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Introduction

Having an accurate estimate of any input used for ag-
ricultural production is the first step towards increasing the
efficiency of utilizing that input and maximizing yield per unit
input. This is especially true in case of irrigation water, as this
precious resource is limited in availability and the competition
over its use is growing rapidly from various sectors. Knowing
the amount of water applied to agricultural fields is a prereg-
uisite in evaluating how an irrigation system is performing
and if any improvements are required. This information also
allows for determination of pumping plant efficiency, which
is required for improving energy conservation and reducing
pumping costs.

Ultrasonic flowmeters provide the capability of measuring
water flowrate accurately, by utilizing the dynamics of ultrasonic
energy transmission. A compact marvel of modern engineer-
ing, the portable ultrasonic flowmeter enables one to determine
water flowrate through a pipe without having to interrupt the
flow (nonintrusive testing). These devices are becoming more
common as improvements continue to be made to the tech-
nology. The popularity of portable ultrasonic flowmeters has
been largely attributed to their convenient size, weight and
ease of use. The weight of most commercially available units
is less than 13.0 pounds (including all accessories), which
is a major advantage for set up and transportation to remote
areas. Portable ultrasonic flowmeters generally come with a
built-in rechargeable battery, which can last up to 18 hours
when fully charged. This attribute makes them the flowmeter
of choice in cases where more time is spent in the field, for
example when evaluating many irrigation systems in remote
areas. The equipment can also be used while the battery
is being charged, if a power source such as a generator is
available.

Depending on the brand and model, portable ultrasonic
flowmeters can operate on pipe diameters from 0.5 inch to 20
feet; flow velocities from 1.0 to more than 50 feet per second;
and a wide range of fluid temperatures. They have excellent
accuracy, ranging between 1 and 5 percent, when set up and
operated properly within their range of flowrates. On the other
hand, portable ultrasonic flowmeters are relatively expensive
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compared to other types of flowmeters. The price depends
on the type and range of flows that can be measured. At the
time of preparation of this fact sheet, the price for a single
unit ranged between $2,000 and $13,000.

Ultrasonic flowmeters consist of clamp-on transducers
that are attached on the outside wall of the pipe with flowing
water (Figure 1). These transducers transmitand receive ultra-
sonic signals that result in the computation of corresponding
flowrate, which is displayed by the meter. The digital display
showing the water flowrate is the device to the left sitting on
top of the pipe. Portable ultrasonic flowmeters are programmed
to measure and display flow in most of the commonly used
water flow units such as gallons per minute, liters per second
and cubic meters per second.

Several types of ultrasonic flowmeters exist in the market.
They vary in setup, signal type, application and price. This fact
sheet describes the general characteristics and principles be-
hind two main types of portable ultrasonic flowmeters currently
available in the market and used for both laboratory and field
applications: transit-time and doppler ultrasonic flowmeters.

Transit-time Ultrasonic Flowmeters

The operation of transit-time ultrasonic flowmetersis based
on the principle of phase shift flow measurement. According

‘Egital Display

Figure 1. Ultrasonic flowmeter installed on a pump outlet
pipe.
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to this principle, ultrasonic signals (sound waves) moving in
the direction of flow require less time to travel between the two
transducers as compared to signals moving against the flow.
The more common transit-time ultrasonic flowmeters consist
of two transducers mounted on the outside wall of the pipe.
These two transducers act alternatively as transmitter and
receiver. The first transducer sends out an ultrasonic signal
and the second transducer receives it. Immediately after, the
second transducer sends a signal back to the first transducer.
The transit times between the up-stream and down-stream
signals are estimated and their difference is used to com-
pute the velocity of the flowing water. Transit-time ultrasonic
flowmeters are reported to work very well with relatively clean
water that allows good signal transmission.

Doppler Ultrasonic Flowmeters

Doppler ultrasonic flowmeters measure the frequency
change (doppler effect) of a signal sent into the flowing liquid
stream across the pipe. The injected signal bounces off of
bubbles or particles in the stream and this echo is returned
to the transducer (Figure 2). The frequency of the signal is
shifted lower in case of flow moving away from the sensor.The
device compares the frequency shift to the original signal and
computes the flow velocity. For accurate flow measurement
with the doppler-type ultrasonic flowmeter, the fluid should
contain sufficient concentration of particles and/or bubbles
to reflect the signal adequately.

