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Abstract

The paper presents a methodology for improving mathematical model of ultrasonic flowmeter (USM) results
through the application of CFD simulation along with experimental reference data on measured consumption. On the
basis of the proposed methodology, USM errors research method in terms of distortion of the flow structure has been
developed. Using the proposed methodology mathematical model of two-path chordal USM has been improved and
its study in terms of distortion of the flow structure after seven types of fittings has been conducted. According to the
research results, concrete recommendations on the location of the USM towards the considered fittings have been
proposed. The proposed recommendations will improve the accuracy of flow measurement by two-path USM by
eliminating additional error due to the presence of distortions in flow structure. Testing of the proposed technique
proves its correctness and application for any type of USM and various types of fittings.
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1. Issue background

Ultrasonic methods and instrumentation for fluid flow rate and volume measurement are applied widely
in various fields of industry including gas industry where natural gas metering is carried out during its
transportation and supply to the consumers. The widespread application is caused by existence of new
reliable ultrasonic flowmeters (USM) of gas providing high accuracy of measurement. For instance, multi-
path USMs are developed for custody transfer of natural gas with the relative error of no more than £0.15 %
(USZ 08 of Honeywell RMG Company), +0.2 % (FLOWSIC600 of SICK Company) or £0.3 % (Daniel Senior
Sonic of Emerson Company).

Given this, and the presence of the largest gas transport network and branched gas distribution networks in
Ukraine, the introduction of USM in the gas industry in Ukraine is an important task whose solution requires joint
efforts of both practicing engineers and scientigs. In particular, PJSC “Ukrtransgaz” in 2014 analyzed the modern
European experiencein the field of flow measurement of gas and decided on the priority of USM (meters) use during
the reconstruction and construction of new gas distribution stations [1]. In turn, “Naftogaz Ukraing’ and the State
Committee for Technical Regulation and Consumer Policy of Ukraine are implementing regulations on flow
measurement, including standards implemented “Ultrasonic gas meters for commercial and technical accounting.
General specifications (harmonized with 1SO 17089-1: 2010)” [2].

It is known that the metrological characteristics of flowmeters depend on the operating conditions (in particular,
on the extent to which the operating conditions are different from the calibration conditions). Based on the numerous
experimental studies the flow disturbances in the pipe upstream of the USM were defined to lead to significant errors
in flow rate measurement.
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According to ISO 17089-1: 2010 [3], which isthe main regulatory instrument governing the application of USM
for commercial purposes, to achieve steady flow rate profile during its previous asymmetry, straight sections of
measuring pipeline without special flow conditioning devices, with the length of 5-50 D, whilein case of twists —this
value can reach 200D may be necessary. Ingtallation of straight sections is expensive and may not always be
implemented in terms of technological limitations.

That iswhy it isimportant to study the effect of a flow disturbance on the error of USM and to devel op the up-
to-date means for simulation in order to work out recommendations on ingtalation of USMs to eliminate the
additional errors of flow rate measurement caused by flow disturbances.

2. Analysis of publications

A powerful instrument for studying the gas dynamical processesin pipes together with experimental studiesis a
computer simulation by means of Computer Aided Design (CAD) and Computational Fluid Dynamics (CFD)
software. The models of fluid flowsin pipes of complicated configurations can be built by means of the software with
high accuracy. These models provide the possibility to study the pipe configurations and USM constructions for
which the experimental studies were not carried out sufficiently.

The results of CAD/CFD simulation for studying the effect of a disturbed flow on the error of USM are
presented and discussed in works [4—7]. Based on the analysis of these works, it was defined that there are alot of
CAD/CFD software types both with open access and with licenses. There are different constructions of pipe fittings
and positions of acoustic paths of USMs. That is why there is a need to develop a generalized methodology for
application of CAD/CFD software to improve the mathematical modd of USM and to study the effect of a disturbed
flow on the error of USM.

