertic

(2:13)

and the flow over it has 4
maximuin elevation of the
as a result of the

ay (Fig.2.9) are 45°
Il losses, estimate the

2.5 The inlet and
al forces on the spillway

velocity of 25 m/sand a depth of 0.5 m. Ne

outflow trajectory. Also, compute the horizontal

change in the flow direction. Assume unit width.

H
h
U ¢ 3 ha
-2' .-:.;;-r_.r.srtrlrf.l'.r."1i'17!'l

B 2 .

ri'g- 2.8 [P:I'Ob[em :4} I'-I}_.'... :l'l} fl’)r“hlcn‘ 25] I_*ig. 27 I{} { I,rnhlem 26]
2.6(a) Show that the force o vaiteal wliite . .
5oy e force on a vertical sluice gate in a horizontal rectangular channel (Fig.2.10)is

o 1 (h-n)
(2.16)

2 3 h, + h,

where v is the specific weight ol water.
(b) The depths o ras ISLanc
venicja] 5|u;,;¢p als .f{hm a short distance upstream and at the vena contract a downst
e gate in a horizontal rectangular channel are 4 m and 1 ; i Sream o8
il e ‘ m, respectively. The width of
i) Neglecting ener Ses '
| gy losses and laking «; w1, ¢ i
By e e Fo e I p . compute the discharge unde :
hydrostatic rdils"trihrm‘.ianﬁi}l;ch f’."_ the sluice pate and compare it with that ott'lin 't;.r}::i:lc E".d":-.
=0.61 pressure. Assume that the coefficient of contracti s -~
oy action for the sluice gate, C.

2.7 A bridge 5 :
ge across a river has its piers plac
Upstream of the bri S 1ts piers placed symmetrically « . :
: e bridge the water depth is ally at the rate ,
a0 ik R ;;_.U t’h:. water depth is 10 m and the velocity is 4 rnh;h:.’\.?;l 3{}] m center to center
| stres il Ol fipain after the dis Y s. When the Now ha fa
m. Compute (he theus g 1¢ disturbance caused | \ S gone &
st on each pier. Neglee aused by the piers, the w %
' glect the bed slope 5, e water df:[')lh isd
stope and the bed fricti '
riction. b

% % ok
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Chapter 3

SPECIFIC ENERGY AND CRITICAL FLOW |

1 SPECIFIC ENERGY
Specific ti“m:rg}'-u;} al a ‘f_hﬂﬂl'lcl section is the energy measured with respect to the
channel bottom. From Eq. (2.4) with z, =0, the specific energy at a channel section becomus

) L?
E=h+a— (3.1)

“

2g
Fqllﬂ'ii':““ (3.1 i“'f“f‘“eﬁ‘ that the specific energy is the sum of the depth of flow and the velocity
head. Since U = Q/A, Eq. (3.1) may also be written witha = 1 as

-

' iy
E=h+ j:!-_,.]” (32)

Equation (3.2) shows that the specific energy depends on the channel section, the depth of

flow h and the discharge Q.
The concept of specific energy introduced by Bakhmeteff in 1912 is very useful in the

analysis of many open channel flow problems.

Specific Energy Curve

The variation of specific energy with depth for a given section and a constant discharge
using Eq. (3.2) is shown in Fig. 3.1. The resulting curve, which is known as the specific energy
curve or E-h curve, has two limbs CA and CB. Ash — 0, U2/2g — o, E — o and the limb CA
approaches the E axis asymptotically toward the right. As h — =, U*2g — 0. E — h and the
limb CB approaches the line OP whose equation is E = h.

For all points on the specific energy curve except point C, there are two values ofh fora
given value of E. the lower depth h; and the higher depth h,. These are known as the alternate
depths. At point C on the specific energy curve, the specific energy is minimum. The state of
flow represented by point C is obtained by taking the first derivative of E with respect to h from

Eq.(3.2) keeping Q constant, 1
: 5 ! L, dA O’ dd 2
dE_1+Q d{xl")=I+Q (—2).4"—- 1-= —].,,L.{_ﬁ

dh 2¢g dh E; dh - gA3 dh gA dh
ar the free surface is dd = Bdh, so that dA/dh = B. Since

The elementary water area ne
D= A/Band Fr = U,-'\/‘gD . we obtain

2 2 L’_r'_" o e
E:] .UE__]J U =1- Fr- (3.3)
dh gA gd/ B gD :

ific energy, dE/dh = 0, and hence | — Fr® = 0, i.e. Fr = 1, which is the

Now, for minimum spec
ical state of flow, the specific energy is minimum for «

criterion for critical flow. Thus, at the crif

given discharge.
Obviously, when the depth of flow is greater than the critical depth, the velocity of flow

is less than the critical velocity for the given discharge and the flow is subcritical. th:l_'} the
depth of flow is less than the critical depth, the velocity of flow is greater than the critical *
velocity and the flow is supercriticai. Hence, h; is the depth of supercritical flow and h; is the *

depth of suberitical flow and the limbs CB and CA represent subcritical and supercritical flows, .-
respectivelv. 43
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h As shown in Fig. 3.1, the

1 =i ;0 changes.
When the discharge changes, the specific energy al:to c ' :
; the flow rate greater than Q lies 1o the right of thfe: curve for Q
e and vice versa.

nerpy increases with an increase in discharg »
th downward and the available

r uniform flow and can

specific energy curve for

indicating that the specific e i
In an open channel flow the energy grade line always slopes

energy is decreased. The specific energy, however, remains constant fo

either increase or decrease along the channel in varied flow. .
The E-h curve is almost vertical near the critical state (Fig. 3.1) and a small change in E
results in a large change in h. As a result, flow at or ncar the critical condition is unstable and

there will be a wavy water surface. Hence, it is undesirable to design channels at or near the
critical state.

Discharge-Depth Curve
So far the variation of E with h for a given Q has been considered. heE ’

It is also of practical interest 1o study the variation of Q with h for a given
E. Equation (3.2) may be written as

Q" =2gA>(E-h) (3.4)

ey Clearly, the variation of Q with h will be of the general form shown
in Fig. 3.2. When cither h = 0 or h=E, Q = 0 and there will be a maximum

value an'f‘o_r some 1:*alu:: ofh between 0 and E which may be obtained as b = o ]
follows. Differentiating Eq. (3.4) with respeet to h keeping E I. Q
constant and using Eq.(3.1). we obtain o ﬁi

-4

Fig.3.2 Discharge-depth curse

2

dQ dA
20—= = 2g[ A% (- 0 -
(0] m 28| A (=1)+ (£~ h)x 24 dh] =2g[-A4" + j;{— * 2AR)]

~E
=_2gA:'”__ _,.{_{?__]‘:_2 A:[]_UE B 2 . 3
gAl B & gD] ==284°(1 - Fr’) (3.5)

For maximum discharge, dQ/dh = 0, and we obtain B s
Now. Thus, ar the critical state of flow, the discharge

B -

Scanned by CamScanner

. 1, which is the criterion for critical
IS maximum for a given specific energy.

L



s

L e

TR T R T T

S M ——— T

on

|-y ¢! 12). it can be shown that a

i.e.. the velocity head is equal 10 one-half of the h

1.2 CRITICAL FLOw

-
Seviion Factor

The critical flow is the f1

ow for whi .
ch th: Froude n ' : .
- < umber is equal t - Us
the critical state of flow equal 0 unity. Using

U, :_ _ D,
ey |
. A (3.6)
and whena = 1
7 b
a—— =
2g 2 (3.7)

ydraulic deypth

The product of tl ;
e ¢ flow area and the square root of the hyvdraulic depth is known as the

section factor in connection with critical flow, denoted by 7. j.e

Z:.-I\-'D [33}

It can be computed wh_en th:. channel section and the depth of flow h are given.
When the flow is C':lUCﬂl, the product of the flow area and the squarz root of the hydraulic
depth is known as the section factor for critical flow computation, denoted by Ze. 1.8,

£ = A \f'B__ (3.9)

Since U = Q/A. Egs. (3.7) and (3.9) give

-

- y 9 Z & (3.10)

o — = ar. A D = — or.,

264" 2 Y T ela = Jein

I'hus. 7, can be computed using g.(3.9) when the channel section and the critical depth h, are
given, or alternatively, using Eq.(3.10) when the discharge Q and the energy coefficient a are
given. Equations (3.9) and (3.10) are very useful in the analysis of eritical flow
Using Egs.(1.12). (3.8) and (3.10), we obtain

_H{J’i’:a(;_f:'._‘(}'g:fgzi (3.11)
gh gA” D A°D Z°
Obviously, when the flow is critical

| 3

= i ) (3.12)

Fr=1 » 1-Fr*=001l -—S=l-—575=<
j =R g T e’

Hydraulic Exponent for Critical Flow Computation
The section factor Z is a function of the depth of flow for a giv
convenient to express 7 in the form

en channel section, s

Z2} = ChM £3.13)

where ) is a cocfficient and M is an exponent which is known as the hydraulic exponent for

critical flow computation.
l I'aking logarithm of both sides of Eq.(3.13) and then differentiating with respe
vhbtain

ctto h, we

33
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InZ (3.14) 8

dh 2h
:m of both sides of this equation and theg =

dilnZ) M

Also, substituting D = A/B in Eq. (3.8). taking logarit]
differentiating with respect to h, we get

B
dinz) 31a4 1 1d8_38_ 1 d8_ 1 p- nf;;?-) (2:13)
dh 3 Adh 2Bdn 24 2Bdh 24
c - M. we obtain
Equating the right sides of Egs. (3.14) and (3.1) and solving for M.
(3.16)
h dB ;
=2 g -D— :
M A(m dh) 3

ow computation M and

nent for critical fl .
e values of M for

or the hydraulic expo
on for the hydra p d the depth of flow. Th

which is the general equati :
| section an

indicates that M is a function of the cha_nne
different channel sections are given in lable 3.1.

Table 3.1 Values of M for different channel sections
-.E-I';nn-n-;l secli-un __“__E___'_______________,____,___
I--Rcctangle and wide 3
2. Triangle 5
3. Parabola 4
4T id 3|1+2.1'U‘1__fb)]2—Zs(h;’b)[l+5{hfb)]
fo (1+ 25(h/B)][1 + s(h/ b))
12sinw/2 cosw/2

5. Circle (1-cosw/2)—— R
@ —sinw sin“w/2

0
________..,_______,...,...-,.____....-__--_____,,,q,...-__-.-__-__.._.._______-..,.4.____-_.n.---.-.—————---.—--—-n---———————a-.

Example 3.1 .
Determine the numerical value of the hydraulic exponent for critical flow computation

for a rectangular channel.
E

Solution  For a rectangular channel, A = bh, B=5b, D = A/B = h, dB/dh = 0 E g
: M=£(3B—Di€)=—;1(3b—hxﬂ}=3 i :
A dh”  bh 1 'S

Example 3.2 :
Compute the hydraulic exponent for critical flow computation M for a lrapez”,
channel withb=6.1 m,s=2andh =2 m. S

EN

v
Solution h/b=2/6.1=0.328 &
_ 3+ 2s(h/ b)) - 25(h/ b))+ s(h/ b))

[1+4 2s(h/B)][1 + s(h/b)]
_3(1+2x2x0.328)* —2x2x0.328x (1+2x0.328)

(1+2%x2%0.328)(1 +2x 0.328)
34
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Alrernative selution At 2a )2 =209 Bt s 20200 =144 3,1~ A1 -
ML |~ | 43 m, '””"”F s s DY o il

/ i
! H h )

M= (AN ‘ _
A ,;;,’ _,“.’,”rlell I AY~4) o b.6)

e e v, - = P ——
e Py o m a S e g ———

LAVCOMPUTATION OF ORI ¢ ‘Al nlﬂ‘la,l'llh (
Annlytical Mvunul' '

e contical deptly g '
b conmputed when ;’I:I 1II.|uI|.1| Hl‘.l"“!hulum birimeter i the analysis of open channel low. 1 may
|~t|‘: ' 'llull silan, I'illll;ll‘l u~”m| m?””"' the energy coefficient s and the dischusrge () are given
l.i;\llilltl':t'ﬂ K ' arand purabolic chiwnnels, 1he formula for the critieal depth can be easils

Rectangulnr channnel
W koo, when the o s entical

. {/
i amd -/ il )
y Ju e ' ! J; :
LJn s
J_l.: far
1]
1 u{."l
y . (3.17)
For arectangular channel. AL bh, and 1), A, = bh/b = I, . Hence
b '
hah'h it
K ﬁ '|R
" -———2—-———-_....!-_..
: | y 3
’ # e
.'r!'l ”(}. o -:.
uh T B
—— ——y

which pives
)3
" v /H[ _
; J\.uh' (3.18)

MWide Channel
Fora wide channel, (/b Theretore
h Il[l'ﬂf:"‘
R (e sl

Lringular channel
oranmimmgulae channel. Ao she B 2shoand D AUB, - she2/2sh, = h/2. Hence.
tom g, (3,17

vt h, ) )7}\ v f

N

ot 1 f
h
h l”‘f e __i—

Wheh piv ey

15
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W, = 5|2 (3.20) 4
¢ i]‘f,'gi?"

I:ar-ahulic channel (2 = n:ﬁ

‘ For a parabolic channel. A ant i 3Ve B = 2h' T Ve and D AVB T 2he/3. Heneg
trom Eq. (3.17) £

].'Eih’ 2h aQ’
O¢ 3 @
or
& 27a Q-
. 3¢
which gives
'ﬁ.ﬁ‘-- T -
_ _.mﬂ_(_;_ (3.21)

'IM

ompuie l}%qﬂh and velogiiyin a ll} wide rectangular channel \\llh q =3 ms

T" rectangular channelwith =6 m and Q = 20 m¥s, (iii) triangular channel with s = 2 and Q!
10 s. and (iv) parabolic channel whose profile is given by v = 4z and Q = 20 m¥/s. In
'1£e- assume a = 1.12

(1) Wide channel q =3 m

S
i =1Jgi :1:-|]'-l_ =1.01 m

\ = \ 981 \
{":—"f--z = =297 m/x

A 1.01

(ii) Rectangular channel. b = 6 m. Q = 20 m¥/s
| OF '1 12207

h =3————= =1.08
\ 2o Vosi-6 . 4 v p
Then, 4 = Y hF
A =bh =6x1.08=6.50 N
= SO n : N *
, Q2 _ 20 el S
U =—==——=308m b —
4 6.50
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(iv) Parabolic channel, Q = 20 m*’s. Since y=digy 25 0.25v" and hence ¢ = 0.25

27acQ’  [27%1.12x0.25x% 20°
h = s -_:-—-r‘ —ma o =L.76m
| 32g \ 312 % 0 81

[hen.

O 20 :
U == =302
4 6.24 ! "M\/M ! &

rinl-and-Error Method
For other channel sections. like the trapezoidal and circular sections. the critical depth
ion of Egs. (3.9) and (3.10). The actual

can be conveniently obtained by the trial-and-crror soluti

value of theSection factor Z, is obtained using Eq.(3.10). Then we assume several values of h
and compyle the section factor /7 using Fq.(3.9) until the computed value of 7 is close to the
actualZafhe of 7.

e 3.4
For_fa trapezoidal channel withb = 6 m and s
"50m’/s. Take o = | —

= 2. compute the critical depth and velocity

Spolution Trapezoidal channel. b= 6:m, s ~ 2.0=50m'’s.u - |

- =]5.9064

Z' = —-g—..—ﬂ = - i
Jela Jos1/

Now, assume several values ol h and compute the section factor 7 until the computed

value of Z is close to 15.964.

-n-.\.-—___-_-_-—-_-_-.—_-._—__.4——__.__-.-_.-.-.——---..-——'-——-—-———--————---.—-————_———_-—.—

h (m) A (m?) B (m) D (m) z=AD Remarks
1.00 8.000 10.00 0.800 7.155 h small
2.00 20.000 14 .00 1.429 23.905 h larxge
1.60 1.4 720 12.40 1.187 16.038 h closest
1.59 14.596 12 .36 1.181 15.862

.______._.__....___.-.—__.....-_.-———_——__-——-——--————--———-t-l——-———.——_________._.

Hence. the critical depth. he = 1.60 m and the critical veloeity

o=y I sty
A, 14.720

F.xample 3.5

| A circular channel 2 m in diameter carries a discharge ol 4 m “s Compute the critical
depth and velocity. Take a = 110 —
ﬁ-_u

Solution Circular channel, di = 2m. Q — 4 ms, a - 1.10

) :
R s 1,358

Jela JORI1.10
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. -l i S E. 1
. L‘[ - .L" » I"h.‘h'l / Ll."llj i
.l - P I R o ] . 1 i \ :'.Llll. I"L"-'!j‘lr.ljt }.L ae I n 1

instead ot h,
.—..-_,-———u-—--—-——'——"'—--'—-—"'_"_—"—r-‘_-_—F“-'_-----'l-':_
z.——'h\lﬂ
u’.{rad} A(mzl B{m] D{ml ______ e ———
"""""""""""""""""""""" o223
1 0.079 0.959 0.083 g 310
2 0.545 1.683 0.32: 1-210
3 1.429 1.995 D.?ls 2-719
4 2.378 1.819 1.30 e o
3.10 1529 2.000 U-ggz 1.350
3.11 1.539 2.000 B e

s - ———
__.__..__.___.__-.__..—_—_-—-——- -

\cnce. o, = 3.10 radians and the critical depth ! SR
2 3.10 I 7
¥ g e

i 'lf'u- . o, R IR P i e— :”,")R i
= 2’ (1 - L{JST} -‘“2“ COs s
o w e h

and. the critical velocity
0__ 4 | |

/ =262 mix

A 1.529
Numerical Methods ) _ i .
A number of numerical methods are available for solving non-lhnear algebraic equations
of iteration. the method of

involving a single variable. e.g. the method of bisection, the method h
false position, the secant method. the Newton-Raphson method. ete. (€ hurchhouse. 1981: Chapra

and Canale. 1988). These methods can be conveniently used to compute the critical depth in
trapezoidal and circular channels. The application of the method ol bisection and the Newton-
Raphson method for computing critical depth is considered here

olve an algebraic equation f(X) =

Bisection method: The bisection method 1s very convenient 1o 5
a channel fora

0 which contains only one root. Suppose. we want to compute the critical depth in
given section, discharge Q and energy coefficient a. We choose two depths hy,,, and himas such

that the function

aQ’B

3

gA

-l
(B
[

fh)y=1-Fr’=]

is negative for h = hy,,, (lower limit o' h) and positive for h = h ; o
of the equation f(h) = 0. which is the L‘]'itiL‘I]FdC]'ﬂh. les bcu.-:-'.:{-::,l]lhﬁm rall;::;u]: " h{iﬁ“ﬁ. ”:E m}:'-t
interval, i.e. the depth is taken equal 10 (hoy, + haay )2 and f(h) s tlt.'l:.:ltl';nincd "'I"f‘- fl )L. 'b'"f‘.‘ .t_f-
then the root is less than (hyu * haw)’2 and the upper mit is wken as (h 1 ]{ 1 I?F}I‘!Ubl'll\t..
other hand, if fth) is negative. then the lower limit is taken as (h,,, - he A T Imex)/2. On the
repeated till the desired accuracy 1s attained R ‘e )'20 The procedure 18

FExample 3.6

For a trapezoidal channel with b - : 5 ;
N 6 mand ~ 2. compute the critical depth by the

mthod of bisection if Q = 14 mYsand a = 1.

Solution A =(642h)h. B = 6+4h. :1()33}_-’ = 1x 1420 8] 199y
)."
pony= 128 By, 12 Msxdy
g [(6 4 Efi)h]"

.i{m-ia‘lig, the values oy and hyyy are taken as O and 10 0, re N
I'he computation is carried out as follows - Fespectively.

36
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e

0

Q0

]

0
0.625
0.625
0.625
0.7031
0.7422
0.7422
0.7520
0.7520

has

filh

Root lies between

!['i 5 ).999 ] I

:_:: ) 2.5 0,984 0 1::::11
2.5 1.25 0.8168 0 and
1.25 0.625 - 0.8254 0.625 and
I..'li:ﬂ 09375 0.5159 0.625 and
{],E;?ﬁ 0.7813 0.1160 0.625 and
0.7813 0.7031 -0.2468 0.7031 and
0.7813 0.7422 - 0.0455 0.7422 and
0.7813 0.7617 0.0396 0.7422 and
l}.?f_ll? 0.7519 -0.0018 0.7320 and
0.7617 0.7568 0.0192 0.7520 and
0.7568 0.7544 0.0088 0.7520 and

J bk n

—

]
23
0.9375
0.7813
0.7813
(1.7R"
0.7
076,
0.756
0.75-

tlence. the critical depth. h. = 0.75 m

In general. 12 1o 15 iter_atiuns., depending on the values of hy,» and hpy,,. taken, reduce t
nterval within which the root is correct up to 0.01 m. o,

Newton - Raphson method: I'he Newton-Raphson method is particularly convenient for solving
an algebraic equation which is easily differentiqble an_d when the value of_‘ lhc_dcsucd root is
known approximately. Let [(x) = 0 be the equation, with X = X, an approximation of the root.
hen. a better approximation X,-) to the root is obtained using the equation

A T L (3.23)

=1

where "
Av = - '—)"_I—{-L"}
JLxe g

Suppose we want to compute the critical depth in a channel for a given section, Q and a.
Obviously, when h = h,

\ (3.24)

2 2
aO’B axQ'B _
|- Fri=0 ar. 1= 93 =0 or, A - pe =0
If we now assume
. a(Q’B

f(hy=A —‘3"—:;— -53)
then -;xQE dB

> oy gl e R (3.26)

f(h)y=34"B ¢ dh

For a given section, 7 (/) and f'(h) depend on the depth of flow only and can be easily

calculated.
Example 3.7 o ’ e s
me a trapezoidal channel with b = 6 m and s = 2, compute the critical depth by the

Newton-Raphson method if Q = 14 m’/s and o = 1.
Solution A =(b+shh=(6+ 2hyh . B =b+ 2sh =6+ 4h,dB/dh = 2s = 4

|><14?;-<(5+413_)_

f(= 4> - a_giB =|(6 + 2mh) -

g 9.81
- [(6+2h)h]* - 19.98(6+4h)
" 2 1x14% x4
2 dB 1x147x4
= 34(3+2h)|[3+h}h]2 . 79.92 e
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I he initial value of his aken as 1 me he computation of eritical depth 15 carried out ay
lows,

o — S i — " — — — — — — - S S S S S

: ) -

R a PTOY. ) REmetgp sessEelB e
1.000 312.204 1840.082 ~0.170 0.830
0.830 70.776 1050.264 ~0.067 0.773
0.773 8.488 815.536 -0.010 0.753
0.753 0.496 783.752 -0.001 0.752

e e e e S . S RS N M e e e e e
e e S S e S SN M e e

Hence. the critical depth. h, = 0.75 m _ . ) o )

The Newton-Raphson method is particularly suitable for computing the critical depth ip
an open channel. Normally. it is necessary to repeat the procedure 3 to 4 times to obtain a value
of the root correct up to 0.01 m.

SR

3.4 CONTROL, TRANSITION AND FLOW MEASUREME a;

S @
A ]

Control

Any feature which produces a direct relationship between the depth (or the stage) and the
discharge is a control. FFrom this definition, it follows that for any feature which acts as a contro]
the discharge can be computed once the depth of low (or the stage) is known and vice versa.

The location of a control in a channel is governed by the state of flow in the channel. In
has been shown in Art. 1.5 that a small disturbance (e.g. an elementary wave) can travel
upstream in subcritical flow and can only travel downstream in supercritical flow. That is to say,
subcritical flow 1s affected by conditions downstream and supercritical flow is affected by
conditions upstream. Accordingly. subcritical flow is subjected to downstream control and
supercritical flow is subjected 1o upstream control. In other words, the flow upstream of
control must be subcritical and that downstream of a control must be supercritical.

‘Three control sections are illustrated in Fig 3.3, In Fig. 3.3(a), a sluice gate in a horizontal
channel changes the flow [rom subceritical to supercritical and provides control for both upstream
and downstream from it In Fig. 3. 3(b). a change in channel slope from mild to steep causes the
flow to change from subcritical to superceritical and a control section exists at or near the break in
slope. In Fig. 3.3(c¢). the Iree overfall at the end of a horizontal channel causes the flow to change
from subcritical to supercritical and a control section occurs behind the brink .

’ i
\ "
__..T.. i " G
h‘d
'!_JJ,!I{/.KJ"’/_I'JJ T_"_——- e
r
A h‘l:
A
A
l"
s P i G B i S o S s
(a) (b) (c)

Fig. 3.3 Control sections

40
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A control can be cony eniently used o flow measurement since the dise
. brained once the depth ot .”““. (or the stage) 1s knawn or mr:-.mn:-:-.l e
X L‘l'ili‘-'“l Now *:;_‘-_‘llll.‘rl‘l. 1= a control .H‘L"Cliﬁl'l, l‘l{:causﬂ 1 cslill]]'.iql"cg a dire
hetween the depth and the :_itm:luugc. represented by Equ(3.10). As rr:.ﬂulli i
;e cmwcnicn_”} used for ow measurement. The control se : l
critical flow sections.

arge s readily

¢t relationship
1 Sull. a entical flow section
ctons n Fig. 3.3 are actually the

l'rﬂn!\itiil“
| A Ir;?nslnu;lf j"i,l} b:l:iﬂlm.cd as .-.t_chungu cither in the direction or slope or cross-section
(i.c. change in bed leve ]:m ‘or width) of the channel. A transition may produce Cl‘ili{:"sl-ﬂ;“\' and
achange i ;]u;: .-uim]tt. n; f 0:; 1:: the channel. In this section. two simplc- transitions, viz. change in
el bed level and change in the chan i [ ‘ - Tollowwing
nel width are considered. The fi [
: : v Soh n s - The tollowing 1w
examplds show how these two transitions produce critical flow in a channel ke

V)
Water 11 at a velocity of | m/s and a depth of 1.50 m in
& P

wide. Compu.t-: the height of'a smooth upward step in the channe
the change in water level produced by

a long rectangular channel 3
I’ bed 10 produce critical flow
the step. Neglect energy losses and take a = [

yolution ]‘“]"i‘“g section | upstream of the step and section 2 over the s
critical, we obtain
O o *‘\!l,_h G bh]l_“ = 3 x 1.50x1 = 45 I‘.I"ij:,'

3 st M 1 !
()’ 1x4.5° | F
h :,[_.-".; = '/ -——— ={).61 )
oV eh? VoRIx3F =
h1 hc

2@ 45

«p where the tlow is

———=245 m/x

A bh  3x0.6l

Az

Applying the energy equation between sections | ¢
and 2 and taking the original channel bed as datum. we get @ '

' il i *

O+h + L-=Az +h + —= @
2g g 22
U’ U® 1 245" .

] ,j?_‘_ = h + S St h ———= 1.50 + ——— - 0.61 = .63 m
' 2 Y 2g 2x9.81 2x9.

Hence, the height of the step required to produce critical flow. Az, = 0.63 m. and drop in water
level =k —h - Az, =1.50-0.61-0.63 = 0.26m

This example shows that a critical state of flow can be produced by raising the channel
bed by the amount Az = Az.. It can be shown that when Az > Az, then also flow over the step
remains critical. So. the amount by which the channel bed is to be raised to produce critical flow
Isgivenby Az 2 Az . Ina broad-crested weir (Fig. 3.4). the eritical flow is produced by raising
the channel bed

* 3 i 7 : » rects ar channel 3
Taler Nows at a velocity of 1 m/sand a depth of 1.50 min a long rectangular ¢

- . ; 3 . - G eritic: Cand the
m wide. Compute the contraction in width of the channel for producing Lmlw]kt‘m“' !
change in water level produced by this contraction. Neglect energy losses and take @
: . ) ) . i : Aion where
Selution Taking section 1 upstream of the contraction and section Zux-grlhe contrm.; :
the Now is eritie i . 4.5 mYs as in Example 3.8. Applying the energit

OW s eritical, we obtain Q = 4.5 m /s as in Exampie 3.8, Apph i

h.“""""—"—"" sections 1 and 2 and taking the channel bed as datum. we get

41
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) 4.5
b= a S | 37m
TORL 1.03x3.19

Hence. the width required to produce enoeal flow, b, 1 A7 moand drop o water fevel = hy o,
S I'!I-uiia}r:-\:1::1.;!;“:‘\;1“-.\s that a eritical state of ow can be produced by redueing the chiannel
width. the width to be provided is given by by o b e can be shown thad when by - 1_1‘_ then :ll':us
flow cyver the contraction remains critical. So, the width to be provided o produoce critical flow i
the channel is given by b = by Ina Ventun lume (Fig, 3 5), the enineal fow s produoced
reducing the channel wulth

Flow Measurcment

A deninite relanonship between depth and discharge exists at a control section which
otters a theoretical basis for the measurement ol discharge inopen chunnels. Since a eritical low
section is a control section, it can be used for low measurement. Based on the principle of
critical flow, vanous devices tor flow measurement have been developed. In such devices, the
critical depth is produced cither by raising the channel bed, as in o broad-crested weir. or by
reducing the channel width, as in a critical low Mume '

- — =
‘Hrnud—{‘rr.\lud Weir

t the channel bed 1s rinsed by an amount Az such that Az > Azoover alength sulticient w
develop parallel flow over the hump, the flow over the hump will be critical. Such a device is
called a broad-crested weir and provides an excellent means ol measuring the discharge i .
B — ! scharge in open

. Consider a rectangular broad-crested weir as shown in Fig. 3.4 Using Eq.(3,18). the
discharge over the weir with a = 1 is given by ol SRR

O=Jgbh' =3.136n"" 1.7

where b is the width of the channel. .

The usual difficulty inusing 1q.(3.27) for computing disch;

locating the critical low section and measuring the critical

however, avoided by measuring the depth of Now upstream ol the weir

affected by the presence of the weir. With reference o Fig.3.4

approach and the frictional losses and applying the energy ' ‘

ree i an open channel lies
depth accurately. This difficulty 1
where the low is nos
neglecting the veloeity of

cquation between the ups '
an . ; upstreinm section
and the critical flow section, one obtains TR
¥
LA L) h 3
h=h 4+ —=——=h + =+ =h + £ == "+ lor a recu ; ‘
=B+ o . : i HE Ao tora rectangulan channel, D -~ hy  (3.28)
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Fig 3.4 Flow over a rectangular Fig. 3.5 Flow over a reclangular
broad-crested weir venturi flume

Lising Fq.(3 28) Eq.(3.27) becomes
Q =(2/3)" b Jgh'" =1.705bn""

(3.29)
1711 is desired to include the velocity of approach. then Fq.(3.28) becomes
Gl op o Bl BT,
= =s I S - = -
) A . ! > L 5 7o 1, (3.30)

and the discharge equation, 1q.(3.29). becomes
. Rl

(
(;:Ifﬂﬁh(h,n -

£
28 1 : Lffif/
Example 3.10

A broad-crested weir s built ina rectangular channel of width 2 m. 1he height of the weir
crest above the channel bed is 120 m and the head over the weir is 0.80 m. Calculate the
discharge.

Solution Rectangular channel, b 2 m, hy 1.20 m. hy = 0.80 m and A, = b(h,+h,) =
2-(1.2040.80) = 4.00 m~

| Initially neglect the veloeity of approach. Then. the discharge is
obtained using 1:q.(3.29) as

Q= 1.7056h" " =1 705 2= 080" =2.440 m’ /s

A more accurate discharge can be obtained by using Eq.3.31) as follows.

“'—————--___—..-,.7________________-.-__-_—————-.—c__——-____.._...-...-—-n---n

Assumed Q A, u, U,’/2g h1+U;?/2g Computed Q
2.440 4.00 0.6100 0.0190 0.8190 2.527
2.527 4.00 0.6318 0.0203 0.8203 2.534
2.534 a.00 0.6334 0.0204 0.8204 2.534

--‘--'_'_'_——-—--r--v--—-——-----1—--4————--r--mq-—-—-——-——_-——-—-———a—._——.—...-_4.-....--.————

Hl.'lu.:u. the diﬁg‘lm:l__lu_ () 2.534 ll‘l'!"‘ﬁ
Critical Flow
ki _1\ broad-crested weir has the disadvantage of having a dead water region upstream in
t'lm.: :Ihlh :n'nd debris can accumulate. This difficulty can be overcome b}’-thej use of a ent
ol Ulinlu N which the occurrence of eritical low is forced b}' a contraction in

e ", 0ok .‘ , - o i l. ..
the '~"”I1lr:icl|.; hor length ol supereritical flow and a hydmuhc jul'l'.l_ 1. Qb ..__V._T

: d section or throa (Fig. 3.5) must be equal to or less t
I‘rmhlclnu critical low O 3 9 : . =8

Flume

—

A D am o oy N



[he crincal ow Nume, also known as the Fenruri flume. has been dcsign-:q in varjy -
torms. The discharge through a rectangular Venturi flume is given by Eq.(3.27) or Eq. (3.29) %
E3. 3D where bis now the throat width and h, is the critical depth at the throat (Fig, 3.5). %

PROBLEMS AND EXERCISES
3.1 Define (i specitic energy. (i) alternate depths. (i1i) control, and (1v) transition,

3.2 Prove that at the entical state of flow. (i) the specitic energy is minimum for a Livey
discharge. and (i) the discharge is maximum for a given specific energy. !

3.3 State why 1t 1s undesirable to design channels at or near the critical state.

3.4 Derive the general expression for the hydraulic exponent for critical flow computation y A
and then determine the numerical value of M for a (i) rectangular channel. (ii) triangular cha
and (iii) parabolic channel.

