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PREFACE

The mission of many public and private water resources organizations is to manage and conserve
existing water supplies. These management efforts involve making sound technical and
economic decisions concerning new and existing water needs, while respecting the environment
by sustaining or restoring the aquatic ecosystems which may be affected. One key to better
management practices, including water conservation, is reliable and accurate water
measurement. The term "water measurement" as used in this manual refers to the measurement
of flow (unit volume per unit time). Major advances in measurement technology along with a
continued demand for the Water Measurement Manual are responsible for initiating this revision.

The first edition of the Water Measurement Manual (1953) had a distribution of 11,000 copies
and was compiled from the Bureau of Reclamation (Reclamation) publication Manual for
Measurement of Irrigation Water (1946). This previous manual had five earlier editions
beginning in 1913 and extending to 1940. The continual demand for the Water Measurement
Manual and the need for updating resulted in the second edition (1967). From 1967 to 1984, two
revised reprints plus five reprints of the second edition were published. The demand and need for
the second edition has continued because of conservation pressure and increased user
competition for water; therefore, this third edition was prepared to supplement and update
information contained in the second edition.

Modern trends of technical practice, along with the developments in personal computers, have
resulted in increased emphasis on using custom-fitted, long-throated measurement structures that
can be designed to measure flow and are simpler to fabricate. Consequently, fewer short-form
flumes are being considered for new installations. Thus, information on Parshall flumes has been
reduced and incorporated in the more general "Flumes" chapter, which recommends long-
throated flumes for new installation in preference to Parshall flumes.

The main Parshall flume information retained in this edition relates to maintenance and operation
needs of existing flumes, including flume dimensions, free flow measurement, submerged flow
measurement, and head losses. The sections on size selection and setting crest elevation for
Parshall flumes have been deleted or reduced in this edition. Where Parshall flumes may be
desired or required by State law, examples in the previous editions of the manual can be referred
to for size selection and setting the crest elevation.

New chapters and sections were added to make the third edition more current technologically
and more useful to other government organizations. The new chapters added are:

o Basic Concepts Related to Flowing Water and Measurement
o Selection of Water Measuring Devices

e Measurement Accuracy

o Inspection of Water Measurement Systems

e Acoustic Flow Measurement

e Discharge Measurement Using Tracers



Russ Dodge was the primary author/editor for the revisions in this third edition. Reclamation
especially appreciates the efforts of John Replogle and Albert Clemmens (from the U.S. Water
Conservation Laboratory) of the Agricultural Research Service for writing major portions of
chapters or separate sections relating to selection of devices, long-throated flumes, overshot
weirs, and other devices, as well as for reviewing revisions of the entire manual.

Reclamation is also indebted to the U.S. Natural Resources Conservation Service, formerly the
Soil Conservation Service, for contribution of material and reviews by Leland Hardy and
Thomas Spofford. In addition to personnel from outside organizations, several Reclamation
personnel contributed to revisions of new sections and chapters. Warren Frizell revised the
chapter on measuring and recording water stage or head and conducted a peer review of the
manual. Tracy Vermeyen wrote the chapter on acoustic flow measurements. Brent Mefford
wrote much of the chapter on selection of water measurement devices. Dave Rogers wrote the
section on radial gate flow measurements and the use of the RADGAT computer program. Tony
Wahl compiled the tables in appendix A. Cliff Pugh coordinated the assembly, reviews, and
publication. Jerry Fitzwater assembled and modified many of the drawings and figures. Tom
Hovland was the primary technical editor in charge of publication editing and organization, and
Teri Manross did the desktop publishing and copy editing. Jim Higgs created the online version
of the manual, which is available at www.usbr.gov/pmts/hydraulics_lab/pubs/wmm/

Certain trade names appear in the manual. Mention of such names should not be construed as an
endorsement or recommendation of a product by the Bureau of Reclamation, Agricultural
Research Service, or Natural Resource Conservation Service.
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CHAPTER 1 - INTRODUCTION

1. Need

Public concepts of how to share and manage the finite supplies of water are changing. Increasing
competition exists between power, irrigation, municipal, industrial, recreation, aesthetic, and fish
and wildlife uses. Within the United States, critical examinations of water use will be based on
consumption, perceived waste, population density, and impact on ecological systems and
endangered species. Water districts will need to seek ways to extend the use of their shares of
water by the best available technologies. Best management measures and practices without
exception depend upon conservation of water. The key to conservation is good water
measurement practices.

As district needs for water increase, plans will be formulated to extend the use of water. Rather
than finding and developing new sources, water often can be less expensively provided by
conservation and equitable distribution of existing water supplies. Every cubic foot of water
recovered as a result of improving water measurement produces more revenue than the same
amount obtained from a new source. Better measurement procedures extend the use of water
because poor operation and deterioration usually result in the delivery of excess water to users or
lose it through waste. Beyond the district or supply delivery point, attention to measurement,
management, and maintenance will also extend the farmer's water use and help prevent reduced
yields and other crop damage caused by over-watering.

2. Benefits of Better Water Measurement

Besides proper billing for water usage, many benefits are derived by upgrading water
measurement programs and systems. Although some of the benefits are intangible, they should
be considered during system design or when planning a water measurement upgrade. Good water
management requires accurate water measurement. Some benefits of water measurement are:

e Accurate accounting and good records help allocate equitable shares of water between
competitive uses both on and off the farm.

e Good water measurement practices facilitate accurate and equitable distribution of water
within district or farm, resulting in fewer problems and easier operation.

e Accurate water measurement provides the on-farm irrigation decision-maker with the
information needed to achieve the best use of the irrigation water applied while typically
minimizing negative environmental impacts.

o Installing canal flow measuring structures reduces the need for time-consuming current
metering. Without these structures, current metering is frequently needed after making
changes of delivery and to make seasonal corrections for changes of boundary resistance
caused by weed growths or changes of sectional shape by bank slumping and sediment
deposits.

o Instituting accurate and convenient water measurement methods improves the evaluation
of seepage losses in unlined channels. Thus, better determinations of the cost benefits of
proposed canal and ditch improvements are possible.

e Permanent water measurement devices can also form the basis for future improvements,
such as remote flow monitoring and canal operation automation.
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e Good water measurement and management practice prevents excess runoff and deep
percolation, which can damage crops, pollute ground water with chemicals and
pesticides, and result in project farm drainage flows containing contaminants.

e Accounting for individual water use combined with pricing policies that penalize
excessive use.

3. Scope

This revised manual has three principal purposes. The first is to provide water users and districts
guidance in selecting, managing, inspecting, and maintaining their water measurement devices.
The second is to describe the standard methods and devices commonly used to measure irrigation
water. The third is to acquaint irrigation system operators with a variety of other established but
less common methods and with new or special techniques.

4. Use of the Manual

The order of chapters, or even sections within chapters, will not match all reader preferences or
needs. Readers are not expected to read this manual from beginning to end. Individual readers
have their own needs and can find required subjects and sections in the index and table of
contents. Also, this manual does not attempt to fully cover advanced water measurement
technology or theory. Nor is the manual meant to be a substitute for codes or standards such as
International Organization for Standards (ISO) (1975) (1983) (1991) or American Society of
Mechanical Engineers (ASME) (1992). These or other standards may be deemed necessary by
regulation or management decision. When advance application approaches are needed, the reader
should go to references at the end of each chapter. Good office references to have on hand are
Bos (1989), which thoroughly covers water measurement devices; Bos et al. (1991) on flumes;
and Clemmens et al. (1993), which provides software and excellent discussions of long-throated
flumes and broad-crested weir computer design and calibration. The U.S. Government (1980)
compiled a handbook containing information and references concerning most kinds of devices
and techniques for open and closed channel flow. This publication also contains information
concerning developing gaging stations with both permanent and shifting controls, both manmade
and natural. The American Society of Mechanical Engineers (1971) and International
Organization for Standards (ISO) (1991) provide considerable information on venturi meters and
orifices in pipelines and give approach length requirements for various valve and bend
combinations upstream from these meters. The Agricultural Research Service (ARS) Field
Manual (Brakensiek et al., 1979) has information on H-flumes, triangular short-crested weirs,
current metering, and other devices and methods used in agricultural hydrology.
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CHAPTER 2 - BASIC CONCEPTS RELATED TO FLOWING WATER AND
MEASUREMENT

1. Introduction

Experiences with the Bureau of Reclamation's Water Management Workshops, held each year in
Denver, Colorado, have indicated a need to explain fundamental concepts of flowing water and
its measurement. The workshops have also demonstrated the need to present concepts in simple
terms using step-by-step development (Schuster, 1970). Because of more recent water
measurement developments and the new chapters and sections added to this edition, this chapter
has expanded the previous edition's appendix material into a more complete form. Thus, many
more equations are included to maintain step-by-step development of the new material. Readers
who have difficulties with algebra or the technical writing level should skim the text to provide
exposure to concepts and terminology related to water measurement. More experienced water
providers and users can use this chapter as a quick review of hydraulic principles related to water
measurement.

Eventually, operators may wish to further investigate and seek more advanced references in
hydraulics and fluid mechanics. Streeter (1951) has a chapter on flow measurement that covers
tube-type flow meters. Bean (1971) has full information on fluid meter theory and provides
detailed material for determining coefficients for tube-type meters. King and Brater (1963) have
a thorough discussion of general critical depth relations and detailed relationships for most
common hydraulic flow section shapes. Bos (1989) covers the entire field of open channel water
measurement devices.

2. Kinds of Flow

Flow is classified into open channel flow and closed conduit flow. Open channel flow conditions
occur whenever the flowing stream has a free or unconstrained surface that is open to the
atmosphere. Flows in canals or in vented pipelines which are not flowing full are typical
examples. The presence of the free water surface prevents transmission of pressure from one end
of the conveyance channel to another as in fully flowing pipelines. Thus, in open channels, the
only force that can cause flow is the force of gravity on the fluid. As a result, with steady
uniform flow under free discharge conditions, a progressive fall or decrease in the water surface
elevation always occurs as the flow moves downstream.

In hydraulics, a pipe is any closed conduit that carries water under pressure. The filled conduit
may be square, rectangular, or any other shape, but is usually round. If flow is occurring in a
conduit but does not completely fill it, the flow is not considered pipe or closed conduit flow, but
is classified as open channel flow.

Flow occurs in a pipeline when a pressure or head difference exists between ends. The rate or
discharge that occurs depends mainly upon (1) the amount of pressure or head difference that
exists from the inlet to the outlet; (2) the friction or resistance to flow caused by pipe length, pipe
roughness, bends, restrictions, changes in conduit shape and size, and the nature of the fluid
flowing; and (3) the cross-sectional area of the pipe.
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3. Basic Principles of Water Measurement

Most devices measure flow indirectly. Flow measuring devices are commonly classified into
those that sense or measure velocity and those that measure pressure or head. The head or
velocity is measured, and then charts, tables, or equations are used to obtain the discharge. Some
water measuring devices that use measurement of head, /4, or pressure, p, to determine discharge,

0, are:

(1) Weirs

(2) Flumes

(3) Orifices

(4) Venturi meters

(5) Runup measurement on a flat "weir stick"

Head, 4, or depth commonly is used for the open channel devices such as flumes and weirs.
Either pressure, p, or head, 4, is used with tube-type flowmeters such as a venturi.

Pressure, p, is the force per unit area as shown on figure 2-1 that acts in every direction normal to
containing or submerged object boundaries. If an open vertical tube is inserted through and flush
with the wall of a pipe under pressure, water will rise to a height, 4, until the weight, W, of water
in the tube balances the pressure force, F,, on the wall opening area, a, at the wall connection.
These tubes are called piezometers. The volume of water in the piezometer tube is designated /a.
The volume times the unit weight of water, yha, is the weight, W.

-~ W=alue of waler
! /b =ha
I'f s B= b o wedar A fhe Tade
/ pusrortas by FRe ressoee g
= o G=Area ol pieranmeler Kaje
;L
i

. e
_ s |
fo=ipalethe

Thugs p=Fn

Figure 2-1. — Pressure definition
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The pressure force, F), on the tap connection area is designated pa. The weight and pressure
force are equal, and dividing both by the area, a, gives the unit pressure on the wall of the pipe in
terms of head, 4, written as:

p=1h 1)

or:

= £ 2
y

Thus, head is pressure, p, divided by unit weight of water, y, or 62.4 pounds per cubic foot
(Ib/ft). Pressure is often expressed in psi or pounds per square inch (Ib/in”), which may be
converted to feet of water by multiplying the (Ib/in®) value by 2.31. For example, 30 Ib/in” is
produced by 69.3 feet of water. When the head principle is used, the discharge, Q, is computed
from an equation such as the one used for a sharp-crested rectangular weir of length, L:

0 = CLKh*”? (2-3)

A coefficient, C, is included that accounts for simplifying assumptions and other deficiencies in
deriving the equation. The coefficient can vary widely in nonstandard installations, but is well
defined for standard installations or is constant over a specified range of discharge.

The flow cross-sectional area, A, does not appear directly in the equation, but an area can be
extracted by rewriting this equation:

O = CLhh'? (2-4)
in which:

A=Lh (2-5)
In this form, C also contains a hidden square root of 2g, which, when multiplied by ()", is the
theoretical velocity. This velocity does not need to be directly measured or sensed. Because the
weir equation computes velocity from a measuring head, a weir is classified as a head measuring
device.

Some devices that actually sample or sense velocities, v, are:

(1) Float and stopwatch
(2) Current and propeller meters
(3) Vane deflection meters

These devices generally do not measure the average velocity, V, for an entire flow cross section.
Thus, the relationship between sampled velocities, v, and the mean velocity, V, must be known as
well as the flow section area, 4, to which the mean velocity applies. Then, the discharge, O,
sometimes called the flow rate, is the product, 4V.
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Discharge or rate of flow has units of volume divided by unit time. Thus, discharge can be
accurately determined by measuring the time, ¢, to fill a known volume, V,,:

0- VT (2-6)

Water measurement devices can be calibrated using very accurate volumetric tanks and clocks.
More commonly, weight of water in the tanks is used by converting the weight of water per unit
volume. The weight of water per cubic foot, called unit weight or specific weight, vy, is 62.4 1b/ft’
at standard atmospheric conditions.

