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Abstract

Results of investigating the additional error of ultrasonic flowmeters caused by the distortion of the flow are
presented in the article. The location coordinates of acoustic paths were calculated for their number from 1 to 6
according to the different numerical integrating methods: Gauss (Gauss-Legendre, Gauss-Jacobi), Chebyshev
(equidistant location of acoustic paths), Westinghouse method, method of OWICS (Optimal Weighted Integration for
Circular Sections). This made it possible to realize the flowrate equation for multi-path ultrasonic flowmeters and to
determine their additional error for different location of the acoustic paths. The average flow velocity along each path
is calculated based on the flow velocity profile in the pipe cross section. Four two-peak Salami functions of velocity
are used to calculate the velocity profile of the distorted flow caused by typical local resistances. According to the
research results the recommendations were developed for choosing the number of the acoustic paths of the ultrasonic
flowmeters and for using the methods for determining the location coordinates of the acoustic paths.
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1. Introduction

Due to their advantages ultrasonic flowmeters (USMs) have been widely used to measure flowrate and volume
of fluids [1]-[2]. Nevertheless, USMs have their own disadvantages such as high sensitivity to deviation of flow
parameters during operation from the conditions of their calibration, particularly, the distortion of the flow (velocity
profile). A significant additional error of the USM may occur in a distorted flow [1]-[2].

The flowrate measurement error of distorted flows can be reduced in several ways [1]:

1) by installing straight pipe section of sufficient length upstream the USM;

2) by using special flow conditioner upstream the USM;

3) by increasing the number of acoustic paths (APs) and improving their location schemes.

Increasing the number of chordal AP (which lie in a plane far from the center of the pipe) can significantly
improve the accuracy of measurement of the flowrate of distorted flows. However, the design of such USM is more
complicated and it is more expensive. Therefore, the question arises about the choice of minimum number of chordal
AP that are sufficient to achieve the given accuracy of flowrate measurement.

Such experimental studies require a special installation as well as USM with the ability to change the number of
APs and their location schemes, which significantly increases the research cost. Therefore, it is necessary to
investigate the effect of the APs number on the USM measuring error by simulating using computer technologies. It
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is much cheaper than experiments. The simulation allows selecting effective location schemes of APs, reducing the
list of schemes for experimental study, as well as reducing the duration of the experiment.

2. Analysis of recent publications and research works on the problem

Using the Salami functions of velocity for solving the problems of USMs is considered in many research works
[31-[12]. In particular, the Salami functions were used in these works to investigate the flowrate measurement errors
and USMs characteristics depending on the number, type and location scheme of APs.

In the article [3] the authors investigated the USM with the chordal location scheme of APs by using one peak
Salami functions of the velocity as the models of distorted flow. The main influence factors on the flow measurement
error of USM under the conditions of distorted flows were highlighted in the article. It was found for chordal USM
that four APs are sufficient to meet the requirements of the standard [1] to the additional error of flowrate
measurement caused by the distorted flow (this error should not exceed +0.3 %).

The purpose of this article is to investigate the chordal USM error in distorted flow using two-peak Salami
functions P5, P7, P10 and P16 as models of the distorted flow [4], [5]. These functions describe the flow velocity
profile at the typical fittings outlet such as two 90° bends in one plane of the U-configuration, two 90° bends in one
plane of the S-configuration, two 90° bends in different planes [4]-[5].

3. Theoretical material and research
The volume flowrate measured by chordal multipath USM is calculated by the equation [11]:
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where qusm is the volume flowrate; R is the internal radius of the USM section; x(i) is the location coordinate (see
Fig.1); w(:) is the weight coefficient of i-th chordal AP; up(i) is the average flow velocity along the i-th chordal AP; N
is the number of chordal AP of USM. To implement equation (1) it is necessary to determine the parameters x(i) and
w(i) for each USM and the average flow velocity u,(i) along each chordal AP.

According to [1] the weight coefficients w(i) can be constant or variable. In this paper the authors investigated
the flowrate measurement error of chordal USM with the location of APs according to the following methods [5], [8]:

1) a numerical integrating method (NIM) (Gauss-Legendre, Gauss-Jacobi methods for o= = 0);
2) a numerical integrating method by Chebyshev (equidistant location of APSs);

3) a numerical integrating method by Gauss-Jacobi (Gauss-Chebyshev second order). This method is also called
the Westinghouse method [9];

4) an improved method of OWICS (Gauss-Jacobi for a = = 0.6) [11].