3.5 Derive the expression for critical depth in a (i) rectangular channel. (ii) triangular ch
and (iii) parabohc channel

T8
o

3.6 State why acritical Now section is used for flow measurement. How can you produce ¢n ica
flow i a channel? State how a broad-crested weir and a Venturi flume act as a control. E

3.7 A rectangular channel has a bottom width of 6 m. (a) Construct the specific energy curvels
a discharge of 15 m/s and determine the critical depth and the minimum value of the specift
energy. (b) Construct the discharge-depth curve for a specific energy of 3 m and determine
critical depth and the maximum value of the discharge.

3.8 Compute the numerical values of the hydraulic exponent for critical tlow computation Mfa
a depth of I m in a trapezoidal channel with b = 6 m. s = 2 and Q=20m’/s. 4

3.9 Prove the following equations when the flow is critical in a rectangular channel:

(a0®  |ag’ 9
i) h = "".I.Er_. - ;‘1”.‘3,. iy U, = /g]l
Vet YV g V a
i) E =\.5h iv) Q= \E/_"a bh ik
3.10 Compute the critical depth and velocity in a (i) wide channel with q = 4 mYs, B8
rectangular channel with b = 6 mand Q = 35 m¥/s, (iii) triangular channel with s = | and Q*

) ; Lk I . :
m"fs, and (iv) parabolic channel whose profile is given by y2 = 52 with Q = 25 m%/s. In all ca®
assumea = 1.12 . j

3.1 1 (a) Compute the critical depth and velocity in a trapezoidal channel with b = 6 m, s .-.-‘,!_;,é
1,12 and Q = 30 mY/s by (i) the wrial-and-error method. (ii) the biseetion miethod. un&(iii}a
Newton-Raphson method. " ’g
(b) Compute the critical depth and velocity in a circular channel with dg = 3 m and (§ %

m /s by the trial-and-error method, if ()a=1,and (il)a=1.12. ci}
3.12 Show that the relation between the alternate depths h, and h; for a rectangular chann! 3

Ly

civen by

a4 mi
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2h°h
h,
where hg is the critical depth

+ I,
113 The depth upstream of a vertical sluice gate in a rectangular channel 18 2 m and the
discharge under the gate 1s 30.67 m'/s. The channel is 6 m wide. Compute the downstream depth.

314 Water is flowing at a velocity of 2 m's and a depth of 2.5 m in a long rectangular channel 6
m wide. Compute the height of a smooth upward step in the channel bed to produce critical flow.

Also, compute the change in water level produced by the step. Neglect energy ! cand take a
= ¥
3.15 Water is flowing at avelocity of 2 mvs and adepth of 2.5 min a long recta lar channel 6

m wide. Compute the contraction in width of the channel for producing criucail flow. Alsc.
compute the change in water level produced by the contraction. Neglect energy losses and take ¢
=

3.16 A bridge is to be constructed across a 10 km wide river carrying a discharge of’ 1.00.000
m’/s at a depth of 10 m. If it is intended to provide the minimum length of the bridge by
reducing the river width, what would be the minimum river width without affecting the upstream
flow? Neglect energy losses and assume a = |.

3.17(a) A broad-crested weir is built in a rectangular channel of width 1 m. The height of the
weir crest above the channel bed is 0.60 m and the head over the weir is 0.40 m. Calculate the
discharge.

(b) Compute the discharge through a Venturi flume having a throat width of 0.30 m when
the upstream depth is 0.530 m.

T T

45
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Chapter 4

UNIFORM FlL.OW i

4.1 INTRODUCTION

When uniform flow occurs in a channel. (1) the discharge. the mean seloon,
depth of flow remain constant along the Tength of the channel, and (17) the total enerzy
water surface and the channel bottom are parallel. ¢ S, - S %. In doifoon Bow

-

neither accelerated nor retarded and the net external force on aater 1s zero

The flow in a long straight prismatic channel under normal condition, 1e when 1.,
no inflow or outflow or no transition or control structures hke sluice gates, weirs, dun
tends to be uniform.

Uniform flow is considered 1o be steady only. since unsicady uniform flow o n,
practically possible. True uniform flow does not normally occur n natural channels beca,
changes in the cross-section along the length of the channel induce non-uniform low conditic i
Sull, the concept of uniform flow 1s central 1o the understanding and solution of most problem,
in open channel hvdraulics.

4.2 ESTABLISHMENT OF UNIFORM FLOW

The condition for the establishment of unifornm How in an open channel can b
determined considering the momentum equation. Fq.(2 13 Foranform flow 1, - U F, ¢
and f; = ;. Hence. Eq.(2.13) reduces to

Wsind = F (4 1

r

which indicates that when uniform flow occurs in a channel. the component of the graviy
Sorce causing the flow is equal to the force of friction or resistance.

The above condition imphes that (1) Now cannot be anitform in a horizontal channel o
which O = 0, and for uniform flow 1o occur. the channel must have a slope in the downstream
direction, (ii) flow cannot be uniform in an ady erse slope channel in which both Wsiné) and e
in the same direction, which 1s opposite to the direction of flow  (11) Tow cannot be uniform ine
frictionless channel for which F - 0, and (iv) uniform flow of anadeal Nuid is impossible, since
an ideal fluid has no friction.

The condition for the establishment of unitorm tlow, Wsintd — F,, can be used to explai
why the flow in a long straight pnsmatic channel under normal condition tends 1o be uniform
Suppose that at some location of a channel Wsint - F,  and 1low s non-uniform. As the flos
proceeds downstream, the flow is accelerated since Wsin - I, and the flow elocity increase
Since Fye: U7 the friction or resistance force also increases and 4 balance between Wsiné and |
tends to reach and the flow tends to be uniform On the other hand, if Wsint) = F, at some
location of a channel, the flow s retarded and the flow vele wily decreases. Hence, the friction
resistance force also decreases and a balance between Wit and | 1ends 1o reach and the 1109
tends to be uniform as the flow proceeds downstream  Thus unitornm flow seems 1o be sl
adjusting and any departure from the condition Wsint -~ 1, 1ends to reestablish this condine

4.3 VELOCITY DISTRIBUTION

Shear Stress
When water flows in a channel, the pull of water produces a torce that acts on the chan™

bed in the direction of flow. This force is known as the shear or tractive or drag force and is ed'

g ¢

_A
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‘o the friction or resistance torce Iy If the ay erage value

e erce o of this force per unit wetted area, which
s known as the shear stress. s denoted by 1. then

2 (4.2)

where P is the wetted perimeter and | is the length of the channel. Therefore, from Eq.(4.1)

Wsin# =F, =t PL (4.3)

When 0 1s small and in radian. sing = 1an0 = 0. Also. 1an0 = S,. Therefc omponent
of the gravity force = stnn = YALsinO = yAlLtan® = yAl.Sy, where y is the sp. ¢ weight of
water. A is the cross-sectional area and S, is the channel bottom slope. Theref =,

YALS, =r1,PL (4.4)
i

Tn =¥ -IE!;,1 = }'RS“ = ‘(‘)HR.H'“ (4.5)

vl

For a wide ci.annel. R = h. hence kq. (4.5) becomes
Iy = }41‘5-(] o m;r‘gu i (4'6)

Friction Velocity
I'he quantity /7, / 2 has the dimensions of velocity. So, a velocity u* is introduced such
that

u* = \/?,1 e (4.7)

where u” 1s known as the shear or friction or drag velocity. It does not represent a velocity which
is physically real. However, it is used as the velocity scale in the study of velocity distribution in
open channels.

llsing Eqs.(4.5) and (4.7) it can be shown that

u* = [eRS, (4.8)

and when the channel is wide
w* = JghS, (4.9)

b aminar or Viscous Sublayer ) i . . )
l-ven in a turbulent flow. there is a very thin layer near the bound ary in which the flow is

“unmar This layer is known as the laminar or viscous sublayer. The thickness of this layer is

LIV e by,

& o l_l.(w_ (4.10)

I
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a channel section is not unifory,, ,
PR g

ution across n y
I'he effect of boundary roughneg, '
) = 0N g

ary or surface ; : . e il
bulent flow was first investigated b}_ :""kur_‘tdm' o IMtrodugeg i

ghness (KJ) as standard for all other types of rOUghy
; he hydraulic radius is known as the ,, e

height to 1 ks
quivalunt sand grain roughness for differen;

Smooth and Rough Boundaries

As stated earlier. the velocity distrib

g rhness.
to the presence ol bound roug
velocity distribution 1n tur
concept of equivalent sand grain rou
elements. The ratio K¢/R of the roughness
ble 4.1 gives the aluesof e

h”l Vs
Fe I]'l;ﬂ._-l
roughness. Ta tal

roughness (k<) for vartous materials

Table 4.1 Equivalent sand grain roughness {82 0 7 Sacaiine
“"“‘-ql No \Material k.(mm)
S Y ——— . 0.0003

2, Wrought iron, steel 0.046

3 Asphalted cast iron 0.12

4. Galvanized iron 0.15

3. (Cast iron 0.26

6. Concrete 0.30 - 3.0
7 Riveted steel 0.90 - 9.0

The boundary surfaces are classified based on the following criteria.

1. Hydraulically smooth boundary
A boundary is said to be hydraulically smooth when

u*k = -
—2 <5 and k.« o,

v

The roughness elements are well-covered by the viscous sublayer and do not affect the veloat
distribution outside the sublayer. The velocity distribution depends on the viscosity of water

2. Hydraulically rough boundary
A boundary is said to be hydraulically rough when

NYE :
- (4 1-

The s ele 5 jec i .
. srlfl)l;j‘lﬁ}:'?E%& ct;:imcntb project through the viscous sublayer and the velocity distribution Ut

iblayer is af ected by the surface roughness. The viscosity of water has no effect " 2
velocity distribution. ’ L

3. Transition boundary
FFor a transition boundary

u" K :

S& ek T ik
t!

rml‘z‘hﬂ"“

'I he \’t;_‘t.uci £ . .
Ly distrib T § P
utton is alfected both by the \fi':cov.il} Bl waier afid ihe curace
- - . ¥ ca L—. ' L] b *

18
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velocity pistribution in Turbulent Flow
tical
RIempn VEERERE, i i o
The velocity distribution along a vertical in ¢ wide channel in turbulent flow is given by

R (4.14)

where u; is the velocity at a distance z from the channel bottom, x ( = 0.4) is the von Karman
constant and Zo 1S the zero velocity level, i.e.u=0at z= z,. Equation (4.14) is commonly known
as the Prandil-von Kar.tnlan universal logarithmic velociiy distribution law.

Experimental evidence suggests that the logarithmic velocity profile is a good
approximation for the full depth of the flow. The values of v for different boundaries are as
follows:

1. Hydraulically smooth boundary (u*ky/v < 5)

1!
..ﬂ_—‘u.]IF {4.]5)

2. Hydraulically rough boundary (u*k/v = 70)

z, =0.033k, (4.16)

3. Transition boundary (5 < u*k,/v < 70)

z, =0.1 1& +0.033k, (4.17)

Depth-Averaged Velocity

For logarithmic velocity distribution, Eq.(4.14), Vanoni (1941) showed that the flow
velocity, measured at 0.632h from the free surface, is equal to the depth-averaged velocity in the
vertical. Also, it can be shown that the velocity at 0.6h depth from the free surtace or the average
of the velocities at 0.2h and 0.8h depths from the free surface, when h is the total depth of flow,
is approximately equal to the average velocily in the vertical.
Cross-Sectional Mean Velocity

The cross-sectional mean velocity for turbulent flow in open channels are given by the
following equations:

1. Hydraulically smooth boundary (u*ks/v < 5)

* R
% . 5.7510g[————r3 '64: ) (4.18)
u

2. Hydraulically rough boundary (u*ks/v = 70)

2.2R
U _ 5_75108(‘___—J (4.19)
u* k

3. Transition boundary (5 < u*k/v <70)

U -_-___]_2—2_,?_____ (4.20)
P S'TSIOS[,& +3.35v/u*
49
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id on a slope of 0.25%. The channel is made

. sde and la .
lis 6m W “:::.lieplh of 0.50 m. Compute the mean velocity of floy,
at &

_ 0.25/100 = 0.0025
h=6+2 x 0.50=70m

.
Example 4.1
A rectangular channe
conerete (ko = 2 mm) and carries water
solution ke = 2 MM = 0.002 m E‘;“, bor 2
A =bh=6sx080=30m" P=

m

= =k f?[} 2043 e
R=AP=30 ﬂ—a_‘bngg-;ﬂ.lﬂ?.ﬁ mis

u*= Sﬂq:e. - m

ku* _0.002x0.1025 _ 595 > 70

3

LN

N 1 ) d the mean velocity of flow is obtained t
i draulically rough an \ :
ence, the boundary 1S hy
e 12.2R 12250431965
= =88k~ =4 75log——= s

7
U::lg.b."ncﬂ.lﬂl‘r:;‘.ﬂ]f-‘l mi s

4.4 UNIFORM FLOW FORMULAS

Chezy Formula ; :

I'he Chezy formula can be found mathematically from two assumpuons. I'he firg
assumpiion states that, in steady uniform flow the component of the gravity force causing the
flow must be equal to the force of friction or resistance, as indicated by Eq.(4.1). When the
channel slope is small, the component of the gravity force = Wsinf = yALsin® = yALtanb =

']FA LSQ = }'A.LS['.
assumption states that, in turbulent flow the resistance force per unit wetled

The: second
area varies as the square of the mean velocity. The total wetted area is the product of the wetted

perimeter P and the length of the channel 1.. Hence, the total force of resistance is given by

F, =kPLU’ (4.21)
where k is a constant of proportionality. Hence, Eq.(4.1) gives
yALS, =kPLU? (4.22)
Fquation (4.22) can be rearranged to yield
(/=CR%S " (423
where \J» 7k is written as one constant C.
the

_ Equation (4.23) is probably the first steady uniform flow formula developed b?

French engineer Antoine Chezy in 1769 and is applicable for steady uniform and nearly umfo™"
Hows in open channels. It can be used in any systems of units. In this formula, C is the resistan®
Iacl‘ior. s;?eci fically known as Chezy's C. Its SI units are m'”?/s. The numerical value of Chez} 'st
varies with the systems of units. For the alluvial rivers of Bangladesh. the Chezy’s C varies b’

30.m' /s 10 80 m'?/s.
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Phrey =Welshoueh Formula _ Ay
Ihe Darey=Wershaeh formulng first presented by Julivs Weishach in 1845 and primarily
developed lor pipe How, s piven Il}r

LU (4.24)
dy 2R

1]

h

L

whore hysothe frictional loss, Uis the friction factor, 1, is the length of the pipe, dg is the diameter

olthe pipe, Uis the mean velocity of flow and g is the sceeleration due to gravity. Since . i
and the energy pradient 8, = hy/l., the ahove formula mn s he writlen as
f.l' JHJ‘: .r"." ."hm::.- 4 {425]
!

Fhis formula is same in all the systems of units and may be applied to uniform and nearly
uniform flows in open channels. The friction factor { is dimensionless and its numerical value
remains same in all the systems of units.

ﬂ( Manning Formula 21"‘(-,' ClMS —
In 188Y the Insh engincer Robert Manning presented an empirical formula for steady’
uniform Now in open channels, In S1and English units this formula is given by

1/ = 'l e (4.26)
and
A86
1/ = ) _'L » R ""‘.-‘ 12 (4.27)

respectively, where U is the mean velocity, n (s/m"" or see/N""") is the Manning's roughness
coellicient, specifically known as Manning's n, R is the hydraulic radius and Sy is the slope of the
energy line.

The Manning's roughness coefficient n has the dimensions of 1L, But its numerical
value is kept same in all the systems of units. T'o keep the numerical value of n same in all the
systems of units, the Manning formula becomes different in different systems of units. For
example, the Manning formula needs to be multiplied by (3.28)'" = 1.486 10 convert it from S|
units (Iiq. 4.26) to English units (12q.4.27), as shown below,

; " 13 : ; 3
nmins/m'’ = T in sec/ i’ (since 1 m = 3.28 )

U= -::R”‘.x',"" in SI units
s e Lﬁ'—*_‘; RINg !”"' in English  units
ni/3.2
_3.28" o 2 in English  units
n
- 1.486 ;,3“"5"* "*in English  units
n

51
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erified by many laboratory and field measurements g

lid for fully rough turbulent flow for values ol Rk, up
. all the uniform flow formulas {4,

The Manning {ormula has been v

found to give satisfactory results. It is va . ‘
n the most widely used ol

to about 1500. Therefore, it has bee s s
open channel flow computation. The values of Manning's n for some surfaces are given in Tab),.
4.2. == - —

Table 4.2 Values of Manning’s roughness coefficient n for some surface
-5_1:1_:-.-;_&::;—_—_ value of n surface B ‘_Vﬂa_l_uua_ -c_f“ _n
_;;;;; _________ 0.010 Plastic 0.010

Cement 0.011 Concrete 0.0113
Wood 0.015 Earth canals 0.025
Rivers 0.025 Flood plains 0.040

— i — — N ———

- — i — —— o —
____....—_.-..___--u-—__u.-——-n---———-.——-———-— -—

g Relationship Between Chezy’s C, Darcy-Weichbach Friction Factor f:m_d M:mning‘_f; n
Using Egs.(4.23), (4.25) and (4.26), we obtain the following relationships between Cang

n, C and f, and n and fin SI units:

1
c=1rs (4.28)
n
%=E (4.29)
g
|
n=R® _BL (4.30)
g

Strickler Formula for Estimating Manning's n
The most simple and the best-known of the methods used for estimating Manning's nis

the empirical formula presented by the Swiss engineer Strickler in 1923 based on data from
streams with beds consisting of coarse material and free from bed undulations. The formula
originally proposed by Strickler is
dsn”ﬁ
21.1
where dsp is the median diameter or the diameter of the bed material in meters such that 30
percent of the material by weight is smaller.
The Strickler formula has two major advantages: (i) it relates n to the size of the grai®
which can be measured easily, and (ii) since dsg is raised to 1/6th power, an error in estimating its
value has a corresponding less effect on the computed value of n.

= 0.047d,,'"* (4.31)

Factors Affecting Manning's n

The value of n is highly variable and depends on a number of factors, which are to s
extent interdependent. The factors that exert the greatest influence upon Manning's n in both
natlzlra] and artificial channels are briefly described below.

i) Roughness of the surface: The value of Manning's n depends on the roughness of th¢
surface which in turn depends on the size and shape of the grains of the material forming be
channel perimeter. In general, fine-grained soils (e.g. clay, silt and sand) result in a low valu¢’
n and coarse-grained soils (e.g. gravels and boulders) result in a high value of n.
deugn‘b'egetatmn: Ti:lE presenc_e of }’ﬁg'ﬂ'tﬂli{)l'l in a channel retards the {flow and increases M

pending o height, density, distribution and type of vegetation. Owing to the season?
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growth of aguatic plants, the value of n"m;,}.
dormant season. !

% %
. hl'lf'it}" Ch ] 3 e o
iii) Channel irregu - whannel irrepularities include i holes, h S

uc of = s p ns, holes, humps.
elc. al se the value of n. and bars, dd ressions, : p

increase in the growing season and diminish in the

iv) Channel alignment: The value of n is low for straight channels and high for curved
channels and increases with the curvature of the channel.

v) Silting and scouring: In general, silting converts an irregular channel into a regular one and
decreases n, \\-'l:lErEﬂs scouring does the reverse and increases n.

vi) Obstruction: The presence of obstructions like Jogs, bridge piers, boats, ships, launches,
steamers, etc. tends to'increase n dépending on The size, shape, number and dis*~bution of the
obstructions.

vii) Stage and discharge: The value of n generally decreases with inci stage and
discharge. However, the value of n may be high when the flood plainsinarivero submergedal
high stages.

viii) Suspended material and bed load: The suspended material and bed load catse an increase
in M\a‘n:i/g's n because additional energy is required to move the sediment.

Example 4.2
An open channel lined with concrete (dsp = 1.5 mm) is laid on a slope of 0.1%. The
channel is trapezoidal with b = 6 m and s = 2. Compute the uniform flow discharge in the

channel if the depth of flow is 2 m. Also, compute the numerical values of Chezy's C and friction
factor f.

Solution  S¢=So=0.1% = 0.1/100 = 0.001, dso= 1.5 mm = 1.5/1000 m = 0.0015 m

n=0.047ds,"" = 0.047x0.0015"¢ =0.016 N -

A = (b + sh)h = (6+2x2)x2 =20 m’ - ;
Peb+ 1+ 5 m6+2x2x1+27 =14.94m 3 _'1‘_
R=A/=20/1494=1.34m g

1 1
e RZ-‘J-sh‘ﬁ s
o nA 0 50

= 20x1.34%"% x0.,001"* =48.29 m’ /s

e =1R'“‘-‘ ol i 34 = 6601 MR

n 0.016
_8g _8x9.81 .18
/= c?  66.01°

45 NORMAL DEPTH, SECTION FACTOR, CONVEYANCE AND HYDRAULIC

EXPONENT o
{

2

Nor Depth . . i

Z‘ﬂT’he depth of uniform flow is known as normal _deplh and 15_desngnaled by h,. Similarly,
th€ discharge of uniform flow is known as the normfai discharge designated by Q,, the velocity of
uniform flow is known as the normal velocity dcmg.natcd by Ua and so on. The Chezy and the
Manning formulas for the discharge can then be written respectively as

Qn=CAan”23n”2 (432)
and
Q. us R (4.33)
n " M n n
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>

Sectio /F:u:tor

The product of flow area and two-thirds pow ¢ ot hyd
the/section factor in connection with the Manning formula,
section and the depth of flow h are known. M

When the flow is uniform, the product of flow arca and two-thirds power of hydraulic
radius. 1.e. Aan“. is known as the section factor for uniform flow compularton in connectios
with the Manning formula. Using Eq.(4.33), it can be shown that

; . ‘ 23
raulic radius, i.e. AR, is known g4
It can be computed if the channe|

iR 2¢) =”Q" 'I'-]-_."nn-].r

Thus, A.R,” "~ can be computed either if the channel section and the normal depth hg are given, or
alternatively. using Eq.(4.34) from given values of the Manning's n. the discharge and l]l'l:i‘.: .‘-Ij!('lpg:

When the Chezy formula is used, then AR'? is the section factor and A.R."" 1s the
section factor for uniform flow computation. Using Eq.(4.32). it can be shown that

AR, . (4.35)

“cls,

The section factor is an important parameter in the computation ol uni

form flow

Conveyance
/" The conveyance for a channel section in terms of the Manning formula 1s given by
|
K=-AR" (4.36)
"

which can be computed when the section, the roughness coefficient nand the depth h are given
When the flow is uniform, then using the Manning formula (Iiq.4 33). it can be shown

that

0, -K,S, (4.37)
where

] _
K. == 4R (4.38)

LN Py

is the conveyance for uniform flow. It can be computed using Eq.(4.37) when the discharge and
the slope are given or using Eq.(4.38) from the given section, n and the normal depth hy
In terms of the Chezy formula. the conveyance is given by

KosEan™ (4.39)

and using Eq.(4.32). we obtain

0, =K,.[S, (440

K,=CA R"? (4.41)

where

is the conveyance for uniform Mow.

54

Scanned by CamScanner



alic Exponent for Uniform Flow ¢ omputation
The conveyance K is a function of (e de
coughness and it is convenient to express K

CHydra
. Pth of Aow for a given channel section and
in the form

. _
il (4.42)
where Cz is a coefficient and N is an exXpone
uniform flow computation,

Taking logarithm of both sides of Eq 4.42)
obtain

nt which is known as the hydraulic exponent for

and then differentiating with = spectto h. we

c{{'in K) _’\i |
dh 2h (4.43)

Also, using R E "M!} in Eq.(4.36), taking logarithm of both sides of the resulting cquation, then
differentiating it with respect to h and using dA/dh = B, we pet

d(lnK) 51dd 21 drP 5 2 d &
i, Tl b [ - ‘_.\‘,_f .y {!J’ - .--I_ 5!3 - 2‘,': f-”)’ ) {4.44‘)
dh 3Addh 3Pdh 34 3P dh 34 ch

Equating the right sides of Eqgs. (4.43) and (4.44) and solving for N, we obtain

N:?ﬁ(gg_zgff] (4.45)
34

cdh

which is the general equation for the hydraulic exponent N when the conveyance is expressed in
terms of the Manning formula.

When the conveyance is expressed in terms of the Chezy formula, Eq.(4.39), it can be
shown similarly that

h dP
N==|3B-R (4.46
.4( dhj )

Equations (4.45) and (4.46) indicate that the numerical value N depends on the channel
shape and the depth of flow. It also depends on whether the conveyance is expressed in terms of
the Manning or the Chezy formula. The values of N for different channel sections are given in
Table 4.3

Example 4.3

Derive the expression for the hydraulic exponent for uniform flow computation N for a
rectangular channel based on the Manning formula. Then, compute the numerical values of N for
a wide channel.

R“lu“ﬁl‘l E"{}r a rculangular L_-h;u"]e], A = hh, B = h. P=5b+ 2]]‘ R = A”:’. dP/dh = 2

- dpP '_?h( bh _J)
N = " il = | 5h -2 ——- w2 y .
' 3.«-1‘{53 an h] 3bh b+2h 4 Av4 :_T
: y 3
2[5 28] o2 5-;4_“”51*....] 7 : h
3\ b+2h 3 14 2(h/b) 11.{!1.—&)!' T
: i —— —_—t

Phis is he expression for N for a rectangular channel based on the
anning formyla,
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N =

Fora wﬁdc channel, h/b =0, Hence,

. | y 4x0 |_10 ;34
2[. __4h/b) ]5_[5,____.] ;=33

_:1- _T+ 2(h/b) 3

Table 4.3 Values of N for different channel sections

Value of N when conveyance is cxprcs__ni:_(_J___l;E_' 2 1
Channel section == Manning formula Chezy formula 1
T 3.33 300
L ,Tf!d" {lbj =1 5.33 500
‘- rangic > .. 4(}[;’!‘]) . . 2(h ,’_f:}_ -_—
3. Rectangle 3 1+ 2(h/b) T 14 2(h/b)
E[ 1+25(h/b) 3 1+ 25(h/ )
_3 L+a(h/b) 1+ s(h/b)
4. Trapezoid _q N1+ (h/b) 2V1+5% (h/b)
2 e e
_ lﬁh[ﬁsinm!l_ 1 ] 4h(6sinw/2 1
5. Circle 3d,\w-sine wsinw/2) | d \w-sinw wsinw/2
6. Parabola (perimeter 344 3
| equation z = c:}'z) 3+ 2ch 3+2ch
Example 4.4

Compute the hydraulic exponent for uniform flow computation N of a trapezoidal
channel withb=6.1 m, s =2 and h = 2 m based on the Manning formula.

Solution We have,b=6.1 m,s=2,h=2mand h/b = 2/6.1 = 0.328
) 2 1+2s(h/b) 2 V1+s° (h/b) =
S N=—xS5%x ————L - T x4 x !
3 I+s(h/b) 3 1+2J1+s2 (h/b) 1 h

2 5, 142x2x0.328 2 V1+2% x0.328
3

— —x4dx |"—'
1+2x%x0.328 3 1+2J1+2% x0.328

=4.65-0.79 =3.86

Alternative solution

A=(6.1+2x2)x2=202m% P=6.1 +2x2x1+2> =15.04m, R= AP =

20.2/15.04 =1.34m, B=6.1 +2x2x2 = 14.1 m, dP/dh = 2J/1+ s =25
‘ 2h

- 2x2
= SHOpE ] .. THe Ao 34 x2/5) =3.86
3A[ dh] 3:‘20'2(5:-:14] 2x1.34x )
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8-4

+.6 COMPUTATION OF NORMAL DEP 1y

An.l}"litll Method _ ‘
The normal depth is an important parameter in the analysis of open channel flow. It may
be computed using the Manning or the Chezy formula when the channel section, the discharge Q.

the bottom slope So and the Manning's n or the Chezy's C are given. For wide and triangular
channels, the formula for the normal depth can be easily obtained.

A. Using the Manning formula

Wide channel

The Manning formula, Eq.(4.33), can be written for a given discharge Q and a given
bottom slope Sy as ‘

AR} =

(4.47)
" JS,

since for uniform flow, Sp =S¢=S,, = S,. For a wide channel, A =h, R =hand Q is replaced by
q. Therefore,

T L ng

s,
or

h:.ﬂ- i "q

kTS
o= 14 (4.48)
L] JS_n

Triangular channel

oo 2% A sh
For a triangular channel, 4 = sh”’, P = 2hv1 +s? and R = P

————— . Hence, from
2J1+ s

Eq.(4.47), we obtain

2/3
h nQ
shi] 2| = v £
{2\1'1+.s': ) v 3o T :
or

!
h
S’flh:l] = HQ S ' I

22-‘3{]4_52]“3 !S{}

s _ 22:3(1 +52)|!} HQ

53 S,
2”4 ]. 1? | 2] Q 2
homs (t+s7) _‘;’___ (4.49)
PEIL 5.
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B. Using the Chezy formula
Using the Chezy formula. Eq. (4.32). it can be shown similarly that. for a wide channel

203
4
b = (4.50)
[{?JS,, } :

and. for a triangular channel

2.8
1% |m
T (+s° [ ?q_} (4.51)
" k. (- 3.

¥

Example 4.5 :
A wide channel with Sq =0.0025 carries a discharge of 3 m*/s. Compute the normal depth

and velocity (1) usmg the Manning formula when n = 0.020, and (ii) using the Chezy formula
wheh C = 45 m'?/s.

Solution (i) Using the Manning formula

e ng =[0.020x3}' —1.12 m
) I8 J0.0025 '
3

|

U, = = =269 m/s
"k, 112
(i1) Using the Chezy formula
2/
3 ] =121 m
[C, ] 45 x /0.0025

L. =

"

=—3‘—24Bmh
1.21

& Im

Example 4.6
For a triangular channel with s =2, Sp = 0.0016 and n = 0.015, determine the normal
depth and velocity if Q = 10 m’/s.

Solution Triangular channel, s =2, So=0.0016, n=0.015, Q=10 m’/s

; i'B I A
. 5 o 2%0s? )7 [ 0 2'“(]4*21)”[0‘015:-:1“1” g
- = = 3 = == ’
n 5/B JS- o Lo ~0.0016

5 "

A =sh’=2%1.55>=479 m’

] n

.'.U"=A£—%—-2{]9mh 1 h
o[ g 8

Trial-and-Error Method : '
For other channel sections, like the rectangular, trapezoidal, circular and paraboli¢

sections, the normal depth can be conveniently obtained by the trial-and-error solution of Eq.
(4.34) or (4.35).

Example 4.7

For a rectangular channel with b =6 m, n = 0.025 and Sg = 0.0025, compute the normitl
depth and velocity when Q = 20 m’/s.
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Solution  Rectangular channel, b= 6 m, n = 0.025. S, = 0.0025. Q = 20 m'/s
AR =0 0.025%20 o
JS.  J0.0025 '

. = i
Now, assume several Vah}'cs of h and compute the section factor AR?
until the computed value of AR is close to 10.000.

P T . . N

h(m) A(m?) P(m) R(m) AR? Remarks
- 1.80 6.000 8.000 0.750 4.952 h too small

2.00 12.000 10.000 1.200 13.551 h too large

1.60 9.600 9.200 1.043 9.876

1.62 9.720 9.240 1.052 11.054

1.61 9.660 9.220 1.048 9.065 h closest

Hence, the normal depth, h, = 1.61 m and the normal velocity
Ll = Q _ 20 =207 m/
n A" gﬁ.ﬁ = da. mis

Example 4.8

For a trapezoidal channel withb=6 m, s = 2. n = 0.025 and S¢ = 0.001, compute the
normal depth and velocity when Q = 14 m?/s.

Solution Trapezoidal channel, b=6 m,s =2, n =0.025. S, = 0.001. 3 < ;

Q=14 mYs ; ' h

O 0.025x14 5 4

AR =1 - = 11.068 H_of
JS.  J0.001 b~

h(m) A(m’) P(m) R(m) AR
1.00 8.000 10.472 0.764 6.684
2.00 20.000 14.944 1.338 24.288
1.30 11.180 11.814 0.946 10.776
1.31 11.292 11.858 0.952 10.929
1.32 11.405 11.903 0.958 11.084

Hence, the normal depth, hy, = 1.32 m and the normal velocity

U =£ =_-£—-—=1.23 m/ly
" A 11.405

Example 4.9
Compute the normal depth and velocity in a parabolic channe| w

5 B ith = 20 L =
0.025 and So = 0.0025 when the profile of the channel is given by y? =4z 2 e

Solution  Parabolic channel, Q = 20 m"s, n=0.025, S, = 0.0025 S

AR o nQ _0.025x20 _ 14000
e [s,  J0.0025

Since y? = 42, we have z = 0.25y’ so thatc = 0.25. Also, x = 4h/B = 21'2 /o
b zhlfl !0‘25 = huz‘
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27X
A(m* P(m) R(m) AR™ |

b :143 E:un{;% 2.6(6';1 : 3.591 0.581 1.856

: .og 5.657 7.542 7.192 1.049 7.785

z.gu 5928 | 13.856 9.562 1.449 | 17.743

3'25 6.013 9.060 7.822 1.158 9.993

g'z';r 6.027 9.120 7.846 1.162 | 10.008

Hence. the normal depth, hy = 2.26 m and the normal velocity

U =—Q—= 20 =221 m/s
" A, 9.060

Example 4.10

A circul

4 m/s. Compute the normal depth and velocity when n = 0.013.