4. Discharge-Area-Velocity Relationships

Flow rate or discharge, Q, is the volume of water in cubic feet passing a flow section per unit
time, usually measured in cubic feet per second (ft*/s). The distance, d,, in feet that water will
travel at a given velocity in a pipe of constant diameter is velocity, V, in feet per second (ft/s)
multiplied by time, ¢, in seconds, or:

d, =Vt (2-7)

The volume, V,, in cubic feet passing from the upstream to the downstream ends of this distance
is the distance, d,, in feet times area, 4, in square feet of the flow section. Thus:

Vo=dA=AVt (2-8)

To get the time rate of flow or discharge, Q, in cubic feet per second, divide the right and left
sides of equation 2-8 by time, ¢, in seconds, resulting in:

0 = AV (2-9)

Flow in open channels of rectangular cross section is often expressed in terms of unit discharge,
¢, in cubic feet per second per foot of width which is discharge, Q, in cubic feet per second
divided by cross-sectional width, L, in feet or:

The area, A4, is LD, where D is the depth of flow. The continuity concept is an important
extension of equation 2-9. On the basis that water is incompressible and none is lost from a
flowing system, then as the cross-sectional area changes, the velocity must adjust itself such that
the values of Q or V4 are constant:

Q :A]V] = AngZ ....... = AnVn (2-11)
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where the subscript denotes any number of arbitrarily selected positions along the flowing
system. This principle, known as continuity, is especially useful in the analysis of tube flow
measurement devices such as the venturi meter.

5. Flow Totalization

Water is sold and measured in terms of total volume consumed, say cubic feet, over some
convenient time period, perhaps for billing each month. Many flowmeters have built in
capability to sum or totalize volume continually. Thus, the volume consumed is obtained by
taking the difference of two sequential monthly readings. To aid irrigation operation and
management, most meters provide instantaneous rate of flow or discharge displayed in units such
as cubic feet per second. These flow rates are used to set flow and predict the volume of water
that will be consumed for intervals of time after flow setting.

6. Other Examples of Velocity Flow Measurement Devices

Measuring devices not previously mentioned are dilution in the concentration of tracers, such as
salts and dyes; acoustic or magnetic meters; pitot tubes; rotameters, which are tapered tubes with
suspended flow indicators; and many others that are not commonly used. In the dilution method,
discharge is calculated by determining the quantity of water necessary to dilute a known quantity
of concentrated chemical or dye solution. Chemical analysis or color comparison is used to
determine the degree of dilution of the injected or mixed samples. In transit time acoustic meters,
the velocity of sound pulses in the direction of flow is compared to the velocity of sound pulses
opposite to the direction of flow to determine the mean velocity and, thus, discharge. With
Doppler acoustic meters, sound pulses are reflected from moving particles within the water mass,
similar to radar. In the magnetic meter, the flowing water acts like a moving electrical conductor
passing through a magnetic field to produce a voltage that is proportional to discharge. Pitot
tubes relate velocity head, V?/2g, to discharge.

7. Velocity Head Concept

A dropped rock or other object will gain speed rapidly as it falls. Measurements show that an
object dropping 1 foot (ft) will reach a velocity of 8.02 feet per second (ft/s). An object dropping
4 ft will reach a velocity of 16.04 ft/s. After an 8ft drop, the velocity attained is 22.70 ft/s. This
gain in speed or acceleration is caused by the force of gravity, which is equal to 32.2 feet per
second per second (ft/s?). This acceleration caused by gravity is referred to as g.

If water is stored in a tank and a small opening is made in the tank wall 1 ft below the water
surface, the water will spout from the opening with a velocity of 8.02 ft/s. This velocity has the
same magnitude that a freely falling rock attains after falling 1 ft. Similarly, at openings 4 ft and
8 ft below the water surface, the velocity of the spouting water will be 16.04 and 22.68 ft/s,
respectively. Thus, the velocity of water leaving an opening under a given head, 4, is the same as
the velocity that would be attained by a body falling that same distance.

The equation that shows how velocity changes with /4 and defines velocity head is:

V= 2gh (2-12)
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which may also be written in velocity head form as:

2
=" (2-13)
2g

8. Orifice Relationships

Equations 2-9 and 2-13 can be used to develop an equation for flow through an orifice, which is
a sharp-edged hole in the side or bottom of a container of water (figure 2-2a). To find the
velocity of flow in the orifice, use equation 2-13, then multiply by area to get AV, or discharge,
0, resulting in:

0,=A\2gh (2-14)

The subscript ¢ denotes theoretical discharge through an orifice. This equation assumes that the
water is frictionless and is an ideal fluid. A correction must be made because water is not an
ideal fluid. Most of the approaching flow has to curve toward the orifice opening. The water,
after passing through the orifice, continues to contract or curve from the sharp orifice edge. If the
orifice edges are sharp, the jet will appear as shown on figure 2-2. The maximum jet contraction
occurs at a distance of one-half the orifice diameter (d/2) downstream from the sharp edge. The
cross-sectional area of the jet is about six-tenths of the area of the orifice. Thus, equation 2-14
must be corrected using a contraction coefficient, C., to produce the actual discharge of water
being delivered. Thus, the actual discharge equation is written as:

0.=C.A2gh (2-15)

For a sharp-edged rectangular slot orifice where full contraction occurs, the contraction
coefficient is about 0.61, and the equation becomes:

0,=0.614,2gh (2-16)
A nonstandard installation will require further calibration tests to establish the proper contraction
coefficient because the coefficient actually varies with the proximity to the orifice edge with
respect to the approach and exit boundaries and approach velocity.
9. Thin Plate Weir Relationships
Most investigators derive the equation for sharp-crested rectangular weirs by mathematical
integration of elemental orifice strips over the nappe (Bos, 1989). Each strip is considered an

orifice with a different head on it.

The resulting rectangular weir equation for theoretical discharge is:
2
0= 329" L™ (2-17)
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A correction factor is needed to account for simplifications and assumptions. Thus, a discharge
coefficient, Cy, is added to obtain actual discharge, expressed as:

0.,=Cy % J2g Lyh*? (2-18)

This relationship is the basic weir equation and can be modified to account for weir blade shape
and approach velocity. However, C; must be determined by analysis and calibration tests. For
standard weirs, C; is well defined or constant for measuring within specified head ranges.

;
;
fr

Figure 2-2b -- Contraction at an orifice.
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10. Energy Balance Flow Relationships

Hydraulic problems concerning fluid flow are generally handled by accounting in terms of
energy per pound of flowing water. Energy measured in this form has units of feet of water. The
total amount of energy is that caused by motion, or velocity head, 7*/2g, which has units of feet,
plus the potential energy head, Z, in feet, caused by elevation referenced to an arbitrary datum
selected as reference zero elevation, plus the pressure energy head, 4, in feet. The head, 4, is
depth of flow for the open channel flow case and p/y defined by equation 2-2 for the closed
conduit case. This summation of energy is shown for three cases on figure 2-3.

£

Figure 2-3a -- Energy balance in pipe flow.

&
'z, : 4 J
Figure 2-3b -- Energy balance in open channel flow.
o Y[hler *H;

Figure 2-3c -- Specific energy balance.

Figures 2-3a and 2-3b show the total energy head, H; for example, at point 1, in a pipe and an
open channel, which can be written as:

2

Hi=h + V; + 7 (2-19)
2g

2-8
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2

e
Hy=hy+ -2 + 7, (2-20)
2g

Energy has been lost because of friction between points 1 and 2, so the downstream point 2 has
less energy than point 1. The energy balance is retained by adding a head loss, //(1-2). The total
energy balance is written as:

VZ VZ
h = L+ Z1= hy+ -2 + 7, + hf(l_z) (2-21)
2g 2g '

The upper sloping line drawn between the total head elevations is the energy gradeline, egl. The
next lower sloping solid line for both the pipe and open channel cases shown on figure 2-3 is the
hydraulic grade line, 4g/, which is also the water surface for open channel flow, or the height to

which water would rise in piezometer taps for pipe flow.

A special energy form is commonly used in hydraulics in which the channel invert is selected as
the reference Z elevation (figure 2-3c). Thus, Z drops out, and energy is the sum of depth, %, and
velocity head only. Energy above the invert expressed this way is called specific energy, E. This
simplified form of energy equation is written as:

2
Specific energy = E = IZ/_ +h (2-22)
g

Equations 2-21 and 2-11 lead to several interesting conclusions. In a fairly short pipe that has
little or insignificant friction loss, total energy at one point is essentially equal to the total energy
at another point. If the size of the pipeline decreases from the first point to the second, the
velocity of flow must increase from the first point to the second. This increase occurs because
with steady flow, the quantity of flow passing any point in the completely filled pipeline remains
the same. From the continuity equation (equation 2-11), when the flow area decreases, the flow
velocity must increase.

The second interesting point is that when the velocity increases in the smaller section of the
pipeline, the pressure head, /4, decreases. At first, this decrease may seem strange, but equation 2-
21 shows that when ?/2g increases, 4 must decrease proportionately because the total energy
from one point to another in the system remains constant, neglecting friction loss. The fact that
the pressure does decrease when the velocity in a given system increases is the basis for tube-
type flow measuring devices.

In open channel flow where the flow accelerates, more of its supply of energy becomes velocity
head, and depth must decrease. On the other hand, when the flow slows down, the depth must
increase.

2-9

An example of accelerating flow with corresponding decreasing depth is found at the approach to
weirs. The drop in the water surface is called drawdown. Another example occurs at the entrance
to inverted siphons or conduits where the flow accelerates as it passes from the canal, through a



contracting transition, and into the siphon barrel. An example of decelerating flow with a rising
water surface is found at the outlet of an inverted siphon, where the water loses velocity as it
expands in a transition back into canal flow.

Flumes are excellent examples of measuring devices that take advantage of the fact that changes
in depth occur with changes in velocity. When water enters a flume, it accelerates in a
converging section. The acceleration of the flow causes the water surface to drop a significant
amount. This change in depth is directly related to the rate of flow.

11. Hydraulic Mean Depth and Hydraulic Radius

Figure 2-4 shows an irregular flow cross section with different methods for defining depth of
flow. In terms of frictional head losses, the perimeter is important. Hydraulic radius, R;, is
defined as the area of the flow section divided by the wetted perimeter, P,,, which is shown on
figure 2-4 and is written as:

A
R,=— (2-23
=5 (2-23)

w

Thus, wetted perimeter times the hydraulic radius is equal to the area of irregular section flow as
shown on figures 2-4a and 2-4c.

For use in Froude number and energy relationships in open channel flow hydraulics, mean depth,
hm, 1s defined as the depth which, when multiplied by the top water surface width, 7, is equal to
the irregular section area, 4, shown on figures 2-4a and 2-4b, of the flow section and is
commonly used for critical flow relationships. The equation for hydraulic mean depth, #4,,, is:

A
hw= = (2-24
7 (229

In rectangular channels, hydraulic radius, R;, does not equal depth, but approaches depth as the
channel becomes very wide. However, the hydraulic mean depth, #,,, is the same as the depth of
the rectangular flow section.
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Figure 2-4 -- Definitions of hydraulic radius and hydraulic
mean depth (area is the same for all three cases).

12. Froude Number, Critical Flow Relationships

In open channel hydraulics, the Froude number is a very important non-dimensional parameter.
The Froude number, F, is the ratio of inertia force to gravity force, which simplifies to:

F

r (2-25)

V&h,

where the subscript m denotes hydraulic mean depth as defined previously in section 11 of this
chapter.

For open channel modeling, the Froude number of a model is made equal to the Froude number
of the actual full size device. The length ratio is set and the scale ratios for velocity and discharge
are determined from the equality. However, the modeler must make sure that differences in
friction loss between the model and the actual device are insignificant or accounted for in some
way.



Open channel flow water measurement generally requires that the Froude number, F, of the
approach flow be less than 0.5 to prevent wave action that would hinder or possibly prevent an
accurate head reading.

When the Froude number is 1, the velocity is equal to the velocity of wave propagation, or
celerity. When this condition is attained, downstream wave or pressure disturbances cannot
travel upstream. A Froude number of 1 also defines a very special hydraulic condition. This flow
condition is called critical and defines the critical mean depth and critical velocity relationship
as:

F.= Ve (2-26)

V&h.,

The subscript ¢ denotes critical flow condition. The critical hydraulic mean depth, 4., is the
depth at which total specific energy is minimum for a given discharge. Conversely, /4., s the
depth at which the discharge is maximum for a given total specific energy. When depth is greater
than critical, the resulting velocity is considered streaming or tranquil and is called subcritical
velocity. Conversely, when the depth is less than critical, the flow is rapid or shooting and is
called super-critical velocity.

Water measurement flumes function best by forcing flow to pass through critical depth; then
discharge can be measured using one head measurement station upstream. Also, for weirs and
flumes, one unique head value exists for each discharge, simplifying calibration. This flow
condition is called free flow. However, if the downstream depth submerges critical depth, then
separate calibrations at many levels of submergence are required, and two head measurements
are needed to measure flow.

Designing flumes for submerged flow will always decrease accuracy of flow measurement.
Flumes and weirs can be submerged unintentionally by poor design, construction errors,
structural settling, attempts to supply increased delivery needs by increasing downstream heads,
accumulated sediment deposits, or weed growths.