The authors carried out such studies and the results of testing are partially outlined in [8]. However,
topical isthe use of proposed in [8] methodology to study the impact of flow structure distortions formed by
different types of fittings on the concrete USM structures error and devel opment of recommendations for its
reduction.

3. Purpose of the work

The authors set the goal to investigate the effect of flow structure distortion after various types of fittings on the
two-path chordal USM error and to make recommendations as to their installation.

4, Presentation of the basic material

Mathematical model of multi-path chordal USM can be obtained based on two equations: first, the equation of
volume flow rate g, = Sv, where S — cross-sectional area of the measuring pipe and v — average flow rate on this
section; secondly, the equation for determining the coordinate position and weighting factor of acoustic USM paths
[10]. With the use of mathematical USM models coupled with CFD simulations, which enables us to define the flow
rate for each acoustic USM path, there may be a number of errors due to the following reasons:

1. Inaccurate drawing of the multi-path USMs and pipes which is caused by the complicated construction of the
USM in the cases when the information on the geometrical dimensions of USM is lacking or is defined
inaccurately (dimensions of the electro-acoustic transducers (EAT), their pockets, protection layer and length
of the acoustic channdl).

2. Inaccurate description of the behavior of the turbulent flow by the CAD/CFD software [6].

To diminate the errors of USM simulation, it is proposed to improve the mathematical model of the meter by
introducing the dependence of the calibration factor on the Reynolds number k., = f(Re) into the model [9]. The
values of k,, are defined on the basis of the reference values of volume flow rate and flow parameters derived
experimentally or analytically (processing results of CFD simulations) for specific values of Reynolds number
according to the following formula Kea = Gser / 0s, Where g, — reference value volume flow rate of gas in standard
conditions, and gs — values volume flow rate obtained by mathematicd models of USM on the basis of CFD
simulations and reduced to standard conditions. The flow rate reduced to standard conditions is calculated as follows
Os = QPTs/ psTK, where p and T — value of fluid absolute pressure and fluid thermodynamic temperature in operating
conditions, and K —isthe compressibility coefficient.
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It should be noted that the reference value for the flow rate of operating conditions gy« can be defined as
follows:

- |s selected from a measurement range for the specific USM modd and size on condition of knownUSM
designs moddling;

- Isassumed to be the value of the reference flowmeter applied during the experiment.

Also, it should be emphasized that the value of the reference flow, fluid pressure and fluid temperature are used
to configure the CFD simulations (boundary conditions), and the definition depending k. =f(Re) should be
performed for the absence of flow structure distortion.

Thus, the proposed methodology of improving the mathematica modd of an USM consigs in defining the
dependence of ky 0n Re basad on the results of CFD simulation and the available reference data on the measured flow rate
and subsequent introduction of this dependence into the mathematical modd. The generdized mathematica modd of a
multi-path USM with taking into account the proposed methodol ogy and the improved method for defining the coordinates
of the location and weighting coefficients acougtic paths chordd USM [9] is presented asfallows
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where D — pipe internal diameter of the measuring section of pipeline or USM; R=D/ 2; x(i), W(i), vx(i) — position
coordinate, weighting factor and flow rate along the i-th chorda acoustic path; PL — Lagrange polynomial; PJ —
Jacobi polynomial; k — coefficient of weighting function of Jacobi polynomial; N — number of acoustic paths USM;
Re — Reynolds number.

Mathematical model (1), applied in conjunction with CAD/CFD simulations tools, allows us to investigate the
effect of individual design characteristics of multi-path chordal USM on measured values during their design, and to
investigate the flow structure distortion effect on the value of the flow measured using acting USM dependence
kear = f(R€) for which was obtained based on the experimental resultsin terms of undisturbed flow.

