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16.1.Introduction

16.1.1. Definition of an Open Channel. An ‘open channel’ may be
its upper surface exposed to atmosphere. In open ¢
ly influenced by the slope of the channel.

iguid flows with
gravity, thus the flow conditions are great

A, UNIFORM FLOW

defined as a passage in which
hannels the flow is due 10

16.1.2, Comparison between Open Channel and Pipe Flow
The important points of difference between the two types of flows are given below:

[

8, No. Aspects Open channel flow Pipe flow
1, Cause of flow| Gravity force (provided by slop- | The pipe runs full and the flow, in gen-
ing bottom) | eral, takes place at the expense of hy-
draulic pressure; the pressure
| continously decreases m the direction of
flow:,
2. Geometry of Open channels may have any | Pipes...generally round in cross-section
cross-section| Shape: triangular, rectangular. . _.cross-section of flow is fixed,
! trapezoidal, parabolic, circular since the flowing liquid entirely
ete. . | fills the pipe section.
3, | Surface Varies between wide limits; the | Roughness co-efficient varies from a
roughness hydraulic roughness varies | low value fo a very high value, depend-
with depth of flow. ing upon the material of the pipe.
4.« Piezometric | (z + v}, where y is the depth of ( P _ _
head flow: H.G.L. coincides withthe | | 2 * ;J , where p is the pressure in the
water surface. sipe. H/G.L. does not coincide with
water surface.
5 | Velocity The maximum velocity occurs at | The velocity distribution is symmetrical
" distribution | a little distance below the water | about the pipe axis, maximum velocity
surface. The shape of the ve- | occuring at the pipe centre and the ve-
locity profile is dependent on locity at the pipe wall reducing to Zero.
‘the channel roughness.
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16.1.3. Types of Channels
The various types of channeis are:

1,

Natural channel. Tt is the one which has irregular sections of varying shapes, developed in
a natural way,

Examples; Rivers, streams etc.

Artificial channel. It is the one which is built artificially for carrying water for various
purposes. They have the cross-sections withregular geometrical shapes (which usualiy remain
same throughout the length of the channel).

Examples: Rectangular channel, trapezoidal channel, parabelic channel etc.
Open channel. A channel without any cover at the top 1s known as an apen chanuel.
Examples: Irrigation canals, rivers, streams, flumes and water falls.

Covered or closed channels. The channel having a cover at the top is known as 2 covered
or closed channel.

Examples: Partly filled conduits carrying public water supply such as seweage lines,
underground drains, tunnels etc. not running full of water.

Prismatic channel. A channel with constant bed slope and the same cross-section along its
length is known as a prismatic channel.

The prismatic channels can be further subdivided as:

(i) Exponential channel. 1t is the one 1in which area of cross-section of flow is directly
proportional to any power of depth of flow in channel.

Examples: Rectangular, triangular and parabolic channels.

(iiY Non-exponential channel, Trapezoidal and circular channels are non-exponential
channels.

16.2. Types of Flow in Channels

The flow in channels is classified into the following types, depending upon the change in the
depth of flow with respect to space and time.

l.

il

Steady flow and unsteady flow

Uniform flew and non-uniform (or varied} fow
Laminar flow and turbulent flow

Subcritical flow, critical flow and supercrtical tlow.

16.2.1. Steady Flow and Unsteady Flow

When the flow characteristics (such as depth of flow, flow velocity and the flow rate at any
cross-section) do not change with respect to time, the flow in a channel! 1s said to be steady.

- oy gV g
Mathematically, — =0, —=0, or — =
f o ot

where y, V and (7 are depth of flow, velocity and rate of flow respectively.
The flow is said to be unsteady flow when these flow parameters vary with time.
| . v cv C
Mathematically, — = 0; — =0 or TQ =0,
it ot ct

16.2.2. Uniform and Non-uniform {(or varied) Flow

Flow in a channel is said to be uniform if the depth. slope, cross-section and velocity remair
constant over a given length of the channel,

&y 1

Mathematically, — =0, — =10
il el

Flow in G

(2}

16

where, ¥V

16.2

S1nce |

number, B

respectivey
number t-

(i} ¥

(i} X

(iif) ¥
Some

The §:
value of B

k
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Uniform flows are possible only in prismatic channels only. A uniform flow may be either
steady or unsteady, depending upon whether or not the discharge varies with time; unsteady
uniform flow is rare in practice.

® Flow in a channel 15 said to be non-uniform {or varied) when the channel depth varies
continuously from one section to anoiher.

Mathematically, 2 0, — =0
cf c

Varied flow may be further classified as:

(1) Rapidly varied flow (R.V.F.). In this type of flow depth of flow changes abruptly over a
comparatively small length of channel.

Examples: Hydraulic jump and the hydraulic drop.

(ily  Gradually varied flow (G.V.F.). In this case the change in depth of flow takes place gradually
in & long length of the channel.

16.2.3. Laminar Flow and Turbulent Flow

The flow in the open channel may be characterised as laminar or turbulent depending upon the
value of Reynolds number, defined as

Re = PYR (161)

Lt
where, = Average velocity of flow in the channel, and

R = Hydraulic radius {defined as the ratio of area of flow to wetted perimeter)

When Re < 500 Wlow s laminar
Re > 2000 WLlow s furbulent
500 < Re < 2000 ..flow 18 transitional.

16.2.4, Subscritical flow, Critical Flow and Supercritical Flow
Since gravitational force is a predominant force in the case of channel flow, therefore Froude

-

number, Fr = ,I_ {where V and [ are the mean velocity of flow and hydraulic depth of the channel
V&

respectively) is an important parameter for analvsing open channel flows. Depending upon Froude

number the channel flow may be characterised as:

: . Gradually varied : : _
I**U"'f“”“ flow A —-|<— Rapidly vaned —»]4— L'niform

flow flow

|.| Non - uniform flow p-l

Fig. 16.1. Uniform and non-uniform flow.

(1Y When Fr<1{or V= ,_@ ): The flow is described as swbcritical (or tranqui! or streamung)

(/i) When Fr=1: The flow 1s said to be 1n a critical state.
(ii[y When Fr > 1: The flow is said 1o be supercritical (or rapid or shooting or torrential)

Some of the tvpes of channel flow are shown in Fig. 16+1
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16.3.Definitions (i) My
1. Depth of flow (). Itis the vertical distance of the lowest point of a channel section (bed of the
channe!) from the free surface.
2, Depth of flow section, Itis the depth of flow normal to the bed of the channel.
7 ¥
ief
16.4. Ope
For
1. ©
2 Misi
1641.4
Cross - section 1
at XX R
Fig. 16.2. Terms related to flow through open channel. Sh““'“ m Fig
d =y cos (162) direction ¢
where, 8 = The angle which the channel bed makes with the horizental,
Since the slopes of the channels are very smatl
cosO=1andd=y
The depth of flow and depth of flow section are assumed equal, unless mentioned otherwise.
3, Top width (T). It is the width of the channel section at the free surface (i.e. the width of the
liquid surface exposed to the aimospheric pressure.
4. Wetted area (A). It is the cross-sectional area of the flow section of the channel.
5. Wetted perimeter (P). It is the length of the channel boundary in contact with the flowing
water at any sectiomn.
6. Hydraulic radius (R}, It is ratio of the cross-sectional area of flow to wetted perimeter. It 1s
also called Aydraulic mean depth.
ie. R=- L(1ed)
() P
other s1ee I
(i) They:
(1) where, '
Fig. 16.3. k
Examples: (i) Rectangular open channel: A
A by Ly!
= T b2y «(16:4) el
{(ii) Pipe running full; (iif) Frm
_A_(mi4xd® _d (165 wemied per
P el 4




52)

Itis

6°3)

64)

6-5)
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(7Y Pipe not runmng full:
»:
) (28 — sin 28)

P 2r B
7. Hvdraulic depth (D). It is the ratio of the wetted area 4 to the top width T
A
i.e. D=— {16
7 L{16°7)

16.4. Open Channel Formulae for Uniform Flow
For uniform flow in open channels, the following formulae will be discussed:

1. Chezy’s formula
2. . Manning’s formula.

16.4.1. Chezy’s Formula

Consider a longitudinal section of an open channel in which the flow 1s steady and uniform, as
shown in Fig. 16-4. The forces acting on the free body of water between sections 1-1 and 2-2 1in the

direction of flow are as follows:

Fig. 16.4, Uniform flow in open channel.

() Pressure forces F, and F, acting on the two ends of the body: these forces balance each
other since the depth of channel remains constant.

{(iiy The component of weight of the water in the direction of flow, which 13
= Wsin®=wA4Lsing
where,  w = Specific weight of water, |
4 = Wetted cross-sectional area of channel,
L = Length of the channel considered, and
8 = Angle of inclination of channel bottom with the horizontal.

(iif) Frictional resistance offered by the sides of the channel which is = 1, PL, where P is the
wetted perimeter of the channel and 1, is the average shear stress at the channel boundary.
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As the flow is steady and uniforn, it is neither accelerating nor decelerating; the liquid mass is in
equilibrium and the frictional resistance to flow equals the weight of liquid mass acting along the line
of fluid motion. Thus

wAL sinb =1, PL

Since frictional resistance 1, varies with (velocity)?, 7, may be expressed as f where fis a non-

dimensional factor whose value depends upon the material and nature of flow surface.

wAL sin 8 =17 PL

2 ’f‘!L 1 I'"_
of, pr= X sin 9 or V i fisine

PL “TNTP

A
Since - is the hydraulic radius (or hydraulic mean depth) and 8 is the slope of the channel bed

(S), we may write
v = CRS .{16'8)
—
where C = III L (a variable which depends on the rougmmess of the channel surface and the

flow Revnolds number).

Eqn. (168} is known as Chegy’s formula (named after the French engineer Antoine Chezy who
developed this formula in 1775} The term C is known as Chezy's constant,

Discharge through the channel, = Area * velocity

= AC wﬁ
which can be written as:
O=KAS {(169)
where, K = AC w‘ﬁ

The factor X i called the conveyance of the channel section, and is a measure of the carrying
capacity of the channel. For a channel of constant slope, the convevance is directly proportional 10
discharge Q.

Empirical relations for the Chezy’s constant C:

Although Chezy’s equation is quite simple, the selection of a correct value of C is rather difficult
Some of the important formulae developed for Chezy’s constant C are:

(a) Bazin’s formula:

A French hvdraulician H. Bazin's (1897) proposed the following empirical formula for Chezy’s :
constant:
157-6

C = < (16.10)

181 + —=
JR

where R is the hydraulic radius and K is the Bazin's constant whose value depends on surface roughness.
Some typical values of K are:

S.No.  Surface of channel Bazins constant (K]
1. Smooth cement plaster or planed wood 011
2 Concrete, brick, or unplaned wood J-21
3 Smooth rubble masonry or poot brickwork 0-83
4. Earth channels in very good condition 1-54
5 Earth channels in rough condition 317
6 Dredged earth channels, average condition 2-36
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(5 Kutter’s formula:

Two Swiss engineers Ganguillet and Kutter proposed the following empirical formula (1869) for
the determination of Chezy’s constant C.

1 4 0-00155 . I

e s N
7 0-0{1155] N -{16.11)
1+ L23 +

s )R
where A is the Kutter’s constant whose value depends upon the type of the channel surface. Some
typical values of N are given below:

S.No.  Surface of channel N (Kutter's/Manning’s constant)
1. Smooth cement plaster or planed wood 0-G10
2. Very smooth concrete and planed timber 0-011
3. Smooth concrete 012
4. Glazed brickwork 0-013
s. Vitrified clay 0014
6. Brick surface lined with cement mortar 0-015
7. Earth channels in best condition 0017
g, Straight unlined earth channels in good condition 0-020
9, Rivers and earth channels in fair condition 0-025

10. Canal and river of rough surface with weeds 0030

{c)- Manning’s formula:

Rober Manning (an Irish engineer) gave the following empirical relation for determination of
Chezy's constant C (1889), which is simplest of all used for uniform open channel fiow:

1 ..
C- — . R]- &)
N
where N is the Manning’s constant (also known as rugosity co-efficient—a term generally used by
Rritish engineers) whose value depends on the channe! surface.

Example 16.1. Find the rate of flow and conveyance for a rectangular channel 7-5 m wide for
uniform flow at a depih of 2225 m. The channel is having bed slope as 1 in 1000 Take Chezy's
constant C =53,

Also state whether the flow is tranguil or rapid.

Solution. Width of the rectangular channel, A=T5m

Depth of flow, ¥=225m
Area of flow, 4 = b x y =75 x 2:25 = 16-875 mv’

Bed slope, § = 1
1000

Chezy’s constant, {' = 55
Wetted perimeter, P=b ~ 2y =75+ 2x2:25=12-0m

16873
12-0

=1-406 m

Hydraulic radius (or hydraulic mean depth), R = 4 =
- P

= r e e e ——r —— ——n m s = -




874 Fluid Mechanics and Hydraulic Machmss

_ Rateofflow, g
“Gsing Chezy’s formula, average velocity,

V= CRS = 55 \(1-406 .
1000

= 2.06 m's

:. Discharge, Q= AV=16-875 x 2-06 = 34-76 m’/s (Ans.}
Conveyance, K:
K = ACJR = 16-875 x 55 x JJ1-406 = 11005 (Ans.)

State of flow (tranquil or rapid}:

Fr =L_.=——2L= 0-438
Jgy 981 x 225
Since Fr < 1-0, the flow in the channe!l is tranquil in nature. {Ans.)
Example 16.2. A triangular gutier, whose sides include an angle of 60°, conveys waier di & "1
uniform depth of 250 mm. If the discharge is 0-04 m3/s. defermine the gradient of the trough. Use the 3
Chezy’s formula assuming thar C = 32. [Panjab University] 3
Solution, Depth of flow =250 mm = 0-25 m. :
Discharge through the gutter, Q = 0-04 m’/s
Chezy's constant, C = 52
Bed slope, S:

Froude number,

Refer Fig. 16:5. From A ACO,
CO 256 m
— 30"~ AO =
A0 cos U™ or cos 30°
U g88m
¢cas 30°
i.e. AOQ0=B0=0288m
AC
Further O = tan 30°
of, AC=COtan 30° =025 %0577 = 0144 m
of, AB=24C=0288m

Area of flow, A=%xAB}{CO=%}:D-288:<D*2S=0-0361113

Wetted perimeter, P= A0 + BO = 0-288 + 0288 = 0-376 m
A _0-036

' e R===——=0-0625m
Hydraulic radius, 5 0.576
Using Chezy's formula, we have
O=4V=4C JRS or 0:04 = 0-036 x 52 x J0-0625 x
0-04
0-0625x 5 = = (.02137
or, v P T 0036 x 52
0-02137° 1
= = ) th s1
Or, 50625 137 (Squaring both sides)

Hence, gradient of the trough (or bed slope} is 1 in 137 (Ans.)
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Example 16.3. Find the discharge of water through the channel shown in Fig. 16:6. Take the

value of Chezy s constant = 60 and slope of the bed as [ in 230, Panjab University]
Solution. Chezy’s constant, C = 60
o t.2m —»
Bed slope., § = RS | = A | B [
950 AT==ZzzIzzziidizIiaeee
Discharge, (Q: A TEIZIIEEIIZEIET 0.6 m
Refer to Fig. 16-6. “
Area of flow, 4 = Area ABRCD + area DEC E -X_
62 , e
2% 0.6+ 200 g5 -

Wertted perimeter, P=AD+DEC+(B
=06+nx06+06=3085m

Semicircular

Hyvdraulic mean radius, B bottom
R:i:l;_z_gi:{j..q]f}m Fig. 16.6
P 3085

Using Chezy's formula, we have

O = AV = ACRS

=1-285 x 60 x JG-LHG X Eiﬁ =1-613 m’/s (Ans.)

Example 16.4. 4 canal of trapezoidal section has bed width of 8 m and bed slope of I in 4000
if the depth of flow is 2-4 m and side slopes of the channel are | hovizontal to 3 vertical, determine
the average flow velocity and the discharge carried by the channel. Also compute the average shear
stress af the channel boundary.

Take value of Chezy's constant = 3J.

Sofution. Width of the chamnel bed, /=8 m

Bed slope, § = 1
4000

Side slopes = 1 horizontal to 3 vertical

Depth of flow, y =24 m

Chezy’s constant, =55

Horizontal distance £4 = BF = ny

where, n = side slope (1 vertical to # horizontal)
Top width CD = AB +2BF =5 + 2ny

Slant side 4D = BC = wfy: +nt yz

——————————————————————————————————————————
———————————————————————————————————————
——————————————————————————————————
——————————————————————————————

U e p———— iy N e B I B

AI!’F!’I!ITF:'!’I!IIII!IIIr‘.l’f.f'ff

~» |-'( . E=8m

Fig. 16.7

- — — — — ] b T = =
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S Wetted perimeter, P=AB+ AD ~ BC

| '\"'\-\,'lz
:8+2y ”3+l =8+2=x2-4 ||IE/‘1~J -1 =13*06H1|::',' ;;=l,-"3}
V3
(b + 2ny)+ b
2

Top width + bottom width
2

Area of flow = [ ] = height = x ¥ =y{b+ny)

{ 1 5
=24L8+EKQ4J=qum
Hydraulic radius, R = 4. 2112 =1.617 m
P 13.06

Average flow velocity:
Average flow velocity, V' = C RS

1

=55 \/1-617 x = 1-106 m/s (Ans.)
4000

Discharge, @
Discharge through the channel, 0=AF=21-12 x 1:106 =23.36 m%/s (Ans.)
Shear stress at channel boundary, 7,

Under equilibrium conditions, the frictional resistance to flow equals the weight of liquid mass
acting along the line of fluid motion,

i.e. T, LP=wALl sin 0
.. Sheqr stress at the channel boundary,

wAL sin O A
= —w=—sin8=wx /xS 8 =g
I 2 (S =3s1n83)

Ty

1

=9810 %1617 x =3.96 N/m? (Ans.)
4000

16.5. Most Economical Section of 2 Channel

The most economical section (also called the best section or most efficient section) is one which
gives the maximum discharge for a given amount of excavation.