Important critical flow relationships can be derived using equation 2-26 and rewriting in the
form:

Ve=\gh, (2-27)
Solving for head in equation 2-27 results in:

p2
g

hcm =

(2-28)

Dividing both sides of this equation by 2 gives critical velocity head in terms of critical mean
depth written as:
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v: oh
¢ = Zem (2.29)
2g 2

The total energy head with Z equal to zero for critical flow using equation 2-19 is:

2
H.=h .+ Ve
2

(2-30)

Squaring both sides of equation 2-27 and replacing velocity with O/4 and A, with A4/T according
to equation 2-24 and rearranging results in:

Q2 A3

g T,

(2-31)

This equation and the specific energy equation 2-22 are the basic critical flow relationships for
any channel shape.

13. Discharge Equation for Broad-Crested Rectangular Weirs

The discharge equation for the rectangular broad-crested weir will now be derived similar to Bos
(1989). The width, L, of a rectangular flow section is the same as 7, the top water surface width.

Also, h, is the same as /., and using equation 2-29 for velocity head, equation 2-30 can be
rewritten as:

H.=h, + % (2-32)

or:
3
H.= =h. (2-33)
2
Conversely:
he = %HC (2-34)

Multiplying both sides of equation 2-27 by the area, A, of the flow section, which is Lyh,, results
in discharge expressed as:

O = LoherJgh, = Ly~Jgh. > (2-35)

To get unit discharge, g, this equation is divided by the width of flow, L, resulting in:



q=2 =eh * @236)

b

2
he=3 /q; (2-37)

Using equation 2-34 to replace 4. with H, in equation 2-35 results in theoretical discharge, O;:

Solving for A.:

01=Lifg (5 o™ (2:39)

Discharges in equations 2-35 through 2-38 are usually considered actual, assuming uniform
velocity throughout the critical depth cross section and assuming that no correction of velocity
distribution is needed.

Because specific energy is constant in a fairly short measuring structure with insignificant
friction losses, specific energy, H,, at the critical location can be replaced with specific energy,
H,, at a head measuring station a short distance upstream. However, some friction loss, possible
flow curvature, and non-uniform velocity distribution occur. Thus, a coefficient of C; must be
added to correct for these effects, resulting in an expression for actual discharge:

2 2
0.= Cdng \g gH*? (2-39)

For measurement convenience, the total head, Hj, is replaced with the depth, 4;. To correct for
neglecting the velocity head at the measuring station, a velocity coefficient, C,, must be added,
resulting in:

0. = Cdch% E h"? (2-40)

This equation applies to both long-throated flumes or broad-crested weirs and can be modified
for any shape by analyses using the energy balance with equation 2-31.

These equations differ only in numerical constants that are derived from assumptions and
selection of basic relationships used in their derivation. However, experimental determination of
the coefficient values for C and C, would compensate, making each equation produce the same
discharge for the same measuring head. Either equation could be used.

The examples given above show that traditional discharge equations are often a mixture of
rational analysis and experimental coefficient evaluation.
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However, recent development of computer modeling of long-throated flumes (Clemmens et al.
[1991]) precludes the need for experimental determination of coefficients. These long-throated

flumes are covered in chapter 8.

14. Application of Energy Principle to Tube-Type Flowmeters

The energy equation can be used to derive the venturi meter (figure 2-5) equation by assuming
that the centerline of the meter is horizontal (Z; = Z,); and due to its short length, there is no
head loss, /iy = 0. Although these assumptions were made to simplify the derivation, the final

results will be identical for any orientation of the venturi meter.
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Figure 2-5 -- Venturi meter.

Thus:

2 2
hy + V; = hy + VL (2-41)
2g 2g

By the continuity equation for the approach and throat sections:
V]Al = V2A2 (2-42)

Either V; or V, can be solved for in terms of the other; for example:

V=7, (%) (2-43)

2

Substituting this result into the energy equation results in:

V> v: oA
i+ = = hy + ;(_1)2 (2-44)
2g 2g A4,

Solving for the head difference gives:

L L
2g A4, 2g 2g

A, S

h]-h2=

:I'Heun' loes

(Gop B [(%)2—1] (2-45)
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Solving for V2

2 _ (h —hy)2g

,
LA

(2-46)

Taking the square root of both sides and multiplying both sides by 4; results in the theoretical
discharge equation:

2g(h, —h,) (2-47)

=Vd =4
O 141 1 4
) -1
AZ

To obtain actual discharge, a coefficient, C;, added to compensate for velocity distribution and
for minor losses not accounted for in the energy equation yields:

Some investigators solve for discharge using throat area and velocity, resulting in:

2g(h, —h,

) (2-48b)
1- (;2)2

0.,=Cy4>

However, equations 2-48a and 2-48b are identical and can be converted to:

2g(hy —h,)

2 2

1 2

Q.= CqA142 (2-49)

Equations 2-48b and 2-49 also apply to nozzles and orifices in pipes. On figure 2-5, the hydraulic
grade line, hgl, represents the pressure that acts on the walls of the venturi meter. An appreciable
drop will be noticed at the narrow throat, and a gradual pressure rise is seen as the flow leaves
the throat and smoothly spreads and slows in the expanding portion of the meter.

Figure 2-6 shows the conditions that occur in a pipe orifice meter. As the flow approaches the
orifice plate, the water near the pipe walls is slowed and stopped in the corners formed by the
plate and the pipe walls. As a result, the pressure just ahead of the orifice at point B is a little
greater than in the pipeline farther upstream at A. As the flow accelerates and passes through the
orifice, the pressure drops and is lowest just downstream from the plate where the jet is smallest,
and the velocity is highest at point C.
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Farther down-stream, the flow begins to spread out and slow down, and a rise in pressure occurs
at points D and E.
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Figure 2-6 -- Pipe orifice meter.

In both venturi meters and orifice meters, the pressure difference between the inlet tap and the
throat or minimum pressure tap is related to discharge tables or curves using the suitable
coefficients with the proper equation. An example discharge curve is shown for an 8-inch (in)
venturi meter on figure 2-7. Thus, the meters may serve as reliable flow measuring devices.
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Figure 2-7 -- Typical calibration curve for an 8-in venturi
meter.

15. Equation Coefficients

The previous examples show that coefficients are used in water measurement to correct for
factors which are not fully accounted for using simplifying assumptions during derivations of
equations. For the convenience of using a measured water head, /,, instead of the more complex
total head, H;, C, is used because velocity head is often ignored in equations.

Orifices require an area correction to account for jet contraction in an orifice, the flow is forced
to curve around and spring from the sharp edge, forming a contracted jet or vena contracta. Thus,
the contracted area of flow, 4., should be used in hydraulic relationships. Thus, the area, 4,, of
the orifice must be corrected by a coefficient of contraction defined as:

Co=== (2-50
-+ @30

4

Properly designed venturi meters and nozzles have no contraction, which makes C, unity
because of the smooth transitions that allow the water to flow parallel to the meter boundary
surfaces. Ultimately, the actual discharge must be measured experimentally by calibration tests,
and the theoretical discharge must be corrected.
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A common misconception is that coefficients are constant. They may indeed be constant for a
range of discharge, which is the case for many standard measuring devices. Complying with
structural and operational limits for standard devices will prevent measurement error caused by
using coefficients outside of the proper ranges. Some water measuring devices cover wider
ranges using variable coefficients of discharge by means of plots and tables of values with
respect to head and geometry parameters.

Coefficients also vary with measuring station head or pressure tap location. Therefore, users
should make sure that the coefficients used match pressure or head measurement locations.
Water measurement equations generally require use of some to all of these coefficients to
produce accurate results.

Often, composite numerical coefficients are given that are product combinations of area or a
dimension factored from the area, acceleration of gravity, integration constants, and the
correction coefficients. However, geometry dimensions and physical constants, such as
acceleration of gravity, are better kept separate from the nondimensional coefficients that
account for the difference between theoretical and actual conditions. Otherwise, converting
equations from English to metric units is more difficult.

Equation 2-49 also applies to orifices and nozzles. The coefficient of discharge for venturi
meters ranges from 0.9 to about unity in the turbulent flow range and varies with the diameter
ratio of throat to pipe. The coefficient of discharge for orifices in pipes varies from 0.60 to 0.80
and varies with the diameter ratio. For flow nozzles in pipelines, the coefficient varies from 0.96
to 1.2 for turbulent flow and varies with the diameter ratio. ASME (1983) and ISO (1991) have a
detailed treatment of pipeline meter theory, coefficients, and instruction in their use.

16. Normal Flow Equations and Friction Head Loss

Many measuring devices, such as flumes, weirs, and submerged orifices, are sensitive to exit
flow conditions. Flumes and weirs can be drowned out by too much downstream submergence
depth, and submerged orifices can have too little downstream water above the top orifice edge.
Therefore, reliable knowledge of exit depth conditions is needed to properly set the elevation of
crests and orifices so as to not compromise accuracy. Inaccurate assessment of downstream
depth has even made some measuring device installations useless. Good operation and flow
depth forecasts are needed to ensure the design effectiveness of new irrigation measurement
systems. Designing for the insertion of a new device into an existing system provides a good
opportunity to obtain actual field measurements for investigating possible submergence
problems.

The use of actual discharge water surface measurements is recommended. In the absence of
actual measurements, normal flow equations are often used to predict flow depths.

Normal flow occurs when the water surface slope, S,, 1s the same as the invert or bottom slope,
S,. When normal flow is approached, the velocity equations of Chezy, Manning, and Darcy-
Weisbach are used to compute depth of flow. However, these equations are in terms of hydraulic
radius, R;, and depth must be determined on the basis of the definition of Rj, which is the cross-
sectional area, 4, divided by its wetted perimeter, P,,.
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Chezy developed the earliest velocity equation, expressed as:

v=CJR,S (2-51)

Manning's equation is more frequently used and is expressed as:

4

n

The Darcy-Weisbach equation is a more rigorous relationship, written as:

_ |8gR,S

4 (2-53)

The coefficients C, n, and f are friction factors. The Darcy-Weisbach friction factor, £, is
nondimensional and is a function of Reynolds number, 4R, V/L, and relative roughness, k/4R;, in
which L is kinematic viscosity, and & is a linear measure of boundary roughness size. The
Reynolds number accounts for variation of viscosity. This function is given in the form of plots
in any fluid mechanics textbook; for example, Streeter (1951), Rouse (1950), and Chow (1959).
These plots are generally in terms of pipe diameter, D, which should be replaced with 4R;, for
open channel flow. Values of £ have been determined empirically and are constant for a given
flow boundary material as long as the roughness can be considered a homogenous texture rather
than large roughness elements relative to the depth.

Solving equations 2-51, 2-52, and 2-53 for V/ (RyS)"? results in a combined flow equation and
relationship between the three friction factors, C, n, and f, written as:

1.49R "¢
7k = /8—g —c-V (2-54)
n f JR,S

Solving for velocity using equation 2-54 and multiplying by area produces a discharge equation
and can be used in the slope area method of determining discharge as discussed in chapter 13.

All three of these friction factors have been determined empirically, computed from
measurement of equation variables. The Chezy factor, C, varies with hydraulic radius, slope, and
physical boundary roughness. The Chezy factor varies from 22 to 220.

Manning's friction factor, n, varies from 0.02 for fine earth lined channels to 0.035 for gravel. If
the channel beds are strewn with rocks or are 1/3 full of vegetation, the n value can be as much
as 0.06. The n values for concrete vary from 0.011 to 0.016 as finish gets rougher. Values of &
can be found in hydraulic and fluid mechanics textbooks such as Streeter (1951), Rouse (1950),
and Chow (1959). The value of & for concrete varies from 0.01 to 0.0001 ft depending on
condition and quality of finishing.
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Because Chezy and Manning equations and their friction factors have been determined for
ordinary channel flows, they do not accurately apply to shallow flow, nor can these two
equations be corrected for temperature viscosity effects. Values of k are constant for given
material surfaces for /4R, equal or less than 1/10 and when 4R, V/v is greater than 200,000.

Flow depths downstream are more likely the result of intentional structural restriction or water
delivery head requirements downstream. Therefore, in designing and setting the elevation of
flumes and weirs, the flow conditions just downstream need to be carefully assessed or specified
in terms of required downstream operations and limits of measuring devices. More advanced
hydraulic analyses are needed where normal flow is not established. For gradually varied flow,
the friction equations can be used as trial and error computations applied to average end section
hydraulic variables for relatively short reach lengths. The design and setting of crest elevations in
an existing system permit the establishment of operation needs and downstream depths by actual
field measurement.

17. Approach Flow Conditions

Water measurement devices are generally calibrated with certain approach flow conditions. The
same approach conditions must be attained in field applications of measuring devices.

Poor flow conditions in the area just upstream from the measuring device can cause large
discharge indication errors. In general, the approaching flow should be subcritical. The flow
should be fully developed, mild in slope, and free of curves, projections, and waves. Pipeline
meters commonly require 10 diameters of straight pipe approach. Fittings and combinations of
fittings, such as valves and bends, located upstream from a flowmeter can increase the number of
required approach diameters. Fluid Meters (American Society of Mechanical Engineers, 1983)
and International Organization for Standardization (1991) give requirements for many pipeline
configurations. By analogy and using a minimum of 10 pipe diameters of straight approach, open
channel flow would require 40 hydraulic radii of straight, unobstructed, unaltered approach.

A typical example approach criteria as specified by Bos (1989) follows:

o If the control width is greater than 50 percent of the approach channel width, then 10
average approach flow widths of straight, unobstructed approach are required.

o If the control width is less than 50 percent of the approach width, then 20 control widths
of straight, unobstructed approach are required.

e Ifupstream flow is below critical depth, a jump should be forced to occur. In this case, 30
measuring heads of straight, unobstructed approach after the jump should be provided.

o If baffles are used to correct and smooth out approach flow, then 10 measuring heads
(104;) should be placed between the baffles and the measuring station.