Doppler ultrasonic flowmeters work well with suspension
flows where particle concentration is more than 100 parts per
million and particle size is larger than 100 micrometers, but
less than 15 percent in concentration. Thus, these flowme-
ters are not recommended for use in clean water. Doppler
flowmeters typically have just one transducer, therefore setup
for measuring may be easier than the transit-time flowmeters
(this affects the cost t00).
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Figure 2. Doppler ultrasonic arrangement.

Selecting Portable Ultrasonic Flowmeters

There are anumber of important factors to consider when
choosing a good portable ultrasonic flowmeter. One factor is
the sediment properties of the water in terms of quantity and
size. Generally, when water to be measured has sediment
particles more than 100 parts per million and larger than
100 micrometers (the numbers may be different for different
manufacturers), the doppler type should be considered. On
the other hand, in the case of clear and clean water without
sufficient sediments, the transit-type works better. The de-
sired level of accuracy should be considered when selecting
the best portable ultrasonic flowmeter for the job. Between
the two types of ultrasonic flowmeters discussed in this fact

sheet, the transit-time was reported to be more accurate as
compared to the doppler type. The pipe size and flow range
for which the flowmeter is intended to be used should also
give guidance on choosing the right flowmeter to purchase.

Maintenance of Portable

Ultrasonic Flowmeters

As with any piece of equipment, portable ultrasonic flow-
meters require routine inspection and maintenance to ensure
efficiency and accuracy.Major maintenance recommendations
are generally included in the respective manuals. In general,
these devices require less maintenance compared to other
flowmeters because they have no moving parts. After use,
dust and transmission gel should be adequately wiped from
the transducers and other electronics before housing in the
carrying case. When not in use, meter components should be
keptinthe carrying case and stored where it willnotbe exposed
to excessive dust and other contaminants. The equipment
should be stored away from high temperature and humidity
and not exposed to direct sunlight and rain. Replacement of
components like the built-in battery and electronics should
be done based on the manufacturer’s recommendation. The
lifetime of components is generally stated in the equipment
manuals and guidelines.

Sources of Error and How to Avoid Them

Deviations from full pipe flow cross section

Ultrasonic flowmeters are designed to measure flowrate
in pipes completely full of water. This is one of the primary
reasons for inputting the pipe dimensions into the flowmeter
— the unit calculates volumetric flowrate through multiplying
water velocity by the pipe’s cross sectional area. However,
air at the top of the pipe or sediments resting at the bottom
can cause deviations in the assumed cross sectional area.
Additionally, air in the water can disrupt the transducer signal
and give inaccurate readings. If possible, use air bleed valves
to purge trapped air or other means available to ensure the
pipeline is flowing full. One easy test is to feel the top and
the bottom of the pipe. If the pipe is full the top should feel as
cold as the bottom.

One method forimproving the measurement under these
conditionsisto take the measurementsin perpendicular (cross)
planes at an angle of about 30 degrees above and/or below
the horizontal as shown in Figure 3, and take the average of
the two measurements. Precautions should also be taken to
keep the flowrate constant or have a separate flowmeter to
account for changes in flowrate between the two measure-
ments as shown in the picture in Figure 3.

Pipe fittings and configurations

Ultrasonic flowmeters are heavily influenced by changes
in flow profile caused by flow disturbances, and they need
fairly laminar water flow to be able to reportaccurate measure-
ments. Pipe disturbances such as elbows, fittings and valves
can cause downstream turbulance in a pipe. This could cause
measurement errors as accurate flow measurement of water
that is agitated and swirling is very difficult. Figure 4 shows
flow charateristics in and after a 90-degree bend, which has
been reported to cause excessive turbulance in pipe flow.
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Figure 3. Example of cross beam measurement (left) and
use of two flowmeters to verify measurements (right).
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Figure 4. Turbulance in 90-degree pipe bend.