Technique for studying the error of flow rate measurement was developed on the basis of the mathematical
model of USM (1). Thistechniqueis presented in [8] and it consists of the following steps:

- Definition of the main and supplementary constructional parameters of the USM and the pipe (see Fig. 1, a);
- Definition of the fluid flow parameters (type of fluid, flow rate, pand T etc.);

- ldentification of ke of the USM model (drawing of 3D model of the USM and the pipe by means of CAD
software (see Fig. 1, b); setting of 3D model parametersin CFD software; development of the dependence
of kea 0N Re);

- Study of the USM error in a disturbed flow.

The developed technique was verified on the basis of the results of experimental study of flow rate
measurement error for acting USM GUVR-011A2.2/VSin a gas test unit of “Energooblik” Company (Kharkiv,
Ukraine) [8]. It should be mentioned that both the experimental study and the simulation of USM were carried
out without any flow conditioner according to the requirements specified by the flowmeter manufacturer in the
operational documentation [10].

Three dimensiona model of the USM (see Fig. 1, b) together with the pipe and the fittings was built by means
of CAD software. The pipe straight lengths were set according to the diagrams in Figs. 2. The simulated flow rate
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values were compared to the experimental results of flow rate measurement by means of the USM ingalled
downstream of two typical fittings (single 90° bend, Fig. 2, a and two 90° bends in perpendicular planes (I<5D),
Fig. 2, b). Thisway the conclusion about the adequacy of the proposed technique was made.
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Fig. 1. Simplified design diagram of a double-path chorda USM (&) and three dimensional model of USM and pipe (b) build in
CAD software: L —length of the acoustic path; Th —width of the plane where the acoustic peath islocated; ¢ —angle of the acoustic
path relative to the axis flow; 6 —angle of the acoustic path relative to the horizontal position

USM Sa
GUVR-011
a b
Fig. 2. Axonometric diagram of pipe with USM installed downstream of a single 90° bend (a) and installed downstream of two
90° bendsin perpendicular planes (I<5D) (b): l5; — straight length between USM and afitting; pcep, Tcrp — place selection fluid
absol ute pressure and fluid temperature on the results of CFD smulations

The mathematical model of the double-path chordal USM GUV R-011A2.2/V'S (2) was built by means of the
proposed methodology. The mathematical model is as follows

1 €nD? 2,/R? - (0,5807R)? v 4q, r

_I_qv :kca] épD ( 1 ) 1(Vh1+Vh2)l:[ Re: qv.ref ref ,

i 8 4 pR 2 4 pnD

|

i 13879Re®™ +1; Re=1X0° 540 @)
: !

ik, =1- 1148X10 Re’+2,67540° Re+1049;, Re=540", 150";

e T

i

%- 3567x0°Re+1063 Re=15%0", 1540,

where vy, Vi, — flow vel ocity along the 1-th and 2-nd chordal acoustic path USM GUVR-011A2.2/VS for the results
of CFD simulations; p —fluid density, kg/m® p —fluid dynamic viscosity, Pa:s.
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This model was applied for calculating the flow rate measured by the flowmeters presented in Fig. 2, a and 2, b.

Here the values gy« Were taken equal to the experimental values of flow rate measured by the reference gas meter in
the test unit.

The calculated values of flow rate using the mathematical model (2) were compared to the experimental values
of flow rate measured by means of USM GUVR-011A2.2/VS in the test unit. To calculate the relative deviation d,,

the values of flow rate were reduced to standard conditions. The curves of the relative deviation d,, versus flow rate
arepresented in Fig. 3, 3 and b.
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Fig. 3. Relative deviation d,, versus flow rate for USM installed downstream of 90° bend (a)
and for USM ingtalled downstream of two 90° bends in perpendicular planes (I<5D) (b)

Aswe can see from Fig. 3, a, and 3, b the simulation results are close to the experimental values in the range of
flow rate from 0.050ymax tO Qvmax. FOr USM installed downstream of 90° bend the maximum value of d,, is 0.86 % in
the specified range of flow rate. And for USM ingtalled downstream of two 90° bends in perpendicular planes (I<5D)
the maximum value of dy, is 1.04 %. By means of these results the adequacy of the proposed techniqueis proved and

the possibility of application of this technique for studying the effect of flow disturbances on the error of flow rate
measurement by USMs is confirmed.