Approach flow conditions should be continually checked for deviation from these conditions as
described in chapter 8§ of this manual.
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CHAPTER 3 - MEASUREMENT ACCURACY

1. Introduction

Accurate application of water measuring devices generally depends upon standard designs or
careful selection of devices, care of fabrication and installation, good calibration data and
analyses, and proper user operation with sufficiently frequent inspection and maintenance
procedures. In operations, accuracy requires continual verification that the measuring system,
including the operators, is functioning properly. Thus, good training and supervision is required
to attain measurements within prescribed accuracy bounds. Accuracy is the degree of
conformance of a measurement to a standard or true value. The standards are set by users,
providers, governments, or compacts between these entities. Accuracy is usually stated in terms
of deviation of discharge discussed subsequently. All parts of a measuring system, including the
user, need to be considered in accessing the system's total accuracy.

A measurement system usually consists of a primary element, which is that part of the system
that creates what is sensed, and is measured by a secondary element. For example, weirs and
flumes are primary elements. A staff gage is the secondary element.

Purchasers and users of water measurement devices generally depend upon standard designs and
manufacturers to provide calibrations and assurances of accuracy. A few irrigation water users or
providers have the facilities to check the condition and accuracy of flow measuring devices.
These facilities have comparison flowmeters and/or volumetric tanks for checking their
flowmeters. These test systems are used to check devices for compliance with specification and
to determine maintenance needs. However, maintaining facilities such as these is not generally
practical.

One purpose of this chapter is to define terms used by manufacturers and sales representatives
related to measuring device specifications, calibration, and error analyses. Various disciplines
and organizations do not fully agree on some of these definitions. Therefore, one should ask for
clarification of these definitions when others use these terms. Another purpose is to provide
example analyses which can help in managing the accuracy of irrigation water delivery.

2. Definitions of Terms Related to Accuracy

Precision is the ability to produce the same value within given accuracy bounds when successive
readings of a specific quantity are measured. Precision represents the maximum departure of all
readings from the mean value of the readings. Thus, a measurement cannot be more accurate
than the inherent precision of the combined primary and secondary precision. Error is the
deviation of a measurement, observation, or calculation from the truth. The deviation can be
small and inherent in the structure and functioning of the system and be within the bounds or
limits specified. Lack of care and mistakes during fabrication, installation, and use can often
cause large errors well outside expected performance bounds.

Since the true value is seldom known, some investigators prefer to use the term Uncertainty.
Uncertainty describes the possible error or range of error which may exist. Investigators often

classify errors and uncertainties into spurious, systematic, and random types.
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Spurious errors are commonly caused by accident, resulting in false data. Misreading and
intermittent mechanical malfunction can cause discharge readings well outside of expected
random statistical distribution about the mean. A hurried operator might incorrectly estimate
discharge. Spurious errors can be minimized by good supervision, maintenance, inspection, and
training. Experienced, well-trained operators are more likely to recognize readings that are
significantly out of the expected range of deviation. Unexpected spiral flow and blockages of
flow in the approach or in the device itself can cause spurious errors. Repeating measurements
does not provide any information on spurious error unless repetitions occur before and after the
introduction of the error. On a statistical basis, spurious errors confound evaluation of accuracy
performance.

Systematic errors are errors that persist and cannot be considered entirely random. Systematic
errors are caused by deviations from standard device dimensions. Systematic errors cannot be
detected by repeated measurements. They usually cause persistent error on one side of the true
value. For example, error in determining the crest elevation for setting staff or recorder chart
gage zeros relative to actual elevation of a weir crest causes systematic error. The error for this
case can be corrected when discovered by adjusting to accurate dimensional measurements.
Worn, broken, and defective flowmeter parts, such as a permanently deformed, over-stretched
spring, can cause systematic errors. This kind of systematic error is corrected by maintenance or
replacement of parts or the entire meter. Fabrication error comes from dimensional deviation of
fabrication or construction allowed because of limited ability to exactly reproduce important
standard dimensions that govern pressure or heads in measuring devices. Allowable tolerances
produce small systematic errors which should be specified.

Calibration equations can have systematic errors, depending on the quality of their derivation and
selection of form. Equation errors are introduced by selection of equation forms that usually only
approximate calibration data. These errors can be reduced by finding better equations or by using
more than one equation to cover specific ranges of measurement. In some cases, tables and
plotted curves are the only way to present calibration data.

Random errors are caused by such things as the estimating required between the smallest
division on a head measurement device and water surface waves at a head measuring device.
Loose linkages between parts of flowmeters provide room for random movement of parts
relative to each other, causing subsequent random output errors. Repeating readings decreases
average random error by a factor of the square root of the number of readings.

Total error of a measurement is the result of systematic and random errors caused by
component parts and factors related to the entire system. Sometimes, error limits of all
component factors are well known. In this case, total limits of simpler systems can be determined
by computation (Bos et al., 1991).

In more complicated cases, different investigators may not agree on how to combine the limits.
In this case, only a thorough calibration of the entire system as a unit will resolve the difference.
In any case, it is better to do error analysis with data where entire system parts are operating
simultaneously and compare discharge measurement against an adequate discharge comparison
standard.
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Calibration is the process used to check or adjust the output of a measuring device in convenient
units of gradations. During calibration, manufacturers also determine robustness of equation
forms and coefficients and collect sufficient data to statistically define accuracy performance
limits. In the case of long-throated flumes and weirs, calibration can be done by computers using
hydraulic theory. Users often do less rigorous calibration of devices in the field to check and help
correct for problems of incorrect use and installation of devices or structural settlement. A
calibration is no better than the comparison standards used during calibration.

Comparison standards for water measurement are systems or devices capable of measuring
discharge to within limits at least equal to the desired limits for the device being calibrated.
Outside of the functioning capability of the primary and secondary elements, the quality of the
comparison standard governs the quality of calibration.

Discrepancy is simply the difference of two measurements of the same quantity. Even if
measured in two different ways, discrepancy does not indicate error with any confidence unless
the accuracy capability of one of the measurement techniques is fully known and can be
considered a working standard or better. Statistical deviation is the difference or departure of a
set of measured values from the arithmetic mean.

Standard Deviation Estimate is the measure of dispersion of a set of data in its distribution
about the mean of the set. Arithmetically, it is the square root of the mean of the square of
deviations, but sometimes it is called the root mean square deviation. In equation form, the
estimate of standard deviation is:

oo [Fahal

(N-1)
where:
S = the estimate of standard deviation
Xavg = the mean of a set of values
Xpa = each individual value from the set
N = the number of values in a set
2’ = summation

The variable X can be replaced with data related to water measurement such as discharge
coefficients, measuring heads, and forms of differences of discharge.

The sample number, N, is used to calculate the mean of all the individual deviations, and (N - 1)
is used to calculate the estimate of standard deviation. This is done because when you know the
mean of the set of NV values and any subset of (N - 1) values, the one excluded value can be
calculated. Using (N-1) in the calculation is important for a small number of readings.



For the sample size that is large enough, and if the mean of the individual deviations is close to
zero and the maximum deviation is less than +3S, the sample distribution can be considered
normally distributed. With normal distribution, it is expected that any additional measured value
would be within +35 with a 99.7 percent chance, +2.5 with a 95.4 percent chance, and +S with a
68.3 percent chance.

Measurement device specifications often state accuracy capability as plus or minus some
percentage of discharge, meaning without actually stating, +2.5, two times the standard deviation
of discharge comparisons from a calibration. However, the user should expect an infrequent
deviation of +3S.

Error in water measurement is commonly expressed in percent of comparison standard discharge
as follows:

_ 10002, —Oc,)

%QCS_ Q
Cs

(3-2)

where:
Omnma = indicated discharge from device output
Qcs = comparison standard discharge concurrently measured in a much more precise way

E = error in percent comparison standard discharge

%0

Comparison standard discharge is sometimes called actual discharge, but it is an ideal value that
can only be approached by using a much more precise and accurate method than the device being
checked.

Water providers might encounter other terms used by instrument and electronic manufacturers.
Some of these terms will be described. However, no universal agreement exists for the definition
of these terms. Therefore, water providers and users should not hesitate to ask manufacturers'
salespeople exactly what they mean or how they define terms used in their performance and
accuracy claims. Cooper (1978) is one of the many good references on electronic
instrumentation.

Error in percent full scale, commonly used in electronics and instrumentation specifications, is
defined as:

1009,y —Qc,)

FS

EOOQFS -

(3-3)
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where:
Oma = indicated discharge
Qcs = comparison standard discharge concurrently measured
Ors = full scale or maximum discharge
Eo;ors = error in percent full-scale discharge

To simply state that a meter is "3 percent accurate" is incomplete. Inspection of equations 3-2
and 3-3 shows that a percentage error statement requires an accompanying definition of terms
used in both the numerator and denominator of the equations.

For example, a flowmeter having a full scale of 10 cubic feet per second (ft*/s) and a full scale
accuracy of 1 percent would be accurate to +0.1 ft*/s for all discharges in the flowmeter
measurement range. Some manufacturers state accuracy as 1 percent of measured value. In this
case, the same example flowmeter would be accurate to within +0.1 ft’/s at full scale; and
correspondingly, a reading of 5 ft*/s would be accurate to within +0.05 ft*/s for the same
flowmeter at that measurement.

3. Capability Terms

The term linearity usually means the maximum deviation in tracking a linearly varying quantity,
such as measuring head, and is generally expressed as percent of full scale. Discrimination is
the number of decimals to which the measuring system can be read. Repeatability is the ability
to reproduce the same reading for the same quantities. Sensitivity is the ratio of the change of
measuring head to the corresponding change of discharge. Range is fully defined by the lowest
and highest value that the device can measure without damage and comply with a specified
accuracy. The upper and lower range bounds may be the result of mechanical limitations, such as
friction at the lower end of the range and possible overdriving damage at the higher end of the
range. Range can be designated in other ways: (1) as a simple difference between maximum
discharge (Qpqy) and minimum discharge (Qmin), (2) as the ratio (Quma/ Omin), called rangeability,
and (3) as a ratio expressed as 1:(Quin/Omax). Neither the difference nor the ratios fully define
range without knowledge of either the minimum or maximum discharge.

Additional terms are related more to dynamic variability and might be important when
continuous records are needed or if the measurements are being sensed for automatic control of
canals and irrigation.

Hysteresis is the maximum difference between measurement readings of a quantity established
by the same mechanical set point when set from a value above and reset from a value below.
Hysteresis can continually get worse as wear of parts increases friction or as linkage freedom
increases. Response has several definitions in the instrumentation and measurement fields. For
water measurement, one definition for response is the smallest change that can be sensed and
displayed as a significant measurement. Lag is the time difference of an output reading when
tracking a continuously changing quantity.
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Rise time is often expressed in the form of the time constant, defined as the time for an output
of the secondary element to achieve 63 percent of a step change of the input quantity of the
primary element.

4. Comparison Standards

Water providers may want or be required to have well developed measurement programs that are
highly managed and standardized. If so, irrigation managers may wish to consult International
Organization for Standardization (1983), American Society for Testing Materials standards
(1988), American Society of Mechanical Engineers Test Codes (1992), and the National
Handbook of Recommended Methods for Water Data Acquisition (1980).

Research laboratories, organizations, and manufacturers that certify measurement devices may
need to trace accuracy of measurement through the entire hierarchy of increasingly rigid
standards.

The lowest standards in the entire hierarchy of physical comparison standards are called
working standards, which are shop or field standards used to control quality of production and
measurement. These standards might be gage blocks or rules used to assure proper dimensions of
flumes during manufacture or devices carried by water providers and users to check the
condition of water measurement devices and the quality of their output. Other possible working
standards are weights, volume containers, and stop watches. More complicated devices are used,
such as surveyor's levels, to check weir staff gage zeros. Dead weight testers and electronic
standards are needed to check and maintain more sophisticated and complicated measuring
devices, such as acoustic flowmeters and devices that use pressure cells to measure head.

For further measurement assurance and periodic checking, water users and organizations may
keep secondary standards. Secondary standards are used to maintain integrity and performance
of working standards. These secondary standards can be sent to government laboratories, one of
which is the National Bureau of Standards in Washington, DC, to be periodically certified after
calibration or comparison with very accurate replicas of primary standards. Primary standards
are defined by international agreement and maintained at the International Bureau of Weights
and Measurements, Paris, France.

Depending upon accuracy needs, each organization should trace their measurement performance
up to and through the appropriate level of standards. For example, turbine acceptance testing
combined with severe contractual performance penalties might require tracing to the primary
standards level.

5. Examples of Calibration Approaches and Accuracy Calculations

The following examples show different approaches to calibration and demonstrate other simple
calculations and analyses that can be done concerning accuracy. These calculations can be used
to investigate how well a water provider or user is measuring flow. Also, some of the example
analyses will help select secondary head measuring equipment and will help determine when
maintenance or replacement is needed.



(a) Number of Significant Figures in Computations

Although accuracy is necessary in computing discharges from data gathered in the field, the
computations should not be carried out to a greater number of significant figures than the quality
of the data justifies. Doing so would imply an accuracy which does not exist and may give
misleading results. For example, suppose it is desired to compute the discharge over a standard
contracted rectangular weir using the formula:

0 = C(L-0.2h)h,** (3-4)
where:
O = the discharge in ft*/s
C = 3.33, a constant for the weir
L = the length of the weir in feet (ft)
h; = the observed head on the weir (ft)

If the length of the weir is 1.50 ft and the observed head is 0.41 ft, the significant equation output
is 1.24 ft'/s.

As arule, in any computation involving multiplication or division in which one or more of the
numbers is the result of observation, the answer should contain the same number of significant
figures as is contained in the observed quantity having the fewest significant figures. In applying
this rule, it should be understood that the last significant figure in the answer is not necessarily
correct, but represents merely the most probable value.