A detailed technique for calculating x(i) and w(i) based on classical and advanced numerical methods is
described in [11, 13]. The authors have implemented the method [13] and calculated the values x(i) and w(i) using the
above methods for the number of APs N = 2...6. The calculated values of x(i) and w(i) are presented in Table 1.

The Table 1 allows realizing the equation (1) for UMSs with the number of paths from 2 to 6.

The value of the average flow velocity up(i) along each chordal AP can be determined based on the flow velocity
profile in the cross section of the pipeline [8]. We propose to apply empirically obtained functions of the velocity
distribution of the distorted flow in the cross section of the pipeline (Salami functions of the velocity) in order to
construct the flow velocity profile. These functions are obtained by the method described in [4]. A set of two-peak
Salami functions of the velocity is developed by this technique. They describe the kinematic structure of the distorted
flow downstream the fittings (mostly 90° bends and their combinations) [4].

Functions of velocity are received by professor L.A. Salami based on the following theoretical considerations [4]:

1) Any velocity profile of the distorted flow through the pipeline of cylindrical form is presented as a sum of two
components — the main (symmetric Us,,) and polynomial (aSymmetric Uasym): UsaL = Usym + Uasym.
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2) The symmetric component of the velocity uym in the turbulent flow regime is determined by the simplified
power law distribution: ugm = (1 — r(j))“", where n is the power exponent, that describes the flow velocity profile and
depends on the Reynolds number Re; r(j) is the radial coordinate of the j-th point of the cross section of the pipeline.

3) Various expressions are used to describe the polynomial velocity component ugsm. In this work we used the
expression: Uagym = mr(l — r())" f(6(j)), where m is a profile form factor; f is a certain model function; 6(j) is the
angular coordinate of the j-th point of the cross section of the pipeline.

4) Each Salami function is the dependence of the relative velocity u/up. on the relative radius r/rpa (Fmax = R)
and the angle coordinate 6. Therefore it enables the calculating the velocity values at an each point of the cross
section of the pipeline, particularly along the AP.

Table 1. Location coordinates x(i) and the weights w(i) of AP.

N Chebyshev [14] Gauss [14] Gauss-Jacobi [14] OWICS [10]
X(i) w(i) x(i) w(i) x(i) w(i) x(i) w(i)
2 | 05774 | 1 +0.5774 | 1 +0.5 0.9069 | +0.4880 | 0.8908
3 +0.7071 | 2/3 +0.7746 | 05555 | +0.7071 | 0.5554 | +0.6956 | 0.5537
0 213 0 0.8888 | 0 07854 | 0 0.7687
4 +0.7947 | 0.5 +0.8610 | 0.3479 | +0.8090 | 0.3693 | +0.7996 | 0.3719
+0.1876 | 0.5 +0.3400 | 0.6521 | +0.3090 | 0.5976 | +0.3038 | 0.5882
+0.8325 | 2/5 +0.9062 | 0.2369 | +0.8660 | 0.2618 | +0.8585 | 0.2654
5 | +0.3745 | 2/5 +0.5385 | 0.4786 | +0.5 0.4535 | +0.4933 | 0.4489
0 2/5 0 0.5688 | 0 05236 |0 0.5158
+0.8662 | 2/6 +0.9325 | 0.1713 | +0.9010 | 0.1947 | +0.8949 | 0.1984
6 | +0.4225 | 2/6 +0.6610 | 0.3608 | +0.6235 | 0.3509 | +0.6167 | 0.3489
+0.2666 | 2/6 +0.2386 | 0.4679 +0.2225 | 0.4375 +0.2197 | 0.4321

Fig.1. Simplified location scheme of chordal APs of USM: UT — ultrasonic transducer.

We can calculate the average flow velocity along the i-th chordal APs of USM (see Fig.1) by the following
formula [8]:
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where Usy, is one of the Salami functions of the velocity; '»() = 2R =X(0)* i the width of the plane of the i-th
chordal AP; | is the length of the chordal AP of USM; a is the rotation angle of the plane of passing of chordal AP
relative to the horizontal plane (see Fig.1). In this paper, the angle o = 0°, since this angle corresponds to the typical
location of the AP of USM [1], [6].

The results of the calculation of the flow rate by the equation (1) on the basis of the average velocity values for
each AP obtained by the formula (2) will differ from the flow rate calculated by direct integration of the velocity
profile of the undistorted flow. This is due to the error of integrating the velocity profile with a limited number of
points (flow rates for each AP). In the manufacture of USM, this effect is eliminated by finding a calibration curve —
the dependence of the calibration coefficient on the flow rate (or Reynolds number) [3]. The authors propose to
determine the calibration coefficient k¢, by the formula;

1
2n.j(r-usym)dr
-
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where g is the exact value of the volume flowrate obtained by direct integration of the velocity profile of the
undistorted flow; ugm is a symmetric, undistorted component of the Salami function, which is identical to the power
law of the velocity distribution [4].

