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FEASIBILITY JUSTIFICATION FOR A HYBRID ULTRASONIC FLOWMETER FOR NATURAL
GAS

Abstract

Yosyp Bilynskyi,

Doctor of Technical Sciences,

Professor, Vinnytsia National Technical University
Andrii Stetsenko

Candidate of Technical Sciences,

Doctoral Student, National Technical University
Research field: ultrasonic natural gas flowmeters

The possibility of creating a hybrid ultrasonic flowmeter of natural gas is presented, which combines a four-
channel ultrasonic transit-time method (TOF) and a resonance method. A mathematical description of such a flow-
meter is given, the errors of the classical and the proposed flowmeter are estimated, the gain in accuracy and

resistance to external factors are shown.

Keywords: ultrasonic flowmeter; natural gas; transit-time method; resonance method; hybrid measurement;

speed of sound; measurement error; gas metering.

Introduction

At present, ultrasonic flowmeters are high-preci-
sion means for measuring the flow rate of liquids and
gases in industrial and scientific applications [1]. Their
main advantages are the absence of moving parts, op-
eration in a wide range of operating conditions, low
losses and high speed. In commercial metering tasks,
the norms of relative error are currently at the level of
+(0.5-1.0) % or lower [2-4].

Classical ultrasonic natural gas flowmeters are
based on the transit-time method (TOF). Their error
significantly depends on the speed of sound c, temper-
ature T, pressure P, as well as the velocity profile. For
an inclined beam (angle 0), the flow velocity along the
i-th beam is determined as

L; 1 1
2cos 6 <a - a) ' (1)

Nv; =

where:

L;- pipe diameter ;

t;1- signal transit time against the flow;

t; - signal transit time along the flow.

Transit times depend on the speed of sound c,
which is calculated by a known formula taking into ac-
count the real properties of the gas:

c= fyRTZ(p)’
M
where:

vy — adiabatic index (ratio of heat capacities C_p/C_v);
R — universal gas constant (R=8.314 J/(mol-K));
T — thermodynamic temperature of the gas (in Kel-
vin);
Z(P) — gas compressibility factor, which takes into ac-
count deviation from the ideal gas; depends on pressure
P;
M — molar mass of the gas (kg/mol).
In a multi-channel system, for example a four-
channel one, if the channels are arranged
symmetrically, equal weights are used, i.e.

Wi :l'i: 1;2;3;41
4

then the average velocity is calculated as
1

vavg = n ?:1 v;.
Thus, in standard formulas, as we can see, ¢ and v
are calculated using the same time parameters ¢;; and
t; .. Any systematic error in time measurement (for ex-
ample, synchronization error, signal delays) simultane-
ously distorts both results - both the flow velocity and
the calculated speed of sound. In a pipeline at high pres-
sure or deviation from ideal gas, the speed of sound
changes. This is especially manifested during the tran-
sition from laminar to turbulent flow regime. The gas
composition is not ideal, temperature gradients take
place. In addition, gas effects associated with pressure
are observed. Theoretical formulas, as noted, often use
averaged values, which, although reduce the total error,
in some cases it may also increase. Thus, errors arise
because the nominal value of c is used, which does not
correspond to real conditions. Therefore, recently in
scientific articles new measuring converters appear,
which simultaneously use several methods and, accord-
ingly, several informative parameters of the ultrasonic
signal. This makes it possible to perform so-called
cross measurements. The most well-known example of
a hybrid TOF+Doppler flowmeter is the Duosonics sys-
tem from Fuji Electric, which combines (TOF) and
Pulse Doppler methods. Also, in scientific literature,
studies of Kobe University are described, where the
TOF method is calibrated using an ultrasonic Doppler
velocity profile (UDV). The TOF method measures the
average linear flow velocity. The ultrasonic pulse Dop-
pler method (UDM) provides data on the flow velocity
profile and allows estimating local flow velocities [5].

The combination of methods increases the accu-
racy and reliability of measurements in complex flows
— turbulent, aerated, with impurities.

In this work, the possibility of creating a hybrid
ultrasonic flowmeter, which would combine the TOF
and resonance method, is considered. The development
of such a flowmeter is the purpose of the work.
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Research results
The scheme of the proposed hybrid ultrasonic
flowmeter combines TOF and resonance method (RES)
[6]. Fig. 1 shows the scheme of spatial arrangement of
the flowmeter channels, four pulse channels of which
operate according to the TOF method and are located at

=,
B,
-:/
/

o>

~

an angle to the flow. The fifth channel is located per-
pendicular to the flow and operates according to the res-
onance method. The scheme of the hybrid flowmeter is
designed in the SOLIDWORKS Flow Simulation envi-
ronment.