The devel oped technique was applied for studying the additional errors of USM's caused by flow disturbances
downstream of typical fittings with relation to the distance between the fitting and the USM (lf). The following types
of USM were taken to consideration:

1) USM1 — double-path chordal USMs with the angle of acoustic paths j =45°... 67°; calculation of the
position coordinates and the weighting factors of the acoustic paths was carried out according to the
improved method [9];

2) USM2 — double-path chordal USMs GUVR-011A2.2/V'S (G400, Dn100) with the angle of acoustic paths
j =67° according to [10];

3) USM3 — double-path chordal USM with the angle of acoustic paths j = 67°; calculation of the weighting
factors of the acoustic paths was carried out according to the improved method.

The following fluid parameters were taken for ssmulation: type of fluid — air; fluid pressure and temperature —
p =400 kPa, T=293.15K (20 °C); reference values of flow rate: g, = Qumaxx(0.025; 0.05; 0.1; 0.25; 0.5; 0.75; 1),
Ohmex = 650 m/h.

The additional error of flow rate measurement caused by flow disturbance was calculated according to the
following formula

dA - qs - qs.ref >§.00 , (3)

qs.ref

where gs=qupcrpTs/ PsTeroK — values volume flow rate obtained by mathematical models of USM GUVR-
011A2.2/VS (2) on the basis of CFD simulations and reduced to standard conditions.
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The minimum pipe straight lengths | i, between a fitting and USM (see Table 1) were defined on the basis of the
simulation results with taking into account the following criteria:

* |min is equal to the minimum length at which the value of 8, error remains within the limits of the basic
relative error of flow rate measurement declared by the manufacturer USM of;

- Inin is equal to the length a which prolonging the length by 10D would not lead to change of 8, error by
more than 0.3 %.

The greater value of |, was accepted in each case when making the Table 1 based on the two criteria mentioned
above.

Table 1. Minimum pipe straight length for USM ingtaled downstream of the fitting

No Type of fitting hiny 2 /D
USM1 | USM2 | USM3
1 | Single 90° bend 50 30 30
2 | Two 90° bendsin perpendicular planes (I<5D) 40 40 30
3 | Gagged tee with change of flow direction 50 50 40
4 | Two 90° bendsin the same plane: U-configuration (I£10D) 50 50 40
5 | Two 90° bendsin the same plane: S-configuration (I£10D) 60 60 50
6 | Expander (80/100)D 20 20 20
7 | Reducer (130/100)D 40 20 20

Theresults of 3, calculation for various flow rates are presented in Fig. 4.

Fig. 4. Relative error da versus relative pipe straight length for USM installed downstream of two 90° bends in perpendicul ar
planes (I<5D): a—¢ =45° b—¢ =55°% c—¢ = 67°; d—GUVR-011 ¢ = 67°

Aswe can see from Fig. 4, the minimum pipe straight length | i, defined on the basis of the two criteria for USM
installed downstream of two 90° bends in perpendicular planes (I<5D) is 33D. The additional error of flow rate
measurement d, is within the limits £1 % [10] for the double-path chordal USMs under consideration in the range of
flow rate measurement from Qy nin tO Cymax-
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Based on the results presented in Table 1 we can say that the shortest pipe straight lengths are needed for USMs
installed downstream of an expander. And the longest pipe straight lengths are needed for USMs ingtalled
downstream of two 90° bendsin the same plane; S-configuration (I£10D).

5. Conclusions

The paper proposes a methodology for improving mathematical model of multi-path USM which is to determine
on the basis of CFD simulations and reference data on existing measured flow rate k., = f(R€e) dependency and the
introduction of this dependence in the mathematical model of USM.