From contimuity equation it is evident that discharge is maximum when velocity is maximum, the
area of cross-section of channel remaining constant. From Chezy’s formula and Manning’s formula it
can be seen that for a given value of slope and surface roughness the velocity of flow will be maximum

. . : AN , .
if hydraulic radus R = [I F} is maximum. Further the area being constant hydraulic radius is mavimum

if the wetfed perimeter is minimum; this condition isusedto /|

determine the dimensions of economical sections of different TSZZZZIIzISSSS=ISIsEET
forms of channels. The best form of channel which complies

with this condition Is one which has a semi-circuiar cross-
section.

16.3.1. Most Economical Rectangular Channel Section

Fig. 16-8 shows the cross-section of a rectangular
channel. Let & and v be the base width and depth of flow AT

respectively. < b >
Fig. 16.8. Rectangular channel.

———————————————
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———————————
—————————
———————
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Area of flow, A =bx ¥, .4
Wetted perimeter, P=h — 2y it}

; 5
Substituting the value of 5 | — 2| fromeqn. (1) inegn. (if), we get

1 1!

. S

P = 2 + 2y

.}..
For the section to be most economicaliefficient, the wetted perimeter P must be a minimui.
ie. ﬁZDDTiI:i—i'Z}’ = (}

dy ay |y
A . . .
or, - —+2=0 or A=2v" or bxy=2y [ A=bxy]
¥
ar, hb=2y or y=bil L1612}
Hydraulic radius, £
: . A4 bx

Hydraulic radius. R=—= U

P oh+

2y xy 2y ] .

2y =2y 4y 2 (v b=2y)
. Y .
H R = —2- ”.(16 13}
Thus the rectangular channel section will be most economical when:

; E-'H\'I
(/) The depth of flow is equul to0 half the base width | ¥ = 3 L or
'\ P,

/
(i} Hyvdraulic radius is equal to half the depih of flow [ R = E— i
&

Example 16.5, A rectanguiar channel is to be dug 1 the rocky portion of @ soil. Find iis most
ceonomical cross-section if it is to convey 12 miis of water with an average velocity of 3 mis. Take
Chezy s constant C =30 |

Solution. Discharge, ¢ =12m’s

Average velocity, =3 ms

M,

Chezy’s constant, =350
The geomeiric relations for oprimum discharge through a rectangular channel are:

b=2y and R= %, thenaread =56 xy = 21

where b, 3 and R are base width of the channe!, depth of flow and hydraulic radius regpectively.
Now, Q=4 x V=27 =x} or lz2= 22 =3 or y=14l4m
ie. Flowdepth,y=1414m
- Base width of the channel, b =2v =2 % 1-414 = 2828 m

1-414

= ——— =707 m

Hydrautic radius, R =2
| 22

Also V = CVRS ..Chezy's formula
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= 32 1

or S=——=— —
C°R 50°x0.707 196

(where S = slope bed)

Hence, h=2-828m,y=1414m, S = ﬁ (Ans.)

Example 16.6, Determine the most economical section of a rectangular channel carrying water
at the rate of (-5 m™/s; the bed slope of the channels being [ in 2000. Take Chezy'’s constant C = 50.
Solution. Discharge, O =0-3 m¥s
1

Bed slope, S=—
2000

Chezy’s constant, C =30

Most economical section:

The rectangular channel section will be most economical when
(i) DBase width, b =2y

{#{) Hydraulic radius, R = % {where y = depth of flow)

Area of flow, A=bxy=2pxy=27°

Now, discharge Q= ACVRS ..Chezy’s formula

2.

05 = 2750 o x s

1 :
- mﬂ\j « 5721581 32

4000
i = 03 ={0-316 or y=(0316)">=063m
) 1-581
and, b=2v=2x063=126m

Hence, =126 mand y = 0-63 m(Ans.)

Example 16.7. A rectangular channel 4 m wide has depth of water 1-5 m. The slope of the bed of
the channel is 1 in ]000 and value of Chezy's constant C = 53. It is desired to increase the discharge
fo a maximum by changing the dimensions of the section for constant area aof cross-section, slope of
the bed and roughness of the channel. Find the new dimensions of the channel and increase in

discharge. [AMIE]

Solution. Base width of the channel, =4 m
Depth of flow, r=13m
Bed siope, S = 1

1000
Chezy’s constant, C =55
New dimensions of the channel and increase in discharge:
Area of flow, A=bxy=4%x15=6m>
Wetted perimeter, P=p+2y=4+2x15=70m

. 6

Hydraulic radius, R= 4.8 = 0-857

P 7

|'

Discharge, Q= ACVRS =6x55,]0-857 x ! = 0.66 m’/s

\ 1000

Fiow in

For dd'
roughness ¢
Let

Then, &

and,

Side

Area

of,
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For determining maximum discharge, for given area of cross-section, slope of the bed and
roughness of the channel, we follow the procedure given below:

Let '= New base width of the channel, and
y'=New depth of {low,
Then, area 4 = o' x V', where 4 = 6-0 m* (= constant)

b xy'=
Also for maximum discharge, b'= 23
2}:'}{}&':6 Or }'1:3 Or _}-‘i=,‘j§= ]'?32111,

and, '=2v'=2x1732=3-464m
Hence new dimensions of the channel are: #'=3-464 m and y‘=1732 m (Ans.)
Wetted perimeter, P'=54'+2y'=3464 +2 % 1-732=6-928 m
A 6
P 6928

y 1.732

Hydraulic radius, R’ = ={-866 m

[Alternatively R = = 0-866 m (maximum discharge conditional)]

[

|
| 0-866 x 1
Y 1000

. Increase in discharge = Q' — O =971 = 9-66 = 0.05 m’/s (Ans.)

Maximum discharge, @' = ACNR'S =6 x 55« =9.71 m’/s

16.5.2. Most Economical Trapezoidal Channel Section
Fig 16-9 shows the cross-section of a trapezoidal channel.

STo--s--Sr--s--eseTo----oioro---cozzzroco-F C T A
i TTIEIIIIIIEIIIoSIIIIIIOIIINTT
| f R A e e e W T o o = o — — =
! s mm =TI
I -zzDzz é Y
I
F 4
k
:
! v
‘ YT T T T I T F

1

She : e >
Fig. 16.9. Trapezoidal channel.
Let b = Base width of the channel,
y =Depth of flow, and
6 = Angle made by the sides with horizontal,
Side slope = 1 vertical to » horizontal.

D b *
Al‘EHDf‘ﬂDW,AZ[AB;C ]x}-=b+( 2+2ﬂy)x},=(b+ny)y (1)
£=b+ny
.}.l
or, b =i— ny ()

.}J‘

o —— 5 — o . S— = F— # ——r = = s Ema = & E .
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Wetted perimeter, P=AD+ 4B+~ BC=AB +2EC

=b+ 2 BE? 1 CE?

P2 2
= EJ + 2 '\.ll.'lﬂu__‘lf'“_ + .:I"I-

or, P=b-2yn+1
Substituting the value of & from eqn. (#/) in eqn. (i#1), we get
A T
P=——ny+2y.n+1
'rl:!

(0 AD=B{C)

(1)

V)

The section of the channel will be most economical when its wetted perimeter (F) is minimum, i.e.

ar
=0
ey
- 7
f :‘4 1 n '
Or, = | ——ny+ 2y +1:=0
d}: :|I_| J
4: I|I j
Of, — 1—sr+2ws+1:ﬂ
}__r
:4 | :
O, —+#=24n +1
p?

" 1 IS constaitt)

Substituting the value of 4 from eqn. ({), in the above equation, we get

b+ ny)y :
{ j}J'}-.-H:Ey'HE-I-l
.:I-".IH
(b + ny s
or, - "}+ﬂ:21.-'ﬂ‘+1
.--l".I
b+ ny - ny s
or, — + 2yn" =1 or
¥
b= 2ny 3
O 5 - ¥jnt+l

[L.e. Half of top width = One of the sloping sides .. Fig 16:9]
Hydraulic radius, R:

- - A
Hydraulic radius, R = =

A=(b—ny)=y

P=b+ 2}?-1“.!}13 +1

Buyt, 2y E,f'lﬂz +1 =5+ 2ny
LP=H+B-2my)=2(b~ny)
(&~ ny) ¥
| 2{b + ny)
t.e.. The nydraulic radius equals half the flow depth.

.. Hydraulic radius, R = = %

b+ 2ny

= 21,-|'IIH2 + 1

L{16:14)

[Fromeqn. ()]

[From eqn. (1if}]

[Fromeqn. (16-14))

{1615}

Flow in Opilfs

Fig. 16§

The A (N i

Jﬂhﬂ,ll_;

SUIHER 'f

Thus a o
sdes of a mogl
section of 2 tra

HET[{',‘E i
b+ R\

2}
2. Hydek
3. Ascaf

the iy ;
Best side i |
Sﬂi351+

1.

Emnimern Forfl
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Fig. 16- 10 shows a trapezoidal channel of most economical section,

Fig. 16.10. Most economical section of a trapezoida! channel.
Let, 8 = Angle made by the sloping side with the horizontal,
O = Centre of the top width DC, and
OF = A perpendicular to the sloping side BC
The A OCF is then aright angled triangle with ZOCF =9

_ F .
sin 8 = or ar OF = 0OCsin B iV}
OC
. CE % 3 N I
Also, fromA BCE, sin § = BC = = — i ==

«J}-‘E + ”zyz yant+ 1 Wfnt+1
Substituting the value of sin 8 in egn. (i), we have
1 . 1
UF = 00 X ——=——= _}.HJHE + 1 X === = v, depth of flow
Wi+ 1 NP

-

L:-_ OC = Half of top width = +22ﬁf" = yyni+1 . Eqn. {16-14)]

Thus a circle with centre O and radius equal 1o the depth of flow will be tangential to the three

sides of a most economical trapezoldal section; this condition stipulates that the most economical
section of a trapezoidal channel will be a Aalf-hrexagon.

Hence conditions for most economical rapezoidal section are:

b+ 2ny > , o
1. > 2 = y\n® +1 (i.e. Half of top width = One of the sloping sides)
2. Hydraulic radius, R = %

3. A semicircle drawn from O with radius equal to depth of flow will touch the three sides of
the trapezoidal channel.

Eest side slope for most economical trapezoidal section:

Side slope will be the best when the section is most-economical or when the wetted perimeter is

. ar
rmunimum. For that .rf_ =0
d |
e [i — HY + 2yant+ IJ =)
dn | y

{ F= A - "y + 2v u‘ﬂz + 1 .. From egn. (fv):}
Vv

-

?ﬁii..:_ :
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1 3-1
Of, —-y+2_}J::-t:-2»|[41*:2+l)1 x dn =0
1
-y + 2ny x =0
nt+1
Cancelling v and rearranging, we have
2n = +fnt+1
Squaring both sides, we have
dpt =5+ 1 or int=1
] {16-16)
oT, H= —= LA 10
3
If the sloping side makes an angle 6 with the horizontal, then
tan O = i V3 = tan 60°
M
(1617}

AR 0 =60"

Hence best side slope is at 60° to the horizontal.
For the most econormical section,

Half of top width = Length of the sloping side

b+ 2ny
;H} =y n® + 1

o : b
Substituting the value of side slope n = T in the above eqn. we get
3

b 4 2x-1—y
B3y By =2

z g

\Eb+2_}'“£

Or,
’ 2 x 43 J3

. Iy

of, ﬁb+2y=4y or b=T‘;

Now, wetted perimeter, P=b+2yni+1
2y 12 2y 1]
7 J”J[ﬁ] { NER
2y 2 by 2y
L 4y x == —==3x—==3b
NE) Y ’\./E J3 3

ie. P=3b [ b= '—,.

Thus for a side slope of 60°, the length of sloping side is equal to the base width of the trapez: .-

section.
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Example 16.8. 4 rrapezoidal channel bas side siopes of 3 horizontal to 4 vertical and the slope
of its bed is 1 in 2000. Determine the optimum dimensions of the channel if it is to carry water at

03 m*s5s. Take Chezy's constant as 80, [Panjab University)
_ Hori P2
Solution. Side slope, n = an?ma = —
Vertical 4
i
Bed slope, S =
P 2000
Discharge @=035m'is
Chezy's constant, © € =80
Uptimum dimensions of the channel: Fig. 16.11
For the most economical seciion, using eqn. (16:14), we have
b+ 2Hy !
3 =V *\I,'H + ]
[where, & = base width of the channel section, and y = depth of flow.]
| 3 .
b}z2:&:z_y ,'J|’f3qxb“|2 5
0T, :J‘I||-—-+l=—'}.l
2 Yi4) 4
b+ 1.3,
of, > — =125y or b=2x125y-13y=y
i.e. b=y L A§)

Alse discharge, 0 = 4C /RS
[where, R = hydraulic radius, and § = bed slope]

D-EZAHSU\/X}{ : (R='—}/'\'\
2 2000 2 )
But area, A= (b = H}f’} Xy
3 . 5 |
- J“'+Ey xy =175y [ b=y . . .eqn ()]
J

I

05=1.75p2x80 | 2 « = 2.21361°2
g ’v! 2 2000 ’
25
0.5
r = = 3-S5 m (Ans.
’ [2-2135} (Ans.)

b=y=0.55m (Ans.)
“. Optimum dimensions of the channel are:
width (b) = Depth of flow (y) = 0.55 m (Ans.)

Example 16.9, 4 frapezoldal channel having the side slope equal to 60° with the horizontal and
=Zonaslope of I in 750, carries a discharge of 10 m’/s. Find the width af the base and depth of
= for most economical section. Take the value of Chezy s resitance co-efficient C = 66. [AMIE]

Solution, Bed slope, S = 1
750

Discharge, O=10ms
~hezy’s constant, (C=§6
»:de slope with the horizontal = 60°

e
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Dimensions for most economical section, b and y: For
For a trapezoidal channel of most @
economical (optimum) cross-section, the 7
geometric parameters have the following ¥ 3
proportions: oy
b ®2lny =
(i) = yﬁjﬁ + 1, {
2 : :_a
¥ o, §
R== F 8
Gy R=3 t
- 1 i
(iii) tan®=1an60°= 3 =—or n =—= Aread
H K
Thus from () and (jii}, we have
b~ 2 u : | 2
- 4 S 7
NEN I!( p '-.,.'rjb + 2y 2y ~ 2
=y )i—=] 5L e = roru'36+2y=4}:ﬂrb=—y
2 VI3, Wi 3 V3
¢ ¢ h -
i 1 2 1
Arcaof flow, 4 =(b~ny)y = Lb + *:ﬂ ¥y = i ~——=y == 1-'J y = «ﬁyz o
. \."|3 g k“v"-} "*-'II:)’
Also, discharge, O = AC w,fﬁg
(where, R = hydraulic radius) . - |
. ||r ; " s feast comat P
10=+3y°x66 | =x—=2-95y"" {25 * |
SRR P RT: 0
10 “ 273
;o Depthofflow, v =| —— = 1-63 m {Ans.
pih of /1 . [ZHSJ ( ) Bed o
E Thed

2 2
Base widih, b = —=y = —=x 163 =1-88 m {Ans.)
V3 3
onomical section, having the form of a half hexagon 3
The slope of

Example 16.10. An open channel of most ec
with horizontal bottom is required to give g maximum discharge of 20-2 m’/s of water
the channel bottom is 1 in 2500, Taking Chezy’s constant, C = 60 in Chezy' s equation, determine the

{ el

dimensions of the cross-section,
Solution. Maximum Discharge,

0=202m's
Bed slope, § = _L
2500
C=60
o

Chezy’s constant
Dimensions of the ¢ross-section:

Since the channel has a form of a Aaff
hexagon {Fig. 16-13), therefore, the angle
made by the sloping side with the horizontal
A= O

ig 60~
1

tﬂﬂE,':TEﬂﬁD:j:qu: O ﬂ:._-}—
Ft *-.1,@
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For most economical section the following conditions should be satisfied:

h'l— ! 1
O ;Hy =RV L ) R=2, i) B

b+ 2ny >
2

= yyn 4+ 1
b-i—ZKLJJ 2
ar, V3 -7 (-l—] +1 or \EE}_#-_Z}J = 2'}i or b:i
2 V3

N:;:w,'

_-}}.f.._J
BB

Also, discharge, { = ACRS , where R is hydrauiic radius;

3 ¥ 502
20-2 = J3v x 60 | L =1-47
V3 \/2 2500 4
273
or, y = [?D—Z-J = 2-852 (Ans.)
1-47
b 21; 2::::2852 3-29 m (Ans.)
S e=V = — : =3 ns.
NERERN Y

Example 16.11. 4 power canal of trapezoidal section has to be excavated through hard clay at
least cosi. Determine the dimensions of the channel, given, discharge equal to 14 m%/s, bed slope
1:2500 and Manning’s N = 0-02, [MLU.]