(b) Calibration of an Orifice

The calibration of a submerged rectangular orifice requires measuring head for a series of
discharges, covering the full range of operation, with another more precise and accurate system
sometimes called a standard control. Based on hydraulic principles, discharge varies as the
square root of the head differential, and the equation for discharge through a submerged orifice
can be written as:

Q0 =CyA+2g(Ah) (3-5)



where:

Q = discharge

g = acceleration caused by gravity

Ah = upstream head minus the head on the downstream side of the orifice
A = the area of the orifice

C, = coefficient of discharge

Also, the coefficient of discharge, Cy, must be determined experimentally for any combination of
orifice shape, measuring head locations, and the location of orifice relative to the flow
boundaries. The coefficient has been found to be constant if the orifice perimeter is located away
from the approach channel boundary at least a distance equal to twice the minimum orifice
opening dimensions. Values of the discharge coefficient calculated by putting the measured
calibration data into equation 3-5 may be constant within experimental error if the orifice
geometry complies with all the requirements for standard orifices throughout the calibration
range.

An example set of discharge data is shown in table 3-1. The theoretical hydraulic equation 3-5
was used to compute values of the coefficient of discharge, C,;. The mean of the values (0.61) is
the most probable equation coefficient based on 15 readings. The deviation or spread of
individual coefficient values from the mean value would be the measure of the uncertainty of the
measuring system as used during the calibration. The deviation of coefficient values is an
indication of how well the calibration was done. Therefore, accuracy statements should also
include statements concerning the head reading technique capability and the accuracy of the
standard device used to measure discharge. If several orifices of the same size were calibrated
together, then the accuracy statements can be made concerning limits of fabrication and
installation of the orifices.

The histogram of the same data as shown on figure 3-1 was developed by splitting the range of
discharge values into five 0.005-ft’/s intervals. Then the data were tallied as they occurred in
each interval. The plotted values of occurrence approach a symmetrical bell shape curve centered
around the mean of 0.61, indicating that the data are random or normally distributed and that
enough data were obtained to determine a meaningful average value for the discharge
coefficient.
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Table 3-1. An example of discharge data

Discharge Head difference . .
(f6/s) (ft) Discharge coefficient
| 3.702 | 0.253 | 0.611
| 3.613 | 0.245 | 0.606
| 3.545 | 0.232 | 0.608
| 3.361 | 0.209 | 0.611
| 3.267 | 0.197 | 0.616
| 3.172 | 0.189 | 0.606
| 3.005 | 0.163 | 0.618
| 2.924 | 0.161 | 0.605
| 2.842 | 0.154 | 0.602
| 2.565 | 0.127 | 0.598
| 2.450 | 0.109 | 0.616
| 2.323 | 0.100 | 0.610
| 1.986 | 0.073 | 0.611
| 1.813 | 0.060 | 0.615
| 1.640 | 0.050 | 0.609
T Cy=9.142
Standard deviation = Ciavg=10.610
§=0.006
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Figure 3-1 -- Histogram of discharge coefficients.
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The measure of the spread of repeated measurements such as the discharge coefficient is the
estimated standard deviation, which when using the form of equation 3-1 is written as:

- \/z(cd—chvg) 56

(N -1)

where 2 denotes summation, and N is the number of C, values. The value of S is the estimate of
standard deviation, ¢, which is approached more closely as the number of samples, N, becomes
larger. Formal, small sample statistical methods can be used to evaluate confidence bounds
around S based on sample size. After N has become large enough and normal distribution is
verified, all previous and subsequent data are expected to fall within the bounds of +S, +25, and
+3S for about 68.3, 95.4, and 99.7 percent confidence levels, respectively.

(c) Error Analysis of Calibration Equation

Often, structural compromise, in Parshall flumes for example, is such that hydraulic theory and
analysis cannot determine the exponents or the coefficients. These devices must be calibrated by
measuring head for a series of discharges well distributed over the flow range and measured with
another, more accurate device. The data can be plotted as a best fit curve on graph paper.
However, determination of equations for table generation would be preferable.

Parshall flumes and many other water measuring devices have close approximating equations of
the form:

0=Ch" (3-7)

If the data plot as a straight line on log-log graph paper, then equation 3-7 can be used as the
calibration form, and a more rigorous statistical approach to calibration is possible. This equation
can be linearized for regression analysis by taking the log of both sides, resulting in:

logQ = nlogh; +1ogC (3-8)

Although a regression analysis can produce correlation coefficients greater than 0.99, with 1.0
being perfect, large deviations in discharge can exist. These deviations include error of
estimating head between scale divisions for both the test and comparison standard devices,
known errors of the comparison standard, and possible offset from linearity of the measuring
device. For example, a laboratory calibration check of a 9-inch Parshall flume in a poor approach
situation, using a venturi meter as the comparison standard, resulted in a correlation coefficient
01 0.99924, an equation coefficient, C, of 3.041, and an exponent of 1.561 using 15 values of
discharge versus measuring head pairs. For the properly set flume in tranquil flow, C is 3.07 and
nis 1.56.
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To overcome the defect of using correlation coefficients that are based on log units, the flume
measuring capability should be investigated in terms of percent discharge deviations, 40, or
expressed as:

1OO(QEq - ch)

Cs

A0% =

(3-9)

where:
AQ% = percent deviation of discharge
QOcs = measured comparison standard discharge
Qg = discharge computed using measured heads and the regression equation

Then, calculate the estimate of standard deviation, S, and substitute 40% for C, in equation 3-6F
from the previous example. For the Parshall flume example, S was about 3.0 percent. The
maximum deviation for the example flume was about -10 percent, and the average deviation was
about 0.08 percent discharge, which is a small bias from the expected zero. Because of this small
bias combined with a maximum absolute deviation of about 3, the error was considered
normally distributed, and the sample size, N, was considered adequate. Examples will be used to
describe the next four sections.

(d) Error Analysis of Head Measurement

A water project was able to maintain a constant discharge long enough to obtain ten readings of
head, /;. These readings are listed in the first column of table 3-2.

This example process provides information on repetitions of hook gage readings but does not tell
the whole story about system accuracy. Good repeatability combined with poor accuracy can be
likened to shooting a tight, low scoring group on the outer margin of a target. Repetition is a
necessary aspect of accuracy but is not sufficient by itself.



Table 3-2. Determining sample standard deviation

Head Deviation (Dev)?

(hy) (hy - hiave) (hy - hiave)’

(ft) (ft) (square feet [ft*])
| 1.012 | -0.0011 | 0.00000121
| 1.017 | 0.0039 | 0.00001521
| 1.014 | 0.0009 | 0.00000081
| 1.010 | -0.0031 | 0.00000961
| 1.015 | 0.0019 | 0.00000361
| 1.013 | -0.0001 | 0.00000001
| 1.012 | -0.0011 | 0.00000121
| 1.014 | 0.0009 | 0.00000081
| 1.013 | -0.0001 | 0.00000001
| 1.011 | -0.0021 | 0.00000441
Sh;=10.131  |Z (hy-hiarg) =+0.0000 | (hy-h1,) =0.00003690
higg=1013 | S = (0.00003690)"* = 0.0061

(e) Determining the Effect of Head Measurement on Accuracy

Say a water provider or user measures a discharge of 8.96 ft*/s using a 3-ft suppressed weir with
a staff gage estimating readings to +0.01 ft. The head reading was 0.93 ft, and the water provider
or user wants to investigate how much this estimate of head affects the accuracy of the discharge
measurement. Assume that the reading and discharge are actual values and then add and subtract
0.01 ft to and from the 0.93-ft head reading, which gives heads of 0.94 ft and 0.92 ft. Discharges
by table or equation for these new heads are 9.10 ft*/s and 8.82 ft*/s. The difference of these
discharges from 8.96 ft’/s in both cases is 0.14 ft’ /s, but of a different sign in each case. Thus, an
uncertainty in discharge of +0.14 ft*/s was caused by an uncertainty of +0.01 ft in head reading.
The uncertainty of the discharge measurement caused by estimating between divisions on the
staff gage expressed in percent of actual discharge is calculated as follows:

_ 100(9.10 -8.96)
8.96

=1.56%

AQ%

and:

100(8.96 —9.10)
8.96

=1.56%

AQ% =

This calculation shows that estimating the staff gage +0.01 ft contributes up to +1.6 percent error
in discharge at flows of about 9 ft*/s.
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Both calculations are required because both could have been different depending on the
discharge equation form and the value of discharge relative to measuring range limits.

(F) Computation to Help Select Head Measuring Device

An organization uses several 3-ft weirs and wants to decide between depending on staff gage
readings or vernier hook gage readings in a stilling well. From experience, they think that the
staff gage measures head to within +0.01 ft, and the hook gage measures to within +0.002 ft. The
equation for the 3-ft weir in the previous example calculation is:

0 =9.997"* (3-10)

Using this equation and making calculations similar to the previous example, they produce table
3-3.

It is assumed that the water provider does not want to introduce more than 2 percent error caused
by precision of head measurement. This amount of error is demarcated by the stepped line
through the body of table 3-3. If the water providers needed to measure flow below 7 ft'/s, they
would have to use stilling wells and vernier point gages. This line shows that heads could be
measured with a staff gage at locations where all deliveries exceed about 7 ft*/s. They could
select a higher cut-off percentage based on expected frequency of measurements at different
discharges. The results of this type of analysis should be compared to the potential accuracy of
the primary part of the measuring system.

Table 3-3. Discharge deviation
Discharge Equation Head Percent deviation of discharge at calibration
(f6)s) (ft) head at a plus Ak, of:

| | | AR +0.002 ft | A 1001 ft

‘ | ‘ Deviation (%) | Deviation (%)
| 18 | 1.481 | 0.25 | 1.0

| 9 | 0.933 | 0.37 | 1.6

| 5 | 0.630 | 0.53 | 2.7

| 3 | 0.448 | 0.72 | 3.6

| 2 | 0.342 | 0.92 | 4.4

| 1 | 0.216 | 1.40 | 7.0
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(9) Relationship Between Full Scale and Actual

Before buying several small acoustic flowmeters, a water provider requested that one be tested to
see if the manufacturer's claim of accuracy was really true. Because the acoustic flowmeter is an
electronic device, the manufacturer prefers to express calibration performance in terms of full-
scale accuracy. The manufacturer claimed +2 percent full-scale accuracy. Full-scale percentage
accuracy is defined as the difference between comparison standard measured discharge and
output flowmeter discharge relative to full-scale discharge. Full-scale discharge is equivalent to
the discharge upper range limit of the flowmeter. The error in percent full-scale discharge is
calculated using equation 3-3.

Figure 3-2 shows the test data for the acoustic flowmeter that was checked. Full-scale discharge
is 0.768 ft'/s as shown by the vertical line on the right. The standard comparison discharge was
measured using a volumetric calibration tank and electronic timer which can measure discharge
within 0.5 percent. This plot indicates the
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Figure 3-2 -- Percent full-scale deviation of flow rate versus
actual (comparison standard) flow rate.

fit line slopes down to the right and passes through the zero error company claim of +2.0-percent
full-scale accuracy is true. The best axis to the left of midrange. This meter could be made to
have a better full-scale accuracy by shifting the meter output vertically and/or tilting its output by
electronics or computer programming.

The same data were converted and plotted in terms of percent comparison standard error of
discharge using equation 3-11 on figure 3-3. To compare error in percent of actual discharge,
Ev,0ac, With error in percent full-scale discharge, Ev,ors, calculated contours of equal percent full
scale were also plotted on figure 3-3.

10009,y = 9c,)
QCS

Evpact = (3-11)
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Figure 3-3 -- Comparison of actual (comparison standard) and

full-scale accuracy.
(h) Percent Registration Calibration

Another way accuracy and calibration are expressed is in terms of percent registration.
Calibration checks for open flow propeller meters are often presented this way. Percent
registration is defined as:

%R—100 2o (3.12)

Cs

A typical calibration check of a propeller meter mounted at the end of a pipe is plotted on
figure 3-4. For this flowmeter, percent registration drops steeply below a discharge of 1 ft*/s.
This result clearly indicates some of the problems of measuring near the lower range limits of
this flowmeter. A slight increase of bearing friction will shift the dropping part of the curve to
the right because the discharge at which the propeller will not turn will increase. Thus, in effect,
the range is shortened on its low discharge end. The percent registration on the flat part of the
curve near maximum registration will also decrease with age and wear of the flowmeter. In fact,
the manufacturer may set meters, when they are new, to register high in anticipation of future
wear. For example, they may set meters to read 3 to 5 percent high, expecting wear to lower the
curve to about 100 percent registration at about mid-life of the flowmeter.
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Chapter 4 - SELECTION OF WATER MEASURING DEVICES

1. General Requirements

Selecting the proper water measurement device for a particular site or situation is not an easy
task. Many site-specific factors and variables must be considered and weighed. In addition, each
system has unique operational requirements and concerns. Reliable estimates on future demands
of the proposed system and knowledge of the immediate measurement needs are beneficial.
Government laws and compact agreements should be checked for possible selection constraints
before selecting a measurement device. Contractual agreements for the purchase of pumps,
turbines, and water measuring devices for districts often dictate the measurement system
required for compliance prior to payment. These constraints may be in terms of accuracy,
specific comparison devices, and procedures. Bos (1989) provides a more detailed discussion on
the selection of open channel water measurement devices than the information included here. He
also provides a selection flow chart and a table of water measurement device properties to guide
the selection process. In this chapter, we discuss selection issues for the most common devices
used in the United States.

2. Types of Measuring Devices

Irrigation system operators commonly use many types of standard water measurement devices.
In this manual, the following devices are discussed in subsequent chapters:

o  Weirs

e Flumes

e Submerged orifices

e Current meters

e Acoustic flowmeters

e Other open-channel devices
e Other closed conduit devices

The first four methods given above are discussed in considerable detail in this manual because
they are the most common methods used. A variety of other devices for open channels and
closed conduits is available-particularly for smaller rates of flow.

These devices are discussed only briefly in chapters 11 and 12. This brief discussion does not
mean that they are not useful devices. Such devices are appropriate for many applications.

