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Over the past ten Yyears, ultrasonic measuring instruments have become most widespread in industrial
measurements of the flow and quantity of various energy resources. Such instruments differ in design, method of
obtaining the output signal, number and topology of acoustic waves propagation and, accordingly, have different
metrological performances.

The accuracy of the measured signal formation is determined by the quality of the flow sensor. At the same time, the
components of quality are metrological performances, manufacturability of the design, ease of setup, cost and others.

The purpose of the work is to compare, analyze and evaluate the quality of flow measurements when using a
single-channel ultrasonic sensor with a complex trajectory of the measuring beam and a multi-path (multichord)
ultrasonic sensor.

As a result of simulation modeling, distributions of flow velocities in longitudinal sections and cross sections were
obtained, correction factors for the measured signal were determined, and pressure losses were calculated.

A comparative analysis of the measurement quality of the investigated flow sensors made it possible to identify the
advantages of using a single-path flow transducer with acoustic wave reflection. We are talking about the possibility of
accurately outputting a useful signal, higher metrological sensitivity, higher measurement accuracy, as well as minimal
impact on the measured medium due to the creation of smaller geometrically sized local hydrodynamic resistance along
the length of the measuring path.

The further research prospect is the study of ultrasonic flow measuring sensors with different topologies of
acoustic channels when measuring and recording flow and quantity for different flow regimes of the measured medium.

Keywords: measurements quality; gas; flow sensor; beam reflection; ultrasonic flow sensor; conversion response;

simulation.

Introduction

Saving natural energy resources has always been
relevant and requires the use of modern technologies
and achievements for their effective use. An
organization of effective measurement and registration
in all sectors of the national economy is one of the key
aspects of saving and rational use of natural energy
resources.

To measure the flow and quantity of natural gas,
flow meters and meters are used, the functioning of
which is based on various physical principles. Such
instruments provide different metrological
performances. One of the directions for increasing the
accuracy of measuring equipment is the readings
correction by recalculating the gas volume to standard
conditions [1]. For this purpose, measuring systems
and complexes are created, the structural elements of
which are sensors of pressure, temperature, flow rate
and computing units. Also, increased measurement
accuracy is ensured by the use of automated data
transmission systems based on wired, wireless and
combined technologies [2, 3].

However, despite the widespread use of
computational algorithms, the  quality  of

measurements is based on the quality of the flow
sensor (FS). The accuracy of the measuring signal
formation and its further processing directly depend
on the physical principle of operation and design
features of the flow sensor.

A comprehensive effectiveness assessment of
using a specific measuring instrument is the quality of
measurements. The components of measurement
quality are metrological characteristics,
manufacturability of design, setup simplicity, cost,
and others. At the same time, the requirements for
metrological performances are high accuracy,
reliability, repeatability of measurement results,
minimal influence of the sensor on the measured
medium, and others.

Over the past decade, acoustic (ultrasonic)
measuring instruments have become most widespread
in industry in the world for measuring and recording
the flow rate and quantity of energy resources with
various physical and chemical properties and
purposes.

Problem statement
There are ultrasonic flow meters with different
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designs and methods of generating the output signal,
both in terms of the topology of acoustic wave
propagation and the principle of operation.

For the effective use of ultrasonic measuring
transducers (USFS), it is necessary to investigate
several such measuring transducers, based on different
topological schemes.

Two flow sensors were selected for the study: the
operating principle of the first sensor is based on the
use of multiple wave reflection, which forms a
complex trajectory of the measuring beam when using
one pair of transmitters-receivers [4]; the second flow
sensor is multi-path. The chords number of such
sensor corresponds to the number of direct sections of
the acoustic signal from the transmitter to the mirrors
and from them to the next signal reflection device,
and, finally, to the receiver.

There are various configurations with signal
reflection, which can propagate in one (diametrically)
or several planes [5]. For the study, a configuration with
fourfold spatial reflection of the measured signal was
chosen. The second configuration is implemented on
the principle of multi-path placement of piezoelectric
transducers in a multi-channel ultrasonic measuring
transducer. The trajectory of the beams in this
configuration corresponds to the placement of reflectors
in the first one.