As shown in this figure, the bend results in non-uniform flow
streamlines with different velocities and this causes exces-
sive turbluence immediatetly downstream of the bend, which
ultimately affects flow measurement.

Valves can also cause significant errors if partly closed
or located near other pipe fixtures. If possible, the best
method of dealing with valves is to work upstream and have
the valves completely open. It is not recommended to use
straightening vanes on any elbow configurations, since the
profile is dramatically changed and ultrasonic flowmeters
tend to produce measurement error.

To ensure well-conditioned water flowing past the mea-
suring location, a sufficient length of straight, unobstructed
pipe is required from the meter location. Manufacturers sug-
gest placing flowmeters at a distance of at least 10 times
the diameters of straight pipe downstream of pipe fixtures.
Studies indicate that certain types of disturbances require
more than 10 diameters for the measurement to be within 5
percent accuracy as presented in Figure 5. However, each
meter manufacturer has its own guidelines on what distances
from a disturbance to place a meter to achieve a good mea-
surement. This information can be found in their manuals and
technical specifications.

Figure 5 shows the straight pipe length requirements for
some of the pipe fittings and configurations to ensure accu-

rate flow measurement. The lengths (L) are in pipe diameter
(D) multiples. For example, a 6-inch pipe with “10 D” recom-
mendation is saying the meter should be at least 60 inches
(5 feet) from the disturbance. Note, the lengths are from the
fixture to the center of the ultrasonic meter.

Ina practicalfield setting, one often must use much shorter
straight runs in which case correction factors may need to be
employed. Correction factors for an ultrasonic meter can be
derived from laboratory calibrations. In the study by Eisenhauer
(2008), a 90-degree elbow, a check valve and a butterfly valve
were tested and some correction factors were estimated for
correseponding downstream straight lengths (Table 1). Even
after applying the correction factor some error is expected,
especially for shorter distance. For example, at 2 D distance
the reading error is expected to be +20 percent after adjust-
ment.

Table 1 can be used by appyling the following relationship:

Adjusted flowrate = Correction factor x Displayed flowrate on
the flowmeter at that length

Table 1.Correction factors and accuracy values at selected
pipe diameters (D).

Downstream length Accuracy after
(multiples of Correction factor adjustment
diameters, D) (dimensionless) (+%)
2 1.15 20
3 1.10 9
4 1.07 5
5 1.06 4
6 1.05 3
7 1.04 3
8 1.03 3
9 1.03 3
10 1.02 3
15 1.01 3
20 1.01 3
> 30 1.00 3

As an example, if water flow was measured 5 D down-
stream of a 90-degree elbow and the displayed flowrate on
the meter was 600 gallons per minute, the adjusted flowrate
would be equal to 600 x 1.06 or 636 gallons per minute with
+ 4 percent accuracy, meaning that the actual flowrate could
be from 611 to 661 gallons per minute.

Measuring pipe wall thickness

This operation must be carried out during the initial flow
measurement setup procedure. Typically, thisis accomplished
with a separate small transducer that measures only the wall
thickness after input of the pipe material into the device. The
pipe wall thickness is a critical input parameter. In larger steel
pipes, this thickness can be greater than 0.3 of an inch. Dif-
ficulty in getting a consistent thickness reading may point to
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Figure 5. Required straight runs for mounting the flowmeter.

corrosion problems. That s, the pipe may be heavily pitted and
corroded on the interior. Researchers have seen thicknesses
vary from about 0.20 to 0.33 of an inch on the same pipe and
suspect this was in part due to pitting, rust and scale. Inputting
an incorrect wall thickness can throw off the flow readings by a
significant margin. Measurement accuracy of wall thickness is
improved by applying gel between the transducer and pipeline
and also making sure that the transducer is perpendicular to
the pipeline surface.

In rare cases, the pipe material itself has imperfections
that can scatter the ultrasonic signals. This would be from the
manufacturing phase when the pipe material was not solid,
thus hardened in a non-uniform way. This would be difficult to
detect ahead of time as one approached a section of pipe in
the field. If this is suspected to be an issue, the sensor should
be moved and flow should be measured at a different location
on the pipe.

