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                       Chapter – 6
                    6. OPEN CHANNEL FLOW
6.1 Introduction

A channel may be defined as a passage which water flows under atmospheric pressure. As such in channels the flow of water takes place with a free surface which is subjected to atmospheric pressure. The figure 4.1 shows a comparison b/n the flow through a pipe and a channel. In the case of flow through a pipe there is no free surface as in the case of flow through a channel. This is so because the water flowing in a pipe is indicated by the level of water column in a piezometric tube installed on the pipe at the section. The water levels on the piezometric tubes installed at different sections of a pipe indicate the hydraulic grade line. On the other hand in the case of channel flow the water surface itself is the hydraulic grade line. However, the total energy lines in both the cases lie at a distance of 
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 above the hydraulics grade line at every section, where V is the mean velocity of flow at the section.
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Fig 4.1 Comparison b/n pipe flow and channel flow

The channels may be classified according to different considerations as indicated below. On the basis of the cross-sectional form of the channel it may be classified as natural channel or artificial channel. A natural channel is one which has irregular sections of varying shapes, which is developed in a natural way.

The examples of natural channels are rivers, streams etc. On the other hand an artificial channel is the one which is built artificially for carrying water for various purposes. Obviously artificial channels have their cross-sections with regular geometrical shapes, which usually remain same throughout the length of the channel. The artificial channels may be further classified according to the shape of the cross-section as, rectangular channel, trapezoidal channel, triangular channel, parabolic channel, and circular channel.

The channels may also be classified as open channels and closed channels. The channels without any cover at the top are known as open channels. On the other hand the channels having cover at the top are known as closed channels.

A channel having the same shape of various sections along its length and laid on a constant bottom slope is known as prismatic channel, otherwise the channel is non-prismatic.

6.2 Types of flow in channels

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

a. Steady flow and unsteady flow
Flow in a channel is said to be steady if the flow characteristics at any point do not change with time that is 
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etc. However, in the case of prismatic channels the conditions of steady flow may be obtained if only the depth of flow does not change with time, which is 
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 On the other hand if any of the flow characteristics changes with time the flow is unsteady.

b. Uniform and non-uniform (or varied) flow
Flow in a channel is said to be uniform if the depth, slope, cross-section and velocity remain constant over a given length of the channel. Obviously, a uniform flow can occur only in a prismatic channel in which the flow will be uniform if only the depth of flow y is same at every section of the channel, which is 
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Flow in channels is termed as non-uniform or varied if the depth of flow y, changes from section to section, along the length of the channel, that is 
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is not equal to zero. Varied flow may be further classified as rapidly varied flow (RVF) and gradually varied flow (GVF). If the depth of flow changes abruptly over a comparatively short distance, the flow is characterized as a rapidly varied flow.

c. Laminar flow and turbulent flow
On the basis of the experimental data it has been found that for open channel flow upto Reynolds number (Re) equal to 500 to 600 the flow in channels may be considered to be laminar and for Re greater than 2000 the flow in channels is turbulent. Thus for Re b/n 600 to 2000 the flow in channels may be considered to be in transitional state. 

Reynolds number for flow in channel is commonly defined as, 
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  where   V is the mean velocity of flow

                                 R is the hydraulic radius (hydraulic mean depth) of the channel                section

                                 ρ and μ are the mass density and absolute viscosity of water respectively.

d. Sub-critical flow, critical flow and super-critical flow
Based on the value of the Froude number which is defined as, 

                   
[image: image9.wmf]gD

V

F

r

=

  where V is the mean velocity of flow

                                                  g is acceleration due to gravity

                                                  D is hydraulic depth of channel section = 
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                                                  A is wetted area and T top width 

The flow may be sub-critical, critical and supercritical flow. When Fr = 1, that is
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, the channel flow is said to be in a critical state. If Fr < 1, or V < 
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, the flow is described as sub-critical or tranquil or streaming. If Fr > 
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, the flow is said to be supercritical or rapid or shooting or torrential.

6.3 Specific Energy
Since the free surface in the case of a channel flow represents the hydraulic gradient, the Bernoulli’s equation applied b/n the sections (1) and (2) L distance apart may be written as 
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Where hf is the energy loss b/n the two sections.

The term 
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 represents the total energy per unit weight of water at any section. However, in the solution of many problems of channel flow the concept of specific energy is quite useful, which was first introduced by Bakhmeteff in 1912.