Taking into account the value k. and formula (2) the final flowrate equation of USM (1) takes the form:

e ()2 + |2 |
k7R i 2\/R2—x(l) w(i) -! USAL( Xy ’0°+ar0t9%jdl+
qUSM - cal ; T (I) S I
+ .[ USAL[\IX(i)Z+|2,a—arctg%)dl

4)

Thus, calibration coefficient determined for undistorted flow is used in the equation (4). It is obvious that using
this equation to calculate the flowrate of a distorted flow will result in additional error, which actually occurs as a
result of distortion of the flow velocity. The relative additional flowrate measuring error should be determined by the
formula:

8, = Ousm — Ysar 100,
Osac (5)

where gsa. is the exact value of the volume flowrate of the distorted flow, for which the velocity profile is described
by the Salami function.

The flowrate qsa. is calculated by the formula:

2n (1
Gsn = I(IV'USAL(r,G)dr]de,
o\o

(6)

Four two-peak Salami functions are used in this article to investigate the error 6, [4], [5]. The analytical
expressions for these functions and the dimensionless values of flowrate gsp_are given in Table 2.

The additional flowrate measurement error caused by the distortion of the flow is investigated for multipath
USMs by the following technique:

1) Flowrate equation for the USM is obtained for a fixed number N by substituting x(i) and w(i) into equations
(1) and (2) from Table 1.
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2) The calibration coefficient kcal is calculated by the formula (3) for the conditions of undistorted flow. The
below factors should be taken into account:

- power exponent n for the Salami function [3]-[5], which characterizes the profile of the flow velocity, depends
on the Re and determines the type of function (for two-peak Salami functions P5, P7 and P10 n = 9, and for Salami
functions P16 n =7 [4], [5]);

- number of APs USM N;
- values of x(i) and w(i) (see Table 1).

Table 2. Two-peak Salami functions [5].

Function Analytical expression functions OsaL

1 1
POS | y=(1-r)° +0.6813r(1-r)°e *(sin0)> | 31130

1 1
P07 u=(-r)° +n_12 (1-r)*06(L—(cos0)?) 2.8974

1

1
P10 u=(@1-r)° +%r(1—r)“(2n—9)(sine)2 2.9925

1 1
P16 u=1-r)7 +e*°r(l—r)?e**(sin0)? 2.8237

1 1
POS | y=(1-1)° +0.6813r(1—r)°e ¥ (sing)? | 31130

3) The value of the average flowrate along each of i-th AP was calculated by formula (2) for chosen Salami
function (see Table 2).

4) The flowrate measured by USM was calculated by formula (4) according to the flow conditions described by
two-peak Salami function.

5) The relative flowrate measurement error was calculated by formula (5) for USM with different number and
location schemes of APs (x(i) and w(i) are calculated by different methods).

6) A conclusion was made about the required minimum number of APs based on the dependence of the
additional flowrate measurement error on the number N. Particularly, taking into account the requirement of 1SO
17089-1 [1, pp. 5.9.3.2] to the maximum additional flowrate measurement error caused by distortion of the flow it
was found

max max
Sany —Oanip| <0,3%

(7
The results of calculating ke, for different input data are given in Table 3.

Table 3. Values of the calibration coefficient kg,.

n Numerical integrating methods kea
N=1 N=2 N=3 N=4 N=5 N=6
Chebyshev 0.9333 | 0.9752 | 0.9813 | 0.9908 | 0.9932 | 0.9970
Gauss 0.9333 | 0.9752 | 0.9879 | 0.9970 | 0.9973 | 0.9991
! Gauss-Jacobi 0.9333 | 0.9928 | 0.9942 | 0.9988 | 0.9985 | 0.9996
OWICS 0.9333 | 0.9910 | 0.9970 | 1.0001 | 0.9992 | 1.0000
Chebyshev 0.9474 | 0.9716 | 0.9799 | 0.9902 | 0.9927 | 0.9964
Gauss 0.9474 | 09716 | 0.9877 | 0.9963 | 0.9972 | 0.9989
° Gauss-Jacobi 0.9474 | 0.9938 | 0.9953 | 0.9989 | 0.9988 | 0.9997
OWICS 0.9474 | 1.0016 | 0.9984 | 1.0003 | 0.9996 | 1.0001

The results of the studying of additional flowrate measurement error 5, are shown in Fig.2.
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Fig.2. Profiles of 3D functions and the corresponding dependences of additional flowrate measurement error on the number of APs
N for the functions P05 (a), P07 (b), P10 (c) and P16 (d).
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4. Conclusion
In the article we investigated ultrasonic flowmeter error in distorted flow using two-peak Salami functions.