Solution, Discharge, O = 14 m?/s

1

Bed slope, S = ——
ed slope 2500
Mamning’s N=002,

The canal can be excavated at Jeast cost if the trapezoidal section is the most economical. The
value of side slope (which is not given in this case) is given by (for most economical section),

I
= E .[Eqn, (16-16)]
For most economical section: ‘
h+ 2
> hod = yafn’ 41 ..[Eqn. {16-14)]

(where b = base width, and y = depth of flow)

1
b+2x—=y 2
‘VE :y\X(.l_J +1 =

Bl

2 V3
ar b=—2—ybﬁ:2-iyh~i};
* 5UREG =0

Area of flow, 4 =(b+ny)y= (-‘%y + 7%.}’} Y = ﬁy:a
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Now, discharge, O is given by,
0= ACYRS where C = Rl g

% Q = 3y* % RV JRS = JE;.:E X % R gl?
% y V2T
or, 14.0 = 2 |
B 02 (ZJ "y 2500
.. 1 <1
ﬂr:- 14'0 S 1?32_})13{ _}’EIE}{ - :109 }!5
(25" |
14 Y
OF, y = [1_-—05] =2-6 m (Ans.)

b=-2—y=—2-—12-6=3-0m{ﬁn5.)

NOMRNE

Example 16.12, Design an earthen trapezoida
Side slope of the channel is 1:1'5 and quantity
formula as 63. |

Solution. Velocity of flow, ¥=0-6 m/'s |

: Top width =6 + Zny
Hﬂmn131_1-5_1_5 _____________ % ______________

I channel for water having a velocity of (h& m/s. .

Side slope, n =

-
- .

-— —-— o =k W
- wn — o ——

Vertical 1 D TEEEIEE IR EEEIE
Discharge, 0= 3 m*/s
Chezy’s constant, C= 65
For design, the most economical
trapezoidal section 1s used, for which the

following condition may be used: l-q- ny * b > ﬂ}-‘—)—l

Hydraulic radius, R =% Fig. 16.14
Area of flow, A= g = = =5m’
Vo046
Wetted '['.','"Eili"il'liletllf.'=1'Jr P=b+2y ”2 + 1
P b+ 2y n+l 2 \ 2,
of, lﬁ=yl:b+2y {-5° + ]=y(b+36_}) or by +3.6)°
Le 10=hy+3-6)* | {2} .
Also A=(b+ny)y
o, S=(b+15y)y or by+1:5)7
or, by=5-1r5y2 .0 -

Substitating (i7) in (7)), we get
10=5-1-52+362=5+2-1y

. S ird
={— =1-543m
- ’ (2-1]

of water flowing is 3 m’/s. Assuine C in Ches’s |
[Delhi University] j

Solobheacd
Side shopd!
Maming};
Botombhd.
Discharpdl
Normal
Now, aread:

ﬁ.l'}d., ko

. . H}J’ Ly

D].S-C JRFEL :

OF,

BF hit and ¢ Q:.
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Substituting the value ofy(=1-543m) in eqn. (i), we get
10=5x1-543 + 36 x (] 543 =1-3435 + 8571

. Bottom width, b= 10— 8571 ={0.-926 m
1-543 -
Top width, =62y =0926+2 x 1.5 x 1-543=5555m
Velocity, V = CRS .. Chezy’s formula
¥ .
0-6 = 65\,’% § or 9.6= 55\/1 243 x§ =57-09./5
6
ar, S=[ 0.6 J =1-104 x 1074 or -—l—
27-09 9054
Hence specification of the trapezoidal channe! would be:
1
Depth of flow (v} = 1,543 n; Slope of the bed (§) = 9054

Bottom width (b) = 0,926 m; Top width = 3,555 m {Ans.)
Example 16.13. For a rapezoidal channel with hortom widsh 40 m and side slopes 2H - 1V

Manning’s N js 0-013 and bottom slope is 0-0002, if it carries 60 m’/s discharge, determine the
rnormal depth, | [Allahabad University]

Solution, Bottom width of the channel, b =40 m
Sideslopes =2 H:1 Ve n=>2

Manning’s constant, & = 0-015

Bottom/bed slope, § = 0-0002

Discharge, O = 60 m3/s

Normal depth, p:

Now, area 4 = (p + ")y = (40 + 2y) x g

and, perimeter, P=b+2y\n’+1=401 2y/2%+ 1 =40 + 2\@}- =40 + 4.472y

RoA_(40+2p)xy
P 40+4.4724

. Hydraulic radius,

Discharge, Q=AxV=4xC JRS where, Chezy’s constant, C = H:F RYE

¢ =Ax F{; RYSJRS = 4« -»% x R*x g2
]
=243

- I ({40 + 2y)
or, 60 = (40 + 2)) 3 x —— x| 222 (0.0002)
0-015 | 40+ 4.472,

_ [(40 + 2p) x P2
0-015 % (40 + 4.472)"
60 % 0.015 x (40 + 4472y

x0-01414

= [(40 + 2y) x yT7?

0-01414
or, 63-65 (40 +4-472 3 = [{(40+ 2p) x )53

o, (40y + 23255 _ 63.65 (40+ 404723123 =
By hit and tria] method, we get |
¥=131m(Ans.)
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Example 16.14. A trapezoiaal channel with side slopes of 1.1 has to be designed to convey 10 m/s
ar a velocity of 2 m/s, so that the amount of conerete lining for the hed and sides is minimumt.
(i) Calculare the area of lining required for one wmetre length of the canal.
(i} If the rugasity co-efficient N = 0-01), calculate the hed slope of the canal for uniform flow.
[UPSC Exams.]

Solutioft. Side slope, n =1

T iecheroe, 0 = 10 mis

Velocity, V=2 s

Rugosity/Manning's co-efficient, N=0015

10 2

Areaofflow, = =—=23m"
" 2

Ly

Lining required for one metre iength of the canal:
For minimum amount of concrete lining, the wetted perimeter must be mintmurm; for this condition
we have (for a trapezoidal channel):

b+ 2ny e , :
(i) Eﬂ}:vwf‘Jri and {i;}R=%

(where f = base width, v = depth of flow, and R = hydraulic radius)

h+2xlxy " =
it H}=.}’«,~.1+1=”~."2}'

5
Of, b+ 2y = 2«.,"3_ﬁ or b=2y pﬁ ~1y=10-828y
Areaof flow, A={(b+ay)y
Or, 5= (0828 v+ ) v =1-828)°

I w142
or, _a,-'=| > | =1.650m

llh 1 ' 828 {,.-'I

b=(-828y=0-828 x 1-65=137m

Area of lining per metre length

S Pxl=(h+ 2y fnixyxl (oP=b+2y n+ 1)

—13742% 165 1+ 1 =6.04 m(Ans.)

(i/) Bed stope of the canal, 5:
1

0= ACRS. where C= ~ RY®
]- ) c 3 I e T e — — = = — -
o, O=AxX— RYSJRS = 4 x L prrg? TIzSEITIMTIZISEST
N N o TEEEgESST
f1. 64 753 . iy ¥ L., I
or, 10=>5x : :r:!l 6:}] §¥2=-293.2 §%¢ < <
G-015 4 2 =
Frrdqfr 0 r T
T 52 t ]-(‘ﬂy-r{(— b »1-(—@‘-)'
S = | =1-163 %107 .
L2932 Fig. 16.15

or, 1in 860 (Ans.)

Fiow ind;

e R
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Example 16.15, 4 trapezoidal channel is required to carry 8 m’/s of water at a velocity of 2 m/s.
Find the most econonsical cross-section if the channel has side slopes I horizontal fo 2 vertical. For
the same discharge what saving in power would result if this wrapezoidal section is veplaced by a
rectangular section 1-5 m deep and 4 m wide. Take Chezy s constant C = 35.

Solution. For trapezoidal channel:

Discharge, O=8m’s

Velocityof flow, F=2m’s

- Areaofflow, A=0V=82=4m"

Side slope, n = onzontal _ 1

Verticat 2

Chezy’s constant C=3J.

The trapezoidal channel section will be most economical, when
Half of top width = Length of one sloping side

or, b+2ny _ }]leng 1

2
(where b = base width, y = depth of flow)

1
b+2:ﬂ:§ ;(l‘\l.. .'5

: = b=y
Or. 5 y,‘\‘akzj-k 2_}

or, b+ y= \Ey or b=y (-JS — 1) =1:236v i)

1
AI‘EEI Df ﬂDW, A - (b + ”}J}_}’ = (b + 5 }_.')J; _}:
M
Or, 4 ={1'236_}»'+ 0*5'1:).}.#: 1?32}:

[/ 4 \II].-"E
'f_'ll', y —] - " - 1'52 m (AHS"‘}
 1-736

bh=1236y=1-236%1-52=1.88 m(Ans.)
Also hydraulic radius, R (for most economical section) =2 = —Z=076m

Now, velocity, I = C{ﬁ . Wwhere 5 15 the bed slope

j f’z 1
3=83.00.T6x S or § = ¥
A a53;

=1.739 x 10" = 1in 575

For rectangular channel:
= | Base width, hb=4m

Depthofflow,  y=15m

- Areaofflow, A=bxy=4x15=60m"

. Wetted perimeter, P=&6-2y=4+2x1-5=Tm

Hydraulic radius, R = A

= (857 m

P
Flow velocity, 1 = % —

=1:333 m's

c_hlt::-r:: =~J|r:h
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cost m? of lining, will the lined or the unlined channel be cheaper?
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From Chezy’s formula, ¥ = C /RS

Cr,

of,

1.333 = 55,/0-857 x S

71, 2
5=k1 333 X 1 :*6-854}:10"4:11'111459
53 857

. Saving in head per kilometre of channel run

Hence, saving in power =

B=(1-739 % 1073~ 6:854 x 107%) x 1000 =1:054 m

WOk o o BBLOXBX L0 _ oy 51w (Ans)
1000 1000

Example 16.16. A Avdraulically efficient rapezoidal channel has side slopes of 1. 1. It is required
10 discharge 14 m*/s with a gradient (channel slopej of { in 1000. If unlined, the value of Chezy s C
is 43, If lined with concrete, the value is 70. If the least cost per m” of excavarion is three times the

Solution. Side slope,  #

Discharge.

Bed slope,

Chezy’s constant C: Unlhined channel =45,

Hydraulically efficient trapezoidal channel must satisty

[Sagar University)

| m\
=1.

fi

!

1.

14 m’/s
1

— ——L.

¢
S
1000

Channel lined with concrete = 7{.

the following conditions:

(i)

where,

Qr,

Or,
Unlined channel:

or,

o2y ya.fnz +1, and (i K= %

b =Base wiﬂth of channel,
y = Depth of flow, and
R = Hydraulic radius

o+ 2y =yyl+1 :\Ey or b+2y=2«f§y

2
b=2y (2 -1)=0828y

[—

| s
O = ACNRS = (b + ny) ¥ % CME%S

2

~1.839v° (=1
5 1000 v (va=l)

14 =(0-828y + y) ¥y x 45 x \j

i35
y = (—i] =2-25m
1-836

b=0-828 y=0-828 x 225 = 1-863 m

Let, cost of lining per m? of the channel surface = K

Then, cost of excavation per m® =3 K

. (Glven)

Consider one metre length of channel,

oI,

Consideri

Cost of lint

. Total ¢

Since the
channel, hence

Example 1
fin 4000. The s
the lining is 0-0&
Solution. D’

Bed slope,

Side slope,

Marnning’s
Pernussible
Base width

Area of flow,
Alsg, * :
or, |

Perimeter,

Hydraulic

Discharge

?

o,
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Amount of excavation=4 % I ={(b+m)yx 1 =(1-863 +1 x 225)x2:25%x1=9254 m?
" Thecostofexcavation=3K % 9-254=27-76 K
Lined channel:

T —

Q:AC«./E:{MW)NCV%S

- Y i 502
or, 14 =10(0-828y + y) v x ;G:-:V/Exmﬂﬂ =286y
oI, }:__'[__li_] 5=1-88m
286 )
4 b=0828y=0-828x1:88=1-55m
; ; Considering one metre length of channel, cost of excavation
i ; =AX1IX3IK=(b+ny)y=3K=(155+1x188)x 1-88 x 3K = 1934 K

- Costoflining = Perimeter (P)x 1 x K =(b+2y Jn2 + 1) x | xK

=(135+2x188 Jl +1)K=686K -
. Total cost of lined channel = 19-34 K + 6-86K = 262K

sSince the cost of excavation of unlined channel (27-76K) is greater than the total cost of lined
channel, hence the lined channel is cheaper. {Ans.)

Example 16.17. Design a concrete lined channel to carry a discharge of 500 m’/s at a slope of
1 in 4000. The side slopes of channel mav be taken as 1.1. The Manning’s roughness co-efficient for
the lining is 0-014. Assume the permissible velocity in the section as 2-5 m/s. [UPSC Exams.]

Solution, Discharge, = 500 m3/s

1
4000
1

side slope, n= 1 = |

Manning’s roughness ¢o-efficient, N = 0-0014
Permuissible velocity, ¥=2-5m/s
Base width (b) and depth of flow (v):

Bed slope,

Area of flow, = E = 000 = 200 m*
3 Also, A={b+nyly=(b+y)y {*'n=1)
or, A=(b+y)v=200 (D)
' Penimeter, P=b+2y~,!nz+l=b+2yﬂ'l+ =b'+2x/§y
Hvdraulic radius, R = i = 200
P b+ Z\Ey
Discharge, () = AC« RS , where C = —1- RV®

4

or, O =Ax hi RY"JRS = A x iw RS

e [ e e ey g el e el oy e e el B
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Substituting the values, we get

~ 203 ——
500 = 200 x — x| 2901, \f L___ 772488
0-014 b+ 22y 4000 (b + 2427
32
O, b+ Z\Ey = -??24'88] = 6473 i)
500
Fromeqn. ({), (b + y)= g@ or b = ;i}ﬂ —y

¥
Substituting this value of & in eqn. (i), we get

200
A 1 2V2y = 6073 or 200 — y* + 242y7 = 60-T3y

y
or, y2 (242 — 1) —60-73y+200=00r 1-828) - 6073y +200 =0
or, 32 =33:22y+10941=0

99+ 33.22) - 4x109-41  33.22 & 25-

or, F=33 - \/_(33 2) . =33 222 2 3=29-511r1;'1;3-7’11'n

y=23-71 m(rejecting the first value, being impracticable}
and, =E£0——y.=-200 ~-3-71=5¢2m

b 3.71

Hence, width of the channel, b= 50,2 m(Ans.)
and, depth of flow, y =3.71 m(Ans.}

Example 16.18. A trapezoidal canal is to carry 45 m’/s with a mean velocity of 0.6 m/s. One side
of canal is vertical and the other has a slope of 2 horizontal to | vertical. Find the minimum hvdraulic
slope, if Manning’s N=0.013. (AMIE)

Solution. Given: @=45m’/s, V___ =0.6 m's;n=2, Manning’s N = 0.013

mrean

Minimum hydraulic siope, 8:
Refer Fig. 16.17.

Area of flow, 4 =(AB +Cﬂ)x y:(b +b+ ”y)] y

2 2
b+ (b+2y
-2 Dy
2
But, 4= -2 75w | .
mean O AT o
(b=3)y=T> VN TSR T
| mmIIIIIIIIIIT
|_ ________
Of, b= % -y (3 y EI t
Wetted perimeter, P = b + ¥ Jrt+1l+y E

1
I
I
I
I
1
I
i
b
I
1
1
§

=b+y{yn’+1+1 A B

OF, P=b+y{\/§+1} (-n=2)

x
Y
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: : A 75
Hydraulic radius, R = — = },_
P b+ ¥ {1,-"5 -+ I}

75
f75 )

By

73

= 5 -
—:5- + _}*‘yi

}.1
Now, discharge {Q) is given by,

)
1 —
Q= ACJRS where, C = N (R)®

I-'"-I ]""\

; !_+? — 1 3
of, Q=Axi(R}]'ﬁ«.fTEE= Ax—tf(ﬁ‘}‘-{’ NS :.4}=:-——{R}"3*~4“E
N W N
] 45 x 0.01
or, JS = o =22 : L)

CARP?Y 75 (R

For § to be mimimum, & has to be maximuns.

75 : .

o, 7T 15 to be maximum

— - }’w@

_-'1?
or, 3 + yu@ is to be minimum

y

d |7 .
Or, — |-—S + _}'w‘g—! =0

dy iy |

—7§+ S=0 or f:i

¥ WA
or, y=379m
Hence, for minimum siope,
7 75

—_—+ V 5 '-_—-'I'S:"'E}\"Irg

¥ 5.79 _
The minimuim hydraulic slope is obtained by substituting their value of R in (&).

4 :
S..o= 0 x 9 013:, - =3.839 %107

75 % (2.896y"

or, S = (3.839 2 107°) = 1.474 x 1075 (Ans.)

Example 16.19. 4 trapezoidal channel having a cross-sectional areu A, wetted perimeier P,
Manning 5 co-efficient N, and laid to a siope S carries a discharge Q, at a depth of flow equal to v. To
increase the discharge, the base width of the channel is widened by x, keeping all other parameters
same. Prove that

L— xil+ ! =1 4+X
NGy o R L4
where, Q, Is the new discharge in the channel [UPSC Exams. ]
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Saolution. The Chezy’s constant {C), using Manning’s formula, is given by,

C——'Rlﬁ
N{)

N

- Velocity of flow, V' = CJRS —-i— RYPx (RS)N*2 =

where, R = Hydraulic radius {or hydraulic mean depth), and
S = Slope of the channel bed,
203 oli2
Discharge Q=AV = Ax R j
.. 2:3 573 AN
= KAR = '//4] = K A.j, ( == it
P p P
142
where, K {a constant) = (5 and N Kept constant)

Area of cross-section of the widened canal 4, = (4, ~ x)
Wetted perimeter of the original channel, P, =P, +x)

Where 4, and P, are the area of cross-section and wetted perimerer respectively of the original
channel.

