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SoME OBSERVATIONS ON |RRIGATION FLOW MEASUREMENTS
AT THE END OF THE MILLENNIUM

J. A. Replogle

ABsTRACT. Thisarticle provides a brief historical ook at the origins of flow metering in the last millennium, touching on
some of the devel opments we use today in open—channel and pipeline flows for irrigated agriculture. While the basic physical
principals recognized as useable for measuring flows have remained basically unchanged, the range and accuracy of
monitoring these physical effects have been vastly improved by collateral developments in electronics and computer
technology. For example, the ultrasonic properties of a fluid medium have long been recognized, but only in the last decade
have the practical and inexpensive means to exploit these properties become available. Some of the newer developments
during the last quarter of the past century include long-throated flumes of many shapes for which the discharge ratings, or
calibrations, are determined by computer techniques. A recent extension to the computer—calibrated flume’s repertoire
includes the adjustable-throat flumes that aid in placement in earthen channels because they virtually eliminate concern for
vertical elevation of the throat, which can be adjusted to accommodate ditch flow conditions after installation. Other recent
developments include: vortex—shedding meters; ultrasonic flow meters, of both the Doppler type and transonic types; and

simplifications on construction and application of Pitot tubes for measuring flow in irrigation wells.
Keywords. Flow measurement, \Water measurement, Irrigation, Irrigation management.

he measurement of applied irrigation water is one of

the maor links in efforts to improve irrigation

management to achieve effective  water

management. As the millennium ended, we may
well consider the developments in flow measurement
benefiting irrigated agriculture. Briefly discussed herein, are
afew of the measurement methods that have evolved to this
point in history that are of significant interest to those dealing
with irrigation water management. While afew devices have
come to fruition in only the last few decades, we must ook
back at least a century to find the origins for most of the
currently used devices. An example is Clemens Herschel’s
version of the Venturi meter in 1886, and the pioneering canal
work in France of Henri Bazin in 1865 (Chow, 1959). Yet
another century is reached for the principles investigated by
Venturi himself in about 1791 and to the instrumentation used
by Bazin credited to Henri Pitot, who in 1730 used a bent
glass tube to measure velocities in the River Seine. However,
it takes more than two millenniums to encompass
Archimedes’ principle, which legend places at 287212 BC,
the science behind many of the hydraulic systems in use
today.

While the basic physical principles used for measuring
flows have remained essentially unchanged, the range and
accuracy of monitoring the effects of these principles have
been vastly improved by collatera developments in
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electronics and computer technology. For example, the
behaviors of sound in a fluid medium have long been
recognized, but only in the last decade have the practical
means to exploit these sonic properties become available.

Irrigated agriculture uses both open channel measuring
systems and pipe flow meters. Over the last several decades,
industrial sources have provided most of the advances in
metering technology for flow in pipes. Industrial
involvement in canal flows has been much less. Thus, public
agency emphasis has largely been directed to developing
open—channel flow measuring systems.

This review considers some of the flow meters that are
particularly important to irrigated agriculture and extends the
historical perspective to recent developments and current
outlooks.

FLow METERING OVERVIEW

Traditionally, flow meters have been classified according
to the physical principle or property exploited, such as those
related to sound, magnetism, electricity, chemical reactions,
mixing, and volume, mass and energy relations, (ASME,
1959). In order to exploit a physical property or principle, the
metering system must interact with the fluid in some way.
The mechanism involved in the immediate interaction is
caled the primary element. The mechanisms involved in
detecting the effects of the interaction and converting it to an
observable reading is the secondary element (ASME, 1959).
Meters can broadly be grouped into flow—rate meters or
guantity meters, according to the effect that is first
observable. An appropriate secondary element can convert
most primary elements to respond either way. Not all meters
are currently practical for use in irrigated agriculture.
Emphasize on the word “currently” is to be noted here
because of the possibility that someone will overcome an
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existing restriction limiting an application, making that
metering method practical for irrigation. Major restrictions
to irrigation applications are often the lack of electric power
at the metering site, capital cost, and poor maintenance
support.

The applicability of many flow—metering methods is
discussed in some detail in USBR (1997), which provides a
quick overview of common meters with an indication of best
applications. Meters based on viscous properties of fluids,
vortex—shedding meters and some specia acoustic meters are
relatively new to theirrigation industry and are not listed in
that work.

CANAL FLOW MEASUREMENTS
A BRIEF HISTORY OF FLOW MEASURING FLUMES

Accurate water measurement with flumes has greatly
aided the management of irrigation water and the
development of irrigated lands in the American West. Older
devices, such aswelirs, required large head loss in the form of
large overfall height, which was frequently not available in
the flat regions around the world that are commonly
associated with irrigation. Flumes provided acceptable
accuracy with significantly less head loss requirement.
Among the first of these that were widely used in the 20th
Century was the Parshall flume.

The history of the Parshall flume beginswith V. M. Cone,
USDA, in Fort Collins who introduced the Venturi flume in
about 1910 (Chow, 1959). While theoretically amenable, the
small head—differential produced between the upstream
depth and the higher speed flow in a dlightly contracted
section was hard to detect and thus limited its accuracy. In
1926, Ralph Leroy Parshall (1881-1959) published his work
on amore practical improvement that had a contraction great
enough to produce “critical flow” in a contracted throat.
Chow (1959) discussed somewhat parallel developments of
flumes in India, England, Italy, Switzerland, and Argentina
from about 1925 though 1955. Their impact on irrigation did
not reach the level enjoyed by the Parshall flume.