W10 71

Fig. 1. Scheme of arrangement of channels of the hybrid ultrasonic flowmeter designed in the SOLIDWORKS
Flow Simulation environment

For what purpose was the resonance channel ap-
plied? The resonance method operates on another phys-
ical principle or uses another measurement configura-
tion, providing an independent source of data about c.
This allows the system to cross-check the results. At the
same time, resonance methods have higher sensitivity
to small changes in acoustic impedance or medium den-
sity than pulse methods, especially in media with high
attenuation (gas, vapor), and can also control tempera-
ture. In addition, with this approach, the reliability of
the entire measurement system is significantly in-
creased. If the value of ¢ obtained from pulse channels
suddenly differs from the value of ¢ obtained from the
resonance channel, this is an indicator of a problem: ei-
ther one of the sensors is clogged/faulty, or bubbles or
impurities have appeared in the flow. In real conditions,
the gas mixture may contain impurities, moisture, COx,
CHa, etc.

Thus, the proposed scheme is more reliable, makes
it possible to obtain additional redundant information,
which makes the final result — flow measurement —
more resistant to errors arising under the influence of
external factors. This means that in this case the flow
velocity will be determined using an additional correc-
tion function, which is introduced into formula (1) and
we obtain the expression

vi= (B k@, @
where: K,;(c) — correction coefficient.

The correction coefficient is introduced to match
the real speed of sound c_real with the nominal c_nom
used in the basic flow formula. Then:

Ku(c) = 7 ®)

Cnom

The real speed of sound can be determined by the
formula:

2Lf
Creal = nres (4)

where:
n — harmonic number;

fres — resonance frequency of the resonator.
Then the flow velocity will be determined taking
into account formulas (2)—(4) as

_ L 1 1
Ym = m(a_;> . NCnom

Thus, a resonator at ultrasonic frequency can be
integrated into a hybrid flowmeter as a correction mod-
ule of the speed of sound, which operates by analogy as
TOF plus UDM. This provides a more accurate and sta-
ble measurement system [7].

We perform an analysis of errors for the classical

and the proposed flowmeter. Let us denote the relative

Av
error as 6v = o

For the classical model: vyoF ~ ¢? - At. Then the
error of the classical scheme will be determined as

8Vrop ~ 2 + 75 + tanBAG + §,.

ZLfTES (5)

. At; t; At; t;
In this case §, = —&l & 4 —& &L
tir til—tin tiy tii—tip
At

After rounding we obtain that &, = Y.
diff

Let us consider the errors of the proposed scheme.
For this, we represent formula (5) as

6V, =A-B,where A= L (i—i),B =
2cos O \t;r ;)

ZLfres
NCnom’
Then the total relative error for the product will be
determined by the sum
v=06A+356,

SA ~ T + taneAe +8,,
8B =— + + tan06A0 —

The total error of the scheme will take the form:

sv ~ 2 E ZAfres
fres

If we assume that C_Cnom = const (calibration)
and the geometry does not change, we obtain a simpli-
fied expression of measurement error:

Cnom

AL
+ T + tanBAO
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5v,, ~ 8, + Lres
fres

Based on the obtained dependencies, the follow-
ing conclusions can be made: the classical TOF has a
high dependence on the speed of sound (~c?), the error
is mainly determined by 28c + &t. At the same time,
the influence of temperature and gas composition is
quite high, which requires the use of temperature and
pressure sensors. In the hybrid TOF+RES the depend-
ence on the speed of sound and gas composition is com-
pensated, the influence of temperature is much smaller,
the error is mainly determined by time and frequency
parameters &t + 8f. Thus, in the classical TOF the
speed of sound is the source of the main error, and the
hybrid model eliminates the error from the speed of
sound.

We perform a numerical calculation of errors for
two schemes using generally accepted values of rela-
tive errors of components of the total error.

For the classical flowmeter: 6c/c = 1%; 6(AT)/
AT = 0.5%, but averaging due to 4 channels -
5%/V4 =0.25%; 6L/L=0.2%; &(cos@)/
cos 0 = 0.1%; 6t =0.1%.