3. Selection Considerations
The main factors which influence the selection of a measuring device include:

e Accuracy requirements

o Cost

e Legal constraints

o Range of flow rates

o Head loss

e Adaptability to site conditions
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o Adaptability to variable operating conditions
e Type of measurements and records needed

e Operating requirements

e Ability to pass sediment and debris

e Longevity of device for given environment

e Maintenance requirements

o Construction and installation requirements

e Device standardization and calibration

o Field verification, troubleshooting, and repair
e User acceptance of new methods

e Vandalism potential

e Impact on environment

(a) Accuracy

The target or desired accuracy of the measurement system is an important consideration in
measurement method selection. Most water measurement devices can produce accuracies of +5
percent. Some devices are capable of +1 percent under laboratory settings. However, in the field,
maintaining such accuracies usually requires considerable expense or effort (e.g., special
construction, recalibration, maintenance, etc.). Selecting a device that is not appropriate for the
site conditions can result in a nonstandard installation of reduced accuracy, sometimes greater
than +10 percent.

Accuracies are usually reported for the primary measurement method or device. However, many
methods rely on a secondary measurement, which typically adds error to the overall
measurement. For example, the primary calibration for a weir is the relationship between head
and discharge; this relationship typically contains a small error. However, the head must be
measured, which potentially introduces additional error. Chapters 3 and 8 contain discussion and
examples concerning the influence of secondary devices on accuracy.

(b) Cost

The cost of the measurement method includes the cost of the device itself, the installation,
secondary devices, and operation and maintenance. Measurement methods vary widely in their
cost and in their serviceable life span. Measurement methods are often selected based on the
initial cost of the primary device with insufficient regard for the additional costs associated with
providing the desired records of flows over an extended period of time.

(c) Legal Constraints

Governmental or administrative water board requirements may dictate types of accepted water
measurement devices or methods. Water measurement devices which become a standard in one
geographic area are often not accepted as a standard in another area. In this sense, the term
"standard" does not necessarily signify accuracy or broad legal acceptance. Many water districts
require certain water measurement devices used within the district to conform to their standard
for the purpose of simplifying operation and maintenance.
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(d) Flow Range

Many measurement methods have a limited range of flow conditions for which they are
applicable. This range is usually related to the need for certain prescribed flow conditions which
are assumed in the development of calibrations. Large errors in measurement can occur when the
flow is outside this range. For example, using a bucket and stopwatch for large flows that engulf
the bucket is not very accurate. Similarly, sharp-edged devices typically do not give good results
with large flows, which are better measured with large flumes or broad-crested weirs.

In some cases, secondary devices can limit the practical range of flow rates. For example, with
devices requiring a head measurement, the accuracy of the head measurement can limit the
measurement of low flow rates. For some devices, accuracy is based on percent of the full-scale
value. Then, at low values, the resulting accuracy is much lower, limiting the usefulness of such
measurements. Generally, the device should be selected to cover the range desired. Choosing a
device that can handle a larger than necessary flow rate could result in elimination of
measurement capability at lower flow rates, and vice versa. For practical reasons, it may be
reasonable to establish different accuracy requirements for high and low flows. Examples in
chapter 3 discuss some of these problems in more detail.

(e) Head Loss

Most water measurement devices require a drop in head. On existing irrigation projects, such
additional head may not be available, especially in areas with relatively flat topography. On new
projects, incorporating additional head loss into the design can usually be accomplished at
reasonable cost. However, a tradeoff usually exists between the cost of the device and the
amount of head loss. For example, acoustic flowmeters are expensive and require little head loss;
sharp-crested weirs are inexpensive but require a relatively large head loss. The head loss
required for a particular measurement device usually varies over the range of discharges. In some
cases, head used in measuring flow can reduce the capacity of the channel at that point.

(f) Adaptability to Site Conditions

The selection of a measurement device must consider the site of the proposed measurement.
Several potential sites may be available for a given measurement; the selection of a device
depends upon the exact site chosen. For example, discharge in a canal system can be measured
within a reach of the channel or at a structure such as a culvert or check structure. A different
device would typically be selected for each site. The device selected should not alter site
hydraulic conditions so as to interfere with normal operation and maintenance. Also, the shape of
the flow cross section will likely favor some devices over others. For example, the Parshall

flume size selection process described in chapter 5 might result in a flume wider than the existing
channel, adding substantial cost to the installation, whereas a long-throated flume might fit
within the existing channel prism.

(g) Adaptability to Variable Operating Conditions
Most water delivery systems have a varying range of flows and conditions. The selected device
must also be able to measure over the range of operating conditions encountered (e.g., variations

in upstream and downstream head).
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Devices like weirs or flumes should be avoided if downstream water levels can, under some
conditions, submerge the device. In addition, the information provided by the measuring device
needs to be useful for the operators performing their duties. Devices that are difficult and time
consuming to operate are less apt to be used and are more likely to be used incorrectly.

In some cases, water measurement and water level or flow control need to be accomplished at
the same site. A few devices are available for accomplishing both (e.g., constant-head orifice,
vertically movable weirs, and Neyrpic flow module) (Bos, 1989). However, separate
measurement and control devices are typically linked for this purpose. Special care is needed to
assure that devices are compatible and, when used as a system, achieve both functions.

(h) Type of Measurements and Records Needed

An accurate measure of instantaneous flow rate is useful for system operators in setting and
verifying flow rate. However, because flow rates change over time, a single, instantaneous
reading may not accurately reflect the total volume of water delivered. Where accounting for
water volume is desired, a method of accumulated individual flow measurements is needed.
Where flows are steady, daily measurements may be sufficient to infer total volume. Most
deliveries, however, require more frequent measurements. Totalization is essential where water
users take water on demand. Totalizers and automatic recording devices are available for many
measurement devices. For large structures, the cost for water-level sensing and recording
hardware is small relative to the structure cost; but for small structures, these hardware costs do
not change and thus become a major part of the measurement cost (often more costly than the
structure itself).

Many water measurement methods are suitable for making temporary measurements (flow
surveys) or performing occasional verification checks of other devices.

The method chosen for such a measurement might be quite different from that chosen for
continuous monitoring. Although many of these flow survey methods are discussed in this
manual, this chapter focuses on methods for permanent installations.

(i) Operating Requirements

Some measurement methods require manual labor to obtain a measurement. Current metering
requires a trained staff with specialized equipment. Pen-and-ink style water-stage recorders need
operators to change paper, add ink, and verify proper functioning. Manual recording of flows
may require forms to be filled out and data to be accumulated for accounting purposes. Devices
with manometers require special care and attention to assure correct differential head readings.
Automated devices such as ultrasonic flowmeters and other systems that use transducers and
electronics require operator training to set up, adjust, and troubleshoot problems. Setting gate
controlled flow rates by simple canal level references or by current metering commonly requires
several hours of waiting between gate changes for the downstream canal to fill and stabilize.
However, flumes and weirs serve to quickly reach measured flow rate without waiting for the
downstream canals to fill to stable conditions. The requirements of the operating personnel in
using the devices and techniques for their desired purposes can be easily overlooked and must be
considered in meter selection.



(J) Ability to Pass Sediment and Debris

Canal systems often carry a significant amount of sediment in the water. Removal of all
suspended solids from the water is usually prohibitively expensive. Thus, some sediment will
likely be deposited anywhere the velocities are reduced, which typically occurs near flow
measuring structures. Whether this sediment causes a problem depends on the specific structure
and the volume of sediment in the water. In some cases, this problem simply requires routine
maintenance to remove accumulated sediment; in others, the accumulation can make the flow
measurement inaccurate or the device inoperative. Sediment deposits can affect approach
conditions and increase approach velocity in front of weirs, flumes, and orifices. Floating and
suspended debris such as aquatic plants, washed out bank plants, and debris such as fallen tree
leaves and twigs can plug some flow measurement devices and cause significant flow
measurement problems. Many of the measurement devices which are successfully used in closed
conduits (e.g., orifices, propeller meters, etc.) are not usable in culverts or inverted siphons
because of debris in the water. Attempting to remove this debris at the entrance to culverts is an
additional maintenance problem.

(k) Device Environment

Any measurement device with moving parts or sensors is subject to failure if it is not compatible
with the site environment. Achieving proper operation and longevity of devices is an important
selection factor. Very cold weather can shrink moving and fixed parts differentially and solidify
oil and grease. Water can freeze around parts and plug pressure ports and passageways. Acidity
and alkalinity in water can corrode metal parts. Water contaminants such as waste solvents can
damage lubricants, protective coatings, and plastic parts.

Mineral encrustation and biological growths can impair moving parts and plug pressure
transmitting ports. Sediment can abrade parts or consolidate tightly in bearing and runner spaces
in devices such as propeller meters. Measurement of wastewater and high sediment transport
flow may preclude the use of devices that require pressure taps, intrusive sensors, or depend
upon clear transmission of sound through the flow. Water measurement devices that depend on
electronic devices and transducers must have appropriate protective housings for harsh
environments. Improper protection against the site environment can cause equipment failure or
loss of accuracy.

(I) Maintenance Requirements

The type and amount of maintenance varies widely with different measurement methods. For
example, current metering requires periodic maintenance of the current meter itself and
maintenance of the meter site to assure that is has a known cross section and velocity
distribution. When the flow carries sediment or debris, most weirs, flumes, and orifices require
periodic cleaning of the approach channel. Electronic sensors need occasional maintenance to
assure that they are performing properly. Regular maintenance programs are recommended to
ensure prolonged measurement quality for all types of devices.
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(m) Construction and Installation Requirements

In addition to installation costs, the difficulty of installation and the need to retrofit parts of the
existing conveyance system can complicate the selection of water measurement devices. Clearly,
devices which can be easily retrofit into the existing canal system are much preferred because
they generally require less down time, and unforeseen problems can be avoided.

(n) Device Standardization and Calibration

A standard water measurement device infers a documented history of performance based on
theory, controlled calibration, and use. A truly standard device has been fully described,
accurately calibrated, correctly constructed, properly installed, and sufficiently maintained to
fulfill the original installation requirements and flow condition limitations. Discharge equations
and tables for standard devices should provide accurate calibration. Maintaining a standard
device usually only involves a visual check and measurement of a few specified items or
dimensions to ensure that the measuring device has not departed from the standard. Many
standard devices have a long history of use and calibration and, thus, are potentially more
reliable. Commercial availability of a device does not necessarily guarantee that it satisfies the
requirements of a standard device.

When measuring devices are fabricated onsite or are poorly installed, small deviations from the
specified dimensions can occur. These deviations may or may not affect the calibration. The
difficulty is that unless an as-built calibration is performed, the degree to which these errors
affect the accuracy of the measurements is unknown. All too frequently, design deviations are
made under the misconception that current metering can be used to provide an accurate field
calibration. In practice, calibration by current metering to within +2 percent is difficult to attain.

An adequate calibration for free-flow conditions requires many current meter measurements at
several discharges. Changing and maintaining a constant discharge is often difficult under field
conditions.

(o) Field Verification, Troubleshooting, and Repair

After construction or installation of a device, some verification of the calibration is generally
recommended. Usually, the methods used to verify a permanent device (e.g., current metering)
are less accurate than the device itself. However, this verification simply serves as a check
against gross errors in construction or calibration. For some devices, errors occur as components
wear and the calibration slowly drifts away from the original. Other devices have components
that simply fail - that is, you get the correct reading or no reading at all. The latter is clearly
preferred. However, for many devices, occasional checking is required to assure that they are
still performing as intended. Selection of devices may depend on how they fail and how easy it is
to verify that they are performing properly.
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(p) User Acceptance of New Methods

Selection of a water measurement method must also consider the past history of the practice at
the site. When improved water measurement methods are needed, proposing changes that build
on established practice are generally easier to institute than radical changes. It can be beneficial
to select a new method that allows conversion to take place in stages to provide educational
examples and demonstrations of the new devices and procedures.

(g) Vandalism Potential

Instrumentation located near public access is a prime target for vandalism. Where vandalism is a
problem, measurement devices with less instrumentation, or instrumentation that can be easily
protected, are preferred. When needed, instrumentation can be placed in a buried vault to
minimize visibility.

(r) Impact on Environment

During water measurement device selection, consideration must be given to potential
environmental impacts. Water measurement devices vary greatly in the amount of disruption to
existing conditions needed to install, meet standard upstream and downstream conditions,
operate, and maintain. For example, installing a weir or flume constricts the channel, slows
upstream flow, and accelerates flow within the structure. These changes in the flow conditions
can alter local channel erosion, local flooding, public safety, local aquatic habitat, and fish
movement up and down the channel. These factors may alter the cost and selection of a
measurement device.

4. Selection Guidelines

Selection of a water measurement method can be a difficult, time-consuming process if one were
to formally evaluate all the factors discussed above for each measuring device. Of course, this
difficulty is one reason that standardization of measurement devices within a district is so
popular. However useful devices are sometimes overlooked when similar devices are
automatically selected. The purpose of this chapter is to provide some preliminary guidance on
selection so that the number of choices can be narrowed down before a more thorough analysis
of the tradeoffs between alternatives is performed.

(a) Short List of Devices Based on Application

Site conditions for a water measurement device quickly narrow the list of possible choices,
because most devices are only suitable under a limited number of channel or conduit conditions.
Table 4-1 provides a list of the most commonly used measurement methods for each of several
applications.

Table 4-2 provides an abbreviated table of selection criteria and general compliance for

categories of water measurement devices. The symbols (+), (0), and (-) are used to indicate
relative compliance for each selection criteria.
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The (+) symbol indicates positive features that might make the device attractive from the
standpoint of the associated selection criteria. A (-) symbol indicates negative aspects that might
limit the usefulness of this method based on that criteria. A (0) indicates no strong positive or
negative aspects in general. A (v) means that the suitability varies widely for this class of
devices. The letters (na) mean that the device is not applicable for the stated conditions. A single
negative value for a device does not mean that the device is not useful and appropriate, but other
devices would be preferred for those selection criteria.

Table 4-1 - Application-based selection of water measurement devices

1. Open channel conveyance system
1. Natural channels

1. Rivers

1.

