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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proceglures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed*for
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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Introduction

Ultrasonic meters (USMs) for gas flow measurement have penetrated the market for meters rapidly
since 2000 and have become one of the prime flowmeter concepts for operational use as well as custody
transfer and allocation measurement. Next to the high repeatability and high accuracy, ultrasonic
technology has inherent features like: negligible pressure loss; high rangeability; and the capability to
handle pulsating flows.

USMs can deliver extended diagnostic information through which it may be possible to demonstrate the
functionality of an USM. Also, the measured speed of sound of the USM may be compared with the speed
of spund calculated from pressure, temperature, and gas composition, to check the mutual,donsistency
of the four instruments involved. Due to the extended diagnostic capabilities, this docurhent advocates
thejaddition and use of automated diagnostics instead of labour-intensive quality checks.

This document focuses on meters for custody transfer and allocation measurement (class 1 pnd class 2
metflers). Meters for industrial gas applications, such as utilities and process;~as well as flgre gas and
verI measurement, is the subject of ISO 17089-2.

Typlical performance factors of the classification scheme are:
Class Typical applications Required accuracy class Reference
1 Custody transfer class 0,5-0r class 1.0 This docqment
2 Allocation ¢lass 1.5 This docqment
3 Utilities and process ISO 1702139-2
4 Flare gas and vent gas 1SO 170$9-2

Typiical configurations for class 1 and class 2 meters are multi-path meters with chords at different
radjal positions.

Typli;al configurations for class 3 and ¢lass 4 meters are single-path meters, meters|with only
diaetrical paths, insertion type metegs;household type, stack or chimney type, and flare type meters.

© 1S0 2019 - All rights reserved vii
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Measurement of fluid flow in closed conduits — Ultrasonic
meters for gas —

Part 1:
Meters for custody transfer and allocation measurement

1 (Scope

Thif document specifies requirements and recommendations for ultrasonic gas flowmetgrs (USMs),
whilch utilize the transit time of acoustic signals to measure the flow of single phase homogenous gases
in closed conduits.

Thif document applies to transit time ultrasonic gas flowmeters used for(cystody transfer and allocation
metflering, such as full-bore, reduced-area, high-pressure, and low-pressure meters or any c¢mbination
of these. There are no limits on the minimum or maximum sizes of the meter. This docunjent can be
ap;:lljed to the measurement of almost any type of gas, such as aif; natural gas, and ethane.

Included are flow measurement performance requirementsor'meters of two accuracy clasdes suitable
for applications such as custody transfer and allocation measurement.

This document specifies construction, performance{<calibration, diagnostics for meter vrification,
and| output characteristics of ultrasonic meters for'gas flow measurement and deals with installation
confitions.

NOTE It is possible that national or other regulations apply which can be more stringent than ghose in this
docyument.
2 [Normative references

The following documents are referred to in the text in such a way that some or all of their content
conptitutes requirements of’this document. For dated references, only the edition cited dpplies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

1SO|4006, Measurenmtent of fluid flow in closed conduits — Vocabulary and symbols
1SO|5168, Measurement of fluid flow — Procedures for the evaluation of uncertainties

ISOYIEC 17025, General requirements for the competence of testing and calibration laboratorie

T

3 | lefiniti  sumbol

3.1 Terms and definitions
For the purposes of this document, the terms and definitions given in ISO 4006 and the following apply.
ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at http://www.electropedia.org/

© IS0 2019 - All rights reserved 1
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3.1.1 Quantities

3.1.1.1
volume flow rate

-
T

where

V  isvolume

t isfime

3.1.1.2
pressure

p
absolute gds pressure in a meter under flowing conditions to which the indicated volume-of gas is relgted

3.1.1.3
average velocity
v
volume flo rate divided by the cross-sectional area

3.1.2 Magter design

3.1.21
meter body
pressure-cpntaining structure of the meter

3.1.2.2
acoustic prth
path travelled by an acoustic signal between a pairof ultrasonic transducers

3.1.2.3
axial path
path travelled by an acoustic signal entirely in the direction of the main pipe axis

=

Note 1 to enftry: An axial path can be both on or parallel to the centre-line or long axis of the pipe, see Figure

Figure 1 — Axial path

3.1.24
diametrical path
acoustic path whereby the acoustic signal travels through the centre-line or long axis of the pipe

Note 1 to entry: See Figure 2 for a representation.

2 © IS0 2019 - All rights reserved
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Figure 2 — Diametrical paths '\Q

Q
3.1{2.5 r\’()’

chardal path oy
acopistic path whereby the acoustic signal travels parallel to the diametrical,@ga

Note 1 to entry: See Figure 3 for a representation. O

Fiﬁf@B — Chordal paths

3.13 Thermodynamic conditien

3.13.1 O

mefering conditions C)
confditions, at the poin ieasurement, of the fluid whose volume is to be measured

Note 1 to entry: Metering conditions include gas composition, gas temperature, and gas pressure.

[SOPRCE: ISO @:1993, 3.1.6, modified — the term fluid is used instead of gas.]

3.13.2 0

ba C;Sl ions
con @) s to which the measured volume of the fluid is converted

Note 1 to entry: Base conditions include base temperature and base pressure.

[SOURCE: IS0 9951:1993, 3.1.7, modified — the term fluid is used instead of gas.]

3.1.4 Statistics

3.1.4.1
measurement error
the error of measurement is the measured quantity value minus a reference quantity value

[SOURCE: ISO/IEC Guide 99:2007, 2.16]

EXAMPLE Measured quantity value of meter under test minus quantity value of reference meter.
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3.1.4.2

calibration curve
set of measurmement errors, at a number of different flow rates, with respect to a known reference

quantity m

3.1.4.3
maximum

eter

permissible error

extreme value of measurement error, with respect to a known reference quantity value, permitted by
specifications or regulations for a given operational range of the meter

[SOURCE: ISO/IEC Guide 99:2007, 4.26, modified — the term measurement has been removed from the

definition,

3.1.4.4
maximum
maximum

3.1.4.5
repeatabi
closeness
carried ouf

Note 1 to 4
uncertainty
the Student

thus the current term can be abbribivated by MPE.]

peak-to-peak error
Hifference between any two error values

ity
f the agreement between the results of successive measurements ‘of the same measur
under the same conditions of measurement

in a single measurement (U,g) according to ISO 5168. The covérage factor kg5 shall be derived fj
s distribution for a 95,45 % confidence level depending on th€ number of measurements taken

ISO 5168:2(J05, Table C.1.
—\ 2
2:1:1(]3" _E)
rp =UAs =kos (n-1)

Typical values of the coverage factor kqg are:

Measurements 3 5 7 10 100 -

taken

Coveragefactor | Gp3 | 2,87 | 252 | 232 | 202 | 2,00

95

3.1.4.6
reproducibility
closeness of the agreemént between the results of measurements of the same measurand carried
under charjged conditiofs of measurement
3.1.4.7
resolution

and

ntry: The repeatability shall be calculated in absolute terms for the meter error as the type A

rom
See

out

smallest dilfference between indications of a meter that can be meaningfully distinguished

[SOURCE: I
3.1.4.8

S0 11631:1998, 3.28, modified — the term meter has been replaced by flowmeter.]

zero flow reading
flow-velocity reading when the gas is assumed to be at rest, i.e. both the axial and non-axial velocity
components are essentially zero

© ISO 2019 - All rights reserved
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way of reducing the non-linearity and offset of the ultrasonic meter readingby applying corrections in

the software

Note 1 to entry: The linearization can be applied to meter electronics or in a flow computer connected to the

USM. The correction can be, for example, piece-wise linearization or polynomial linearization.

3.2 Symbols and subscripts

Th?mwmmMngm;mLMuses of the
volyme flow rate symbol are given in Table 3.

Table 1 — Symbols

Quantity Symbol Dimensions? SI finit
Crgss-sectional area A L2 m?
Spded of sound in fluid c LT1 n}/s
Oufside pipe diameter D L m
Ins]de diameter of the meter body d L in
Moflulus of elasticity; Young modulus meter body E ML-1T-2 N‘Pa
Mogulus of elasticity; Young modulus tranducer E, ML-1T-2 l\/iPa
Indjicated flow error E; — L
Wejghting factor (live inputs) fi — I
Intggers (1,2, 3, ... ij,n — I
Impulse factor I L3 nj-3
Caljbration factor K — It
Body style factor K, — It
Body end correction factor Kg — it
Velpcity distribution correction factor ky — L
Flapge stiffening factor K; — I
Migimum distance to a specified-upstream flow dis-
turpance Inin L 1n
Tygical averaging lengthisithe ultrasonic flow meter Lay L in
Noise amplitude L, — dB
Path length L, L m
Attpnuation fagtor Ny — L
Valye-weighting factor N, — L
Abgolite pressure p ML-1T-2 Fa
Préssure-difference Ap ME-1T-2 Pa
Emitted acoustic pressure Pn ML-1T-2 Pa
Signal strength of the USM P ML-1T-2 Pa
Volume flow rate ay L3T-1 m3/s
Outside pipe radius R L m
Inside pipe radius r L m
Reynolds number Re — 1
Repeatability ry — 1
Repeatability during calibration Ieal — 1
Absolute temperature of the gas T 0 K

2 M =mass; L =length; T = time; © = temperature.

© IS0 2019 - All rights reserved
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Table 1 (continued)

Table 3 — Examples of flow rate symbols

Quantity Symbol Dimensions? SI unit
Temperature difference AT C] K
Time t T s
Standard deviation of the instantaneous turbulent u* o 1
scatter
standard deviation of the required turbulent scatter
after averaging U o 1
Velocity % LT1 m/s
Average velocity - LT-1 m/s
Velocity of the acoustic path i v; LT-1 m/s
Volume |4 L3 m3
Weighting factor (fixed value) w; — 1
Compressibility Z — 1
Coefficient|of thermal expansion a 01 K-1
Error at a flow rate qy,; 4; — %
Pipe wall thickness ) L5 M
Dynamic viscosity n LytMT1 Pa's
Wavelength of ultrasonic oscillation A L M
Poisson ratjio u — 1
Density of fluid p ML-3 kg/m3
Sensing pojnt for pressure measurement P — —
Path angle [0) — rad
a M =mass; L =length; T = time; © = temperature.
TableZ — Subscripts
Subscript Meaning

cal calibration

min minimum

max maximum

op operational

t transition

Symbol Meaning
4y max, 20 Desigmed mraximumT flow Tate; designed for TaX i gas Speed of 20/S
qy, max, x Designed maximum flow rate, designed for maximum gas speed of xm/s
9y, max, op Operational maximum flow rate; defined only when smaller than designed maximum
4y, max, cal Highest flow rate calibrated; defined only when smaller than operational maximum
4y, min Designed minimum flow rate
dy ¢ Transition flow rate for defining accuracy requirements

© ISO 2019 - All rights reserved
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3.3 Abbrevations

CMC calibration and measurement capability
ES electronics system

FAT factory acceptance test

FC flow conditioner

FWME flow-weighted mean error

M&R metering and regulating stations

MPE Maximum permissible error

MSOS measured speed of sound

SAT Site Acceptance Test

S/N signal-to-noise ratio

SOS speed of sound

TSQAS theoretical speed of sound

USM ultrasonic flow meter

USNIP USM package, including meter tubes, flow conditioner, and thermowell
USNI(P) USM and USMP

4 (Principles of measurement

4.1 Basic formulae

s are based on the measurément of the propagation time of acoustic signals in a flowing

| to thedransit time from B to A, tg,. However, if there is flow, the transit time of the sq
A to-B:decreases and the one from B to A increases, according to (ignoring second or

medium.

e mounted
Fansducers
al for both
to B, tup, Is
und signal
Her effects,

L M
tap =
AB (c+vcosg)
and
l
p
tpa = (2)
(c—vcos)
where
© IS0 2019 - All rights reserved 7
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Ip is the path length;

c is the SOS;

v is the average velocity;
¢ is the path angle;

tap tga are transit times of the acoustic signal.

A
Key
A, B positiops
I, pathlepgth
v averagg velocity
path angle
Figure 4-~=Basic system set-up
Formula (3) for the measured gas velecity can be derived by subtracting Formula (2) from Formula|(1):
1 1
v =P - (3)
2COS¢ tAB tBA
Note that the term forthe SOS in the gas has been eliminated in Formula (3). This means that|the
measuremgent of the gas-velocity is independent of the properties of the gas, e.g. pressure, temperatjire,
and gas composition.
In a similay way, ‘the SOS can be derived by adding Formulas (1) and (2) and rearranging:
[
- P L.,.L (4)
2(tpp tpa

In multi-path meters, the individual path velocity measurements are combined by a mathematical
function to yield an estimate of the average velocity:

v=f(vq... (5)

v,)

where n is the total number of paths. Due to variations in path configuration and different proprietary
approaches to solving Formula (7), even for a given number of paths, the exact form of f(v ... v,) can differ.

© ISO 2019 - All rights reserved
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To obtain the volume flow rate, q,, multiply the estimate of the average velocity, v, by the cross-sectional
area of the measurement section, 4, as follows:

qy =A-v (6)

4.2 Factors affecting the performance

The performance of a USM is dependent on a number of intrinsic and extrinsic factors. Intrinsic factors
(i.e. those related to the meter and its calibration prior to delivery) include:

— |the geometry of the meter body and ultrasonic transducer locations and the uncertainty, jvith which
these are known (including the temperature and pressure coefficient);

— |the accuracy and quality of the transducers and electronic components used~in‘the tfansit time
measurement circuitry (e.g. the electronic clock stability);

— |the techniques utilized for transit time detection and computation of average velocity (the latter of
which determines the sensitivity of the meter to variations in the flow velocity distribution);

— |adjustments (including proper compensation for signal delays-in electronic compdnents and
transducers).

Extrinsic factors, i.e. those related to the flow and environmental conditions of the applicatign, include:
a) [the flow velocity profile including swirl and skewness;

b) |change of wall roughness due to corrosion, solid and liquid contamination over time;
c) |the temperature distribution;

d) |[flow pulsations;

e) |noise, both acoustic and electromagnetic;

f) |temporary or permanent buildup’resulting in a reduction of the meter body cross sectiopal area.
4.3| Description of generic¢ types

4.3]1 General

Thip generic description of USMs for gases recognizes the scope for variation within commergial designs
and|the potentialfor new developments. For the purpose of description, USMs are consideredl to consist
of spveral components, namely:

a) [transducers;

b) [2meter body with acoustic path configuration;

c) electronics;

d) adata-processing and presentation unit.

4.3.2 Transducers

Transducers are supplied in various forms. Typically, they comprise a piezoelectric element with
electrode connections and a supporting mechanical structure with which the process connection is
made. The transducers for custody transfer and allocation measurement are installed in a wetted (in
direct contact with the fluid) mounting arrangement. Typical arrangements are shown in Figure 5.
The process connections for wetted transducers may be welded, flanged, threaded or may be more
mechanically complex, e.g. to allow the removal of transducers from a pressurized line. The active

© IS0 2019 - All rights reserved 9
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element is usually separated from the fluid by an acoustic coupling element housing. The transducers
are orientated such that the active element transmits ultrasonic signals at an angle to the meter body

axis in the direction of a second transducer or reflection point in the meter body interior.

