
Introduction 

Ultrasound is defi ned as sound waves at a fre-
quency above the threshold of human hearing, 
generally considered to be 20 kHz. One common 
use of ultrasound is to provide a visual image, 
a sonograph, of a fetus in a human womb. This 
paper discusses the use of ultrasound to measure 
fl ow.

While the ultrasonic meter represents a new 
technology to measure natural gas, it has been  
used to measure fl ow for quite some time. The 
fi rst ultrasonic meter design was described in 
1955, the fi rst clamp-on design was introduced 
to the market in 1964. The earliest applications 
involved the measurement of water in large 
pipes, the clamp-on design gained early popular-
ity especially in power plant water measurement. 
Over time the applications for ultrasonic meters 
have grown in many industries and the market 
for the product has expanded. In the 1990s the 
fi rst ultrasonic natural gas meters were success-
fully tested in fi eld trials. The natural gas market 
grew rapidly after publication of a report by the 
American Gas Association in 1998. 

Users of ultrasonic meters appreciate the low 
pressure drop resulting from an open fl ow path, 
wide fl ow rangeabilty, and low maintenance due 

to a lack of moving parts. In addition, the sophis-
ticated software and electronics promise a very  
intelligent meter with the potential of extensive  
diagnostic capabilities. This paper will provide 
an introduction and review of the most common 
use of ultrasonic meters in the natural gas indus-
try.

Theory of Operation 

Two types of ultrasonic meter principles are used 
in fl ow measurement. The “Doppler” design is 
well suited to wet or dirty gas, it will not work 
with typical clean dry pipeline gas Doppler me-
ters are not discussed in this paper. In contrast the 
“time of fl ight” design is well suited for pipeline 
gas and is therefore the topic of this paper.

The time, t, required for a sound pulse to travel a 
distance, x, in still air is:

 xt
c

=     [Eq. 1]

Where c is the speed of sound. If a sound pulse 
travels in moving air, the time is:
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   [Eq. 2]

where the air is moving with velocity, v, in the 
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same direction of the sound pulse and:
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where the pulse is moving against the direction 
of the air. The symbols tu and td refer to upstream 
and downstream directions. We can combine 
Equations 2 and 3 to solve for the velocity of the 
moving air:
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  [Eq. 4]

The volumetric fl owrate through a tube is calcu-
lated from fl ow area, A, and velocity:
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Combining Equations 4 and 5 gives:
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 [Eq. 6]

Note that Equation 6 does not include a speed of 
sound term.

A simple meter design shown in Figure 1, some-

times called a “dogbone” design1, illustrates the 
use of Equation 6 to measure fl owrate. A pair of 
transducer are mounted within the fl ow stream, 
the distance between them is x. The meter elec-
tronics are confi gured so that a transducer can 
either transmit or receive ultrasonic signals. The 
meter operates by sending a signal fi rst in one 
direction, then the other. The up and downstream 
times are measured, and Equation 6 applied to 
determine the volumetric fl owrate.  

The dogbone design has been developed for resi-
dential distribution measurement, it is not suit-
able for transmission applications. The installa-
tion of transducers within the pipe will result in 
pressure drop and potential maintenance prob-
lems. 

An alternative design, shown in Figure 2, fea-
tures the transducers installed in the wall of a 
meter body.  The ultrasonic signal is transmitted 
across the fl ow area at an angle ϴ. In the fi gure, 
the spacing between transducer faces is D/sinϴ, 
in an actual meter the spacing might be different. 
The acoustic path is oriented to detect a compo-
nent of the fl ow velocity defi ned by v/cosϴ. For 

Figure 2. Design of a typical ultrasonic meter.
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Figure 1. A very simple ultrasonic meter, sometimes called 
a “dogbone” design.
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most commercial meters ϴ is between 45º and 
60º.

Equation 6 needs to be modifi ed to match the ge-
ometry:
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 [Eq. 7]

The basic design of Figure 2 is available in two 
implementations on the market. One design is 
based on the transducers being installed on the 
outside of the pipe, referred to as a “clamp-on” 
design. The second design is based on a spool 
piece that is installed in the pipe, much like a tur-
bine meter. The transducers are installed into ma-
chined ports that are an integral part of the spool. 
The terms “full bore”, “spool piece” and “meter 
tube” are used in describing this meter design. 
Another term describes the transducers as “wet-
ted”, installed in direct contact with the fl owing 
gas, in contrast to transducers clamped to the 
outside of the pipe wall. 