VO N U AW

Periodic current metering of a control section to establish
stage-discharge relation

Broad-crested weirs

Long-throated flumes

Short-crested weirs

Acoustic velocity meters (AVM - transit time)

Acoustic Doppler velocity profiles

Float-velocity/area method

Slope-area method

2. Intermediate-sized and small streams

A

7

Current metering/control section
Broad-crested weirs

Long-throated flumes

Short-crested weirs

Short-throated flumes

Acoustic velocity meters (AVM - transit time)
Float-velocity/area method

2. Regulated channels
1. Spillways

1. Gated
1. Sluice gates
2. Radial gates
2. Ungated

1. Broad-crested weirs (including special crest shapes, Ogee
crest, etc.)
2. Short-crested weirs

2. Large canals
1.

Control structures
1. Check gates
2. Sluice gates
3. Radial gates
4. Overshot gates
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Table 4-1 - Application-based selection of water measurement devices (Cont.)

3.

4.

2. Other
1. Long-throated flumes
2. Broad-crested weirs
3. Short-throated flumes
4. Acoustic velocity meters
Small canals (including open channel conduit flow)
1. Long-throated flumes
1. Broad-crested weirs
2. Short-throated flumes
1. Sharp-crested weirs
3. Rated flow control structures (check gates, radial gates, sluice
gates, overshot gates)
4. Acoustic velocity meters
5. Other
1. Float-velocity area methods
Farm turnouts
1. Pipe turnouts (short inverted siphons, submerged culverts, etc.)
1. Metergates
2. Current meters
3. Weirs
4. Long-throated flumes
5. Short-throated flumes
2. Other
1. Constant head orifice
2. Rated sluice gates
3. Movable weirs

2. Closed conduit conveyance systems
1. Large pipes

1.
2.
3.

Venturi meters
Rated control gates (orifice)
Acoustic velocity meters (transit time)

2. Small and intermediate-sized pipelines

1.

A PR AN ol ol

Venturi meters

Orifices (in-line, end-cap, shunt meters, etc.)
Propeller and turbine meters

Magnetic meters

Acoustic meters (transit-time and doppler)
Pitotmeters

Elbow meters

Trajectory methods (e.g., California pipe method)
Other commercially available meters
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Table 4-2. Water measurement device selection guidelines. Symbols +. 0,Care used as relative
indicators comparing application of water measurement devices to the listed criteria ("v" denotes
device suitability varies widely, "na" denotes not applicable to criteria)

Flows || Flows Flow | Head
Device Accuracy|[Cost|| >150 || <10 span || loss Site conditions
fess || s ||°P
Lined|{Unlined||Short Closed
canal|| canal | full conduit
pipe

Sharp-crestedweirs” 0 || 0 || - || + || 0 || - || - || 0 |na na
Br(?ad—crested 0 n n + + 0 n 0 na na
weirs
Long-throated 0 0 n n n 0 n 0 na na
flumes
Short-throated 0 ) ) 0 0 i ) 0 na na
flumes
Submerged orifices 0 0 i n i i 0 0 na na
(in channels)
(Currentmetering || - || - | + || - || - | + ] 0] - | na na
Acoustic velocity
meters n an open - 0 0 - 0 + 0 0 na na
channel
Radial and sluice i n 0 0 i i " " n na
gates
Propeller meters at i n ) 0 0 n 0 0 n n
pipe exit
Differential hea}d i i ) n i v na na 0 n
meters for pipe
Mechanical
velocity meters for 0 + - 0 0 + na na 0 +
pipe’
Magpetlc meters 0 0 ) 0 0 n na na ) n
for pipe
Acoustic Doppler
ultrasonic meters - 0 - - - + na na - +
for pipe
A.COLlSt'IC flowmeter 0 i 0 0 0 n na na ) n
pipe (single path)
Acoustic flowmeter

+ - + + + - +
pipe (multipath) 0 na na

! Venturi, orifice, pitot tube, shunt meters, etc.
? Propeller meters, turbine meters, paddle wheel meters, etc.




Table 4-2 - Water measurement device selection guidelines. Symbols +. 0,Care used as relative indicators
comparing application of water measurement devices to the listed criteria ("v" denotes device suitability varies
widely, "na" denotes not applicable to criteria) (continued)

Device

Measurements

Sediment/Debris

Longevity

Maintenance

Construction

Field
verify

Standardization

Rate

Volume

Debris
pass.

Sediment
pass.

Moving

parts

Elec-
tricity
needed

Sharp-
crested
Weirs

- -

Broad-
crested
weirs

Long-
throated
flumes

Short-
throated
flumes

Submerged
orifices (in
channels)

Current
metering

Acoustic
velocity
meters in
an open
channel

Radial and
sluice gates

Propeller
meters at
pipe exit

Differential
head
meters for

pipe'

Mechanical
velocity
meters for

pipe’

Magnetic
meters pipe




Acoustic
Doppler
ultrasonic + 0 0 0 0 - - 0 -
meters for

pipe

Acoustic
flowmeter
pipe 0 + 0 0 0 - - - -
(single
path)

Acoustic
flowmeter
pipe
(multipath)

! Venturi, orifice, pitot tube, shunt meters, etc.
2 Propeller meters, turbine meters, paddle wheel meters, etc.

The process of narrowing down options might start with table 4-1 to examine the main methods
to consider. Table 4-2 can then be used to get an idea of the general positive and negative
features of various methods. In narrowing down the options, different applications will place
different weight on the selection criteria, so no universally correct selection exists. Finally, a
preliminary design for several candidate methods selected should be performed so that details on
cost, hydraulics, operations, etc., can be more thoroughly examined C followed by final
selection, design, and construction.

(b) Example

We want to measure the flow entering a small farm turnout ditch that serves an agricultural field.
The ditch is trapezoidal, concrete-lined and has a rectangular metal sluice gate that is opened by
hand to divert flow into the ditch from a canal lateral. No power is available at the site. The ditch
carries a flow of about 10 cubic feet per second (ft*/s). Field survey measurements taken during
an irrigation indicate about a 0.75-ft drop in the water surface from the gate to the downstream
channel. The irrigation flow transports fine sediment and numerous tumble-weeds. Water is
diverted to the field on a 2-week rotation for a period of about 24 hours. The measurement
device will be used to establish a known flow rate through the headgate for crop yield
management and water use accounting. Typically, the water surface in the lateral remains fairly
constant during an irrigation; therefore, a single measurement per irrigation will meet current
needs. However, in the future, more frequent measurements may be desired. The irrigator would
like to install a device that costs less than $500.

Table 4-1 identifies a number of devices that are typically used for farm turnouts. Our site
requires we select a device or method that can be used in an open channel. Therefore, common
measurement devices given for this application are: current meters, weirs, flumes, and rated
sluice gates (headgates). Next, the advantages or disadvantages for each of these devices should
be considered with respect to the measurement goals and the site conditions. Table 4-2 is used to
assist in comparing the attributes of devices.
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Typically, only a few selection constraints are high priorities. The selection priorities for the
example are likely: meeting available head, cost, accuracy, and debris passage goals. Head loss is
the highest priority because it is a physical constraint of the site that must be met to provide good
measurement. Current meters provide the least head loss followed by long-throated flumes
(including broad-crested weirs), short-throated flumes, and sharp-crested weirs. Sluice gates rate
low in terms of head loss; however, for this application, the gate is part of the site and will not
provide additional head loss. Based on our highest priority, current metering, a long-throated
flume or rating the headgate are good choices. Next, consider the cost of devices including:
initial cost, data collection time, and maintenance. Rating the headgate and a long-throated flume
are considered to be a lower cost than current metering largely because of the time involved in
data collection. Accuracy of measurement and debris passage favor a long-throated flume.

This example selection process identifies a long-throated flume as potentially the best device
followed by rating of the headgate. These two methods of measurement are recommended for
additional detailed design and evaluation prior to the final selection.

5. Bibliography
Bos, M.G., (ed.), Discharge Measurement Structures, third revised edition, International Institute

for Land Reclamation and Improvement, Publication No. 20, Wageningen, The Netherlands,
1989.



CHAPTER 5 - INSPECTION OF WATER MEASUREMENT SYSTEMS

1. Background and Scope

Irrigation system deterioration can exist for years before becoming apparent to frequent users.
However, an observer viewing an installation for the first time or infrequently may spot the
deterioration immediately. Thus, water users and providers are often surprised to find that their
water measurements are unacceptable because their system and measuring devices have
deteriorated. Regular and careful inspections with the specific intent of finding deterioration in
early stages will help prevent this unpleasant surprise. These inspections will also help reveal
changing delivery needs that require other types of measuring devices and disclose other possible
errors of operation. Another problem is that operators do not always know or use proper
techniques to obtain accurate measurements. The best way to handle this problem is to provide
good training.

This chapter shows water users and providers what to consider and check during system
inspections to help maintain accurate water deliveries. Users can protect water rights and prevent
overcharging by understanding these same considerations.

The performance of weirs and flumes will be used to illustrate flow and accuracy principles
because irrigation operators will likely be more familiar with their use. Also, many of the factors
which adversely affect accuracy are visible on these devices but are hidden in closed conduit
devices. Many of the factors and principles established for weirs and flumes also apply to other
water measuring devices. These principles are elaborated upon in forthcoming sections
concerning specific devices.

2. Standard Devices Versus Nonstandard Devices

The use of standard devices usually results in lower total costs over the lifetime of a
measurement structure. Their long general use has generated more backup data and experience,
making them potentially more reliable. A truly standard device has been fully described,
accurately calibrated, correctly made or installed, and sufficiently maintained to fulfill the
original requirements. Standard discharge equations and tables or curves may then be relied upon
to provide accurate water measurements. Maintaining a standard device involves only a visual
check and measurement of a few specified items or dimensions to ensure that the measuring
device has not departed from the standard.

Even though a standard device might have been selected for a particular measurement situation,
water providers and users frequently find themselves unexpectedly stuck with nonstandard and,
at times, unusable devices. This situation can occur when a device is installed improperly, is
poorly maintained, is operated above or below the prescribed discharge limits, or has poor
approach or downstream submergence conditions.

Accurate discharges from nonstandard structures can be obtained only from specially prepared
curves or tables based on calibration tests, such as multiple current-meter ratings. The accuracy
of a nonstandard device cannot be determined by visual inspection. Accuracy can only be
ensured by recalibration, which is costly when properly performed. Ratings must be made at
close discharge intervals over the complete operating range.
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Then, curves and/or tables must be prepared. Installation and proper inspection and maintenance
of standard devices are not difficult and are less costly in the long run. Standard discharge tables
may then be used with full confidence.

3. Approach Flow

Poor flow conditions in the area just upstream from the measuring device can cause large
discharge indication errors. In general, the approaching flow should be tranquil. Tranquil flow is
defined as fully developed flow in long, straight channels with mild slopes, free of close curves,
projections, and waves. Venturi meters require 10 diameters of straight pipe approach. By
analogy, open channel flow would require 40 hydraulic radii of straight, unobstructed approach.

A good example of practical approach criteria taken from Bos (1989) follows:

o If'the control width is greater than 50 percent of the approach channel width, then 10
average approach flow widths of straight, unobstructed approach are required.

o If'the control width is less than 50 percent of the approach width, then 20 control widths
of straight, unobstructed approach are required.

e Ifupstream flow is below critical depth, a jump should be forced to occur. In this case, 30
measuring heads of straight, unobstructed approach after the jump should be provided.

o Ifbaffles are used to correct and smooth out approach flow, then 10 measuring heads
should be placed between the baffles and the measuring station.

Deviation from a normal transverse or vertical flow distribution, or the presence of water surface
boils, eddies, or local fast currents, is reason to suspect the accuracy of the measuring device.
Errors of 20 percent are common, and errors as large as 50 percent or more may occur if the
approach flow conditions are very poor. Sand or gravel bars, weed growths, or slumped riprap
obstructions along the banks or in the flow area can cause nonsymmetrical approach flow.
Inadequate distance downstream from a drop, check, or slide gate will concentrate flow locally
and cause error. A bend or angle in the channel just upstream from the measuring device or a
rapid expansion in the flow section can cause secondary flow or large eddies, which tend to
concentrate the flow in part of a cross section.

Figure 5-1 shows an example of a poor flow distribution in the approach to a weir. The high-
velocity, turbulent stream is approaching the weir at a considerable angle. The high-velocity
approach flow and the waves on the surface hinder head measurement. With this poor approach
flow, the weir will not produce the same head-discharge relationship as its standard equation and
calibration table.
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Figure 5-1 -- Example of poor approach flow conditions
upstream from weir.

Standard weir proportions for rectangular, Cipoletti, and 90-degree Vnotch weirs are shown on
figure 5-2. The approach velocity toward weirs should be less than 0.5 foot per second (ft/s).
This velocity value is equivalent to a head error of 0.005 ft. Velocity of approach can be
estimated by dividing the maximum discharge by the area at a point 4 to 6 measuring heads
upstream from the blade. Excess approach velocity is commonly caused by violating the criteria
specified in chapter 7.
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Figure 5-2 -- Weir proportions.

4. Turbulence

Turbulence results from relatively small parcels of water spinning in a random pattern within the
bulk flow while moving downstream. Turbulence may be recognized as water surface boils or
three dimensional eddies which appear and disappear haphazardly. Because of this local motion
within the general motion of the bulk flow, any particle of water may, at any given instant, move
forward, sideways, vertically, or even backward. In effect, the water is passing a given point with
accelerating and decelerating motion superimposed upon the main flow rather than with a
uniform, ideal velocity. Thus, more or less water may pass a given point over a short length for
short time periods, depending on the observation point chosen (figure 5-1).
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Excessive turbulence will adversely affect the accuracy of any measuring device but is
particularly objectionable when using current meters or propeller meters of any kind. Turbulence
can be objectionable even without air entrainment or the "white water" often associated with
turbulence. Turbulence is commonly caused by stilling basins or other energy dissipaters, by a
sudden drop in water surface, or by obstructions in the flow area such as turnouts-- operating or
not--that have projections or indentations from the supply canal. Shallow flow passing over a
rough or steep bottom can also cause turbulence. Weeds or riprap slumped into the flow area or
along the banks, or sediment deposits upstream from the measuring device, also can cause
excessive turbulence.