The advantages of Parshall’s critical flow flume were soon
apparent even though it required more head drop than the
original Venturi flume of Cone. However, this head drop was
still much less than for weirs, and accuracy was improved. It
also did not need two readings like the Venturi—type usage of
the Cone flume, one in the approach channel and one in the
contracted section, because critical depth can be inferred
from the upstream reading, to which it is uniquely related.
Disadvantages, include the limitation on choice of sizes and
the rectangular shape that required considerable canal work
for installation into a trapezoidal canal. Calibrations, which
were not practical to directly compute, were developed from
careful laboratory studies for several flume sizes. These
flumes were more or less the standard for irrigation flow
measurements for much of the 20th Century.

Robinson and Chamberlain (1960) developed flumes that
were formed by side contractions in small concrete-lined
trapezoidal irrigation canals. These fumes required less canal
work to make them fit into existing canals. The side
contractions with afloor that matched the canal were thought
at the time to be advantageous for moving bed-oad
sediments, an assumption that was only partly correct. These
flumes also were laboratory calibrated. Their general shape

concepts were later used during a period from 1969 to the
present, when converging technologies between hydraulic
engineering and computer science led to yet another
development, the critica—flow flume. Interchangeably
called the “Computable Flumes” or the “Replogle Flumes,”
these flume designs can be obtained through hydraulically
based mathematical relations solved by computer (Replogle,
1975; Boset a., 1991; Clemmens et a.. 2001). A broad range
of shapes and sizes of flumes can be tailored to nearly any
channel shape.

The computable-flume concept is now employed
worldwide and the resulting flumes are becoming the
preferred irrigation canal-measuring device. The primary
hydraulic innovation leading to their success was to produce
paralel flow in the throat rather than the curved flow as
formed by the Parshall flumes. This parallel flow allowed
them to be treated mathematically, because knowledge of the
flow curvature, necessary for mathematical treatment, was
simplified to no curvature. This parallel flow does not exist
in Parshall flumes and mathematical treatment is unreliable.
These flumes also have smaller head loss than the Parshall
flumes.

EvoLuTION OF FLUME CONSTRUCTIONS

Various field installation techniques evolved in attempts
to develop convenient constructions applicable to irrigated
agriculture. The early flume versions were based on channel
side contractions, much as Robinson and Chamberlain
(1960) had done, and were difficult to build. A special inside
mold as a concrete forming system was used. A
ditch—company contractor devised that mold. Later, a
broad—crested weir with an upstream ramp was designed,
which could be built without the contractor’s mold, using
premixed concrete and two plywood forms made to fit the
canal shape up to the height of the finished sill.

These flume shapes were easy to construct and have some
hydraulic advantages, such as requiring only a small head
loss to make them operate. Thus, they were suited to flat
irrigation areas. This upstream ramp and construction
method was initially intended only as an emergency,
short—term installation because the prevailing thought at the
time was that the contraction had to be made from the sides
with no raised floor in order to let sediments pass. These
conditions are not necessarily true in all cases. Sometimes
sediments ruin the side contraction flume measurements
anyway, and sometimes they pass over a raised sill.
Sediments till are a problem and account for most of the
needed maintenance. Many flow criteria govern sediment
deposition and movement, besides the flume floor profile.

A variety of sizes were designed and built. A large flume
near Phoenix, Arizona, was constructed on the Arizona canal
heading of the Salt River Project (fig. 1). The flow rate was
about 40 m3/s (1400 cfs). At the other extreme, small sizesfor
experiments on irrigation furrows were fashioned that could
measure less than 1 L/s (16 gpm).

CONSTRUCTIONS IN SMALL CONCRETE CANALS

Eventually, the mold—formed method was replaced, first
with the wooden forms, but later, with an even simpler
process that used a small metal frame for the important throat
section. The frame helped produce a known width and aided
in producing a level top. This metal-frame method works
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Figure 1. Flumein large canal. Note stilling well and the region of wavy
water surface. Sill crest is located about midway between these two
features. Canal flow depth isabout 2.4 m (8 ft) and sill crest isabout 1.4 m
(4.5 ft) high.

well in existing concrete lined canals (fig. 2). Field soil
formed the support for the 5-to 10-cm (2— to 4-in.) concrete
veneer used. It is quick and easy and works well in existing
concrete lined canals. The process is illustrated in figure 3.
This supporting under—structure of soil was allowed to wash

away.

SEDIMENTATION PROBLEMS

Sediment movement and deposition in channels is a
complicated function of the sediment composition, sediment
concentration, flow velocity, and channel shape. In general,
erosive velocities for most sediments start at about 1 m/s
(3 ft/s) depending on the sediment material (Chow, 1959). In
small flumeswith flows of less that about 500 L/s (20 cfs), the
velocities may be too slow in the upstream section and the
stilling well may not function because of sediment
accumulations. In larger flumes with flows in excess of
1 m?3/s, the flume shape can usually be selected to cause
increased velocitiesin the flume approach section so that the
flume stilling well area remains free of sediments. One of
these methodsiis to use araised floor in the approach channel
that will increase the flow velocities in the approach section
of the flume. The concept isillustrated in figure 4.