Then the total relative error is:

ov
?z2-1%+0.25%+0.2%+0.1%+ 0.1%

~ 2.65%.

For the hybrid flowmeter, the error 8c/c is much
smaller, since c is measured by f,. For example,
éc/c = 0.01% (frequency meter provides very high
resolution). Other errors are the same.

Then:

o~ 0.2%+2%0.1% + 0.25% + 0.2% +

v
0.1% = 0.85%.

Thus, the hybrid TOF+RES method reduces the
total relative error approximately from 2.65% to
0.85% mainly due to replacing the dominant uncer-
tainty of the speed of sound and a much smaller error
of the resonance frequency.

How does the measurement error change with a
change in the speed of sound? For a classical flowme-
ter, the change in velocity is proportional to the change

in flow velocity, i.e. 5—: ~ %. For a hybrid flowmeter,

such dependence is absent. This means that with a rel-
ative change in the speed of sound, the error remains
practically unchanged. Fig. 2 shows the graph of de-
pendence of the relative error on the relative change in
the speed of sound in the range (—0.1;0.1).

0.10 A1

0.05 +

0.00 A

Relative velocity error AV/V

! | \
o o g
- b o
v o w
L 1

-0.20 A

<&

TOF+RES

-0.100 -0.075 -0.050 -0.025 0.000 0.025

0.050 0.075 0.100

Relative change in speed of sound Ac/c

Fig. 2. Graph of dependence of relative error on relative change of speed of sound for classical and hybrid flow-
meter

An increase in the relative change of the speed of
sound is observed in transitional and turbulent regimes.
This means that in such regimes the relative error of the
classical flowmeter increases as shown in Fig. 3, which

is not observed in the hybrid one. This is the advantage
of the proposed flowmeter. The remaining errors are
mainly determined by the accuracy of time and fre-
quency measurements.
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Fig. 3. Dependence of measurement error when changing gas flow regimes

Thus, the resonator at ultrasonic frequency can be
integrated into a hybrid flowmeter as a correction mod-
ule of the speed of sound, operating by analogy as TOF
+ Doppler method. This provides a more accurate and
stable measurement system.

Conclusions

The proposed mathematical model of a hybrid ul-
trasonic flowmeter combining the TOF method with
the resonance method, which measures the speed of
sound. This makes it possible to perform cross meas-
urements, but at the same time redundancy in the sys-
tem is obtained. The errors of flowmeters are estimated,
their numerical values are obtained, which answer what
the advantages of the hybrid device are. Unlike classi-
cal TOF flowmeters, the proposed approach allows
eliminating the influence of changes in the speed of
sound on the measurement result, which significantly
increases accuracy under varying thermodynamic con-
ditions. This provides a reliable and more accurate and
stable self-calibrating measurement system.

References
1. A. A. Stetsenko, and Y. Y. Bilynskyi, “Over-
view of Current Trends in the Development of

Ultrasonic Gas Flow Meters. Challenges and Pro-
spects for Replacing Rotary and Turbine Gas Meters,”
in XXIV IMEKO World Congress “Think Metrology”,
Hamburg, Germany, Aug. 26-29, 2024, 4p.

ISO/IEC Guide 98-3:2008. Uncertainty of meas-
urement — Part 3: Guide to the expression of

uncertainty in measurement (GUM).

Lynnworth L.C., Liu Y. Ultrasonic Flowmeters:
Half-Century Progress Report, 1955-2005. mUltrason-
ics. 2006. Vol. 44, Issue 10. P. e1371-e1378.

Baker R.C. Flow Measurement Handbook. Cam-
bridge University Press, 2016.

5. Fuji Electric Co., Ltd. (2016). Hybrid ultrasonic
flowmeter Duosonics: Transit-time and pulse Doppler
methods combined for accurate flow measurement.
Fuji Electric Corp. of America.

6. Y. Y. Bilynskyi, A. A. Stetsenko, Hybrid ultra-
sonic flowmeter, IPC GO1F 1/00, application No.
u202600062, filing date: 06.01.2026, Ukraine.

7. Y. Y. Bilynskyi, A. A. Stetsenko. Analysis of
errors of an ultrasonic flowmeter, Proceedings of LIV
All-Ukrainian scientific and technical conference of
subdivisions of Vinnytsia National Technical Univer-
sity, 2025.