Some manufacturers utilize a “bounce path” de-
sign as shown in Figure 3. The ultrasonic signal 
is transmitted from one transducer, bounces off 
the meter tube, and is received by the second 
transducer. Some meter designs include acoustic 
paths that bounce of the meter tube wall twice. 
The basic designs of Figures 2 and 3, with some 

minor changes, represents all the meter designs 
on the market.

The American Gas Association has published a 
report (AGA 9)2,3, that provides detailed require-
ments and recommendations regarding the cus-
tody transfer measurement of natural gas using 
ultrasonic meters. Most ultrasonic based gas 
contracts adopt the entire contents of AGA 9 as 
part of the contract requirements. This paper pri-
marily discusses ultrasonic measurements that 
are AGA 9 compliant which does not include 
clamp-on designs. Clamp-on meters will there-
fore not be discussed.

A single pair of transducers used to determine 
values of tu and td is defi ned as a single acous-
tic path. According to the AGA 9 report an ul-
trasonic meter for custody transfer applications 
must have multiple paths. A single path provides 
a measure of the velocity averaged over an area 
that might represent a small percentage of the 
total fl ow area. Velocity variations outside this 
area will not be measured. The use of multiple 
paths allows for better averaging of the velocity 
over the entire fl ow area. Most commercial meter 
designs operate based on between three and six 
acoustic paths, some designs use as few as two 
and as many as twelve. 

Major Meter Components

While design details will vary, the following 
common components make up a typical multipa-
th ultrasonic meter:

•  Meter body 
•  Transducers
•  Electronic components
•  Software and fi rmware
•  Inlet and exit spools
•  Flow conditioner

Figure 3. Bounce path confi guration.



These components are briefl y discussed in this 
section.

Meter Body. The meter body serves as a pres-
sure vessel and must therefore meet applicable 
pressure codes and standards. The meter body 
may be machined from a rough casting or as-
sembled from components, a surface roughness 
of 250 in is recommended. From Figure 2 and 
Equation 7 it can be seen that accurate values for 
the inside diameter and transducer spacing are 
very important in measuring the fl ow. The AGA 
9 report requires measurements of meter tube 
diameter at twelve locations in three planes, all 
measurements must be within 0.5% of the mean. 
Some meter designs have a tapered transition to a 
smaller diameter fl ow area adjacent to the trans-
ducers. The AGA 9 report further requires the di-
rect measurement or calculation of the acoustic 
path lengths.

The meter body includes ports designed to hold 
the transducers in the correct position and main-
tain pressure integrity. From time to time trans-
ducers might need to be removed for cleaning 
or replacement. The AGA 9 report requires the 
manufacturer to provide a tool and procedure to 
remove the transducers under pressure.

The meter body must include a pressure port in a 
location selected by the manufacturer. 

Transducer. A transducer is defi ned as “a device 
that is actuated by power from one system and 
supplies power usually in another form to a sec-
ond system”4. The ultrasonic transducers convert 
between electrical and mechanical (sound pres-
sure) power. The electronic circuitry of the ul-
trasonic meter allows the transducers to be con-
fi gured to either receive or transmit ultrasonic 
signals

Most ultrasonic transducers are built using a 
piezoelectric crystal. Piezoelectricity is a mate-
rial property whereby a deformation in a crystal 
produces an electrical charge. Alternatively, an 
imposed electrical charge produces a deforma-
tion.  

The electrical power available to energize the 
transducer is limited by safety considerations. 
For effi ciency a transducer is designed to operate 
at a resonant frequency, the commercial meters 
operate over the 80-400 kHz range. A manufac-
turer can select a frequency that is best suited 
for a particular application. The transducer effi -
ciency can be improved by optimizing the trans-
ducer design details, Figure 4 shows the acoustic 
energy distribution of a sample transducer. The 
boldfaced lines represent the acoustic energy 
distribution, the circular arcs represent signal 
strength, the radial lines represent angular direc-
tion. The sample transducer in the fi gure concen-
trates most of the acoustic energy in a narrow 
band within ±10º.  

Electronic components. The electronic system 
consists of transducer excitation circuits, signal 
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Figure 4. Acoustic energy distribution of a sample trans-
ducer.



processing components, a microcomputer, power 
supply and other circuitry. The electronic com-
ponents must meet applicable safety standards 
and must be uniquely identifi ed by serial number.  
The electronic system provides the user with a 
variety of output signals including pulses, analog 
and direct digital. 