The flume design criteria suggest that velocities in the
approach section be such that the Froude Number, Fy, isless
than 0.5. (The Froude Number is adimensionlessratio of the
dynamic (velocity related) forces, V, in a channd to the
gravity forces, g, or F, :V/ Jg_ , Where D = Channel

cross—sectional area divided by the channel top width.) In
small flumes, thislimit on F, may not produce the necessary
flow velocity needed to transport sediment. Because,
trapezoidal shapes have decreasing F, (and velocities) with
decreasing flow, sediment handling is usually best at design
maximum flow. On the other hand, rectangular shapes with
side contractions tend to maintain the same Fy_ throughout
their flow range, particularly if no raised sill isused, and this
can sometimes be used to improve sediment passage over a
relatively wide flow range. (Bos et al., 1991).

PorTABLE FLUMES

The flume design concepts were applied in many formats
around the world, including portable devices in semicircular
channelsin Morocco. A simple portable system was needed
for flow surveys. The result was a portable system consisting

Vol. 18(1): 47-55

Figure 2. Flumein small concrete-lined canal.

of abroad—crested weir sill made from flat sheet metal, with

a width equal to about 80% of the channel diameter (this
matches a sill height of 0.2 times the diameter), and a ramp
that was cut as part of an ellipse to fit the channel bottom
(fig. 5). A point gage was used to sense the depth of water
above the top of the weir crest using the translocated stilling
well system described in Replogle (1997) (fig. 6).

ADJuUSTABLE FLUME

Small earthen canals are common in both the United
States and abroad. On an irrigation evaluation project in
Nepal, irrigation consultants attempted to measure water
with Cutthroat flumes, but were not very successful because
most of the earthen channels had less than 3 cm (1 in.) of
freeboard. The flow backup required by these existing
devices usually caused the canal to breach.

That experience in Nepal led to what has become an
adjustable flume. It can be placed in these types of channels
and gradually raised to cause only about 10 mm (0.5 in.) of
backwater and survive the limited freeboard. This idea has
been commercialized in the United States as the
Adjust-A—Flume (Nu-Way Flume and Equipment Co.,
Delta, Colo.).

The Adjust—-A—Flume is sold in many sizes, from about
12 to 1000 L/s (200 gpm to 35 cfs). It is easy to install and
usually avoids the problem of being too deep or too shallow
and needing to be reinstalled. It effectively deals with the
problem encountered when trying to vertically relocate a
flume after flow is started. Resealing a flume in this flowing
situation is usually difficult. Thus, the advantages of simply
lowering or raising the sill while the water is flowing are a
distinct advantage. Figure 7 shows the flume being checked
for level with a carpenter’s level and sealing against bypass
flow with field soil.

The adjustable flume has a sidewall gage that is marked
to indicate discharge rate. No discharge tables need to be
carried by the user. The largest version, shown asit was being
installed (fig. 8) has a capacity of 1000 L/s (35 cfs). Vertica
adjustments are by use of alifting mechanism in the covered
box shown mounted over the flume. Four threaded rods with
nuts can be substituted, if adjustments are seldom necessary
after initial installation.

ULTRASONIC METERING OF OPEN CHANNELS
Ultrasonic stream gauging is based on detecting stream
flow velocity by using the difference in time for sound
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Drain tube

allows canal to
empty without

pumping. Usually
needs cleaning
with arod

when drainage

is needed.
1. Select a concrete lined 2. Fill with field soil to within 5to 10 cm 3. Put steel angle—iron forms in place.
canal that is free of major (2to 4”) of finished broad—crested weir. These must be carefully shimmed to
cracks. Place adrain tube Temporarily form a downstream level in all directions. See below for
(about 3cm (1”) plastic) in canal. ramp with the soil even if a concrete example construction of these forms,

outlet ramp is not planned which are left in the concrete.

Concrete thickness
is about 5to 10 ¢

(2t0 47) Reinforcing

bars may
be added
to ramp.

Soil
should

wash away

from under ramp
when canal flow starts.

4. Assure that the forms stay 5. Pour the ramp on about a 3:1 6. Mount sidewall gauge at proper location

level while filling with concrete. slope. This slope is not critical.

SCrews.

Use4cm (1-1/2")
angle or
larger.

Cut ends
to match
canal side slope.

AT Ol

Form for sill

Need be only

; concrete
approximate

I e e |
Y. -
| ‘ Make as accurate

as practical

Wall-gage mounting
bracket made from
galvanized sheet metal.

Attach to canal wall with

and elevation. Usually set elevation of most
used flow rate. Check zero and evaluate if
gage and canal wall slope are well enough
matched 8 mm (+1/8")) is usually acceptable)

Wall gauge can bemade using
a chisel and punch to make the
marks and numbers. A paper pattern

of lines and numbers taped to the metal is

useful as a chisel guide.

After sliding gauge into
bracket to proper vertical
location, strike hammer blow

to lock it tightly.