The purpose of the work is to compare, analyze
and evaluate the quality of flow measurements when
using a single-channel ultrasonic sensor with a
complex trajectory of the measuring beam and a
multi-path (multichord) ultrasonic sensor.

Investigations of ultrasonic flow sensors with
different topological configurations

For ultrasonic flow sensors with a multi-path
arrangement of measuring channels, the flow rate is
determined in accordance with the expression [5]

q, =k wy,. ¢))

Where k is the hydrodynamic factor, the value of
which depends on the flow regime and the presence of
hydraulic resistance [6 — 11]; S is cross-sectional area
of the measuring channel; w; is weight factor on the i-
th section of the beam; v; is speed on the i-th section of
the beam.

The main task for obtaining information about
flow is to calculate the values of the factors k and w;,
which make a correction in accordance with the
location geometry of the measuring beams and their
total number.

To identify the functioning features of the
investigated flow sensors and study the hydraulic
phenomena that occur, modern computational
software systems based on the finite element method
were used.

The computational experiment involves:

— constructing three-dimensional geometric models
of flow sensors;

— creating computational grids of geometric
models;

— selection of the boundary regions of the measured
flow;

— operating parameters settings of the measured
medium (substance, temperature, pressure);

— selection of hydrodynamic flow model;

— determination of modeling boundary conditions;

— carrying out the computational process;

— processing and analysis of the obtained results.

To evaluate the advantages and disadvantages of
using USFS with reflection and multichords sensors,
three-dimensional geometric models of measuring
transducers for DN 50 were created in the SolidWorks
software package (Fig. 1).

The design of a single-beam ultrasonic sensor
with quadruple reflection of the informative beam is
adopted as the basis. This beam in cross-section
creates a triangular topology for sensing the moving
measured medium (Fig. 1, a). In accordance with the
parameters of the reflectors (mirrors) placement, a
model of a flow sensor was created using separate
piezoelectric transducers (Fig. 1, b). In both
configurations, flow measurement is implemented
along five beams, which are located at the same
inclination angles and diametrical distance to the
measured flow.

Methane gas was chosen as the measured medium
at operating conditions: absolute pressure in the
pipeline is 0.3 MPa, temperature is equal to 20 °C.

The simulation was carried out for five operating
modes. As boundary conditions, the values of the inlet
flow velocity are set, which correspond to the
minimum Q,,;, = 0.15 m*h, nominal Q,o, = 15 m’/h,
maximum Q.. = 30 m’/h flow rate, as well as
0.2 Quaxs 0.7 Qmax of the operation of the ultrasonic
flow meter. The simulation was carried out in a
stationary flow mode (Steady State mode), uniformly
distributed in the inlet section. The k-€ turbulence
model is applied.

The simulation results were obtained in the form
of velocity distribution in longitudinal (Fig. 2) and
transverse (Fig. 3) sections of the measuring channel,
as well as in the form of numerical values of speed
along the propagation lines of the measuring signal
between the piezoelectric transducers.

Velocity diagrams were obtained for cross-
sections that are located at distances of 1 DN, 1.5 DN,
2 DN, 3 DN and 4 DN from the inlet section of the
model geometry (Table 1).

Table 1 shows the velocity profiles in the
indicated cross-sections for the structures under study
at minimum, nominal and maximum flow rates.
Designations: 1 — configuration with beam reflection,
2 — multi-path flow configuration.

Comparison of the velocity distribution in
identical cross-sections at different flow rates for the
investigated configurations allows us to see a change in
the velocity distribution due to changes in the internal
geometry of the working areas of the flow sensors.
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Fig. 1. Flow sensors under study: with the measuring beam reflection (a); multi-path sensor (b)

Quin = 0,15 m*/h

Quom= 15 m’/h

Quax = 30 m*/h

Fig. 2. Flow velocities in the longitudinal section of flow sensors at minimum, nominal and maximum flow rates: with

beam reflection (a); multi-path (b)

Fig. 3. Arrangement of cross-sections along the length of the flow sensor: with beam reflection (a); multi-path (b)

As a result of numerical simulation, correction
factors for the measured signal were determined.