Solution

- S ——
PR T g Ty e

i i T A

ar channel 2 m in diameter is laid on a slope of 0.001 and carries a discharge of

T2

AN

4

Circular channel, do = 2 m, So = 0.001, Q =4 m*/s, n = 0.013
34 %o
3 o N L DOLIRA. ) 244 |

AR JS. 0.001

w(rad) A(m") P(m) R(m) ART?
1 0.079 1 0.079 9,015
2 0.545 2 0.273 " 0.229
3 1.429 3 0.476 0.872
4 2.378 4 0.595 1.682
3.94 2.328 3.94 0.591 1.639
3.95 2.337 3.95 0.592 1.647

Hence, w, = 3.95 radians and the normal depth
h, =$[l—-cnsw")= —(1 —cos-?il?—s-) =139 m
2 2 2 2

and, the normal velocity

Numerical Methods
The numerical methods which have been used in Art. 3.3 for computing the critical depth

in achannel, i.e. the method of bisection and the Newton-Raphson method, can also be used 10

compute the normal depth in rectangular, trapezoidal, circular and parabolic channels.

2337

=1.71 m/ls

Bisection method: Suppose that we want to compute the normal depth in a channel for a given

section, discharge Q, roughness coefficient n and bottom slope Sp. We choose two depths hm
and hya such that the function

S = AR = 4, B3P = AR

is negative forh =h
of the equation f(h

nQ
S

1]

60

min (lower limit of h) and positive for h = hyax (upper limit of _ e
) = 0, which is the normal depth, lies between hm, and hpa. We bisect

h),

(4.52)

and the rovt
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interval, i-c. the ies?:;-.;it?:en iq::al “;2“"""' ' himax)/2 and 1(h) is determined. If f(h) is positive.

i rgu'tf'?th} is negativr:;n therT:;».] I o the upper limit is taken as (hmin + himax)/2. On the
ther hand. 1 * ’ . the lower limit is taken ; T :

:»:-p:ulcd till the desired accuracy is attained. aken as (hyun + hya)/2. The procedure is

Example 4.11

For a trapezoidal channel with b = ¢ . s = 5 n = 0.025
_ : 3 _ c = 0.001. ute the
normal depth by the method of bisection if Q=14 ms. e At )

Solution A= (6 +2h)h P=6+4472h R=4/P

" i) = AR - L =A__0025x14 _ [(6+2n)]" _ 11 068
JSo P Jo.00] (6 +4.472n0)" '

Initially the values of hui, and h,,,

are taken as 0 and 10 m. respectively. The computation is
carried out as follows.

Rmin Rmax h=(hmnt fth) Root lies between
himax)/2

0 10 5 148.647 0 and 5

0 5 2.5 26.562 0 and 2.5

0 2.5 1.25 -1.041 1.25 and 2.5

1.25 2.50 1.875 10.381 1.25 and 1.875

1.25 1.875 1.5625 4.105 1.25 and 1.5625

1.25 1.5625 1.4063 1.394 1.25 and 1.4063

1.25 1.4063 1.3281 0.143 1.25 and 1.3281

1.25 1.3281 1.2891 - 0.458 1.2891 and 1.3281

1.2891 1.3281 1.3086 - 9.357 1.3086 and 1.3281

1.3086 1.3281 1.3184 - 0.009 1.3184 and 1.328]

1.3184 1.3281 1.3233 0.067 1.3184 and 1.3233

Hence, the normal depth, h, = 1.32 m

Ne“‘lﬂn-Raphson method: Suppose, we want to compute the normal depth in a channel for
given section, Q, n and Sp. Obviously, when h = h,

AR:” - A de = Jﬁz-i - ——-—"Q__ = 0, .'I“‘ = HQ P:"" =0
T /s \/Sn
If we now assume

flhy = 45 "2 prn (4.53)

i VS,

2 ndP  dd .

I'(h) =§A2'-‘ dd nQ 2 ,.n ar =-§ A B- i e = {;}— =B) (4.54)
37 an fs, 3 an 3 3VSo il

Foragivtn channel secti{:‘:'l. 7(h) and f'(/1) depend on the depth of flow only and can be easily

Calcu I’“Qd,

(since R = A/P)
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Example 4.12 _
For a trapezoidal channel with b = 6 m. s =

normal depth by the Newton-Raphson method if Q

2. n = 0.025 and So = 0.001. compute the
- 14 m'/s.

Solution A= (6+2Mh P=6+ 2J5h.B=6+4h, dP/dh= 25

nQ _0.025x14_ 1 oeg

Using Eqs.(4.53) and (4.54), we obtain

(=6 +2hh)"? -1 1.068(6 + 2/5h)* "1 =3.175[((3 + M) =17.5693 + J5h)?*!

and

F(h)=5.2913+2M[3 + hyh)?? =26.191(3 + JShy

The computation of normal depth is carried out as follows.

h S (h) S PR )] h=h+Ah |
S
1.000 -20.979 51.579 0.407 1.407
1.407 7.493 89.555 - 0.083 1.324
1.324 0.406 81.215 - 0.005 1.319
1.319 0.003 79.094 - 0.000 1.319 |

Hence, the normal depth. h, = 1.32 m

Normal Depth for a Conduit with Gradually Closing Top

In some channel sections the top width either remains constant or increases w
< 2 - - . - -
depth. The section factor AR*? for these channel sections increases with an increase 1

ith flow
n the depth

of flow and there is only one normal depth for a given discharge. The rectangular, triangular.

trapezoidal and parabolic sections fall in this category. However, for channel secti
aradually closing top, the section factor at first increases with depth and decrease

when the full depth is approached. Consequently, it is possible to have two normal depths

same value of the section factor and, therefore, for the same discharge. The circ

in this later category.
In a circular section when the depth is greater than about 0.82d,

it is possible to have two different normal depths for the same discharge
and a small disturbance in the water surface may cause the water
Tsurface to seek alternate normal depths, thus contributing to the
instability of the water surface. Therefore, in the design of a circular
channel section, it is desirable to restrict the depth to a value less than
or equal to 0.80d.
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rﬂ“pu'rﬁx'l‘lﬂh' OF N(_.'IRMAL AND CRIT]
" The normal slope (Sa) is the longitudinal e

ypiform flow in the channel. When the Manning fo
1 5 )

CAL SLOPES

Pe of the channel that is required to maintain
rmula is used

n'U,: ?IEQ,.E
i Rl T (4.55)
\r. when the ChtzZ}‘ l'ormufa is used
Q 5_9;'_.-. = __._Q"h -
TR OTACR, (4.56)
So, when the channel section, Q. nor C and h, are given, the normal slope can b ‘ained using

Eq.(4.55) or (f.'!iﬁ)- _
The crmca'l slope (S) '_S_m'-' llﬂﬂgitudina[ slope of the channel for whici. - flow in the
channel is both uniform and critical, i.e. uniform flow occurs in a critical state ¢ * S, = S.. U, =

Ucand ha = hc-_ When the ch'anncl section, n or C and h or Q are given, the critical slope can bu
determined using the Manning formula as

n]UJ B nzgz
S., = R‘;! = AzRua. {4‘5?}
or. using the Chezy formula as
U? 2
Sl i > (4.58)

TR ChRAtR

The condition for critical flow, Fr = 1. produces a direct relationship between Q and h..
So, when Q is given, the critical depth h, (= h,) is first computed using the critical condition and
then the critical slope is computed using £q.(4.57) or (4.58). On the other hand, when h, (=h) is
given, the mean velocity U or the discharge Q is first determined using the critical flow condition
and then the critical slope is computed using Eq.(4.57) or (4.58).

Example 4.13
A rectangular channel has a bottom widthof 6 m,a = 1.12and n =0.020. (i) Forh,=1m

and Q = 11 m’/s, determine the normal slope. (ii) Determine the critical slope for Q = 11 m’/s.

(iii) Determine the critical slope for h, = 1 m.

Solution Rectangular channel. b=6 m, a=1.12, n= 0.020

(i) ha=1m Q=11 ms

A=bh=6x1=6m%,P=b+2h=6+2x1=8m R=AP=0.75m
9 2 2
5. :( nQ ] :{P;':Eﬁ" ' I.J ~0.0020
ARZ-’} 6)'(0.752.'3 y .

y ¥ -

(1i) Q=11m's 4 & h
p # i
A
1

2 2
}?.‘—‘-3-(1—2_ = 3 1.12)4]12 =0.73 m 77T riir¢
Y &b’ Vg.slxﬁ = L=y

“ho=h =073 m
A=bh=6x073=436m’,P=b+2h=6+2x0.73=745m,R=A/P =058 m

ff(;_fzﬁ e _OEEE'_‘LJ — 0.0053
ARIJ’] = 4.36)‘!0.582‘.3
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/i) i:::}nt:i:‘i cemlP=b+2h=6+2x1=8m R=AP=075m

O=Jglabh’= Jo81/T12x6x1""=17.76 m’ /s
( nQ ]‘" =[FJ.020x1?.?6]' I

'S—-|- s

e 4R 6x0.75%"

4.8 CHANNEL SECTION WITH COMPOSITE ROUGHNESS

A channel section i : _ i
is known as a channel section with composite roughness. A good example of sxl:ch a section i
F:rovided bv a rectangular flume built with a wooden bottom and glass walls having different p.

values for wood and glass (Fig. 4.1a).

g K

Glass
(n=0.010)

AR AL LAy

~Wood (n=0-015)
(a)

Fig. 4.1 Channel section with composite roughness

In applying the Manning (or the Chezy) formula to compute flow in such a section, it is
necessary to compute an equivalent roughness coefficient n (or Chezy’s C) for the entire
perimeter. Consider a channel in which the flow area is divided into 3 parts, as shown in
Fig.4.1(b), of which the wetted perimeters P, P; and P; and the corresponding coefTicients of
roughness n). nz and n; are known. Following Horton (1933), it is assumed that each parr of the
area has the same mean velocity that is also equal to the mean velocity of the whole section, i.e

Uy=U=1lh=U (4.59)
Using Eq. (4.26). vve can write Eq. (4.59) as
1 i I ’ ¥
_R'z JnS'f: 2 - LR22 3‘,5-‘::!1 - LRJEI JS{;II i "!_ R?F]S:’f} (4.60]
n, n, ", n

Since the bottom slope S, is same for all the three parts and R = A/P. we obtain

l(ﬁ)!-ﬁ:i(ﬁJlfl =_]-_[ﬁ zﬁ,_l(ﬂ]?'} [46I}
m A\ A ny, \ A ny \ Py n\ P ‘

so that

3s2 32 L1

P P, e
4 =(1J ['_I')A‘ 4 =(ﬁj [_; =mY (5 4.62
1 n P i n P A cand .4, n P 4 (462

Since A = A+ Ay + Aj, we obtain

32 12 32
=(5) (3) (2] (B) a(2)(B)
n P " P
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¥ 2 3:2 L ¥R
= L]
Pf? = n"j;.ﬂ' + P?JT} + ,\”‘”\ 2

(4.63)

ir2 a2 342 243
=) an P, + P;_”_a. o
£

which gives the equivalent n for the entire section

Example 4.14

The sides of a laboratory flume are made of glass (n = 1.010) and the bottom is made of

wood (n=0.015). The flume is rectangular with b = | m and is laid on a slope of 0.001 Compute
the discharge in the flume if h, = 0.4 m.

Solution Designating the perimeter of the bottom as P, and the perimelter

: +—=—F+
of one side as Py, we have Py=1m,P,=04m.P=P,+ 2P, = | +2x04 4  h
=1.8m,n=0.015,n;=0.010. Then, 1 i
A=1x04=04m’ R=A/F=04/18=022m b
213 2
_[(Ar? +2Pn," 1x0.015"7 +2x0.4x0.010%? )"
1= o e S =9.013
P 1.8
Q:l ARS)? == L 0.4x0227 " «0.001' ! = 0.36 m* /5
n 0.013

4.9 COMPOUND CROSS-SECTION

The cross-section of a channel which consists of several distinct subseztions (Fig.4.2) is
known as a compound cross-section, For example, an alluvial river subjected to seasonal floods
generally consists of a main channel and two side channels. The side channels are usually
shallower and rougher than the main channel. So, the mean velocity in the main channel is
greater than the mean velocity in the side channels.

In dealing with a compound cross-section, the subsections (the main and the side
channels) are first separated by drawing vertical lines (shown as dotted lines in Fig.4.2). It is
assumed that (i) the water surface and the energy line are horizontal across the cross-section, and
(i1) the vertical separation lines do not contribute 1o the wetted perimeters of the subsections.

The discharges in the subsections

- 1
are computed by applying the Manning U2 —5 =
i : ; — 2.4 oq UY o L1<
lormula separately to each subsection. 1.¢ —235\ =l o8 2g “oq '_ug T
E f - T ¥ 3
| ] @ N E) 3
f_‘) it Al RII:'“']l{;ﬂ'"z {J_fl-lliil LA S S o S o 4 @ 1 ;
"'I :_ R i B o e o o)
EW_’-’-’E
l L] b
€= — 48,787 (4.64b)
1,
1 i
LJ-\ e ‘41R'|-‘-!1‘;”I 2 |:4.6'1'I-.}
n, ? ;
Fig. 4.2 Compound cross-section
%]

Scanned by CamScanner



I'he total discharge for the entire section is equal to the sum of these discharges. i ¢

Q=0Q, +Q;+Q; (4.65)
The mean velocity for the entire section is equal to the total discharge divided by the 1oz
area. i.e.
9 = +
y=2_@+e:+o (4.66)

T A A+ A+ A

where the total area A is given by
A=A+ A+ A ’ ’ (4.67)

The equivalent n-value for the entire section can be computed using the Manning formul,
for the entire section as

n=AR*’S, 10 (4 .68)

The energy and momentum coefficients for the entire section are obtained using the
equatons

=a,K1‘ 7 +a, K, 14,7+ a!h’_ifA;

o —— ——— - (4.69)
G i
- 2 pd P
p - BKTLA S BKS Iy 4 oK L 4, e
K 1A

where @, a; and «; are the energy coefficients, 3,, B2 and [, are the momentum coefticients and
K,, K; and K; are the conveyances of the individual subsections, respectively.and K (= K, + K;
+ K3) is the conveyance for the entire section.

Example 4.15

A channel consists of a main section and two side sections as shown in the following
figure. Compute the total discharge and the mean velocity of flow for the entire section whenn=
0.025 for the main section, n = 0.035 for the side sections and Sy, = 0.0001  Also, compute the
numerical values of n, a and B for the entire section gssuming that a = 1.12 and p = 1.04 for the
main and side sections.

b
g 5
“ 3
SZ ~
‘; J e l .
P
2 ] 1 F 4m
/1 I I ™
] ] 1 &
=
Pl T I i e S o
5m

UL L .

1

/ff_.r'f/.?"#'rf-’fvrf
20m - L0m __-*__l_ 10m -I-—— 15m —~—I
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R =]

n

colution : . sde (lefl : . . , )
solt I'he main and the two side (left and right) sections are separated by drawing vertical

(ed) hnes as shown. l‘hc L:{ll'!'l'['l'l.l'll.:r.l values of AP R. O and K for the three subsections and
(dot K for the entire section are shown belo x

% P. Q unﬂ
section A . R Q g
i 425.0 56.18 7.565 655.12 65512
reft 80.0 24.00 3.333 51.00 5100
Right 60.0 19.00 3.158 36.90 3690

p 3 565.0 99.18 743.02 74302

Hence. the total discharge. Q = 743.02 m'/s

I'he mean velocity U, roughness coefficient n. energy coefficient a and momentum
coefficient B for the entire section are obtained as follows
[ 9 743.02
T A 565.0
n=AR**S, 10 = 565.0x(565.0/99.18)""" «<0.0001' * 1 743.02 = 2.024
e ::{ziff‘! / A'lz + fI:Kz! ! A?" +_‘f_3‘f<_3 i _;' ]1
K1 A
1.12x 65512° /4257 +1.12x 5100 /80" +1.12x3690° /60" _, 550
S 743027 /565°
g o BK 1A BiKS 1 Ay oKy Ay
K? /1A
_1.04x 655127 /425 +1.04 % 51007 /80 + 1.04x 36907 /160 o

=1.315 m/x

4.10 COMPUTATION OF FLOOD DISCHARGE BY SLII:JI’E-AREA l\:IETHDI_] .
The slope-area method is an indirect mcthq_rd of estimating the flood discharge in a river
from past records of stages at different sections using lhe‘ Marn‘mng or the Chezy formula. F:'IGDC!
flows in natural channels are usually unsteady and varied. The use of a simtady uniform r:n;
formula for computing flood discharge is acceptable only when the changes in f'lcoilhstage mf‘1£l
discharge are sufficiently gradual and the data available are not sufficient lUJLlSt‘Ilf:r' e use o

More sophisticated method. _ ‘T )
The Eelc:tion of a suitable channel reach is probably the most important aspect of the slope

i i i -cting the channel reach.
irea method. : oints must be considered in selecting : ‘
) Rcli;l:z g?_iléﬂwﬁlondg pualitf highwater marks must be available in the selcul;d]:ea(l:g.be
i) A straight anf uﬂif?,m1 reach 18 preferred and a gradually Fontractmg reac_n stha;u.im'l‘Ch
chosen over an %Kpanding reach if there is a choice. The change in conveyance i

Shﬂuk;i”h%: less than 30%.

o 1) The length of the reach L
water surface F should be equal 10 OF grea
*qual 10 0.15 m.

i h of flow, the fall
be at least 75 times the average dept 2 .
should cter than the velocity head and the fa]_l should at least

6’7
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- e - = . - 1 e = - . Ee 1 .
With reference to Fig. 4.3, applying the energy equation between sections | and 2, v gel

3 U 5 @ @
o =
Fi+a, _,1' . +h, +h (4.71) -
Zg <8 12 T
(R 1] n‘lzi" +
y ¥ g —I--
h, =F + (a, ﬁ-— - a, - 2 ) - .’I._ (4.72) _i—h- .__F_‘
°8 "8 'i oty U
420

where h, is the eddyv loss, given by

h, = Ka, M gy (4.73) °
T 22 - zg

: S
e
%
"‘-—-.___k‘

and the coefficient k is assumed to range between 0 and 0.1 for gradual contractions, between ()
and 0.2 for gradual expansions and 1o have a value of 0.5 for abrupt expansions or contractions,
Fig. 4.3 Definition sketch

The following data are required for the slope-area method: (i) the cross-sectional areas A,
and A; of the upstream and downstream sections of the selected reach, (ii) the wetted perimeters
Py and Py, (iii) the Manning roughness coefficients n; and n,, (iv) the energy coefficients a, and
az, (v) the length of the reach 1., and (vi) the fall of the water surface F between the two sections,
In addition, the eddy-loss coefficient k is to be given if the eddy loss is to be included.

The computation of flood discharge using this method involves the following steps:

1) Compute the conveyances K, and K; for the two end sections.

il) Compute the geometric mean conveyance for the reach, i.e.

K =JK\K, (4.74)

i1i) Since the discharge Q is not known initially, as a first approximation assume that hy=F
and hence

B ad -
SR

h F ;
I3 (4.75)

iv) The first approximation of the discharge (which is also the uniform flow discharge) 1+
then computed using the equation

Q= KJ-§, fue (4.76)
V) A more accurate value of the energy slope is now obtained using the equation

S, = (4.77)

~ ]3‘
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sy Qb 72) The conresponding
given by 12q.(4.77)

p is given dischirg

Cisthen co . iy .
| slope smputed by Fq.a4 76) using

where
the revisel

vi) Repeat step (VI until the assumed and (e computed dischirges ap
. F % g pree

R I'I'l]?ll‘-' 4.16

Compute the tlood discharge through o river reach of 850 m using the following data

Ay = 10350 m*. P, 2035 m. n,

0.030.a, 115

Az= 9275 m% P2 = 1965 m.n; - 0.030, ay -~ 1.18

I'he fall of water surface in the reach is 0.76 m Neglect eddy loss

Solution L=8m, F=076m. h.=0
LYY 10350 = (103507 2035)"
=— =—— x10350:x (10350 /2035)" * - 2
| " RAY 0.030 / 3) 120320
& I 23 i
K,=— AR, == x 9275 x (9275/1965)" ' = R6V950)
L n, P ﬂ,ﬂ3ﬂﬁ = o ’

K = JK K, = V1020320 ~ 869950 = 942140

Approxi- | Assumed F _f{: = hy Se(<10 %) Cumpulcd
mation Q(m’/s) (m) a, = (m) | ea, 2:’: (m) (m) Q(m/s)
_____I____ - 0.76 - - 0.7600 8.94 28170
2 | 28170 " 0.4343 0.5548 0.6395 7.52 25840
s U 25840 0.3653 0.4668 ).6385 7.75 26220

th c =
..____‘_L_‘___‘ 26220 0.3762 0.4806 0.6556 7.73 26170
ih = 2 }
‘*--f-..._ 26170 0.3747 0.4788 0.6559 7.72 2617¢
1)
Ihe Nood discharge. Q = 26.170 mx
6
‘._ T — e |
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PROBLEMS AND EXERCISES

4.1 Define (i) shear stress, (ii) friction velocity, (iii) laminar sublayer, (iv) relative roughness ¢,
hvdraulically smooth boundary, (v) hydraulically rough boundary, (vi) normal slope, (v ii}cm'“.. :
-iape, (viii) channel section with composite roughness, and (ix) compound Ccross-scction .

1 2(a) State the condition for the establishment of uniform flow in an open channel.
(b) Explain why flow cannot be uniform in (i) a horizontal channel, (ii) an adverse

channel, and (iii) a frictionless channel.
(¢) “Uniform flow of an ideal fluid is impossible™ - justify.

'S:lup‘:

4.3 State the 1wo assumptions which are to be made for the development of the Chezy formuly

4.4 Why is the Manning formula different in different systems of units? Convert the Manniny
formula from SI units to English or FPS units. Describe the factors which affect the Manning's

roughness coefficient n.

4.5 Write the Sl units of Chezy’s C, Darcy-Weisbach friction factor { and Manning’s n. Siage
whether the numerical values of C, f and n are same or different in different systems of units

4.6 (a) Write two major advantages of the Strickler formula.
(b) In the design of a circular channel section, it is desirable to restrict the depth to a value

less than or equal to 0.80d, . State why.

4.7(a) Derive the general expression for the hydraulic exponent for uniform flow computation N
based on the Manning formula, and then determine the numerical value of N for a (1) wide
channel, and (ii) triangular channel.

(b) Derive the general expression for the hydraulic exponent for uniform flow computationN |
based on the Chezy formula, and then determine the numerical value of N for a (1) wide channel, |
and (ii) triangular channel. |
|
4.8(a) Derive the expression for normal depth in a (i) wide channel. and (ii) triangular channel. |

based on the Manning formula.
(b) Derive the expression for normal depth in a (i) wide channel, and (ii) triangular channel.

based on the Chezy formula.

4.9 Derive the expression for the equivalent roughness coefficient n for a composite cross-section
(Eq. 4.63). [

4.10 State the three points which are to be considered in selecting the channel reach o
computing flood discharge by the slope-area method. ;

4.11 Assuming that the velocity distribution along a vertical in an open channel is logarithm'®
compute the position of the mean velocity below the free surface. Also show that (i) the w:]ncl:}‘
at().6 depth. and (ii) the average of the velocities at 0.2 and 0.8 depths are approximately cquel?
the mean velocity in a vertical.

i
4.12(a) A trapezoidal channel has a bottom width of 6.0 m. side slopes of 1.5H:1V. a dﬂP@‘_hL:“ |

flow of 2.0 m, n=0.025 and Sy, = 0.0001. Assuming that the flow is uniform, (i) compute -l
compute C, f, 7o and u*, and (iii) compute ki, determine whether the channel boundary 1S ;::”:d
or rough and state if the Manning formula is applicable lor computing flow this ch:
Assume that the velocity distribution is logarithmic.

70
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‘onsider the following data for the Padma (¢ o s e
b) Consider the e - adma (Ganges) river at the Baruria station in
l--.ri(iJPU”m ”“': 2nd JUI-Y" 1989: A = 133,500 m’, Q=56.200m%s and B = 3820 m. Assuming that
e flow is uniform, (i) compute n, C, f, u* and t,. and (ii) determine whether the channe'
poundary is smooth or rough taking the veloc

1 or i ity distribution as logarithmic. Assume that 1}
river is wide. Longitudinal slope of the river is 4 cm/km.

4 13(a) Using the Manning formula and takin

uniform flow computation N for a (i) rectang
channel withb=6 mand s = 2,

(b) Solve Problem 4.13(a) using the Chezy formula.

8 h =1 m, compute the hydraulic exponer. |«
ular channel with b = 6 m, and ( ii) trapesodi

4.14(a) A wide channel with n = 0,025 and S, =
the normal depth and velocity.

(b) A wide channel with S, = 0.006 and ¢
Compute the normal depth and velocity.

0.0025 carries a discharge « - Compute

= 50 m'"?/s carries a disch ol 4 m/s

4.15(a) A triangular channel with side slopes 1:1 15|
= 1 m, compute the discharge.

(b) A triangular channel with s = 1. n=0.025
Compute the normal depth and velocity.

aid on a slope of 0.001. It n = 0.015 and h,

and Sy = 0.0025 carries a discharge of 5 m'ss

4.16 Uniform flow occurs in an ope
Compute the discharge if the channel
and s = 1, (iii) triangular with s = -
circular whose diameter is 1.5 m.

n channel with h, = | m, S = 0.0001 and n = 0.015
s (i) rectangular with b = 6 m, (ii) trapezoidal withb = 6 m
(iv) parabolic whose profile is given by y° = 42_and (v)

4.17 Compute the normal depth and velocity in a (1) rectangular channel with b = 8 m and Q =
22 m'/s, (ii) trapezoidal channel with b - 6 m, s = 2 and Q = 30 m'/s, (iii) parabolic channel
whose profile is givenby y’=5zand Q= 15 m’/s, and (1v) circular channel whose diameter is 2
mand Q = 3 m/s. In all cases, take n = 0.025 and S, - 0.0025.

4.18(a) A rectangular channel having n = 0.025 and S,
normal depth of 1.5 m. Compute the bottom width,

(b) A trapezoidal channel having side slopes of 1.5H:1V, n = 0.020 and Sy = 0.0002 carries a
discharge of 25 m?/s at a normal depth of 2 m. Compute the bottom width.

= 0.0001 carries a discharge of 6 m?/s a1 a

4.19 A trapezoidal channel has a bottom width of 6 m, side slopes of 1.5:]

- =1.12andn =
0

-025. (i) Determine the normal slope at a normal dul‘!th‘nf I m when the discharge is 20 m’/s. (1)
¢lermine the critical slope when the discharge is 20 m'/s. (iii) Determine the critical slapewhen
the normal depth is 1 m.

4.20 An unlined irrigation canal is trapezoidal in shape withb = 6m, s = 1,n=0.025, h= 2
Mand 8, = 0,0005. () Compute the discharge carried by the canal under uniform flow condition
th) It g Proposed to line the canal with concrete having n.T {'}.{}_1_3. Compute the discharge tha
“ould be carried by the canal when (i) only the sides are lined. (ii) only the bottom is lined

. inad
(i) oty the bottom and the sides are lined.
121 A rectangular testing channel is 0.60 m wide and is laid on a slope of 0.1%. When he
ch g

Annel bed ynd walls were made smooth by neat cement, the measured normal depth of 1o
Was 0.4 o b all: 23 m?/s. The same channel was then roughened by cemented
4 or a discharge of 0. : for a discharge of 0.12 m’ '
Sand prains and the measured normal depth was 0.35 m for a discharge of 0.12 m’/s. Determine

¢ [ﬁﬁchﬂrgu for & normal depth of 0.45 m if the bed is roughened and the walls are
[

made
SMontl
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a4 main section and two side sections as shown in Fig.4.4. Compy,
3 velocity of flow and the Manning's n for the entire section whenp -
= 0.045 for the side channels and S, = 0.0002. Also, compute th,

B = 1.00 for the main and th,

3.22 A channel consists of

the total discharge, the meal

e i n

<ide sections.

v =
—_— s
i . -
3
3m 3 : .
—!‘—_' r:zr:t:!t!li?f:a:(.:;; . “*]
77 77 77777777 —
=1 By 1 ‘i
! e,
P,
7m g R -
L] 'J 3
! Mo
2 .
L : ~
= J'f}'f’fil.rfl?f{r;;,’
i
- 50m BT .| . . 0m

Fig. 4.4 (Prob. 4.22)

423 Compute the flood discharge through a river reach 1000 m long having a fall in wate
surface of 0.85 m. Neglect the eddy loss. Use the following data:

Section A (m°) P (m) n o
Upstream 12,000 2,150 0.030 1.315
Downstream 10,500 2,050 0.030 1.18

e R O T WP
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Chapter 5

DESIGN OF CHANNELS

5.1 INTRODUCTION

I'he h}’f-l"““l‘ff design ofa channel, like an irrigation canal or a drainage channel, involves
(he determination ol 1s ull_gnmcnl. :«‘.h.upc* size and bottom slope to convey the required discharge.
Since i channel may be lined or unlined and may or may not carry sediment, We consider the
design of three types “f‘:hﬂfflmlﬁl(i) rigid-boundary or ncen-erodible channels carrying clear water
with little or no s:.:_d1rncnl.‘(}l) mobile-boundary or eroditle channels carrying clear water which
cour but do not silt, and (iii) alluvial or mobile boundary channels carrying sediment which both
«cour and silt.

The channel alignment is selected so that the channel length is as short as possible. The
longitudinal slope of the channel generally depends on the topography of the land. The type of
materials forming the channel body determines the roughness characteristics and the side slope of
the channel.

The shape of the cross-section is generally decided by the discharge and the engineering
properties of the material forming the channel body. Normally, a trape::oidal section is used
when the discharge is large. For small discharges, triangular sections ¢re used. Rectangular
cross-sections are also used when the discharge is small or in special situations, such as rock
cuts, steep chutes and cross-drainage works.

In the design of a channel, it is desirable to maintain subcritical flow in the channel
having a Froude number range of 0.3 to 0.4. When the Froude numter is high and the flow
approaches the critical state, the water surface becomes unstable and wavy and large disturbances
are expected at bends and obstructions.

The minimum permissible velocity ‘s the lowest mean velocity of flow that will prevent
cedimentation and vegetative growth. In general, a velocity of 2 to 3 fsec (0.61 t0 0.91 mV/s) will
prevent sedimentation when the silt load of the flow is low (Chow, 1959). A velocity of 2.5
fi/see (0.75 m/s) is usually sufficient to prevent the growth of vegetation.

The maximum permissible velocity is the greatest mean velocity that will not cause
crosion of the channel body. This velocity is generally taken as 2 m/s (Ranga Raju, 1993).

The freeboard is the vertical distance between the top of the channel and the water
surface at the design condition. It is provided to prevent the water level from overtopping the
sides of the channel due to its fluctuation caused by wind, tide, superelevation at bends,
hydraulic jump, etc. Freeboards varying from 5% to 30% _nf the depth of flow are commonly
used in design. As a rough estimate of freeboard, the United States Bureau of Reclamation

(USBR) suggested the formula

F, = Jch (5.1)
\.i.rht:rr._- !:,, is the freeboard in ft, h is the dcpﬂ; of flow in ﬁ}and ¢ is a factor varying from 1.5 for Q
R ?,fl'ﬂ /see (0.57 m*/s) to 2.5 forQ> 300 fi*/sec (8.52 m'/s). In case of lined channels, the top of
the lining is generally located half the total freeboard above the water surface. :

5.2 RIGID- ON-ERODIBLE :
H"““MEN'P BOUNDARY OR N ¢ CHANNELS CARRYING NO
Most of the lined channels and the built-up unlined channel . ;
i j s fall into th
u:i'ur:':::m} low {’nm1ulu, like the Manning or the Chezy formula, is used to comp:l‘tsec:f:gory: A
5"'1“'\\':]1:’:“1"]5 of the channel, by maintaining a velocity which will prevent sedimentai'secnog
: Fvegetation, The maximum permissible velocity is not usuall . 10N an
y the criterion in the desi
esign

T
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of non-erodible channels. However, when the flow velocity .i-‘- very high, the “"“llﬂ"l.!.}' _””“Hq_g
water tends to lift the lining blocks and push them out of position. 50, the mean veloCity ol floy
is restricted to 2 /s to avoid any danger to the lining materinls, e b

The materials used for lining include conerete, stone or brick l““f‘“"_‘ e "'}“: ’ L“l' iron,
timber, glass, plastic, geotextile, ete. The choice ofa material depends "'{“_"13' “'"\l'i‘fi ""“‘":I:I‘?"ht}
and cost of the materinl and the purpose and the method of construction. .I he I"‘-' "‘I‘ f .‘. . lﬂlllq.-_
in o channel (1) permits the water to {low at high velocities, (11) tll.."'L'-E'l’.'l‘l:'iCH ‘.svc‘“:t:;-..‘:l:::‘l::cl_il: '.n Ation
losses, (iii) reduces the costs of operation and muinl.r:umu:w:. and {l\'].t:llhlll‘i:h * ;Lt ' ~|} ol the
channel section. In some cases, in particular when water i1s very scarce, o linec IL";.":?:.I' l'_""_‘.‘- be
more practicable and economical than an unlined channel in spite of the inttial cos ining

Best Hydraulic Section . ) e R

A channel section that conveys the maximum discharge for a !.:m n aluc.u is |1uv.1n s the
best hydraulic section, Since Q o AR*" and R = A/P, the bes! hydraulic section gives minimum
wetted perimeter P and maximum hydraulic radius R fora giwfn area A. It is to be noted that y
minimum wetted perimeter also gives minimum amount of lining. : " - -

Among all possible open channel cross-sections, the best hydraulic sectionisa sclrumm‘ic
(h = do/2). Also, for any channel section of a given geometric shape, there 1s a rclutm.nf;lnp
between the various geometric elements to form the best hydraulic section such th-m a semicirele
can be inscribed in it. Thus, the best hydraulic rectangular section is one-half of a square (B =
2h), the best hydraulic triangular section is one-half of a square (s = 1), the best hydraulic
trapezoidal section is one-half of a regular hexagon (s = 1/93) and for the best hydraulic
parabolic section the top width is equal to 22 times the depth of flow (B = 242h). Table 5.1 lists
the gcometric elements of some best hydraulic sections.