For specific applications, special transducers can be required. These can differ from the norm in terms
of frequency, construction materials and mechanical arrangement. Transducer specification and
mounting should be given careful consideration for extreme or difficult application conditions such as:

a)
b)
‘)
d)
e)
f)
g)
h)

high and low temperature;

high and low pressure;

high gas velocities;

high a¢oustic attenuation;

close groximity to high pressure drop throttle valve (potential of in-pipe ultrason@gise);

rapid gr cyclic temperature or pressure changes;

corrosfve or erosive gas (sour gas);

gas with traces of moisture or dirt. O\

Figure @%rpical transducer arrangements

O

4.3.3 Magter body and a(&%\%{ic path configurations

4.3.3.1 (eneral

USMs are availableiira variety of path configurations. The numbers of measurement paths are generfally
chosen bas| d@ equirement with respect to variations in velocity distribution and required accur

S

As well as
configuration can be varied in orientation to the pipe axis. By utilizing reflection of the ultrasonic
signal from the interior of the meter body or from a fabricated reflector, the path can traverse the cross-
section several times.

4.3.3.2 Basic acoustic paths types

Common acoustic path types are illustrated in Figure 6.

10

acy.

)ath
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4.313.3 Commonly used multi-path cross-sectional configurations

sectional configurations are shown in Figure 7.

<
S

Figure 6 — Basic acoustic path types for multi-path meters .

= | ®$®®
e» W

-

q/
NS

The cross-sectional configuration dictates what information about the af):l&l velocity disfribution is
avajlable for the computation of the average axial velocity. Selections (Qo(())mmonly encountgred cross-

xO
a) Multi-path parallel cho@~~ b) Multi-path parallel chord reflective
o
L p
-
\ E I A Y
o
f{@gle path mid-radius reflective d) Multi-path mid-radius and diametric
3 s —13 pF —
> >
e) Multi-path parallel crossed chord f) Multi-path in plane crossed chord

Figure 7 — Selections of commonly encountered cross-sectional configurations
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4.3.4 Average velocity calculation

Meters with paths of equal radial displacement [e.g. Figure 7 c) and f)] essentially make the same
measurement with respect to velocity distribution if the flow is axisymmetric, regardless of the number
of paths employed. In such cases, the average velocity, v, is determined by a simple arithmetic mean. In
fully developed flow, a theoretical correction factor, k;, can be introduced to account for the known
variation in velocity profile. This, however, applies only to fully developed flow, not to disturbed flows.

2 i=1'1 7

n
T

n isthe total number of paths;

is the flow velocity measured on path i.

The kj, factpr is a function of the Reynolds number, pipe roughness, and radiahdisplacement. In pracfice,
it can be irfput as a single constant or may be calculated on the basis of static parameters or measyred
variables.

In the cas¢ of meters with paths at off-diameter positions [e.g:Figure 7 €) and d)], the velocitly is
measured pt different radial positions. Several methods can beused when combining the velocitigs to
obtain the pverage pipe velocity. These can be classified as follows.

Summation with constant weighting:

n
v= ZWI-VI- (8)
i=1

where the fadial displacements of the paths-and the constants, w; to w,,, are determined on the basjs of
documentdd numerical integration methods.

Or summagion with variable weighting:

v= zn‘,fi"i 9)
i-1

where the[radial displacements of the paths are fixed at design and the variables, f; to f,, may be
determine¢l from.ihput parameters or measured variables (e.g. velocities).

In any of thie giveh configurations, a multiplying or calibration factor, K (either constant or variable), may

be applied lafter summation to correct for deviations due to manufacturing tolerances and incomplete

assumptions, i.e.

qy =K-A-v (10)

The rules and tolerances for implementing corrections and linearization by calibration factor K are
givenin 5.8 and 6.3.3.
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Contributions to the uncertainty in measurement

The total volume flow, g, measured by a USM can be calculated using Formula (11):

1

tga,i

tAB i

=A-
v 2/ 2cos¢,

(11)

Considering this equation, the total uncertainty depends upon the individual uncertainties of all factors
involved. Four sources can be distinguished:

a) rtieuncertainty i thecatibration factor, K wiichr s a furnctiomr of bothrthe catibratiomgncertainty
and the correction method applied. K is a function of qy;

b) |the uncertainties in the measurements of the transducers and in the geometry of the mdter body;

c) |the uncertainty in the live input weighting factor or flow profile correctionfactor, f;

d) |the uncertainty in the transit time and transit time difference measurement.

After calibration and adjustment, the errors in indicated flow rates gy’ caused by I, ¢, 4 and f are

conjpensated for by multiplying the right-hand side by a calibration” factor, K. The only|remaining

uncertainty at the calibration site is that of the calibration factor, K.

NOTE Transferring the meter to the field, there is an additienal' uncertainty due to the specifjc operating

conglitions and installation conditions in the field, which differ from those at the calibration site.

4.5

The
kno
Vis(

Thd
con

Thd
the

apprroximately 1 % per decade for a diametrical path to less than 0,3 % per decade for a c}
half-radius position. For high Reynolds numbers for instance at high pressures and/or

at a
veld
con

Thd

Reynolds number

flow profile is a function of the Reynolds nitmber. The Reynolds number is calculate
wn inside diameter of the body, d, the medsured average velocity, v, density, p, and th
osity, 7.

instant average velocityand the density, for which pressure is the dominant factor, ar
fributors in changes of the Reynolds number for a specific gas.

impact of changes’in“the Reynolds number on the calibration factor of a single path (¢
path configuration-of the USM. For Reynolds numbers greater than 10 000, the impactr

city, thecchange of the flow profile becomes insignificiant and the calibration factor wil
stant number.

d from the
e dynamic

(12)
e the main

lepends on
hnges from
ordal path
high flow
| become a

path configurations of most ultrasonic multi-path meters are designed to reduce the 1mpact toa

neg

L1 < A |
lslUlC CllllUullL PCI ucttitauc.

Nevertheless the calibration factor may change with respect to Reynolds number changes due to the
working pressure especially for flow rates below gq,. The manufacturer shall specify the applicable
pressure range and whether during calibration, as well as during operation, the actual values for the
density and the viscosity shall be entered in the ES of the USM. See also 5.8.3.

4.6 USM classification

To aid the user in making a meter selection based on the demanded accuracy, a USM can be classified by
application. This process involves dividing the meters available into classes of performance as outlined
in Table 4. Only classes 1 and 2 are suitable for custody transfer and allocation duties. Other classes
deal with other measurement applications and are covered by ISO 17089-2.
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Table 4 — USM classification

Class Typical applications Required accuracy class
1 Custody transfer class 0.5 or class 1.0
2 Allocation class 1.5 or better

The two classes are intended to represent typical measurement specifications commonly applied in

industry. Depending on the importance of measurement with respect to regulatory or custody transfer
demands, the total uncertainty hndgpf for the system differs

5 Metel

5.1 Ope

5.1.1 Flgq

The maxi

u
gas densitrits for which the meter operates within the specifications of theymeter performance defined

in 5.8. The
velocity th

The flow r§

5.1.2 Pr

Ultrasonic
sound sign
the gas cor
shall be sp

5.1.3 Te

The manu
equipment
peripheral

" characteristics
rating conditions

w rates and gas velocities

m flow rate and the minimum flow rate shall be specified by\the manufacturer for

maximum flow rate, in cubic metres per hour, of the meter’depends on the maximum
b meter is designed for.

inge for bidirectional applications is: =qy .y < @y < “Gmin @04 Gy min < 9y < Qy max-

pssure

transducers used in USMs require a mininiuf gas density to ensure acoustic coupling of
als to and from the gas where pressure/is the predominant factor of gas density. Theref]
hposition and the minimum operating pressure as well as the maximum operating press
pcified.

mperature

facturer or supplier shall-specify the operating and ambient temperature ranges for
being offered, inclusive of meter body, field-mounted electronics, and its associd
5 and cabling as well-as ultrasonic transducers.

5.1.4 Gak quality

the

gas

the
ore,
ure

the
ted

The meter ghall operate within the relevant accuracy limits for all gases for which the meter is intended
to be used,
The preser lar,

ce-of some components in the gas can impact on the performance of a meter. In partic
high levels mmmemeI i i i i TITHibT i

ion
of a USM owing to their acoustic absorption properties.

Deposits which may be present in a process (e.g. condensates, glycol, amines, inhibitors, water or
traces of oil mixed with mill scale, dirt or sand) may affect the accuracy of the meter by reducing its
cross-sectional area, by reducing the effective acoustic path length and by obstructing the emitted and
received ultrasonic signals.

The manufacturer should be consulted if any of the following are expected:

a) when the acoustic-signal-attenuating carbon dioxide levels are above 3 % molar fraction or the
occurrence of carbon dioxide in large meters (>12");

b) when the hydrogen levels are above 10 % molar fraction;
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when the operation is near the critical density of the natural gas mixture (crossing a phase

boundary causing retrograde condensation resulting in 2 phase flow);

when the total sulfur level, from materials such as hydrogen sulfide, mercaptans (thiols), and
elemental sulfur, exceeds 320 pmol/mol (which is corrosive and may require resistant materials or

additional wall thickness allowance);

deposits.

Meter body, materials, and construction

5.2

The
sery
of t
des
req

5.2

Thd
con
are

5.2

The
(cla

5.2

5.2

The
wit

1 Materials

meter body and the internal mechanism shall be manufactured from materials su
ice conditions and resistant to attack by the fluid which the meter is to handle: Exteri
he meter shall be protected as necessary against corrosion. Internal surfaces-of the me
gned to resist changes to the internal cross-sectional area and the wall\roughness to
ired so that meter accuracy is not endangered.

2 Meter body

meter body and all other parts comprising the fluid-containing structure of the met
structed of sound materials and designed to handle the pressures and temperatures for
rated.

3 Connections

inlet and outlet connections of the meterishall conform to recognized standards
55 300, 600, 900, etc.), DIN, and JIS.

4 Dimensions

4.1 General

flanges of the USM shall(both have the same inside diameter to within 1 % of each oth
h an inside diameter equal to the flange diameter shall be indicated as “full bore”. An US

dianeter smaller than the flange diameter shall be indicated as “reduced bore”. Any meas

the
red

5.2
Thd

bore of the meter should be within 0,5 % of the average over the length of the meter or, in|
iced bore meterS, the measurement zone.

4.2 Geomeétrical parameters of the measuring section

manufacturer shall measure and document:

a)

the average inside diameter representative for the measuring section of the meter;

ted to the
br surfaces
er shall be
the extent

er shall be
which they

e.g. ANSI

er. An USM
M of inside
irement of
the case of

b)
‘)

d)
e)
f)

the length of each acoustic path between transducer faces;

the inclination angle of each acoustic path or the axial (meter body axis) distanc
transducer pairs;

the uncertainty of measurements a) to c);
the meter body material;

the meter body coefficients for pressure and temperature expansion.

e between

The meter body temperature shall be measured and documented at the time these measurements are
made. The individual lengths shall be reported to the smallest practicable uncertainty. All instruments
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used to perform these measurements shall have valid calibrations traceable to internationally
recognized standards.

5.2.5 Ultrasonic transducer ports

Since the measured gas may contain some impurities (e.g. light oils or condensates), transducer ports
shall be designed to reduce the possibility of liquids or solids accumulating in the transducer ports. The
USM transducer ports may also be equipped with devices to allow safe draining of any accumulated

fluids (e.g.

double block and bleed).

cer

The USM may he pqnipppd with valves or necessary additional devices mounted on the transd:

ports, in ofder to make it possible to replace the ultrasonic transducers without depressurizing|the
meter run.|/In that case, a bleed valve shall be required in addition to the isolation valve to ensure that
no excess pgressure exists behind a transducer before releasing the extraction mechanism.

Note the canditions for exchange of components (5.6).

5.2.6 Pressure tappings

At least orle metering-pressure tapping, drilled perpendicular in the top #85° shall be provided on
the meter [pody or on the piping adjacent to the meter for the full bore flow meter to enable difect

measurement of the static pressure under metering conditions.

For a reduged bore flow meter, the metering pressure tapping shallbé provided on the meter body in
the reducefl bore section.

The conneftion of the pressure tapping shall be marked “p,{” to be used at both the installation and
calibration| If more than one “p,,” tapping is provided, the* difference in pressure readings shall|not
exceed 10(] Pa at maximum flow rate at ambient conditions.

Meters haye the option of utilising tappings in the pipework adjacent to the meter providing|the
difference |n pressure readings does not exceed 100 Pa at maximum flow rate at ambient conditions.
Depending| of the end user piping standards'the pressure connection shall be either a screwed or
flanged type design.

A meter m

to determine the pressure drop ovér a part of the meter or for other purposes. The other presg

tapping sh

The centre
of breakth
wall and a
rounding i
shall be les
connecting

iy be equipped with othef pressure tappings in addition to the p,, tapping. These may s¢

“«__n

11l be marked “p”.

Lline of the tapping shall meet the pipe centre-line and be at an angle of 90° to it. At the p

rve
ure

bint

ough, the hole'shall be circular. The edges shall be flush with the internal surface of the

b permitted, but shall be kept as small as possible and, where it can be measured, its ra
s than‘one-tenth of the pressure tapping diameter. No irregularity shall appear inside
hole, on the edges of the hole drilled in the pipe wall, or on the pipe wall close to the presg

tapping. Cd

ipe
5 sharp as passible. To ensure the elimination of all burrs or wire edges at the inner efge,

ius
the
ure

nformity of the pressure tappings with the requirements specified may be judged by vi

bual

inspection. The diameter of the pressure tapping shall have a minimum bore diameter of 3 mm and a
maximum bore of 12 mm. The pressure tapping shall be circular and cylindrical over a length of at least
2,5d,, where d is the inside diameter of the tapping hole, measured from the inner wall of the pipeline.
The centre-line of the pressure tapping may be located in any axial plane of the pipeline.

The installation of a pressure tapping in close proximity to a transducer port should be avoided.

5.2.7 Anti-roll provision

The meter shall be designed so that the meter body does not roll when resting on a smooth surface with
a slope of up to 10 %. This is to prevent damage to the protruding transducers and electronic system
(ES) when the USM is temporarily set on the ground during installation or maintenance work.
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The meter shall be designed to permit easy and safe handling during transportation and installation;
however, the anti-roll provision alone is not sufficient during transportation. Hoisting eyes or clearance
for lifting straps shall be provided.

5.2.8 Flow conditioner
A flow conditioner irremovably attached to the meter is deemed to be part of the meter.

A USM package is formed when the flow conditioner is positioned at a distance less than L _;,. The
package consists of the flow conditioner, inlet spool and the meter. In a bidirectional setup, a thermowell

is atso.p&aMMmﬂm.st&aysh&daummﬁ.&uM&m&asm&m&m.ckage or a
simulated package consisting of a upstream pipe and the same make and model flow conditioner (all of

the[same exact dimensions, inner wall conditions and type) may be considered.

1 2 3 4

NN

é é \.y

a b c

e

Key

1 [|upstream spool

2 |flow conditioner

3 |inlet spool

4 |ultrasonic flowmeter (USM)
5 [outlet spool

6 |temperatur sensor (TS)

a

22D (preferably 3D).

>XD (Specified by the manufacturer).
¢ |TS 2D to 5D (Outlet speol 3D to =6D).
d  |Flow primary direction (Forward).

o

Figure 8 — Typical drawing of USMP

For[the USMP and the simulated USMP, it shall be guaranteed that all components are rhounted in
corfect'direction and orientation as in the field situation. For this purpose the direction and prientation
shopldbe permanently marked on these components.

Any other flow conditioner upstream of a USMP is regarded as part of the “installation” or of the
“calibration facility”.

5.2.9 Markings

Nameplates shall include the following:

a) manufacturer, model number, serial number, and month and year of manufacture;
b) meter size, flange class, and total mass;

c) meter body design code and material, flange design code and material;
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d) maximum and minimum operating pressure, and operating temperature range;

e) the nominal maximum and minimum actual volume flow rate per hour over the calibrated range;
f) direction of positive or forward flow;

Nameplates may include the following:

g) purchase order number or shop order number;

h) legal metrology approval identification;

i) transifion actual volume flow rate per hour.