The electronic components represent a signifi -
cant contribution to meter performance, more so 
than traditional meters. The replacement of elec-
tronic components, as well as transducers and 
cables, therefore could result in a measurement 
error. The AGA 9 report requires the manufac-
turer to advise the user regarding the impact of 
component replacement, in particular whether 
recalibration is required.  The term “signifi cant 
change” refers to a change in meter performance 
that falls outside the original calibration. A user 
must be careful when cleaning transducers to 
make sure the cables and transducers are returned 
to the original positions.

Software and fi rmware. The software and 
fi rmware perform the fl ow and diagnostic cal-
culations and store calibration parameters and 
physical measurements. The proper entry and 
continuing storage of calibration parameters and 
physical storage is very important to the opera-
tion of the meter; an apparently minor keypunch 
error can result in a large measurement error. As  
a result the calibration process includes one or 
more “verifi cation” points to confi rm the proper 
data entry. Further, printed log fi les are provide 
as part of the calibration report to document val-
ues of critical parameters. Finally, the ultrasonic 
meter is “locked” so that parameter values can-
not be altered without a password.

Inlet and exit spools, fl ow conditioner. The 
AGA 9 report defi nes a meter package as be-
ing made up of the meter, inlet and exit spools, 

a fl ow conditioner plus any thermowells and 
sample ports. The meter package is intended to 
ensure that the fl ow conditions at the meter inlet 
are isolated from the fl ow conditions at the inlet 
of the meter package.  

The AGA 9 report limits the mismatch in diam-
eter to no more than one percent. Gasket protru-
sions must also be less than one percent. Many 
users include alignment pins to assure consistent 
re-assembly of the package. 

Traditionally orifi ce and turbine meters have 
been installed in series with a tube bundle type 
fl ow conditioner. Today the user can select from 
a variety of fl ow conditioners that are available 
on the market. The AGA 9 report does not specify 
a particular conditioner, such a specifi cation dis-
courages the innovation and research that results 
in improved fl ow conditioner designs. The AGA 
9 report includes an appendix that describes a 
test procedure to confi rm that a particular meter 
package, including a fl ow conditioner, will per-
form acceptably under varying fl ow conditions.

Speed of Sound

A simplifi ed equation to estimate the speed of 
sound, c, in a gas is:

 
 

w

Tc
m
κℜ

=    [Eq 8]

Where   is the universal gas constant,  is the 
isentropic expansion coeffi cient, mw is the mo-
lecular weight and T is the absolute temperature.

Equation 8 is useful in illustrating the basic be-
havior of sound pulses in gas. Table 1 shows the 
speed of sound as a function of molecular weight, 
the speed of sound varies with molecular weight. 



Table 2 shows the variation of sound speed of 
methane with pressure and temperature. Changes 
in temperature affect the sound speed more so 
than changes in pressure. 

Equation 8 is an approximation calculated as-
suming what is called an “ideal” gas. The calcu-
lations are much more complex for a mixture of 
real gases, an AGA report (Number 10)5 docu-
ments the calculations. 

The speed of sound does not enter into Equation 
6 and therefore does not contribute to the mea-
surement of fl owrate. A typical ultrasonic me-
ter can provide a speed of sound measurement. 
Combining Equations 2 and 3 gives: 
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where xt is the distance between transducers.

The measured value can be compared to an inde-
pendent value calculated based on a composition 
and the AGA 10 algorithm. The speed of sound 
comparison represents one of several “diagnostic 
parameters” that can be taken as health measures 
of an ultrasonic meter. The proper interpretation 
of a diagnostic is important. A meter that can-
not accurately measure the speed of sound, will 
not likely provide an accurate fl owrate measure-
ment. Meanwhile, accurate measurement of the 
speed of sound does not ensure an accurate mea-
surement of fl owrate.

The AGA 9 report requires a “zero fl ow verifi ca-
tion test” that uses the speed of sound to enable 
fi nal adjustments to measurement parameters. 
The meter, isolated using blind fl anges, is fi lled 
with a reference gas under pressure. After tem-
perature stabilization, measured speed of sound 
values are compared to calculated values and ap-
propriate adjustments are made. 