Table 5.1 Geometric elements of some best hydraulic sections

Cross-section A P R B D
Rectangle (half of a square) 2h? 4h h/2 2h h
Triangle (half of a square) h? 2¥2h N2h/4 2h h/2
Trapezoid (half of a hexagon) V3h? 2V3h h/2  4V3h/3 3h/4
Circle (semi-circle) mh?/2 nh h/2 2h nth/4
Parabola(B=2V2h) 4V2n'/3  8V2n/3 w2 2\2h 2h/3

Example 5.1

Show that the best hydraulic rectangular section is one-half of a square, Also, determine
the geometric elements of best hydraulic rectangular section.

Solution For a rectangular section, A=bh .. b= A/h

5 P 2;::-;“1-» 2
1

Considering A to be constant and differentiating P
with respect to h, we get

iif. —_—— ,_.i]_ 4 2
dh o
For P to be minimum, dP/dh = 0. Hence, we get
/ bl N v ‘ _
iy i +2=0 or, ﬁ:! Fig.5.1 Best hydraulic regtangular section
h 1
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or b=2h

'E:hi'; means that the best hydraulic rectangul
51 A semi-circle with O as center ang |y
.ctangular section. Also, for the best hydy

ar section jy one-half of

! a square, as shown in Fig.
as radius can be

inscribed in the best hydraulic

rectan aulic rectangular section t
=bh =20 P<bt2p = T
A D+ 2h =4} R=AIP =2h*/ah=h{2
B=b=2h D= A;f;:g;ﬁ;zhﬂh

as given in Table 5.1.

Example 5.2 .
Show that the best hydraulie trapezoidal section is one-half of a regular hexagon.

Solution  For a trapezoidal section, 4 =(b -+ sh)h (i)

or, b=%-—sh S ¥
o P=b+2h1+ 5% Z i
=%—sh+ 2hf1+ 57 (i) .
o p=-::-+(zﬁl? - $)h (iii)

Considering A and s to be constant and differentiating P with respect to h, we get

E:—%'}‘ENJ] +.§'2 -5

dh h
For the minimum value of P, dP/dh = 0. Hence, we get

A=(2VJ1+ s —s)H? (v)
Combining (i) and (iv), we get

(b+sh)h=(21 + 5% —s)i’
or, b=2(\1+ 52 —s)h )

Substituting (v) into (ii), we get

P=2(V1+s? —s)h+2V1+s"h = 2h(2V1 +5? =) (vi)
R=A/P=h/2 (vii)

i.e. for the best hydraulic trapezoidal section, the hydraulic radius R is one-half of the depth of

flow h, irrespective of the side slope.
From (vi), we have

P? = 45 (21 + 57 - 5)? L)

and from (iv), we have

R |
21452 — ¢

Using (ix) in (viii), we get

p1 _ 442\1 II’ -5)’ =4 AV1+57 =% (x)

2Vl 452 — &

(ix)
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Considering A to be constant and differentiating I with respect to s, we pel

gl

. - = X ooy o

2P wad| —d | maa ’a:'q]
13.\' \{1 o} 3" \',1 8"

For minumum P, dP/ds = 0, Hence

25 o : 2 v B
zememex = =0 oF, 2s=yJl+ s or, 4s' =l+s* or, 3s° =1
\"‘1 4+ £°
1 :
A (x1)
V3
i, tang = L J_'T:l:mbl)“
&
oL@ =60° (xii)
This means that the section is one-half of a regular hexagon, as shown in Fig. 5.2.
Now, from Fig. 5.2 P o Q
< OB = OPsiné =) POsi 2g¢>
OA = 0B = OPsing —EPlenf,ﬁ ) % . s
PQ 1 B
= ————=(b+2sh) x—— A
231+ 5? 231+ 52 s‘

1 .
=21 + 8% st ——ee (using (v))
241 + 52

=h Fig.5.2 Best hydraulic trapezoidal section

Thus, a semi-circle with O as center and h as radius can be inscribed in the best hydraulic
trapezoidal section.

Procedure for Designing a Channel with Best Hydraulic Section

When the design discharge Q, the Manning's roughness coefficient n and the bottom
slope Sy are known or determined, the design of rigid boundary or non-erodible channels based
on the concept of best hydraulic section involves the following steps:

1. Compute the section factor for uniform flow computation AR*?

using
AR = __"_Q_
Js.
2. Substitute the expressions for A and R from Table 5.1 in the above equation and solve

directly for the depth.
3. Check for the minimum permissible velocity for siltation and/or for vegetation.
4. Check for the Froude number of the flow.
5. Add a proper freeboard to the depth of the channel section.

o

Example 5.3 _ (]
A trapezoidal channel carrying 20 m?/s is built with non-erodible bed having a slope ©

in 1000 and n = 0.025. Design the channel by the concept of best hydraulic section.

Solution Trapezoidal channel, Q =20 m?/s, So = 1 in 1000 = 0.001, n = 0.025
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(R0 n  0.025x<20 |

y e e 5 E
JSo  VJo.oo -

rom Table 5.1. A = Y3h?and R = 0.5h. Hence.

J3n? < (0.5h)* " =15.81

which gives

h*? = 14.49 o h=1449" =273 n

The side fﬁ)pe of the best hydraulic trapezoidal section is given by s = 3 = 0.577 so
thatb=2h(V1+5s* =) =4.12m, A = V312 = 12 86 m’, P =2vV3h=944m. 3h/3 =6.30
m,R=0.5h=1.36 mand D =3h/4 = 2.05 m. Also, U= Q/A = 1.56 m/s, whic .s greater than
the minimum permissible velocity, The Froude number, Fr = U/\[gD = 0. . which seems

satisfactory. Since h = 8.95 ft and Q = 705.75 fi’/scc. ¢ = 2.5 and Eq.(5.1) gives a freeboard of
473 fior 1.44 m.

Practical Rigid-Boundary Channel Sections

From the practical point of view, the best hydraulic section is not necessarily the most
economic section. This is because (i) the area to be excavated to achicve the area for the best
hydraulic section may be significantly larger, (ii) the type of material in the channel body may
not permit the adoption of the slope required by the best hydraulic section, (iii) the cost of
excavation depends not only on the amount of material which is removed, but also on the ease of
access of the site and the cost of depositing the material removed, and (iv) the sharp corners in a
cross-section, which are virtually the zones of stagnation, may lead to deposition if the water
carries silt.

In view of the above factors, the best hydraulic sections need to be modified in practice.
The side slopes of a channel depend mainly on the kind of material (Table 5.2). Usually the
slopes are steeper in cutting than in filling. For lined channels, the side slopes usually vary from
1:1102:1 and roughly correspond to the angle of repose of the natural soil (Fig. 5.6). The angle
of repose is the angle made by a heap of soil with the horizontal under natural condition.

Table 5.2 Side slopes for channels built in various kinds of materials (Chow, 1959)

. o 5 . - —
PR ——— - o o - -_—— —_— — -

Material Side slope
Rock Nearly vertical
Muck and peat soils 0.25:1
Stiff clay or earth with concrete lining 0.5:1 to 1:1
Earth with stone lining or earth for large channels 1:1

Firm clay or earth for small ditches 1.5:1
Loose sandy earth 2:1
Sandy loam or porous clay 3:1

p—— Bl LT T —— ——— -
e —— S ST = e e e e e ————

gk Also, the triangular and trapezoidal :u:cl.ions are I‘»‘T(_Widcd with rounded come

MMM corners, g shown in Fig. 5.3 (Ranga Raju, 1993). For the triangular section
""‘-"!2{45+::m¢) (3.2)
filzzj}{gb'*'c{1l‘ﬁ} {:;-3]

rs instead of

g 4 d
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and for the trapezoidal section (5.4)
A=bh+ h*(¢+cot @) . (5.5) |
P=b+2h(¢+cot @) 4
depth of flow in a triangular channel can b,

and the determination of the depth Uf!}uw ang’
d on the maximum permissible velocity.

For given values of Q, n, s and So, the
determined directly using the Manning formula,
the bottom width of a trapezoidal channel is base

fe— b —]

Fig. 5.3 Lined channel sections for (a) Q < 55 m%/s and (b) Q > 55 m’/s (Ranga Raju, 1993)

Example 5.4

A channel lined with concrete is to be laid on a slope of 1 in 3600. The side slope of the
channel is to be maintained at 1:1 and the lining is expected to give n = 0.013. Determine the
section dimensions if (a) Q = 35 m%/s, and (b) Q = 100 m’/s and the maximum permissible
velocity is 2 m/s.

Solution (a) Since Q < 55 m’/s, use a triangular section with rounded corner as shown in Fig.
5.3(a). Here, s =cot¢ = 1 and ¢ = 45° =n/4 radian = 0.785 radian. Then,
A=h?(¢p+cot $)=1.785h>
P=2h(¢+cot $)=3.571h
R=A4/P=0.5h
Now, using the Manning formula, we get
35=(1/0.013)x 1.785h* =% (0.5h)*"* x (1/3600)"'?
from which we obtain
h®”? = 24.28 ~h=2428"%=331m

(b) Since Q > 55 m%/s, use a trapezoidal section with rounded comers
Here, s =cot¢ =1and ¢ = 0.785 radian. As the maximum

A =100/2 = 50.0 m?
Again, from the Manning formula

100 =(1/0.013) x 50 x R*"* % (1/3600)'/2
which gives

R=195m
Since R = A/P, we have

P=A/R=50.0/1.95=25.66 m

So, we have the equations

A=bh+ h* (¢ +cot #)=bh+1.7851* =50.00

as shown in Fig. 5.3(b)
permissible velocity is-2 m/s, s0
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p=b+2h(@g+cot@)=b+3.571h=25 ¢

..o b between the above two equations, ,
glimine e 7k +28.00 = 0 e get the quadratic equation

=2.32mand 12.04 m. Using these two values of h, we get b=17.36 m and

hich gives b i
,,:;};1;4?{1‘ Since b cannot be negative, we accept
- - h52-32mandb: l?-BGm.

5.3 ERODIBLE CHANNELS WHICH SCOUR BUT DO NOT SILT: LANE’S SHEAR
FORCE MOTHOD .

The erodible channel_s with coarse non-cohesive malerials on the boi and carrying
either clear water or water with fine sediment in suspension which will not « are designed
by the shear or lract:_ve_fqrce method developed by Lane (1 955) of USBR. Th« .ethod is based
on the threshold or incipient or impending motion condition of the soil partic'  -wvhich denotes

the limiting condition at which the soil particles just begin to move. In this method it is assumed
that a channel scours when the shear stress developed on the channel boundary exceeds the
critical shear stress value. The average shear stress on the boundary of an open channel at which
the soil particles just begin to move is called the critical shear stress t.. Since the threshold or
incipient or impending motion condition of the particles on the channel boundary (or over a part
of the boundary which is more susceptible to scour) is considered, the design is economical.
As stated in Art. 4.3, in uniform flow the average shear stress on the channel boundary is

given by

T, = MRS, (5.6)
and when the channel is wide

To = /1S, (5.7)

The shear stress, however, is not uniformly distributed along the wetted perimeter whe'n
the channel is not wide. For a trapezoidal section, the maximum shear stress on the bottom 1is

close to YhSy and on the sides close to 0.76yhSo, as shown in Fig.5.4 (Lane, 1955).

3 L)
200 ool LI-TFTonsd
0.9 . s=2an
S 0.8 Tropezoids. $=2 :u.a /// :
E ©0.7
= g: 7 Tropezaias s=T- Eoe | 7(
- ) I
= 0.5 'cmﬂ.’ _50.5 R':tmg es
! x w
"é 0.4 ropexcids Eu-& ]
w 03 :DG !
e
& 02 °0-2
-_£= =]
v 01 wn 01
%017 23 % 5678910

0
0123 ¢85 6 7 89510
b/h

(a) On sides

Fig. 5.4 Maximum shear stresses on sides and bottom of trapezoidal channels

b/ h-
(b) On bottom

ear Stress Ratio
flow;, 2 SOil particle resting on the sloping side of a trapezoidal channel in which water is
g (Fig, 5.5), two forces. viz. the shear force at, and the gravity force component W,sing,
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tend to move the soil particle. Since the two forces act on the soil particle at right angles 1o eachy
other. the resultant force on the soil particle is

. 2 2

\/H*’f sing+a’r,
where a is the effective area of the soil particle, T,
the submerged weight of the particle.

‘s the shear stress on the sloping side and W g

Fig.5.5 Forces acting on a soil particle resting on side and bottom of a trapezoidal channel

The force resisting the movement of the soil particle is equal to Wcosptany , where y is

the angle of repose and tany is the coefficient of friction. For the incipient motion condition of
the soil particle

W, vz:cm;iit.'l!'u;rf=-\/Hf’_,zS,ir*nl'.g:fi+¢;1r21"2 (5.8)
which gives
tan’ ¢
tan? i (59

Similarly, for the incipient motion condition of a soil particle on the level or horizontal
bottom, Eq.(5.9) gives with ¢ =0

v
T, =—>cosgtany [1-
a

k]

a

T, =

tany

(5.10)
where T, is the shear stress or unit tractive force on the level bottom.

From Egs.(5.9) and (5.10), the shear stress ratio K, which is the ratio between 15 and T, 15
given by

2 s 2 . 7
K=T_#=cos¢ 1-— ta“} @ =\/c053¢ = qu @ oo \ll—sinz B sin” @
T, tan W

tan” ys tan’ s

=J]—Sm2¢[l+t 12 )=J131n1 ¢(Sin2w+cos:’ [ﬁ’f]
an’

- 2
sin” ys

or

(5.11)
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Lb-o

r cohesive and fine non-cohesive materials the
ywn the side slope is much sm
fore, the effect of the

pravity force component causing the
picle 1© r"JIII de ‘ ,“]]L‘I than the cohesive forces and can safely be
i'ﬂ-lccicd. There ] angle of repase is 10 be considered only for coarse non-
nrh:si\’f materials. In general, the angle of repose increases with both size and angularity of the
C“‘ :cria- Figure 5.6 shows ”w_“f“""uﬁ prepared by USBR for the angle of repose for non-
"h;wdvc materials larger than 0.2 inch (5 mm) in diameter. In this figure, dy« is the diameter of a
s . -]e than which 25% (by weight) of the material is larger.
The USBR recommends a value of permissible shear stress in pounds per square foot on
jevel bottom for coarse non-cohesive materials equal 10 0.40d5s. where dqs is in inches.

Fo

Particle size( d‘T] in inches

01 02 0.3 0.4 0.6 0670 2.¢ 3.0 &0
.2 EE.V‘ ‘E 1/2 ,,;n i t___g

s U —
.E z"’j’ —
s 38 f;"
: . =i
FET r 77
: — A~
E.:z S
s 30 )
§=-' >
-4 1
T 2ef—
2 -—-——-—‘.‘g
20 1 /1 I

Fig.5.6 Angle of repose of non-cohesive material (l.ane, 1955)

Threshold Condition
The threshold or incipient or impending motion condition denotes the limiting condition

at which the sediment particles just begin to move. Shields in 1936 gave a semi-empirical
approach to define the threshold of movement. His results can be stated in terms of two
dimensionless parameters

*
Ret_¥Td (5.12)
| B

and
B il e ST (5.13)
i | (s, =Dd g(s, - 1d ‘
Nen s, is the specific gravity of the sediment and d is the size of the sediment particle. The
Parameter Re” is known as the particle Reynolds number.
The Shields curve, plotted in Fig.5.7 (Henderson, 1966), delineates the threshold of
€N, i.e. the regime above the curve represents a moving bed and that below the curve

rnuvcm

"ePresents g

b rigid bed. The first part of the curve represents laminar flow, the middle part
Presengg

" d lransition region and the last part represents a n:ginn of fully developed turbulence.

) H 1 .

i Undary i rough at large values of Re and when Re exceeds a value of about 400, ¢ .*
NS constany gy 0.056.

#1
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= Data from ditferent tources
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-
R3s Vo0 g

Fig.5.8 Yalin-Karahan curve for inciprent

'ig.5.7 Shields curve for incipient motion 2 = 1003
motion condition (Ranga Raju. 19493)

condition (Henderson,1966)

The Shields curve is based on a limited amount of field data. The relationship propose,

by Yalin and Karahan (1979) based on considerably more data is shown in Fig. 5.8 and is Mot

relinble. As a result, it is recommended N . it SN SR SRS i

that the relationship of Yalin and "

Karahan be used to define .. In the

Yalin-Karahan relationship, when Re’ - i

exceeds a value of about 70, z.* e T

remains constant at 0.045. However. o — h

the computation of 7. using Fig. 5.8 0.08}— ~

requires a trial procedure. Ranga Raju 0.07}- -

(1992) presented a modified form of e i .

the Y:lin-Karahan curve as shown in P e | e N O

Fig.5.9 which gives the value of . 0.3 ‘*“H-;_l g_’;i; ]lﬂi‘v:’f e
D 273

directly without involving any trial.

Fig. 5.9 Modified form of Yalin-Karahan curve (Ranga Raju, 1993)

Since sinuous channels are apt to scour more easily than straight channels, the
permissible shear stresses for sinuous channels are reduced approximately, as suggested by Lane
(1955), by 10% for slightly sinuous channels (sinuosity 1.5-2.0), 25% for moderately sinuous
channels (sinuosity 2.0-2.5) and 40% for very sinuous channels (sinuosity > 2.5). The sinuosity is
the ratio between the channel (curved) length and the valley (straight) length of a curved channel.

Procedure for Designing a Trapezoidal Channel in Coarse Non-Cohesive Material

For a trapezoidal channel in coarse non-cohesive material, the shear stress on the sloping
sides is usually less than that on the bottom. Hence, the side force is generally the limiting factor
in the channel design. The section dimensions should therefore be determined for the side force
and checked for the bottom force.

When the design discharge Q, the bottom slope Sy, the relevant engineering properties of
the soil and the Manning's n are known or determined, the design of a trapezoidal channel section
in coarse non-cohesive materials involves the following steps:

1. Estimate the angle of repose i for the perimeter material (Fig.5.6).

2. Assume s and b/h,. Compute ¢ (= cot *'s).

3. Determine the maximum shear stress developed on sides in terms of h, (Fig.5.4(2))

4. Calculate K (Eq.(5.11)).

5. Determine 1, the permissible shear stress on bottom (1, = 0.40d;s when T i5 "
pounds per square foot and dys is in inches, or T, = 7. obtained from the modified Y alin-Karahd"
curve, Fig.5.9) and correct for sinuosity, if any.

6. Compute T, the permissible shear stress on sides, using ts = K.

7. Compute the normal depth h, by equating the computed value of t; in step 6 10 the
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ress obtained in step 3.

g Compute b.

g Compute Q and compare this with the design )

|0 Repeat steps 2 to 9 until the computed O is close 10 the design Q

1. Compare the actual shear stress on bottorn  (Fig.5.4(b)) witgh 'I‘.ht; permissible value

ed 1n S1Ep 5

.‘hl.-;’[ s1

llh!ui'n

gaample 55 . _
A trapezoidal channel is to be laid on a slope of | in 1000 and carry a discharge of 20

m'/s. Itisto be excavated in earth containing moderately rounded coarse non-cohesive particles
with dsp = 2 €M, dss = 2.5 em and n = 0.025. Determine the section dimensions of the channel.

Solution S, = 1/1000 = 0.001

i) Design by the method of Lane
d-;g. - 2.5‘1"254 = (.98 il’!
Ihen, from Fig.5.6, w =33°
Assume s = 2 and b/h, = 4. Then, ¢ = cot”' 2 = tan"' ¥ = 26.56°

hen, from Fig.5.4(a), the maximum shear stress on sides is 0.75vhaSo
075<9810x h,x 0.001 = 7.36h, N/m?.

a9 .« 3 0
,\_\ﬁ I

¥ sin’ sin’

The permissible shear stress on bottom 1s
= 0.4x0.98 = 0.39 Ib/fi = 18.77 N/m* (.. 1 Ib/ft* = 47.86 N/m?)
Then, the permissible shear stress on sides is
1, = Kty = 0.57x18.77 = 10.72 N/m’
For a state of incipient motion of the particles on sides
7.36h, = 10.72 S ha=147m
Zb=147x4 =583 m
For this trapezoidal section, A = 12.73 m?, P = 12.3d mand R = 1.03 m. Hence
0=(1/0.025) % 12.73x1.03%"? x0.001"* =16.44 m’ /s

which is less than the design discharge of 20 m'/s.
Further computations are done in tabular form as shown below for different values of

o S S —— —— —
- — e — [P —
— ===

b/h, h,(m) b(m) A(m®)  P(m) R(m) Q(m’/s)
45 147  6.62 14.05 13.19 1.065 18.53
50 1.47 7.35 15.13 13.92 1.086 20.22
4.9 1.47 7.20 14.91 13.78 1.082 19.8%

n dimensions are h, = 1.47 m, b=7.35m.A=15.13m?,
“13.92 mand R = 1.086 m, and Q = 20.22 m’/s which is very close to 20 m'/s.

0.9 With s = 2 and b/h, = 5.0, the shear stress on bottom (Figis.-i(h}) is 0.97yh,Sp =
FT% 981 () 1.47%0.001 = 13.98 N/m? which is less than 18.77 N/m~, the permissible shear

Srege
TeS5 on bottom. Hence the design is acccptﬂ!':le. ‘ ‘
bviously, alternative section dimensions may be obtained by taking other values of's.

[he i
p ', for s = 2 and b/h,, = 5.0, the sectio
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ii) Design by using modified Yalin-Karahan curve _ i ~
I'he permissible shear stress on bottom 1y, taken 10 be equal to 1 .uhiul_n_cd from Fip <4
I'he median size dsg is taken 1o be cquall to the size of the sediment particle. Then,
1¢3 4 (R ] 13
R ov=[LoP) L 87dy (26501 'm’UJ w22l _EDHE  soni00
‘ o 3 1000 (10°")
he corresponding value of t.* from Fig. 5.9 is 0.045. :
LT, =T,.=7, Y p(s, ~ Dy, =0.045x 9810 % (2.65 — 1) x 0.02=14.57 N /m
T = K, = 0.57x 14.57 = 8.30 N/m’?
oo 7.36h, = B.30 Shy,=7.36/830=1.13m
“b=1.13x4=452m #
For this trapezoidal section, A = 7.66 m%, P = 9.57 m and R = 0.80 m. Hence
O=(1/0.025) % 7.66x 0.80*"° x0.001"? =8.35 m" /s

5 . . . . 3
which is far less than the design discharge of 20 mY/s. s
Further computations are dome in tabular form as shown below for different values of

1

b/h,.
b/h, h,(m) B (m) A (m?) P (m) R (m) Q(m3/s)
8.0 1.13 9.04 1277 14.03 0.906 15.12
10.0 1.23 11.30 15.32 16.35 0.096 18.56
11.0 1.13 12.43 16.60 17.43 0.949 20.23
10.9 1.13 12.32 16.47 17.37 0.948 20.10

.-——--..-.—-u--_——q--———-—._-....—...“____,..-____—..-.-______...._.____—-____...

Then, fors =2 and b/h, = 10.9, h, = 113 m,b=1232m,A=1647m",P=17.37 m, R = 0,948
m and Q = 20.10 m’/s which is very-close 10 20 m?/s.

With s = 2 and b/h, = 10.9, the maximum unit tractive force on bottom (Fig.5.4(b)) is
YhaSo = 9810x 1.13x0.001 = 11.08 N/m? which is less than 14.57 N/m?2. the permissible tractive
force on bottom. Hence, the design is acceptable.

5.4 ALLUVIAL CHANNELS: REGIME APPROACH

An alluvial channel is a channel transporting the same type of material as that comprising
the channel perimeter. Such a channel can be stable only when sediment inflow into channel is
equal to sediment outflow, i.e. the channel cross-section and bottom slope do not change duc 1o
erosion and deposition. A channel isisaid to be in a regime when it has adjusted its shape and
slope to an equilibrium condition.

The two commonly adopted methods for the design of stable alluvial channels are the
shear stress approach, considered earlier. and the regime approach. The shear stress approach is
more rational, as it makes use of the laws governing sediment transport and resistynce laws, The
regime theory is purely empirical and has been developed using data of stable canals in India and
Pakistan carrying sediment load generally less than 500 ppm by weight.

The first regime formula developed by Kennedy (1895) is given by

Uo = 0.546h°* (5.14)
where Uy is the non-silting and non-scouring velocity and h is the depth of flow. The mam
limitation of the Kennedy equation is that it does not specify a definite width, thereby making a0
infinite number of width-to-depth ratios possible. However, experience shows that stability 15
possible only if the width does not vary over a wide range. Lindley (1919) recognized this fac!
and introduced a relation between non-silting and non-scouring velocity and the bed width. [Later
on, Lacey (1930,1946) carried out extensive investigations on the design of stable channels 10

H4

Scanned by CamScanner




He differentiate e false regme o Cnditions: (i initial regime, and (ii) final regime. A
chﬂﬂ’“:] under 1 e s s{ltirl'n : an me IS not a channel in regime, although it appears to be in
cegime as T:hcre : 3 anit'b' 5 Sfinurmg. and the regime theory is not applicable to them.
,-‘uccﬂfding to La;ﬂp i 1({:1:3 y ‘-“"‘S_tl'uc‘lcd channel having a certain fixed section and certain
ﬁxcd slope can e 111:'1 rue or "'mf” regime if the discharge is constant, flow is uniform, the silt
;rade and the silt charge HJE constant and the channel flows through incoherent alluvium of the
came Lype as1s IrATSPRRH. W"hnu_‘ changing its cross-section and slope. Lacey’s regime theory
is aPP“‘“bIC only to channels which are in final regime.

Thswaootis squations proposed by Lacey for the design of stable channels in alluvium

angetic plains and put forward his new theory.

are

p=4.75/0 %)
R=047(Q/ f)'"’ (5.16)
B,nd f!an
e (5.17)
33400
with
f,=1.76J/d (5.18)

where P is the wetted perimeter in m, R is the hydraulic radius in m, Q is the discharge in m*/s. d
is the average particle size in mm and f; is the silt factor which takes into account the effect of
grain size of the material forming the channel.

The alluvial channels are usually provided with trapezoidal sections having side slopes
equal to or less than the angle of repose of the perimeter material. But due to deposition of fine
sediments, the final side slopes attained by the channels are much steeper. Hence, it is customary
to assume a side slope of 0.5:1 (i.e. s = 0.5) for the design of alluvial channels.

Example 5.6
Design a stable alluvial channel using the Lacey method. The channel is to carry 10 m’/s
through 1 mm sand.

Solution Q=10m's d=1mm
£, =1.76:/d =1.76:/1 =1.76
5/ 53
¢ 1.76" " _s523x10"*

1e

S, = 1 =
°733400"° 3340x10
R=047(0/ )"’ —0.47x(10/1.76)'"* =0.84 m
P=4.75/0=4.75,/10 =15.02m
S0 that
A= PR =15.02x0.84 =12.60 m" |
i‘"LSHuming tha{ thE Side S]opc iﬁ ]J’ZH 1 V s0 that 8 = 05, we Uhlﬁl'ﬂ
P=15.02=h+2hJ1+0.5" =b+ 2.236h

) A=12.60=(b + 0.5h)yh=bh+ U.SDI:’_
Eliminating b between the above two equations.
. W -8.652/h+7.258=0
Which gives h = 0.94 m and 7.71 M-
12.92 m and - 222 m. Since b cannot be !
h=094mandb=12.92M

we get the quadratic equation

Using these two values of h, we get b=15.02  2.230h
wegative, we accepl
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PRORBL.EMS AND EXERCISES

issible velocity, (i) maximum permissible velocity. (1) freebo g

3.1 Define (i) minimum perm S : f
of repose. (Vi) threshold or incipient or impending maotgy,

(iv) best hydraulic section, (v) angle !
condition, (vii) critical shear stress. and (vii1) shear stress ratio.
5 2 What are the advantages of lining a canal”? Write the names of the materials commonly e

for lining.

5.3 Show that (i) the best hydraulic circular section 1s a semi-circle, (i1) the best hydiaulie
rectangular section is one-half of a square, (i) the best hydraulic triangular scction 1s one-half
of a square, (iv) the best hydraulic trapezoidal section is one-half of a regular hexagon, ‘-'”hi (v)
for the best hydraulic parabolic section the top width is equal to 242 times the depth of flow,

. ; : i . : T T, 0
5.4 *The best hydraulic section is not necessarily the most economic section”  why?

5.5 Deduce the expression for the shear stress ratio K (Eq. 5.1 1).

5.6 What is the main limitation of the Kennedy method? What is the improvement of the Lacey
method over the Kennedy method? What is a regime channel according to Lacey?

5.7 T'he cross-sectional area of a channel 1s 40 m?. Calculate the wetted perimeter and the
hydraulic radius of the best hydraulic section if the channel is (i) rectangular, (11) triangular, (iii)
traperoidal, (iv) circular, and (v) parabolic. Which section has the minimum wetted perimeter?

5.8 Design the best hydraulic trapezoidal section to carry a discharge ol 20 m’/s on a slope of |
in 2500 ifs=1and n=0.012.

5.9 A lined channel (n = 0.015) is to be laid on a slope of 1 in 2000. The side slope of the channel
is 1o be maintained at 1.5:1. (i) Determine the depth of flow ot a triangular section with rounded
corer to carry a discharge of 40 m’/s. (ii) Determine the dimensions of a trapezoidal section
with rounded corners to carry a discharge of 80 m*/s when the maximum permissible velocity is

2 m/s.

5.10 An irrigation canal has to carry a discharge of 30 m?/s through a coarse non-cohesive
material having dso = 2.5 cm, d7s = 3 cm and n = 0.025. The angle of repose of the perimeter
material is 32°. The canal is to be trapezoidal in shape having s = 2 and laid on a slope of 1 in
1000. Compute the bottom width and the depth of flow (i) using the method of Lane, and (ii)
using the modified Yalin-Karahan diagram.

5:11 Design a stable alluvial channel using the lacey method. The channel has to carry 3
discharge of 25 m®/s through 1.5 mm sand.

vk ok ok ek
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Chapter ¢

GRADUALLY VARIED FLOW

'N.I-R()]}U{:TION AND BASIC ASSUMPTION

G In grudually' varied flow, the depth of flow and the mean velocity vary gradually along the
ength of the .chm-mcl_ (Sh/ox " U,. aU/ox = 0). The streamlines are practically parallel and the

.sure distribution 1s appmmnldh’:l}i h}:dmsiauc. Since in gradually varied flow the depth of
|?|I:W changes gradually, to produce a significant change in depth, long channel lengths are usually

- volved in the analysis of gradually varied flow. Consequently, the frictiona’ 2s, which are
mul"uniunal to the channel length, play a dominating role in determining the aracteristics
: II’-'Id n-lu_qt be in'l:lll(j.:Ed. ) ‘

. The analysis of gradually varied flow involves the assumption that th.  ~tion losses in

adually varied flow are noit significantly different from those in uniform flow. >y virtue of this
issunmtinn. the friction slope in gradually varied flow is computed using a uniform flow formul 1,

e

2

S - (6.1)

" S AR
when the Chezy formula s used, and

. n’Q’ (6.2)

ST AR
when the Manning formula is used.
6.2 GOVERNING EQUATIONS 2

Consider a channel in which the linitaonidl diae 1

depth and mean -velucily chartgtf i ] Hhimu-ﬁ'lus ] e
gradually but the discharge remans Yo Hegess,y | g

constant along the length of the channel.
It is also assumed that the channel slope 15

small. Then, at any channel section, the | \-\

total energy is given by (Fig. 6.1)

h
U.
H:zb+;"|.|. (JE =zh+E (6'3)
g
Where 7, is the elevation of the - fEhomel bouom siope . s,
channel botlom above a horizontal 1. I-'“————————_ dx &’Zr—*—r—-n
1 . £ b
datum, h is the depth of flow, U s 'hr"r w Daturn
Mean velocity of flow, a is the encrey (‘EL)
coefficient and E is the specific encrey: CD

Fig. 6.1 Derivation of the gradually varied flow equation

g 1IVES
Diﬁ'r:rf.:ntiating Eq.(6.3) with respect toX g

dH s, dE (6.4)
d ar o
/87
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line. It is usual to consider the slope of

The term dH/dx represents the slope of the energy _
Since the total energy of 1oy,

the energy line which descends in the direction of flow as positive.
decreases (as x increases) in the direction of flow, it follows that

an__
dx

(6.5)

annel. It is usual to consider (he
The term dzy/dx represents the bottom slope of the chan e e

bottom slope that falls in the direction of flow as positive. Since the ¢ o
elevation dz, is negative when the channel bottom descends in the direction of flow, we have

B (6.6)
dx

Using Eqgs.(6.5) and (6.6), Eq.(6.4) becomes

6.7
dE_o _s, (6.7)
dx
Using Eq. (3.3). we can write
E:Eﬁ =(] — F,-J}i}! (63}
dx dh dx dx
Combining Eqs.(6.7) and (6.8), we obtain

dx 1-Fr?

Equation (6.9) is the basic differential equation of steady gradually varied flow and is
known as the dynamic equation of (steady) gradually varied flow. 1t represents the slope of the
water surface with respect to the channel bottom and gives the variation of h in the x direction.

The water surface curve or profile represents a backwater curve when the de pth of flow
increases in the direction of flow (dhv/dx > 0) and a drawdown curve when the depth of flow
decreases in the direction of flow (dh/dx < 0). When dh/dx = 0, the water surface is parallel to the
channel bottom and the flow is uniform.