Each transfucer port shall be permanently marked with a unique designation for easy reference.

5.2.10 Cofrosion protection

Immediately after production, the inner surface of the meter, spool pieces, and flow conditioners shquld
be protect¢d from corrosion.

5.3 Transducers

5.3.1 Spegcification

The acoustfic frequency shall be specified.

5.3.2 Ralte of pressure change

Rapid deprlessurization of a USM may cause damage to<he transducer or the coating on the inner wall,
resulting ih a change of the characteristics of the meéter. It shall therefore be ensured that the mgter
runs are d¢pressurized as slowly as possible and, i the absence of information from the manufactyrer,
arate of nd greater than 0,5 MPa/min is reconthiended.

5.3.3 Transducer characterization

If the flowmeter electronics system—(ES) requires specific transducer characterization parametfers,
documentdtion of all parameters which are unique to each transducer, or transducer pair, shal| be
provided.

5.3.4 Path configuration

In a multijpath arrahgement, the number of chords, their positioning and the integration technique
used affects the measurement uncertainty as well as its sensitivity to changes in the flow profile. [The
number of|trafisducer pairs, the number of reflections per path and the attachment method into|the
conduit (protruding, retracted flush or wall-mounted) shall be specified.

5.3.5 Marking

Each transducer shall be permanently marked with a unique serial number.

5.3.6 Cable
If the USM is sensitive to the characteristics of the individual transducer cable, then the cable shall

be treated as an integral part of the meter and it shall be marked with a warning indicating the
characteristic not to be changed, e.g. length.
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5.3.7 Robustness

The wetted part of the transducer shall be manufactured of materials suited for the service conditions
and resistant to attack by the fluid which the meter is exposed to.

5.4 Electronics

5.4.1 General requirements

The ES of a USM usually include power supply, microcomputer, signal processing components, and
ultifasonic Iransducer excitation CITcults.

It shall be verified that the ES operates over its specified range of environmental conditions without
a significant change in meter performance. The ES operating the transducers shall be|capable of
withstanding electromagnetic discharge as specified in 7.5. Intrinsically safe designs and|explosion-
propf enclosure designs shall comply with national requirements.

The ES shall contain a self-monitoring function to ensure automatic restart in the event of|a program
locKk-up.

5.42 Display

Theg meter shall have the capability for local and/or remote display.

5.413 Power supply

Thg manufacturer shall specify the necessary powet'supply, the tolerance on the voltage vatiation, and
the|power consumption. The reaction of the USM\to power interruptions and voltage drops shall be
spefified.

5.4/4 Signal detection method

The signal detection method shall be designed to ensure reliable time measurement; this implies
accyirate detection of start and.stop triggers, use of a precision clock, and resistance to [systematic
errgrs like “peak-switching”, efe;

5.4|5 Sampling or pulSating flow

Theg meter shall copé~with non-steady flow. For that purpose, acoustic signals may be fired at a non-
conktant rate. Thémanufacturer shall specify the maximum flow fluctuation frequency.

5.4/6 Signal-to-noise ratio

Thg USM 'shall indicate the S/N ratio per transducer or per acoustic path.

5.4.7 Alarm signal

The meter shall trigger an alarm when the performance of the meter deteriorates due to for low S/N or
signal acceptance rate for example.

5.4.8 Processing of data

The processing section shall, in addition to determining the volume flow rate from the measured transit
times, be capable of rejecting invalid measurements. The indicated volume flow rate may be the result
of one or more individual velocity determinations. The percentage of valid measurements to performed
measurements may be indicated for every acoustic path by the USM.
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5.4.9 Output

The meter shall be equipped with at least one of the following outputs:
a) serial data interface; e.g. RS-232, RS-485, or fieldbus;

b) afrequency output representing flow rate at metering conditions;
c) adigital status output.

The time-integrated values of outputs a) and b) shall match better than 0,02 % in every arbitrary
interval of 100 s for flow rates abaove q

VT

The meter may be equipped with the following outputs:
a) additignal frequency outputs;
b) additignal status outputs;

c) additignal data interfaces (e.g. Ethernet, read-only serial port);

d) analogue (4 mA to 20 mA) outputs.

Flow rate gutputs shall function up to 120 % of the maximum flow rate,\qy .y ca Of the meter. Ajlow
flow cut-offf function may be provided that sets the flow rate outputto zero when the indicated fllow
rate is belgw a minimum value.

NOTE Jetting the output to zero at low flow can cause problenis’if the USM output is used to control vplve
settings.

Two separate flow rate outputs or serial data values may.be provided for bidirectional applicationfs to
facilitate the separate accumulation of volumes by thé.associated flow computer(s).

All outputf shall be isolated from ground and‘*have the necessary voltage protection to meet|the
electrical testing requirements.

For contro] purposes, output signal(s) of the‘measured flow shall be updated at a frequency of not |ess
than 1 Hz.

5.4.10 Caple jackets and insulation

Cable jackdts, rubber, plastic,and other exposed parts shall be resistant to ultraviolet light, water] oil,
and grease.

5.4.11 M3rking

Each electrjonic §ssembly shall be permanently marked with a unique version number for easy referepce.
A list of el¢ctronic assemblies, including version number, shall be kept up to date by the manufactlllrer

as part Of‘ orsion managnmnnf

5.5 Software

5.5.1 Firmware

Computer codes responsible for the control and operation of the meter shall be stored innon-volatile
memory. All flow calculation constants and operator-entered parameters shall also be stored in non-
volatile memory.

It shall be possible to verify all constants and parameters while the meter is in operation. A firmware
check-sum and event log shall be provided to validate that no unauthorized changes have been made to
the firmware.
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5.5.2 MODBUS communication data specification

The USM shall provide a defined data structure (see Annex F) for serial communication to simplify the
data communication to a communication system (e.g. flow computer or data acquisition system).

The data communication protocol is based on the publicly available specifications of the "Modbus
Organization, Inc."[83],

5.5.3 Discontinuity

When exposed to a continuous increase or decrease of flow, the firmware shall be designed to avoid a
step change in the calculated output flow rate.

5.5/4 Marking and version management

Thg manufacturer shall maintain a record of all firmware revisions including therevision serfal number,
datg of revision, applicable meter models and circuit board revisions, and,description of changes to
firmware performed by them or by their representative.

Thd firmware revision number, revision date, serial number, and_checksum shall be available for
inspection of the firmware chip, display or digital communications port.

Thg manufacturer may offer firmware upgrades from time to-fitne to improve the performpnce of the
mefler or add additional features. The manufacturer shall notifythe user if the firmware revigion affects
thefaccuracy of a flow-calibrated meter.

5.5/5 Monitoring and recording of measuring and-diagnostic data

Theg meter shall have the capability to monitor and record as a minimum the following data:
a) |actual volume flow rate;

b) [totalizers;

c) |average velocity;

d) |average SOS;

e) |individual path velocity;

f) |individual pathSOS;

g) |percentage©faccepted signals for each acoustic path;

h) |S/N ratie.or equivalent (gain control);

i) [status and measurement quality indicators;

j) —alarm and faiture indicator.

5.5.6 Correction functions and parameters

Both at operation and calibration, correct parameter settings for Reynolds correction, body expansion
correction and calibration curve correction should be used. This is valid either when these parameters
are inside the USM or inside the flow computer attached to the USM. This is valid either when actual
pressure and actual temperature are entered as fixed values or from live inputs.

Reynolds correction parameters are density and viscosity.

Body expansion correction parameters are actual pressure, calibration pressure, actual temperature,
calibration temperature, thermal expansion coefficient, Young modulus, Poisson ratio and dimensional
measurements.
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Calibration curve correction parameters are either a set of flow rates and deviations, or a set of
parameters that determine polynomial correction according to the design of the calibration curve
correction mechanism.

The software of the USM and/or the flow computer attached to the USM should allow the operator
to enter the correct settings of these parameters. Care should be given not to activate a correction
mechanism twice, both in the USM and in the flow computer attached to the USM.

5.5.7 Inspection and verification functions

It shall be nassible to view and print the flow measurement (‘nnfignrnfinn parameters used hy the ES,
e.g. calibrdtion constants, meter dimensions, time averaging period, and sampling rate. Provisjons
shall be made to prevent an accidental or undetectable alteration of those parameters that affect|{the
performanie of the meter. Suitable provisions include a sealable switch or jumper, or a.permarent
programmpble read-only memory chip with verifiable checksum/event log alarms.

Provide the following alarm status output:
a) outpuflinvalid: when the indicated flow rate output is invalid (required);

b) partial failure: when one or more of the multiple ultrasonic path results‘is-hot usable (required

c) warning: when any of several monitored parameters fall outside ngrmal operation for a signifigant
length|of time (optional).
5.6 Exchange of components

It should b possible to replace or relocate similar types of transducers, electronic parts and software
without a significant change in meter performance. The fault due to the interchange of such a comporent
shall not be more than one third of the MPE for the c6tresponding meter class. Otherwise the meter
shall be re¢alibrated.

The above gtatements shall be made clear in the/meter metrological approval.

Procedure$ to be used when such components have to be exchanged, including possible mechanjcal,
electrical dr other measurements andadjustments, shall be specified.

From every event with the ultrasonic flowmeter (calibration, repair, etc.), a full list of the relevant{‘as-
found”, “astcalibrated” and “as-left” parameters shall be available.

If parts arg replaced by newer or different versions, advantages and disadvantages shall be specified.

The manufpcturer shallprovide a reputable method of version management.

5.7 Secqndarymeasurements

5.7.1 General

For the conversion of volume flow under metering conditions to mass flow or volume flow under base
conditions, secondary measurements are required.

5.7.2 Pressure measurement

The pressure tapping marked “p,,” shall be used as the pressure sensing point (see 5.2.6).

5.7.3 Temperature measurement

For unidirectional flow, the thermowell shall be installed 2D < x < 5D downstream of the USM, but
upstream of any outlet valve, diameter steps or flow restrictions. It is important that the thermowell
be correctly installed to ensure the heat transfer from the piping and the thermowell attachment and
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radiation effects of the sun do not influence the temperature reading. The recommended insertion
length for thermowells shall be such that the tip protrudes between D/10 and D/3. Special probe
designs may be required for insertion lengths greater than D/3.

In case of density meters are used, the same installation rules for the pockets apply.

Some installations require the installation of two or even three thermowells (back-up measurement
or validation measurement). Additionally, safety regulations may prescribe large well dimensions. The
thermowell shall be installed such that the ambient temperature does not influence the gas temperature
measured.

For mmm the gas
tenperature, thermal insulation or shading of the upstream pipe section, the USM assembly and the
downstream section, as far as 1D beyond the furthest thermowell, shall be installed, unléess the meter is
operating above qy, ,.

For|bidirectional use with two USMs in series, it is possible for the thermowell tébe’installed fjn between
the[two meters. An example of a bidirectional flow installation where two\USMs are employed with
the|thermowell located in the centre section is given in Figure 11. Both the number and gizes of the
thermowells or densitometer pockets exacerbate the flow perturbation.

Thg thermowell vortex shedding frequency at high gas velocities shall not excite the naturgl vibration
frequency of the thermowell to the point of failure; conical thermowells are advised| With the
thefmowell(s) upstream of the USM, they shall be positioned‘such that it is not in line with one of the
acofpistic paths. Also they should not be placed in line with each other in order to avoid the anpplification
of the vortex generated by the thermowell.

In Higure 9 an example is shown whereby 2 thermewells are used in combination with an| ultrasonic
flow meter having horizontal paths.

For smaller pipe diameters (<6”) alternatives to intrusive thermowell-based technologies, like surface
mounted temperature measurement elements, may be considered where it can be demonstrated
that both the accuracy and the response time of the temperature measurement device are such that
it does not compromise the overall uncertainty of the calculated flow rate. This may be particularly
advantageous when considering bidirectional metering systems where flow disturbances are to be
minimized.

© IS0 2019 - All rights reserved 23


https://standardsiso.com/api/?name=fdd0083a926589cbc3d5840296335d38

ISO 17089-1:2019(E)

5.8 Performance requirements

5.8.1 General

The USM shall be designed and manufactured such that its errors do not exceed the applicable MPE
over the full operating pressure, temperature, and gas composition ranges, with inputs or a correction
algorithm, if necessary. The necessary correction algorithms and inputs shall be specified. Ifa correction
algorithm is not necessary, an additional uncertainty due to pressure, temperature, and composition
changes shall be specified. If the USM requires a manual input to characterize the flowing gas condition,
e.g. gas density and viscosity, the sensitivity of the USM to these parameters shall be specified so that

the operatprramdetermmime the reed to change these parameters as operating conditions change-jThe

concerning parameter settings shall be documented both during calibration and in operation.

5.8.2 Acfuracy requirements

Table 5 — Accuracy requirements

. Accuracy-class
Subject
0.5 1.0 1.5
Maximum permissible error (MPE)
for qy 2 qy +0,5% | +1,0% | +#1,5%

for qy min<qv<qy: ¥,0% | x2,0% | £3,0%
Maximum peak-to-peak error

for q, 2 dy ¢ <0,5 % <1,0% | <1,0%

for qy min < Qv <qy¢ <1,0% | <2,0% | <2,0%

Maximum permissible flow weighted mean erropprior any adjustment (see 6.3.3)

FWME

05% | 1,0% | 1,5%

Repeatability under flowing conditions.during calibration r,;

forqy=qy, 017% | 0,33% | 0,5%

for qy, min < qv <4y 033% | 0,66% | 1,0%
Reproducibility

for gy 2 gy, | 017% | 033% | 05%

Transition flow rate

A

| qV,t s 0'1 qV, max, cal

Speed of Sounddeéviation

MSOS deyiation from TSOS
MSOSspread between acoustic paths

<+0,2 %
<0,5m/s
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Aqy/qv
u - MPE(q,<qy,)
MPE(q,2qy,)
B rcal(qV<qV,t) rcal(QVqu) v vt
A ppmax @y <qy) /1 A A
; ' e
| A p-p,max (q v <q V,t)
i MPE[q, 2qy,)
u - MPE[q,<qy,)
| | | | | | l | |
q V min q Vit q V,max q V|
Key
qy volume flow rate
Aqyfqy flow rate measurement error, in %
1 unadjusted meter curve calibration results
MPH maximum permissible error
dvo zero flow rate limit
qy ¢ transition flow rate

Qymax  designed maximum flow rate
Quulin ~ designed minimum flow'rate
cal uncertainty in thé méan meter error, see chapter 6.3.2.2

p-pfmax Maximum peak-t0-peak error for meters

Figure 10 — Performance requirements envelope

5.8{3 Alnfluence of pressure, temperature, and gas composition

The USMShall meet the above accuracy requirements over the full operating pressure, temperature,
and gas composition ranges, with inputs or a correction algorithm, if necessary. The necessary
correction algorithms and inputs shall be specified. If a correction algorithm is not necessary, an
additional uncertainty due to pressure, temperature, and composition changes shall be specified. If the
USM requires a manual input to characterize the flowing gas condition, e.g. gas density and viscosity,
the sensitivity of the USM to these parameters shall be specified so that the operator can determine the
need to change these parameters as operating conditions change. The concerning parameter settings
shall be documented both during calibration and in operation.
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5.9 Operation and installation requirements

5.9.1 Ge

neral

Allinfluences from the installation, or the way the installation is operated, that increase the uncertainty
of the USMP shall either be neutralized or compensated. Minimum distances to flow disturbing objects
shall be specified. Subclause 5.9 applies to calibration (see Clause 6) as well as to operation (see

Clause 8).