The specific energy of flow at any channel section is defined as the energy per unit weight of water measured with respect to the channel bottom as the sum of the depth of flow at that section and the velocity head, that is,
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It can be seen from the above equation that, for a given channel section and discharge Q, the specific energy is a function of the depth of flow only. Thus for a given channel section and discharge, equation 1 may be represented graphically in which specific energy is plotted against the depth of flow.
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Fig 4.2 Specific energy curve

This curve has two limbs AC and BC. The lower limb AC approaches the horizontal axis (or the specific energy axis) asymptotically towards the right. The upper limb BC approaches asymptotically to the line OD which passes through the origin and has an angle of inclination equal to 450. At any point P on this curve the ordinate represents the depth of flow and the abscissa represents the specific energy, which is equal to the sum of the depth of flow and the velocity head. 

6.4 Critical flow and its computation
It can be seen from the specific energy curve that, there is one point C on the curve which has a minimum specific energy, thereby indicating that below this values of the specific energy the given discharge cannot occur. The depth of flow at which the specific energy is minimum is called critical depth yc. Similarly the velocity of flow at the critical depth is known as critical velocity, Vc.

For a given discharge the condition for minimum specific energy can be obtained by differentiating equation 1 with respect to y and then considering 
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Since Q is a constant and A is a function of y. As shown in figure 4.1, in a channel section if T is the top width of flow then differential water area dA near the free surface is equal to Tdy i.e dA = Tdy or 
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 Therefore, 
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Since 
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and hydraulic depth 
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 equation 2 may be written as 
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Equation may also be written as 
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 represents for flow the Froude number, Fr = 1. 

From equation 2,     
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For the channel sections of different shapes the computation of critical flow may be carried out by adopting the procedure as indicated below.

a. Critical flow in Rectangular channel
Since for a channel of rectangular section the top width T is equal to the bottom width B, equation 2 can be further simplified. If it is assumed that q represents the discharge per unit width of the channel section then the total discharge Q passing through a channel of rectangular section of bottom width B may be expressed as 
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 Corresponding to a critical depth of flow yc the area of rectangular channel section 
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By substituting these values in equation 2 it becomes
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b. critical flow in channel sections of other shapes
i. Triangular channel section

      For a channel of triangular section with side slope z horizontal to 1 vertical the critical depth yc is given by the following expressions
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And 
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ii. Parabolic channel section
    For a channel of parabolic section if the top width at the water surface is expressed as 
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, the critical depth yc is given by the following expressions.
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iii. Trapezoidal channel section
For a channel of trapezoidal section no explicit expressions for yc can be obtained, but the following expressions interms of dimensionless parameters may be developed which can be used for the computation of the critical depth yc. Thus for a channel section of bottom width B and side slope z horizontal to 1 vertical, we have 
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Example 1

A rectangular channel which is laid on a bottom slope of 0.0064 is to carry 20m3/sec of water, determine the width of the channel when the flow is in critical condition. Taking Manning’s n = 0.015

Solution

                Let the width of the channel be B

                Then      
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       The critical depth for a rectangular channel section is expressed by equation 5 as

              
[image: image42.wmf]3

2

3

1

2

3

1

2

442

.

3

81

.

9

*

400

B

B

g

q

y

c

=

÷

ø

ö

ç

è

æ

=

÷

÷

ø

ö

ç

ç

è

æ

=


 Using Manning’s formula
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Solving this equation for B by trial, we obtain

               B = 2.41m
Example 2

For a constant specific energy of 1.8 N.m/N, calculate the maximum discharge that may occur in a rectangular channel 5m wide.

Solution

For a given specific energy the discharge is maximum when the flow is in critical state.

Thus 

                y = yc = 
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Further for a rectangular channel,
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Therefore, 

                    Q = (4.12 * 5)

                    Q = 20.6 m3/sec
6.5. Hydraulic Jump

By far the most important of the local non-uniform flow phenomena is that which occurs when supercritical flow has its velocity reduced to sub critical. There is sudden rise in water level at the point where hydraulic jump occurs (Rapidly varied flow). This is an excellent example of the jump serving a useful purpose, for it dissipates much of the destructive energy of the high velocity water, there by reducing downstream erosion. The turbulence with in hydraulic jumps has also been found to be very useful & effective for mixing fluids, & jumps have been used for this purpose in water treatment plant & sewage treatment plants.
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Fig 4.3. Hydraulic jump on horizontal bed following over a spillway.