Molecular
Weight

Sound Speed 
[ft /s]

Sulfur  Hexafl ouride 146.06 405.8
Propane 44.096 716.9

Carbon Dioxide 44.010 856.6
Ethane 30.069 973.0

Ethylene 28.054 1046
Argon 39.948 1050

Air 28.959 1132
Nitrogen 28.013 1151
Methane 16.043 1455

Neon 20.179 1481
Helium 4.0026 3324

Hydrogen 2.0159 4309

Table 1. Th e speed of sound, at 70º, as a function of mo-
lecular weight.

Pressure
[psia]

Temperature
[ºF]

Sound Speed 
[ft /s]

100 0 1357
100 50 1429
100 100 1495
100 150 1555
500 0 1309
500 50 1399
500 100 1477
500 150 1547

1000 0 1276
1000 50 1384
1000 100 1473
1000 150 1550

Table 2. Th e speed of sound for methane as a function of 
pressure and temperature.



Gas Composition Effects

The fundamental ultrasonic meter operating 
principles do not change with gas composition.  
In a broad range of industries ultrasonic meters 
have been successfully applied to the measure-
ment of a variety of different gases and mixtures. 
As an example Figure 5 shows calibration results 
for an ultrasonic meter. The y-axis represents the 
difference between the meter indication of fl ow-
rate and the value reported by the laboratory. The 
symbols differentiate calibration data obtained 
using air and natural gas, clearly there is no dif-
ference between the two calibrations.

A few common natural gas components deserve 
attention. Carbon dioxide in a suffi cient concen-
tration will absorb acoustic energy, the absorp-
tion depends on the frequency and the pressure. 
Sulfur in a suffi cient concentration can form acid 
and damage the epoxy coating used with some 
transducers. A mixture of gas and condensed liq-
uids or free water is called “wet gas”, generally 
ultrasonic meters do not measure wet gas very 

well. 

Some natural gas mixtures contain materials that 
over time build up on the meter tube and trans-
ducers. Softer materials that coat transducers can  
attenuate the ultrasonic signal, produce noise, 
and increase the potential for a measurement er-
ror. A  harder coating can reduce the meter tube 
diameter and transducer spacing, a reduction in 
the term D in Equation 7.  Suppose for example 
that D = 10 inches, a coating thickness of 0.01 
inches will increase the fl owrate by 0.3% which 
represents a measurement error.

Flow Profi les and Flow Conditioning

When gas fl ows in a pipe the velocity is not uni-
form across the pipe area. A gas property called 
viscosity can be interpreted as the fl owing fl uid 
equivalent of mechanical friction. One result of 
gas viscosity is a gradual reduction in gas veloc-
ity near the pipe wall with maximum velocity in 
the pipe center. The distribution of velocity is 
called a velocity profi le or fl ow profi le. 
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Three profi le shapes shown in Figure 6; the x-ax-
is represents velocity, the y-axis represents posi-
tion with the pipe. The velocity shape varies with 
friction factor, f, which depends on pipe surface 
roughness and a term called the “Reynolds num-
ber”. The Reynolds number in turn depends on 
meter tube diameter, pressure, temperature, com-
position and fl owrate. 

The previous section included a discussion of 
material within the natural gas that can build up 
on the internal surfaces of the meter. In addition 
to the effects already discussed, a coating can 
change the effective roughness of the meter tube 
and spools. The change in roughness will affect 
the velocity profi le and can result in a measure-
ment error.

The shape of the velocity profi le will be distorted 
as the gas fl ows through various components that 
make up a meter station. Valves, tees elbow and 
reducers each affect the profi le shape, some spe-
cifi c combinations will result in a swirling com-
ponent as well as profi le distortion.

Every fl owmeter has the potential for reporting a 
measurement error in response to a fl ow profi le 
distortion, the orifi ce and turbine are each sensi-
tive to particular profi le distortions. The use of 
multiple paths allows the fl ow through an ultra-
sonic meter to be averaged, and reduces the sen-
sitivity to profi le distortion. A profi le distortion 
that increases the velocity measured by one path 
is offset by a decrease in the velocity measured 
by a different path.

A proper orifi ce meter installation includes inlet 
and outlet meter tubes as well as a fl ow condi-
tioner, the API standard MPMS 14.3.26 specifi es 
the length of the meter tubes depending on the 
installation details. A proper ultrasonic meter in-

stallation also includes inlet and outlet tubes and 
a fl ow conditioner, the combination makes up the 
meter package. As discussed above, the meter 
package is intended to provide a consistent fl ow 
profi le at the meter regardless of the profi le that 
enters the package. While a useful concept, the 
AGA 9 report does not defi ne the meter package, 
it must be defi ned by the manufacturer.