Other useful forms of . (6.9) can also be obtained. The section factor Z and the section
factor for critical flow computation 7. can be expressed, respectively, as (Art. 3.2)

Z=dAJD (6.10)
and
zl s Q (6.11)
Jeg/a
so that
.y : 2 :
o =£.Q__ = ._.,.{{._ = Fr’ (6.12)

nl

Z' gA’D gD/

where Z represents simply the numerical value of AVD to be computed for Q at the actual depth :
of the gradually varied flow and 7, is the section factor to be computed for Q as if the flow in th¢
channel is critical.

LR
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The slope of the channel bottom S, ang

t
rgspgcli\'ﬁl}’, as (Art. 4.5) he slope of the energy line S can be expressed,
2
So= K‘ Hz Ao
and
-0
IR (6.14)
so that
5 K .
So K _ (6.15)

where K is the numerical value of the conveyance to be computed for Q at the actual depth h of
the gradually varied flow and K, is the conveyance to be co]:'nputed fc?r Q as if the flow in the
channel is uniform.

Substitution of Egs. (6.12) and (6.15) into Eq.(6.9) gives

dh 1-(K,/ K)?
—=5 n
dx o 1_(2:!2,): (616)

Now, for a given channel section, the section factor and the conveyance are functions of
the depth of flow, i.e.

Z:=C, M Z2=C;hM (6.17)
K?=C, hM Kn?2 = Czhy" (6.18)
where C, and C, are the coefficients and M and N are the hydraulic exponents for critical flow

computation and uniform flow computation, respectively. With the above expressions, Eq.(6.16)
mes

dh - N

d 1= (h Ih)™ ol

For a wide channel, M = 3, and when the Chezy formula is used, N = 3, and hence
dh _ s, 1=,/ h)? ' (6.20)
dx 1—(h. / h)® .
When the Manning formula is used, N = 10/3, and therefore
d,
G s, 1=(h, 1 h)'" (6.21)
1-(h./h)’
Quationg (6.20) and (6.21) can be used to compute gradually varied flow in wide channels.

B9
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6.3 CHARACTERISTICS AND CLASSIFICATION OF FLOW PROFILES

es of Bottom Slopes ] ' .. T
Types The channel bcl:ttom slopes are conveniently classified as susfaining or positive slope s,

> 0) and non-sustaining slope (So < 0)- A positive slope is the slope for which the channy

bottom falls in the direction of flow. It may be
i) mild ( So < Sc, ha > he) i
ii) crirfca!S(Sn =Sscl’1hl-1¢=h.;h}dl an
g > 8o, ha : ' .
Unifur:: )fl.;fvegagl ;ccu: in positive slope channels only. In'a mﬂd slope c.hannel the uniform flq,,
is subcritical, in a critical slope channel the uniform flow 1s critical and in a steep slope chanpy
p : Seloinl |
the umf;n:ﬂfft:;:g&s;gegn;ﬁ; is the slope for which the channel bottom does not fall in g,
direction of flow. It may
i) horizonraé ( Snb =; 0), and
ii) adverse (So < R _ '
A hurizx:?ntal slope i: a zero slope. An adverse slope is a negative slope for which the chanpg

i in the direction of flow. _ ] ‘
. ?hs:ss;.;nb;ls M, C, S,Hand A are respectively used to designate the Mild, the Qnﬂcal.
the Steep, the Horizontal and the Adverse slopes.

es of Flow Profiles )
e For the given discharge and channel conditions, the normal depth line (NDL) and the

critical depth line (CDL) divide the space above the channel into three zones:
Zone ] Space above upper line (h > hy, h > he)
Zone 2 Space between two lines (ha>h>h;or he>h> h,)
Zone 3 Space between channel bed and lower line (h <h,, h <h)
The three zones are designated by 1 to 3 starting from the top. The flow profiles are classified
according to the channel slope and the zone in which the flow profile lies. The name of a flow
profile contains the symbol of the channel slope followed by the zone number. Thus, the nameof
the flow profile which lies in Zone 1 of a Mild slope channel is M1. It will be shown later that
the horizontal and the adverse slope channels have only two zones and the flow profiles H1 ané
Al are physically not possible. Thus, the flow prafiles may be classified into thirteen different
types designated as M1, M2, M3, Cl, C2, C3, 51, 82, 83, H2, H3, A2 and A3. Of the thirteet
flow profiles, twelve are for gradually varied flow and one, C2, is for uniform flow. The gener
characteristics of these flow profiles are given in Table 6.1 and their shapes are shown in Fig. 62
Some examples of flow profiles are given in Fig. 6.3.

Behavior of Flow Profiles at Specific Depths
Let us now consider the theoretical behavior of the flow profiles at some specific depth®
i) When h — h,, Eq.(6.19) shows that dh/dx — 0, i.e. the flow profile approachfs‘h"

normal depth line tangentially. :
_ if) When h — h, Eq.(6.19) shows that dh/dx —> o, i.c. the flow profile becomes veri®
In crossing the critical depth line. This indicates a hydraulic jump if the depth changes su¢ = ;
from a lower value to a higher value or a hydraulic drop if the depth changes abruptly from;
. ‘higher value to a lower value. In both cases the flow becomes rapidly varied and the theory ®
gradually varied flow does not apply. g
e iii) When h — oo, Eq.(6.19) shows that dh/dx — S,, i.e. the flow profile tends 10 it
hor}zontal. Note that the slope of the channel bottom Sy is determined with respect 10
ﬁnzontal line, whereas the slope of the flow profile dh/dx is determined with respect 3
channel bottom. Therefore, the flow profile, whose slope is dh/dx = Sy, must be ho“zontg L

b“’) Ash — 0, Eq.(6.19) shows that dh/dx —> «o/c0. However, using Egs.(6.20) and @
can be shown that when h = 0 and the channel is wide

-1
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E?—l-.ﬂSﬂ

dx

“rhﬂn
dh

e = 0D

dx

when
= depen

s not of much practical importance since

(7

the Chezy formula is used, and

the Manning formula is used. Thus, the
ds on the type of uniform flow fo

Table 6.1 Types of flow profiles in prismatic channels

(6.22)

(6.23)

theoretical behavior of the flow profile at or near h

mula used in the computation. However, this result
zero depth does never occur.

*C;Eﬁnel Zone E::iifﬁ Relll:-tio:n grht: to] Type of curve | Type of flow
1 - G - -
ey =8 o h> b, Drawdown | Subcritical
3 H3 h.>h Backwater Supercritical
B 1 M1 h > h, > h, Backwater Subcritical
Ef-l:: gﬂf S: |2 M2 b, >h>h, Drawdown Subcritical
3 M3 h,>h.>h Backwater Supercritical
1 C1 h>h.=h, Backwater Subcritical
S P I P o .
3 C3 h.=h.>h Backwater Supercritical
1 S1 h>h.>h, Backwater Subecritical
g:e:g','} 0l2 S2 h.>h>hg Drawdown Supercritical
MER, 3 sS3 h.>h.>h Backwater Supercritical
1 i - - =
g“d:aﬂe B A2 T T Drawdown Subcritical
3 A3 h.>h Backwater Supercritical
i S I

Genera) Procedure for Sketching Qu2
The general procedure for sketc

hannel. Plot the critical depth line (CDL) and normal depth

follnws:

. 1. Draw th the ¢
line (NDL), 35 e profile of the

my s
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2. For the zone in which the profile lies, determine the relation of the depth h 1o |y, ang
h ifany' For example,‘for Zone | of a mild slope channel, h > h, > h,. _ e
ns 3- Name the profile considering the channel slope and the zone in wI‘::L:!‘l It lies, g,
exam Ie'the name of the profile which lies in Zone 2 of a steep slope channel is h}!.

: 4. Determine the sign of di/dx from the signs of the numerator and denominator of yy,,
right han;i side of Eq.(6.19). The numerator is positive if h > h, and negative if h < h,,, Him”“”}’.
the denominator is positive if h > h. and negative if h < h,. f _

5. Determine whether the profile is a backwater curve or a drawdown curve. The profj|. iy
a backwater curve if dh/dx > 0 and a drawdown curve if dh/dx < 0. ‘

6. Consider the conditions of the profile at its upstream and domm}rcnm ends which wj
help to determine the actual shape of the profile, i.e. whether the profile is concave or COnvey.

7. Sketch the qualitative flow profile. N _ e

8. Determine whether the flow is subcritical or supercritical. Flow is subcritical if h = h,
and supercritical if h < h,.

Flow Profiles in Mild Slope Channels (S, > 0 and h, > h,) _
Using Eq. (6.19), the sign of dh/dx in each zone can be determined as follows:

h h
i) Zone 1: h> h, > h_, %=+E=+' i.e. g—}ﬂ
dh - dh
i) Z 2: h,>h>h, —=4+—=— je. " <0
it) Zone e 2 =

dh - dh
i) Z 3: h,>h. >h, —=+—=+, ie. == >0
iti) Zone : . > £ * ==, Le dr}

The water surface profile in Zone 1, designated as M1, is a backwater curve and
represents subcritical flow. At the upstream boundary (h — h,, dh/dx — 0), the profile is
tangential to the normal depth line and at the downstream boundary (h — oo, dh/dx — S,), the
profile tends to be horizontal. The M1 profile occurs behind a dam and upstream of a weir or

sluice gate in a mild slope channel. It may be very long compared to other flow profiles. It

represents the most common flow profile and it is the most important flow profile from the
practical point of view.

The M2 drawdown curve in Zone 2 is tangential to the normal depth line at its upstream
boundary (h — h,, dh/dx — 0) and normal to the critical depth line (h —» h,, dh/dx — =),
indicating a hydraulic drop, at its downstream boundary. This type of profile can occur at a free
overfall and when a mild slope is followed by a steeper mild or critical or steep slope.

The M3 backwater profile in Zone 3 starts theoretically from the channel bottom at is
upstream end and terminates in a hydraulic jump at its downstream boundary (h — h,, dh/dx
). The M3 profile occurs downstream of a sluice gate in a mild slope channel and when 2

supercn;gilca] flow enters a mild slope channel. The M3 profiles are relatively shorter than M1 and
profiles.

Flow Profiles in Steep Slope Channels (S,> 0 and h, < h,)

The S1 backwater profile begins with a hydraulic jump at the upstream boundary and

tends to be horizontal at the downstream bound The S1 profile i dam of
upstream of a weir built in a steep channel. e HIRG accuss. belund a

The S2 drgdeWn curve

ope from mild to steep or steep to steeper.
. I'he 83 backwater profile starts from rmal
depth line tangentj allyat i spdo from the channel bottom and approaches the no

B stream end. It may occur below a sluice gate on a steep slope &'
at a transition between steep slope and milder steep slope. . 5
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ofiles in Critical Slope Chap
Flo P{n a critical slope channel the Nﬂffgguthz 0 and h, = ho)

2 profile which satisfy the s CDL coincide ; _ i
andlfl%hi sz profile thus represents ,fr?i'}glhon h, = ide since h, = h.. Therefore, Zone 2

' m critj = he also coincide with the NDL and the
CD Thc Cl backwater prﬂﬁl = CI"IT.IC::I ﬂOW and ; 1h € e an C
¥ . € may occu | t s _
chﬂ““'ﬂtal downstream. The C3 b N Zone 1 starts fro Y rin a long critical slope

‘worl ackwat . m the h, = h, line and tends to be
nzo ot = = €T profi ; n ¢
}Tﬂw the ho = he line at its downstream eng, 18] le in Zone 3 starts from the channel bottom and

dh-s sing the condition h, = he, Eq.(6.20) gives
—=5
dx

which indicates that the C1 and C3

s tormula is used. Since M~ N profiles in a wide channel

are exactly horizontal when the

en : = :
e obtain generally, using the condition h, = h, in Eq.(6.19) or (6.21),
2.

ich indicate that the C1 and C3 pro . i
.:Eur upstream of a sluice gate on a cI:itiﬁles are approximately horizontal. The C1 profile may

. cal slope or when a critical slope is followed by a mild or
horizontal url.advetrs; slope. The C3 profile may occur downstream otEa sluice gate in a critical
slnpt‘—:;;i"ﬂe or at the transition between steep and critical slopes. The critical slope profiles are
very -

Flow Profiles in Horizontal Channels (S, = 0)

‘ _For a horizontal slope (S,= 0), Eq.(6.13) gives K,= o or h, = 0, and, therefore, the
condition h> h, > h for Zone 1 cannot exist and an H1 profile is not physically possible. With S,
=0, combination of Egs. (6.9), (6.12), (6.14) and (6.17) gives

dh. —oyp & (0K
dc 1-Fr? 1—(h /W)™
so that the sign of dh/dx is obtained as follows:

(6.24)

dh . -
) Z 2:h>h, —=—=—, ie.— <0
i) Zone > ons ;ecbr
E)Zane3:h-:hc,g=5=+,i.e.%:-0

The H2 drawdown profile has a horizontal asymptote at its upstream end (h — «) and ends in a
hydraulic drop at its downstream end (h — he, dh/dx — 0). It may occur on a horizontal slope
upstream of a free overfall. The H3 backwater profile, which is similar to the M3 profile, is
obtained downstream of sluice gates and spillways on a horizontal slope.

Flow p . hannels (S, < 0) '

: ?:;i;ﬂ;; matdivdvre;s :lg I:p(eSC{ﬂg), Eq. (%.13) indicates that K,® is negative and h, is
‘Maginary, Therefc-r: sthe cnl:lditioon h > h, > hc for Zone | cannot exist and an A1 profile is not
ph}'Siﬂal]y PﬂSSible. éﬂmbiﬂing Eqs (6.9), {6. 12) and (6‘.17), we obtain

EE!- *_-.__Sijir__. (6.25)
jji:s n::_‘a(t?;; };LZ S, is positive, the numerator of the right hand side of Eq.(6.25) is
€ and, ﬁence the sigrn ctEdhfdx is obtained as follows:

dh

=

Negatiy

{) Zone2: h > h_,

e B
|
|
+
I
W

i) Zone 3: h < h.,

to H2 and H3 profiles and are very rare. Only short lengths of
d to occur in practice.

. Th
adyeres 21 A3 profiles are similar
slope profiles may be expecte
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It is evident from Table 6.1 and Figs. 6.2 and 6.3 that the profiles in Zone I (ie.M], 5
and Cl) and Zone 3 (i.e. M3, 83, C3, H3 and A3) are backwater curves and those in Zone
(i.c. M2, 82, H2 and A2) excepting C2 are drawdown curves. The profiles in Zone 1 and ),

profiles M2, H2 and A2 of Zone 2 represent subcritical flow. The profiles in Zone 3 and 1y,

82 profile of Zone 2 represent supercritical flow. The profile C2 represents uniform any

critical flow.

6.4 FLOW PROFILES IN SERIAL ARRANGEMENT OF CHANNELS

General Procedure ; g i
When two or more prismatic channels of the same cross-section but with different bottom
rocedure for the analysis of

slopes are combined and carry the same discharge, the following p

flow profile is to be adopted: " " ”
1. Draw the channel profile. Plot the CDL and the NDL, if any, in each channel.
2. Locate all possible control sections at which the depth is known.

3. Starting from the known depth, draw the possible flow profiles in the channels.
The following points must be noted in connection with the flow profiles in a number of

channels: ) .
1. The critical depth he will be the same for all the channels, since it does not depend on
the channel bottom slope Sp.

2. The normal depth h, will
to the channel bottom slope So, the normal depth h,

and vice versa.
be subcritical and downstream of a control must be

3. Flow upstream of a control must C
supercritical. The control itself locates the suberitical flow profile upstream of it and the

supercritical flow profile downstream of it. In fact, the gradually varied flow profile(s) are the
results of interaction between the flow and the control(s).

4. When the flow changes from subcritical to supercritical, a hydraulic drop usually forms.
On the other hand, when the flow changes from supercritical to subecritical, a hydraulic jump

usually forms.
5. Under normal condition, the flow in a long straight prismatic channel having positive

slope is taken to be uniform. Therefore, the flow beyond the influence of a control or transition

in a mild, critical or steep slope channel will be uniform, i.e. at the normal depth h,.

6. Under normal condition, the flow in a long horizontal or adverse slope channel is
subcritical. Therefore, the flow beyond the influence of a control or transition in a horizontal or
adverse slope channel will be in Zone 2, i.e. the flow profile will be H2 in a horizontal channel

and A2 in an adverse slope channel.

be different in different channels. Since h, is inversely related
for a channel will be higher if Sp is lower

Specific Examples

Mild slope channel followed by steep slope channel
As an illustration, let us sketch the qualitative flow profiles in a mild slope channel

followed by a steep slope channel (Fig. 6.4). Obviously, the flow is uniform both upstream and
downstream of the transition point as shown. The five possible flow profiles, numbered from
to 5, over the transition in slope are shown in the figure. For the flow profiles marked 1, the flow
is uniform in the entire mild slope channel and the flow passes from the uniform flow condition
in the upstream channel to the uniform flow condition in the downstream chahnel through an S
profile in Zone 1 and an S2 profile in Zone 2 of the steep slope channel. Obviously, this is a0
impossible case because an S1 profile must be a backwater curve, not a drawdown curve, as
shown in Fig. 6.4. In a similar way, the flow profiles marked 5, consisting of an M2 profile 10
Zone 2 and an M3 profile in Zone 3 of the upstream mild slope channel, are also impossible since
the profile M3 must be a backwater curve. Proceeding in this way we come to the conclusio?
that the flow profiles marked 3, consisting of an M2 drawdown profile in Zone 2 of the ups
mild slope channel and an S2 drawdown profile in Zone 2 of the downstream steep sIOF°
channel, are the only acceptable flow profiles. Obviously, the flow changes from subcritic -
the upstream mild slope channel to supercritical in the downstream Jteep slope channel which ?
possible only through a hydraulic drop.
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Fig. 6.4 Flow profiles in a mild slope channel followed by a steep slope channel

Steep slope channel followed by mild slope channel

In Fig. 6.5, the flow profiles in a steep slope channel followed by a mild slope channel are
shown. The uniform flow is supercritical in the upstream channel and subcritical in the
downstream channel. The change in the flow state from supercritical to subcritical can only occur
through a hydraulic jump. The location of the jump depends on the relative magnitudes of the
two slopes. If the magnitude of the two slopes are such that the jump is formed in the steep slcpe
channel, an S1 profile is formed in the steep channel and the flow is uniform just from the
beginning of the mild slope channel. Now, if the slope of the downstream mild slope channel is
gradually increased, the normal depth line for the mild slope channel lowers and the jump
gradually moves downstream and finally the jump forms on the mild slope channel. In this
situation, the flow is uniform in the entire upstream channel, an M3 profile is formed in the

downstream channel and the flow eventually returns to the uniform state after the hydraulic jump
in the mild slope channel.

R

e —_— i
-
—
-.‘Hb —

e

' M

¢ L I

9‘. 4

],i M l \

! Mild

.:'-:II

¥ )

v Fig. 6.5 Flow profile in a steeP slope channel followed by a mild slope channe]
N "
l". l

' lic jump usually occurs when a steep slope ch 1i
i It is to be noted that a hydra! adverse slope ch : channel 1s
J ? an pe channel. ]
. followed by either a mild or a horizontal or The jump fgn‘ns either in

annel, but such a situati
# ' 'he upstream channel or in the downsugli:::u‘:gl and the rest of mEjul;l; fi
‘1{-| part of the jump forms in the upsﬁﬂam
FF' Ehﬂ-ﬂnﬂl.

dnesﬁnever occur that a
forms in the downstream
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ild slope channel .
d nf:c'::mrfj:ll‘;t the end of a mild slope channel (Fig. 6.6). The flow;

i i .tream of the free overfall. The water surface falls as a resuly gy
?glg%ﬂ;altlheaﬁhﬂgl;lrgglgﬂzs‘;mP? immediately upstream of the free overfall and the crifiilc]:n
dépth cccurE: just upstream of the brink.

Free overfall at the en
Suppose there is a fr

; nstream of a mild slope channel
Dlﬂere%m:t;;;;ﬁ:rl‘: g?:‘hlés;atcr level downstream of a mild slope channel are as shown ,
o 61:} Ofﬂgﬁﬁb h,, an M1 profile is formed,
ii) when hg > hg > he, an M2 profile is formed, and ;
113 when }':“ > h. > hg, the situation is similar to a free overfall and an M2 prof;, .

formed.

Fig. 6.6 Flow profile due to a free overfall .  Fig. 6.7 Flow profiles for different positions of
at the end of a mild slope channel water level downstream of a mild slope channel

Flow from a reservoir into a channel

It is assumed that the water level in the reservoir h, is more than h, and h, (if any) in the
channel. The flow from the reservoir into the canal is subcritical and remains subcritical if the
channel slope is mild, changes to critical if the channel slope is critical and changes to
supercritical if the channel slope is steep. In case of a mild slope channel (Fig. 6.8a), the water
surface from the reservoir joins the NDL of the channel through a transition and no profile is
formed. In case of a steep slope channel (Fig. 6.8b), the depth at the entrance to the channel i
critical and the water surface joins the NDL through an S2 profile.

(a) (b)

; o ' e
Fig. 6.8 Flow from a reservoir into a (a) mild slope channel, and (b) steep slope chanf®

- Sluice gﬁ:ﬁ:’a steep slope channel haﬂﬂrl
IS a vertical sluic i i flow inthec
far uice gate in a steep slope channel (Fig. 6.9). The flow s il
wh;:;%s;;cmﬂ;‘:ﬂil of the sluice gate is unif‘ormp andpsngrcrilicaL %‘he pz-esence of the Sluic:f; g
S1 profile ar; Dh’ changes the flow to subcritical with the formation of a hydraulic] P orme?
OWnstream ofiho“m' in Fig. 6.9. An S3 profile representing supercritical flow 15 can.
€ sluice gate through which the water surface joins the NDL downstr
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Wil - orflow WEI in a mild slope channel
Flhh' ove flow in the :rh;ﬂ;lﬂlriar'ulastream of the weir (Fig. 6.10) is uniform and subecritical.
ove the wel ThPP : ximately equal to the critical depth, i.e. critical section occurs
of the weir. 1h€reiore, an M1 profile is formed upstream of the weir.

The
ﬂlﬂl ﬂeE‘[h ab
| just WP

:ica!

Fig. 6.9 Flow profiles upstream and down- Fig. 6.10 Flow profile upstream of an
stream of a sluice gate in a steep slope channel overflow weir in a mild slope channel

™ Increase of surface roughness
An increase in surface roughness increases the normal depth h,. As a result, the normal

depth in the rough channel is higher than the normal depth in the smooth channel. When the
k channel is mild, an M1 profile is formed in the smooth channel through which the uniform flow
¢ inthe smooth channel changes to uniform flow in the rough channel (Fig. 6.11a). In the case of a
¥ steep slope channel, an S3 profile is developed in the rough channel (Fig. 6.11b).

(b)

(a)
Flow profile as a result of increase in surface roughness in a (a) mild slope channel,

Fig:6.11
and (b) steep slope channel

Ch
*8¢ in channel width _ o
An increase in channel width reduces the discharge per unit width q and the normal depth

hy. A
thannd?freasﬂ in width does the reverse. The flow profiles for a change in width in a mild slope
®lis shown in Fig. 6.12.
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6.12 Flow profile as a result of change in channel width in a mild slope channel

Fig.
Example 6.1 . - - d Sp = 0.001 carries a disch
al channel withb=6 m, n=0.025,s =2 and 50 = U. : nscharge ol
A trapezoidal chann A of the channel the depth of flow is 1.30 m. (i) Determine the type|

28 m?/s. At a certain section ¢
of channel slope. (ii) Determine the type o
flow is 1.50 m, state whether section B 1s locate

Solution For the given section, n, S and Q, the critical and normal depths are found to be

f flow profile. (iii) If at another section B, the depth of
d upstream or downstream of section A.

h.=1.14m and h,=19lm

The actual depth of flow at section A , ha = 1.30 m.

(i) Since h, > h,, the channel slope is mild.

(i1) Since h, > ha > h, flow occurs in Zone 2 and the profile is M2.

(iii) Since the M2 profile is a drawdown profile and the depth at section B (= 1.50 m) is
more than the depth at section A (= 1.30 m), section B is located upstream of section A,

Example 6.2
A rectangular channel withb=10m, a = 1.10 and n = 0.025 has three reaches a.rrangfdi

serially. The bottom slopes of these reaches are 0.0040, 0.0065 and 0.0090, respectively. Ford
discharge of 35 m’/s in this channel, sketch the resulting flow profiles. |

Solution The critical depth for the given conditions is obtained as

» =#QQ’ _y[l10x35%
_ P gb’_ 9.81x102
Since critical slope is the slope for which flow in the channel is both uniform and critical, hen¢

hn=hc= l.11m
Therefore, A = 10x 1.11 = 11.12 m%, P= 10 + 2x1.11 = 12.22 m and R = A/P = 0.91 m, and

s (72 Y [ 0.025x35 Y
“\4r?”™ | <= = 0.0070

Thus, the 11.12x0.9177 i
). ottom slopes of the thre : i ively.
result e reaches are milder, mild and steep, respectively
ing flow profiles are M2, M2 and S2, as shown in the following figure.
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45 COMPUTATION OF FLOW PROFILES

65.1 Introduction

The co{nputanon of the gradually varied flow basically involves the integration of the
dynamic equation of gradually *Vﬂricd flow. This equation is a non-linear ordinary differential
equation of the t?:rst order and its solution requires one boundary condition for depth, i. ¢. the
depth at the section where the computation begins must be given. This equation can be easily
ntegrated (i) for a wide channel, and (ii) for a horizontal channel. For other channels, the
integration of the gradually varied flow equation has to be performed either graphically or
numEﬁCﬂ-u}'.

The computation of gradually varied flow profile must begin with the known depth of flow
at a control and proceed in the direction in which the control operates. Thus, the computation of
the subcritical flow profiles must start from the downstream end of the channel reach and
proceed upstream, and the computation of supercritical flow profiles must start from the
upstream end of the channel reach and proceed downstream.

The profiles M1, M2, S2 and S3 approach the normal depth line asymptotically, i.e.
theoretically these profiles extent indefinitely before merging with the normal depth line. Sucha
situation presents difficulties from the computational point of view. As a result, the computation
of these flow profiles is usually terminated at a section where the depth of flow is about 5%
greater or less than the normal depth.

In computing a flow profile, the following data or information are generally required:

1. The discharge Q for which the flow profile is desired.

2. The depth of flow or stage at the section where the computation begins.

3. The channel sections.

4. The bottom slope So of the channel.

5. The energy coefficient a.

6. The Manning's n or Chezy's C.

There are many methods for computing gradually varied flow profiles. However, these
methods can be broadly classified into the following three categories:

i) Methods used for computing flow profiles in prismatic channels

ii) Methods used for computing flow profiles in non-prismatic channels

iii) Numerical methods.

The methods used for computing flow profiles in prismatic or regular or uniform channels
::)mputf: a longitudinal distance x for a given h directly without involving any trial. The direct

€P method and the direct integration method fall in this category. The methods used for

C?mpuﬁng flow profiles in non-pri smatic or irregular or non-uniform channels compute h from a
Blven x| error procedure is necessary. The standard step method falls in .

is n this case, a trial-and- : - :
Second category. The numerical methods compute h from given x without involving any trial.

¢ Runge ~Kutta methods fall in this category.
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6.5.2 Direct Integration Method :
- Direct integration of the gradually varied

wide channel and in a horizontal channel is simp

gradually varied flow equation for other cases is.
i The main advantage of the direct integration

I-ength of the flow profile may be computed accurate
(i) Flow Profile in a Wide Channel: Bresse Method

Equation (6.19) can be integrated exac
conveyance expressed in terms of the Chezy form

dh _ 1-(h,/h)
dx  °1-=(h./h)

Putting u

3
d’::h—" 1- l-—-ﬁr—3 1 5 du
So h, 1—u

which on integration gives
o h.
x=—"2|u—-|1-—5|¢ |+ C,
S h,
where ¢ is the Bresse function given by

t du 1, w2 +u+l 1
¢=J!~u’=_ln
0

J3

2u—+1

-1

6 I(t..!—-l)2 —‘Etan

flow equatio
le and conside
presented by C
method over
ly using a single step-

tly for a wide rec
ula. For this case,

n for computing flow profiles fis
red here. The integration of yy,
how (1959) and Gill (1976,
other methods is that the tota)

tangular channel with (e
M=N=3 and we have

16.26)

= h/h,, so that du = dh/h, in Eq.(6.26) and rearranging yields

(6.27)

(6.28)

(6.29)

and C, is a constant of integration. This integration was first performed by J. A. Ch. Bresse in
1860. A determination of the flow profile by this solution is widely known as the Bresse method.
The length of the flow profile between two consecutive sections of depths h, and h; is

obtained from Eq.(6.28) as

Et, ;—:[(u, —ul)-{l —%;J(ﬁsz —ﬂ)]

n

(630) |

where ¢, and ¢, are the values of ¢ corresponding to u,= hy/h, and u; = hy/h,, respectively.
Using the Bresse method, the flow profile in a wide positive (mild, critical and steep)

slope channels can be computed.
Example 6.3

-

) A wide rgctangular channel with Chezy’s C = 47 m'?/s and Sy = 0.0001 carries 2
d‘mcharge of 2 m®/s. A dam raises the water level by 0.50 m above the normal depth at the dam
site. Compute the length of the resulting flow profile between the dam site and the location wher®

the depth is 2.90 m.
Solution  Since the channel is wide,

’ 2 ! 2
h: =1 q—=3i_=
p 9.81 0.742 m

h, =3|-2
n C:zSu

=1 -
\/47.02 x0.0001 _ 026 m

n
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-cch > h,, the channel slope | 1s mild.
:fwh,gszmoso 326 m, uy < b1k w1, 190,
2,90 m, u, =hy/h, =1.104,
,I; oy orh::" h, > he, the profile ig MI1.
1, u +u+1 ] a3
=_-lr-’ tan™ -
4 -0 VB Zu

s .19{)‘+1.19r0+1__1_1mn_I
6 (1.190 - 1)? J3 m=0.7667—0.2?34=ﬂ.4933
h=glm uz( T -t V3
"1_1) \G 2u, +1
=11n1'1042‘.+1‘m4+1——l—tan-' B )
6 (1.104 —1)? J3 2x1.104 1 =0.9545-0.2858 = 0.6687

Hence, the length of the profile is obtained using Eq.(6.30) as
h, h’
2125 Yo -0)

2.626 0.742
= 1.104 ~1.190) — [ 1- 0.6687 — 0.4933) | = —6760.06 m
u.oom[( ’ [ 2.626° }( ’ i )]

(ii) Flow Profile in a Horizontal Channel
For a horizontal channel, Sp = 0 and Eq. (6.9) becomes

an_ -8, _ -(@/K)
d 1-Fr* 1-(h /hH)"

(6.31)

where Q0 = K fS e Since the critical slope S. is the slope that will produce a discharge Q at a
normal depth equal to the critical depth he, O = K, +/S. and hence Eq.(6.31) becomes
an_. —-(K./K)

e — Ao LM (6.32)
d “1-(n, /h)" .
Since K2 = C,hM and K2 = Czhe", so that (Ko/K)” = (h/h)", Eq.(6.32) becomes
N
dh _ o _:(L”*_)M_ (6.33)
dc  “1-(h /h)
Putting P = h/h, in Eq.(6.33) so that dp = dh/hc and rean-angmg, we obtain
M
n_s —U/p" o P 5= S. l“’ | (6.34)
d “1-Q1/p p"a-p" =
or
dx = %_( PV — oV \dp (6.35)
'“Brating the above equation, we get
wnie] 2V p J +C, (6.36)
S\N-M+1 N+I1
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. , - .
where C; is a constant of integration. The length of the flow profile between tWO COnsccutive

sections of depths h; and h; is given by

h 1 N-M+) N=M +! ] Nal __ g MY )] (6.37)
BT W P ) ([ ASEE - p = P
Lmig=dy .fs.",1:.?'\f—f'w'+l("p1 ' ) N+1(p’ '

When M and N are not constant, then they are 1o be computed for the average depth

71 = (h, + hy)/2 and taken to be constant for the reach.

Example 6.4 ] .
A vertical sluice gate having a coefficient of contraction, Ce

= 1.00 m, discharges 25 m*/s into a horizontal rectangular
channel 5 m wide. Compute the length of the flow profile =
between the vena contracta and the location where thedepth CDL. — - -
is 0.75 m. Take n=0.015 and a = 1.12. T

= 0.61 and a gate opening, h,

— ——— —

Solution Depth at the vena contracta,

h|=chhs=D.6lx1.DU=D.6l m - -
2 2 I-q.-- |
h =1 aQI =31’1'12XZS2 =1.419 m =
gb 9.81x5

Since h.I < h,, an H3 backwater profile is created.
The critical slogc is obtained using the Manning formula with h, =h.=1.419 m. Then,

A=5x1.419=7.09m’, P=5+2x1.419=7.84 m, R =7.09/7.84 =0.91 m so that

2 2
_( nQ 0.015%25 ) _
S‘-[AR“’) 2[?.09x0.912”) =R

The channel is rectangular. Hence, M = 3 and the value of N is computed for the
average depth, # = (h, + h,)/2= (0.61 +0.75)/2 = 0.68 m so that h/b=0.68/5=0.136.