Various comblnatlons of upstream f1tt1ngs Valves bends, and lengths of stralght pipe can produce

velocity p
The magni
the ability
upstream

Research y

manufactufrer to review the latest test results and evaluate how a specific USM design'may be affeq

by the upst
performan
or include

5.9.2 Op

5.9.2.1 §

The functi
regulating
higher pre
recommen

In the worse cases, the meter can become, inoperable under certain conditions. The follow

ude of the meter error is dependent on the type and severlty of the flow distortion
of the meter to compensate for it. This error can be reduced by increasing the dengt
btraight pipes or by using flow conditioners. Alternatively, carrying out flow, calibrat
under condlitions similar to field conditions is the most effective way to compensates.for this e

fork on installation effects is ongoing, so the installation designer may considtwith the [
ream piping configuration of the planned installation. In order to achieve the desired m

ce, it may be necessary for the installation designer to alter the original piping configura
h flow conditioner as part of the meter run.

erational requirements

ound, noise, and pressure-regulating valves

ror.
JSM
ted
pter
[ion

on and accuracy of an USM can be adversly.affected by noise generated by pres

csures and as the noise transmitted by single trim valves is lower upstream, it is stro
Hed to locate the control valve downstream'of the USM. (See Annex D).

s
valves; see also Reference [55] and 8.1. As the acoustic signal of the meter is strong{" at

re-

gly

ing

recommenfations are given in respect of valvé-generated noise:

a) positign USMs well away from throttling control valves, ideally with process equipment such as
vessels or heat exchangers betweén\them, upstream of the regulator;

b) improye noise immunity of USM5 by:

1) ing¢reasing meter transducer frequency,

2) ingreasing metertransducer power,

3) usjng signal'processing techniques for signal detection, e.g. signal averaging (stacking), digital
cofrelatieny or signal coding;

c) by thel installation of blind tees, heat exchangers, out-of-plane bends and/or a flow conditigner
betweenthe HSM-andthevalve-tie-by-blockingthe lineefsighiHsthe mosteffective use-of standard
pipe fittings for attenuating ultrasonic noise;

NOTE1 A straight pipe is not considered effective for the attenuation of ultrasonic noise.

NOTE 2  Potential operational issues may occur associated with blind tees, which have the potential to
introduce undesireable installation effects that distort flow profiles (see 5.9.3.2), collect liquids and become
difficult to purge.

d) lowering the differential pressure across a valve reduces the noise generated at all frequencies.

Note that it is essential that the upstream straight length of the meter is not compromised in following
these recommendations. The general sensitivity of the USM to sound (noise) generated by pressure-

regulating

26

valves and other sources shall be described.
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5.9.2.2 Contamination
Accumulation of deposits due to a mixture of particles and liquid contaminants should be avoided.

Filtration of the gas flow upstream is recommended and in bidirectional applications, filtration both
upstream and downstream is recommended. The potential for flow profile disturbance caused by
filtration equipment, however, should be recognized.

To avoid severe accumulation, a pipe configuration having a low point downstream of the meter is
recommended.

5.9/2.3 Ambient temperature

The influence of the ambient temperature should be minimized as described in 543 Stifatification,
especially at low flow velocities, may occur when the temperature difference between the outside
temperature and that of the gas is more than 5 °C[8Z], The USM diagnostics may benitilized toldetermine
the [presence of stratification.

Alsg, at least a shade should over the full length of the measurement section be supplied|to protect
themeter run and electronics against direct sun radiation. The best\way to protect from ambient
temperature is thermal insulation of the upstream pipe (until 10D), the'USM and the downskream pipe
including the temperature measurement.

5.9]2.4 Vibration

USNis shall not be exposed to vibration levels or vibratien frequencies that might excite the natural
frequencies of ES boards, components, or ultrasonic transducers.

5.9{2.5 Electrical noise
Evepn though a USM design has been tested)to withstand the electrical noise influences described in

7.5,the USM or its connected wiring shallnot be exposed to any unnecessary electrical nois¢, including
altgrnating current, solenoid transients-or radio transmissions.

5.9{2.6 Non-steady flow

Pulgations and non-steady flow beyond the manufacturer's specifications shall be avoided (4ee 5.4.4).
5.9{3 Installationrequirements

5.9]13.1 General

A fylly developed flow profile is the most desirable condition at the meter. In practice, undisturbed flow
confditiengmay be the highest achievable.

Dud-te’the large variety of IISM types_upstream piping configurations, and flow conditioners, it is
practically impossible to standardize upstream lengths. Furthermore, USM technology continues to
improve, which makes standardization on this point even more difficult. The lengths between the USM
and the flow conditioner and upstream of the flow conditioner shall be specified in the manufacturer
instructions.

5.9.3.2 Distance to perturbations, upstream and downstream straight pipe length
requirements

Typical upstream piping conditions (operating conditions), e.g. bends, headers, T-joints, flow
conditioners, filtration equipment, diameter changes (steps, expanders or reducers), and valves,
introduce swirl, an asymmetric flow profile, a flat flow profile, a peaked flow profile or combinations
of these. Research has demonstrated that asymmetric profiles may require a length measuring 50D
of straight pipe without a flow conditioner, and swirling profiles may require 200D of straight pipe
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without a flow conditioner before a fully developed flow profile can be expected. Installing such lengths
of upstream straight pipe is impractical. The current ability of USMP to compensate for disturbed flow
profiles allows shorter lengths of straight upstream pipe.

It is recommended to utilize the USM diagnostics to determine if the flow conditions in operation are
not severely disturbed. Secondly it should be determined if the flow conditions are representative with
the calibration conditions of the USM by comparing the diagnostics of the USM during calibration and
in operation.

The minimum length of straight upstream pipe, [, shall be such that the addition of an extra
straight length measuring 10D alters the reading of the USM (FWME) by not more than the combined

reproducability of the calibration facility and the USM. The value of |

min differs in accordance with

upstream piping configuration and can only be found using a set of reference standards. Deternmiina

of the val
testing; se

!

s of I;, for a standard set of upstream piping configurations is a major task during

e 7.3. Determine [ ;, such that the maximum additional error due to flow perturbation

less than dne third of the MPE for the corresponding meter class. The manufacturer shall specify

values of [
A configur

requir

requir

i, for the different flow perturbations defined in 7.3.

htion for which [ is unknown:

min
bs a length of 50D of straight upstream piping the application of a*'USM, or
bs a length of 10D for the application of a USMP.

The minimum length of straight downstream pipe is 3D.

5.9.3.3 K

Changes i
disturbang

The flange
throughou
be carefull

rotrusions and diameter step

inside diameters (D) and protrusions should be avoided at the USM inlet to avoid
e of the velocity profile.

5 and adjacent upstream pipe shall be straight, cylindrical, and have the same inside diam
F as the inside diameter of the inlet ofthe meter, at maximum of 1 %. These components s
y aligned to minimize flow disturbarices, especially at the upstream flange. Experience v

the
[ion
ype
s is
the

the

bter
hall
vith

class 1 metlers has shown that diameter steps between the upstream pipe and the meter cause metefing
errors of the order of 0,05 % systematic.error per 1 % diameter step; an error that can be reduced by
chamfering as long as the angle of inClination is less than 7°.

NOTE his value can only bé\considered as a guide to estimate the additional uncertainty dug to
diameter steps.

For a minimum upstredmlength of 2D, there shall be no flow disturbances from flanges, flow
straightengrs, etc. Over@length of at least 10D or [ ,;, upstream of the meter, whichever is smaller|the
pipe sectiopn(s) shallfulfil the following requirements:

a) the pige shdllbe straight, i.e. have no bends >5°;

b) two pipe

c) the internal weld of the downstream flange of the upstream piping shall be ground smooth and no
part of the upstream gasket or flange face edge shall protrude into the flow stream;

d) the pipe is said to be cylindrical when no diameter in any plane differs by more than 3 % from the
average inside diameter, D, obtained from the measurements specified;

e) The USM manufacturer shall prove that the additional bias due to the diameter steps greater than

1 % is below one third of the MPE for the corresponding meter class within type testing, see 7.3.

5.9.3.4 Thermowells and density cells

For thermowells and density cells, see 5.7.2.
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5.9.3.5 Flow conditioners

One of the main advantages of USMs is the absence of a pressure drop. The use of a flow conditioner
introduces a pressure drop and negates this advantage. Lack of available space for sufficient upstream
length or unquantifiable effects of upstream pipe work configuration are the most common reasons for
their use.

Installing a flow conditioner at any position in the meter run upstream of the USM causes a change
of the flow rate indicated by the meter. This change depends on many factors (e.g. flow conditioner
type, meter type, position relative to the USM, and flow perturbation upstream of the flow conditioner).
To avoid this additional uncertainty, the USM shall be calibrated with the actual flow conditioner and
metler tube as one package (USMP) or simulated (with the same make and model).

For| USMs, perforated plate-type conditioners are preferred. Tube bundles andywaneftype flow
congditioners only suppress the swirl, do not improve the flow profile, and may even‘cause additional
profile distortions.

An pxample of a bidirectional flow installation where two USMs and flow-Gonditioners ar¢ employed
with the thermowell located in the centre section is given in the next Figure:

1 2 3 2 1

/ /

[~ ] VA

a b c c b a
T’ 4—?
Key
1 |[flow conditioner
2 |ultrasonic flowmeter (USM)
3 |temperature annulus
a 22D (Prefarably 23D).
b 110D.
¢ |5D.

d |Flow primary diréction (Forward).
e |Flow secondary direction (Reverse).

Figure 11 — Example of a bidirectional installation

WARNING — A flow conditioner may produce noise of severe levels depending on its design and
the gas velocity.

5.9.3.6 Internal surface and wall roughness

Deposits due to normal gas transmission conditions, e.g. condensates or traces of oil mixed with mill-
scale, dirt or sand, may affect the accuracy of the meter. The same effects may be experienced from
rusting of untreated internal surfaces or a defective internal coating. The internal surface and the wall
roughness should therefore be monitored for changes using the meter diagnostics as well as optical
(visual) methods. The monitoring interval chosen should be dependent on the sensitivity of the USM as
well as the expected changes in wall roughness.
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5.9.3.7 Bidirectional use

For bidirectional use, both upstream and downstream piping shall be regarded as “upstream” piping.
The sensitivity of the USM to the thermowell or the density cell shall be specified.

5.9.3.8 Orientation of meter

The requirement of 5.8.1 shall also be met when orienting the USM into a position different to that for
which it was designed.

1l - e decaden
IIUdl 1diuliilig diiu t daiispul tatlivuil

s covering manual handling shall apply. The possibility of damage to the USM duringthand
ortation shall be recognized and all reasonable steps taken to minimize its likelihood.
pnsider:

e of an indication device such as a shock detector during transportation;
e of appropriate lifting and transport cases or frames;

 of flange covers to avoid the internal contamination of the meter;
himization of transducer and cable removal;

blementation of procedures described in 8.2;

roduction protection of the meter and spools against corrosion by purging with inert
b transport.

1imentation

neral

ntation shall be dated and the manufacturer shall provide a list of all documents submit

neric meter documentation

acturer shall provide-or.make available at least the following documents:

ription of the meter.giving the technical characteristics and the principle of its operation
nsioned drawwring and/or photograph of the meter;

bnclaturé.of parts with a description of constituent materials of such parts;

bmbly‘drawing with identification of the component parts listed in the nomenclature;

ling
For

gas

Fed.

TSToTed drawing;

a drawing showing the location of verification marks and seals;

a drawing or picture of the data plate or face plate and of the arrangements for inscriptions;

a drawing of any auxiliary devices;

instructions for installation, operation, and periodic maintenance and troubleshooting;

a field verification test procedure as described in Clause 8;

maintenance documentation including third party drawings for any field repairable components;

arecommended spare parts list;
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m) a description of the electronic signal processing unit, arrangement, and general description of
operation;

n) adescription of the available output signals and any adjustment mechanisms;
o) alistofelectronicinterfaces and user wiring termination points with their essential characteristics;

p) adescription of software functions and operating instructions.

5.10.3 Particular meter documentation

Thgd manufacturer shall provide or make available at least the following documents of the particular
metfler:

a) [specific meter outline drawings including overall flange face-to-face dimensions,insid¢ diameter,
maintenance space clearances, conduit connection points, and estimated mass;

b) [documentation that the design and construction comply with applicable safety |codes and
regulations;

c) |documentation that the performance of the meter meets the requirements of 5.8 and Clguse 7;
d) |documentation of the dimensional measurements as required in 5.2.4.2;

e) |copies of hydrostatic test certificates, material certificates, weld radiographic reporty and other
quality tests as specified by the designer;

f) |documentation that the design of the meter successfully passed the tests described in Clause 6.

6 |Test and calibration

6.1| Pressure testing and leakage testing
Themeter body shall be pressure tested before the FAT and in accordance with the applicable design code.

Theg meter shall be properly leak'checked to ensure tightness at any design conditions of the|meter.
6.2| Individual testing — Static testing

6.2{1 General

Static testing comprises the measurement of the meter body dimensions (see 5.2.4) and the time delays
of the electronics and the transducers as well as a zero flow verification test.

6.2{2 "“Timing and time delays

Transducer, electronics and cable time delays can cause velocity-offset errors if they are not correctly
defined in the parameter list of the USM. The manufacturer shall measure and document the time
delay(s) of electronics, cable and transducers, if applicable. The uncertainty of the measurement shall
be specified. Test gas and all calibration instruments used to perform these measurements shall have
calibration certificates traceable to internationally recognized standards. Any time delay effects
emerging from differences between calibration conditions and operating conditions shall be specified
and compensated for as required to comply with the specified uncertainty.

6.2.3 Zero flow verification test

To verify the transit time measurement system of each meter, a zero flow verification test shall be
performed. The manufacturer shall specify procedure and tolerances.
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The test procedure shall include the following elements as a minimum:

a) blind flanges have to be attached to the ends of the meter body;

b) the acoustic properties of the test gas or gas mixture, whose selection shall be the responsibility of
the manufacturer, shall be documented;

c) gas shall be homogeneously mixed with stable pressure and temperature, especially for tests at
high pressure. The test conditions shall be considered stable if the relative standard deviation of
the average speed of sound value is not greater than 0,05 %;

d) gasve oeity-and-speedofsoundforeachacoustiepathshaltberecordedforatieas B0-sfremrwihich
the avérage values and their standard deviation for each acoustic path shall then be calculatéds

e) the zdro flow reading and absolute SOS deviation for each acoustic path shall' fulfil |the
requirgments of 5.8;

f) theungertainty of the test gas pressure measurement shall be better than 0,1 % afid‘the uncertajnty
of the fest gas temperature measurement shall be better than 0,2 K;

g) the theoretically determined values for the SOS shall be computed using@-complete compositipnal
analysjs of the test gas using internationally recognized algorithms. The theoretical speed of sound
of the fest gas shallbe calculated with an uncertainty better than 0,05.%.

6.3 Indiyvidual testing — Flow calibration

6.3.1 General

All class 1[meters shall be flow calibrated meeting the requirements of a flow laboratory. For clags 2

meters, thils flow calibration is highly recommended.

The flow calibration of meters may also be required’because of:

— nationpl legal requirements;

— high ag¢curacy requirements;

— the application for custody transfer.

The calibrgtion shall be carried\out with a representative test gas. Where practicable calibrate as close

as possibld to the operatingeconditions. Where this not possible this standard provides equations and

guidance fpr situations where the operating pressure is significantly different from the calibrafion

pressure (4ee chapter 9):

The flow cplibration.delivers a set of systematic errors, as a function of flow rate or Reynolds nurﬂber.