Figure 3. Construction process for small concrete-lined canals.

transmissions sent obliquely across the stream in opposite di-
rections. Because of the flow movement, the sound propa-
gates at a higher velocity in the direction of flow than against
the direction of flow. This difference is translated into aver-
age velocity in the sound path that was sampled. This princi-
ple will be discussed further in the section dealing on pipe
flows (Herschy, 1985). In channel flows, several paths are
often used, particularly on rivers that may have irregular
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boundaries. Single path installations are approaching the
economics that have interested large irrigation districts. The
application has not been without difficulties. Movable bed
channels require special monitoring of the sand dune
movement through the metering section. Also, if asingle path
isto be monitored, the relationship of the chosen path to the
flow profile needs to be known.
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COMPACTED GRAVEL FILL

15CM OF REINFORCED CONCRETE

DRAIN FIPE WITH CAP

1]

Wall Gage
(aptional)

well

Figure 4. Designing for sediment transport through flumes.

To partly address some of these difficulties, it is
recommended that a channel section be constructed to
increase the local velocities to the point that bed load
movement as dunesis discouraged through the section being
sampled by the sonic paths. This channel section may take the
form of araised sill much like along-throated flume, but not
to the severity of causing critical flow, thus causing only
negligible head loss. Depending on the sediment

concentrations, this “constructed” velocity may be aslow as
1 m/s (3 ft/s). If the flow depth fluctuates significantly, it
appears that the 0.6 depth path across the channel, often
recommended for propeller—type current metering would be
desirable. The construction mentioned above could provide
an opportunity to always sample this path level if the section
is made rectangular with the transducers that are mounted on
an adjustable mechanism.

@

(b)

Figure 5. Portable flume system (Morocco). (a) System parts: static tube, level sensing cup and wooden mount, flumeramp, and flumesill. (b) System

installed in semicircular channel.

Vol. 18(1): 47-55

51



Head reading, h, detected

/ in suspended cup \
\

Inlet holes for
static head tube

|

——
\_J /

SIDEVIEW

NS

END VIEW

Figure 6. Point gage used with portable flumein semicircular channel (M orocco).

MEASUREMENTS IN | RRIGATION PIPELINES

While advances in canal flow measurements have
significantly aided irrigation water management worldwide,
there have nevertheless been developments in pipe flow
measurements that also significantly impact irrigation flow
measurements. Most of these advances have been through the
introduction of modern electronics to detect and report the
flow  measurement information from  otherwise
well—established techniques, for example, the differential
pressure across a Venturi meter or orifice meter, or the speed
of sonic waves across a pipe. These electronic advances are
resulting in lower—cost metering systems, often with
improved accuracy. Many metering techniques depend
heavily on these advances such as the vortex—shedding meter,
the ultrasonic Doppler flow meter, and the ultrasonic
transit-time flow meter. Many of the standard meters such as
the propeller meters, Venturi meters, orifice meters, etc. are
described in a number of references (Miller, 1996) and only
newer methods and some special applications of older
methods that are particularly interesting for irrigation
management applications are described below.

VORTEX-SHEDDING FLOW METERS

Vortex—shedding flow meters have only recently been
introduced to irrigation in a configuration that makes them
competitive with orifice meters (Miller, 1996), athough they
have been around since at least the 1960s. They generally
cause less head | oss than orifice meters and can cover awider
discharge range for a particular installation, but require
electric power. They are now offered routinely to the
irrigation industry for pipe flow measurements.
Open—channel applications in this format are not considered
practical.

Figure 7. Adjustable flume being ingtalled while channe continuesto flow.
Capacity: 56 L/s (2 cfs).
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Vortex—shedding flow meters operate by using the viscous
fluid principles that form alternating eddies downstream
from a bluff body held in a liquid flow. The formation
frequency of these eddiesis related to the flow velocity. The
detection and conversion of the signal were expensive afew
decades ago. Again advances in electronics and frequency
monitoring have joined to make these meters practical for
irrigation wells and center pivot systems (fig. 9). For
volumetric flow rate, the meters are accurate to within £0.7%
over amaximum to minimum flow range of 30:1. The meters
are offered as insertion probes to be placed through the wall
of an existing pipe, or mounted in a section of pipe caled a
“gpool” as to be inserted as a part of the pipeline. The
accuracy of the meter can be as good as +0.5% for the spool
versions over a 20:1 range of flows. The insertion probes are
dightly less accurate because of their dependence on the
manufactured pipe into which they are inserted. A wider flow
range can be used, but with increased error.

ULTRASONIC FLOW METERS

A desirable meter could be described as one that can be
installed on the outside of a pipe, but can give the
performance of the best flow metersinstalled inside the pipe.
Ultrasonic time—of—flight meters are slowly developing
toward these apparently conflicting but demanding criteria.

Figure 8. Large Adjust—-A—Flume with hoisting mechanism. Capacity:
1000 L/s (35 cfs).
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Figure9. V-Bar ™ Insertion Vortex Meter (after EM CO)2.

Multiple beam systems have been installed on many pipe-
lines. There are two basic types of ultrasonic flow meters that
are used in liquid flows (Miller, 1996). One type is based on
the time of flight of an ultrasonic wave, usualy of afrequency
of about 1 MHz, acrossthe pipe at an angle (fig. 10). Depend-
ing on the flow direction, with or against the liquid flow, the
travel timeswill differ. The readout isthe average velocity in
an axial plane from wall to wall through the pipe center.
These meters operate best in liquids without suspended par-
ticles. A second style, the Doppler type, operates much like
aradar return system and requires particles moving with the
genera flow to return sonic echoes that are interpreted for lo-
cal velocities. The velocities are usually those near the wall,
so the flow rate depends on successful inference of the total
velocity profile from the velocities near the wall. The profile
is assumed to be a form of flat—nosed “bullet shape” that is
symmetrical in al radial planes and changes its shape as a
function of velocity and pipe roughness.