Transit-time transducer pair placement spacing
The installation locations of transit-time flowmeter trans-

ducer pairs directly impact the accuracy of the measurement.

There are a number of mounting arrangements that can be

followed to mount the two transducers on a pipe. The three
main configurations are the direct transmission (Z-method),
the single reflection (V-method), and the multiple reflection
(W-method) as shown in Figure 6. The first two configurations
are most common. The direct method where transducers are
mounted on the opposite sides are more commonly used in
larger diameter pipes whereas the reflection methods, where
the transducers are mounted on the same side, are normally
applied for small diameter pipes.

As depicted in Figure 6, the signal is reflected off the
inside walls of the pipe. The receiving transducer needs to be
exactly where the reflected signal (or direct signal in case of Z
configuration) appears.The flowmeter software calculates this
transducer pair spacing distance precisely when first setting
up the equipment (assuming the parameters such as pipe
material and wall thickness are entered correctly). Mistakes
caused by placing the transducers at an incorrect spacing
can result in erroneous readings. Laboratory tests showed
that a shift along the pipe of 1 millimeter could produce a 1
percent variation in measured flow. As with other flowmeter
measurement errors, the operator may not be able to tell from
the instrument output readings that a serious mistake has
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Figure 6. Common mounting configurations: Z method
(top), V method (middle) and W method (bottom).

occurred and the reported flow readings are far from actual.
Attention to details must be exercised at the set-up stage.

Condition of the pipe interior

Wall roughness of the inside of the pipe increases the
flow turbulance and if not accounted for in the meter’s cor-
rection factor, may cause an error of up to 4 percent in very
rough pipes. Many older pipes have considerable corrosion
and scale buildup. Older pipes may be very difficult to read
with ultrasonic flowmeters.Not only does the heavy corrossion
cause turbulance, the thick corrosion layer is another boundary
the ultrasonic signal must reflect off of or penetrate. Severe
corrosion can cause over-estimation of the pipe interior diam-
eter which is input into the flowmeter software at procedure
start-up. If using multiple reflection patterns (“V” or “W”), the
signal may be absorbed and too weak to be measured. Thus,
the Z-method (single top to bottom) configuration may be the
best option in these cases. The ultrasonic signal frequency
of the flowmeter also should be considered. Generally, the
rougher the interior of the pipe, the lower the frequency of the
flowmeter should be used.Thisis accomplished by selectinga
lower frequency transducer (if one is available) and adjusting
the start-up settings on the device.

Ultimately, it may be difficult to ascertain the interior
condition of the pipe being tested. The main point of using
ultrasonics is that the pipe and process are undisturbed. If
a valve or port can be opened to visually inspect the pipe,
this might be advantageous. Otherwise, caution should be
exercised for flow readings varying greatly (+ 25 percent) or
difficulty finding the pipe wall-thickness.

Misalignment of transducers

Depending on the type (transit-time or doppler), portable
ultrasonic meters utilize one ortwo clamped-on transducers to
measure water flow velocity. Misalignment of the transducers
causes errors in the flow velocity readings. The transducers
must be exactly parallel to the liquid flow in the pipe (Figure
7). Misalignment reduces the signal strength received by the
transducers, therefore result an error in flow readings, de-
pending on the magnitude of deviation from the parallel axis.
Some flowmeters come with an alignment rail, which is very
useful in avoiding the misalignment error. Figure 7 shows a
properly aligned portable ultrasonic flowmeter parallel to the
pipe. The two dashed lines demonstrate proper alignment and
an example of misalignment that can occur.

Figure 7. Alignment of transducers.

Transducer contact with pipe

For the ultrasonic flowmeter to measure flow, the
transducer(s) must generate and receive sound signals that
pass through various types of material simultaneously. The
signal must get through the transducer and pipe material at
both sending and receiving locations and pass through the
flowing water. This interface between vastly different materials
(transducer and pipe) is another potential source of error. A
bad contact between the transducers and the pipe can lead
to a variety of errors such as echoes, signal damping and
variation in flow readings. Tests performed by OSU and NRCS
found this area to be the most sensitive, single parameter to
producing errors in measurement in an otherwise correctly
setup flow test. Some of the errors were obvious (300 percent
+ flow measurements), but other measurements were not so
far off to indicate clear mistakes.