5 W] g HELD) =E[5, il ]=3.04s
3|° " 132/8) | 37 1+2x0.136

Therefore, N— M + 1 = 1.048 and N + 1 =4.048. Also, pi=hi/hc=0.61/1.419 = 0.4297 and p,=
hy/he= 0.75/1.419 = 0.5284. Hence, the length of the flow profile is obtained using Eq. (6.37) as

h‘, 1 —M+ =M +! 1 + +
Li= —l:———'_(pzN & I_PIN u )— (PzN I_PIN I)]

S, N-M+1 N +1
1.419 [ 0.5284'°*® - 0.4297'***) (0.5284"%*® —0.4297"%
~0.0032 [[ 1.048 J_[ 4.048 ]]
= 37.63 m

6.5.3 Direct Step Method

In general, a step method is characterized by dividing the channel into short reaches (Fig:
6.13) and carrying the computation step by step from one end of the reach to the other. The direct
step method is applicable to prismatic channels and predicts a longitudinal distance x fora giver
depth h explicitly without involving any trial.
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In this method the equation

=

%ssu _5, (6.38) 1 o
. ged. 10 finite difference form this \N%\
!Sus'ncanbewriﬁenas "
cqu,ﬂtlﬂ : , h

AE ;‘639) (o] .,,f'rl" I:.‘L

.--'=Sa"_s * px‘l ’Frjirrrrf" A

Ax = -

Fig. 6.13 Definition sketch for direct step method

: i 1 variables with the i .
In this equation, al exception of Ax, are functions of the depth of flow h. So,
py selecting the value of h, Eq. (6.39) can be solved for Ax as
2 Sl.'l =5 Ef SU — §f

(6.40)

where

§f=(sﬂ+'sfz)"’2 (6.41)
s the mean value of the friction slope over the space interval Ax, and S and Sg are the friction
slopes at sections 1 and 2, respectively. Since Ax =x;—X, and the distance x; of section 1 from
ihe origin is known, the distance x; from the origin can be obtained from

x, =X, +AX ‘. (6.42)

Example 6.5 _
A trapezoidal channel with b=6m and s = 2 is laid on a slope of 0.0025 and carries a

discharge of 30 m’/s. The depth produced by a dam immediately upstream of it is 2.50 m.
Compute the resulting flow profile. Take a = 1.12 and n = 0.025.

Solution

For the given data, ;
155 m. Since h, > h,, the channel slope is mild, and since h > hyq

The channel bottom at
the section where h = 2.5 m is
aken as the origin and the
distances measured downstream
e taken to be positive. The
Computation begins at x = 0 and
Proceeds upstream step by step
until the depth is 1.60 m, which is
2out 3% higher than the normal
usinh' The computation of AX
i Eq.(6.40) for various values
g Eiven in Table 6.2 which

Most self-explanatory,

the critical and normal depths are found to be he=123mand hy =
> h,, the profile is M1.

105

Scanned by CamScanner



Scanned -b_y_Cmam Scanner

10°895- | OT"ZET- | S8Y000°0 | STOZOO 0 | SEZZ00°0 | T¥90°0- | TL€8°T | TLEZ'O 6TT°T [ 9T°€T | ZL"v1 | 09°1
888000°0 | ZT9T00" . . .
16°SEY- | ¥8°6L- 00°% | c6er00-0 | soc0v0- | ZFOE°Y | 2TOZ0 SLYT ) oser | 86t | oLt
L0°95E- | op-grr- | SOET00°0 | ST6T00°0 | oo one0 gesTro- | ToL6TT | TeLT'0 062°T | coepr | sz-et | o8t
19°9€2- | er-oor- | Toot00°0 | 90800070 | W conno | Leorro- | TEETE | YEETO | 00STT | BEETT | \o.or | 00'0z | 00z
ep-ger- | EV9€T- | BLET00%O | €25000°0 | .o | 869Z°0- | T86Z°Z | TB60°0 | TIE'T | SYPUT | WB'ST | oo | ..
A

— : ) ) LBE000"0 ) 6L95°Z | 649070 |~7160°T | TO9'T | BT'LT | 05°LZ | 05°Z

ey

o -

_ D

~

x xy vy ta ) M 8 3 - & A, < =

apyoad Ty ‘adofs py ‘W 657 =g ‘W €T =" ‘STO0=TUTI'T =D 8/ W g = O ‘S700°0 =S ‘7 = § “m 9 = q ‘jPunEy [Eprozadea]

pogyam days j33.1p 4q §°9 ddmrexy 0j A[youd Moy jo voyryndmoy) 7°9 aqe]

106




|
(54 C omputation of Flow Profiles in Non-prismatic Channels

‘ nﬂ' Step M'l!ﬂl'ﬂ'd i & .
§t89%" e direct integration method and the direct step method, considered above, compute a

. yinal distance X for a given depth h in a prismatic channel. These method otb
i Ioﬂg]mgd to compute flow profiles in non-prismatic chann methods cannot be

| els where it is necessary to compute
1 ;ﬂlﬁﬁh of flow h or the stage 2,, for a given longitudinal distance x. " ‘
¢
I

1 irregular or non-prismatic chﬂm::cls like the natural rivers, the channel properties are
psually measured only at certain fixed sections, known as srations, and it is necessary to calculate
o depth b OF the stage Z. from the chosen value of x. Using the standard step method, the depth

flow h or the stage Z for a given x can be computed. Therefore, this method is best suited to
E:; mmpulaﬁon of flow profiles in natural channels.

Since the depth or stage is unknown, we must use some sort of trial process. In the

mputation of flow profiles in non-prismatic channels' like rivers, the stage z, is most
:::nunﬂﬂll’ used instead of the depth of flow h.

-1_' ______ —Eneray —E—! il h fl

i e
' T ~p—Yater surface, S, ?

! hy
h2 l
I Zwl + Channel bottom, S, . |

& o Frrey
rr:rrr:fctrr;rrf,r rrrrrr Tr
e,

Zp1 Ax

_ . Datum

Fig. 6.14 Channel reach definition for standard step method

| The application of the energy equation between the two stations shown in Fig.6.14 yields
1 .

U2 U, (6.43
| Zy +h +a-'1?;"=zu1'hz+a: 2g +h, +h, . ( )
" |
2 1
: Zm ta, %:zﬂ +a, %—-l—h_, +h, . (6.44)
| g g
| Where .
. ' 6.45
-|- e zZ., =z, +h| ( )
Z,=z,,4h (6.46)

o e - ; bottom at sections 1 and 2
Respe Stages and z,, and are the elevations of t!“: channel bottom a sect .
Vely, hy is me] ﬁ-icﬁ:: loss in the reach and h is the eddy loss occurring in the reach.
friction loss is given by
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- 1 :
h, =5, Ax =E(S‘” +8,,)Ax (6.47)

Where Sp and Sp are the friction slopes a
The eddy losses, which may be app

t sections 1 and 2, respectively.
reciable in non-prismatic channels, are generally takep,

de of the change in the velocity head in the reach q,

to be proportional to the absolute magnitu
2 2
h, =kla,—/——a, Y, (6.48)
2g 2g ;
etween 0 and 0.1 for gradually converging

ches and to have a value of 0.5 for abryp

where k is a coefficient which is assumed to range b
d to be zero for prismatic channels,

reaches, between 0 and 0.2 for gradually diverging rea

expansions or contractions. The eddy loss he is assume
The total heads at sections 1 and 2 are given by

2
H, =z, +h +a, —— (6.49)
2g
and '
2
H,=z,,t+h +a, (6.50)
2g
Using Eqgs. (6.49) and (6.50), Eq.(6.43) or (6.44) becomes
(6.51)

H: =H] _h.r_h.

Equation (6.51) is solved by trial-and-error, i.e. for a given space interval Ax, a value of
h2 (or zwz) is assumed which allows the computation of Hz by Eq. (6.50), hs and h, are then
computed and H, is estimated by Eq. (6.51). If the two computed values of H; agree, then the
assumed depth (or stage) at station 2 is correct. If not, the calculations are repeated with an
improved trial value of h; (or zw2). If the value of h; (or z.2) computed by Eq.(6.50) is more than
that computed by Eq.(6.51), then h; (or zwz) has to be reduced for the next trial and vice versa.

The important step in this analysis is the selection of an improved trial value of h; orz,.
On the basis of ith trial, the (i+1)th trial value of the depth h; (and hence the stage z.>) can be

found by the Newron-Raphson method. Let F(hz) be a function such that
F(h)=H,—(H,—h;—h,) (6.52)

Then using Eqs.(6.46),(6.47) and (6.50), one obtains
- 7 A 1 1
Fh)=z,,+h +a, 2; - H, +—21Sf,Ax+ESﬂax+he-

Then
dF(h) _ d EL" 1 1
y = (z,, + h, + @, 2’3 —H,+ESJ,,Ax+ESﬂﬁx+h,] ~ (6.53)
Sin::c Zp2, H, and Sq, are already known, their derivatives with respect to h; are equal to zero. The
denvatr_ve dh./dh; is neglected, since the variation of h. with respect to h; is small (if desired,- i
can be included). Further, d(aU%*2g)/dh = - Fr?, where Fr is the Froude number, and usi%
Eqgs.(6.14) and (6.18), it can be proved that dS¢/dh = - NS¢h, where N is the hydraulic expone™

ft::ur uniform flow computation. Therefore, Eq.(6.53) reduces to

ar( N,S ,Ax
—h’~)-—1—Frj—.——-’ L2 (6.54)

dh, 2h,
‘Then, according to the Newton-Raphson method, the amount by which the depth ha (¢f
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—

e Zy2) Must be adjusted is given by
S . F(h,)
d hdF(h!)hfh: 1~ Fry" = N,S,,Ax/2h,
uation (6.55) reduces the number of trial values 2
Lffqﬂow or stage correctly. s, usually to 3 or 4, needed to compute the depth
For a wide channel, N=3 or 3.33 depending on whether the conveyance is expressed by

the Chezy of the Man{ung formulaand R = h. Hence, for a river, which can be considered wide,
one can use the equation

F(h,)
Ah, (ordz ,)=— 2 - F(hy) eh
b ddhy I-F"zz —35,,Ax/2R, . ?
to obtain the next trial value of Ah; or Az,,.

stag
Ahz (Orﬁ:wl)z_

(6.55)

Egample ﬁ.ﬁ )
Considering the channel described in Example 6.5, compute the depths (or stages) at

distances qf 100 m, 200 m and 300 m upstream from the dam site by the standard step method.
The elevation of the channel bottom at the dam site as 100.00 m. Take he = 0.

Solution
The channel bottom at the dam site is taken as the origin (x = 0) and distances measured

downstream are taken to be positive. The computation starts at the dam and proceeds upstream
step by step. The computation of depths (or stages) at the three upstream sections are given in
Table 6.3.

At section 2 which is situated at a distance of 100
m upstream from the dam site (Ax = -100 m), the trial
value of h; is taken as 2.50 m. The elevation of the
channel bottom at section 2 is (100.00+100x 0.0025) m =
100.25 m. The stage at this sectionis (100.25 +2.50) m =
102.75 m. The value of H; determined by Eq.(6.50) is
102.8179 m and the value of H; determined by Eq.(6.51)
is 102.6076 m. These two values of Hz do not agree and
hence it is necessary to revise the trial value of h (and
Z2). The next trial value of hy is obtained as follows:

F(h;) = 102.8179 - 102.6076 = 0.2103

B.=b+2sh, =6 +2x2x2.5=16m

D; = A/B2= 27.50/16 = 1.7188 m

Fry? = qU,2/(gD;) = 1.12x 1.091°/(9.81x1.7188) = 0.0791

2h, dl -+2 ' 5::16—2}:1601:-(2\!3 =
= s = Y= . =3.98
F(hy) 0.2103

I—Fr,” — NS 20x/2h; 1-0.0791—3.981x 0.000397 x (—100) /(2 x 2.50)

_02103 _ 4221
0.9528
Hence, the next trial value of hz
Note that if the channel is assum
-0.2103 /0.9447 = - 0.223 m and the nex
ame as that obtained when N = 3.981.

Q,&!=_

=(2.50-0.221) m = 2.279 m
ed to be wide, then taking N = 3, we obtain Ah; =
t trial value of hy is 2.277 m, which is practically the
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-i:q::’mpl._llaﬁﬂn of Flow Profiles by Numerical Methods

As_statcd ?afl'cr’ the dynamic €quation of gradually varied flow is a non-linear first-order
ordinary dlﬂ:crcntla = quation and requires one boundary condition (i.c. the depth at the starting
section) for its 5olutmn..Thcre are a group of numerical methods, known as the Runge-Kutta
methods, which are particularly suitable for solving this type of equation (Churchouse, 1981;
Chapra and Canale, 1988). In using these methods, the channel is divided into short reaches of
kniown SPﬂ“.mterva] ﬂx: Starting from the known depth at one end of the channel, the'depth at
the end of Ax 1s SJ’SIE}'ﬂﬂllcall}' calculated till the other end of the channel is reached. The Runge-
Kutta methods of various orders exist. Two of these methods, namely, the Euler method and the
classical fourth-order Runge-Kutta method are considered here.
The dynamic equation of gradually varied flow can be expressed as

l.h-’“a

dh
where
Be =8y  Som8 1-(h, 1 K)"
f(xh)= L=2"2r _g 1=2(n/h) .
I-Fr* | @Q’B S 1= Ty 2
g“lJ

and suppose that the water depth h; at point x; is known, i.e.

hj(x;) = h; (6.59)

The Euler Method or the First-Order Runge-Kutta Method
In this method, the water depth h;4; at the end of a space step Ax is obtained in a single

step, i.e.
dh
B, =h,+ M[EJ =h, +Ax f(x,,h,) (6.60)
F

This method is of first-order accuracy, i.e. accuracy =~ 0(Ax). It is very slow and to obtain
reasonable accuracy, we need to take a smaller value of Ax.

The Fourth-Order Runge-Kutta Method
In this method, the depth at the end of a space interval Ax is obtained using the equation

h,, =h, +%(x, +2K, +2K, +K,) (6.61)
where

Kl =axf(x1!h_;)

1 1
K, =dxf(xj+EAx,hj+EK|)

1 1
K] =ﬁxf(xj +EAx,hf +EK2)

(6.62)

K, =4axf(x, + Ax,h, + K35)

In this method, for a known depth h;, the coefficients K,,K», K3 and K, are determined by
T€peated calculations and then by substitution in Eq.(6.61), hj+1 is found. This method is of

fourth-grder accuracy, i.e. accuracy = 0(Ax").
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Example 6.7 :
Determine the depth of flow 100 m upstream of the dam of Example 6.5 using the Eule;

and the fourth-order Runge-Kutta methods.
Trapezoidal channel, b= 6 m, s = 2, So = 0.0025, Q = 30 m’/s, & = 1.12, n = 0.025

Solution
n’Q? = (0.025x30)* = 0.5625

hy=2.50 m, A, = 27.50 m?, P; = 17.18 m, R, = 1.601 m, R,*? = 1.368, 5 =
0.000397,B;=16 m and Ax=-100m
S, —S 5
(g{:_] _ So-S, _00025-0.000379 _, ,g3, 10"
]
1

Euler method

_aQ’B, | 1.12x30°x16

dx
g4’ 9.81x27.50°
h, =h + m{%] =2.50+(—100)x 2.283x107* =2.2717m
]
Fourth-order Runge-Kutta method
From the Euler method, (dh/dx); = f(x1,h;) = 2.283x 10"

- K, = m{%) = Ax f(x,,h) =—100x2.283x 107 =—0.2283
1

-~ h +%K, = 2.5—0.5x0.2283 = 2.3858
Then, A =25.699 m?, P = 16.67 m, R = 1.542 m, R?3= 1.3335, B = 15.543 m, Sr=0.000478 and

f(x;+0.5A%x,h;+K/2) = 2.2318x 107,
. Ky = Ax f(x, +0.5Ax,h, + K, /2) =—100x2.2318x107> =—0.22318

o hy +%K, =2.5-0.5x0.22318 = 2.3884
Then, A = 23.739 m%,P = 16.681 m, R =1.543 m, R**=1.335, B=15.553 m, S¢= 0.000746 and

-

fi(x,+0.5A%,h,+K2/2) = 2.2331x 107 -
. Ky = Ax f(x, +0.5Ax,h, + K, /2) =—100x2.2331x107 = —0.22331

- b+ K, =2.5-0.22331 = 2.2767
Then, A = 24.027 m?>, P=16.182m, R=1.485,R

f(x,+0.5Ax,h+K3) = 2.1673x 10™.
- K, = Ax f(x, + 0.5Ax,h + K;) =—100x2.1673x107-= —0.21673

23-1.302,B=15.107 m, S¢= 0.000575 and

-

o Bl +.é(x, + 3R ADE AR
—2.50+ % (~0.22833 — 2x 0.22318 —2x 0.22331—-0.21673) = 2.2770 m

PROBLEMS AND EXERCISES

6.1 Define (i) backwater curve, and (ii) drawdown curve.

nal losses must be included in the analysis of gradually varied ﬂﬂ““'f
g the frictional losses in gradually varied flow. By virtu® 0

6.2(a) Explain why the frictio
te the friction slopes and the friction losses in gradually

(b) State the assumption regardin
this assumption, how do you compu

varied flow?

= : ke
6.3 Show that the gradually varied flow equation for flow in a rectangular channel of variab
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A &
ay be cxpn:ssed as

.hb M
1\'!‘11"1 dh So -5, +(a thfg.‘!")(dbfdx)
= — 2
:E;'. 1 - G'Q bn"g/f]
o - dat m;;piﬁ:nzn;;g}' of the M1, S1, S2 and C1 profiles increases and of the M2,
m. o C3, H2, H3, profiles decreases in the downstream direction.

(5 Dese ribe the different types of bottom slopes of open channels,

¢ 6(s) Explain the behavior of flow profiles when (i) h — hy, (ii) h = he, (iii) h — 0,and (iv)h
= o0. )
(b) State why a flow profile cannot show the behavior h — 0 at its downstream end.

47(a) Show that the C1 and C3 profiles are horizontal or approximately horizontal.

(b) Explain why H1 and A1 profiles are not practically possible.

(c) Write the names of 2 flow profiles which are tangential to the NDL at their upstream end,
and write the names of 2 flow profiles which are tangential to the NDL at their downstream end.

6.8(a) State the rule regarding the direction of computation of flow profiles.
(b) What data or information are generally needed for computing a flow profile?

6.9(a) Derive the expression for the length of a flow profile between two sections in a wide

channel by the Bresse method (Eq.6.30).
(b) Derive the expression for the length of a flow profile between two sections in a horizontal

channel (Eq. 6.37).
(c) Derive Eq.(6.55) for the improved trial value of h; in the computation of flow profile by

the standard step method. -

6.10 Sketch the possible flow profiles produced on the upstream and downstream of a sluice gate
ina (i) mild, (ii) critical, (iii) steep, (iv) horizontal and (v) adverse slope channels.

6.11(a) Draw the possible flow profiles when there is a free overfall at the end of a (i) mild, (ii)

critical, (iii) steep, (iv) horizontal and (v) adverse slope channels.
(b) There is a free overfall at the end of mild slope channel. Draw all the possible flow

profiles for different water levels downstream of the channel.
(c) Same as Prob. 6.11(b), but now the channel is steep.

' 612 Sketch the possible flow profiles in the following combination of slopes:

a) mild-horizontal g) adverse-mild
' b) horizontal-mild h) critical-steep
€) steep-horizontal i) mild-steeper mild
d) critical-horizontal j) horizontal-critical
" ) horizontal-adverse k) steep-critical
) mild-critical 1) adverse-steep
6.13 . '
isgﬂik;l;h the possible flow profiles in the following serial arrangement of channels. The flow
\ to right.
; i milfl*nﬁlder-stGEP
) critical-steep-mild
©) steep-mild-milder
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d) horizontal-mild-critical
e) critical-adverse-horizontal
f) horizontal-adverse-steep-free overfall

g) mild-adverse-horizontal-free overfall -
h) mild-critical-steep (there is a sluice gate on the critical slope channel)

6.14(a) Determine the flow profile developed as a result of an increase in surface roughness ip ,

(i) mild slope, and (ii) steep slope channel. _
(b) Determine the flow profile developed as a result of a decrease in surface roughness ip 4
(i) mild slope, and (ii) steep slope channel.
6.15 A rectangular channel with b= 6.0 m and n = 0.020 carries a discharge of 24 m’/s. Identify
the flow profiles produced in the channel for the following changes in the bottom slope: .
i) Sp = 0.0040 to Sp = 0.0090
ii) S¢ = 0.0030 to Sp = 0.0050
iii) Sp = 0.0085 to Sp = 0.0000
iv) Sp = 0.0095 to Sg = 0.0075
v) Sp = 0.0000 to Sp = 0.0045

6.16 A rectangular channel 6 m wide and having n = 0.025 has four reaches arrangf:d serially,
The bottom slopes of the three reaches are 0.0016, 0.0150, 0.0096 and 0.0064, respectively. Fora
discharge of 20 m*/s through this channel, sketch the resulting flow profiles.

6.17 A wide rectangular channel with C = 45 m'?/s and Sp = 0.0001 carries a discharge of 1.8
m?/s. A weir causes the water level to be raised by 0.50 m above the normal depth. Compute the
length of the resulting flow profile between the weir site and the location where the depth is 2.80

m by the Bresse method.

6.18 A vertical sluice gate having C. = 0.61 and gate opening = 0.60 m discharges 27 m’/s intoa
horizontal rectangular channel 6 m wide. Compute the length of the flow profile between the
vena contracta and the location where the depth is 0.50 m. Take n = 0.013.

6.19 A rectangular channel with b =6 m, n = 0.025 and Sy = 0.0025 carries a discharge of 40
m’/s. At a section A of this channel the depth of flow is 2 m. (a) How far upstream or
downstream from this section will the depth be 2.25 m? Use the direct step method. (b) What will
. be the depth at a distance of 50 m upstream of section A? Assume that the elevation of the

channel bed at section A is 100.00 m. Use the standard step method. (c) Determine the depthata
distance of 50 m upstream of section A by (i) the Euler method, and (ii) the 4™-order Runge-

Kutta method.

LA S 2 & 5 &4
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Chapter 7
HYDRAULIC JUMP

[l s -
Al [nopen channels when a supercritical flow is made to change abruptly to subcritical flow,

. ly an abrupt rise of the water surf; : : :
‘ ult is usual e surface. This feature is known as the hydraulic
ﬂ:ﬂf ig. 7.1). A hydraulic Ju{ﬂp May occur at the foot of a spillway or behind a sluice gate in a
J 1d of horizontal or adverse slope channel, or when a steep slope channel is followed by a mild
mlhon. sontal or adverse slope channel.
or
¥ I he
e 7
ui
29
F
P2
, -
F hy |
& 7—;1!1/1/{/1;1zr.rzzz.r.rff-'-'-’f-”"”' i

> Lj

Fig. 7.1 Hydraulic jump

" The depth of supercritical flow before the jump (h;) is known as the initial depth and the
depth of subcritical flow after the jump (hz ) is known as the sequent or conjugate depr_h. The
strength of a hydraulic jump is determined by the upstream Froude number Fr,. The principal
Parameter affecting the performance of the jump is also the upstream F}'uude n1:1mbfer Fr;. '

Practical applications of the hydraulic jump are (i) the dissipation of kinetic energy in
high- i i ill tes and other hydraulic structures to prevent scounng

velocity flows over weirs, spillways, gates a e sird i

, (ii) the increase of depth of water 1n channels for irrigation and water distributi

Purposes, (iii) the increase of the discharge of a sluice by repelling the tailwater so that it works

L ...

‘nder free-flow condition, (iv) the reduction of uplift pressure umfler a structure by increasing
Weight on jts apron, (:,-) t.h:a Enizting of chemicals for water purification or wastewater treatment,
d (vi) the aeration of flows for city water supplies and the removal of air pockets from water

Supply lines,
]

2 JUMPS IN HORIZONTAL RECTANGULAR CHANNELS

Types of J“mpsl

t extensively
. The ic j . horizontal rectangular channels have been most ¢
mdw and &ridkr::i:; ﬂisc}l;fcaf jumps. The United States Bureau of Reclamation (USBR)
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ulug;ﬂtiml the hydraulic jumps in hnrizunmql rcclangtlllar chf:nncls into the following five Types

¢ (Fig. h2) according to the Froude number Fry of the lncom|qg flow:
1. For 1 <Fry < 1.7, the water surface shows undulations and the change from initja| to

sogfuent depth is small and gradual. This jump is called an undular jump:

) 2. For 1.7 < Fry < 2.5, a series of small rollers appear on the jump surface, but .
, downstream water surface remains smooth. This type of jump is known as a weak jump. g
' " 3 For25<Fr < 4.5, the incoming jet oscillates between the bed and the bottom of 1.
surface roller, Each oscillation produces a large surface wave of irregular period which ma,
persist for a considerable distance downstream causing unlimited damage to earth banks ang
riprap. This jump is known as an oscillating jump.
4. For 4.5 < Fr, <9.0, a steady jump with appreciable energy dissipation and fairly smooth

water surfoce downstream is formed. The action and position of the jump is least sensitive to the
tnilwater fluctuation. This type of jump is known as a steady jump.
5. For Fr, > 9.0, the jump surface and the water surface downstream become very rough

and the high-velocity jet generales waves downstream. The jump is effective since the energy
dissipation is high. This jump is known as a strong jump.

"‘_‘.ﬂ"‘hﬁ‘,ﬂ. — 3-‘.. — —

2 — — ——
— —l? — —— -"'"__-. — 7 .

mmpmmwm ” iy
Fy, *1-1.7 Undulor jump Fry =1.7-2.5 Weok jump

" Oscillaling je1 .
Roller — T =) .

F'tn »2.5-4,5 Oscilloting jump F\- \ %4 5-9,0 Steody jump

— —

—

Wmmm o

Fr,>9.0 Strong jump

Fig. 7.2 Hydraulic jumps in horizontal rectangular channels

Sequent Depth

Since a hydraulic jump Is accompanied by considerable energy loss, the energy principl
. cannot be used initially for its analysis. However, as the jump takes place in a short distance, th°
ekternal friction force Fy can generally be neglected and the computation of hydraulic jum?*
ﬂ_l’Wﬂ}’S begins with the momentum equation for steady one-dimensional flow

PQ(BU, - BU)=F,, - F,, +W sin6-F, (7.1
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Consider ﬁdﬂgf:n ?;@niqg in 2 horizontal (8 = 0) rectangular channel (Fig. 7.1).
Hisﬁﬂmwd that 'nn; ofﬂ}f;jmn l_;.rtmn is uiuform and the pressure distribution is hvdrostatic
ﬂtb:tﬁ’o“’d};ﬁu P- Hence, B1 = B2 = 1 and the hydrostatic forces Fp: and Fp; may
be EXPTESS

FF‘ =?El‘4' I:?ﬂ\,ld ~
i ) :

F,, =754 (73)
where 7, and Z; are the ;c:mcatljdistances of the centroids of the respective water areas A, and
A, from the free surface. Since U) = Q/A,; and U, = Q/A;, the momentum equation, Eq.(7.1), may

b:gxplﬁf»edas

2 2
%+§1A, = g%z + 2,4, 74
or
Fir=F, (75)
where -
F:E'!'ZA (76]

fs lfnown as the specg'}?c Jforce and represents the force per unit weight of water. Equation (7.5)
indicates that the specific forces before and after a hydraulic jump in a horizontal channel are

equal.
Since for a rectangular channel A, = bh;, A, = bhs,, Z,=hi/2and z, =hy/2, Eq.(7.4) gives

2
g_Qe-'i':%“" *h) an
Since Q = A,U, = bh,U,, Eq. (7.7) may be expressed as
U’ 2 1A [1’12 ]
———=F e —+] .
% o 2 h A 7.8)
and since Q = A,U, = bh,U,, Eq. (7.7) may also be expressed as
2
L =l£[i+1J | @9
gh, 2\~
Where Fr, (=t/ 7./ dFr, (=U,/ Jgh, ) are the Froude numbers of the flow before and
. after the _;ugnp tquft?azlsa?lﬁ)z and (7.9) may be solved to obtain .
7.10
*’—"-=l(\/1+3ﬁ-ﬁ -1 (0
i N2
d .
(7.11)
%=%(,}1+3Fr; ~1)

resP%lively. -
s 450 7| J

Scanned by CamScanner



: three independent variables and two of the
Equatio : e h tream conditions, i.e.h u
. wn the third may be computed. Normally, the upsttts A
Ir;r‘]r?ﬂg lfcnn%umbaenfgmthe dl::-\mstreyam depth h2 canhbe de}t]cnmneltg uf??%o%?l:o?éiﬂ)ﬁgnﬁlm?t’

1 . tream depth is the result 0 i , Turt
d thit the downBse # 7 ired depth ha, then a jump will f‘un:?

however, be realize
wnstream control roduces the requi : ]
i p trol is called the railwater depth hy. If h,

d by a downstream con ; :
dugg, thg jump moves upstream and if the tailwater depth is decreased, th,

ns (7.10) and (7.11) éach contai

downstream. If the
The depth pro

tailwater depth is intreas
s downstream.

jump move
- Length of Jump . . . .
draulic jump L; (Fig. 7.1) is the horizontal distance from the front fa
The length of a hydrauie LA 4 - . from the roller. It 1s an important desi;:

toe of the jump to a point immediately downstream Iror r. It ‘
D;ra:;eter, b{n it]:':':anmzxri1 be determined theoretically. While the beginning or toe of the jump s

Ir;}ltﬂ:arl;-,' defined, the downstream end of the jump cannot be located precisely. For this reason, the
i p show some scatter. For classical jumps occurring in

experimental data on the length of a jum _ ' :
horizontal rectangular channels, the length of the jump 15 preferably estimated from the Bradley
and Paterka (1957) curve which is a plot of Fry vs. Lj/ha (Fig.7.3). This curve has a fairly
horizontal portion where Ly/h2 = 6.0 to 6.1 in the range of the Froude numbers (Fr; = 5 to 13)
yielding the best performance. Silvester (1964) demonstrated that for free hydraulic jumps in
horizontal rectangular channels

L

Z4=9.75(Fr, - )" (7.12)
g curve can best be defined

ably the best because the resultin
of the convenience

This functional relationship is prob
it was apparently not widely used because

by the experimental data. However,

of Fig. 7.3. -
S ;
6 - = L
L : ’
“‘z y L 3
5
T 7=
l _ ,_,‘i .Af?:-—,_;fi_l: i
I ’ —
Y i L -
:.[1'.T|l.||l'_|-_l-r!lll_l_llflii'lrl 1.1 Il'
01 2 3 & 567 89 101712073 W 516 n".a 1520
Fry=Uy/¥gh

Fig.7.3 Length of hydraulic jumps in horizontal rectangular channels

Basic Characteristics '
\

Energy loss: The ener i i ‘e 3
gy loss: 1h gy loss involved in a hydraulic i i
ener; : jump is the difference between th total
equa%ilgi meefofdlately before and after the jump. It can be determined b ge le' eetl;] :nergy
e and after the jump, i.e. y applying the
2 p 2

hy=H -H,=(z, +h+a g_lg)“(zbz +h, +a %2_)
For a jump on a hori g
3 p on a horizontal chann:l (2b1 = Zv2), the energy loss hy. is given by (assuming o =2~
e : 2
h= H = Hy =4+ 20) = Oy + 22)= B~ E
2g 2 (7.13)

where E, and E .
. A= 2 are the specific energi = )
1 = bhy and A; = bh,, Eq.(7.1 3) m%isﬁh::;::sﬁg aai;ler the jump. Since U, = Q/A, U2 = Q/Av
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=)o Mll(bi_‘@

» o (7,14)
. ing Eqs.(7.7) and (7.14), it : "
i gf;ln?el:tangumf  aatic) can be shown that for a hydraulic jum,E occurring in a
horiz° il
, i)
b= Ak AL

yerslo hy/Ei (= 1 - E2/E1) is known as the relarive loss.

; - Tﬁc ratio of the specifi [ aft :
n _ c en e 3
! l.-,ats:}' effici £l 3 It gy ¢ r the jump to that before the Jump, EJ/E,, is

E,_h+U/2g MR
h h,
and writing U2 = Uihi/h; and using Eq.(7. 10), it can be shown that'
E, _h+U"/2g 1[a+8F2y2 _4p2 44
% hy i 8Fr? s
Now, combining Eqgs.(7.16) and (7.17), the efﬁciénc}' E,/E, is given by

ad 2
=352+ (7.16)

E, _(1+8Fr’)"? —4Fn’ 41
E, 8Fn’(2+ Fr?) (7.18)

Height of jump: The height of the jump h; is the diffi

Heiy ; h ] j is tl erence between the sequent d

initial depth, i.e. hj = h; - h,. The ratio of the height of the jump to the specif?c zgerérpit:]:ﬂ?;ﬁ &2
jump, hy/E,, is known as the relative height of the jump. It can be shown that

B
-h|—=-2-( 1+8F?'| —3) (?'19)

Then, combination of Eqs.(7.16) and (7.19) gives

h _ J1+8Fr? -3
E, 2+ Fr? 020
Example 7.1

. Water flows in a horizontal rectangular channel 6 m wide at a depth of 0.52 m and a
iflocity of 15.2 m/s. If a hydraulic jump forms in this channel, determine (i) the type of jump, (ii)
: f; d_ﬁwnstream depth needed to form the jump, (iii) the downstream Froude number, (iv) the

iciency of the jump, (v) the relative height of the jump, (vi) the length of the jump, (vii) the
[ﬁiﬂ!w: energy 10ss or energy dissipation in the jump, and (viii) the horse-power dissipation in
jump,

Snluﬁ““ Horizontal rectangular channel, b=6m, h; =0.52m, U, =152 m/s
Q= AU, = bhU, = 6x0.52x 15.2 = 4742 m®/s

(i) Fr, = - 152 =6.73
: Jeh J9.81x0.52 ‘
(if) Hence, the jump is a steady Jump-

f 2 _1(J1+8x6.73
( 1+8Fr1 "'"l)"‘z(
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o gy = 9.03x0.52 =470 m
Q __4'?.42

. i =1.68 m/s
(IIIJ U} l’)h: 6x4.70 .

U 1.68 =0.25<1

S P, = B = =
27 e, Jo8Ix470
As expected, the flow downstream of the jump

E, _(+8Fr’)" —4Fy" +1

is subcritical.