Research related to fl ow meter installation ef-
fects is an ongoing activity, testing to support 
the latest revision of API MPMS 14.3.2 identi-
fi ed orifi ce meter installation effects that were 
previously unknown and the requirements of the 
standard were changed. Future ultrasonic meter 
research could identify previously unknown in-
stallation effects that might invalidate a current 
meter package design. Ultrasonic meter users are 
encouraged to maintain awareness of new devel-
opments that are presented in technical meetings 
and workshops.

Flow Calibration

Often ultrasonic meters are used to replace ori-
fi ce meters, an important difference between the 
two meter designs is the need for calibration. The 
geometric details of an orifi ce meter are speci-
fi ed by API MPMS 14.3.2. A mechanical peri-
odic inspection confi rms that the critical meter 
dimensions are within tolerance; a successful 
inspection means that the meter conforms to the 
API standard. Conformance to the standard al-
lows for assignment of an uncertainty to the fl ow 
measurement. 

A custody transfer ultrasonic meter must be 
calibrated in a laboratory. Calibration involves 
directly comparing the meter output signal to a 
calibration standard when both are exposed to 
the same fl owrate. Neither the pressure nor gas 
composition will be the same in the laboratory 



and in the fi eld. As the fl owing pressure changes, 
the meter tube will distort, much of the distor-
tion will result in a simple increase in fl ow area. 
The user needs to account for the pressure based 
distortion, the vendor will provide a procedure to 
account for this effect. 

Currently natural gas calibration of large me-
ters requires compliance of the meter body to a 
pressure rating of ANSI 600 class, a requirement 
based on the operating pressure limitations of the 
calibration facilities. The ability to calibrate us-
ing air instead of natural gas allows for calibrat-
ing an ANSI 300 class meter at lower pressure. 
This calibration capability can save a user the 
meter purchase price difference between ANSI 
classes 300 and 600. The data of Figure 5 illus-
trate the calibrations in air and natural gas pro-
duce the same results.    

Accuracy and Uncertainty

We often talk about the accuracy of a measure-
ment, a more technically correct term is uncer-
tainty. The uncertainty of a measurement is very 
well defi ned, as is the process for estimating an 
uncertainty value. In contrast, the term accuracy 
is intended to be qualitative, it can be said that 
“A is more accurate than B” but values cannot be 
assigned to the accuracies of A and B.

The uncertainty of a volume measurement begins 
with the calibration laboratory, uncertainties are 
associated with the laboratory equipment and the 
calibration process. The AGA 9 report provides 
details in how to defi ne a calibration process.

After the meter has been installed, uncertainties 
are contributed by the measurements of pressure, 
temperature and composition as well as the cal-
culation of a volume correction. Values for these 
components of uncertainty are combined with 

the uncertainties from the calibration.
Two fi nal components of uncertainty arise from 
the meter itself. Long and short term random ef-
fects, sometimes classifi ed as repeatability and 
reproducibility, will quantify how much the un-
certainty increases over time. Calibration data-
bases represent valuable sources of information 
that can be interpreted to estimate uncertainty. 
For larger meters (20-24 inch) built in the ear-
ly 2000s with older electronics, the uncertainty 
contributed by long and short random effects is 
±0.15% (95% confi dence) over a velocity range 
of 40-100 ft/s. This component of uncertainty  
gradually increases as the velocity decreases, at 
two feet per second the value is ±0.45%. Over 
time the uncertainty at higher velocities increas-
es at a rate of approximately 0.04% per year, this 
value can guide a user to select the proper reca-
libration interval. The newer generation of meter 
electronics seem to indicate that the ±0.15% val-
ue  can be reduced to approximately ±0.1%. Ad-
ditionally, the performance differences between 
smaller and larger meters is much less than it had 
been with the older electronics.

The fi nal uncertainty component arises as a result 
of installation effects. The AGA 9 report requires 
that the vendor recommend a piping design that 
contributes no more than 0.3% additional uncer-
tainty, one approach to an uncertainty analysis is 
to use the ±0.3% value. An alternative approach 
is to survey the ultrasonic literature for research 
results that identify the uncertainty of a particu-
lar installation. Finally, the calibration of a well 
designed meter package will reduce or eliminate 
the uncertainty contributed by installation ef-
fects.
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