This set is [usually~presented as a “calibration curve” and shall be used to correct the meter output as

documentdd.in\6.3.4. The manufacturer shall provide a calibration and adjustment procedure.

It is recommended to calibrate the meter to the maximum flow rate of the application (qy, yay, op) and
not lower than the minimum technical flow rate of the meter (qy, yin, esign)> Se€ also 5.1.1.

While USM'’s can be sensitive for flow disturbances by welding seams, these shall be avoided in the
upstream pipe. See also 5.9.3.3.

6.3.2 Laboratory flow calibration

6.3.2.1 General

To minimize the uncertainty of the calibration, the calibration shall be conducted at a laboratory having
a quality control in accordance with the ISO/IEC 17025 and having a stated CMC table (combined
uncertainty of the calibration rig U),c) determined according to ISO/IEC GUIDE 98-3 (GUM).
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The calibration shall be performed:

a) under undisturbed, i.e. non-swirling, non-pulsating and symmetrically developed flow conditions

b)
‘)

(see 6.3.2.4);

under steady flow conditions (see 6.3.2.4);

over a statistically significant duration of time (see 6.3.2.2);

d) over the appropriate range of flow rates to describe the in-service response of the meter; a
minimum of six, but preferably seven, points should be taken, e.g. for a seven point calibration:

1000/ 700/ AN Q/ 2JC 0/ 40 07 L 0/ £

f)

g)

h)

6.3
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whenever applicable, by using the upstream and downstream meter spools and flow, con
dedicated calibration spools;

if there are protrusions upstream of the meter in the flow path, such as thermowells and

ditioner or

/or sample

probes the meter shall be calibrated in combination with these componénts at the sanpe distance

and orientation as in the field;

the user shall make sure that there is no degradation and/or contamination of the U
conditioner and the upstream pipe);

The calculation of the uncertainty shall be done in accordance with the ISO 5168.

2.2 Duration of the calibration

duration of a measurement (one single flow raté) shall be large enough to reduce th
Hom processes and displays with limited resolution to negligible proportions.

methods are given.

Running standard deviation: During“the measurement the samples taken are proce;j
running standard deviation in orderto calculate the uncertainty in the mean meter e
the running standard deviation/evolves into a stable value, the required duration and re
as stated in 5.8 is reached.

Fixed measurement tinme:)’A mean measurement of one flow rate is calculated fl;I

measurements. Three méasurements at each test flow rate should be taken at a mini
three measurements shall not have a trend for deviation in one direction greater than
repeatability. At.l€ast one more measurement is necessary until three succeeding me
repeats fulfillthis requirement. Take as many measurements as necessary until the y

SMP (flow

b effects of

sed into a
'ror. When
peatability

m several
um. These
the stated
asurement
ncertainty

in the mean’meter error of the measurement is in agreement with the repeatability requirements

from 5.8.

repeatability during the calibration shall be calculated as the uncertainty in the mean 1
measurement according to Formula given in 3.1.4.5:

neter error

Uas

Jn

Feal =Uam =

(13)

Based on the uncertainty in a single measurement U, (see definition of repeatability) and the number
n of measurements taken.

NOTE

If the uncertainty in the mean meter error exceeds the limit, this can also be caused

by too few

observations and/or instable conditions. To verify this, more measurements in a stable condition should be
taken, to determine if the meter calibration can fulfil the repeatability requirement.

Practice has shown that the total duration of one measurement shall be at least 300 s (e.g. 3 repeats of
100 seconds and at least 3 300 counted impulses each). In the event this is not achieved in reasonable
time than the averaging time as stated in Annex D shall be used.
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6.3.2.3 Uncertainty of the calibration facility

Choosingasuitable calibration lab is essential for achieving alow uncertainty. Depending on the pressure
and flow there exists large differences between the calibration measurement capabilities (CMC) of the
various laboratories; some are more appropriate for smaller meters, others are more appropriate for
large meters. The uncertainty of the calibration and measurement capability U, reflect the variations
in operating temperature and pressure during the calibration and any uncertainties arising from the
calculation procedure used to derive the meter error of the flowmeter under calibration.

The uncertainty of measurements performed at the test facility shall be sufficiently low to enable the
overall metering system uncertainty budget to be met. The stated U, of the flow calibration laboratory

used for th

6.3.2.4 H

The upstre
introduced
upstream

be taken i
pipe inside
pipes, shal

The stabili
variations

The refere
changes an
is the time
of the turb
provide th

Pulsations
minimize
sample rat

A correctid
accounted

Any measuy
a) Ap>(
b) AT>0
c) Ap>0
d) Agy>(

e calibration shall be better than one third of the MPE for the corresponding meter class

low conditions

am piping conditions in the laboratory shall be chosen such that no additienal errors
. The calibration facility shall deliver a fully developed and undistutbed flow prg
bf the USM/USMP. The requirements and recommendations given in 5:9.2.and 5.9.3 hav
to account. The conditions during the calibration or test on the calibration facility, suc
diameters, upstream pipe configurations, condition of the inner stirfaces of the USM and|
be accurately documented.

Ly of pressure, temperature and flow shall be in accordance¢‘with the maximum accept
which have formed the basis of the certified Ugyc.

y more. This occurs when the frequency of the pul§ations is higher than 0,2 x 1/T-, wher

ne wheel and the mass flow through the meter: The manufacturer of the turbine meter s
s information.

with an amplitude of Aq/q > 3,2 %.a frequency above 0,2 x 1/T shall be avoided. Als
he impact of pulsations for the ultrasonic meter pulsation frequencies higher than half of
e of the ultrasonic meter should beavoided as well.

n of line pack effects shall beapplied and the effect of the line pack errors shall be prop
for in the calibration result.

rement shall be rejeéted when any of the following situations is encountered:
,2 % per measufremient (line pack);

25 K per 100% (temperature drift);

002p per100 s (pressure drift);

,03gy per 100 s (flow rate drift);

are
file
e to
h as
the

hble

hce turbine meter will shift by pulsations in the flowwwhen it cannot follow the rapid flow

e T

constant of the turbine meter. This time constaritis depending of the ratio between the mass

hall

b to
the

erly

The flow conditions for the specific quantities a) to d) listed above shall be monitored and documented

during cali

brations.

6.3.2.5 Thermal stratification at a calibration facility

During calibration, especially at low flow velocities, stratification can occur when the temperature
difference between the outside temperature and that of the gas is more than 5 °C.

To detect the presence of thermal stratification, the speed of sound of the upper most and the lower
most horizontal measuring paths of a chordal path meter can be used. For flow rates above gy, the
speed of sound of the upper path shall not differ greater than 0,2 % from the lower path. Otherwise the
calibration point shall be repeated.
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Adequate thermal insulation in the upstream, the USM(P), and the temperature measurement section
prevents stratification.

6.3.

2.6 Bidirectional calibration

A class 1 USM / USMP used for a bidirectional application shall be calibrated in both directions including
the thermowells.

6.3.

3 Judging the measurement performance of the meter

Th

the
cor
mef
per

Thd
req

The
qV, n

NOT
meg
errd
crit

whi

6.3

6.3

Adj
conj

multiple locations.

Pos

a)

b)

judsc1ucut Uf t}lC IIITdSUl ClllCllt lJCl fUl IIIdIICT Uf t}lC lllCtCl D}la‘l} lIJC ‘lebcd UIl tllc CUII]
calibration curve and a linear offset related to the flow-weighted mean error (FWME)
‘ections, such as curve fittings or linearization’s, may not be used to judge the pefform
er as they might mask hidden design effects. They shall only be applied after approving
formance curve.

FWME shall be calculated according to B.2 and verified against the corresponding acc
hirement.

USM or the USMP shall meet the accuracy requirements specified in 5.8 for flow rate
in, cal and qV, max, cal*

E If the uncertainty of the calibration facility cannot meet the Ugy criteria stated in
surement performance of the meter can be judge alternatively byteducing the applied maximum
r with the excess of the uncertainty. In this case the USM @x the UMSP shall meet the following
bria:

(4 MPE-Uyc |
e Ugyc < MPE.

4  Adjustment and records

4.1 General

Istment factors and calibration curve correction (linearization) may be applied with
puter or within the Mmeter. Care shallbe taken to ensure that the same correction is not

Kible methods'efapplying adjustment factors are by using:

FWME gver the expected flow range of the meter (an example of the calculation of FWM
in B.2);

multi-point linearization algorithms over the calibrated (operational) range of the metef;

ination of
bnly. Other
hnce of the
F the meter

iracy class

s between

6.3.2.3, the
permissible
acceptance

n the flow
applied in

E is shown

)

‘)

polynomial algorithms over the calibrated range of flow rates of the meter. When using polynomial

algorithms strict adherence to mathematical data fitting rules shall be applied.

The correction shall be fixed to the respective last valid correction of the calibrated gy, .,;, respective
qy max if the meter operates outside the calibrated range. The uncertainty of the measurement in that
region is unknown.

For

©IS

bidirectional calibrations, a second set of factors shall be used for reverse flow.
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Where linearization curves are applied, the following correction algorithm may be used:

Ay true =4V ,actual

where

100
100+E (qV,actual )

qy actual 1S the raw metered quantity;

E(qy actual) 1s the error, as a percentage, associated with the flow rate;

qQy, true

(14)

quantity.

After adjudtment of the meter any corrections shall be verified.

For a FWME correction a single verification point taking around 40 % is recommended.

is the value the meter should return with insignificant error, i.e. the reference meter

When using a polynomial correction or multi-point linearization a minimum.ef two verification pojints
are necesspry wich are preferably chosen in a flow rate range of 10 %..25/% gy ,,x and 70..100 % gy
max- At leadt one verification point shall be chosen between two differeft as-found flow rates.

6.3.4.2 Results

Record:

a) the date(s) of the test;

b) in casq of bidirectional meters: “forward flow” or¥“reverse flow”;

c) thedetermined errors As found and As left;the total uncertainty Uy, Ucyc values and repeatabllity

at the

nvestigated flow rates;

d) to indicate whether an adjustment.factor had been updated on the meter, in the case of a sipgle

point

orrection, the value of beth*the adjustment factor and FWME before adjustment and

value 3fter adjustment shall beindicated;

e) to faci
adjust

ment factors, e.gcfrequency and impulse factor, of the calibration points;

f) the calibration checkpoints if an adjustment was applied to the meter;

g) thede

1sity andwiscosity of the gas or/and the gas composition;

h) the chg¢ck/afthe MSOS against the TSOS calculated by AGA-8 or GERG-200461];

the

itate a multi-point_calibration curve correction in the field (linearization), the individlual

i) thelogTile containing all diagnostics data taken during calibration to be used 1n the audit trail with
as a minimum:

— MSOS as a function of flow;

— MSOS fingerprint;

— Flow dependent signal waveforms;

— Flow dependent S/N vales and ratios;

— Flow dependent AGC values;

— Standard deviation and velocity values per path and ratios;
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j) the report of the meter configuration parameters and checksums during calibration and after
adjustment.

6.3.4.3 Meter identification and description of the facility
Record:
a) datasupplied by the manufacturer, such as:

— meter size

— Serial numbers oI meter, electronics and transducers
— the firmware version
b) |of the meter being tested;

c) |the calibration facility, the method of calibration (bell prover, sonic nozzlés,other meters, etc.).

6.314.4 Conditions of the test
Redord and verify against the applicable requirements:

a) [the upstream and downstream piping configurations invelved in the qualification of “updisturbed
flow profile”, including flow conditioners, piping tag nurmbeérs and inside diameters;

b) [the position of the meter (horizontal, vertical flow*apwards, vertical flow downwards) as well as
the meter orientation;

c) |[the position, orientation and flow direction of the piping components (such as pipes, flow
conditioners, used pressure sensing point.aftd thermowells) if calibrating an USMP;

d) |a description of the condition of the\inner surface of the meter and the upstream pipes (dirt,
corrosion) — where necessary, add-a-photograph;

e) |the nature (e.g. gas composition)-and conditions (pressure and temperature) of the test gas.

A déscription of any variationsor deviations from the required test conditions.

7 |Type testing

7.1l General

A njeter calibration curve without the guarantee that the meter behaves the same way in fhe field as
in the calibration laboratory is meaningless and real-world circumstances are generally moF complex

thap these encountered at a calibration facility. In order to ensure that the quality of the [calibration
curyeis transferable to the field, type testing of the model/family design is introduced. Here|real-world
circumstances are simulated by a series of perturbations tests and the meter has to prove that it can
deal with these. Only then is the calibration curve transferable.

Every USM model/family design requires a compliance testing to this document.
Type testing shall be conducted by recognized bodies or independent certified laboratories.

The meters used for type testing shall be equipped with all characteristic parts (electronics,
transducers, software, etc.). Meters of different design shall play no part in the type approval. The
validity of the type approval shall be clearly defined. It is recommended that the type testing be carried
out on at least one of the smaller meter sizes of the USM type in order to evaluate the largest influence
of the geometrical parameters and the time delays on meter performance.
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These test requirements shall apply to the design of all circuit boards, ultrasonic transducers,
interconnecting wiring, and customer wiring terminals. The electronics shall be in operation,
measuring zero flow, and remain 100 % functional during the tests. In the case of high-voltage transient
and electrostatic discharge tests, the meter may temporarily stop functioning, but shall automatically
recover within 30 s.

All signal outputs representing the same measurement value shall represent with the same accuracy.

During these tests, the ultrasonic transducers may be operated in a smaller and lighter test cell (or test
cells) instead of a full meter body. However, the transducers shall actually be measuring zero flow and

exposed to

the same test conditions as other parts of the electronics.

7.2 Accu

fracy

The accurgcy limits of 5.8.2 shall be met within qy; 1,y design a0d Gy, min-

The tests §
100 %, 70

The durati

Due to the
longer mes
uncertaint

The repeat
above qy .
measurem

For the rdg
conditions
equal to gy

7.3 Inst

hall be conducted under undisturbed flow conditions with the following flow rates: 12
0, 40 %, 25 %, 10 %, 5 % 0of qy, may, design-

bn of one measurement shall comply with the requirements of 6.3.2.2.

nature of the more disturbed flow conditions during the test of-the installation conditio
surement time or increased number of repeats might be required to achieve an accept
iy in the mean meter errors at these tests.

ability test shall be conducted for at least one flow rat¢-below gy, , and at least one flow
For each of these flow rates, 10 single measurements'shall be taken with the duration off
bnt as given above.

producibility test, the same meter shall. be"tested under exactly the same installa
The reproducibility shall be derived from\at least three test results for flowrates abov|

t

hllation conditions

The mini

m length of straight upstream pipe, [ shall be such that the addition of an ej

min’

%,

1S a

hble

Fate
the

fion
P or

Ktra

straight lepgth measuring 10D alter's the reading of the USM (FWME) by not more than the combined

Eu
repeatability of the calibration facility and the USM.

For a standardized set of perturbations, the [ ;, of every perturbation shall be determined:
a) under feference flow'conditions according to 6.3.2.1;
b) with alsingle 99*bend (radius of curvature of 1,5D):
— with the’ldSM in normal position;
— w]:h the IISM rotated by 90°;
c) with two 90° bends in perpendicular planes (radius of curvature of 1,5D, without spacer
between bends);
— with the USM in normal position;
— with the USM rotated by 90°;
d) an expander with a diameter increase of at least one pipe size [typically 2"V];
e) areducer with a diameter decrease of at least one pipe size [typically 2"1];
1) 1"=254mm.
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f)

g) a flow conditioner chosen and positioned by the manufacturer in combination with
perturbations above.

a diameter step on the upstream flange of the USM with magnitude of at least +3 % and -3 %j;

The single tests shall be conducted for at least one flow rate below gy, , and for at least two different
flow rates above gy, ,, according to 6.4.2. Relevant are the mean values of the three single measurements
at each flow rate. Above qy o all calculated mean additional errors shall be within one third of the MPE
for the corresponding meter class.