_(+ Bx6.73%)"? —4x 6.33’ +1_0.3937=39.37%
8x6.73 x(2+6.73%)
or, altermatively
u? by
=h +—-=0.52+ =12.30m
T 2x9.81
U; 1.68°
= —2 =470+ =4.84m
E=h 2x9.81
; E, 4.84
==2=—"—=0.3937=3937%
Eficiency =& = 1230

2 2
h, J1+8FR" -3 V1+8%6.73* 3 _ . 2a0c_ 33 06%

(v) Relative height of umP,E Cless T F}_]: 2 +6.732

or, alternatively

Height of jump,h, =h, —h =4.70-0.52=4.18m

h, 4.
. Relative height of jump = E': - % = 0.3396 = 33196%

(vi) Length of jump (using Fig. 7.3)
Lj=6.1h,=6.1x4.70 =28.67 m
or by the Silvester formula (Eq. 7.12)
L; = 9.75h;(Fr;-1)"%" = 9.75x0.52x (6.73-1)' ' = 29.56 m

(vii) The energy loss or energy dissipation in the jump
by _(m=h) _(4.70-0.52)’
Y 4hh,  4x4.70x0.52

Hence, the relative loss is given by

=7.47 m of water

h, 7.47
—=——=0.6 = 7568
E, 1230 075 =60.75%

-&viil) Power dissipation = yOh, = pgQh, =1000x9.81x47.42x7.47 =3,474970 W

We know, 1 horse power = 745.7 W
3,474,970

=4660.01
745.7

. Horse power dissipation =
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;3 JUMPS IN HORIZONTAL NON-RECTANGULAR CHANNELS

chucnlt_ lzeﬁ;fimuuc Jumps occurring in horiz tal lar ch :
gl rizontal non-rect
cquations similar to Eqs.('?.m} and (7.11 n-rectangular channels, there are no

: to compute the sequent depth. For these jumps the
depth can be determined from g trial-and- i '
f‘fﬁlggtcﬂl pmcthlodsciﬂ Eq. (7.5). and- error solution of Eq.(7.5) or by applying the

The trial-and-error or numerical solution of Eq. (7.5) requires the determination of 7 of
w section. The expression for 7 of diff i i y i
mcngit:ﬂcs are given in Table 7.1, iiferent channel sections derived from the basic

pri
Table 7.1 Expression for Z of different channel sections
Section 5

1. Reclﬂllgle hl2
3. Trapezoid h [ 3b + 23&]

6\ b+sh
4. Parabola 2h/5

2+3/2
5. Circle 2deh—HY"? _dy
34 2

Trial-and-error method
The trial-and-error solution of Eq.(7.5) is illustrated by the following example.

Example 7.2

A horizontal trapezoidal channel with b= 6 m and s =2 carries a discharge of 120 m/s. If

the upstream depth of flow is 1 m, compute the downstream depth that will create a hydraulic
jump.

Solution Trapezoidal channel, b=6m,s=2,Q=120m¥s, h; =1 m
At the upstream section
Ay =(b+sh)h, =(6+2x1)x1 =8 m?
Bi=b+2sh;=6+2x2x1=10m
D) =A/B,=8/10=0.8m
Uy =Q/A; =120/8 =15 m/s

Fry=U,/ /gD, =15//9.81x0.8 =5.35

z =.’i(M)=l(3>‘6+2"2ﬂ)=0.453m
"6 b+sh = 6 6+2xl

F =2 ;4-120" | 0458x8=187.15
'gd, ' T 9.81x8
At the downstream section
2
F: ="-Q----+ E:Az
2
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-

jump between sections 1 and 2 i,

The condition which must be satisfied to causc a h}'draﬂllc

- —— =i -
.—.---—u_-.—---—-.—-.—--—--— - - 2

hz Az £3 - __.__'_____._____.__.f'i ______

3.00 36.00 1.250 e
4.00 56.00 1.619 11l6.

5.00 80.00 1.979 176.68
6.00 108.00 2.333 265.59
5.10 82.62 2.015 184.23
5.20 85.28 2.050 192.07
5.13 83.41 2.025 186.54
5.14 83.68 2.029 187.33

Il — ———— e
——-——-----'-.—-—-—----—--.—-—-_.—-—--—-—l—l-'-_--'-'-"-' =

Hence, the downstream dcpth.reqtiired to produce a hydraulic jump, hy =5.14 m.

Energy Loss : . ) )
For computing energy loss involved in hydraulic jumps In horizontal non-rectangular

channels, there is no equation similar to Eq.(7.15). In such cases, the general energy equation, Eq.
(7.13), is to be solved on a case-by-case basis.

Example 7.3 2 .
Compute the relative energy loss that will occur if there is a hydraulic jump 1n the channel

considered in Example 7.2. )
Solution From Example 7.2,Q =120 m?/s, hy = 1'm, U; = 15 m/s, h =5.14 m, A, = 83.68 m?

U, = Q/A; = 120/83.68 = 1.434 m/s

2 2
E why Tl ml e =12:47 2
2g | 2x9.81
- .t 1.4347
=h +—2 =5.144+——-=5.24
i T 2x9.81 -

=0.5798=57.98%

h, E-E, 1247-5.24
‘. Relelati IDI,—L= ! 2 =
elelative energy loss E E s

7.4 JUMPS IN SLOPING CHANNELS
In the analysis of hydraulic jumps in sloping channels, it is essential to consider the
weight of water in the jump. In horizontal channels the effect of this weight is negligible.
Hydraulic jumps in sloping channels may occur in various forms as shown in Fig. 7.4.
h, be the tailwater depth (i.e. the depth produced by the downstream control), h, be
supercritical depth of flow on the slope which is assumed to be constant, h; is the sequent depth
corresponding to h; when the jump occurs on horizontal channel given by Eq.(7.10) and hy* 18
the sequent depth when the jump occurs on a sloping channel. Then, '
i) if by < hy, the jump forms on the horizontal bed and type A jump occurs,
ii) if ho* > hy> h;, the toe of the jump is on the slope and the end is on the horizontal bed
and a tiyip)c‘t]'ahjl“l‘mphfm?s' . : P
i1) if hy* = hy> h;, the end of the jump coincides with the intersectio loping an
the horizontal beds and & type C jump s, and asetion afibeslopis
iv) if h, > hy* > hy, a type D jump occurs completely on the sloping channel.

Let
the
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1 — dy

d
Mhtihz Type A W’{E‘-"

=)

: dy = d
- Wﬁhz Type 5

dq

P ——— e
M>hz Type c

e
ht>h5>h, Type D

2 Type E
h

2
s - -
<.
=
Sem T e e
| | hq.
Fig. 7.4 Types of jumps that occur in

sloping channels

Fig. 7.5 Forces acting on a type E jump

Considering all forces parallel to the channel bottom, the momentum equation may be
written as

pPQ(B2U; - B1U,) = Fpi1 - Fpa + Wsin® - Fy | (7.21)

Now, Q = bd,U,, U, = U,dy/ds, Fp1 = U_spgbdlzcusﬁ, Fpz = D.Spgbdzchsﬁ, d; = hjcos6, d; =
hy*cosd, the ﬁjict]i’rm fz*m.ce ]':f ;5 rzmgﬁgib]g and B and ; may be taken as unity. If the jump profile
s a straight line, W can be computed easily. The difference between the straight line and the
actual profile and the effect of slope may be corrected by a factor I'. Thus, -

) 7.22)
W = 0.5IpgbL;(d,+d2) | (
Substituting Eq.(7.22) in Eq:(7.21) and simplifying, it can be shown that
; ' | ' (7.23)
. f-l’-="'—’r—"—=1(\/1 +8G? -1)
wh LR} }zl d-l 2
Erﬂ , -
(7.24)
G= Fr _
TL, sinf
Cosg——L1——
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(7.25)

and -

ol «/h, and da/d) are functi
: Hence, G, hz /hy and d2/d) nction

oot of Fr/ a0 'r'i‘:nl relationship (Rajaratnam, 196?? of

I"and L to be ﬁmcutod using the empi
(7.26)

- ' CX o .
::‘}r??t:::ﬁ?. Tl::tcnn G can be compu

- 2
G= = k]J I'ry
where K Ioﬂnjm (7.2?)
.I -,
and 0 is in de :::::c length of jump L, /h; asa function of Fr; and S, are presented in Fig 7,6

The re
7 I I
6 ’______—-'-.—-_—-—-—rfl Ihn"“
/] ﬂ:-u.oL il
= ¥l Sp=ar0 =
hi 4 ,.' y—r— So=a1s ]
I - [
Yo 1--1 =020
. E .-ﬂ';----' - q?"o-al
1~
.2 7
a 10 12 18 18 20

o 2 4 6
FT'] = \-L\, 3d|
Fig. 7.6 Length of jumps in sloping channels

The energy loss involved in the jump (Fig. 7.5) is given by
2 2
h,=H,—H, =z, +d,cos6 +a, ll:1—‘-:':,,2 —d,cosb —a, L
2g 2g
2 2
=(z, —2,,)+d, cos6 —d, cosb +a, ﬂ-—a, s
2g 2g

=L, tané +(d, -d,)cosf +| h -, U (7.28)
: 2g 2g

Example 7.4
A rectangular channel is 1 m wide and inclined at an angle of 3.5° with the horizonts!
Determine the type of jump when the discharge is 0.15 m’/s, the initial depth of flow section (dJ
~is 0.02 m and the tailwater depth is 0.70 m. Also, compute the energy loss in the jump if th°
lf:':ngth of the jump is 2 m.
- e Ren‘:tang'lﬂar channel, b=1m, 6 =3.5°, Q=0.15 m*s, d; = 0.02 m, h, = 0.70 ™, W
by = dy/cosB = 0.02/c0s3.5° = 0.02 m

Aj=bd; =1x0.02 =0.02 m?
U, =Q/A,=0.15/0.02 =7.5 m/s

Fri =U//[gd, =7.5//9.81x0.02 = 16.93

_h 0.0
& _—z_(m"l)=*—2'g(\/l_+8x16.932 ~1)=0.467 m
124
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i e "
ginee 7 hy, the Jump 0Ceurs on the sloping channel and

00278 " we have to compute hy . Now,
k=10 = 1.243 Ul'"kﬁl-‘t-,’ﬁ 4420
My J148GE 002 . !
: med (V1 +8C° <) = 204
Ny B 3 (\h FRx 4429 = 1) = 0,585 m
< hy* = hy, the jump occury entiy
ace > 2 2 - s entively on (he & : J .
t;-li::n. loping channel and 4 1 type jump occury,

dy = ha*cos0 = 0.585 % 0835 = 0 584
Ay = bdy = 1 x0.584 = 0,584 1

Uz = Q/A; = 0.15/0.584 = 0.257 /s

The energy loss in the jump is obtained using Eq. (7.28) as

h, = L, tan@ +(d, —d,)cos 0 + @, Uy U:J

S —.‘1 ———
2 '2g
=2xtan3.5" + (0,02 =0.584)cos 3.5% 4 — :

2%9.81
=0.122 - 0.563 + 2.864 = 2.423 m of water

(7.5 -0.257%)

7.5 STILLING BASINS

A stilling basin is a paved channel placed at the end of a h ' i
il w Lhan ydraulic structure to which a
hydraulic jump used for energy dissipation is confined. To promote the formation of the jump, to

make it stable in one position and to make it as short as possible, the basins are usually provided
with special appurtenances which include chute blocks, sills and baffle piers.

Chute Blocks

T!u: chute blocks*arc us:t:d to form a serrated device at the entrance to the basin, Their
function is to furrow the incoming jet and lift a portion of it from the floor.

Sill, Dentated or Solid

The sill, dentated or solid, is usually provided at the end of the basin. In large stilling
basins, the sill is usually dentated (also known as the Rehbock sill) to aid in the diffusion of the
high velocity jet that may reach the end of the basin.

Baffle Piers or Floor Blocks _ . _ o '

) Baffle piers are placed at intermediate locations in the basin. Their primary function is to
dissipate energy mostly by impact. When the approach velocities are low, baffle piers may be
very effective. However, when incoming vclocitlcs_ are high, this type of appurtenance is
unsuitable because of the possibility of cavitations. This is why the baffle piers are normally used
When the incoming velocity is less than about 16 m/s (50 fi/sec). _ ‘

, Because of the widespread use of stilling basins, various types of generalized designs of
Stilling basins have been developed by the U.S. Bureau of Reclamation, based on model Stud'mi;
tXperience and observation of existing stilling basins (F!gs. 7.7 and 7.8). Of the many generalize

¢signs of stilling basins, four typical designs are considered below.

USBR Basin 11 Jighe

T i 2ig. 7.7) is recommended for use on large structures, €.g. large high-.

dam apgq ::nliﬁliilasafllr“g (glfar;c gzannl structures,etc. when Fry> 4.5 and the mcom":i:::(::ilg

| EXceeds about IBF:HJS (63(; hfscc)- The length of the basin is mduc?d oy ;b(}:;i?qft:cam. This

® Provision of chute blocks at the upstream end m.ld afentaieg Sl mz(t)ﬁcﬁ) and for flows up
®Sign may be safe and conservative for spillways with fall up to 60 m (

125
Scanned by CamScanner



o 46l e bt i nrs st iz bt dept B
oy TR ot o e S e e
e mam afc fvtorof 57 should be e 1 S i pacing o

The length of the basin is obtmneldtgrgglflliss-';gﬂac d E]ongg ‘35;“}.‘ basin wall. The height |
ff}"fﬁf 13:,}::1:2?1 :1?11 ‘ﬁ,hé&f:a?pf:eoc.gﬁf and the width and the spacing of the dentates is

approximately 0.1 5ha.

USBR Basin 111 _ .
USBR Basin 111 (Fig. 7.8a) 1s simil
velocity U, is less than I'Bl m/s (160 ﬁfscc])- T'":?ic ﬂ;?f;"‘fv
i ic that in the latter lower velocill€s n :
zrfl'?h?:acsﬁtlgl;?oc]?s.“'}he added resistance offered by the piers allows the use of a shorter basin. |

With the help of the appurtenances the basin length can be reduced about 60%.

SBR Basin IV ) ) ) : )
v UnSséR Basin IV (Fig. 7.8b) is designed in conjunction with canal and diversion structures |

: : : i illating jumps

for the special purpose of suppressing the waves at their source gencra_ted in oscill

when 2.5 < Fr, < 4.5, This is achieved by intensifying the rollers which appear In the upper
ortion of the jump. The appurtenances used include a few chute blocks at the entrance and a

solid sill at the end.

Saint Anthony Falls (SAF) Stilling Basin : g
The SAF Basin (Fig. 7.8c), developed at the Saint Anthony Falls Hydraulic Laboratory,

University of Minnesota, for the U. S. Soil Conservation Service, is usually used in conjunction |
with smalil spillways, outlet works and canal structures. It is intended for much the same use as |
the USBR Basin II1, but it is designed for a greater range of upstream Froude numbers, viz. 1.7< |
Fr, < 17. The reduction in basin length achieved through the use of appurtenances (chute blocks, |
baffle piers and a solid end sill) ranges from 70% to 90%. Thus, the SAF basin is shorter and
more economical but, in consequence, has a lower factor of safety than the USBR Basin III.

Example 7.5 ;
' Proportion a USBR stilling basin II for the overflow spillway of Kaptai Hydro Station
with the following data: ' '
Design discharge = 15,870 m*/s TW level = 17.26 m
Basin width =227.1 m Elevation of ground = 0.00 m
Velocity at the foot of the spillway = 24.70 m/s '

Solution Q = 15,870 m%/s, hy=17.26 m, b=227.1 m, U, = 24.70 m/s

o 15870 _ _
=== =2.8
& bU, 227.1x24.70 S | S ,
U 24. : '
fri=—== s SR

Jgh, ~ /9.81x2.83
~Hence, the jump formed is a steady jump.
k1 1
e E(JI +8Fr — 1)=5(J1 +8x4.69% —1)=6.15

;;: isjllsxz.sz.:lmo m and h =17.26m

i 1 r 3 - \
g:;ﬁg";‘e“‘e basin floor is set at 0.00 m, the jump moves downstream and more basin length
h provided. Hence, the floor must lowered. With 5% safety margin '
, =1.05h, =1.05%17.40 =18.27m
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Erd sill
Baffle piers j /
0.2
0-Sy, “@é £.375h
4 =075k
—~= é > 25;:30.'.’511

..1:-§Fsth“ S ke LU ]
| ' zhy(LeFri)/t ~ -U-"“z:"r - -
- ha- 1 E——-l_.mﬂ.?h-r—-{

(a) USBR basin III (Fr; = 4.5)
/'rucl't;r;l sp:ce
2h, min %“ - '
|

(b) USBR basin IV (2.5 < Fr, < 4.5)

} Freeboard ' Wingwall
hyhy/3

-TWehy—- by=bys 218 — TwWeh34
End view

Longitudinal sectien

(c) SAF basin (1.7 <Fr, <17)

Fig. 7.8 USBR stilling basin III, USBR stilling basin IV and SAF stilli i d
; Paterka 1957) stilling basin(Bradley an

F

"*'-*ncE:. the floor must be set at elevation (17.26 — 18.27) m=-1.01 m

Erﬂm Flg 7.7(c ; for Fr, = 4_69’ L/h, = 3.70. H .
.L=3.70x 17.513 = 64.4{1) m » ence, the length of the basin

The height, width and spacing of the chute blocks =h; =2.83 m

- The height of the dentated sill = 0.2h, = 0.2x17.40 =3.48 m and the width and
spacing of the dentates = 0.15h, = 0.15x 17.40 =2.61 m
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FROBLEMS AND EXERCISES

7.1 Define (i) hydraulic jump, (i) initinl depth, (1ii

j : - ) nequent dept
of 0 JUmPs (vi) efficiency of a jump, and (vil) hefght ::lf::ljll,;:;,,h' (iv) tnilwater depth, (v) length

7.2 Write five practical applications of hydraulic jumpns,

7.3 Classify the hydraulic jumps in horizontal rectangular channels according to USBR.
7.4 Why is it advisable to avoid an oscillating jump in design?

7.5 State why the momentum equation, and not the encr

nsis of a hydraulic jump gy equation, is initially used for the
analysis O . p

7.6 State the qualitative relationships among h;,h, and h, for different forms of jumps in
sloping channels.

7.7 What is a stilling basin? Describe the special appurtenances usually provided with a stilling
basin. Write the names of the appurtenances provided with USBR Basin II.

7.8 Verify Egs. (7.10), (7.11), (7.15), (7.18), (7.20), and (7.23).

7.9 Water flows at a velocity of 6.1 m/s and a depth of 1 m in a horizontal rectangular channel
6.1 m wide. Find (i) the type of fump, (ii) the downstream depth necessary to form a jump, (iii)

the height of the jump, (iv) the length of the jump, (v) the horsepower dissipation in the jump,
and (vi) the efficiency.

7.10 Water flows at a depth of 1 m jn a horizontal trapezoidal channel having a base width of 5

m, side slope of 1:1 and Q = 30 m*/s. If a hydraulic jump occurs in this channel, compute the
sequent depth and the energy loss involved in the jump. i

7.11 A horizontal triangular channel having s = 2 carries a discharge of 20 m”/s at a depth of 1
m. Compute the downstream depth that will form a hydraulic jump.

7.12 A horizontal parabolic channel contains a discharge of 10 m?/s at a depth of 0.50 m. The
profile of the channel is given by the equation y* = 4z, If a hydraulic jump occurs in this channel,
compute the sequent depth.

7.13 A rectangul r channel 6 m wide and inclined at an angle of 5% with the horizontal carries a
discharge of 20 m’/s. Determine the jump type if the upstream depth (normal to the direction of

flow) is (i) 0.20 m, (ii) 0.30 m, and (iii) 0.40 m, when the tailwater depth is 3.20 m.

vede e e o
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Chapter 8

CHANNEL CONTROLS AND TRANSITIONS

§.1 INTRODUCTION

' A control has been defined as a feature, natural or artificial, which establishes a definjt,
relationship between the discharge and the depth of flow. Sluice gates, free overfalls, weirs and
spillways are some familiar examples of controls. Many of these structures are used for Now
measurement. In addition, these control structures govern the depth of flow upstream in case of
subcritical flow and downstream in supercritical flow.

A transition has been defined as a change either in the direction or slope or Cross-sectiop
of the channel that produces a change, either temporary or permanent, in the state of flow in the
channel. Channel bends, humps, depressions, expansions and contractions are typical exampleg
of channel transitions.

A transition producing a permanent change in the state of flow in effect becomes a

control. Therefore, all controls are transitions, but all transitions are not necessarily controls
under all conditions.

8.2 SLUICE GATE

The vertical sluice gate is one of the most commonly used types of underflow gates used
for flow measurement. In its simplest form, it consists of a vertical gate that can be lifted up and
down. It is sometimes used to raise the water level and maintain a constant water level in an
irrigation canal. It acts as a control provided the height of the gate opening hg is less than the
critical depth of flow h. in the channel. When this condition is fulfilled, the flows upstream and
downstream of the gate are subcritical and supercritical, respectively, and decreasing h, increases
the upstream depth h, and decreases the downstream depth h; and vice versa (Fig. 8.1). As the
water issues out of the sharp edge of the gate, the streamlines converge rapidly till the flowing
water attains a minimum depth at the vena contracta approximately at a distance equal to h, from
the plane of the gate. The gate may operate under free or submerged condition depending on the

tailwater depth. '

Free Flow
Consider a vertical sluice gate in a horizontal rectangular channel as shown in Fig. 8.1.
Flow under a sluice gate is an example of converging flow in which the energy losses between

sections 1 and 2 are small and negligible. So, considering free flow and taking the channel bed as
datum, we can write

2 2 2 2
hI+U_I=h2 +g:_ ar‘ }]I-[-E-!-—:C‘h' +El_ (8.])
2g 2g 2g 2g

where C, (= hy/hy) is the coefficient of contraction. From the continuity equation, we have
Q= Cghh,”; = bh,U, (E.Z}I

Combining Eqs. (8.1 ) and (8.2) and simplifying

Q=Cdbh;m (83)
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3 which the discharge coefficient C, is given b};

B .
(8.4)

Ce= fixC.h Ih

Thus, the sluice gate is in effect a control because for a given gate opening there is a definite
relationship between Q and the upstream depth h; as given by Eq.(8.3).

o . 2
K 1 | ——

w | p @ " : /”' '12 o
B o e e e ¢

D

7 7711(::;1(;::;:::f;r.r:fllf!

a) Free flow (b) Submerged flow

Fig. 8.1 Flow under a sluice gate

Submerged Flow
By operating a control located downstream, the tailwater depth h, can be increased and a

hydraulic jump can be formed and advanced upstream. Till the toe of the jump reaches the vena
contracta, the discharge beneath the sluice gate is not affected and the free flow condition exists.
Any further increase of h, causes the jump to be submerged. The effect of submergence is to
reduce the discharge in the channel and/or to increase the depth h;.

Equation (8.3) may also be used for submerged flow. However, for submerged flow

Ca = f(hi/hgh/hy) | 8.5)

Rajaratnam and Subramanya (1967) proposed an alternative method of computing the
discharge as

O =C,bh,\2gAn (8.6)
where
Ah=h;-h; =h; - Cch, (8.7)

for free flow, and
Ah=h, - h; ' (8.8)

for submerged flow.

8.8 In order to compute the discharge under submerged flow condition using Eqs. (8.6) and

G )s the prediction of h; is necessary. Applying the momentum principle and the equation of
Ontinuity, it can be shown that in horizontal rectangular channels
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h)_ . _i 172 -
E_,[H:m-, [1 " J:l (8.9)

. where h; is the height of the sluice gate opening, h, is the tailwater depth, h; is the subcﬁﬁca]
'sequent depth of the free jump corresponding to h, and Fr, is the Froude number correspondip,
to hy. Equation (8.9) can be used to compute h;. However, computation of hj using this equatigg
réquires that Q must be known initially. Using the momentum principle, Rajaratnam ang
Subramanya(1967) gave the equation :

2
hy _ oy hsCo _hCa) (h ) A
"C, _2[1 n ]+J4[1 5 R mC, 4 nC, h (8.10)

which can be used to compute h; without the discharge Q. Once h; is computed, Eqs.(8.6) ang
(8.8) may be used to compute the discharge under submerged condition.

Coefficients C.and C,

The value of C. does not vary significantly from 0.61 and is nearly independent of the
ratio hy/h;. Therefore, a value of 0.61 can be used for C. both for free and submerged flow
conditions.

The analysis of experimental data indicated that C4 for both free and submerged flow
conditions is uniquely related to hy/h; as shown in Fig. 8.2. The values of C,4 for some values of
hg/h, are given in Table 8.1. From Fig. 8.2 and Table 8.1, it may be noted that the variation Cyin
the range of hg/h; from 0 to 0.30 is small and we can use a constant value of 0.60 for C4 when
hg/h; < 0.40.

0:70 - -
; ___,/
0.65 /.-"'
0.55
0-50

0 01 02 03 04 05 0.6 07 08
hg/hy

Fig 8.2 Coefficient of discharge for vertical sluice gates

Table 8.1 Values of C4 for some values of hg/h; (Rajaratnam and Subramanya, 1967)

hg/h, 000 0.05 0.10 020 030 040 050 0.60 0.70
Cq 0.61 0.60 0.60 0.605 0.605 0.607 0.620 0.640 0.660

—

Exaniple 8.1

Compute the discharge through a vertical sluice gate in a horizontal rectangular chﬂﬂﬂ‘?;
6 m wide and having a depth of 1 m at the vena contracta when the upstream head is 4 m, for (I)
free flow condition and compare it with the discharge obtained in Problem 2.6, and (o
submerged condition when the tailwater depth is 3.5 m.
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Horizontal rectangular channel, b =

n
golutlol . ke Ce = 0.61 50 that hy = hy/C, =

L

6m,hij=4m,h=1m,h=35m
1/0.61 = 1.64 m (<h, = 1.86 m)
) for free flow condition, using Eq. (8.4), we get
(i . __(i,___ o 0
¢ 1+Ch th 140.61x1.64/4 .
Then, using Eq.(8.3)
0= C‘dbh, J28h =0.546%6x1.64 x V2%x9.81x4 =47.56 m’ /s
which is exactly the discharge obtained in Problem 2.6 (Q = 47.54 m’/s).
Again, hg/hy = 1.64/4 = 0.41 and from Fig.8.2, C4 = 0.61. Hence, using Eq.(8.6), we get
Q= C,bh,\2gAh = Cbh, \[2g(h, - h,)
=0.61x6x1.64%|2x9.81x(4—1) = 46.05 i’ / 5

which is about 3% lower than, but still considered to be very near to, the discharge obtained in
Problem 2.6.

(ii) For submerged flow condition, we have hgCy/h, = 1.64x0.61/3.5 = 0.286. Then, using
Eq.(8.10), we get

h"- = -—-_hscd _hﬂc" ’ hf : h'l ﬁ
h.C, 2[1 h, ]W{l h, ]+[h'6d] _4(;.-,(:,_;:}

I

d 1 3 3
=2(1-0.286 +J 1-0.286)% + (——)? -4 - =3.341
g ) (0.236) (1.64x0.61 3 5)
- h3=3.341x1.64x0.61 =3.342 m
Q= C bh,\[2gAh = C, bh, \[2g(h —hy)
=0.61x6x1.64%/2x9.81x(4—3.342) =21.57 m* /s

8.3 FREE OVERFALL

A free overfall occurs when the bottom of a channel is discontinued causing the flow to
separate from the channel bed and forming a nappe as shown in Fig. 8.3. The pressure above and
below the nappe is atmospheric and the water surface profile of the nappe is a parabola.

The flow downstream of brink or edge of channel is supercritical. Now, if the flow in the
channel is subcritical, then there is a section at which the flow is critical. Theoretically, the
critical section or the section of minimum specific energy should occur at the brink. However, the
determination of critical depth using Eg.(3.9) is based on the assumption of parallel flow and
applicable only approximately to gradually varied flow. The flow in the brink is actually
curvilinear having appreciable curvature of the
streamlines which causes the pressure distribution at
“}‘" brink section to depart from hydrostatic. The actual
Situation is that the brink section is the true sectionof  — o he

fnmim“m specific energy, but it is not the critical hy \
ection as computed by the assumption of parallel

flow. The critical flow section occurs a short distance 3h to khe
(&pproximately 3h, to 4he) upstream of the brink and

the brink depth is less than the critical depth.

Fig. 8.3 Free overfall at lhe end of a
channel with subcritical flow
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Rouse (1936) was probably the first to determine experimentally that the value of hy/h, fg
subcritical flow in a horizontal rectangular channel is 0.715, i.e. he = 1.4hy. Since then a larg
number of experimental and semi-theoretical studies have confirmed that the value of hyy
obtained by Rouse (1936) for horizontal rectangular channels is not significantly different frop
0.715. For other slopes, the relative brink depth can be expressed as

hy/he = f(So/Sc,channel shape)
Thus, for a given channel shape, the variation of hy/h. can be expressed as a unique function gf

So/S.. The variation of hy/h, with channel slope, experimentally determined by Delleur al.(1956)
using data on adverse and mild slopes, is shown in Fig. 8.4.

0.8

0.7
= .
&=
—
=]
i —

0-5 \
0.5 - \ e
| T

-""':_10 - 0o 5 10 15

So/Sg

Fig. 8.4 Brink depth in rectangular channels for different slopes

Flow Measurement Using Brink Depth
The unique relationship between h. and h;, for a given channel shape gives rise to a uniqut

relationship between the brink depth and the discharge for that channel shape. This is 0
considerable practical interest, because it permits the use of a free overfall for floy
measurement. For the purpose of flow measurement, the channel must be level in the late
direction and preceded by a channel of length not less than 15h.. The depth should be measurét
at the brink section on the centerline of the channel accurately. A channel with horizontal 9

small slope must be used. _ _
The following discharge formulas are to be used when the channel is horizontal or @

small slope: :
1. Rectangular channel

hy/he = 0.715 Q =5.18bh,'? (8.11)
2. Triangular channel:

hyh, = 0.795 Q = 3.93shy™” (8.12)
3. Parabolic channel |

hhe=0.772 Q=5.72¢"h? (8.13)
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les of hy'he for other slopes can be obtained from Fig. 8.4 and the corresponding
b oy | LIS F . ‘ - .

§ va .o can be estimated. However, in this case a trial procedure is needed.

X dif"himi'-:m circular and trapezoidal channels, explicit rel

ationship between the brink depth and
. harge can not be determined. However, in this case by determining hy, h. can be estimated
f'j,':: i.i-tchﬂ"i_l“ Q can be estimated. The values of h,
d the <7

/he for free overfalls in circular conduits
+ o different bottom slopes are given in Table 8.2. The value of hy/he for a horizontal circular
anel is 0.725.

¢

Table 8.2 Brink depth in circular channels for different slopes

._-_-d&-------‘---*.---“--q‘-------‘h——---b-—-————w-——ﬂ------ﬁ------

{ So/Se -4.00 0.00 2.00 4.00 6.00 8.00
| hy/he 0.75 0.725

s 0.61 0.53 0.491 0.487

--------------------------------------------------------------------------------

e TS —

. For a trapezoidal channel, the general functional relationship is
|

hy/he = f{S¢/S,, sho/b) (8.14)
Rajaratnam and Muralidhar (1970) performed ex
the data with those of Diskin (1961)

periments on trapezoidal outfalls and analysed
them is shown in Fig. 8.5. For a hori

in accordance with Eq

nnel the ratio hy/h, varies from 0.71 5
t0 0.795. The determination of discharge corresponding to a measured brink depth involves a trial
procedure

. 0.9
D" 3 :-:___ % \
o —":-__-l--- ::-"-.
= S
D |7 4 -
. 3 ‘\‘Q\\-} /---shc/b Ioc
\ = \%_ - f‘-—-‘Sh: fb = ?
, 0-6 S '
] "'““--::'_'_E:_--shc/b=3-5
0.5 x\\{"‘shc“fb =0
n!‘ L

8 -6 -4 -2 0 2 L 6 8

10
Sul B

Fig. 8.5 Brink depth in smooth trapezoidal channels for different slopes

Exampje 8.2

Overf; A rectangular channel 6 m wide

. Cﬁmpule the di

is made of concrete (n =
3 huﬁz'amal

: 0.013) and ends in a free

scharge in the channel if the brink depth is 0.75 m, when (i) the channel

» and (ii) the channel is laid on a slope of 0.0020.

Solug;

(i) W%: Rectangular channel, b=6 m,n = 0.013,h,=0.75 m
N the channel jg horizontal, using Eq.(8.1 1), we get
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Q =5.18bhy'’ = 5.18x6x0.75"5=20.19 m%/s

o alternatively, since hy/he = 0.715, bs = hy/0.715 = 0.75/0.715 = 1.049 m, We get

0= Jgbh'* =J/981x6x1.049"° =20.19 m’ /s

annel slope is 0.0020, let us take Q = 20.19 m’/s as a first approximatiqp, lo

ii) When the ch ‘ : :
b tical slope. Then, applying the Manning formula

determine the cri

l 2/3 172
w = ARS.
Q n
we have -
I 6x1.049 ) 12
__ 1 1.049 xS,
20'19*0.013"(6” )x(ﬁ+2x1.{}49

"which gives the critical slope as S; = 0.0024 so that

So/Sc = 0.0020/0.0024 = 0.82

Then, from Fig 8.5, we get hy/hc =0.70 and h. = 0.75/0.70 = 1.08 m. For this critical depth, Q=
21.08 m*/s and S = 0.0024 which is the same as we obtained previously.

- Q=21.08 m’s

Example 8.3

A trapezoidal channel withb=6 m, s=1 and n=0.015 ends in a free overfall. The brink
depth is measured and found to be 1.00 m. Compute the discharge in the channel if (i) the
channel is horizontal, and (ii) the channel has a longitudinal slope of 0.0020.
Solution Trapezoidal channel,b=6m,s=1,n=0.015, hy=1.00 m |

(i) When the channel is horizontal, the ratio hy/h, varies from 0.715 to 0.795. Assume that hyh.=
0.75 so that h, = 1/0.75=1.33 m.