The time—of—flight meters are not immune to profile
shape either. For example, if the profile is a square fronted

Figure 10. Portable ultrasonic flow meter on outlet pipe of an irrigation
well. Sensors are usually mounted on the side of pipeto avoid air bubbles
that may bein the pipe.

Vol. 18(1): 47-55

“piston” and the ultrasonic meter averages an axial dlice
across the pipe, then this piston shape directly represents the
complete pipe flow. On the other extreme, if a pointed cone
represents the flow profile, then the meter detects the average
of atriangular shape (one—half of the peak velocity) as the
equivalent piston, but to represent a cone, it should be one—
third of the detected value. Fortunately, symmetrical flow
profiles can usually be predicted with suitable accuracy. Of
greater concern is non—symmetrical profiles caused by pipe
bends, valves and other fittings. Thus, it is important to fol-
low the manufacturer’s recommendations on upstream
straight—pipe length requirements.

The modern clamp-on transit-time meter in a good
mounting location can indicate a flow rate accurate to within
+2% of flow reading, depending on design, compared to
Doppler meters that usually indicate no better than +5% of
full scale reading. Field accuracies are variable, but can be
expected to add at least 2 to 3% to these error values, which
were determined under controlled conditions. A major
advantage of ultrasonic methods is the negligible head loss
and the ability to install either portable or dedicated systems
without a pipeline shutdown. A disadvantage is the need to
determine the effective pipe wall thickness and the velocity
of sound in the pipe material being used. This velocity of
sound in the pipe material can vary from about 2300 m/s
(7500 ft/s) for some plastic pipes to 4900 m/s (16,000 ft/s)
for steel pipe, and over 6000 m/s (20,000 ft/s) for some alumi-
num alloys.

NEw PrRIMARY DEvICE FOR CHANNELS AND PIPELINES

In about 1997 a relatively new acoustic Doppler—based
flow meter, entered the marketplace caled the ADFM
Velocity Profiler™ (Acoustic Doppler Flow Meter, MGD
Technologies, San Diego, Calif.). The ADFM is able to
sample the velocity at many discrete points along several
ultrasonic pathsin the depth of flow in achannd or pipe cross
section. These point velocities then are combined to
determine a velocity profile and thus a flow rate for the
channel or pipe (fig. 11).

These multiple paths alows the ADFM to beinstaled in
large channels that can have complex hydraulic conditions
and dtill obtain suitable flow rate data. The technology
usually removes the need for an in—situ calibration, making
system installation relatively simple and safe. Because it
appears to be smple to install, it may be thought of as
somewhat portable, or at least amenable to reinstallation at
various locations within canal systems.

Figure 11. Doppler—based acoustic velocity profiler.
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| MPROVEMENTS OF EXISTING METHODOLOGY

Well-known flow measuring techniques are sometimes
incorporated in new ways to make flow measurements more
convenient and economical. For example, Pitot—tube
systems have long been used in pipe flows. Most require that
special holes bedrilled in the outflow pipe of the well through
which the Pitot tube can be inserted. Special double walled,
double-tube constructions, sometimes called Prandtl-type
Pitot tubes (Daugherty and Ingersoll, 1954), have been used
at the outlet of pumping systems discharging directly into a
cana (fig. 12). These Prandtl tubes are difficult to build with
simple machine shop procedures and are relatively
expensive.

The advantage of the Pitot tube method is that it can
measure flows with a distorted velocity profile and may be a
practical way to measure flows when upstream elbows, the
pump head, or other pipe fittings produce a distorted flow
profile that is detrimental to the proper installation and
operation of commonly available pipe meters, such as the
propeller meter illustrated. A damaged or corroded pipe end
makes it difficult to attach such devices as portable end—cap
orifices. Clinging flow, with a partia vacuum at the outlet,
may become unstable as soon as a velocity probe is inserted
and can oscillate between a partly filled pipe flow and a full
pipe flow. Sometimes, it is desirable to know how distorted
the flow profile really is before attempting to condition the
flow with longer discharge piping or straightening vanes. If
this information can be provided, the meter technician may
be able to determine whether a correction in the meter
coefficient will suffice, or if flow—conditioning equipment is
needed. Lastly, apartly filled pipe will cause errorsin meters
that require full pipe flow, including the Pitot-tube method.

Replogle (1999) developed an economical method to
construct and use a specia Pitot—tube system to field evaluate
the operation of an installed meter in these compromising
situations. A specially constructed Pitot—tube system is
clamped near the outlet of the pump discharge pipe. It is used
to detect the velocity at several points across the pipe
diameter at the usual 10 points recommended for classical
Pitot traverses. Recommendations for special point locations
across the pipe to reduce the number of points from the 10 to
only two are given. Distorted profiles can be detected and
measured.