Instead of the perturbation tests described in a) to g), similar tests with different perturbation-

pro

(ucing devices are allowed, such as perturbation plates (e.g. swirl generators). In that C

hse, it shall

be dlearly shown that the velocity fields produced are similar to the perturbations presented in a) to g),
for Instance via the measurement of the three-dimensional velocity field.

7.4| Path failure simulation and exchange of components

Where a class 1 or 2 meter remains in service in the event of path failure, the effect of the failure shall
be determined by simulating the failure of one or more paths.

The test should be carried out at a flow velocity of 15 m/s. During'the test, the flow ratq should be
varjed to a value of 10 m/s and 20 m/s. For all three tests the additional error shall be not|more than
one|third of the MPE for the corresponding meter class.

Theg manufacturer shall demonstrate the capability of the meter to replace or relocate tijansducers,
eledtronic parts and software without a significant change in meter performance. This| has to be
denponstrated for:

a) [the electronics;

b) |transducers of different path types.

When components are exchanged, the resulting shift in the mean error of the meter shall not be more
thap as laid down in 5.6.

7.5 Electronics design testing

The design of the electrohigs shall be tested to demonstrate that the USM continues t¢ meet the
performance requiremefts of 5.8.2, while operating under the influences and disturbances gpecified in
Angex G.

Tabje G.1 showsthe’minimum severity level for each test to fulfil the requirements of the

nstrument

clagsificationswsed in:

a) |open loeations with average climatic conditions, thus excluding polar and desert enviropments;

b) |locations where the level of vibration and shock is high or very high, e.g. for instrumengs mounted
direetly orrmachines-orconveyor-belts;

c) locations with electromagnetic disturbances corresponding to those likely to be found in industrial

buildings.

During these tests, the ultrasonic transducers may be operated in a smaller and lighter test cell (or test
cells) instead of a full flow-meter body. However, the transducers shall actually be measuring zero flow
and be exposed to the same test conditions as other parts of the electronic system.

If the meter performance is monitored at no-flow conditions the cut-off for low flow rates shall be
switched off so that the flow rate output corresponds to the unsuppressed flow rate.

The flow rate output has to be monitored and evaluated according to 5.8 and the fault limit and test
condition as stated in Annex G.
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8 Audit trail and diagnostics for meter verification

8.1 General

This clause is directed at the operator, to ensure that the USM, once in service, continues to meet the

expected p

erformance requirements after installation.

USMs can deliver extended diagnostic information through which it may be possible not only to verify
the functionality of a USM, but also of several other components within the system, such as the gas

chromatog

capabilities
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e amount of data and the way that it is presented differs from manufacturer to. manufactu
x, and in all cases will be far too much to be handled by most of the operatons,6ften resul
mation being disregarded or lost.

and the pressure and temperature transmitters. Due to the extended diagnostic

pur-

flow meters for custody transfer generate a comprehensive and beneficial diagnostic syite,

rer.
[ing

perators, there is no structure available to help them present the data’in, or to enable the
e compaisons. This problem has been recognized and addressed by‘this document and a

ement are monitored. By selecting just a small group of diagnostic parameters and using t
Fators, it is possible to ensure the health of the meter and th€ overall measurement system.

hose are within the tolerance bands as presented, thiere is no need for further action.

rend is monitored and/or the deviation passes*the alarm values service actions need t
those service actions the diagnostic parameters can then be compared with their histor
brmined at various stages during manufacturing, calibration and the commissioning off
fFlow meter and stored in the audit trail.

diagnostics shall be used in conjunction with operational best practice.

Lifecycle Process

and class 2 meters the operator shall set up an audit trail. The audit trail files are
and key characteristies of the USM throughout its life cycle (see Figure 12).

to
0_

ich has been chosen so that the health of the USM and associated iiistrumentation that make up

em

mandatory step there is a simple check on the maximum deviations of those key parameters.

be
ical
the

key
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Factory Acceptance Test (FAT)

This is the first functional test of the meter in its entirety.
Live Diagnostics are captured and recorded for the first time and
include

Pulse Acceptance Rate Per Path & Average

{} Measured Speed of Sound Per Path & Average (MSOS)

Signal to Noise Ratios Per Path & Average (SNR)

Factory Automatic Gain Control Per Path (AGC)
Acceptance The meter 'fingerprint’ is captured

Test Acoustic signals are captured
Measured Speed Of Sound (MSOS) is compared to Theoretical Speed
{} Of Sound (TSOS) and used validate geometry and transducer time
delays.

Production

Step 1

Initial Flow Calibration
1 llib ib UIC lil S Uylldlllil. LEST OT UIC ITICTET ill iLb EllLil cly.
This is normally at a traceable calibration facility, and where
possible on a comparable process medium in terms of pressure,
Initial Flow temperature and gas composition to that it will encounter on site.
: . Live Diagnostics are captured and recorded and include all those
Calibration listed in Step 1, with additional of

Step 2

J\ /L Flow Velocity Ratios Per Path & Average (VoG)
Flow Profile Factor (PF)

Measured Speed of Sound (MSOS) is compared to Theoxetical
Speed of Sound (TSOS) Per Path & Average,

Site Installation & Site Acceptance Test
. The Meter is now installed in its intended position.

Site . Live Diagnostics are captured and(récorded and
Installation should include as a minimum

Pulse Acceptance Rath Per Path & Average Measured Speed of
Sound Per Path & Average (MSOS)
The meter 'fingerprint’

Signal to Noise Rations\Per Path & Average (SNR)
: Flow Velocity Rations per Path & Average (VoG)

Site Measured Speed of Soufid (MSOS) comparison Theoretical Speed
Acceptance of Soiad\(TSOS) Per Path & Average.

Test However, if,desired you may include all those listed in

Step 1 & 2 above

Any difference between Step 2 & Step 3 may be attributed to the
repeatability of the meter and the site installation effects. Refer to
the manufactures meter type approval if required.

Step 3

Operation
Following the SAT the meter has been installed its intended
position and put in to active service.
Live Diagnostics are captured and recorded on a routine basis and
should include as a minimum.

U" Signal to Noise Ratios per Path & Average (SNR)
. Flow Velocity Ratios Per Path & Average (VoG)
:)Jperatlon Measured Speed of Sound (MSOS) comparison Theoretical Speed
of Sound (TSOS) Per Path & Average.

The meter 'fingerprint’
However, if desired you may include all those listed in

Step 1 & 2 above

Step 4

Any difference between Step 3 & Step 4 may be attributed to
changes in the meter or changes in the process that are impacting
on the meter.

Service & Recalibration

Continuous or Periodic monitoring of the diagnostics may
Service /A~ indicate that service intervention is required. Manufactures
meter type approval will document what components may
be exchanged in the field along with any potential impact on

uncertainty. Alternatively, the operators maintenance
strategy may document agreed service periods and any

~. resulting component exchange may trigger the recalibration

Recalibration procedure.

Step 5

stipulate the periods between recalibration as part of the
operating licence or agreement. These could be time based,
volume based or following a failure in service.

: Regulatory bodies or contractual agreements may also

Figure 12 — Audit trail
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The audit trail reflects the total history of a meter. It starts at the manufacturing plant with the design
of the meter and goes all the way up to the diagnostic tests during operation. Also when applicable,
service reports and recalibration results have to be included.

In each of these phases specific tests are done and data is gathered which forms the basics of the audit
trail. That data is vital to judge the performance in situ and needs to be delivered to the customer
together with the ultrasonic flow meter.

8.3 Production and Factory Acceptance Test

During ma nFar‘hIrlng 2 mann{:ar‘hlrwnn handboolk is created r‘nnf:nnnnn the rarnnrar‘] prnﬂnr‘hnn nd

material cqrtificates for each 1nd1v1dual meter, including the pressure and other test certificates.

During prdduction a Factory Acceptance Test (FAT) is conducted, checking the behavior of the mgter
under confrolled zero flow conditions. In the FAT, typically the meter is filled and pressurized to a
pressure of approximately 1 MPa to 2 MPa with a gas of which the acoustic properties have to be kngwn
with an ungertainty in the speed of sound that is better than 0,05 %.

During thgq FAT the P & T are accurately measured and the Theoretical Speed of Sound (TSOS) is
determinegl and compared to the measured Speed of Sound (MSOS).

Based the TSOS the properties of the acoustic paths is determined and seto the correct value.

A relationghip between each of the acoustic paths is established aiid/the resulting meter fingerpjrint
which is uded for future reference and comparison is obtained.

Deliverablg¢s from manufacturing:

a) Manufpcturing handbook;

b) FAT pdrformance and diagnostic test results should be captured and as a minimum should inclyide;
— ZeJro flow path gas velocity measurement;
— MS$0S values per path and the MSQS ratios (fingerprint);
— Si

—

gnal acceptance rate shall be 100 %);

— Adoustic signal waveforms;

— S/N values;

— Gdin values;

— A ¢onfiguratigii report including software and firmware version;

— Rgcording of the actual temperature, pressure and gas composition.

Following th€ FAT the meter is sent to the calibration facility where it will undergo a flow calibratjion.
For details see 6.3.

8.4 Initial Flow Calibration

During calibration the meter is subjected to flow for the first time. Therefore, next to the calibration
result itself, it is vital to record of the flow dependent behavior of all the diagnostic parameters. These
records can later be used to validate the performance in the field. The non-flow dependent diagnostics
should be comparable to those obtained during the FAT. The piping configuration implemented at the
calibration may influence the diagnostics produced by the meter, therefore it is important to document
the conditions and record the layout according to 6.3.
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Deliverables at the calibration:

— Flow dependent diagnostic parameters to be captured at calibration shall include as a minimum:
— MSOS as a function of flow (check against the AGA-8 / GERG-2004);
— MSOS fingerprint;
— Flow dependent signal waveformes;

— Flow dependent S/N vales and ratios;

— Flow dependent AGC values;
— Standard deviation and velocity values per path and ratios.

From the above individual values, the Average, Minimum, Maximum and Standard Deviation values
can be determined.

— | The calibration report shall document the results of the calibration, together with a satement of
conditions under which the calibration took place as documented in 613.4.1.

8.5/ Site installation and site acceptance test

Onde the meter has been installed, connected up and pressutized, it is important to condugt an initial
funftional verification to ensure that no damage has occurred in transit or during installation. The
metler fingerprint should be captured and compared to that obtained at the FAT and also thecalibration
labgratory. The commissioning process shall also include a Site Acceptance Test (SAT) wherg¢ flow tests
acrgss the operational range are an inherent part.*Diagnostic log files should be captured s this will
becpme the ‘first gas’ fingerprint against which future comparison can be made.

— |SAT performance and diagnostic test restlts should be captured and as a minimum shalLinclude:

— A log-file of the diagnostic data-captured across the achievable flow range, inclu
values per path and the MS@S-ratios (fingerprint), S/N values and gain values;

ing MSOS

— Arecord of the individual acoustic signal waveforms;
— Comparison reportofthe actual meter parameters with those used during calibratipn;
— Arecord of thesindividual path gas velocities;

— An in-situ'SOS comparison to the average MSOS value using an internationally fecognized
algoritim;

— A check of the MSOS ratios of the various paths;

—ARecording of the actual temperature, pressure and gas composition.

8.6 Operation

Following completion of the commissioning process and subsequent acceptance of the meter, the
metering system is then put in to commercial operation. If the commissioning or SAT process did not
include a full functional flow test then it is important that an operational diagnostic log file is captured
as soon as possible after the system is put in to operation. Ideally the meter should be initially operated
across its full range so that the profile related diagnostics are captured correctly. If that is not possible
due to operational or seasonal constraints then it should be performed as soon as practically possible.
This will become the installed reference data against which future comparisons are made so it becomes
an essential part of the audit trail.
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During operation the operator shall periodically compare the actual data from the meter with that
collected during the previous steps to determine the following three vital points remain within

acceptable

limits:

— The accuracy of the timing.

— The stability of the flow profile.

— The quality of the acoustic signal detection.

In practice:

The c
The c

The ch

When the ieter is installed in a situation where no contamination occurs the user<an’then be assy

with a very
Data that s

MSOS

MSOS

Velocit

S/N ra

For each of
described |
and correc

8.7 Diag

8.7.1 MS

Comparing
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average M
line with e

The accurg
on the qug
measure th

i

ck on the timing accuracy in done by checking the MSOS and the MSOS ratios.
ck on the stability of the flow profile is done by checking the flow velocity ratiost

eck on the quality of the signal detection is done by checking the S/N ratios.

 high confidence level that the meter is operating within specification.

hall be periodically generated and reported:

fomparison of the measured MSOS versus the one calculated based on the AGA-8/GERG-2
Fatios (SOS fingerprint);

y ratios;

Fios.

these the maximum deviations need to be:given for a warning and an alarm level. These
pelow. In case of a warning, the meter mayrequire attention. In case of an alarm, interven
Live action may be required.

mostic warning and alarm lévels in operation

0S and MSOS ratios wanfiing & alarm levels

the MSOS from the UFM-with TSOS calculated using an internationally recognized algorit
timing of the ultrdsonic flow meter can be checked. Here there are two checks, one on

hch other andswhether stratification occurs.

cy with #hich the comparison of the average MSOS against the TSOS can be done depe
lity ofsthée calculation, and the quality, suitability and condition of the equipment use
le gasycomposition, pressure and temperature. The more representative the sample is to
mpposition, then the more accurate the TSOS will be.

red

04;

are
fion

hm,
the

OS and one on theyMSOS ratios. The latter is used to check if all the acoustic paths are still in

nds
1 to
the

bulk gas ca

For pressures above 12 MPa the GERG-2004 equation may provide lower calculated uncertainty for
the calculated TSOS, but in most practical applications where the operating pressure is below 12 MPa,
and within a temperature range of -8 to 62 °C, the AGA-8 will be a suitable internationally recognized
calculation.

The sensiti

vity for small deviations is much lower for the pressure than for the temperature, e.g.:

— Anuncertainty of 0,1 % in the pressure has corresponding uncertainty on the MSOS of 0,005 %;

— Anuncertainty of 0,1 % in the temperature has an 0,05% corresponding uncertainty in MSOS.
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Based on this, the warning and alarm limits for the MSOS comparison can be defined, allowing also a
small tolerance of 0,1 % for the uncertainty of the temperature measurement and also an additional
small uncertainty of 0,1 % in case air is used during the FAT.

For a meter operating below 12 MPa and within a temperature range of -8 to 62 °C:
— The MSOS to TSOS comparison is acceptable when the differences are <0,25 %;
— Warning level: when the differences are between 0,25 % and 0,35 %;

— Alarm level: when the differences are >0,35 %.

As the MSOS ratios are only affected by the turbulence level, the warning and alarm vallies can be
slightly reduced to:

— | The MSOS ratio comparison is acceptable when the differences are <0,2 %;
— |Warning level: when the differences are between 0,2 % and 0,3 %);
— |Alarm level: when the differences are >0,3 %.

The temperature sensors should be regularly calibrated so that the tight tolerances can be maintained.
Othlerwise, when the deviations of the temperature sensor can be larger than 0,3 °K a larger yncertainty
ban{d has to be applied.

8.712 Velocity ratios warning & alarm levels

Setting generic levels for velocity ratios is more diffigult as those are dependent on the acpustic path
posjtion. Meters with acoustic paths closer to the wall show a larger variation than meterq with their
paths positioned closer to the centerline of the pipe. Therefore these are values that shall bg submitted
by fhe manufacturer.