Excessive turbulence can cause measuring errors of 10 percent or more. Therefore, the flow
approaching a measuring structure or device should be modified to resemble tranquil canal flow.

5. Rough Water Surface

Reducing turbulence or improving approach flow distribution can eliminate rough water surfaces
that are not caused by wind. A rough water surface can cause errors in discharge measurements
when a staff gage must be read to determine head or cross-sectional area of the flow. A stilling
well will help reduce errors in head measurement, but every attempt should be made to reduce
the water surface disturbances as much as possible before relying on the well. Errors of 10 to

20 percent are common where a choppy water surface impedes accurate head determination. The
area of piping to a stilling well should be about one-hundredth of the well area to dampen water
surface oscillations. A larger area of piping may be needed to eliminate debris plugging or
increase well response to changes in measuring head. A smaller area may be needed to dampen
overly rough flow.

Specially constructed wave damping devices (Schuster, 1970) are often required to obtain a
smooth water surface. Figure 5-3 shows a schematic of an underpass type of wave suppressor
successfully used in both large and small channels.
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Figure 5-3 -- Underpass wave suppressor.

The channel may be either rectangular or trapezoidal in cross section. Constructing the
suppressor four times as long as the flow is deep can reduce waves as much as 93 percent. The
suppressor produces a slight backwater effect for the most effective vertical placement. The
suppressor may be supported on piers, can be constructed of wood or concrete, and need not be
watertight.
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The design of several other suppressor types, along with example cases, is covered in Peterka
(1983). Figure 5-4 shows turbulence and waves in a Parshall flume produced by an outlet works
stilling basin, which makes accurate discharge determination impossible. The log raft in the
foreground was used in an attempt to quiet the flow; however, the raft was later lifted out of the
water because of ineffectiveness.

Figue 5-4 - Turbulence ad waves in a Parshall flume
produced by an outlet works stilling basin. The log raft failed
to quite the flow.

Figure 5-5 shows the water surface after removal of the log raft and installation of an underpass-
type wave suppressor. This modification significantly reduced the turbulence and waves, making
accurate discharge determination a routine matter.

Figure 5-5 -- Underpass-type wave suppressor reduces
turbulence and waves in Parshall flumes.

6. Velocity Head in Approach

As flow approaches a weir, the water surface becomes lower due to acceleration of the flow by
the force of gravity (figure 5-6).
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Figure 5-6 -- Weir approach flow.

The water surface is considerably lower at the weir blade than it is at 5 ft upstream. The
elevation difference between the two circled points on the surface of the approach flow is called
the velocity head and represents the potential required to produce the increase in velocity
between the points.

A drop in water surface of 0.1 ft is common just upstream from a weir and (from the equation
above) represents an increase in velocity of 0.8 ft/s. If the head on the weir is measured too close
to the weir, the head measurement can be up to 0.1 ft too small. For a weir 6 ft long, with a head
of 0.45 ft, a discharge of 7 ft*/s is indicated. If you measured the head too close to the weir, such
that the head was reduced by 0.1 ft, a discharge of 5 ft*/s would be indicated. This difference
amounts to an error of about 35 percent based on the reported discharge; and, more importantly,
the water provider would be giving away 2 ft*/s.

Standard weir tables are based on the measured head of the weir (velocity head is negligible) and
do not compensate for excessive velocity head. Any increase in velocity above standard
conditions, therefore, will result in measuring less than the true head on the weir. Therefore,
more water will be delivered than is measured. Causes of excessive velocity head include
inadequate pool depth upstream from the weir, deposits in the upstream pool (figure 5-7),

and poor lateral velocity distribution upstream from the weir.
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Figure 5.7 -- Sedimentdeposits in weir pool.

Figure 5-7 shows sediment deposits, which have reduced the depth of the weir significantly and
increased the velocity of the approach to well above the desirable level. Other problems exist as
well; the head gage should not be located this close to the weir blade, the weeds should be
removed, and the "edge" of the weir should be sharp. Discharges over this weir will be larger
than indicated in "standard" tables.
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7. Poor Flow Patterns

The poor flow distribution which exists upstream from a measuring device often cannot be
attributed to any one of the causes discussed above. The best solution, then, is to assume that the
poor distribution has several causes. Start with the easy factors, work through the list, and
address each probable cause of poor flow patterns until obtaining the desired flow conditions.

Turnouts located close to and upstream from a measuring device may cause poor approach
conditions, as may bridge piers, channel curves, or a skewed measuring section. Relocating the
measuring device may be the only remedy in these cases.

Submerged weeds or debris can cause excessive turbulence or local high velocity currents.
Eddies adjacent to the shoreline can cause the flow approaching the weir to contract into a
narrow band. Sediment bars deposited from inflow or from sloughing banks can also produce
undesirable flow conditions. More drastic remedial measures include deepening the approach
area, widening the approach channel to make it symmetrical, or introducing baffles or other
devices to spread the incoming flow over the entire width of the approach. However, 10 channel
widths of straight, unobstructed approach should lie between baffles or other devices placed
before the measuring device. Surface waves, which are usually difficult to reduce or eliminate by
ordinary procedures, may require special treatment, as discussed under "Rough Water Surface"
in section 5.

8. Exit Flow Conditions

Exit flow conditions can cause as much flow measurement error as approach flow problems.
However, these conditions are not encountered as often in practice. In general, ensuring that
backwater does not submerge or drown out a device designed for free flow is sufficient.
Occasionally, a flume is set too low, and backwater submerges the throat excessively, which can
introduce extremely large errors in discharge measurement. The only remedy is to raise the
flume, unless some local obstruction downstream can be removed to reduce the backwater.
Sharp-crested weirs should discharge freely rather than submerged, although a slight
submergence (the backwater may rise above the crest up to 10 percent of the head) reduces the
discharge a negligible amount (less than 1 percent). However, a weir operated near submergence
may not affect the discharge as much as the possible lack of nappe ventilation resulting from
high downstream depth or intermittent waves lapping the underside of the nappe.

The underside of weir nappes should be ventilated sufficiently to provide near atmospheric
pressure beneath the nappe, between the under-nappe surface, and the downstream face of the
weir. The height of pull-up behind the nappe depends upon the drop, discharge, and crest length.
The height that the water raises behind the nappe is a measure of the discharge error. For
example, if the measuring head on a 3-ft suppressed weir is 1 ft and the water behind the nappe
pulls up 0.3 ft, the error of discharge measurement would be about +6.5 percent. If the water was
only pulled up 0.1 ft, the error for the same weir and measuring head would be +2.5 percent.
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If the head upstream from the weir is pulled down a significant amount, then the weir is not
sufficiently ventilated. An easy test for sufficient ventilation is to part the nappe downstream
from the blade for a moment with a hand or a shovel to allow a full supply of air to enter beneath
the nappe. After removing the hand or shovel, the nappe should not gradually become depressed
(over a period of several or more minutes) toward the weir blade. If the upper nappe profile
remains the same as it was while fully ventilated, the weir has sufficient ventilation.

If the nappe clings to the downstream side of the weir and does not spring clear, the weir may
discharge up to 25 percent more water than the head reading indicates. This problem is generally
a low flow problem with heads near and less than 0.2 ft and occurs more frequently with V-notch
weirs. Good practice would involve checking the nappe before and after readings.

Gates calibrated only for free discharge at partial openings should not be submerged, nor should
eddies interfere with the jet of water issuing from the gate. Gaging stations should be kept free of
deposited sediment bars or other side-projecting obstructions to prevent backflow or eddies from
interfering with the uniform flow conditions that should exist in the cross section being
measured.

9. Weathered and Worn Equipment

Sharp-crested weir blades on older water measuring devices are often in bad condition. Weir
blades are seen with dull and dented edges, discontinuous with bulkheads, pitted and covered
with rust tubercles, and not vertical. Weir blades have sagged and are no longer level. Staff gages
are worn and difficult to read. Stilling well intakes are buried in sediment or partly blocked by
weeds or debris. Broad-crested weirs and flumes are frost heaved and out of level. Meter gates
are partly clogged with sand or debris, and gate leaves are cracked and warped. These and other
forms of deterioration often cause serious errors in discharge measurements. This type of
deficiency is difficult to detect because, as mentioned before, deterioration occurs slowly.

Therefore, the person responsible for measuring devices must inspect them with a critical eye.
The attitude should be: "I am looking for trouble," rather than: "I will excuse the little things
because they are no worse today than they were yesterday." A series of little problems has often
accumulated and compounded into large, unknown, and unaccountable errors. Poorly maintained
measuring devices are no longer standard, and indicated discharges may be considerably in error.
Worn devices should be rehabilitated to ensure true discharge readings.

Repairing or refurbishing a rundown measuring device is sometimes a difficult or impossible
task. Fixing small problems as they occur will prevent, in many cases, replacing the entire device
on an emergency basis, perhaps at great cost at some later date. Regular preventive maintenance
will extend the useful life of measuring devices.

10. Poor Installation and Workmanship

Contrasting with the measurement devices that were once accurate and dependable but have
deteriorated are those that, because of poor workmanship, were never installed properly. This
category includes devices that are installed out of level or out of plumb, those that are skewed or
out of alignment, those that have leaking bulkheads with flow passing beneath or around them,
and those that have been set too low or too high for the existing flow conditions.
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Inaccurate weir blade lengths or Parshall flume throat widths, insufficient or nonexistent weir
nappe ventilation, or incorrectly located and zeroed head or staff gages cause measuring errors.

A transverse slope on a sharp-crested weir blade can cause errors, particularly if the gage zero is
referenced to either end. The error can be minimized by determining the discharge based on the
head at each end and using the average discharge. Errors in setting the gage zero are the same as
misreading the head by the same amount. At low heads, a relatively small zero setting error can
cause errors of 50 percent or more in the discharge. A head determination error of only 0.01 ft
can cause a discharge error of from 5 percent on a 90degree V-notch weir to over 8 percent on a
48inch (in) Cipoletti weir (both for a head of 0.20 ft). The same head error on 6 and 12in Parshall
flumes can result in 12- and 6-percent errors, respectively, for low heads.

Out of plumb or skewed weir blades will show flow measurement inaccuracies of measurable
magnitude if the weir is out of alignment by more than a few degrees. Rusted or pitted weir
blades or those having projecting bolts or offsets on the upstream side can cause errors of

2 percent or more depending on severity of the roughness. Any roughness will cause the weir to
discharge more water than indicated. Rounding of the sharp edge of a weir or reversing the face
of the blade also tends to increase the discharge. On older wood crests, a well rounded edge can
cause a 15- to 25-percent or more increase in discharge (figure 5-8). The well-rounded edge on
the once sharp-crested weir on figure 5-8 will increase the discharge to well above "standard."
The weeds are also undesirable, as is the weir gage which projects into the flow area.

Certain types of meters require pressure readings to determine discharges. Piezometers, or
pressure taps, as they are sometimes called, must be regarded with suspicion when considering
flow measurement accuracy.



Piezometers or pressure head taps must be installed with care and with a knowledge of how they
perform; otherwise, indicated pres-sure values can be in error. For example, as shown on figure
5-9, the four piezometers indicate different pressure readings (water levels) because of the
manner in which flow passes the piezometer opening. Piezometer openings are shown larger than
they should be constructed in practice. Always use the smallest diameter opening consistent with
the possibility of clogging by foreign material. Unless the piezometer is vertical as in Y, the
water elevation will be drawn down as in X or increased as in Z. Basically, pressure taps should
be perpendicular to the flow boundary, and the flow must be parallel to the boundary. Rough
edges or burrs on or near the edges of the piezometer holes deflect the water into or away from
the piezometer, causing erroneous indications. The case as in W shows the tube pushed into the
flow, causing the flow to curve under the tip which pulls the water level down. Errors caused by
faulty piezometer tap installation increase with velocity.
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Figure 5-9 -- Examples of piezometer installation.

Sometimes, to obtain a better average pressure reading, four taps around the pipe are manifolded.
If unbalanced pressure exists because of velocity distribution, error can be introduced by flow
circulation in the manifolding tubing. Two forms of manifolding are shown on figure 5-10. The
commonly seen case (a)-circular form-causes circulation errors. Case (b) is the triple tee system,
designed to minimize circulation errors. Large tube diameter relative to piezometer hole diameter
through the meter wall will reduce circulation error considerably for both cases.

5-10



(b) Triple - Tee

Figure 5-10 -- Examples of piezometer manifold tubing (top:
poor arrangement; bottom: good compensating arrangement).
Large-diameter tubing relative to piezometer diameter will
reduce circulation errors considerably for both cases.

Frequently, pressure taps are connected to manometers and U-tubes (figure 5-11), and air trapped
in the tubing can cause large errors. Air travels in bubbles that tend to rise and form large air
blockages. Thus, piezometers should not be connected at the top of a pipe. Even with taps on the
side, air will come out of solution as water warms. Air in the vertical parts of the tubing causes
large errors. Although air in horizontal parts of the tubing does not cause error, a bubble will
likely move to a vertical part of the tubing when flow increases or decreases. For bleeding air,
flowmeters should be placed at locations where the pipelines are under positive pressure; that is,
where the hydraulic grade line is well above the pipe and manometry system as shown on figure
5-11.
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Figure 5-11 -- Manometry system below the hydraulic grade
line is desirable.

If the meter and/or manometer are above the grade line as shown on figure 5-12, then pressure is
negative. Negative pressure causes air to come out of solution and accumulate. Also, air can leak
through pipe fittings and flange gaskets into the pipe and manometer system. Air can leak
through openings that water cannot leak through.
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Figure 5-12 -- Manometry system above the hydraulic grade
line is undesirable.

Care in designing the system should be taken to make sure that the h