To overcome the difficult construction methods needed
for the Prandl tube, the system was separated into two tubes,
a simple Pitot impact tube, with a companion, but separate
static—pressure tube. Both can be constructed using common
shop techniques and standard small pipe fittings (fig. 13).

Description of Equipment Features

Referring to figure 13, the Pitot—static system consists of
a Pitot tube, or impact pressure sensing probe, and a static

Figure 12. Typical installation for irrigation wells that discharge into
canals.

HOSE CLAMP

REMOVE OR ADD AIR
| TO MOVE
DIFFERENTIAL
READING TO
CONVENIENT HEIGHT

>

|

‘Wood or hard rubber can be
clamped to outlet approximately
as shown to cause full pipe flow.

MODIFIED END VIEW

)

STATIC TUBE WITH VERTICALLY
ADJUSTABLE

PRESSURE SENSING HOLES
PITOT TUBE

L 2
] '|ﬁf
( > |

SIDE VIEW

Figure 13. Pitot system used to evaluate irrigation well discharge
(Replogle, 1999).

pressure sensing probe, with pressure sensing holes. Rubber
end dams and C—clamps are used to produce sufficient back
pressure to maintain full pipe flow at the measurement plane,
thus preventing partial pipe flow while still maintain mini-
mum back pressure on the well pump. The probes are made
from standard 1/8-in. galvanized steel pipe, with an outside
diameter of about 10 mm. Construction details are to be
found in Replogle (1999), and laboratory studies are reported
in Replogle and Wahlin (2000). Errors for a 10—point traverse
are within £3% and for a specia two—point processit iswith-
in about £5%.

SUMMARY AND OUTLOOK

Making predictionsis usually a hazardous pursuit. Risk is
reduced if predictions follow a line of need, for indeed
“necessity is the mother of invention.” With that in mind,
there is great demand for noninvasive measuring technology
at affordable costs. Ultrasonic meters are beginning to meet
these criteria, at least in pipe flows. They are most easily
applied where electric power is available. Electric power is
usualy available in irrigation well applications because of
the dominance of electric motor driven pumps near the
measuring site. In open channel applications, the expense of
providing power to the site is a major consideration. For
accurate information, the site usually should be modified
with a lined section designed to carry sediments through in
away that does not change the flow section area. This cost
may rival the cost of constructing along—throated flume, and
while not in the category of noninvasive measurements,
long-throated flumes still will offer a solution to channel
flow measurements for at least a decade or more. Research
efforts should continue to investigate not only novel new
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methods, but
methodol ogy.

aso novel applications of existing
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Water management in future
irrigation schemes could be
improved if systems were
designed in such a way that their
proper management would be as
easy as the mismanagement of
existing systems.
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The sensitivity of a structure is defined as the
fractional change of flow rate through the structure
that is caused by the unit rise (usually 4h, = 0.01m)
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Abstract

An index velocity rating was developed for a SonTek/YSI Argonaut Side-Looking (SL) ultrasonic Doppler flow
meter installed in the Main Canal of the Colorado River Indian Tribes (CRIT) Irrigation Project in Parker,
Arizona. Velocity data collected concurrently with the ultrasonic flow meter and conventional current meter
were compared using linear regression techniques. The rating equation for this installation provides a
reasonably accurate means of computing discharge. This project was completed by the Irrigation Training and
Research Center (ITRC), California Polytechnic State University, San Luis Obispo, working under a technical
assistance contract for the Water Conservation Office, United States Bureau of Reclamation (USBR), Yuma,
Arizona and the California Energy Commission (CEC).

The procedure used in the evaluation included multiple measurements over a range of low, medium, and high
flows. This approach verified the validity of discharge measurement through analysis of coefficients of
determination and by comparison of discharges computed from the ratings to measured discharges.

Introduction

This paper is a summary of an application of the Index Velocity Rating Procedure for a SonTek/YSI
Argonaut™ Side-Looking (SL) 1.5-MHz acoustic Doppler current meter. The Argonaut SL has the ability to
perform internal discharge computations as the product of mean channel velocity and cross-sectional area. The
index coefficients for establishing the empirical velocity relationship in a channel are determined through
regression analysis. Computing flow with the internal flow algorithm requires the user to input a specific
velocity equation and the channel geometry defined by up to 20 cross-sectional points (x-y pairs).

The discharge and velocity measurements presented in this paper were collected in the Colorado River Indian
Tribes (CRIT) Main Canal. Current metering was done following procedures established by the USBR in their
Water Measurement Manual (USBR 2001). The actual Argonaut SL measured velocity values are used to
illustrate the index velocity rating technique and the development of an equation to accurately produce
discharge records using hydroacoustic instruments. The process discussed in this paper is a modification of the
procedure outlined by the USGS for indexing (USGS 2002).

Utilizing electronic flow rate measurement equipment that can cost less than 10 percent of a large concrete
flume is attractive economically. However prior to the use of this indexing procedure, there was much
uncertainty of the overall accuracy in the use of a flow meter such as the Argonaut SL in some irrigation canal
applications.

1
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Basic Operation Principle

The SonTek/YSI Argonaut SL measures 2-dimensional horizontal water velocity in an adjustable location and
size of the sampling volume using the physical principle termed the Doppler shift. The Argonaut transducers
measure the change in frequency of a narrow beam of acoustic signals in order to compute along-beam velocity
data. Beam velocities are converted to XYZ (Cartesian) velocities using the known beam geometry of 25° off
the instrument axis.