Then from expression (f), we have
573 53
Q A] A.‘l
1

and = K ,.
F; 3 QE Hz i3

O LAY I

Substituting the values of 4, and P, in the above equation, we have

Q;-_[Al_kvxjml‘ﬁ?ﬁ ( P ".3

O + "U
’ 573 203
e A
= Ll + EJ ¥ :
Al 1_|__1{..
. A

’ 3 F .w,q- .
o)

) v A Al
A

3 N2 3
5 ol 4
== | =x|l+—=1 =]1+—=

o1, \ 0 FUI p) Proved

16.5.3. Most Economical Tfiangular Channel Section
Fig. 1618 shows a tniangular channel. The side slopes are n (horizontal) to 1 {vertical)
iet, v = Depth of flow, and

0 = Angle made by the sides with the vertical,
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CD D

FromAQODC, — =tan & or — = tan 6
DO ¥ A
or, CD=1ytan O
Do ¥ >
o — =¢os O
Also, = cos§ or O
Y
or, CO=ysect
Area of flow,
| . Fig. 16.18. Triangular channel.
AZE'KBCEDGﬁEKZCDxDO |
1 3
=E:~:2y tan O x y = y“tan O
ie. A=y’ tan§ (8
Perimeter, P=B80+0C=20C=2ysecB (. BO=0C) . 17)
A 3
Substituting the value of ¥ {= V‘ an J from eqn. {i} in eqn. (i), we get
A Ja

P=2 sec B =2 sec O
\jtan B m ( ; R Eit)

Assurmng the area to be constant, eqn. (¢i7) can be differentiated with respect to € and equated to
zero for obtaining the condition for minimum £.

dP_d{z J4

ET {sec B)} =0

i.e, =
d0  d6 tan
| 1 ‘2 2p ]
ytan 8 xsec 0 - tan 6 — sec 8 x = (tan 6)" """ sec? 0
= 2J4 z =0
tan 6
L i
3
=24 secﬁtan@_ $eC 93.-:. -0
ftan B 2 (tan @) °
or, sec 02 tan’ B -sec?2§)=0
Stnce sec 00,

2tan*B—sec’B=0 or 2tan28 =seclf
or, \J!Etan9=56c:9

0=45° and n=1 A16°18)

Hence a triangular channel section will be most economical when each of its sloping sides makes
an angle of 45° with the vertical.

A 2y
Hydraulic radius, R = = = 2 20 0
P 2vsech
Substituting the value of 8 from eqn. {16-18) in the zbove eqn., we get
2 . 5 |
¥y tan 45 y y
2y sec'ds 2y x 2 22
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Thus it can be seen that the most economical triangular channel section will be a half square
described on a diagonal and having equal sloping sides.

Example 16.20, iater flows in a channel of the shape of isosceles triangle of bed width ‘a’ and
sides making an angle of 45° with the bed. Determine the relation between depth of flow ‘d’ and the
bed width ‘a’ for maximum velocity condition and for maximum dischaige condition. Use Manning’s
formula and note that *d’ is less than 003 a. [UPSC, CES, Exams.}

Selution. Bed width of the channel = «
Angle of sides with the bed = 45°
Depth of flow = d (d < 0-5a)

Velocity, V = C JRS
But C = "t_f R1® where N is Manning's constant

1

y =L e JRS = L RIS (D)
N N
where, R = hvdraulic radius, § = bed slope. 1
/ N
Area of flow, 4 = LGH + 8C % ]
' 2 g m"E
But GH=BC-2/C=a-2d
i
l[ A tan 45° = —‘
- uc o v
|
Lor i=IDIJC——ﬂ"
s J
Fig. 16.19
(g =
qtlaz2ral 4o aya

L k
Wertted perimeter, P=BC+BG + HC=BC+28G (" BG=H()

But BG = Jdi+d* =dy?

P=a+?2 \E_-ff
A4 {a-d)d
Hydraulic radius, & = > = é - zw% -
1 3 d 243
V= ( (E o l S]-"ll
Nla+2vy24d
F 1 EE_.D
or maximum velocity, 77
d {5”2 {1‘7) J Y 2
=0
dd; A a +2\/_
_ | -
SI.-'Z 213 (ﬂ—d}dﬁ' 3 ﬂ+21"'5Ef}(a-ﬂzd}*{ﬂ—{ﬂd}qZﬁ 4
' @+ 22 d} (a + 232 d)’

-
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quare B On simplification, we have

a® - 2ad — 232 d*=0

" and » _

1d the - N 2 =y4d'+8¥2d® 24 £3.91d
1ing’s : ~' ) - 7

ams. | . o d_ 1

’ a  2-955

= 2.955 d {neglecting -ve value)

= 0-338 (Ans.)

For maximum discharge, o 0

1 3 273
QzA-V=(a—d}dxllf".(al ‘ﬂd} sH?
d 1
' : — g -d)yd x —:=
(D) - dd ( )¢ N [a+2ﬁd

2:3
[ (a-d}d } 51.-'2 ~ 0

l !

| id S 5:1 1
T : or < {(a - d) ¥ x B
| ded N { {a + fo'lzd}"zj

@ (@ +2V2dP7 %513 {(a - d) dPPx(a = 2d) - {(a - ) '

x E (a + 232 d) P x 2\/5}

N (a +242d)"
On simplification, we get
5a°-15147ad 226274 & =0

15147 d £ d J(1-5147)7 + 4 x 5 x 226274
- 10
1.5147d £ 21327 d
B 10

—_—

or,

or, a

= 2.284¢ {neglecting —ve value)

Or, i — ﬂl_ = 0-4378 (Ans.)

a 2-284

16.5.4. Most Economical Circular Channel Section

Circular pipes and culverts which are partly filled are treated as channels. In case of conduits the
condition of area remaining constant does not hold geod since both the wetted perimeter and wetted
area vary with depth of flow. The most economical section (optimum section) is designed both for
conditions of maximum mean velocity and maximum flow rate.

Velocity of flow, /' = CJRS = C\j% Ry ...Chezy’s formula

3
Discharge, O = AV = ACNRS = C (%1 S

~ /
Thus the flow velocity will have a maximum value when hydraulic radius (;5] is maximum, and
e \

a maximum discharge is obtained when LF} i$ maxirmum,
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Fi1g. 16:20 shows a circular channel through which water is flowing.
Let, v = Depth of flow, |
r = Radius of the channel, and
28 = Angle subtended by water surface 458 at the centre in radians.
Wetted perimeter, £ = Length of arc 4D

:E;{ZG 2rB

Zn
I.e. F=2r - . (16-20)
Wetted area, 4 = Area ADFA

= Area of sector O4ADBO — area of AOAR

:r'r2 |

2’[

= 170 *._;—x 2BC x CO  (++ AB=2BC()

1 .
=rEB—E 2 xrsinBxrcos

{*+ BC=rsin0, CO=rcos0)

=r38—%r2x23in9c059

Fig. 16.20. Circuiar channel.
or A= [e _ A 29} {1621)

2
{*v 2sin® cos 6 =sin 20)
(1} Condition for maximum velocity:
The velocity wiil be maximum when

(4
48 L P
(where 4 and 2 both are functions of §).
dA 4. P
ar, d{—} - dﬁ—ﬂ or Pd—A—A-iJP-:D e
P 0 0
in 20
Now, 4= (e - 5‘“2 J [Eqn. (1621)]
4 p

d4 1 — CDSEG}:Z |:r3{1-—cn::528}

-:’fE‘ ', 2 J
Again, P=2/0 . [Eqn. (16-20)

arP -7,

9
Substituting the values of 4, P, 7 and T in eqn. (1), we get

) / N
2+8 [ (1 - cos 26)] - rz"kEl _ St 20 % 2r =0
y
: b

o, 2 G(1~c0528~2ri _ sin 26 =0

. 2
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Flow in Open Channels 889

sin 261

i

Qr, 0 (1 - cos 28) = | 8 - 5 = () {cancelling 2 »)
Or, B—B.CGSZBaBJrSlnzB:D
or, 3.cos 20 = 511’1229
cL tan26=20
Solution gives : 2 8 = 257-5° (approximately) ... by hit and trial method, or 8 =128+75°
Depthofflow, y=0D-0C=r-rcos 3. (Fig. 16-16)

=r(l-cosB)=r(1-cos 12875 )= 162 r=0-81d
€. y=0814d (1622)
where, 4 = Diameter of the circular channel.

Thus maximum velocity occurs when the depth of flow is 0-81 times the diameter of the circular

channel.
Hydraulic radjus (or hydraulic mean depth) for maximum velocity,

. |’fE+ sin 20 *

_ i e 1 .
r=A__1 2 s ie_mzel (1623)

| T
where, B=12875= 12875 % m = 2.247 radians
2 . (2_24?_511123?-:} '
2 ~ 224? " 2

or, R =0-6086r = °3054 .(16.24)

Thus for maximum mean velocity in a channel of circular section hvdraulic radius equais 00305
times the channel diameter.

(i} Condition for maxinum discharge:

The discharge will be maximum when

PN an.afifi-ﬂjfﬁ
— 1= { or d% 8 _ g
do\ P | P’
o1, 3PA2d—A — Ald—Pv:
df 40
Dividing, both sides by 4~, we get
o 3p_ 48P | 0
a6 do
P=2r0 {Egn. 16-:20)
—{E = 2r
8
' 5 sin 26"
A= r'(ﬁ - ‘ (Eqn. 16-21)
/
A

;T = r? (] - cos 28}
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dr dA
Substinuting the values of P, 4, 75 and ;f_é in eqn. (i), we have
. . L \l :--
3x2r8xr“(l—c0528)—r”[@—smzei:x:Er:D
J
¥
k! 3 sin 26 '
or, 60 (1 —cos28) - 27| 0 - n = (]
Dividing by 27, we get | l
or, 30 (1 - cos 20) - (B _ A 28) = {)
I'h 2 }
Qr, 39—381::1529—9-1—511128:0
or, 20 — 36 cos 26 + 29 =y L
or, 48 - 68 cos 20 ~sin20=10 ,I f
Solution gives: 26 = 308° ... by hit and trial method ] "
0 = 208 154°
2
Depth of flow for maximum discharge,
y=r{l-cos8) [EFig. 16-16]
=r{lcosl54°)=19r=0954 g :
ie. y = 0954 | (16:25) |
where, d 15 the diameter of the circular channel. ) %

Thus for maximum discharge through a circular channel, the depth of flow is equal to 93 53 :
times iis diameter, I

Hydraulic radius for maximum discharge,

2 fi’:} sin 28
H:i: . 2 jzf' :”e_sinﬂﬂ
P 2r@ 28 2 ) i
3 1
. ﬂ - i
where, B=154°=154 x —— = 2687 radians
180
- '::l\ﬁ
2 r (}68?-51“, 308
2x2-687 /
Or, R=0573r=10:294 o (16:26)

Thus for maximum discharge through a circular channel, the hydraulic radius equals §-29 times
channel diameter.

Example 10.21. 4 concrete fined circular channel of 3-6 m diameter has a bed siope of 1 in 600.
Determine the velocity and flow rate for the conditions of.

(N Maximum velocity, and (1) Maximum discharge. <l
Take Chezv's constant, C = 50. X
Solution. Diameter of the circular channel, 1 =36 m =




Flow in Open Channels 8901

Bed slope, § = L

600
Chezv's constant, O = 50
Let 268 = Total angle subtended by the water surface at the centre of the channel.
Flow velocity, V; flow rate, Q:
(Y Maximum velocity condition:

For maximurm velocity condition,

26 = 257.5° = 257 .5 x —— = 4.49 radians : r
e o

Depth of flow, y=08ld=081x36=292m

2
Area of flow. 4= ’E (20 — sin 20)

18 449 —sin257.5°) =885 m®

2
Wetted perimeter, P=28=r=20=18 =449 =808 m
85

Lr

A

Hvdraulic radius, R =—=——=1-095

" P 8-08

— | 1
. Flow velocity, V = C+KRS = SD‘\}' 1-085 x 500 = 2-14 m/s (Ans.)
Flow rate, O=AV=2885x2-14 = 18.94 m’/s (Ans.)
(F1Y Maximum discharge condition:
For maximum discharge condition,
m

28 = 308° = 308 x — = 5-373 radians
180

Depthofflow,  y=095¢d=095x3-6=342m
Arca of flow, A= 332— (20 — sin 20)
-8 .. . . )
= 5 (5-375 — sin 308°) = 9.584 m
Wetted perimeter, P=210=7x20=1-8%5375=9675m |
984
Hydraulic radius, R = A_298 1:032 m
P 9.675
[ I
— 1 .
- Flowvelocity, ¥ = C~RS = 5%" 1032 x = = 2:07 mis (Ans. |
Flow rate, O=AV=9984 x 2:07 =20.66 m*/s (Ans.)

- 16.6. Open Channel Section for Constant Velocity at all Depths of Flow

It has been observed that according to Chezy’s or Manning's formulae the hydraulic radius 1s the
sole shape parameter on which the velocity of flow in a channel laid on a constant bottom slope
depends. Thus, if the hyvdraulic radius is constant for any depth of flow the velocity of flow will be
constant.

e e . e p— e s s = = E

e — o — oy e e e e gl %R
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i
NG e
TSSIIREziyissziiYoeS

Constant 20+ o) >/ ¥
velocity  ZZZTTITT T T777 7777777 _di
section v b

7 S W ik — =¥ ¥

d Trapezotdal

i | b - section

Fig. 16.21. Chanrel section for constant velociry at all depths.

Consider a profile of channel section (shown in Fig. 16-21) having a constant hydraulic radius
R for any depth of flow. For constant velocity ¥, hvdraulic radius has to be constant, which means

A
that P must remain constant at all depth of flow
dA
of, — =R
dP
where cross-sectional area, d4 = 2xdv 1 For a small portion of the channel section

_ S - considered at a depth of 3 and 4y in thickness,
and wetted perimeter, dpP = 21..' (dx)” + (dy)° f as shown in Fig. 16:21.

_ 2xdy
24 (1) + ()
Dividing both sides by (dx)*, we get

= R or x* {dv) = R [(dx)* = (dv)?]

4 ,‘"'-.E I f:x,lf . - _."'-2 . ; I '-.II:
IE(—}J=R21+ oAy ot .IL£‘=R"+R'ﬂ
dx X ) L X ) qeady.
2 2 )
v . -
or, {-i] (x* - R?) = R? (ﬂi] = *E -
| dx dr) e R
dy R R
or, = orf dy = - dx
dx u,?xz _ g2 y,l'rz _ Rl
[nteprating both sides, we get the following two forms:
] 4 by \1!
v =R cos h LE,J + ' (16,273
O, y=Rlog, {x+ u"l,r"ﬂ' — R+ - {1627 (a))

where, C and C, are the constants of integration.
However, we shall consider the first form.

The eqn. (16-27) 15 the equation of curves forming the sides of the section, the chame! 1s
bottomless. The value of C can be obtained if the width of the section of X-axis 1s known. Let the width
be2Raty=0ie. x=Ratv=0

Ir -

‘1._

i
11

b} -

al
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0=Rcosh™ (EW +C (Fromeqn. 16:27)
(NP L
or, C=0
Thus egn. {16-27) becomes
o x
y=Rcosh™ | — (16:28)
\ 4L

The channel section. below the X-axis may be of any regular shape (e.g, rectangular, trapezoidal,
triangular, semicircular etc.), If the section is wapezoidal (as shown in Fig 16-17) for the sectien
below the X-axis, then

Area, A=(b+2R) f_;
|'? b
Perimeter, B=5b+12 |LR - EJ +d°

It has been observed in the case of an open channe] that the velocity increases with the increase
in depth of flow, thereby causing damage (scouring of the bed and sides} to the channel section. On
the contrary if the depth of flow decreases, the velocity decreases which may cause silting of the
suspended matter in the liquid. Both these defects are removed by having constant velocity channels
(where in the Jarge fluctuations in the velocity are avoided).

Channel sections of constant velocity are designed particularly in the case aof large sewers i
which the discharge ranges fromaa certain minimum value that flows daify 1o a very large value
during rainy season. In such sewers, the bottom portion (triangular or trapezoidal} is designed for the
minimum discharge which flows during lean period, when the discharge increases further, the constant-
velocity seciion becomes effective and discharges the increased flow at the constant velooity,

Example 16.22, /7 is required to design a channel to give a constant mean velociny of flow of
18 mis ar all depths of flow. The lower porrion of the channel {6 carry the minimum discharge (s
rectangular and has the best proportion, the bottom width being [-5 m. Determine:

(iY The channel bed slope;

(i1} The depth of flow when the width of water surface is 9 m.

Take Mannings N = 0-015,

Solution, Velocity of flow at all depths, V' =1'8 m/s

Bottom width, #=1->m

Manning's N =0-0135

Width of water surface =9 m

The bottom portion is rectangular and has the best proportion, thus A = 24, where b and  are the
base width and depth of flow respectively. |

ar. 1:5=2d. . d=075m

P \ 7
Also for the best channel section, K = E = —zé =275 m

(7v The channel bed slope, S:

Using Manning's formula, } = — R gli=

(where, R = hydraulic radius)
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o, l-SZD él_x{[} 375y SS
.- 0-015
Or, ST = 1((? :; } =0-05192 or S=00027 or 1 m 370
JH"

Hence, the channel bed slope =1 in 370 (Ans.)
(7)) Depth of flow;

J = Rlog, [x + ¥ - R] +C (Ean. 16:27 (a)]
1

When, X =

C=— Rlog [0-75+ 4078 - R*]

Substituting this value of C in the above eqn., we have

r b
y=Rlog,[x+ yx*+ R'] = Rlog, [0 75 + 075 - R?]

g,
.. ¥+ afxt - R‘ -‘
O, J}:RIDEE’ .Illllr =|
2 I

X 9 ; g . . o
When x = 3 = 4.5 m (given), R = 0-:375 m (calculated earlier); substituting these values, we

have

4.5 +4J4.5720.378 . ] [ 4.5 +4.484
3 =0-375 log, v 2 = 0.375 log, :

= = OB T =0.697m
0-75 + 4/0-757 = 0.375% (075 - 0-694

L

.. Towaldepthofflow=d - y=0-75+ 0697 =1.447 m (Ans.)