The conversion response of the studied time-
pulse ultrasonic flow sensors were determined as a
result of modeling, taking into account the speed of

ultrasound in the measured medium and the average
speeds along the lines of the measuring beams
(Fig. 4). The pressure losses on the flow sensors
between the input and output cross-sections of the
model geometry were calculated (Fig. 5).
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Table 1. Velocity profiles in cross-sections of flow sensors

Flow rate
Distance Quin Qrom Qmax
Configuratio
1
1 DN
2
1
1.5 DN
0,022
0021
0.02
0019
0018
0.017
0016
0.015
0,014
0,013
10,012
0,011
5000
2 ooce
10,006
0.005
0,003
0,003
0.002
0,001
i

0,001

1

2 DN
004 0,023
0,021
0,019
0014 0,017
i 0,015
0,013
u

0,011
2 0,009
0,01 0,007
0,005
0,003
0,024 0,001
0,001
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Table 1. Continued

Flow rate
Distance
Configuratio
1 :
B
0,7
06
0.5
0.4
0,3
0,2
0,1
0
o
3DN
2
1
4 DN
2
AT, mes A
20 8
18 -
16 N
6
14
12 5
10 4
& 3
¢ 2
4
2 1
; 0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
- » ) - - Q ;“3 h Q.m%h
ith beam reflecti Jti-patl —e—with beam reflection  —®—multi-path
Fig. 4. Conversion response of flow sensors Fig. 5. Pressure loss on flow sensors
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Conclusions

To assess the flow measurements quality of a
single-channel ultrasonic sensor with the measuring
beam reflection, simulation modeling of two flow
sensors was carried out. A multi-path sensor was
selected as the second one. The trajectory parameters
of the measuring beams of the two configurations are
identical.

The distributions of flow velocity in longitudinal
and transverse sections were obtained as modeling
results. This made it possible to study the distortion of
the velocity distribution due to changes in the internal
geometry of the working areas of ultrasonic flow
sensors. The correction factors calculation for the
measured signal contributed to the determination of
the conversion characteristics taking into account the
ultrasound speed in the measured medium and the
average speeds along the measuring beams. Pressure
loss determined.

The measurement quality comparative analysis
of the investigated flow sensors indicates the
following:

— the advantage of the first design is the ability to
accurately output the useful signal, since the use
of a longer measuring path makes it possible to
determine with higher accuracy the difference in
the time of ultrasound passage in the measured
medium;

— the higher metrological sensitivity is the
advantage of the first design;

—  higher measurement accuracy is an advantage of
the first design; since the sum of errors in
independent measurements of the difference in
the time of an acoustic signal passage along the
flow and against it in individual sections is greater
than in the overall length of the trajectory;

— minimal influence on the measured medium is
typical for a sensor with acoustic wave reflection,
due to the creation of smaller geometrically sized
local hydrodynamic resistances along the
measuring path length;

— from the ©point of view of design
manufacturability and its simplicity, it is
advisable to use multichords flow sensors;

— the flow sensor cost directly depends on the
number of used piezoelectric transducers pairs.
The further research prospect is the study of

ultrasonic flow measuring sensors with different

topologies of acoustic channels when measuring and
recording flow and quantity for different flow regimes
of the measured medium.
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OLIHKA SKOCTI BUMIPKOBAHbD YJIbTPA3BYKOBOI'O ITEPETBOPIOBAYA BUTPATHU 31
CKIIAJHOIO TPAEKTOPIEKO BUMIPIOBAJIBHOI'O ITPOMEH A

IIpoTsrom oCcTaHHKOTO NECATUPIUYS HAHOUIBIIIOTO 3aCTOCYBAaHHS y TIPOMHUCIIOBUX BUMIPIOBAHHSIX BUTPATH Ta KiJTbKOCTI
PI3HHUX €HEPreTHYHUX pecypciB HaOyIW yIbTPa3BYKOBI BHMiproBadi. Taki MpHIagu BiIpi3HAIOTHCS 32 KOHCTPYKITIETO,
METOJIOM OTPUMAaHHS BUXiJHOTO CHTHATY, KIJTbKICTIO Ta TOIOJIOTI€I0 PO3MOBCIOKCHHS aKyCTHYHUX XBHJIb 1, BIIIOBII-
HO, MalOTh PI3HOMaHITHI METPOJIOTiYHI XapaKTEPUCTHKH.