[
Ll

Water depth D

Channel section
(Xi, Y1)

water level L

I

Index velocityl Vinean

System
elevation Ds

Elevation (re datum)

v

0

source: SonTek/YSI Argonaut
Operation Manual

Width (relative to origin)

Figure 1. SonTek/YSI Argonaut SL channel geometry for internal flow computations

Basic Deployment Instructions

Before deployment of the Argonaut SL, the site must be prepared to achieve a high level of accuracy of the
device. The following guidelines outline the required characteristics of a site for the Argonaut SL.

1.

5.

The location of the device must be ten widths of the canal away from bends or turbulences as to have
good horizontal velocity distribution.

The device must be located at a concrete-lined section of the canal that is well surveyed.
The device must be installed on a removable arm for easy removal of the device for maintenance.

A moss deflector must be installed around the device to prevent trash or organic matter from collecting
on or around the device.

A calibration procedure, like the one discussed in this paper, must be completed.

To determine an index velocity rating, concurrent mean channel velocity and Argonaut SL measured velocities
are required. The following steps outline the basic procedures one follows in collecting velocity and stage data

2
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for developing an index velocity rating. The result is a dataset comprised of i) a mean velocity, ii) average
Argonaut SL velocity, and iii) average stage.

1. An Argonaut SL is installed with the appropriate deployment settings and mounting bracket. Site
selection is an important consideration and the diagnostic guidelines provided in the manufacturer’s
technical documentation should be carefully observed. These diagnostic parameters include an
assessment of the signal strength and standard deviation for a given set of operating conditions.

2. The channel is accurately surveyed and a stage-area rating is developed. Elevations for the cross-section
points are in terms of stage referenced to the station datum.

3. Discharge measurements (Price AA current metering or comparable device) are made near the Argonaut
SL site while the instrument is sampling velocity.

4. The average stage during the discharge-measurement period is recorded.

5. Mean channel velocity is derived for each individual discharge measurement by dividing the measured
discharge by the channel area computed from the stage-area rating.

6. For each discharge measurement, Argonaut SL measured velocities are averaged for the discharge-
measurement period. For the Argonaut SL, the velocity x-component or the computed velocity vector
can be used for the measured velocity.

7. Each discharge measurement yields a computed mean channel velocity and an average Argonaut SL
velocity.

8. The index velocity rating procedure recommended by the ITRC requires a wide spread in the measured
discharge (a 2:1 ratio), usually at least 10 measurement values over the entire range of flows. The
regression coefficient (r’) must be better than 0.96 to assure confidence in the results.

This discussion does not attempt to provide a detailed description of all the technical issues involved with the
deployment of the instrument for a desired level of accuracy. The performance of the Argonaut SL depends on
considerations such as the influence of boundary interference, proper alignment with the flow, appropriate
settings of the averaging and sampling intervals, and cell size. A further limitation in the operation of the
Argonaut SL is the aspect ratio, which is defined as the ratio of the measurement range to height. Range is
horizontal distance from the instrument and height is the vertical distance to the surface or bottom. It is strongly
recommended to use the Argonaut SL for aspect ratios greater than 5:1. It is not recommended for aspect ratios
less then 5:1. A bottom-mounted unit looking toward the water surface is recommended for those applications.

Measurement Results

A total of eight discharge measurements were collected in the CRIT Main Canal. The measured stage,
computed mean channel velocity determined by current meter, and the Argonaut SL measured velocity are
summarized in Table 1.
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Table 1. CRIT Main Canal Current Meter and Argonaut SL Velocity Measurements

Current Meter | Argonaut SL

No. Stage, feet Velocity, fps Velocity, fps
1 11.80 1.19 1.29
2 12.20 1.19 1.39
3 11.30 2.05 2.08
4 11.30 1.97 2.09
5 11.80 3.00 2.95
6 11.80 2.97 3.06
7 10.50 1.48 1.42
8 10.50 1.47 1.42

Index Velocity Rating Development

An index velocity rating is developed in this section to relate the mean channel velocity to the velocity
measured by the Argonaut SL in the CRIT Main Canal. For some operating conditions, the index velocity
relation may be linear, while in other situations the relation may be best expressed as curvilinear or a compound
curve (USGS 2002). In each instance, the user should assume that stage might be a significant factor in the
accurate prediction of mean channel velocity. This situation where the relationship between mean velocity and
Argonaut measured velocity is affected by stage is handled by performing a multiple linear regression.

If the relation between the mean channel velocity and the measured Argonaut SL velocity is linear, it can be

represented by a linear equation as follows:

where,

Vm = computed mean velocity

Vs, = average measured Argonaut SL velocity during one measurement period

x = velocity coefficient
C = constant

Vm=xVg +C

The first step in determining whether a linear relation exists is to plot mean velocity (y-axis) and Argonaut SL
velocity (x-axis). Figure 2 is a graph of the velocity dataset for the CRIT Main Canal in Table 1.

4
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Figure 2. Mean velocity and Argonaut SL velocity from discharge measurements in the CRIT Main
Canal

The next step is to derive the linear equation and compute the coefficient of determination (r°). The r? value
indicates what percentage of the variation in mean velocity can be explained by the variation of Argonaut SL
velocity.