8.7]3 S/Nratios warning & alarm levels

Duifing the Site acceptance test (8.5) pvecords of the S/N values and Gain values are made. These values
serye as reference for the warning and alarm levels.

For|operating conditions whereby the pressure does not change more than approximately 15 %, for
the|difference between the‘actual S/N ratios and those recorded S/N during the SAT of the following
walnings and alarms can-be set:

— | The measurement is ok when the difference between the actual S/N ratios and the re¢orded S/N
during the SATvare <6 dB;

— |A warning is given when these are >6 dB and <9 dB;

— |And@larm is given when when these are 29 dB.

In casetheoperating pressure s tower tham tham theapproximatety 8596 of the pressure during the
SAT, the obove mentioned values are relaxed with the ratio of both pressures in dB. (20 log P/PSAT). So
for instance when the operating pressure is half of the pressure during the SAT, the values are relaxed
with an additional 6 dB, provided that the relaxed limit fulfills still the minimum requirement for S/N
set by the manufacturer.

8.8 Service and recalibration

8.8.1 General

The time between the initial calibration and subsequent recalibrations can vary as it can be dependent
on the legal rules, local legislation, contractual agreements, measurement circumstances and the

© IS0 2019 - All rights reserved 45


https://standardsiso.com/api/?name=fdd0083a926589cbc3d5840296335d38

ISO 17089-1:2019(E)

financial impact. For a single meter run the recalibration time varies between 1 and 8 year in most
countries.

The meter is normally in full working order when it is required to be taken out of service to be returned
for re-calibration. The flow diagram in Figure 13 outlines the recommended procedure for meters bing
returned for recalibration under different circumstances.

8.8.2 Service Related Diagnostics

During normal operation the USM may be subject to routine maintainance, preventative maintenance
or essentigli i i it i i i i ignal
waveform faptures are obtained both for reference and assistance in diagnosing any meter or ptogess
related isstpies. In addition, it is also recommended that the following is obtained (where possible) prior
to the USM[being taken out of service/operation:

— Complgte diagnostic log file capture prior to removal from service in preparation for reppir/
recalihration

— Complgte signal waveform capture prior to removal from service in preparation for reppir/
recaliljration

— Configuration file capture prior to removal from service in preparatien for repair/recalibration]

— Visual| inspection (Photographs) following removal from sefvice in preparation for reppir/
recaliljration

— Reportany contamination, degradation or material failure

Identificatjon of the above will determine the route that the USM should follow on the flow chaift in
Figure 13.
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Figure 13 — Recalibration process

8.9| Diagnostic parameters

8.9{1 ASpeed of sound

8.9.1.1 Measured speed of sound (MSOS)

Speed of sound (SOS) is one of the most important diagnostics associated with the USM. It is a physical
measurement of the speed at which the ultrasonic signal travels between the transducer pair. This is
defined as the measured speed of sound (MSOS).

The MSOS indicated by the USM is influenced by:
— the temperature;
— the gas composition;

— the pressure;
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— the geometry of the measurement section;
— the transit time measurement (by the meter);

— Stratification under low flow conditions (non homogeneous temperature distribution).

When the USM is equipped with three or more measurement paths, it is possible to use the individual
MSOS of each individual path to perform a relative SOS comparison. This comparison is used to establish

a ‘fingerprint’ of the USM.

The advantages are:

— Itisinglependent of the gas composition;
— the mdasurement can be performed under flowing conditions;
— the calculation comparison can be automatically performed as part of a diagnostic package.

NOTE t high velocities, acoustic path length may change due to curving of the acoustiq signal (mach eff
thereby incfeasing the uncertainty.

The fingerprint comparison may be displayed graphically as shown in Figure-14. This is the finger
from a fivg-path USM. The ordinate shows the SOS ratios measured duting static testing and
calibration|. The plots show the different ratios of the MSOS from the vdrious paths. The abscissa g
the numbefs of the paths from which MSOS is obtained, e.g. 5/1 means the result from path 5 divide
that of path 1.
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l by

| | | | | | | | |
015 5/1-\5/2 5/3 5/4 4/1 4/2 4/3 3/1 3/2 2/1 n i/",-
Key
n;/n; designation’ of paths
c(ny)/c(ny) POS«atio, in %
1 static test
2 flow calibration
c(ny) SOS on path n;
c(ny) SOS on path n;
n; one path,i=1..5 (i #))
n; another path,j=1..5(#1)

Figure 14 — Fingerprint: ratio pattern determined during static testing with nitrogen and

during the flow calibration at the calibration facility
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Figure 14 is just an example. Note that different graphs may be generated depending on the meter
configuration and number of acoustic paths. However, the same principle can be applied across all USM
types with three or more paths.

The relative SOS fingerprint should be unaffected by time, gas composition, temperature and pressure.
During operation, the deviation between paths should be within a band of 0,2 % above q;,,. Below g, at
very low flowrates and/or if thermal insulation is insufficient, temperature gradients in the flowing gas
may cause additional path SOS deviation.

A change in the shape of the fingerprint over time may indicate malfunction of a path of the USM with a
resulting potential for mis-measurement. Fingerprints from FAT, SAT, flow calibration, and field testing
may be compared in order to monitor changes in the behavior of the USM.

8.9]1.2 Theoretical speed of sound (TSOS)

In gddition to the MSOS, it is also possible to calculate the theoretical speed-6fysound (T[SOS) if the
gas|composition, temperature and pressure is known. This requires additional input from an online
gas|chromatograph (OGC), the process temperature and the process pressure transmitfers. Using
thege inputs and applying the equation of state, the GERG-2004 equation or the AGA-8 equation will
detérmine a value for the TSOS.

When the MSOS and TSOS are available it is then possible to make)a continuous comparisdn between
the [two. The MSOS to TSOS comparison is acceptable when the-differences are <0,25 %.

Diffierences between MSOS and TSOS may indicate:

— |asynchronous determination of MSOS and TSOS due to fluctuations in gas composition ahd analysis
time lag;

or 3 malfunction of:

— |gas composition measurement;
— |temperature measurement;

— |pressure measurement;

— |USM, including parameter/setting, path lengths, time delay and signal detection and [processing
depositions on the transducer(s) or meter body which change the path length;

— |the calculation method used and its operational dependant uncertainties.

Statistical technigues may be helpful for monitoring MSOS and TSOS over time.

8.9)2 Automatic gain control

Autpmatic gain control (AGC) is used to make the amplified receive signal amplitude|the same,
irrespective of operating conditions. The main purpose of AGC is to maintain sufficient| amplitude
and S/N ratio for accurate timing of the receive signal, but the actual value of the gain is also a useful
diagnostic, indicating the level of attenuation along the path. The gain depends on gas composition,
pressure, velocity, path length and degree of contamination. The amplification level should be compared
against the amplification limit. As the transducer’s ability to generate ultrasonic sound deteriorates, the
AGC level will increase. At this point the meter path will no longer provide a valid MSOS or an accurate
path velocity and the measurement and will go into fault.

8.9.3 Signal-to-noise ratio (S/N)

Signal-to-noise ratio (S/N) provides limited data in use due to varying factors which can influence it.
Generally however it can be used as an indication of the quality of the ultrasonic signals received. The
distribution of SNRs among the transducers might indicate the source of some metering problems as
they arise. For example, differences between the upstream and downstream S/N suggests the possible
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presence of an ultrasonic noise source, often a control valve or flow conditioner device with a large
pressure drop. The receiving transducers facing the noise source will have a lower S/N than those

facing away from it. The presence of a control valve or other source of ultrasonic noise can norm
be confirmed by examining the physical layout of the metering station. If all transducers show a
S/N, the problem might be due to electrical noise, contamination on the transducers, or excessive

ally
low
gas

velocity. If only some transducer pairs show noise, and it appears on both up- and downstream signals,

the transducers could be acoustically coupled to the meter body by liquid in the ports.

8.9.4 Acoustic signal acceptance

Signal acceptateeis—defined—as—the—stmplearithmetieratioofthe—signals—transmitted
accepted. Signal acceptance will generally decrease as the flow rate increases beyond the r

The indivi
dominated| by the upstream pipe configuration. At velocities higher than Q,, these relationships sh
not change significantly over time. Depending on the meter path configuration,a’/number of technig
are possible whereby the flow profile at the meter can be determined. Measutrements can include
shape and pymmetry of the flow profile, the degree of non-axial flow components such as “cross fl

snals

City,

it is
uld
ues
the
Obw”

and/or swirl, and a statistical estimation of the degree of turbulence-6f the flow. A change in the fllow

profile canfindicate a change in the fluid viscosity, and/or a changejin/the pipe wall roughness. Cr
checking with other diagnostics can enable the operator to determine the source of the change an
assess its dignificance. Where flow conditioning devices are installed, a change in the flow profile 1

indicate a lockage or fouling of the profiling device.

8.9.6 Standard deviation/turbulence

For a variety of occasions and especially when fouling is present, the increase in the standard devia
of the majpr diagnostic parameters such as the Speed of sound, the AGC, path velocities and p
acceptancd are good indicators to detect problems in an early stage. Table 6 shows an example of {
arelational diagram.

Table 6 3~ Relational diagnostic diagram

DSS-
1 to
may

fion
1lse
uch

. Per path
Re¢lational = -
dipgnostic Signal Automatic S/N MSOS Flow Standard
Acceptance | gain control velocity | Deviatipn

Transducer] failure x x — x x x
Detection groblems x x x x x x
Ultrasonic hoise x x x — — —
Process copditions pressure — x x — — —
Process contditions-temper — — — " — —
ature
Fouling x x x x X x
Changes in the flow profile — — — — x x
High velocity x x x — — x
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Operational practice

Temperature and pressure correction

The output of the USM shall be corrected for the effect of thermal expansion. Whether a correction for
pressure is necessary depends highly on the pressure difference and the meter body construction; the
manufacturer shall inform the operator about the effects.

As a result of the flow calibration, systematic errors are reduced by determining and then applying
the meter flow callbratlon factor resultlng in a FWME as close as p0551ble to zero and/or linearization

res

tem
Any

if n

tem

In 9

by

perature reference condltlons of the meter are those encountered durlng the dynamlc
subsequent change in temperature or pressure alters the physical dimensions of the

pt corrected for, introduces a systematic flow measurement error. In general, the pr
perature during calibration differ from those encountered under operating cenditions.

1.2, a simple approach is given to allow an initial estimate to be made‘of the flow er
emperature and pressure conditions that differ from the calibration"reference condit

essure and
falibration.
meter and,
pssure and

ror caused
ion. If this

errgr is significant relative to the uncertainty required for custody trdnsfer or allocation purposes, a

mol

an
bac

Thd

e detailed assessment of flow error has to be performed as described in 9.1.2.7. Annex

E provides

bxtensive and detailed explanation of the process which readers are advised to cong
kground to many of the statements made in 9.1.2

ult for the

calculation method and the correct configuration of‘the parameters shall be descr

manufacturer instructions, specifically with regards to the'calibration and afterwards whe

is tg

9.1

| ken into operation in a measuring station.

1 Correction for the temperature

ed in the
the meter

rthtforward
d the only

(15)

For|all meter types, the geometry-related temperature correction can be given as a straig
anallytical solution (see E.2). In consequenee, the correction has a very high precision an
uncertainties related to this correctionare the uncertainties related to the material constanits.
The flow correction factor due to a body temperature change, AT, is given by:

q 2

VL _(1+0aT)? =[1+3aAT+3(aAT) +(ocAT)3}

dv 0
whére

©IS

qy, 1 is thevalume flow rate under operating conditions;
qy o is the volume flow rate under the conditions at which the meter was calibrated; AT

in which

T, is the temperature under operating conditions,

T, is the temperature under the conditions at which the meter was calibrated.
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Other than in extreme situations, aAT is generally very small and Formula (15) can be simplified to:

W1l _1430AT (16)

wvo hr

Or alternatively, expressed as a flow error:

A
29v | _3eaT (17)
W Jor

Table 7 givps typical coefficients of thermal expansion for common body materials.

Table 7 — Common coefficients of thermal expansion in the 0 °C to 100 °C range

Material Thermal expansion coefficient
a K1l
Carbon ste¢l 12 x 10=6
Stainless stieel AISI 304 17 x40-6
Stainless sfeel AISI 316 16x 1076
High elasti¢-limit stainless steel AISI 420 10 x 1076

The thermfal expansion coefficients for a given material vary with temperature and the treatnfent
process of the steel. The values given in Table 5 and used in‘the example in Figure 8 are for illustr];live
purposes dnly. It is consequently recommended that, forsmore precise calculations, the coefficier]t of
thermal exjpansion data be obtained from the material‘'manufacturer.

A graphical presentation of Formula (19) is shownin Figure 15 for two materials from Table 8.
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Figure 15 — Temperature related.-flow error for two example material type;

5 figure can be used to quickly estimalte the percentage correction required for a given te
hge. The example point for a +23.2€ temperature change with an austenitic stainless
ws a +0,07 % correction (i.e. the meter would underestimate the flow by 0,07 % w
rection). If AT is negative, Agy/qy is negative (i.e. the meter will overestimate the flow).

2 Correction for the'pressure

2.1 General

geometry-related pressure correction is complex and depends on the design of the met
connections and the way the meter ends are supported in operation. Looking at the 1
ous meter'designs offered can be grouped into three broad categories:

welded-in cylindrical body designs;

mperature
steel body
yithout the

er body, its
harket, the

b)
c)

meter bodies consisting of a pipe with welded-on flanges;

non cylindrical meter body designs, for example those based on casting.

In9.1.2.2 to 9.1.2.4, a means of making an initial estimate of the flow error for any body type is provided.
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9.1.2.2 General simplified expression for any body type

As a first stage in estimating the pressure effects, a general basic expression can be derived assuming
the meter body consists simply of a cylindrical pipe. An estimate of the maximum expected flow error
due to a body pressure change, Ap, is (as described in E.5) given by:

A 2 2
v A sy (18)
qv b,p,max r R®—r E

where

R isthe outside radius;
r  istheinside radius;
is the Poisson ratio;
E  isthe Young modulus, in MPa;

Ap is the operational pressure minus calibration pressure, in MPa.

If the meter body is irregular or non-cylindrical (e.g. as might be the case for a cast body), then, for|the
purposes df this initial estimate, the outside radius value, R, should\be taken as the point where the yvall
is thinnest|since this gives the largest estimate of flow error.

Formula (40) can be presented in graphical form as showitjn Figure 16 for a range of values of §/1} i.e.
the ratio of wall thickness to internal radius.

Aqy/qy

0,24
0,22
0,2

0,18
0,16
0,14
0,12
0,1

0,08
0,06
0,04
0,02

Ap

Key

S/r

0,050 Ap pressure difference, in MPa
0,100 Aqy/qy flow measurement error, in %
0,150 r inside pipe radius

0,200 1) pipe wall thickness

0,250

0,300

N U1 AW N

Figure 16 — Maximum expected pressure related flow error for different §/r ratios
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Figure 16 provides a rapid means of estimating the maximum expected flow error due to body pressure
changes. The figure is plotted for a body material with a Young modulus of 2 x 10-11 Pa and a Poisson
ratio of 0,3. The example of Ap = 6,3 MPa shows the maximum expected pressure-induced error to be
0,06 % for a 6/r = 0,25. If Ap is negative, Aq,/qy is negative (i.e. the meter will overestimate the flow).