B. NON-UNIFORM FLOW

16.7.Non-uniform Flow Through Open Channels

Whereas in witiform flow the graviry force on the flowing liquid just balances the frictional force
between the flowing liquid and that inside surface of the channel which is in contact with this liquid,
the friction force and gravity force are nor in balance m case of a sieady non-uniform flow. INon-
uniform flow may be caused by:

(i} The change in width, depth, bed slope etc. of a channel,

(i} An obstruction, constructed across a channel of uniform width.

o  Waves and surges in open channel produce unsteady non-uniform flow.

Non-uniform flow is also known as the fow of varving depih or, the varied flow. The varied flow
may be:

(1) Gradually varied flow (G V.F}. In this case Df flow the depth of flow increases or decreases
eradually in the direction of flow; this change from one depth of flow to another occurs gradually in
a distance of appreciable length.

(i) Rapidly varied flow (R V.F). In this case a sudden change of depth occurs at a particular
point of a channel and the change from one depth to another takes place in a distance of very shorr
fength.

16.8. Specific Energy and Specific Energy Curve
The total energy of flow per unir weight ot liquid is given by:
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VE
Total energy =z + } + ——
2g
where,  z = Elevation of the channel bottom above the torizontal bottom.
y=Depth ot flow, and

I = Average velocity of flow.

__________ + I” Total encrgy line
—— Viiege o TTTTTTTITnT I e
e T - T RS
Rt et e
o AEI LTIl ITITE T _4& Free surfuce

— —_— — o, —
[ J— - [ - —_ . -, [ -
—-— Lol TR Ll —
Ll
-
-
- o
i -— —_— -
-

[ T8
-
—_ -
- -
—_ e T - —
—-_— - .

”“—JPH—WPX—WW_W Channel bottom

W—N-—W—W_N'
Horzontal bottom "4

Fig. 16.22. Specific energy.
If the channel bottom itself is taken as the datum (Tig. 16:22), then total energy for unit weight of
lhquad,

E=yr— ..{16:29)
ig

The energy £ given by eqn. (16-29) is known as specific energy. Thus specific energy is defined
as the energy per unit weight of flowing ligiid above the channel bottom, Although the total (or
Bernoulli’s) energy is reduced by friction. the specific energy can inereqgse of decrease from 3ection
(o section if the bed elevation changes: however, for uniform flow the specific energy remains
constant along the flow.

It is evident from eqn. (16-29) that specific energy comprises

(i Potential energy of flow (Eﬂ),y, and

2
(i) Kinetic energy of flow (£}, Ta

4
=
f.e. £F=y+—
28

For the sake of simplicity let us consider a channel of rectungular section.
Let, b= Width of channel,

y = Depth of flow, and

O = Discharge through the channel.

Discharge  {/ 7

Now, Velocity of flow, ' = = — 2
. \ s Bxv > {1630
(where g = discharge per unit width)
Specific energy, £ =)+ (g'y)
2g
or, E=y+ g = £, + £ (16310
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For a given channel section and discharge, egn. (16-31} can be represented graphically as a plot
of specific energy £ against the depth of flow. Such a plot is called the specific energy curvesdiagram
and it consists of a famuly of similar curves each representing a given unit discharge.

y g=Constant | 4
A
-
z A
— Suberitical (Fr = 1)
z flow
S0 m N R
& Supercritical {Fr =1)
Sepcific flow
/_ CNCTEY CUTYE 4
B
-

Specific energy, £ —
Fig. 16.23. Specific energy curve,
The specitic energy plot of Fig. 16-23 entails the following information:
({). The curve for potential energy (ie. EF = v} 1s a straight line passing through the origin,
making an angle of 45% with each of the two axes (X and I},
(i7}  The curve for kinetic energy 1s a parabola. Plot for specific energy is obtained by adding
- kinetic energyv to porential eneray.,
(i} Specific energy 1s asymptotic to the horizontal axis for small values of v and asymprtotc to
45% Ime for high values of v.
(rv) At a certam depth y, calied the critical depth, the specific energy curve has a point of
minimum specific energy, the corresponding flow velocity is called the critical velocity V.
(v Forevery value of specific energy other than minimum there are two possible depths of flow
(v, and v.), one greater and other less than critical depth y ; these two depths (for same
spectfic energy) are referred to as alternate or conjrugate depths.

Critical depth, ¥_. It can be seen from the specific energy curve 4CB (Fig 16-23) that, there is
one point C on the curve which has a minimum specific energy, thereby mdicating that below this
value of specific energy the given discharge cannot occur. The depth of flow at which the specific
energy is minimum is called critical depth y

The mathematical expression for critical depth can be abtained by differentiating the specific

-

energy equation, £ = y + ; — with respect to y and equating the derivative to zero. Thus,
27
dE  d :
™ J_;' -+ q - D
dv oy 2gv°
. 5, -
_— 2 |I 2 i 4
Qr, 4+ 1 -— =0 o 1= 133
jg i _]"I ;' zg}"
o 143
or, V= ' 1

Bl ok L TR
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But when the specific energy is mmimum the depth of flow is critical; denoted by y..

v 5143
[
¥ = (f’_ {1632)
LE
Critical veloeity, V. The velociry of flow at critical depth is known as critical velocity; denoted
by ¥ I8 value 13 obtained as follows:

Discharge ¢ _ ¢

Velocity = ==
o Area by ¥
" 13
Vr:qu ﬂ{]‘l:.;;]'q'gl3 1}{_:(?}
5 2
A L L £/
N,
: ’ | O
of, Vv =gqg - where. g = discharge per unit width = "
‘AISU {rf = Vf‘ . _}Jr
=Yy g oV =g
or, F. = x.f'gj-‘r {1633}
Viinipwum specific energy in terms of critical depth. The specific energy is given by,
2
q
E = }-‘ -+ - +
20" (Eqn. 16:31)
The specific energy is minimum when depth of flow is critical and hence the above equation
becomes, |
-Emin =Y. : ~
2gve
!." :xl-l.-':. 2
But, Yo = 1 ‘ or y, = T {Egn. 16:32)
& g
3
Ye Ye _ 3V
) = e = V. + L= .
ity ¢ 2_}'3 Fr 2 2 (EqI'L 16 34)
M

2
[DI’ Ye =7 Emin
3
Critical flow. Refer to Fig. 16:23. 4 crifical flow is one in which specific energy is minimum. A

flow corresponding to critical depth is also known as critical flow,

From egn. (16:32}, we have
v

iff = Illté}:l_f Dr | 2 = 1
&
Vr.“
But, —_— = Froude number (#7)
"'-.'I E¥e

c Fr=1 for critical flow.
Subcritical flow. The flow is subcritical (or streaming or tranquil) when the depth of flow iz ¢
channel is greater than the critical depth (y ). In tis type of flow, Fr < 1.

e ————

A —————— — . S— o — — — . . T——— =
@ ———— r s s m s amssm mm s e m e ——

e 5 e gl ® " " =
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Supercritical flow. The flow is supercritical (or shooting or terrential) when the depth of flow in
a channel is Jess than the critical depth (y,). In this case Fr > 1.

Condition for maximum discharge for a given value of specific energy:
The specific energy (£) at any section of a channel is given by:

pe
E=y+—, wherel = L.__¢
2g 4 b=y
2 2
E = _}J + ? 3 o 1 = J) + _Q:'_.‘_'—E"
b y- 2g 2eh” v
or, Q° = 2gb%* (E-y)
or; 0 =b+2g (By* - 3°)
For discharge ¢ to be maximum the expression {£3~ — 3°') should be maximum.
_ d
ie. — By -3 =0
dy
o, 2Ev -2 =0 (' E is constant)
or, 2Ey = 3y?
2 )
or, y=3 £ A16:35)
3y
or, = > [ 1635 ()]

According to eqn. (16:34) specific energy is minimum when it is cqual 1o 5 times the value of

3
depth of critical flow. Here according to eqn. [16°33 (a}] the specific energy is equal to 3 times the

depth of flow. Thus egn. [16:35 (a)] represents minimum specific energy and v is the critical depth.
Hence the condition for maximum discharge for given value of specific energy is that the depth af
How should be critical.

Fig. 16:24 shows the discharge curve.
Example 16,23, 4 & m wide channel conveys 15 m3/s of water at a depth of 1-2 m. Caleulate.
(1) dpecific energy of the flowing water,

(if) Critical depth, critical velocity and minimum specific energy,;

(iif) Froude number and state whether flow is subcritical or supercritical,
Solution. Width of the channel, =8 m

o . —“—PJI' £ = constant

Discharge, =15 m?/s |
Depth of flow, =12 m T Subcritica i
{/) Specific energy of the flowing water: tow (Fr<1) :
Average flow velocity, = [Critical state (Fr=1)) A
s 2 |Supercritical
S .
N =1.5625mys 9| flow Yo-2E
bxy 8x1-2 (Fr>1) 3
Discharge per unit width, l
g = ¢_b_ 1-875 m’/s per m Discharge. g —»

3 Fig. 16.24. Discharge curve.
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- Specific energy,
pe 1.5625°
E=yv+—=12+ 2> =1-324 m {Ans.)
2g 2 x 9.8l

(if} Critical depth {p ), critical velocity (V)andE ;.

I/ 7 xl!].-"]- s ‘ ~ L1913
Critical depth, v, = i 9= ‘ 1875 |

Critical velocity, V.= qEE = N,“IE}-SI « 0.71 = 2-64 m/s {Ans.)

=0-71 m/s (Ans.)

Minimum specific energy, Eqin = % ¥, = é « 0-71=1-068 m (Ans.)
! | 2 2647 ]
Alternatively: E_. = 3. + —=0-71 + =1.065m
- 2g 2 x9 81
(/if) Froude number and nature of flow:
P 1-5625 -
Froude number, Fr = = 6 =0-435

Jor J9-8Ixi-2
Since Fr < 1, the flow is subcritical or franquil state. This is also evident from the fact that

11

-
E

—

Y=y, e, > 1,
Y
Example 16.24. The specific energy for a 3 m wide channel is to be 3 Nm/N. What would be the
maximum possible discharge? [AMIE]

Solution. Width of channel, =3 m

Specific energy, £ = 3 Nm'N

For the given value of specific energy, the discharge will be maximum, when depth of flow 18
critical, From eqn. (16:-33), for maximum discharge, we have

_1f‘r=}-‘=—§-E=%:=c3=2m

. Maximum discharge, Q. ., = Area x velocity
=(bxy )=V, (At critical depth, y , the velocity will be ¢ritical.)

But  V.=+jgy, =+9-81x2 =443 ms
Substituting the values, we have
Q. =3x2x443=26.58 m?®/s (Ans.)

Example 16.25. Bater flows ai a steady and uniform depth of 2 m in an open channel of
rectangular cross-section having base width equal to 5 m and laid at a slope of 1 in 1000, it 1s
desired to obtain critical flow in the channel by providing a hump in the bed. Calculate the height of
the hump and skeich the flow profile. Consider the value of Manning s rugositv co-efficient N = 062
for the channel surface. [UPSC Exams.]

Solution. Depth of flow, y =2 m

Base width of channel, 6 =5m

Bed slope, S =1 1n 1604

Manning's co-efficient, ¥ = (-02
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- ..1-1.....-..._ .

Height of the hump, h:
For rectangular channel : Atea, 4 =b x y, and
Perimeter, P=5+ 2v

A b=y 5%
Hvdraulic radius, R = — = =
S TS, T e " v 2y 5+2

s

=1-111m

P
2

Discharge, O=4 x V=A% C./ps -1 ‘f

where, Chezy’s constant ( = %— RV® g
i ! :
O = Ax _:,r RS (RS = A pr3 12

N

-

= 000, u g the values

Q1695 307
3

273

Discharge per unit width, ¢ =

NN 48103
Critical depth, Y. =| - ki
ritical depth, ¥ 2 5.81 J

= 1055 m

.

Minimum specific eneray, £, = 5 x1-055 =1.3825m

Vizg
______ }_ ___ Encrgyline
ATt T TR oo A
T e
E Fiow profile E iy
1 .
h 4
A
X 7

T A A A Al S S A A A A A A e
Fig. 16.25.
Speciiic energy in normal flow,

P2 g2
E=v+ =2 = 1-69¢ =2-147 m
2g 2 x 981
1 253 103 1 2:7 / 1 \h‘!];2
h V== R""8 "= X (111177 = i =169 m/
where, N ooz T Toap) e

Height of hump provided = £ - £ . =2:147 - 1-5825 = (.5645 m (Ans.)
The flow profile has been shown in Fig. 16:25.

16.9. Hydraulic Jump or Standing Wave

in an open channe! when rapidiy flowing stream abrupily changes to slowly flowing stream, a
distinet rise or jump in the elevation of liguid surface takes place, this phenomenon is known as
nydraulic jump (which is analogous to shock wave in compressible fluids). The hydraulic jumps
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converts kinetic energy of siream rapidly flowing imo potential energy. Due to this there is a Joss of
kimetic energy. At the place where hydraulic jump occurs rollers of turbulent water (eddying
tarbulences) form, which cause dissipation of energy. A hydraulic jump occurs in practice at the toe
of spillways or below a sluice gate where the velocity is very high. e
The hyvdraulic jump is also known as a standing wave because it is, in essence, a wave which is Eﬂ
stationary (i.e., at stand-still} at one place. Such a standing wave is shown in Fig. 16-26.
Siatic |
encTy

Specific
cnergy
CUTYC

-_—— — am . T— — —

» F

e ar

Supercritical la— Transition — f Energy lost
flow D (3y  Suberitical injump

|_‘ L. ._I flow
Fig. 16.26. Hydraulic jump.

Anatysis of hydraulic jump:

The following assumptions are made in the analysis of hydraulic jump:

Ioss of head due to friction at the walls and channel bed 1s negligible.

The flow is uniform and the pressure distribution is hydrostatc before and after the jump.
The channel is horizontal or it has a very small slope. The weight component in the direction
of flow is neglected.

4. The momentum correctien factor (B} is unity.

Height of hydraulic jump (H):

Refer Fig. 16:26

bed P

Discharge per unit width, g =V, 3, = V5 ¥, ..Continuity equation L
Yy = 2 and v, =L
g Ya
In case of hydrostatic pressure distribution, the pressure force at any section 18,
P =wdy
where, 7 = Vertical depth of centroid of wetted area from the liquid surface.
¢ W -‘2
A=wx{ynxl)x }EI = ;1 ..Pressure force at section 1-1
, 2
P = Y _ Wh: -
L= WX (ypx 1) % == ...Pressure force at section 2-2

Net force acting on mass of water between 1-1 and 2-2

i 2
.Hr":}:‘_ '}#:}/I H_:‘ ey
=A-R=T =< (% - ) i)
[ Py > P as ¥y ]

Now, change in linear momentum = pg (¥, — V)
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But, according to impulse-momentum equation;

Net force acting on a mass of fluid = Rate of change of momentum in the same direction

L 3 .
PrmPi=pg(V=%y) or 03 -5 =pg (- Fy)

i
Substituting, ¥ = 4 and Vs = 4 e have "
] M2 j
% \
Pg . 2 3 g g 1 1
—(J":“.P)=!3f?(—— J=13'-’}"—‘“—' R
2 ] \\.}'] y: ||'~.. }.'] }.-2 J ( M pg]

oo

& 2(1 1 zf}"z“}’ﬁ
E(}’z""}&}(}’z‘}ﬁ}:?l‘“*'"_ =4
Dividing both sides by {y, —¥), we get

RS S

2
g L 2q
"‘2"(}’2"'.1“1]: 1 Or (yz+}"1) =

AT
¥ 2 EY1 ¥z }
Multiplying both sides by Yoy WE have

2

(V)
EM N (

or Yy = V M

I-J

» 2 2 1 12
or, J"z:‘ﬂ"'\/yl +2q or “ﬂ_\/}l +2¢}'.
4 gy 2 4 gy

Neglecting the second root (being impossible, —ve depth), we have

2 2
=_ 2L AN + 2g _
M2 5 \/ PR [16:36)
D BT 5. (5
2 4 3 ' '?_I’l.}])
m po Py [, 2K (16.37)
i 2 3 4 2 {16,

Expression of ¥, in terms of Froude number (F 'r}:
Eqn. {16:37) can be written as:

Lﬂﬁ:_ﬁ—{* /i[ Tﬁ}

T Y4 2y,

_}L.,:-ﬂ—!ﬂ 1+£ o
'DI: - 2 2 gyl n+1{1"£)
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V. .
But, fr=—— or (Fri)y =L
 EV) X

}'2:—%+-‘]§-«”1+S(Fﬁ)z
o vi= 2 (148 (Fry - y (1638)
. Herght of hvdraulic jump, h; =¥y «{16:39)

Length of hydraulic jump {_Lj.}i Length of hydraulic Jump represents that short distance aver
Which the jump occurs (Refer Fig. 16-26). For rectangular channels with horizontal floor, length of a
Jump has been found to vary between 3 1o 7 times the height of the jump,

ie. L=5wTH ..(16-40)

/ .
Loss of energy due to hydraulic jump;

The loss of energy due to nydraulic jump is equal to the difference of Specific energies at the
upstream {1-1) and downstream {2-2) sections.