In a perfect situation, the transducer would be welded or
somehow very rigidly fastened to the pipe. This would allow the
signals to go directly from the pipe to the transducer and vice
versa. This is not practical in the field with a portable device.
The solution is to use an acoustic gel between the transducer
and the pipe. Like gels used for medical sonograms, this ma-
terial makes a continuous path for the sound signal to pass
through. Without the gel, many flowmeters would simply not
work. Misapplication of the gel, such as not applying enough
to cover transducer contact area, not thick enough or an un-
even application can cause reading errors. Applying the gel
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Figure 8. Correct application of gel for good transducer-
pipe contact.

requires caution to ensure it does not dry out or air bubbles
are not introduced from excessive spreading. Bubbles in the
gel can cause signal echoes. The gel should be applied in a
bead that will spread evenly along the transducer base and
allow for full contact with the pipe wall when the transducer
is pressed onto the pipe (Figure 8).

Theimportance of properly applying the gel should notbe
underestimated. While silicon grease is preferred, a suitable
substitute can be axel grease or other similar gels. Different
manufacturers have different gel recommendations and might
use different techniques to apply them. Thus, the manufac-
turer's manual should always be consulted to make sure the
correct procedure is followed. The OSU/NRCS tests showed
over-torquing the transducers onto the pipe can sometimes
warp the transducer contact area by a tiny amount, causing
the transducer to partially peel back from the pipe and lose
contact. This in turn, resulted in erratic flow readings. Most
manufacturers suggest exercising caution when torquing
the transducers to the pipe. Rearrangement or moving the
transducers is sometimes needed. It is recommended that
the used gel be wiped off and a fresh amount used every
time the transducer is placed on the pipe.

All flowmeter manufacturers recommend transducers to
be mounted on a smooth section of pipe free of defects. In
the field, the pipe exterior is often corroded and/or painted
multiple layers. Some flowmeters can adjust for the thickness
of the paint by adding it to the lining thickness. If the coating
on the pipe is fibrous or a metal mesh, it must be removed.
Aggressive sanding and cleaning the surface are often re-
quired to properly prepare the pipe surface. Tests showed
that some ultrasonic flowmeters are more sensitive to pipe
surface conditions.Nevertheless, surface sanding has become
the standard practice for OSU tests and almost every pipe to
be measured is ground with a grinding wheel to get a clean,
bare metal surface on which to place the transducers and gel
(Figure 9). This practice greatly reduced variation and errors

Figure 9. Pipe surface preparation for flow measurement
in the field.

in the flow readings. If concerned about corrosion, the small
area can be cleaned and painted after the test.

Deviations in calibration

Like most measuring equipment, flowmeters are factory
calibrated. However, the calibration could drift over time. The
equipment should be checked on aregular basis to ensure itis
within its reported accuracy range. One can also perform their
own calibration if circumstances allow. As long as the water
flows are nottoo high, the volume of water passing through the
pipe could be collected and measured over a specific period
(recorded by stopwatch) and used to compute the actual flow-
rate. Comparing the actual flowrate with the flowmeter reading
will provide useful information on possible drifts in calibration.
Some flowmeters can also measure the speed of sound in the
water. This can be checked against known values at specific
temperatures (typically in the owner’'s manual). A speed of
sound reading that is far off could indicate a problem with the
meter or pipeline in question. Meters should periodically be
calibrated based on manufacturer recommendations.

Accuracy Tests Conducted by OSU

Nine portable ultrasonic flowmeters were tested in January
2016 to determine their accuracy. Testing was performed in
a straight section of 12-inch steel pipeline supplying flow to
a hydraulic model testing facility at the USDA-ARS Hydraulic
Engineering Research Unit as shown in Figure 10. Flowme-
ter readings were compared against estimates based on a
laboratory calibrated orifice meter connected to an air-water
differential manometer.