     Purposes of hydraulic jump:-

i) To increase the water level on the d/s of the hydraulic structures

ii) To reduce the net up lift force by increasing the downward force due to the increased depth of water,

iii) To increase the discharge from a sluice gate by increasing the effective head causing flow,

iv) For aeration of drinking water

v) For removing air pockets in a pipe line

6.5.1. Analysis of hydraulic jump

      Assumptions

1) The length of the hydraulic jump is small, consequently, the loss of head due to friction is negligible,

2) The channel is horizontal as it has a very small longitudinal slope.  The weight component in the direction of flow is negligible.

3) The portion of channel in which the hydraulic jump occurs is taken as a control volume & it is assumed the just before & after the control volume, the flow is uniform & pressure distribution is hydrostatic.

Let us consider a small reach of a channel in which the hydraulic jump occurs.

The momentum of water passing through section (1) per unit time is given as:
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Momentum at section (2) per unit time is:
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Rate of change of momentum b/n section 1 & 2
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The net force in the direction of flow = F1-F2 ………………..(iv)
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 are the center of pressure at section (1) & (2)

Therefore F1-F2 =(M =(Q (V2-V1)
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From continuity eqn. Q= A*V,                 V= Q/A, so


[image: image59.wmf])

.........(

..........

..........

..........

..........

1

1

1

2

2

2

2

1

1

1

2

2

2

1

1

iv

A

A

g

Q

Y

A

Y

A

A

Q

A

Q

g

Q

Y

A

Y

A

÷

ø

ö

ç

è

æ

-

=

-

÷

÷

÷

ø

ö

ç

ç

ç

è

æ

-

=

-

g

g

g


 Rearranging this eqn.:
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M1and M2 are the specific forces at section (1) & (2) indicates that these forces are equal before & after the jump.

Y1= initial depth 

Y2 = sequent depth

Hydraulic jump in a rectangular channel

A1=By1
the section has uniform width (B)

A2= By2 
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Now from eqn. (Vii) above:
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Flow per unit width of q= Q/B            Q=qB, then eqn. (viii) becomes


[image: image63.wmf]2

2

2

2

2

2

2

2

1

1

2

2

By

Bgy

B

q

By

Bgy

B

q

+

=

+



[image: image64.wmf]2

1

1

2

1

2

2

2

1

2

y

y

y

y

g

q

-

=

ú

û

ù

ê

ë

é

-

…………………………………(.ix)


[image: image65.wmf](

)

(

)

1

2

2

1

2

2

2

1

2

2

y

y

y

y

y

y

g

q

-

-

=



[image: image66.wmf])

.........(

..........

..........

..........

..........

..........

0

2

)

........(

..........

..........

..........

..........

..........

).........

(

2

2

2

2

1

2

1

2

2

1

2

1

2

xi

g

q

y

y

y

y

x

y

y

y

y

g

q

=

-

+

+

=


This is quadratic eqn. & the solution is given as
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The ratio of conjugate depths;
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6.5.2. Energy dissipation in a Hydraulic Jump

The head loss hl.f caused by the jump is the drop in energy from section (1) to (2) or: 


hlf= (E = E1 - E2
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From eqn. (x) substituting: 
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 in to this eqn. & by rearranging:
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Therefore power lost = ( Q hlf (kw)…………………(3)

7. Types of Hydraulic jump

Hydraulic jumps are classified according to the upstream Froude number and depth ratio.

	F1
	y2/y1
	Classification

	<1
	1
	Jump impossible

	1-1.7
	1-2
	Undular jump (standing wave)

	1.7-2.5
	2-3.1
	Weak jump

	2.5-4.5
	3.1-5.9
	Oscillating jump

	4.5-9.0
	5.9-12
	Steady jump (45-70% energy loss)

	>9.0
	>12
	Strong or chopping jump (=85% energy loss)


Example

A hydraulic jump occurs on d/s side of the under sluice and the following values are obtained.

· Initial depth = 0.5m

· Velocity in U/S, V1 = 7m/sec

· Froude number = 2

Determine the sequent depth, velocity after jump, Froude number after jump and the energy loss.

Solution
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Therefore, y2 = 2.37m, > y2 = 2.37*0.5 = 1.2m
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