Red E: =£ - Ez
| +Hz‘a| ||f . 22‘\|
N T T
N 25’) ' zg,-’l
™
_KVIE 28 R
=3 34 — (=)
2 2g)
- 2 )
g (
:(qz_ ?|—(}«;—}]} | H=i=V2=i
ng}'] 2835 ,fl \ Fi Vs
‘(v 1Y
or, =4 [ = - EJ—U@—_}’;} (i)
28 | ¥ Y2
202 2]
g [ y3 -y
o, £y = [}23 2 —(m-n)
22 | ¥ J
2 111{}"3"“}'1\\' C
But, q —3}1}3L > ;| ..{From expression iv)
{yy + 3 S
Loss of energy, Eng}JJyELJE J’L{ 85 ,}}L) -y = V)
2 ) 2 g y;
(P2 + 2 (v - ¥)
= LTI
1 ¥
(2 + 210 O+ 3) (35— 3)
— 2 14 LV; L]} X3 ] _{'}JE_'},IJ
4315
Gy ]

={}: — }’iji

43,

_I|
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S
= (¥ - ) Yi+ w+ 23y - ,‘l-’z_‘
. 4w ¥ |
={y—n) (1~ 2) _‘
L 4}11 . N
(v, — ¥ )
- £ ivl v; (1641)

Example 16.26, 4 sluice gate discharges water into horizontal rectangular channel with a
velocity of 10 mis and depth of flow of I m. Determine the depth of flow of water after the jump and
consequent loss in total head. [AMIE]

Solution. Velocity of flow before hydraulic jump. V| = 10 m's.
Depth of flow before hydraulic jump, y, = 1 m

Depth of flow after the jump, ¥,:
Discharge per unir width, g =¥y > ¥ = 10=1=10m'sperm
The depth of flow after the jump 1s given by,

2 2
X f}"l _2q
yp=— - F + .[Eqn.(16:36
R e Ean. (16:36)]
1 1P 2x10°
of, o= — — 4 + — 4-043 m (Ans.
C \j 4 9.81x1 (Ans.)
Loss intotal head, E, ¢
[Loss in total head is given by,
(= 2
£ == ..JEqn. (16:31 -
P [Eqn. {16:31)]
(4043 = 1)°
£, = =1-742 m ] ¥
Ot L 4% 1x4-043 (Ans.) : ]
Example 16.27. 4 36 m wide rectangular chunnel conveys 90 m/s of water with a velocity of
(iy Is there a condtiion for hydraulic jump 10 occur? If so, calculate the height, length and : |
strength of the jump. F 3
(ify Whaiis loss of energy per kg of water? ‘
Solution. Width of channel, &= 3-6 m F 8
Discharge, Q = 90 m’/s :
Velocity of flow before jump, ¥, = 6 m's
() TIs there a condition for hydraulic jump to oceur? L |
0 i
Depth of water before jump, ¥, = 22 2 = 0-4167 m H
b=V, 3-0%60 R
Discharge per unit width, 4 = %“ 3.6 =25 m’/s per m
5 SR - 3 1:3
Critical depth, ¥, = (i‘?— ‘ :‘ 2 } = (-8 m
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Since ¥, <y . a jump would occur. (Ans.)
Froude number ahead of jump,
¥ 0
Fri=s == = — = 2:967
VEYT A9 81 x0.4167
Depth of water downstream the ump,
by = _H f B 7
¥ «41 + 8(Fr ) - J .{Egn. 16:38)
4167 [
¥y = 0416, in+3>{2 9677 — —lzl-ﬂﬁzﬁm
2 | ]
Height of jump, H,=y,~y, =15525-04167=1,1358 m{Ans.)
Length of jump, L =00, —-v)=6x1 1338 =6.8148 m{Ans.)
, vo _ 1-3525
Strength of jump = <= = 726 (Ans.)
b T 0-4167
() Loss of energy per kg of water, E:
Velocity before jump, ¥, =6 m's A Given)
: _ 5 .
Velocity after jump, ¥, = 1 - 2_ =1-61 m/'s
¥, 1.5525
I;E 62
Ei=y+-L=0.4167 + =2.25m
2z 2 x9.81
2 42
E.=p,+ £ =1.5525 = 15! =1-68 m
N ¥ 2x9-81
. Loss of energy in the jump, E,=£ -£,=225-168=0.57Tm (Ans,)
1 7
. n =) (1-5525 - 0.4167) ]
{Altemahvely, £, = 2= 3) -4 352_5 0 Iﬁ?}_ =0-57m!
] © 4wy, 4x1-3525x0-4167 |

Example 16.28. In g rectangular channel of (-3 m width, a hvdraulic fimp occurs ar a point
wiere depth of water flow is 0-15 m and Froude number i 25, Determine:

(i} The specific energy; (if)  The critical and subsequent dephs,
(1if} Loss of head, and: (2v)  Energv dissipated.
Solution. Width of the channel. = 0-5
Depth of flow, 3, =015 m
Froude number, Fr = 2:5

&

Now, Fr = ,_]._ , where V| is the upstream velocity
v EN
v, .
25 = — or F, =3-03ms
WJQSIEO’IS '

Discharge per unit width, g = Vv, =303 x 0-15= 0-4545 m’s per m
(7} Specific energy, E:

1’ 03
E=y+l=0.154.0

2g 2x9.81]

=(-618 m (Ans,)
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()" [o.as45?]
yo=i 2] _ 0-276 m (Ans.)
Lg) L9
Subsequent depth, }’2=%{\/1+8{Fﬁ} —-lj
15 i
or }!E=Uq [JH—SEEEE rllzﬂ-dﬁlm(gns,}

(iff) Losshead,k, :

E, = (ys— _],,'1}3 _ {{]461- 0-15)3 - 0-108 m (Ans.)
4V ¥a 4x0-13% 0461
(iv] Power dissipated, F:
P=wQEt,
where O=A,V,=(bxy) V,=(0:5x015)x3-03=0227 /s
P=0810 % 0-227 x 0-108 = 240.5 W (Ans.)
Exampie 16.29. Find in terms of specific energy E, an expression for the critical depth'in a

srapezoidal channel with boitom width b and side slope | vertical to n horizontal. [AMIE]
Solution. The specific energy (£) of 2 channe] is given as:
VE QE
E=y~+ E =¥+ o (. V=0/4)
where, v = Depth of flow,

I = Average velocity of flow,
O = Discharge, and
4 = Area of cross-section of the channel.
The condition for minimum specific energy (£,,) ¢an be obtained by differentiating the specific

TI1mn
energy equation with respect to y and equating the derivative to zero. Thus,

, -
ag_dl 0.,

=YL
d}" d}' |_ 2g A i
7 £ h 2
ef dA
=1+-Q—:~c: -ZxA_E-—A =1—Qj>=: = () (' Q= constant)
2g 4y g @y
dA gt gAl |
=& — = & =, for critical condition )
ay Q&
Tn case of a trapezoidal channel,
A=(b+ny)y=by+ny
dA | .. - .
- =b+ 2ny =b+ 2ny,, forcritical condition w(HE)
}:l
From expressions () and (if), we have
4 2 £
g :;C =h+2ny, O Y = 4:' LAIED
O g b+uiny,

The specific energy for critical conditions becomes:

-
ar

E=yv. +
© 2g47
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Substituting the value of 12 from expression (ii7), we get
g
3
F = .}I.:' + - Aﬁ" —_ }:.F + A-:‘
2AZ (D + 2ny.) 2(6 + Zny, )
b )
o, =y + CREUF? LAV
2{b+2ny.)
oI, £x2(b+2ny j=3 x2(b+ 2y ) {b+ny )y |
or, 2DE + dnEy, = 2by, + dny?> + by, + n}f |
Rearranging the above equation, we have
Snys + (3b — 4nE) v, - 2bE = 0

- (36 - 4nf) £ 1,_/{315 - 4:*‘:.-':’7)2 — 4 x 31 x (— 2bE)

‘5’.-
- ¢ 2 % Sn
4nE — 3b) + | (3b - 4nE)? + AOnbE
of, ¥, = (@nE -3b) = ( ) (Ans.)
. 10#
MNote : When s = 0, the expression (iv} becomes |
by Yo 3y 2
E:1.ﬂ+—i£=1?+ - E ar r = - F
Ty Ty Ty XT3

which ts the condition for maximum discharge for a given value of specific energy m a rectangidar channel.

Example 16.30. (Flow in venturiflume) 4 venturiflume is [ 30 m wide af entrance and 065 m in
the throar. Neglecting hvdraulic losses in the flume, calculate the flow if the depths at the entrance
ard throat are (1-65 m and 060 m respectively. 4 nump is now instailed at the throat, of height 200 mm,
50 that a standing wave (hydraulic jump} is Jormed bevond the throat. What is the increase in the
upstream depth when the same flow as before passes through the flime?

[Roorkee University]
Selution. Width of venturiflume at entrance, b, = 1-3 m

Width at throat, 5, = 0-65 m
E’epth of flow at section Ly, =065m
Depth of flow at section 2,y,=06m

—— ——

Entrance Throat

/A 7 P/ANY P/ 7 ..:»{ Fay) /ANy A 7 F/an
Fig. 16.27. Flow in venturiflume.
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Using continuity equation, we have

Discharge, @ = by, ¥, = by, V,
1-3 x 0-65K

or, O =13 %065 = ¥V, =065 x 0-6¥,, sk = = 2.17¥,
0-65x0-6
Neglecting losses, specific energy at (1) = specific energy at {2)
yll I;_E
€. e — = Yyt ==
Le gl 2g g 5
: A7V, )
U+65+E‘—:D-6+(2 )
’g 2g
(2172 W
or, L .l =0.65-0:6=0:05
1g g
12
ar, 12177 -1)=0-05
2g !
or VE:{}-E}S?Eg 20-05322}&9-81=012645
{2.17° - 1) 2-17° -1
or, b, =0314ms

The discharge, @=by, ¥, =1-3x065x 0314 = 0-434 /s
Critical depth in contracted portion,

]

0-434
where, ¢~ bQI = 06 =067 m'/s per m
7 1
Ve = 0-677 =0-357m
9-81

The new specific energy corresponding 1o critical flow at the throat when hump of height /7 1s
installed

p? 3 3 )
= h +}-¢+—=h+wyr_=012+—x0r35?=D-?3:rm
B 2g 2 2
(where A =200 mm=02m LA Given)

The upstream surface will gise till the upsircam specific energy equals (+735 m.

~»

0-735 = y+—  ~
¥ 20
L [RfBxa)
=
2g
. : - 0-435° 00057
or, 0-735=w+ 4 - =3+ == - F
2g x (1-3y) 22981 x1-09)y Wy

ie. ¥i —0.735y; + 00057 =0
Solving by trial and error, ¥, =072 m
The increase in the upstream depth = 0-72 - 0-65 = 0-07 m =70 mm (Ans.)

How rate wi
Hteve been i
i the dow
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Example 16.31. 4 sluice across a channel 7-2 mwide discharges a stream 12 m deep. What is the

How rate when the depth upsiream of the stuice is 84 m ? On the downstream side concrete blocks

have been placed to create condition for hydraulic jump to occur Caleulate the Jorce ou the blocks
if the downstream depth is 3-6 m.

Solution.Referto Fig. 16-28
Applying continuity equation at sections (1-1), (2-2) and (3-3), we have
Discharge, O ={(b, x ¥}V, = (b, x 1) Vo=(by xy ) V)

e ”f
= U |
o | 5// @ T T — . !
SAm —e v | = |
i "/.-" ¥ _i_ o 3.6 m i"'—"’ﬁs
_uni e fi@E] |
] t ] / I
@ @ Conerete biock @
Fig. 16.28
But, b, = b,=b,=712 m,y, =84m y,=12m,y,=36m
O={7-2x84) Vi=172x112) Vz =(72x36) VE
From which, v, =7V, and V,=2-333F

Neglecting frictional losses between sections (1-1} and (2-2) the specific energies a1 (1-1) and {2-
2} are equal.

: L
| ! = 15 =
: ¥ 2 Yo 22
y W 4917
o, 8'4+—l—=l*2+£—]4}—=1'-2+ ! (o V=TV
lg 2g 2z E !
A/) - : :
or. —L =72 or ;-f;f=?2”x95‘132+943
2g 48

c Vo=1715mis
Flow rate, Q:
=y ¥V, =72x84x1-715=103.72 m*/s {(Ans.)
Force an the blocks, F;
Applying momentum equation to sections (2-2) and (3-3), neglecting the boundary friction, we
have,

@—F—Ps=ﬁ'{p’3_ﬁjzj

4
“L 01y

Wd Vs - F-wAdv=

SR10 = (72x 1)« L-%—F—‘E}Siﬂ X (72 1-6)3? 36 - 2510 X 10372 (2:333VF _TVj
2 i 2 9-81 T 1
50855 - 4576895 =103720 (- 4-667 x 1-715) ‘
or, F=30855-457693=103720(4-667 x 1-715)=423325N or 423-325kN
Hence, the force on the concrete blocks = 423.325 kN which acts in a direction opposite
ta £ (Ans.)
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Example 16.32. Uniform flow occurs al d depthof 13 mina Jong rectungular channel 3 mwide
and laid to a slope of (-000%. if Manning’s N = 0015 calculate:

() Maximum height of hump on the floor o produce critical depth.

(ify Width of contraction which will produce critical depth without inereasing the upstream
depth of flow. [TIT Madras]

Solution. Depth of flow, ¥ = 1-5m :
Width of channel, b=3m {LT Encray line

Bed slope, $=0-0009 ThemeTTITTITTTTTT ; i-_“
Manning's ¥=0-015 i
Height of the hump, b

Discharge, Q= Ax ¥V = Ax C/RS
HL‘“*}% 3
106 -* X

1
where, ¢ (Chezy’s constant) = re R

, Fig. 16.29
Q = 4 = —‘J _R] ¢ ‘u@
| YL IR EE:
=AKER~§ D)
(v lore, = average velocity of Tlow, and
R = hydraulic radius)
Here, aread =bx y=3x 1574 m’
_ | A 43 -
Perimeter, P=b+2y=3 2% 1-5=6mand R = 5 =— ={0-73m

Substituting the values In expression (i), we get

O =45« (075 % (0-0009) 2 = 7-43 m’is
0-015
Discharge per unit width, 4 = B =T = 2-477 m’/s per m
IENE 143
- () (24T iy
Critical depth, Ye =1 7 = | 381 J =325 m
& T
Now, equating the specific energies upstream and at the hump, we get
I{IE Vl
1.5+ —=h+ = '
2g e 7 ...(H}
T
Here, V = ¢ = - 4_3 =1-65 m's ,and
A 45
| | . 72 T
Vo= gy, o Vigy, of ¥, = C. ogr ==t
g 2g 2
Substituting the values n expression (i), we have
1.65° 0-855
1-53 + = h+ Q-85+ or 16387 =5+ 12825
2 x 981

. h=0.3562m(Ans.)
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Flow in Open Channels
(i)  Width of contraction:
Let, &= Width at the contracted portton to produce critical depth,

Now, Upstream specific energy = Specific energy at the contracted portion.

I ¥ 3
1638H:+ e = 20 =" 4
¥ 20 Ty T
=173 -1 ¥
2[e" s[ewr] 2Ty ]
218, 2 g J Zi_bf‘:ﬂ‘}'-SiJ
C (a3 0
o, (-,. . = 106387 x —=1.0025
| b= 9-81]
7.43° .
j = {10925 =1-304
o B:x 981
I
[ 7.430
b, = . =2-077 m (Ans.)

s T ? :
.hl-.jﬂ-'lh:gﬂlj.

821

Example 16.33. Water flows ar a velocity of 1 m/s and a depth of 2 m in an open channel of
rectungular cross-section, 3 m wide. 4t a certain section the width is reduced 1o 18 m and the bed is
raised by 465 m. Will the upstream depth be affected? [f so 1o what extent?  [UPSC, CESExams.]

Solution. Velocity of flow, V=1 m's

Depth of flow, y=2 m Q;
) Free water surface
Width of channel, =3 m ‘ /
Width of contracted section, 5_= 1-8 m A TEIIiIiIiIze
Atsection (1): RefertoFig. 16-30 ?:m o )
Specific energy at the section, e L2
1 i hump™Ri o] b= 0,65 m

E=y+dc2s D _ogsim TN YA N AT AN

2g 2x9.8] («} Elcvation | 1
Discharge, @=AV=(b xy ) x ¥V,

=(Ix2)x 1 =6ms Contracted and
humped section
¥
Discharge per unit width, T
b, =3m b, = 1.8m
¢ _96 1, _
¢ =—=—=2m /s per m
i b p J l
Critical depth
PN E , 743 £} Plan
("f.fh—!i =|72 _! =0 7415 m
& ' 9-811 Fig. 16.30
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Since ¥, > 3, the flow in the channel is
sub-critical.
\inimum specific energy at section 1.

