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Appendix O – Open Channel Flow

1.
Task
The instructor will guide you through this activity procedure.  
2.
Purpose
This activity will provide cadets with the basic concepts associated with open channel flow and how flow in an open channel differs from flow in pipes.  
3.
Learning Objectives
a) Understand what physical characteristics affect open channel flow based on Manning’s equation.

b) Understand and use the V-notch weir to make flow measurement calculations.

c) Understand and use the Parshall Flume to make flow measurement calculations.
d) Understand why the hydraulic jump is important in an open channel and how it occurs.

e) Understand the importance of hydraulic pumps.  

4.
Roles and Responsibilities
The Cadet Flight Commander will ensure the cadets arrive at the Environmental Classroom approximately 10 minutes prior to the scheduled start of this activity.

The Cadet Flight Commander will ensure proper safety procedures, as stated in Paragraph 6 below.

Each cadet will conduct themselves in a professional manner at all times.

5.
Assignments and Assessments
Cadets will receive a combined grade for the Open Channel Flow and Three-Reservoir (Appendix P) activities.  This grade will be determined by a 50-point quiz administered upon completion of the activities.  The quiz will be based on the learning objectives outlined in section 3.  These learning objectives may either be presented in the following text, and/or discussed in a lecture.  Consequently, cadets should review these objectives prior to the taking the quiz.  

6.
Safety
a) Take care when walking along the steep sloped sides of the open channel.  The channel could pose a potential hazard.  

b) Gloves should be worn around the channel, because there are many sharp concrete corners as well as rough edges from other material that could result in cuts.

c) Persons should not walk on or in the channel.

d) The Parshall flume is a fairly expensive measuring device, so persons should take caution around the flume.

e) This is an outdoor activity.  Proper care should be taken to avoid sunburn and dehydration.

f) In general, common sense should be used at all times, such as not climbing on the towers or turning valves unless directed to do so.

7.
Equipment List
Cadets should bring the following items to this activity:

a) Work gloves

b) Calculator

c) Notebook paper

d) Pencil

8.
Text 

BACKGROUND INFORMATION
a) Because the cross-sectional area of flow in an open channel constantly varies, the computations related to open channel flow are more complex than that of pipes flowing full, where the cross-sectional area is constant.   

b) In pipe flow, the pressure in the pipe causes movement of the water.  In an open channel, there is no pressure to cause water movement.  The flow is driven by elevation energy.  In other words, the force of gravity causes the water to move from higher to lower elevations.   

FLOW MEASUREMENT
The most commonly used devices for open channel flow measurement are weirs and flumes.  Both of these devices change the area of the stream which causes a change in the level of the water.  Using these devices, one can relate the resulting level of water to some feature of the measuring device in order to determine a flow quantity.  
WEIRS

A weir is an obstruction in an open channel over which flow occurs.  Although a dam spillway is an example of a weir, most weirs are intended specifically for flow measurement.  The weir is placed in a channel so that fluid backs up behind it and then falls through a notch cut into the weir, normally causing a waterfall effect over the crest of the weir.  There are different types of weirs, classified according to the geometric shape of the portion of the weir over which the flowing water is in contact.  Rectangular and V-notch (triangular) are the most common shapes for weirs.  The bottom of the notch is called the crest of the weir, and the crest height is measured from the bottom of the channel to the crest.  By simply knowing the dimensions of the notch of the weir, as well as the height of water above the crest (head of water, H), one can calculate the amount of flow over the weir, by using the theoretical equations for discharge over different type weirs.

V-notch Weirs
V-notch weirs are used when small flow rates are to be measured.  It is best for measuring discharges less than 1 ft3/s but can be fairly accurate up to 10 ft3/s.  The V-notch weir is simply a triangular notch cut into an otherwise rectangular weir.  The most commonly used angle for the notch is either 60(or 90(, although any angle from 35( to 120( is considered satisfactory.  




  V-notch weir
Measure the height, H, of water above the crest (height of water above the bottom of the notch).  Note:  the water level will drop slightly as the flow approaches the weir.  You must measure H some distance upstream of the weir – usually 6H – to eliminate this source of error.  Once H is determined, the volumetric flow can be calculated by using an equation for a specific shape.  For example, the flow rate for a 90º V-notched weir is:
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H = _________________ ft





Q = _________________ ft3/sec
FLUMES
A flume may be used to measure flow in an open channel when the use of a weir might not be practical.  A flume can usually measure a higher flow rate than that of a weir, but a flume is normally more expensive to install.  A flume is simply a specially shaped portion of an open channel.  The flume usually restricts the area of the channel and may also change the slope of the channel.  As seen below, a flume usually consists of a converging section to restrict the flow, a throat section, and a diverging section to ensure that the downstream depth of the fluid is less than the converging section of the flume.  The flow rate through the flume can be determined by measuring the liquid level (or head) at a point on the flume.          
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                                                 Basic Flume Configuration

Parshall Flume
The Parshall Flume is one of several different specific types of flumes designed to force the occurrence of critical flow.  It was initially developed for use in measuring irrigation water flow in 1920s by Dr. Ralph L. Parshall.  The Parshall flume is now used in sewage treatment plants and industrial and municipal sewer systems.  