The main factors that affect the additional flowrate measurement error 8, are as follows: the type of flow
distortion, the number of APs and their location scheme. Increasing the number of APs and the correct choice of their
location scheme can reduce the effect of flow distortion.

For three considered two-peak Salami functions only the USM with N > 4 will satisfy the requirement (7) to the
additional flowrate measurement error 8,. For such USM the method for determining the location coordinates and the
weight coefficients of the APs slightly affects the flowrate measurement result under the conditions of distorted flow.
Increasing of the APs number to more than 4 is inadvisable, since the value of the flowrate measurement error does
not decrease much (+0.1 %) compared to the error at N = 4.

The method for determining the x(i) and w(i) significantly affects the flowrate measurement error 8, at N < 4. In
this case none of the numerical integrating method can satisfy the condition (7). For the one-peak Salami functions
the condition (7) is satisfied using the method Gauss-Jacobi and OWICS. This conclusion confirms the known
practice result, when the increase in the number of peaks of the velocity profile (complicating the fitting type)
increases the flowrate measurement error of the USM.

The obtained research results make it possible to improve the design of the USMs and to reduce the additional
flowrate measurement error under the conditions of the distorted flow.
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JocaigkeHHs: NOXHOKH yJIbTPa3BYKOBOI0 BUTPATOMIPa 32 YMOB CIIOTBOPEHOI
CTPYKTYPH MOTOKY i3 3aCTOCYBAaHHAM ABOsiiepHUX pyHkuiin Camami

®enip Mariko, Biraniit Poman, 'anuna Mariko, Jimutpo SniHcekuii

Hayionanvuuii ynieepcumem «JIvgiscoxa nonimexuixay, eyi. Cmenana banoepu, 12, Jlveis, 79013, Yxpaina

AHoTanis

B crarTi mpezacraBieHO pe3ysbTaTH JOCTIDKEHb J0JATKOBOI MOXUOKM ynbTpa3ByKoBHX BUTparoMipiB (Y3B),
3YMOBJICHOT CIIOTBOPEHHSAM MPO]III0 MBUAKOCTI MOTOKY. KoopauHaTH po3TalryBaHHS XOPJOBUX aKyCTHYHHX
kaHaniB (AK) obuncieno mns kimpkocti AK Bim 1 10 6 3a JOMOMOTOIO Pi3HHX YHCIOBHX METOIIB iHTETPYBaHHS:
l'ayca (I'ayca-Jlexxannpa, I"ayca-Sko6i), YeOumesa (piBHoBinmaneHe po3mimenHs AK), meromy Westinghouse,
meroxy OWICS (Optimal Weighted Integration for Circular Sections). Ile mano MOXIHBICTh peanizyBaTd PiBHSIHHS
BUTpaTH OaraTokaHaiesHOTO Y3B Ta omianTé momatkoBy moxuOky Y3B 3a ymoBu pizHoro posmimenss AK. 3naueHHs
cepeHbOl IIBUIKOCTI TOTOKY B3IOBX KOXHOro AK BH3HaUeHE pO3paxyHKOBHM IUIIXOM HA OCHOBI Ipogimro
MIBUAKOCTI MOTOKY B monepednomy nepepisi BT. Jlns oOuucneHHS Mpodiiro IBUIKOCTI CIIOTBOPEHOrO IOTOKY,
c(OpPMOBAHOTO TUIIOBUMHU MiCIEBHMH OIIOpaMH, 3aCTOCOBAHO YOTHPH JBOsAepHi (QyHKHiT mBuakocti Camami. 3a
pe3ysbTaTaMM JOCTIHKEHHS JT0JaTKOBOI MOXHOKKM Y3B B yMOBax CIIOTBOPEHOTO IMOTOKY PO3pPOOJICHO peKOMEHIamii
1110/10 BUOOPY KUIBKOCTI aKyCTUUHHX KaHaiiB ¥Y3B Ta 3acTocyBaHHS METOAIB BU3HAUYEHHS KOOPIMHAT PO3TaIllyBaHHS
AKyCTUYHUX KAHAJIB.

KarouoBi ciioBa: yinbTpa3sBYKOBUN BHTPATOMIp; [MOJATKOBA MOXWOKA; CIOTBOPEHHH TMOTIK; mnpodiib
mBuIKoCTeH; QyHKIisa Canami.