(E

MM

3 3
= ;{yf}u =3 0.7415 = 1-1122 m

At the section {2} (contracted and humped section):

Discharge per unit width, ¢, = E = 168 =3.333 m’/ per m
Critcal depth,
A ] k! < 1453
5 3332
{}’r-r:(q“ | = ﬁ =1:0423 m
T g G.81 |
“inimum specific energy,

3 "

Specific energy w.rt. channel bed at section (2],
E,=(E,,), ~h=15634+065=22134m |
Since £, > E, the upstream depth will be affected. The flow will be possible only when the
upsiream water level Is increased such that

%
- v+ —— = 22134 -
E =E, or ¥ r )
Also O=by xV, ..Continuiry equation
6=3xy xV or V= 2 L)
From expressions {7} and (i), we have
TR
g BN 290134
2g
4
T, s m = 22134
2gx ¥
0204 )
or, v+ = 22134 or 37— 2-2134 y; +0-204 =0

i
Solving by trial and error, we gety, = 217 m
Hence the water level on the upstream side will be headed up by,
(2:17-2)=017m or 170 mm (Ans.)
Example 16.34. A hydraulic jump occurs in @ V-shaped channel having sides sloping at 43°.
Derive an equation relating the two depths and the flow rate.
If the depths before and after the jump in the above channel are 0-30 m and [-0m, determine:
(i) The flow rate;
(i} Froude numbers before and after the jump [Roorkee University)
Solution. Let, ¥, = Depthof flow before hydraulic jump,
V| = Velocity of flow before hydraulic jurnp, and
Vo, V= Depth of flow and velocity of flow respectively affer hydraulic jump.
Referto Fig. 16:31:
According to impulse-momentum equation;
Net force acting on a mass of fluid = Rate of change of momentum in the same direction
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Vl—r-,i] P
Hydraulic jump V-shaped channel
Fig. 16.31. Hydraulic jump — V-shaped channel.
W i
P-R=22 - n) | )
g
{where, O = discharge or flow rate)
] 2 _ 1
Area, A=Eh2J:K}’=y and ¥ =‘-g}r‘
— 1 1
A=wA ¥ =wx ylz i (— y]] = - w:}.ff'
_ 3 3
- i |
_and, A=W, ¥y = W o y‘f A ;(' }’z] = “’J’g
| \ 3 3
From continuity equation, we have |
Q= A4V = 4,V,, V]=Q=Q and V3=Q=Q, i
T A] }’IE AE X3

Substtuting these quantities in expression (i}, we have

1 5 1 5 wg{Q Q

™,

—_ u:}.: 3T ‘|,1,,J:],.'1 = :
3 2 & L}’lz Y2,
L il 0?1 1}
or, Tl V)= - : canceiling w on both sides
| 3 g bf v3 { & }
1 . ) 2 :l' _ '}:2
ar, E(J’IEJ__JEI)= Q (}22 li
£\ My
33
)
3 V2 — W
{3 3
f oyt
or, Q=¥ \f%a ‘}i '}IEJ
\¥7 =¥
This 15 the required equation relating the two depths and the flow rate.
Depths: y, =05m,»,=1-0m . Given)
(7} Flow rate, Q:
||Ig r’y_x _ 30
=¥ }'1\/“3“{ 5 ]3
Y2 — 3
(92 3 Y,
. 1" — - 0-12
or 0=05x10 /9 Sl!l - Dij =05 !3-2?(1 0 ?i=ﬁ-97?m3ﬁ {Ans.)
\I B! l'xl¢_D'5hf \" 1 -0-25 )

—r ——— o —
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(i/) - Froude number before and after jump, ¥r,, Fr,:

Lf
Froude number, fr = —=
Vg o
. A
where, £ = Hydraulic depth = p
(T = top width of the channel, 4 = area of cross-section of the channel)
M= Qg = 0.972? =3-91 ms
J,-‘] D - 5
V, = Q_:: = 0'2?? =0-977 m's
¥y 1
p== X 290 _posm
T 2y 2 2

Aj JI.’S 1Ie"'j| 1 r {]

D, = =& = =t = =03 m
) T 2_}’2 2 2
% 3.9]
Fri= —— = = 2-5 (Ans.}
' JeD| Jo81x 025

¢.977

v,
JgDn  J9-81x0-5

Example 16.35. (Surges in open channels). A horizontal rectangular channel of 3 m width and
?

7 m water depth conveys water at 18 m'/s. If the flow rate is suddenly reduced 1o 3 of its original

FFE = = ‘44 (AI’IS.}

value, compute the magnitude and speed of the upstream swrge.
Assume that the front of the surge is rectangular and friction in the channel is neglected,

[ UPSC Exams.]
Solution. Width of channel, 5=3m
Depth of water, y, =2 m
The flow rate or discharge, O, =18 /s
L pstream
SUTEE TREIFIFES A Ciate
C — —» (V. + ()
e —» (V- 1
. i
F2 AN F o g AN P o M 40 P
{a) Observer stationary. - | {$) Observer moving wiih the surge.

Fig. 16.32 |

[n a channel, when discharge is suddenly reduced by operating a gate, an upstream surge will be
developed which will move with a constant velocity C (also known as celerify of the wave) as shown
in Fig. 1632 (a). An observer standing on the canal bank will notice the surge moving upstream. 1his
unsteady flow case can be transformed into a steady one by superimposing flow with velocity C in
opposite direction as shown in Fig. 1632 (&}

Also, by (V, = Q) =by, (V,+ () . Continuity equation

or v (V= O =y, (VL +O)

R T T A S A




L=ho
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Flow in Open Channels

. b b .
Again, WT (y;g2 — yf) =27 i+ Cy V=V, .Momentum equation
g
2) )
or =3y ==L i+ 0y (h - 1y)
&
Now, M o= % L = 3 mvs
bxy 3x2
2
= 3 9
- 2

0= 18 =12m’s

Oy = (b <y} Vy=b, 2V, y,

¢ _12 2,
Vo v, = = =4 m"/s per m
2 V7 b, 3 P
Now, Vi =V, + Cly,~3,) ..Continutty equation
3 Xx2=4+C(y,-2)
ar, = 2
Yy =2

Substituting the values in expression (i) we have

) 23"32 2
5 - 2%) = 3+ WB—V_,
(33 ) 9181( > ( 2)

Y2 &)
s . L
4 I_- ¥, s =
-4y =041 34 2 Nz—J PGS
( yo—2 0, Y1) ‘ﬂl' I’g=4-"}’gj
Solving by trial and error, ¥, =2-8 mand v, = _;_ =1-428 m/s
-8
Height of the surge =Y, =y, =28~ 2=0.8m(Ans.)
Velocity of the upstream surge, C = 2 - 2 =2-5 m/s (Ans.)
-2 2:8-12

160.10. Gradually Varied Flow

Gradually varied flow (G.V.F.) is one in whick the dep

Gradually varied flow may be caused due to one or more of the following factors:

1. The change in the shape and size of the channe] Cross-section,
2. The change in slope of the channel, |

3. The presence of abstruction {e.g., welr eic.), and
4. The change in frictional forces at the boundaries.

16.10.1, Equation of Gradually Varied Flow

The following assumptions are made for analysing gradually varied flow:

I The channe! is a prismatic (a channel with constant section and alignment).
2. The bed slope is small.

3. The flow is steady and hence discharge is constant.

925

)

.(Crven)

tn changes gradually over a long distance.
In a rapidly varied flow, the change in depth takes place in a short distance.
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4. -The pressure diswibution over the channel section is hydrostatic /.e. streamlines are practically
siraight and parallel.
The energy correction factor (o) is umty.
6 The roughness co-efficient is constant for the length of
on the depth of flow,
7. The Chezy and Manning correlations are equally applicable to
deterniining the slope of energy line,
Consider a rectangular channel having gradually varied flow (Fig. 163
gradually decreasing in the direction of {low.
Let, A =Width of the channel,
O = Discharge through the channel,
- = Height of bottom of channel above datum,

'y

the channel and it does not depend
gradually varied flow for

3}, the depth of flow

1 = Depth of flow,

¥ = Mean velocity of flow,

S,=tani=j= slope of the channel bed, and
§ =1tanj = = slope of energy line.

According to Bemoulli's equation, the energy equation at any section is given b.

Y

TS
- ) \ /7';\\\ i m\\
“ Horizontal datum {

y

Fig. 16,33. Gradualiy varied flow in a channel.
Taking the bottom of the channel on the A-axis and the verticaily upwards direction measured

from the channe! bottom, as the ¥-axis, differentiation of eqn. (), with respect to x yields
dE d-  dy d ’ 172 A
" o | )
dv dx dx  dx A 2g
A . R r~ . . i E Q E
S } d [(Q: A7 [@bs) 1 .
Now —- ‘ — | = = | A
dx |\ 2g ) dx | g x. 2g and A=by

_ d r QE —I_ QE d !f 1 &! '.- £, o and _}J“

dy | b2y x2g| bx2g & 2 ) | are constant |
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_ 0 df1a
b*x 2g dy LJ,EJ dx
QE |_ }dyz -20° &
‘x 2g oy Jax  bPx gy’ dx
N i(}f_ﬂ_ -0 A 1 (2}
o i'a Zg;[ bz-yl:w: gy dx g dx k' by ;l
. d (V3
Substituting the value of —— ( J In expression (i7), we get
clx 1\ g
dE _dz dy V< dy
dx dx dx gy dx
dE  d : p
or =2y 2 (1 = __} (ifi)
‘ dx dx dx . 2 '
. dE o
Now: -{E = Slope of energy line = — S,
dz
and, o Slope of bed of the channe] = - 5,
— Ve signs with §_ and 5, Indicate that the values of £ and 7 decreqse with the increase of x.
Substituting the values of = ang % jon (7
upstituting the values o 7 v [ expression (/17), we get,
V? . .
-3, =~ 5+ ‘PJ 1 - W or 9 =% 5) (16:42)
dx L gj«‘;[ dx [1 s 1
g ) |
n’y 2~ %) (16:43) 4 FJ
DI‘, |- y, e . Y — = L
= (Fr)? ] o
dy

7, Tepresents the variation of depth along the bottom of the channel and is also called the slope

of the free water surface.

({7} When i{?_ = { ) 1s constant (or depth of water above the hottom of channe] is consiant); it
X

means that free water surface is parallel to the channel bed.

- dy 3
(i} When % >0 [ﬂ?‘ Iy 5+ 1’E'J 2t indicates that the depth of water increases in the

direction of flow, the profile of water so obrained is called ‘back water curve’.

3 dy dy _ , S
{iii} When :fi <0 or f 5 —ve: ltindicates that the depih of water decreases in the directior
x X

of flow. The profile of water so obtained 1s known as ‘drop down curve’,

.. e el e = e e e g

= = e | o F— = T oy
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16.10.2. Back Water Curve and Afflux

In an open channel when the flow s uniform, the flow has constant depth at all the sections and
the surface of the free water lies parallel to bed of the channel. But when an obstruction like a dam, weir
etc. comes across the channel width the water level rises and it has maximum depth from the bed at
some section (Fig. 16:34). If y, is the depth of water at the point, where the water starts rising up and
¥, 18 the maximum height of rising water from the bed, then this increase in depth (i.e. 3, —¥,) 1s known
as ‘afflux’ and the curved surface of the liquid with its concavity upwards, i8 known as *back water
curve’.

Back water curve

i
Fig. 16.34, Back water curve and afflux.

Length of back water curve:

The length of back water curve is the distance along the bed of the channel between the section
where water starts vising lo the section and where waier has maximum depta.

Consider a channel in which a back water curve is formed as shown in Fig. 16-35. Let two secuons
1.1 and 2-2 are so chosen that distance between them represents the length of backwater curve.

Let, ¥, = Depth of flow at section 1-1,
v, = Velociry of flow at section 1-1,
y, = Depth of flow at section 2-2,
v, = Veloeity of flow at section 2-2,
5, = Bed slope,
S_ = Energy line slope, and

[ = Length of back water curve.

Q@
b —
7 Energy line | +h}’
O 7 A '-
T I 2
7o Y ' .
7 — Water surf: g
i “::5555'5“'::75”::5555555[;5&:::: --------- " Y
_*_ , SRR IRRTIRIIITIIIIT T | T
<) 1 I] j.':
i | Datum line I ¢
: ; >
o Q

Fig. 16.35. Length of back water curve.
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Applying Bernoulli’s equation at the two sections with channel bed at section 2-2 as the datum
for potential head, we have

2 -
1 vy

i+ W —— = =+ f -
1T M 20 T 2g i (" z;=0)
where, 4= Loss of head due to friction =S5, = [, and z, = §, x!
= V2
bef+_}’1+ l =J],';_,_|_ < ‘!‘SEKEF
2g ig
4 2 { 2N
4 |
Q1 bef_Se}{f:![_}!Z-'“ EJ—"LI+_]|
I"x ?,g . zg _,.-"I
ir’ 2 Vlz
or, IS, -S)=E,-F | where Ey = ys + ==, £, = y, + —
N 2g 2g
E,— £
b= (1643
S, — S, (1643

where, £, and £, represent the specific energies at the beginning and end of the backwater curve. The
value of § (slopc of energy line) is determined by Manning’s formula or Chezy’s formula corresponding
to flow conditions at mean‘average depth of flow.

Example 16.36. /n a rectangular channe! 12 m wide and 3-6 m deep water is flowing with a
velocity of I-2 mes. The bed slope of the channel is [ in 4000. If flow of water through the channel is

regulated In such a way that energy line is having a slope of 0-0004 find the rate of change of depth
of water in the channel.

Solution, Width of channel, 6 =12 m
Depth of the channel, y =36 m
Velocity of flow, V=12 m's

Bed slope, S, = Eﬁlﬂ—{}' = 0. 00025

Slope of the energy line, 5, = 0-00004

Rate of change of depth of water, dy ;

dx
dy S, -5
— =7 : R ..[Eqn. {(16:42)]
- —
I"x :—E:'“-’!FI.-r

Substituting the values, we get,
dy 000025 -0-00004  0-00021
ﬁ_(h 172 W‘&%%
. 981x36,
Example 16.37, /n a rectangular channel of width 24 m and depth of flow 6 m, the rate of flow of

water is 86-4 m*’s. If the bed slope of the channel is | in 4000 find the slope of the free water surface.
fake Chezv'y consiant C = 60,

Solution, Width of the channel, =24 m
Depthof flow, v=6m

= 0-0002189 (Ans.)

Rate ot flow or discharge, 0 = 864 m’/s
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1
4000
Chezy's constant, C =60,

Bedslope, §, = = (.00023

dy

Slope of the free water surface, e

Discharge, =4 x F=4x C\ RS,
where, 4 —areaofflow=bxy=24%6= 144 m?

A 44 144
Hydraulic radius = — = : = =
P b+2y 24+12x6

The slope of the energy line (3,)18 Jetermined from Chezy's formula.

4 m

%64 = 144 x 60,4 = S, = 17280 JS.  [Ar 1610, point 7]

|'f ‘4 2
or S,= —Sﬁ—j = - 000025
LITQB{U
Now. d} _ Sb'_ Sf :GGGUZ:* - GE}D{}OZE _ DDDB226
a7 06
gy 0.81x6
(V = O = 864 =U-6m-’5\n
L hxy 24x6 )

Hence slope of the free water surface = 0.000226 (Ans.})

Example 16.38. 4 wide channel laid to a slope of 1 in 1000 carries a discharge of 3°3 m/s per
metre width at a depth of 16 m. Find out the value of Chezys consiant C Consider the flow 1o be
nniform.

If the actual depth varies from -5 m at an upsiream location to I'7 m at a location 300 m

downstream or in other words the flow is gradually varied. what will be the value of Chezy's
- co-efficient C. [Roorkee University]

Sotution. Bed slope of channel. 5§, = ——
1000

Discharge, g =35 m’/s per metre width
Depth of water,y=1-0m

35
Velocity of flow = L = =— = 21875 m/s
y 1.6
Hydraulic radius, R= i = bx ¥
P b+ 12y
For a wide channel, the width b of the siream is large in comparison with depth of flow y. Therefore
R:E}K}r:y=l-6m
b

f7y  Uniform flow:
K= C4 RS ..Chezy's formuia
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1

:
21875 =C,i1l-6x =004 C
\ 1000
C = 21875 _ 34.68 (Ans.)
(- 04
(77) Gradually varied flow:
-7 -1
Slope of the free water surface, i = > - 0000667
il 300
Y 7 +15
Average flow depth, y = 4 '2'}3 = -7 : : =1-6m
’ : 1 ’ 1'.}’ 3 ' 5 -
Velocity at average flow depth, }' = — = T2 =2-1875 m
g |
Hydraulic radius, R=y=1-6 m
The rate of change of depth 15 given by,
dy _ Sy - S,
d .y
gy
| 001 -8 0001 -8
or. 0000667 = 0 = —=
2-1875° 0-695
9.81x1-6
or, 5, =0-001 - 0000667 x 0-695 = (-000536
Now, V = C.JRS, .. .Chezy’sformula

21875 = CJ1-6 x 6-000536 = 0-0293 C

C - 21875
0-0293
Example 16.39. The normal depth of flow of warer, in a vectangular channel 15 m wide, is one

metre. The bed slope of the channel is (-0006 and Manning s roughness co-efficient N (012, Find

the critical depth.

At a certain section of the same channel the depth is 92 m while at a second section the depth
is (186 m. Find the distance between the two sections. Also find whether the section is located
downstream or upstream with respect to the first section. [UPSC Exams.]

Solution, Width of the channel, b=1"5m
Normal depth ef water,» =1m

. Areaofflow,4=bxy =1-5x1=1-5 m?
Perimeter, P=5+2y =1-3+2»1=3om

Of, = 74.65 {Ans.)

. Hydraulic radius, R = i - 1 = 0-4286 m

P 3.
Manning’s co-efficient N =0-0]2
Bed slope, S, = 0-0006

Critical depth: |

DiSChal‘gE? Q = 4dx} = A4 % C-,‘l'IRSb = 4w ? HL,-'E, ."‘,'IE = A L R—'.:" LI.'E

LA

Ty

o n e ————— AR "= =
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(where, Chezy’s constant, C = i RYE )

AT E

J £

or, 0=135x L . (0-4286)%7 x (0-0006Y =174 m’/s g
0-012 - g

g 1-74 o

Discharge per unit width, § =5~ =75 = 1-16 m’/s per m

(Y7 T11et ]
The critical depth, y_= ¢ 222 | =0-516 m (Ans.)
“e) |osl
Specific energy at 0.92 m depth:
2
lg
where, V= ¢ . e 1-26 my's
bx0.92 1.5x0-92
1.26°
E,=0-92+ =1-0m
x @81
Specific energy at 0.86 m depth:
172
E,=0-86 + =
Zg
where, by = 4 = _1.?4 =135 m's
=08 1:5x0:86
2
E,=0-80 + SN 0-9533m
2x9-81
Slope of energy line (S ) at the mean section:
v e Nt _ 0-92 + 086 —0.89 m
2 2
™Now - I 2 1:2 22 RMS
N YW Q=Ax—R7(5,) 7 oFf O'=4"x-—-5,
LY N
2 5 r2 242 0102
5,2 N o LT XD -511x107*=0-00081]
A“R™ (1-5% Q-89 = (0-407)"
/ : . k
=i: 1.5x0-%9 =D+4D?I
TP 15+ 2x0-89 }
Distance between the two sections,
Ax = £y - B = 0953 — 10 = 222.75 m(Ans.)
S,-S, ©:0006-0-000811
Slope of water surface, ay = Sy~ S,f
V—
| — —-
gy

o

-erage depth of flow = (-89 m (calculated above)

iy
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] _ , i o 1-74 a
Velocity at nsection, ¥ = = = 1+3 1¥'s
CHy @i " T 15%x0.80 1-5%0-89
. 00006 — 0 |
£= 06 O?DD811=—2-616KID_4
dx | 1-3-
0.81x 0-89

: dv . _
S1nce E_ 15 —ve, therefore, the second section is downstream (Ans.)
X

Example 16.40. (Length of backwater curve). Draw the specific energy dicgram for various
constant discharges and show the alternare and critical depths.