Testing was done at different flowrates ranging from 550
to 1625 gallons per minute. When averaged over all flowrates,
the error in ultrasonic flowmeters was from -12.8 to +1.2
percent, with eight out of nine flowmeters underestimating
the flowrate. The average error for all units was -6.0 percent
(underestimation). Figure 11 demonstrates the comparison
between actual flowrates based on the orifice meter measure-
ments and the ultrasonic flowmeter readings.

Most of the literature on ultrasonic flowmeters have
reported the accuracy of the equipment to be in the range
between 2 to 5 percent. The results of this test showed that

Figure 10. Test setup.
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Figure 11. Actual flowrates based on orifice meter versus
ultrasonic flowrates.

five out of the nine tested flowmeters had accuracy less than
the reported values, thus highlighted the importance of regular
quality checks. Similar tests can help to establish correction
factors for improving the accuracy of flowmeter readings.
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The Oklahoma Cooperative Extension Service

WE ARE OKLAHOMA

The Cooperative Extension Service is the largest,
most successful informal educational organization in
the world. Itis a nationwide system funded and guided
by a partnership of federal, state, and local govern-
ments that delivers information to help people help
themselves through the land-grant university system.

Extension carries out programs in the broad catego-
ries of agriculture, natural resources and environment;
family and consumer sciences; 4-H and other youth;
and community resource development. Extension
staff members live and work among the people they
serve to help stimulate and educate Americans to
plan ahead and cope with their problems.

Some characteristics of the Cooperative Extension
system are:

e The federal, state, and local governments
cooperatively share in its financial support and
program direction.

e |tis administered by the land-grant university as
designated by the state legislature through an
Extension director.

e Extension programs are nonpolitical, objective,
and research-based information.

e |tprovides practical, problem-oriented education

for people of all ages. It is designated to take
the knowledge of the university to those persons
who do not or cannot participate in the formal
classroom instruction of the university.

It utilizes research from university, government,
and other sources to help people make their own
decisions.

More than a million volunteers help multiply the
impact of the Extension professional staff.

It dispenses no funds to the public.

It is not a regulatory agency, but it does inform
people of regulations and of their options in meet-
ing them.

Local programs are developed and carried out in
full recognition of national problems and goals.

The Extension staff educates people through
personal contacts, meetings, demonstrations,
and the mass media.

Extension has the built-in flexibility to adjust its
programs and subject matter to meet new needs.
Activities shift from year to year as citizen groups
and Extension workers close to the problems
advise changes.

Oklahoma State University, in compliance with Title VI and VII of the Civil Rights Act of 1964, Executive Order 11246 as amended, and Title IX of the Education Amendments of 1972 (Higher
Education Act), the Americans with Disabilities Act of 1990, and other federal and state laws and regulations, does not discriminate on the basis of race, color, national origin, genetic informa-
tion, sex, age, sexual orientation, gender identity, religion, disability, or status as a veteran, in any of its policies, practices or procedures. This provision includes, but is not limited to admissions,
employment, financial aid, and educational services. The Director of Equal Opportunity, 408 Whitehurst, OSU, Stillwater, OK 74078-1035; Phone 405-744-5371; email: eeo @okstate.edu has
been designated to handle inquiries regarding non-discrimination policies: Director of Equal Opportunity. Any person (student, faculty, or staff) who believes that discriminatory practices have
been engaged in based on gender may discuss his or her concerns and file informal or formal complaints of possible violations of Title IX with OSU’s Title IX Coordinator 405-744-9154.

Issued in furtherance of Cooperative Extension work, acts of May 8 and June 30, 1914, in cooperation with the U.S. Department of Agriculture, Director of Oklahoma Cooperative Extension

Service, Oklahoma State University, Stillwater, Oklahoma. This publication is printed and issued by Oklahoma State University as authorized by the Vice President for Agricultural Programs and
has been prepared and distributed at a cost of 40 cents per copy. 0517 GH.

BAE-1535-8