The flow entering the flume needs to be free of turbulence to achieve an accurate flow rate measurement.  The initial converging section speeds the flow entering the flume which eliminates the possible depositing of any solid material that might hinder accurate flow measurement.  The level converging section and the drop in the floor provide accommodation for high levels of submergence without affecting the flow rate.  The constricted throat of the flume produces a water level (head) that is related to the flow rate.  Advantages of the Parshall Flume include its relatively low cleaning maintenance, and its capability to operate at wide volume ranges with only a single head measurement needed.  













For the Parshall Flume, the discharge is dependent on the width of the throat section and the head, H, where H is measured at a specific location along the converging section of the flume.  The constricted throat of the flume produces a head that is related to the flow rate.  The discharge equations for the Parshall Flume were developed empirically.  Some of these empirical equations are presented in the following table. 
	Throat Width (in)
	Flow Range (ft3/s)

               Min                                  Max
	Equation

(H in ft, Q in ft3/s)

	3
	0.03
	1.9
	Q = 0.992H1.547

	6
	0.05
	3.9
	Q = 2.06H1.58

	9
	0.09
	8.9
	Q = 3.07H1.53


CHANNEL SECTIONS
Some of the most frequently used shapes for open channels include rectangular, circular, trapezoidal and triangular.  The FERL channel is made up of all of these except the triangular cross-section.  The most efficient cross section for an open channel is the section that has the greatest carrying capacity for a given slope, area, and roughness coefficient.  That is to say, in order to get the greatest carrying capacity, the wetted perimeter for a given cross-sectional area must be minimized (maximize the hydraulic radius).  

a) Wetted Perimeter.  The length of the channel cross section that is in contact with water.  The air-water interface is not included in the wetted perimeter.

b) Hydraulic Radius.  The ratio of the cross-sectional area in flow to the wetted perimeter.  
If slope, area, and roughness were constant for the various cross-sectional shapes mentioned above, a circular section flowing half full (semi-circular cross-section) would prove the most efficient.  
Trapezoidal sections, however, are much easier to construct than semi-circular sections, and they approximate a semi-circular shape.  Consequently, trapezoidal channels are nearly as efficient as circular channels.  That is why most large open channels for water conveyance are built as trapezoids.

In addition to varying cross-sectional shapes, the FERL channel has varying slopes and surface roughness throughout.  Robert Manning developed an equation that utilizes such channel information to find the average velocity for a channel section.  The equation is as follows:
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where:

v = average velocity of flow (ft/sec)

R = hydraulic radius (ft)

S = slope of channel at section of interest

n = Manning’s coefficient for different surfaces 
      Channel Description                                                                       Manning, n



Glass, copper, plastic, or other smooth surfaces
0.010


Smooth unpainted steel, planed wood
0.012


Painted steel or coated cast iron
0.013


Smooth asphalt, common clay drainage tile, glazed brick
0.013


Uncoated cast iron, black wrought iron pipe
0.014


Brick in cement mortar
0.015


Formed, unfinished concrete
0.017


Clean excavated earth
0.022


Corrugated metal storm drain pipe
0.024


Earth with light brush
0.050


Earth with heavy brush
0.100
(Taken from Mott p. 357)

For this activity you will use Manning’s equation to determine the average velocity for each particular channel cross section:, rectangular, trapezoidal, circular and corrugated circular.

Example:  Determine the wetted perimeter and hydraulic radius for the given rectangular channel

WP = ______________ ft














Rh = ________________ ft

HYDRAULIC JUMP
The hydraulic jump is a curious open channel flow phenomenon.  The flow before the jump is rapid and shallow (supercritical flow).  The flow at the jump becomes turbulent and a large amount of energy is dissipated.  Following the jump, the flow has a much lower velocity and flows at a greater depth (subcritical flow).  The conservation of energy must prevail.  Energy is measured relative to the bottom of the channel.  The total energy is based on potential energy plus kinetic energy.  Potential energy is due to the depth of the fluid, and kinetic energy is due to the velocity of the fluid.  The higher velocity flow (kinetic energy) coming off the slope is slowed by the straight portion of the channel.  Once the high velocity flow hits the straight portion, the fluid wants to slow down, transferring the kinetic energy to potential energy and causing the fluid to flow at a greater depth.  This sudden change in depth of flow produces the hydraulic jump phenomenon.  The hydraulic jump is built into a channel to intentionally dissipate energy to prevent erosion of the channel from the previously high velocity fluid.  
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Redrawn from Applied Fluid Mechanics

Notes:
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