TouHicTh HopMyBaHHS BUMIPIOBAHOTO CHUTHAITY OKPECITIOEThCS SKICTIO TIEPBUHHOTO IepeTBopioBaya BuTpatu. Ckiamo-
BUMH SIKOCTI IIPU [IbOMY € METPOJIOTIYHI XapaKTePUCTHKH, TEXHOJIOTIUHICTh KOHCTPYKLii, 3pyYHICTh HaJalITOBYBaHHS,
BapTICTh TOLIO.

MeTor0 poOOTH € IOPIBHSIHHS, aHAJI3 Ta OLIHIOBAHHSI SIKOCTI BUMIPIOBaHb BUTPATH MPH 3aCTOCYBaHHI OJHOKAHAIHLHOTO
31 CKJIQJIHOKO TPAEKTOPIEI0 BUMIPIOBAIBHOTO IIPOMEHS Ta 0araTOKaHAJIBHOTO (0araToXopA0BOro) yIbTPa3BYKOBHX Mepe-
TBOPIOBaYiB BUTPATH.

3a pe3yabTaTaMM iMITAIlifHOTO MOJETIOBAHHS OTPHUMAHO PO3MOIiI MIBUAKOCTI TIOTOKY y MOB3JIOBXKHIX Ta IMOMEPEYHUX
nepepizax, BU3HAYCHO KOEPIIIEHTH KOPUTYBaHHS BUMIPSHOTO CUTHATY, pO3PaXx0BaHO BTPATH THUCKY.

ITopiBHSUTBHHIN aHAJI3 SIKOCTI BUMIPIOBaHb IOCIIHDKYBaHHUX TIEPETBOPIOBAYIB BUTPATH JO3BOJHMB BUSBHTH IIEpEBarv
3aCTOCYBaHHS OJJHOKAHAIBLHOTO TIEPETBOPIOBAaYa BUTPATH 3 BIAOUTTSM aKyCTHYHOI XBUIII, @ caMe: MOKIIUBICTh TOYHOTO
BHUBEJICHHSI KOPUCHOTO CHUTHAIY, OUTbIIIa METPOJIOTIYHA Ty TIIMBICTh; BHIA TOYHICTh BUMIPIOBAHHS, a TAaKOX MiHIMasIb-
HUW BIUIMB Ha BUMIpIOBaHE CEPEIOBHIIE, B HACTIJOK CTBOPEHHS MEHINMX 32 T€OMETPUYHHMHU PO3MipaMU MiCIICBUX
TiIpOAMHAMIYHUX OMOPIB HO MPOTSHKHOCTI BUMIPIOBAJIBHOTO TPAKTY.

[epcrexkTHBO0 TOAANBIIOT POOOTH € JOCIIIKCHHS YIbTPA3BYKOBHX BHMIPIOBAIILHUX IIEPETBOPIOBAYIB BUTPATHU 3 Pi3-
HOIO TOTOJIOTIEI0 aKYCTUYHUX KaHAJIB IPH BUMIPIOBaHHI Ta PEECTpALlil BUTPATH 1 KUIBKOCTI 3 Pi3HUX PEXHUMIB IUIMHY
BUMIPIOBAHOTO CEPEOBUIIIA.

Kuro4oBi cjioBa: siKicTh BUMIPIOBaHb; Ta3; NEPETBOPIOBAY BUTPATH; BIIOUTTS MPOMEHS; YIBTPa3BYKOBHIA IIEPETBOPIO-
Ba4 BUTPATH; XapaKTCPUCTHKA [IEPETBOPCHHS; IMITaIlIiHE MOICTIOBAHHS.
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