An improved methodology was proposed in order to build a mathematical model of an USM of any construction.
The technique for studying the error of flow rate measurement was developed and verified on the basis of the results
of experimental study of flow rate measurement error for acting USM GUVR-011A2.2/VSin atest unit.

The recommendations to the minimum pipe straight lengths for the double-path chorda USMs without a flow
conditioner were defined.
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MeTon0/10Ti51 YIOCKOHAJIEHHSI MATEMATHYHOI MO/IeJi YJIbTPa3ByKOBOI0
BUTPATOMIpa ISl TOCTIIKEHHS HOro NOXuOKHM 32 yMOB CIIOTBOPEHOI
CTPYKTYPH NOTOKY

®enip Mariko, Biraniit Poman, Poman baiiiap

Hayionanvnuii ynieepcumem “ Jlvgiecorxa nonimexuixa” , eyi. C. banoepu, 12, Jlveis, 79013, Vkpaina

AHoTalisa

3arpornoHoOBaHO METOMOJIOTII0 YIOCKOHAIEHHSI MaTeMaTHYHOI MOJIENi YIbTPa3BYKOBOTO BHTPATOMIpa IILISIXOM
3actocyBaHHsi pe3ynbrariB CFD-mopemoBaHHsS TOpsa 13 eKCIIEpUMEHTAJIbHUMH E€TaJOHHUMH JaHUMH [P0
BUMipIOBaHy BHUTpaTy. Ha 0a3i 3ampornoHOBaHOI MeETOO0JOTii pPO3pOOJEHO METOAMKY JOCIHIIKEHHS MOXHOKH
yABTPAa3BYKOBOTO BHTpAaTOMipa B YMOBax CIIOTBOPEHb CTPYKTYpPH IIOTOKY. BHKOPHCTOBYIOUM 3ampONOHOBaHY
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METOZOJIOTII0, YAOCKOHAJICHO MAaTeMAaTUYHy MOJEb JBOKaHAJIBHOTO XOPJOBOTO YJIBTPAa3BYKOBOTO BUTpAaTOMipa Ta
BUKOHAHO Ii JOCITIDKEHHS B YMOBax CIIOTBOPEHb CTPYKTYPHU MOTOKY IICIS CEMH THIIB MICIEBUX OIMOpiB. 3a
pe3ynbTaTaM¥ JOCHTiDKEHb 3alpOITOHOBAHO KOHKPETHI PEKOMEHJAIlii MIOM0 MiClsl BCTAHOBJICHHS YJIbTPa3BYKOBHX
BUTPATOMIpIiB BIJHOCHO PO3IJISIHYTHX MICIIEBUX OIOpiB. 3ampoIlOHOBaHI pEeKOMEHJAlii JaroTh 3MOTY ITiJABHIIUTH
TOYHICTh BUMIPIOBaHHSI BUTPATU JBOKAaHAJHHUMH YIIbTPAa3ByKOBUMHU BUTPATOMipaMH IUIIXOM YCYHEHHS JIO0JIaTKOBOI
MOXUOKH 3yMOBJICHOI HAsBHICTIO CIOTBOPEHb CTPYKTYPH TOTOKY. ArpoOallisi 3ampornoOHOBaHOI METOIUKH
miATBEpAKYE i1 MPaBUIIBHICTh 1 MOXKIIMBICTh 3aCTOCYBAaHHS JUIS OYIb-SKOTO THITY YJIbTPa3ByKOBHX BHTPATOMIpiB Ta
PI3HOTO THITY MICIIEBUX OIODIB.

Karwuosi ciioBa: ynbrpasBykoBuii BurparoMmip; CFD-MonenoBaHHs; CTpyKTypa OTOKY; MaTeMaTHuHa MOJIEIb;
MICIIEBHH OITip; JOATKOBA MOXHOKa.