- she/b=1x1.33/6 =0.22
Then, from Fig.8.5, hy/h. = 0.73
. he=1/0.73 = 1.37 m and shy/b = 1x 1.37/6 = 0.23
- Therefore, the value of h, may be taken as 1.37 m.
o Ac=(6+1x1.37)x 1.37 = 10.10 m?
B:=6+2x1x1.37=8.74m

D.=A/B.=10.10/8.74 = 1.16 m
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?‘Eﬁj}“‘w
U';.: flg:D‘_ :\fg.SIK].IG “——.3_3? m/s

. Qe =AU =33.99 m’/s

gli-i] when the channel slope is 0.9020. assume that hy/h, = 0.70 so that h = 1/0.70 = 1.428 m.-
; l,_A¢=(b+shc)xhc=(6+1x1.423)x1.423=10.612m

B,=b+2she=6+2x1x1.428=8.857m
P —b+2hV1+5* =6+2x1.428xV1+1° =10.041 m

Rc= A/P:=10.612/10.041 = 1,057 m

D.= A/B.=10.612/8.857=1.979 m

U, =+/gD. =J9.81x1.979 =3.428 m/s
|

J . L Qe=AU.=36.37m's

i

Now, from the Manning formula

1 2/3 12
=—AR"S
Q [

i, we have
|
| 36.37 =

. which gives the critical slope as S. = 0.002456.

- x10.612x1.057* x5,

. So/Sc = 0.0020/0.002456 = 0.814 and shy/b=1x 1.428/6 = 0.237
* From Fig 8.5, hy/h. = 0.70. Hence, the assumed value of hy/h. is correct and
Q=36.37m’/s

- 84 FLOW OVER A WEIR - :
1 timate
e e is an overflow steuctre it across  shannel wAE BT L e ecangulr
| e discharge in the channel. Weirs may be of different cross-sectione) Faspos )

i

Pezoidal, triangular, circular, parabolic and so on. ured above the weir

s ¢pending or?tlhe ,value of hr:."'L, where hy ifht::ci_up:g:ﬂfd;g:l (ﬂl!;:s.ﬁ), the flow over a’
Wcirt and L is the length of the weir crest along

May be classified as follows.

iable.
- i :stance effects are apprecia
LhyL < i is subcritical and resiST - ir is termed
b s 0.10- ir crest 1S . of weir 18
Critica) flow Se](?t_ oy O;v;rger t:]:h‘:chW“stream end of the “'“;:I:hmirgp?t can be used ‘for
"8-cresteq ﬂndmZa‘:;it ba: used for flow measurement. ’

i

Scanned by CamScanner



ided the crest is |oph

flow measurement based on the brink depth as discussed in Art. 8.3 prov

enough to develop the full drawdown profile.
2.0.10 < h,/L < 0.35: Aregion of parallel flow and
the vicinity of the midpoint of the crest. The weir can p .
is widely used for flow measurement. In general, the coefficient 0
in this rage of h/L.
'3, 0.35 < hy/L < 1.5: The water surface is gencrally curvilincar_nll over the crest and (4
control section occurs near the upstream end of the weir. The weir 18 termed short-crested g

* narrow-crested.
4. hy/L >1.5: The flow may separate completely at the upstre

above the crest has curved streamlines. The weir is similarto a §
and can be used for flow measurement.

the critical flow (control) section occur iy
recisely be defined as broad-crested ang
f discharge has a constant vg|

am edge of the weir. The floy
harp-crested weir (/L > 1§

Broad-Crested Weir :
It was shown in Chapter 3 that if the height of a hump provided on the channel bed Az §

equal to or greater than a limiting value Az, the flow over the hump will be critical. However, thg
length of the crest in the direction of flow must be adequate so that parallel flow with hydrostati
pressure distribution develops over the hump. As started earlier, such a situation exists when 0.1(
< hy/L < 0.35 and the hump, in effect, because a broad-crested weir.

Energy line 29

-—-—l-—l_u—-——--—-

Fig. 8.6 Free flow over a rectangular broad-crested weir

A broad-crested weir may operate under free-flow or submerged condition. Under fre¢
flow condition the discharge does not depend on the depth downstream of the weir. Undét
submerged condition the discharge depends on the downstream water level. Under free-flo¥
condition the flow over the weir is critical and the discharge is maximum. Such a weir provide

an excellent means of measuring the discharge in open channels,

Rectangular broad-crested weir

~ Free flow: Consider a rectangular broad-crested weir with vertical faces and rounded upstr eal
comner under free-flow condition spanning over the entire width of the channel ‘(Fig. 3:‘5
Neglecting the frictional losses and applying the energy equation between the upstream sectiof

and the critical flow section, one obtains

2
H, =h= +'Lr—==h +-;;-i-=

2g e h (8.15)

c

M| W

or
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. ri‘icﬂl flow condition
for ¢

F."""Ut! gh:=]

hence

U, =8k (8.17)

and

The Jischarge over the broad-crested weir is Q = A_U. = bh.U., or

o=bgh'’ =3.132bh" (8.18)
b is the width of the channel.

Equation (8.18) can be used for computing the discharge in an open channel when
onal losses over the weir ctest are negligible, the flow over the weir is parallel, i.e. the water

| fricti g * i . =W
e ure over the weir crest is hydrostatic and the upstream velocity of approach is negligible.

However, the usual difficulty in using Eq.(8.18) for computing discharge in an open chfmncl lies
in locating the critical flow section and measuring the critical depth accurately. These d:fﬁcylt:es
are, however, avoided by measuring the depth of flow upstream of the weir where the flow is not

affected by the presence of the weir.
Combination of Eqs.(8.16) and (8.18) yields

1.5
Q=[§] bJgH,'* =1.7056H," (8.19)

Introducing a discharge coefficient Cq, the equation for actual discharge over a rectangular broad-

. crested weir becomes

1.5
Q= @) C,bgH,"’ = 1.705C ,bH,'"* (8.20)

takes into account the effects of fluid vis-cosity. surface
urvature and friction and usually varies from 0.80to

L.00. It is a function of the parameters hy/L and h/(h; + p). However, for0.10 < hnfLs :30-3iﬂ

hilth) +p) < 0.35 (i.e. h,/p < 0.54), the value of Cq is found to remain constant at 0. " aet =

Which is termed as the basic discharge coefficient. When t].m above cnndm?cn}f are :;De onl::ta;ncd
sic discharge coefficient must be multiplied by a correction factor f which can

lsj -
-Sing Fig 8 7 (French, 1986). ¢ use as it contains the energy head H,. If the

Equation (8.20) is rather inconvenient fo .
\rclocil}' of apprna(mh is)small so that U,%2g << h;, one can use the equation

_ The discharge coefficient Cq t2
ension, non-uniform velocity distribution, ¢

(8.21)

« R ;
@=[—3-) C,b\gh'’ = 1.705C ,bh,"*

¢
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for estimating the discharge. However, if the velocity of approach U, is appreciable, Eq, (g 0

has to be used, initially neglecting the velocity of approach and then, improving the solutmn K
including the velocity of approach. |

e

1-1.5‘ g D-60
C A
0-50
— T "'f
: . / 0*-‘5 .
B ik |
A /%%ﬁ 83%° |
= - /// s
E __--/ % i -d_
31.05 —! =
o -
p— A
- —h-l--ﬂn-—l-——
. m. 0-20 0-30 O 0- 0 070 080 0-85

hy 7L

Fig. 8.7 Correction factor f as a function of h)/L and hy/(h,+p) for rectangular broad-creste
weir (French, 1986)

Submerged flow: The effect of submergence is to drown the critical depth on the weir crest ar
make the flow over the weir crest subcritical. Under submerged conditions the discharge overt
weir depends on the downstream depth h; (Fig.8.8). However, the flow is affected by downstrez
depth only when hy/h, is greater than about 0.80, and when ha/h; <0.80 the weir discharges free
with no submergence effects.

The discharge formula for a submerged weir may be written as

1.5 L
0= G’.J C,C.b\/gh"* =1.705C,C,bh"* (8.22)

where the coefficient C, takes into account the effect of subrnergence and depends on hy/h; &
the geometry of the weir. For a rectangular broad-crested weir with vertical upstream &
downstream faces, the numerical value of C, varies from 1.00 at hl;u‘hl = 0.80 (no submerg
effect) to 0 at hy/h, = 1 as given in Table 8.3..

Table 8.3 Variation of C, with ha/h; for weirs with vertical faces (Ranga Raju, 1993) |

ha/h, < 0.80 0.85 0.90 0.95 0.98 0.99 1.00
C, 1.00 0.95 0.82 0.63 0.35 0.20 0
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Fig. 8.8 Submerged flow over a rectangular broad-crested weir

| —— 2

b

Example 8.4 b
A rectangular broad-crested weir with vertical faces is 1 m high, has cr
: : 3 est length of 2 m
and span over the cn.tn'e 'Widlh-f:-fthe. channel. If the head over the weir is 0.50 m, (i)g:;mpute
M-dl-scgfgc p;v?cr unit width. (ii) What would be the discharge if the depth downstream of the
weir is 0.45 m

Solution

(i) In this case, the weir operates under free flow

= 0.50 m. condition. We have, p=1m, L =2 m and i
ey > £5<0.35
h 0.50 ;
= =0.33 <0.
h+p 0.50+1 =0
H_cncc, the weir is practically a broad-crested weir with Cq4 = 0.848. The computation of
discharge is carried out with Eq.(8.20) as follows.
h] U| U:lmg H] q
0.50 - - 0.50 ' 0.511
0.50 0.3407 0.0059 0.5059 0.520
0.50 0.3468 0.0061 0.5061 0.521
0.50 0.3471 0.0061 0.5061 0.521

Bt et [T TN S R ——

Hence, the discharge per unit width, g = 0.521 m?/s

ii) Since

Tebh ha/h, = 0.45/0.50 = 0.90 > 0.80, the weir operates under submerged condition. From
able g,

3, we obtain C, = 82. Therefore, q = 0.521%0.82 = 0.427 m?/s.

Sh‘rP*Cruted Weir

.. Ifthe length of the weir in the direction of flow is sucl:u thaE hy/L > 15 (Fig.8.9) ,.th‘en the

CIris termeq sharp-crested. In practice, the crest length provided ina shagp-crcs.ted weir is only

I ™M 10 2 mm and the downstream end is bevelled at an angle of 45° to 60". In this case, the flow

?"“ES clear of the weir body downstream of the weir and an air pocket is formed beneath the
a

Tom which air is continuously removed by the overflowing jet. As the flow continues, the
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pressure in the air pocket falls below the atmospheric pressure and the nappe is depressed.
flow measurement, the atmospheric pressure is maintained in the air pocket through the provisigy
of air vents. "]
In the case of a sharp-crested weir, the concept of critical flow is not applicable. For thj,
type of discharge measuring device, the discharge equation is derived by assuming that the
behaves as an orifice with free water surface. 3
A weir having its width B (transverse to the flow) equal to the width of the channel b, s
that only vertical contraction of the nappe takes places, is called a suppressed or full-width wejy
When the width of the weir is less than the width of the channel so that the nappe contracts both
in the vertical and lateral directions, the weir is termed a contracted weir. i
A sharp-crested weir may operate under free-flow or submerged condition depending op
whether the water level downstream of the weir lies below or above the crest.

Energy line  __ __

Fig. 8.9 Free flow over a rectangular sharp-crested suppressed weir

Rectangular sharp-crested suppressed weir

. Free flow: Consider a rectangular sharp-crested weir spanning the full width b of a rectanguld
channel as shown in Fig.8.9. It is assumed that the flow does not contract as it passes over til
weir and the pressure is atmospheric across the whole section AB. The velocity at any dep

below the energy line is equal to J2gh and the discharge through an elementary strip @
thickness dh is given by *

dQ =b.[2gh dh (8.23)

The total discharge Q is then

W+l 12g

O=b\2g |[Jhdn
utizg
2 2 1.5 2 1.5
=_Jﬂb[[h, +g_I_J —.(_[.{L.] (8.24)
3 2g 2g
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_E_J'z—g'bhlls [l-b._.gJ_:_ 1.3L U? 13
S 2gh, (8.25)

2ah,
wher¢ Q
I -
U; s b(hl + p) {3.26)
. the apprnnch velocity.
7" The effect of flow contraction is taken into account by a coefficient of contraction C..,
Then 5 U 5 18 U 2 \1.5 |
Ze.ron|(1e ) (L
Q 3 2gh, 22k (8.27)
Inwducing a discharge coefficient C,, Eq.(8.27) can be written in a more compact form as
2 :
0=5Ca28 b (8.28)
where »
ol N 0 '
c,=C. [l+—'~—] —( . 5
‘ [ T 2em) \2em P

If the Reynolds number of the flow is sufficiently high and the upstream depth h, is at
least 0.11 m so that the surface tension and viscosity effects are negligible, then C4 becomes
independent of the Reynolds and Weber numbers and depends only ori the ratio hy/p. The
variation of C4 for rectangular sharp-crested weirs is given with satisfactory accuracy using the
well-known Rehbock formula

Ca=0.611 + 0.08 h)/p (8.30)

which is valid for hy/p < 5.
When p becomes very large, Cy4 becomes equal to 0.611. Since in this case U,*/2gh

becomes negligibly small, Eq.(8.29) shows that C. also becomes equal to 0.611.
When p = 0 so that hy/p is infinite, the situation becomes a free overfall, considered in
Art, 8.3. For a very low weir, in the range hi/p > 20, critical flow occurs just upstream of the

weir. Such a weir is termed as a si/l. In this case

Qz. 1/3
k:""P'-_'hc =[gbz)

or

Q;—"\/Ebhc” ='\/Eb(h| _|_p)s,s =§Cdb-\/2_g-hll"’ (8.31)
50 that
. 15 :
Ci= 1.06{1 + ﬁJ (8:32) °
h
and a sill, the

ate region between a Welr

I the range 20 > hyfp > 5, the intermediate tem ol I Eq. (8.30) to Eg.

Coeffs: ;
: fficient of discharge Cq is expected to have a sm
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Submerged flow: The discharge over n broad-crested weir is affected by the tailwater level
downstream of the weir if it is above the weir crest. Such a flow is called a submerged Now
Under submerged conditions, the discharge over the weir depends on the submergence ratio ha/h,
where h; is the water surface elevation measured above the weir crest (Fig. 8.10), and is giyey
the Villemonte equation

" DIRS
Q= Q[l —[ﬁl) ] (8.33)
hI

where Q is the free-flow discharge under head h, (Eq.(8.28)) and n is the exponent of head in th,

head-discharge relationship Q = kh". For rectangular weirg, n = 1.5 and for triangular weirs, n
o

To ensure free flow over a broad-crested weir, the water level downstream of the wej
must be kept a few centimeters below the weir crest.

I
™
¥
e B P
: {
| - —
Fig. 8.10 Submerg&l sharp-crested weir Fig. 8.11 Weir with end contractions

Rectangular sharp-crested contracted weir

In a contracted weir (Fig.8.11), the effective width of the weir (transverse to the directio
of flow) is reduced and is given by the well-known Francis formula

Be =B - 0.1nh, . (8.34)

where B is the width of the weir and n is the number of end contractions. The discharge equatio
for a contracted weir may be developed in the same way as for a suppressed weir. Howeve
Kindsvater and Carter (1957), based on their extensive experimental investigation, modified
theoretical equation so that it would apply to all rectangular sharp-crested weirs regardless
" whether they are suppressed or contracted. The Kindsvater and Carter formula for discharge ov
a sharp-crested weir is

0=2C,2g B.h (8.35)

where Cg, is the effective coefficient of discharge and B, and h,. are the effective width and he
of the weir, and

Cae = K+ Kzh,/p ; (8.36a)

Be =B +K, __ ) (8.36b)

hie= i + Ky | (8.36¢)
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wh

orc the parameters Ky _and K represent the combin
' the flow. Usually Ky is taken to be equal to 0,001
0

ed effects of viscosity and surface tension

m. The parameters K, K; and Ky, which

B/b, are given in Table 8.4,
dc?’"d on
Table 8.4 Values_ of K,, K; and K, for broad-crested weijrs
(Kindsvater and Carter, 1957)

B/b K, K, Ky (m)
1.0 0.602 0.0750 -0.0009
0.9 0.599 0.0640 0.0037
0.8 0.597 0.0450 0.0043
0.7 0.595 0.0300 0.0041
0.6 0.593 0.0180 . 0.0037
0.5 0.592 0.0110 0.0030
0.4 0.591 0.0058 0.0027
0.3 0.590 0.0020 0.0025
0.2 0.589 -0.0018 0.0024
0.1 0.588 -0.0021 0.0024

Example 8.5

A rectangular sharp-crested weir spanning the full width of a rectangular channel 2 m
wide is 1 m high. Compute the discharge over the weir under an upstream head of 0.75 m.

Solution  Rectangular channel,b=2m, P=1m,h =0.75m

Ca=0.611+0.08h,/p = 0.611+0.08x 0.75/1 = 0.671
Q:%Cﬂfng@” =-§—x0.671x-J2x9.81 x2x0.75'* =2.574m* /s

Example 8.6

Compute the discharge over a sharp-crested contracted weir 1 m wide and 1 m high
setin a rectangular channel 2 m wide if the head over the weir is 0.75 m.

Solution b=2m,B=1m,p=1m,h;=0.75m

- From Table 8.4, K;, = 0.0030, K; = 0.592 and K2 = 0.0110.

h

‘. Cae=K; + Kyx L =0.592 +0.0110x

p

B.=B+K,=1+0.0030 = 1.0030

0.75
1

hi.=h, + 0.001 = 0.75 + 0.001 = 0.751

= 0.60025

" : 15 _1.161m° /s
Q= ‘-_,;C.,,JEBJ:,,'-’ = —i-x 0.60025 x J2x9.81. %1.0030x 0.751
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8.5 CRITICAL FLOW FLUMES "

It has been stated in Chapter 3 that a critical flow section is a control section and cay,
used for flow measurement. Based on critical flow, various devices have been used for g
measurement. In these devices, critical flow is produced either by raising the channel botton,
in a broad-crested weir, or by reducing the channel width, as in a critical flow flume. The use
broad-crested weir for flow measurement has been considered in Art. 8.4. It has, however,
disadvantage of having a dead water region upstream in which silt and debris can accumy|
This difficulty can be overcome by the use of a critical flow flume, in which the occurren
critical flow is forced by a contraction in channel width, followed by a short leng
supercritical flow and a hydraulic jump. Obviously, the width at the contracted section ort
must be equal to or less than the width required for producing critical flow, i. e. b < b, as sta
in Chapter 3.

The critical flow flume, also known as the Venturi flume, has been designed in varj
forms. It is usually operated with a free-flow condition having the critical depth at the con
section or throat and a hydraulic jump in the exit section. Under certain conditions of f]
however, the jump may be submerged.

;‘%

'l

— b

A

N

T T T T PP AT S

)

e A R A

(a) Plan (b) Free flow (c) Submerged flow

Fig.8. 12 Flow in a rectangular critical flow flume

Let us consider a rectangular flume as shown in Fig. 8.12. For free-fl ig. 8.1
condition, the discharge through the flume is given by the eguaﬁ e ow (Fig. 8

O=Bgh'’ =3.132B4 " (8.37)

“and when it is difficult to locate the critical flow section and measure the critical de
accurately, by the equation

1.5
0= (.i_) B\[gH,"* =1.705BH "} (8.38)

where B is the throat width and h, is the critical depth at the throat. Equations (8.37) and (8.
are the same as Egs. (8.18) and (8.19), respectively, used for computing the discharge ove
broad-crested weir under free flow condition.

For drowned or submerged condition (Fig. 8.12c), the discharge is given by

0= 4,280h 1) INT-7" | (8.39)

where A; is the throat area (= Bhy), r = A,/A, and A is the upstream area (= bh,).
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[he most extcimivfr{y ;{H'li'-lll critical flow flume s the Parshall flume, developed by . 1.,

p{]'ll‘-“ in 1920 1_1m| named alter him, I}clmlg:l designg for this flume have been cir:-..-r:!upr,:i for a

\ s e of Lhml_rlmrgt:u. and the usunl difficulties of locating the critical flow wection uned
: w;d‘{“ﬁn » the critienl depth accurately are readily dis ; "

oned of by suitable cholce of s

. . tical sy ; L = choice of u standard
\ lﬂc:’li-:m“mt necessarily the critical one) at which the a.'c:pth i mensured. Figure 8,17 shows the
N ; . i
i

{.

;

st S | R SE———
1
a\.q -]

Flow — “'JJ—‘-ET:{:'-‘J
- —— s ]| orermna |

\’——’ ‘-‘%.h\‘l‘—’__ﬂ" ’ 'Ir'*"
r..;"_’,r T T l o

Throal section

’ Il (a) Plan
i_ A
| |
1
' " i ha
: Lr-f""’_rr T7 T 7 77 T r—r ’g’n: 3 in
| —!-—---——- — I

{ b) Elqvu!lun

Fig. 8.13 Dimensions of Parshall flume for widths B of 1 ft to 8 ft (Henderson, 1966)

standard design of Parshall flume for throat widths b of 1 ft (0.30 m) to 8 ft (2.67 m). The size of
the flume is determined by the throat width in inch or fi. The sidewall convergence and sudden
critical flow near section A followed bya

at the exit section. For the above range of

« short length of supercritical flow and a hydraulic jump
reliable empirical formula for discharge has been established by calibration and is

throat widths,
- Bven by

Q=4Bp 522" (8.40)

4 ‘]-;[her: B is the throat width and h, is the depth measured at the upstream location as shown in
18- 8.13 and all quantities are in English units. '

=~ e above formula is true for values of the submergence ratio, hy/h,, up to 0.7. When the

red mergence ratio exceeds 0.7, the flow becomes submerged. The effect of submergence is to

uce the discharge, i. e. the discharge for submerged flow is less than the free flow discharge.

bl S Case the discharge given by the above formula must be corrected by a negative quantity.

 from 3 iy : er designs and the discharge formulae for Parshall flumes covering a range of widths

; 0 50 ft are also given by Parshall (see Chow, 1959; French,1986).

i

| Ex‘mple 8.7

' m )] wgnmp“tc the theoretical discharge through a Venturi flume having a throat width of 0.25
E. e

| When N the critical depth measured at the throat is 0.35 m under free-flow condition, Tndgg
| the chm:nupstmﬂm and downstream depths measured are 0.50 m and 0.45 m, respectively, an¢

. el width is 0.60 m, under submerged condition. '
E - .
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Solution B= 0.25 m

(i) Under free-flow condition, the theoretical discharge through the Venturi flume is given by

O=BJgh'* =025x/981x0.35" =0.162m’ /s

0.45 m, A, = bh, = 0.60x0.50 = 0.30 m’, A; = Bhy

) b= = 0.50 m, hy = R
(i) b= 0.60 m, h m, hz the theoretical discha

0.25x0.45 = 0.1125 m? and r = Ay/A, = 0.1125/0.30 = 0.375. Hence,
under submerged condition is

O =4, 2g(h, —h) /N1-r? =u-1125xJﬁg.mx(u.sn—o.:ts}nh—0.375’ =0.103 m’ / 4

Example 8.8 _ ' -
Determine the discharge through a 4-ft Parshall flume if the gage reading h; is 1.257

under free-flow condition.

Solution B=4fi hy=125m=1.25%3.28=4.10f

4& o1&

o O=4Bh" " Z 4% 4x4.10"524™ = 148.254 1% / sec = 4.202m” / s

PROBLEMS AND EXERCISES
8.1 State the difference between a control and a transition.

8.2 (a) What is the use of a sluice gate? When does a sluice gate act as a control?
(b) Show that the discharge under a vertical sluice gate in a horizontal rectangular cha
for free-flow condition is maximum when ha/h; = 2h,/3.

8.3(a) State why a free overfall can be used for flow measurement.
(b) Derive Eqs.(8.11) to (8.13).

8.4(a) What is the use of a weir? What is the difference between (i) sharp-crested and broac
crested weirs, (ii) free-flow and submerged weirs, and (iii) suppressed and contracted weirs?
(b) Derive the formula for discharge over a rectangular sharp-crested suppressed weir for freé
flow condition. .
(c) What do we get from (i) the Rehbock formula, (ii) the Villemonte fi - Tzl
formula, and (iv) the Kindsvater and Carter formula? BErls, () the

8.5 Finc-I the discharge through a vertical sluice gate in a horizontal rectangular channel 6 m wid!

?n;l f}}awnbg a gatednpcning of 1 munder an upstream head of 4 m (1) for free flow condition, ané
11) Tor submerged condition when the tailwater depth is 3.25 m. (iii thdf

submergence by Eq.(8.9). P (iii) Also, compute the dep

8.6(a) A horizontal rectangular channel carries a discharge of 1.30 m?/s is a vertical slui®
gate in the channel. ‘What would be the height of the gati opening to pa:: teli: lsi:t:d flow whef
the UPSETEGH] head is 4 m and the gate operates under free flow condition?

(b) Assuming that the flow though the sluice gate in Prob. 8.6(a) occurs under submergs
condition and the tailwater depth is 3.2 m, what would be the upstream depth h; and '
submergence depth h; if the discharge in the channel remains the same?
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(c) Compute the force on the sluice gate in Problems 8.6(a) and 8.6(h).

8.7 A horizontal channel ends in a free overfall. The brink depth s ; )
0.50 m. Compute the discharge if the channel is PRI IREREREOD sus Tounh i i
i) rcctangt_xlar 'lwith b+= 6 m ii) triangular with s = 2
iii) parabolic with perimeter equation y* =4z  iv) circular with dy = 2 m

v) trapezoidal withb =6 mand s = 2.

g.8. An open channel having a slope of 0.0025 ends in a free overfall. The brink depth is
measured and found to !:n: 0.50 m. Compute the discharge if the channel is (i) rectangular w-ilh b
— 6 m, (ii) triangular with s = 2, and (iii) trapezoidal withb=6 m and s = 2.

89 A hr:_::ad-crcsted weir with vertical faces is 1 m high, has a crest length of 2 m and spans the
.-,-r{tin: width of the channel. If the head over the weir is 0.80 m, compute the discharge per unit
width. What would be the discharge per unit width if the depth downstream of the weir is (i) 0.60

m, and (ii) 0.75 m?

8.10 A broad-crested weir with sharp square corner and vertical faces at the upstream and
spanning the full width of a rectangular channel has a crest length of 2.50 m. The height of the
weir is 1.50 m and the channel is 6 m wide. Calculate the depth of flow upstream of the weir
when the discharge is (i) 6 m?/s, and (ii) 10 m’/s, assuming free flow.

ischarge of 15 m’/s. It is desired to place a

8.11 A rectangular channel 10 m wide isto carry ad
height of the weir and its crest length.

broad-crested weir across the channel. Compute the

8.12 Compute the discharge over a suppressed sharp-crested weir of height 0.50 m and

constructed in 2 m wide rectangular channel. The head over the weir is 0.50 m.

contracted sharp-crested weir 2 m wide and 0.50 m high

8.13 Compute the discharge over a
lar channel. The head over the weir is 0.50 m.

constructed in a 2.5 m wide rectangu

annel 2 m wide are 0.75 m and 0.50 m’/s,

8.14 The depth and discharge in a rectangular ch
crested weir that will pass the channel

respectively. Find the height of a suppressed sharp-
discharge.
hat would be

8.15 In Problem 8.13, if a contracted sharp-crested weir of width 1.6 m is used, w

the height of the weir?

r a suppressed sharp-crested weir spanning the full width of 2
hs upstream and downstream of the weir above the

and the height of the weir is 1m.

8.16 Estimate the discharge ove
rectangular channel 2 m wide when the dept
weir crest are 1.6 m and 1.3 m, respectively,
— 0.715 for the completely free overfall (p = 0)-

a throat width of 0.6
ition, and (i1)
ectively, and

8.17 Show from Eqs.(8.29) and (8.32) that Ce

scharge t}uough aVe
red at the throat is
depths measured are 0.6
d condition.

nturi flume having
0.45 m under free-flow cond

8.18 Compute the theoretical di
0 m and 0.50 m, resp

m, (i) when the critical depth measu
when the upstream and downstream
the channel width is 0.75 m, under submerge

8.19 Determine the discharge through a 5-ft Parsh
under free-flow condition.
Je ke de e ke ke
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WRE 301 OPEN CHANNEL FLOW (4 hours/week)

Open channel flow and its classitication. Veloeity and Pressure
distributions. Energy equation, specific enerpy and transition problemy,
Critical flow and control, Principles of tlow measurement and devicey,
Concept of unitorm flow, Chezy and Manning equations, estimation of
resistance coeflicients and computation of uniform low. Momentuny,
equation and specific momentum, Hydraulic jump. Theory and analysig
of gradually varied flow. Computation of* flow profiles. Desipn or
channels.

REFERENCE BOOKS

V. T. Chow, 1959, Open Channel Hydraulics, McGraw-Hill Book Co.
Inc., New York.

F. M. Henderson, 1966, Open Channel Flow, Macmillan Co., New York.

R. H. French 1986, Open Channel Hydraulics, McGraw- Hill Book Co.
Inc., New York.

L. C. Van Rijn, 1990, Principles of fluid flow and surface waves in
rivers, estuaries, seas and oceans, Aqua Publications, Amsterdam.

M. H. Chaudhry, 1993, Open Channel Flow, Prentice Hall of India
Private Ltd., New Delhi.

K. G. Ranga Raju, 1993, Flow through Open Channels, Tata McGraw-
Hill Publishing Co. Ltd., New Delhi.

K. Subramanya, 1997, Flow in Open Channels, Tata McGraw-Hill
Publishing Co. Ltd., New Delhi.

S. C. Sutradhar, 2003, Open Channel Hydraulics, EPC Ltd. Office,
" Dhaka. -

Scanned by CamScanner




415 hy=1.8285m, Un= 14953 m/s 3
416 () 3.30 1 m¥/s (i) 4.994 m /s (iii) 0.557 m /s (iv) 1.2 38 m¥/s (v) 0.48 m /s
417 () ha=136m,U,=2022m/s (i) hy=1.55m, U,=2.127 m/s
(i) ha=184m,Uy=2.016m/s(iv)ha=130m,U,=1.387 m/s
418 () 9.21m (i) 10. 37 m
419 Sn=0.0062 (ii) S c=0.0072 (iii) S . = 0.0063
4.20 17.675 m*/s (1) 22.49 m¥/s (ii) 22.895 m ¥/s (iii) 33.99 m /s
421 021 m/s
422 Q=1052.35m?%s,U=1.571m/s,n=0.026,a=1.621,B = 1.221
4.23 30,690 m'/s

Chapter 5
5.7(a)() P=17.889m, R=2.236 m (i) P=17.889 m,R=2.236m
(i) P=16.647m,R=2.403 m (iv) P=15.853m,R=2.523 m
(v) P=17.369m,R=2.303 m Circular section has the minimum wetted perimeter

58 h=2408m, b=1994m 59()h=3.098m (i)h=1.824m,b=18.124m
510()b=9.67m,h=161m (i)b=1476m,h=130m 5.11 b=21.150m, h=1.163 m

Chapter 6

610 (i) M1, M3 (ii) C1, C3 (iii) S1,S3 (iv) H2, H3 (v) A2, A3
6.11(a) (i) M2 (i) C2 (iii) None (iv) H2 (v) A2

(b) M2 when hg4 < h, and M1 when by > h,,

(c) Jump and S1 when hy > h. and none when hy < h,

6.12(a) M1,H2  (b) H2 (c) S10rH3,H2 (d)C1, H2
(€) H2,A2 (HM2,C2 (g) A2 (h) C2, 52
(i) M2 ()H2,C2 (k) C3 () A2,52
6.13(a) M1,M2,52 (b)C2,52,510rM3 (c)S10orM3, M1 (d) H2, M2, C2
(e) C1,A2,H2 ( f)H2,A2,S2 (@ M1, A2, H2  ( h)M2,C2, C1,C3,C2, 52

6.14 (a) (i) M1 (ii) S3 (b)(i) M2 (ii) S2
6.15 (i) M2, S2 (ii) M2 (in upstream channel) (iii) S1 or H3
(iv) S3 (in downstream channel) (v) H2
6.16 M2, 52, S3, 51 or M3 6.17 -6,484.22 m 6.1 8 43.85m
6.19(a) 60.09 m upstream (b) 2.22 m (€) (i) 2.3396m (ii)2. 2115 m

Chapter 7

7.9 (i) 230 m (ii) weak jump (iii) 1.30m (iv)L ;=9.66 m using Fig. 7.3 and L; =9.28 m by
~ Silvester formula (v) 116.50 (vi) 91.78%

7.10 1.88m,0.12m 7.11 3.05m 7.12 245 m

7.13(i) Jump type A (i) Jump type B (i) Jump type D

Chapter 8

8.5(i) 30.20 m /s using Eq.(8.3) and 29.60 m*/s using Eq.(8.6) (ii) 16.85m /s (iii) 3.07 m
8.6(a) 0.25m (b) 6.70m,2.83 m (c) 67,706.46 N ,180,557.30 N

8.7()10.99 m3/s (i) 1.39 m /s (iii) 2.86 m */s (iv) 2.137 m¥/s (vi) 1220 m*/s

8.8(1) 11.85 m¥/s (ii) 1.51 m ¥s (iii) 13.93 m /s

891.003m¥s ()1.093m¥s (i)0.732m¥s  8.10() 0.77 m (ii) 1.07 m

8.11 250m,3.50m 8.12 1.443m%/s 8.13 1.347m’/s 8.14 049m 815 045m
8.16 5318 mi/s 8.1 8()0.614m?%s (i)0218m3s 819 580mYs

-
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