A simple method for determining the equation coefficient and constant along with the r? value is the linear
regression tool in Excel® spreadsheets.

The linear index velocity rating equation determined for the CRIT Main Canal dataset in Table 1 is shown
below:

Vm =1.015Vg_-0.077

Figure 3 shows the index velocity rating from least-squares regression. The r” value of 0.98 indicates that
98 percent of the variation in the mean velocity can be explained by the variation in the Argonaut SL velocity.
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CRIT Main Canal
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Figure 3. Index velocity rating using simple linear equation (r* = 0.98)

The above analysis assumed that the Argonaut SL measured velocity is the only parameter to consider when
determining the index velocity rating. However depending on the site’s hydraulic conditions, stage may be a
significant factor in the prediction of mean channel velocity using a side-looking acoustic Doppler velocity
instrument.

An equation that relates both the Argonaut SL velocity and stage to mean velocity is:
Vm=Vs (x+yH)+C
where,

Vm = computed mean velocity

Vs, = average measured Argonaut SL velocity during one measurement period
x = velocity coefficient

y = stage coefficient

H = stage

C = constant

The values of the coefficients and constant in the index velocity equation can be determined from the multiple
linear regression analysis where mean velocity is the dependent variable and the independent variables are the
Argonaut SL measured velocity and the product of measured velocity and stage.
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Using multiple regression analysis, the equation and r? value determined for the CRIT Main Canal dataset in
Table 1 assuming that stage is a factor is:

Vim = Vs (1.995 — 0.080H) — 0.192
r’=0.99

Figure 4 shows the relationship between the mean velocity and the computed index velocity using multiple
linear regression.

CRIT Main Canal

35

3.0
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2.0

1.0

Mean Velocity, fps

Vi = V 6.(1.995 - 0.080H) - 0.192
r?2=0.99

0.5

0.0

0.0 0.5 1.0 15 2.0 25 3.0 35

Argonaut SL Index Velocity, fps
Figure 4. Index velocity rating using multiple regression equation
Results
Table 2 summarizes the computed discharge using both index velocity equations and the percent error relative

to the current meter measurements. The flow rate (Q = VA) was computed using the index velocity and channel
area based on the measured stage and a bottom width of 25 ft and side slope of 1:1.
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Table 2. Discharge (cfs) and percent error using simple linear regression and multiple regression with

stage
Simple linear equation Multiple regression
Current meter no stage with stage
No. discharge, cfs cfs % error cfs % error

1 514 535 4.1% 503 -2.1%
2 540 605 12.1% 553 2.4%
3 841 834 -0.8% 849 0.9%
4 805 839 4.2% 853 6.0%
5 1318 1267 -3.9% 1258 -4.6%
6 1304 1315 0.9% 1308 0.3%
7 562 509 -9.5% 538 -4.3%
8 547 509 -7.0% 538 -1.7%

Conclusion

The index velocity rating determined using the multiple linear regression analysis with stage is generally closer
to the discharge measured with a current meter. The percent error of the index velocity for the simple linear
equation and the multiple linear regression equation is approximately £10% and +6%, respectively. In other
words, the inclusion of stage as a factor in determining the index velocity rating for this particular dataset
improved the accuracy by about +4%. It is recommended to always include stage in the development of an
Index Velocity Rating Procedure. The final equation can be readily programmed into the instrument for use
with the internal flow computations option.

Figure 4. SonTek/YSI Argonaut SL installed in a canal

Due to the inherent problems in using current metering as the reference flow rate, future evaluations will be
done using other rapid measurement techniques. The issues with current meters include; poorly defined cross-
sections, fluctuating flow rates, moss hanging on meter, etc. Potential technologies include using the portable
Doppler meters that can be mounted to boats and rapidly determine the flow rate in a canal.
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Reclamation. No party makes any warranty, express or implied and assumes no legal liability or responsibility
for the accuracy or completeness of any apparatus, product, process or data described previously.
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Tab 8

Water Management Planner
Calibration and Measurement

Acoustic meters should
follow propeller meter
installation guidelines.

cleaned. It is important to
avoid multipath interference
and signal bending from
solar heating.

Meters Installation Maintenance Calibration
in the pipeline. Insert cleaned. type).
magnetic meters should follow
propeller meter installation
guidelines.
Acoustic | Acoustic meters can be used | Transducers (see Figure 4) | For calibration by current-
Meters in both pipelines and channels. | must be periodically meter measurement or

theoretical computation, it is
essential to place device in a
cross section that will not
change significantly. If the
transducers are placed out
in the channel, the triangular
side areas not measured
must be accounted for in the
calibration.
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Tab 8
Water Management Planner
Calibration and Measurement

The second category includes standard flow measurement devices that measure flow rate and also require
accurate measurements of delivery time to determine volumes:

1. Replogle and Parshall flumes
2. Rectangular, Trapezoidal (Cipolletti), and V-Notch weirs

3. Canal meter gates

These devices require proper installation, regular recording of flow rates and delivery times, adjustments for
approach velocity in some cases, and regular maintenance and calibration for good accuracy.

Flumes, Installation Maintenance Calibration
Weirs and
Gates ) ) 7 -
Replogle It is essential that the entrance of | It is important to keep the Can be calibrated with
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