A weir is installed across a vectangular open channel thereby raising the flow depth from 1-3 m
in anormal flow te 2:5 m at the welr. The width of the channel is 10 m and it is laid to a slope of I in
10000, Find an approximate length of the bachwater curve considering the average velociry. average
depth and average slope midway between the two sections. Take the value of Manning 5 rugosity co-
efficient equal to 0-02, [Delhi University]

Solution. Upstream section 1-1;

Width of the channel, 5, =10m

Depth of flow, y =1im
- Area of flow, A=b xy,=10x1-5=15m¢
Wetted perimeter, Po=5b =2y =10+2x1-5=13m
_ . A 15
Hydraulic radius, R,= == —==1.154m
F 13
Chezy’s constant, C = ~ (RY'°= (1-1597°=51.2

{where, N=0-02 ... Given)

Velooity of flow, V=GRS, = 51-2\X1 154 = : =0-35 ms
10000
(where slope of the channel bed, §, = : . Given)
10000
| | 12 g2
Specific energy, E=y+r=—=154 0-55 =1-515m
2g 2x9.8]
Downstream section 2-2;
Width of the channel, &,=56, =10m
Depth of flow, ¥,=23m
Area of flow, A= by %y, =10x2-5=23 m*
Wetted perimeter, Po=b,+2y,=10+2%2:5=15m
_ A, 2
. Hydraulic radius, R,=—-= 5 =1-667 m
213
Alsg, AV, =4,V ..Continuity equation
V, = AV, _15x0-55 _ 0-33 mis

An 25

a
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5 0.33°
Specific energy, Fomopa+——=2-54 = 2.505m
V ! P 2 %9.81
The value of S, {slope of energy line) is calculated by Chezy’s forrula corresponding to flow
conditions at the average depth of flow.

Average depth of flow, V =

2 2

At the average depth of flow,
Area of flow, Ad=hxy=10x2=20m’ (s b, =by,=b=10m)
Wetted perimeter, P=b+2y=10+2x2=14m
». Hydraulic radus, = A 20 1.428 m

p 14
Again AV =4,V
- Velocity of flow, ¥V = AN 13 x0-35 =0-4125 m's

A 20

Chezy’s constant, c=s (RY'° = L, (1-428)"° = 53-06

N 0-02
Veloeity V= CJRx3,
o, 0-4125 = 53.06 1. 428 x 5, = 63-4.S,

'y "2
or, .= !. 04125 \ = (- 0000423

L 63-4
Length of back water curve,

E, — £ .

{= , where S, is the slope of channel bed
SE} - SE
2.505 —1.515

= - = 17157 m or 17.157 kin (Ans.)
0-0001 — 0-00004253
Example 16.41. (Back water curve). A river 43 m wide has a normal depth of flow of 3 m and an
average bed slope of 1in 10000. A weir is built across the river raising the water surface level at the
weir site ta § m above the botiom of the river. Assuming that the back water curve is an arc of circle,

calculate the approximate length of the backwaler curve. Consider that the river is prismatic. Take
the vaiue of N in Manning 5 formuia as 0023, [UPSC Exams ]

Solution. Width of the bed, b=45m
Depth of flow (normal), y, =3 m

Average bed slope, S, = 1_15#[;_{16 = (- 0001

Depth of flow at weir site, ¥ = 5m
Manning’s co-efficient, N =0-0G25
Afflux, hi=y -y, =33 =2 m
Length of back water curye, 5

L ength of backwater curve, by circular arc method is given as
— Eh -
dy { dx A

!
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Areaofflow, 4=45 x3=135 1"
Perimeter, P=45+2x3=51m
low Hydraulic radius, R = 4 = E’-i =2:65m
P 51
Discharge, 0 = Axi"—AxCeRSh—qxhiRw!RSb A::-:—REJSE,
J
(where, Chezy’s constant, C = —i-r w RYE )
| 3
ol =135 x x (2.6537 x (0000172 = 1034 m*/s
, ¢ 0055 (2:65)*7 x ( )
At the weir site:
y=5mV = _Q _ 154 = (0-46 m/s
45x5 45x5
H}drauhc radius, R = A_ 435 =4.09m
P 45+2x5
Slope of water surface at the weir,
dy _ 5, - 8§,
dx | Ve
gY
where, 5, is the slope of the total energy line at the weir, /’and y are the v elocity and depth of flow
respectively at the weir.
QENE |
A Y (Refer to example 16-39)
EBNE A2 A (el
=—=5 = 046> 0422:' =202 x 1077 = 0. 0000202
R™” {4.09)™
VE Agl
o048 = {-0043
d an gy 9.81x5
't the . : —_0-
rele gt _ 0-0001 — 0-0000202 - 000008
s, | o > _
Substituting the value of 7, ‘0 expression (i}, we have
2 %2
[ = = 30000 m or 50.km (Ans,
0- 00008 { )

16.11. Measurement of Flow of Irregular Channels

The term “irregular channels” includes large rivers and small streams. In case of a sma!!
sfream; it is possible to obtain the quantity of flow by firring a noich or weir a5 the stream; the
discharge may then be calculated by measuring the head over the notch. However, this methou
cannot be employed for large rivers on account of the expense and the obstruction which ma"
caused to navigation, In order to obtain the discharge through a large river (or irregular chaﬂh'
we require: (i) Area of flow and (i) Mean velocity of flow, By knowing this data dischz-. -

() calculated as follows:
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Discharge = Area of flow x meun velocity of flow.

£l Lt L e[ (el [
A B C D E F G FE A
= SsZ=z-F" 7, s

--_--——d‘.---—-

Fig. 16.36. Cross-section of river with uncqual segments (Segments method).

16.11.1. Area of Flow
The area of flow may be calculared by the several methods but the following are important 0nes.
|, Simple segments method. 2. Simpson’s rule.
1. Simple segments method :
In this method, the cross-section of the river 1s divided in
CD. etc. as shown in Fig. 16°36.
Let, 7, , by = Lengths of the segments AB, BC, CD ... respectively, and
d,dy, dy. = Mean depths of the respective segment.
Then, area of flow, 4 = Area of segment A5 + area of secment BC + area of segment CD+ ...

= f]d] +£3n':+£3d3+

to a number of segments A8, BC,

2. Simpson’s rule:
A greater accuracy in the computation of discharge may be obtained by using Simpson’s
rule. In this method the whole river width is divided into an even number of egqual
segments so that there are odd number of depths taken at the end of gach segment as

shown in Fig. 16-28. Then arca of flow,

et | — [l | P e e |

i o f Fia
Fig. 16.37. Cross-section of river with equal segments (Simpson’s) rule.
f
A= 3 (dy*+d,)t2{d ~dy+d;)+4a (dy+d, 7 dg)
where, ! = Length of each segment, and

dy. d,, d, ... = Depths taken at the end of segments.

16.11.2. Mean Velocity of Flow
The mean velocity of flow may be measured by the following methods :
{. Pitottube 2. Floats 3. Currentmeter. |
i, Pitot tube. A pitot tube is a simple device used for

measuring the velocity of flow at the required point in the flowing
stream. In its simplest form it consists of a glass tube (large enough
for capillary effects to be negligible) bent at right angle. The tube
ix dipped vertically in the flowing stream with its lower open end
facing the direction of flow and upper open end projecting above
o water surface in the strearn as shown in the Fig. 16-38. The

- rigis up in the tube, due to pressure exerted by the flowing Fig. 16.38, Pitot tube
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water. By measuring the rise of water in the fube, the velocity of water (¥} is ¢alculated by using the
following relation:

4 !
where, # = Height of water in the tube above the water surface, and

g = Acceleration due to gravity.

2. Floats, The velocity of flow can be measured in a simple way by means of floats, A floatisa
small object made of wood or other suitable material which is lighter than water and thus capable of
floating on the surface. The surface velocity at any section may be obtained by using a single float.
The time taken by the float to traverse a known
distance is measured, the velocity is then calculated
by dividing the distance travelled {by the float) by the Surface
time taken to travel that distance. Since the mean
velocity of flow is equal to 0.8 to 0.95 times the surface
velocity, the approximate value of the mean velocity
of flow may then be determuned from the known value
of the surface velocity,

A better method 15 to use double floats. A double
float consists of a surface float on to which is
attached a hollow metal sphere, heavier than water,
and suspended from 1t by a cord of known length
(Fig., 16:39). The depth of the lower float may be
regulated by the length of the cord. The velocity is
then obtained by noting the time taken by the float to
traverse a known distance (as explained 1n the
previous case of single float)

The double float method direcify gives the value C Rod
of mean velocityofflow. T oA Moo IT

The best type of float is the rod floar (Fig. 16-40). It 7=============-3 \-==-=----------

consists of a vertical wooden rod which is weighted — Z7---277I7IICIZCIINNCIZIIZIIZooo

- o A o A e e o — o — — — — — — —_— — —r w1 Tr W T ru: W TEm W

at the bottom to keep it vertical, The length of the rod = - - mmmmemmmm oL LA N 2222222200

O N O S EE BN BN B BN N EE EE EE e S e Em Ep [r T S A i I Sp—

15 so adjusted that it reaches the bottom of stream  -----------------==-\ \=--—-r---
(without touching the weeds, sand or mud at the  ---------------------X -/~ Weight

TH O T TR Er OEE EE S BN BN EE LR AN WL B — ol o — — — — —

bottom of the river) and 1ts top should be above the  TIZTZZ7727707C P I

N NN B B BN By A o rer o win e e T EE WS WS S T S e e E e . -_— e e Em E .

water surface. Some types of rod are made telescopic,  -==-----r-m--m-—-o-o—-o-ooooooo-
s0 that length may be adjusted to swit any depth. The  —---------rmrr---=-----=-=----=-----
rod will fravel with a velocity equal to the mean Fig. 16.40. Rod float
velocity of the section.

3. Current meter. A current meter i1s an instrument used to measure the velocity of flow at a
required point in the flowing stream. In general it consists of a wheel or revolving element containing
blades or cups, and a tail on which flat vanes or fins are fixed. The current meters. according to the

shape of the revolving element, may be classified as follows:

{i}y Cup type (i} Screw type or propeller type.

In a Cup type current meter (Fig. 16-41) the wheel or revolving element has the form o: :
series of conical cups, mounted on a spindle, The spindle is held vertical at right anple 2 =
direction of flow.

In a screw or propeller type current meter (Fig, 16:42) the revolving element consists ¢+~
with its axis paraliel to the direction of flow, which carries a number of curved vanes -7 7
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blades} mounted on the periphery of the shaft. This type of meter is more sensitive than cup type
because it gives higher r.p.m. for the same velocity of tlow.

E]e::jtric cable

Tail piece

Balancing weight

Fig. 16,41, Cup type current meter.
- In order to measure the velocity of flow, meter Is |
submerged under water and motion of water in the stream g‘-" m I
passed from the battery to the wheel by means of wire. The
rotation of wheel makes and breaks the electric circuit, which
flowing water 15 obtained. current meter.
[ HIGHILIGHTS J

acttvates it, driving the wheel (or rotatory elements) at a speed — = “FH
— o
causes an electric bell to ring, Thus by counting the ringing
1. An open channel may be defined as a passage in which liquid flows with 1ts upper surface

proportional to the velocity of flow. An electric ¢current is
of bell, the rotations of the wheel and hence the velocity of Fig. 16.42. Screw of propeller type
exposed to atmoshpere.

2. Flowinachannel is said to be uniform, if the depth, slope, cross-section and velocity remain
constant over a given length of the channel. Flow in a channel 1s said to be non-uniform
(or varied) when the channel depth varies continuously from one section to another.

3. The flow in the open channel muay be charactenised as lamunar or turbulent depending upon
the value of Reynolds number:

T F{}'-.'

Ll ey Ta = T

{ ot
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When Re <500  ...flowis laminar:
When Re > 2000 .. fiow 1s turbulent,
When 300 < Re <2000 .. flowis transitional.

If Froude number (Fr) is less than 1-0, the flow is subcritical or streaming. If /7 18 equal to 1-0,
the flow is critical. If Fr is greater than 1-0, the flow is supercritical or shooting.

Velocity by Chezy’s formula is given by

Vo= CyRS
where, C = Chezy’s constant,
A {area}

R = Hydraulic radius (or hvdraulic mean depth) = a
P (wetted perimeter)} ’

nd

S = Slope of the bed.
Empirical relations for the Chezy’s constant, C

1576
{7) C = — ..Bazin's formulia
181 + —
JR
where, K = Bazin's constant,
R = Hydraulic radius (or hydraulic mean depth)
0.0
23 + 2155 + :'
i C= Iy . Kutter s formula
() 0-00155 N 4
1123 + —
JR
where, N = Katter’s constant, and 5 = bed slope,
1 ..
(ii1) C= ~ RY® | Mannings formula
where, N = Manning’s constant = Kutter’s constant.

The maost economical section (also called the best section or most efficient section) 1s one
which gives the maximum discharge for a given amount of excavation.

Conditions for maximum discharge through different channel sections:
(&) Rectangular section:

(ﬂb=@;m}ﬁ=§

() Trapezoidal section:
(/) Half top width = Sloping side

b+ 2ny .

qr, > yvynt+1
(i) R=2
2

{7if) A semicircle drawn from the mid-point of the top width with radius equal to depth
of flow will touch the three sides of the channel. Best side slope for most econormca:
trapezoidal section is

1l 1

0 =60° = —=
0T M@ o h
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(¢} Triangular section.
(i} Each sloping side makes an angle of 45° with the vertical,

(i1} Hydraulic radius, & = > I,_.
242

() Circular section:
(§) Condition for maximum discharge:
Depth of flow, y = 0-95 diameter of circular channel,
Hydraulic radius, R = 0-29 times channel diameter.
(if) Condition for maximum velociry:
Depth of flow, y = 0-81 diameter of circular channel;
Hydraulic radius, R = 0-305 diameter.
9, For a circular channel:

Area of flow, 4 = »* i/B 3 28)
\ 2
Wetted perimeter, P=2r0
where, » = Radius of circular channel, and
8 = Half the angle subtended by the water surface at the centre,

10. Channel sections of constant velocity are designed particularly m the case of large sewers in
which the discharge ranges from a certain minimum value that flows daily 1o a very large
value during rainy season.

11. The total energy of flow per unit weight of liquid is given by

2
Totalenergy =z + 3 + —
2g
12. Specific energy of a flowing liquid per unit weight,
e
E = .}.l + ——
2g
13. The depth of flow at which specific energy 1s minimum is called eriticial deprh, which is

53173
given by y, = (f}‘_\ , where g = discharge per unit width.
L&)
14, The velocity of flow at critical depth 1s known as critical velocity, which is given by

i;.-" -_— .
cTNE R
15. Minimum specific energy is given by

3 iy
Eoin = 5 Ve, where y_ = critical depth.

16. (i} A flow corresponding to critical depth (or when Froude number, Fr = 1} 18 known as
crtical flow.
(i) When the depth of flow in a chansnel 1s greater than critical depth {when Fr < 1) the flow
is said to be sub-critical or streaming flow.
(iif) The flow is supercritical {or shooting or torrential) when the depth of flow ina channel 1s
less than the critical depth (when Fr>1).
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17.

18.

19.

20.

The condition for maximum discharge for given value of specific energy is that the depth of
flow should be eritical.

Hydraulic jump. In an open channel when rapidly flowing stream abruptly changes to slowly
flowing stream, a distinct rise or jump in the elevation of liquid surface takes place, this
phenomenon is known as hydraulic jump. The hydraulic jump is also known as ‘standing
wave' .

The depth of flow after the jump is given by

L= = L —_— 1
3 > "N 3 ..(interms of g)
no, [y, Wy
= —zi + \/}?1 + —;—i .(interms of ¥}
- }?] (\/1 - EFﬁE - i) ..{in terms of Fr,)

(where, y, = depth of {low of water before the jump)

Height of hydraulic jump, H, =y, -,

Length of hydraulic jump, L,= 5 10 TH,

(2= 0
43 ¥

Loss of energy due to hydraulic jump, £; =

Gradually varied flow (G.V.F.} is one in which the depth gradually over a long distance.
Equation of gradually varied flow is given by

d 5,- 35,

= . ..[(in terms of V)
i (1 Vﬂ[
1
NIy
= 25~ S‘:: ...(in terms of Fr)
{1—-Fr7)

where, % = Slope of free water surface,
X

S, = Slope of the channel bed,
§, = Slope of the energy line, and
V' =Velocity of flow.
Afflux is the increase in water level due to some obstruction across the flowing liquid: the
curved surface of the liquid with its concavity upwards, is known as back water curve.
E, - £ |
AT

4

Length of back water curve, / =

2 2 . | |
where, E, (= y + -21—} and F, [: ¥y + f represent the specific energies at the begin==;
| E

£)

and end of back water curve.