Since Formula (16) and Figure 16 provide a maximum expected error, the reader can, if desired, go
straight to 9.1.2.6 (taking K; = K, = 1) to assess the significance of the error without the need of the

refinement in the initial estimate provided in 9.1.2.3 and 9.1.2.4 since these result in a lower value for
flow error.

the

9.1

Flapged ends or irregular shape to the body stiffen the body compared to the simple [cylindrical
pipé approach used in 9.1.2.1 consequently, the body expansion and resulting flow.'error is less than
that given by Formula (19) and Figure 16. To compensate for this local stiffening effect, ajbody style
corfection factor, K, is used to give a revised estimate of the flow error:
A A
( QV] :Ks[ CIVJ (19)
qv b,p,revl qv b,p,max
K i$ always less than or equal to 1; the value of K, to be used for a given body type is as follows:
a) |for a welded-in body with no flanges within 2R, where Ris.the outside pipe radius, of thg ultrasonic
transducer locations, K = 1, i.e. the meter body behaves as a simple pipe;
b) [for a flanged meter body (e.g. consisting of two flanges welded to a pipe) or welded-in design where
neighbouring flanges are within ZR of the transducer positions, the value of K, has to b calculated
as described in E.2.3;
c) |[forirregularly shaped meter bodies, for example cast bodies, K_ is obtained as follows Hased on an
average flow error:
1) Formula (20) or Figure 17, are.used to obtain a second flow error, y, but this time based on the
thickest wall section,
2) K,is then calculated as;K, = 0,5 x (1 + y/x) where x is the initial estimate based on the thinnest
wall section.
9.112.4 Refinement'in initial estimate for effects of end loading and end support or cdnstraint
Formula (16) and\Bigure 17 are based on the worst-case conditions for radial body expansion (no
end| loads and free ends). The effect of the best-case conditions (pressure end loads and frge ends) for
mirlimal radial'body expansion can be taken into account by introducing an end correctiop factor, Ky
(seq¢ AnneXE), given in Figure 17 for a Poisson ratio of 0,3.
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Ky
09 -
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0,88 |-
0,87 |-
0,86 |-
0,85 FF
0,84 | | | | |
0 0,05 0,1 0,15 0,2 0,25 03 6/r
Key
K; end corfrection factor
r  inside pipe radius
6  pipe wdll thickness
K =-0,122|9(8/r)% + 0,191 3(6/r) + 0,850 1
Figure 17 — End loading and support correction factor, K
The end cofrection factor is derived simply from the ratio of Forimulas (E.12) and (E.14). In the example
in Figure 1J, K = 0,89 for 6/r = 0,25. Note that the smallest.yalue K can have is 0,85.
The flow error Aqy/qy, then becomes:
A A
{ﬂ =KpK, (ﬂ} 20)
qv b,p av b,p,max
NOTE Formula (22) gives an estimate of ‘the expected minimum flow error. It can therefore be used in

combinatiofp with the maximum flow errok\(i.e. with K; = K, = 1) to provide an initial estimate of the range or

tolerance injexpected flow error.

9.1.2.5 Hffects of transducer. ports

The combiped impact of theé’transducer and the transducer port are normally an order of magnitjude

smaller th3
in E.2.5, a
equations,

9.1.2.6 1

in the effect.onthe meter body and can be neglected for most cases. However, for refere
simple calculation method is provided that includes an estimate of port effects. In t}
the transducer material coefficients have to be known (obtainable from the manufacturg

otal'metering error

nce,
ese

r).

The initial

estimate of the combined flow error, (Aqy/qy), ese

difference is given by:

Aqy
qy

|

L1

Aqy
qy

qy

A
b,

qy

]b,p,max

If the flow error is deemed not significant, then it can be dismissed.

56

due to a temperature and a pressure

(21)
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If, however, the flow error is deemed significant and hence requires correction, the detailed calculation
described in 9.1.2.6 needs to be performed to obtain a more precise flow correction factor.

NOTE If calculations in 9.1.2.3 and 9.1.2.4 were omitted in the estimate for pressure effect, a repeat estimate
can be performed using those sections to provide a lowered estimate before reassessing the need for the more
detailed calculation.

9.1.2.7 Detailed calculation procedure

Annex E describes the detailed calculation and includes the pressure and temperature effects on the
transducer ports as well as on the meter body, effects of body style, and end loading.

Theratio between gy, ( at a reference calibration condition and g, at different conditionslean/be written
(se¢ E.1) as a flow correction factor, g1 /qy, given by:

2 2
Wi _[dn][l](* (22)
avo \do ) (lo ) ( x1

Thd detailed calculation contains estimates of extremes and allows the flow error to be de¢scribed in
either of the following equivalent forms:

%—sz,xxxxix,xxxx (23)
Ay 0

A

ﬂz(x,xxix,xx)% (24)
4y

Stating the final flow correction factor, gy, /qy, & four decimal places and the flow error, Agy/q,, to two
decjmal places is representative of the general level of accuracy of the calculation method. pince there
is always some uncertainty as to the actualend-loading conditions on the meter, the flow estimates are
never more precise than the tolerance magnitudes given in Formulae (23) and (24).

For|meter bodies that are generally'eylindrical in shape and either welded in or have attached flanges,
Annex E provides a simple procedure based on direct calculation from the physical charadteristics of
the[meter. Annex E provides a worked example of such a direct calculation.

Where the meter body isSuch that the body shape is not a simple cylinder, flanges take up a|significant
proportion of the totalbody length or ports are not simple tubes, a finite element (FE) modgl provides
a mpre accurate estimate of the body and port dimensions, and consequent flow error obthined from
Formula (18) than\that given by the direct calculations of E.2.2 to E.2.5. E.3 provides guiddnce on the
use|of FE modeling to predict the temperature and pressure expansion effects.

Regardless;-of the complexity of the meter, an FE model of the body and ports can be|used. It is
recpmmended that Formulas (E.12) to (E.15), including any body style correction effects (EJ2.3) where
relgvant, can be used as a means of checking the predicted dimensions from the FE modelfto provide
added confidence in the FE model. Formula (18] is still used to predict the flow error along each path
based on the changes in physical dimensions between conditions.
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A.1 Gen,

Annex A
(informative)

Registration of error bands

ral

The magn
retrospect
mismeasui
is presente
error band

The registi
A(reg

where

u(USM
u(TF)

Included W

The facility

tude of the shift between flow recalibration results may be of specific interest ‘where
ve reconciliation or calibration repeatability tolerances are required. A method for,deriying
ements based on sequential flow recalibration results employing registration error lifits
d in this annex, together with a guide to the determination of a representative registration
or “trigger point”.

ation error band or trigger point, A(reg), should be derived from:

:[u(USM)2+u(TF)2T/2 1))

) isthe USM primary component of uncertainty (USM factor);

is the test facility primary component of uneertainty (test facility factor).

ithin u(USM) shall be those sub-components of uncertainty as detailed in 4.4.

r used to perform the recalibration shall provide u(TF), which varies from centre to centfe.
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Annex B
(informative)

Derivation and correction of USM errors

—Methodsfor correcting flow-measurementerrorofa USM

total flow measurement error of a USM consists of two components: random egrror a
ematic error). The random error can be caused by various influences, generally'not de
 other, on operation of a meter. It usually follows a certain statistical distribution (a
fessed in terms of measurement uncertainty). The magnitude of the ramdom error (
Feduced by acquiring multiple measurement samples and applying accepted statistic
ciples to the data. The bias usually causes repeated USM measurenient readings to |

hd bias (or
bendent on
hd is often
an usually
al analysis
be in error
b1, at least,

minimize the systematic measurement error of the meter with respéct to the reference yised. For a

detjiled description of uncertainties and errors in flow metering, see ISO 5168.

Dug to machining tolerances, variations in component mantufacturing processes, variations in the

mefler assembly process and other factors, each USM has®its"own unique operating char
Thys, to absolutely minimize flow measurement error, a particular USM can be flow calibra
calipration data used to correct or compensate for the measurement error of the meter. Mot

err
nee

The

r correction technique is available to the manufacturer depending on the meter applicat
ds of the operator.

following is a description of an error corkection technique that utilizes a single meter

Acteristics.
ed and the
e than one
on and the

correction

factor: the flow-weighted mean error (FWME) factor. If the flow measurement output gf a USM is

ver

min
If the flow measurement output of a-USM is non-linear over the operational range of the
histicated error correction ‘techniques can be applied. For instance, a higher-ordef

sop

algg

out

Bef
cali
det

B.2

B.2

V linear over the operational flow rafige of the meter, the FWME correction method is
imizing the bias of the meter. Qther single meter-factor correction techniques are al

rithm, such as a second-grder or third-order polynomial equation, can be used to chara
put of the meter, based nythe available test data.

bre calculating thé-FWME, it may be appropriate to determine the zero error fron
bration results @nd to apply this so that the deviation curve becomes as flat as pos
ermining and-applying the zero error, the FWME can be determined as detailed in B.2.

Caleulation of flow-weighted mean error (FWME)

.1 General

;!

pffective at
available.
eter, more
curve fit
cterize the

h the flow
bible. After

The FWME, E(qv ), is calculated as follows:

©IS

2[(qV,i /qV,max,Op )Ei:|
Z(QV /QV,maX,op)

qy
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where
Qv i is the tested flow rate;
qy, max, op is the maximum rated operational capacity of the meter;
E; is the error, as a percentage, indicated at the tested flow rate, qy i

_ QV, jranges: qV, min Y QV, iU qV, max, op when qV, max, cal W QV, max, op’,

- qV, jranges: qV, min Y ql/] iU qV, max, cal when qV, max, cal < qV, max, op*
B.2.2 Example of a flow-weighted mean error calculation

The calculgtion of the FWME from actual flow test data is an internationally agreed calibration method,
when only fa single correction factor can be applied to the output of the meter. Application of this fagtor
to the outgut of a USM is analogous to the use of an index gear ratio in a turbine or rotary flowmgter.
As noted ih B.1, use of the FWME factor is only one of several alternative jmethods of adjusting|the
calibration| of a USM to minimize the flow measurement uncertainty of the meter.

The follow|ng example demonstrates how to calculate the FWME.

A 200 mm fHiameter USM has been flow calibrated (see data set in Table B.1) under operating conditions
similar to those that the meter would experience during field service. An adjustment factor (a fflow
measurement error correction factor) is determined and then applied to the test results such that{the
resulting FWME is equal to zero.

Table B.1 — Flow calibration data table for 200 mm diameter USM

. Actualtest rate Actual rate USM
Standard Nominal
from reference meter from test meter error
test rate test rate o
CIV, ref qV,i %o
qy, mih 950 930 938,862 9 +0,953 0
0,10 gy |hax 1900 1950 1957,3320 +0,374 0
0,25 Ay, nax 4750 4780 4764,799 6 -0,318 0
0,40 Ay Inax 7 600 7 650 7 625,902 5 -0,313 0
0,70 qy |1ax 13300 13 250 13 200,710 0 -0,3720
4y mak 19000 18 950 18 880,643 0 -0,3664 0
The FWMH for,the'data set presented in Table B.1 is calculated as follows:
s=[/ \ a
— Ll_\qV,i /9y max )biJ
E(qy)= (B.1)
Z(qV /qV,max)
where

qv,i/v, max i@ weighting factor, f;;

E.

f is the indicated flow rate error, expressed as a percentage, at the tested flow rate, gy, ;.

Applying Formula (B.1) to the test data in Table B.1 (g, ,,,x = 19 000) produces the results shown in
Table B.2.
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Table B.2 — Flow-weighted mean error calculation summary for 200 mm diameter USM

Indicated flow rate Weighting factor Indicated flow rate error Weighted flow rate error
q; 1= 9y, /%y, max E; fiE;
938,862 9 0,049 414 09530 0,047 091
1957,3320 0,103 017 0,376 0 0,038 735
4764,799 6 0,250 779 -0,3180 -0,079 748
7 625902 5 0,401 363 -0,3150 -0,126 429
13200,710 0 0,694 774 -0,3720 -0,258 456
18 880,643 0 0,993 718 -0,366 0 -0,3637(1
Y £, =2,493066 Y £ By 0,742508
As 3 result:
— > fiE;
2 fi
=-0,742 508/2,493 066
=-0,297 829 28
Thesingle adjustment factor, F, to be applied to the outputofa USM can be calculated from Forjmula (B.2):
100
= (B.2)
100+E(qy)
Givén a FWME equal to -0,297 829 28, the'resulting adjustment factor, F, is calculated as 1[002 987. If
thid adjustment factor of 1,002 987 is.applied as a multiplier to the output of the USM, the| calculated
FWME then equals zero. This is shown in Table B.3, where each E; has been adjusted fo obtain a
calipration factor-adjusted value, E,-' p using Formula (B.3):
E; . =(E; +100)F -100 (B.3)
[Fable B.3 — FWME-corrected flow calibration data summary for a 200 mm diameter USM
Indicatedflow rate | Calibration factor-adjusted | Weighted calibration factor-adjusted
error flow rate error flow rate error
Ei Ei, cf fl Ei, cf
09530 1,254 566 0,061 993
-0,3180 -0,020 23 -0,005 074
-0,3150 -0,017 22 -0,006912
-0,3720 -0,074 39 -0,051 686
-0,366 0 -0,068 37 -0,067 945
N fi E; i =0,0000
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As aresult:

- 0,000 0
E = - -
(av) 2,493 066

)

In Figure B.1, the FWME-corrected flow calibration data have been added to the test data presente

din

Table B.1. The triangular data points represent the error of the meter after a FWME adjustment factor

of 1,002 987 has been applied to the original flow calibration data.
E;

2

1,5 3

NEv ,
05 LN

O 2
0 Q._ — —_—
-0,5 T
' 1
-1 J
-1,5
2 | | | | | | | | |
10 20 30 40 50 60 70 8090 100 9v/qymax
E;
Key
qv/qymax  Jatio of volume flow rate to maximum volume floWrate, in %
E; LITOr
1 incorrected data
2 FWME corrected data
3 Maximum error limit

Figurje B.1 — Uncorrected and FWME-corrected flow calibration data plot for 200 mm
diameter USM

This figurg shows that,for’ gas flow rates above about 25 % of the capacity of the meter,
measurement error has/béen virtually eliminated by applying a single FWME correction factor to
entire set ¢f flow test\data. However, for flow rates below about 25 % of the capacity of the meter,
FWME corfection does not completely eliminate the measurement error because the USM has a 1
linear charfacteristic over this portion of its operating range. Therefore, the user needs to either ac

the
the
the
on-
fept
ore

the higher|measurement error on the low end of the operational range of the meter, or apply a n
sophisticated ection-seheme-to-reduce-or-eliminate-the-me SHreRE€ at-thetow—end—-o
range of the meter.
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Annex C
(informative)

Valve characterization and noise in a metering and regulating

station

Introduction

vided as guidance.

csure-regulating valves produce noise within the audible and also in/the ultrasonic
re (pressure-regulating valve) is installed in the vicinity of a USM, the)acoustic noise lev

spectral distribution of the noise are valve and trim dependent:The emission of acousti
cific frequency is characterized by a valve-weighting factorf4V,. Next to the characterizg

silencers (if applicable). Also, the method for the determination of the valve-weighting fact

rder to be sure that the meter performs well within the operating envelope, it is advised
valve manufacturer as well as the manufacturer6fthe USM in the early planning stage of
regulating (M&R) station.

Calculation method

1 General

rder to be able to make an‘assessment of the functionality of a USM in a given appli
pwing items have to be investigated:

the generation of the noise by the control valve within the M&R station as a function of t}
drop across the valve dP and normalised flowrate through valve q,;

the attenuation/of noise while propagating from the valve to the USM (attenuation facto

P

the signakstrength, P, of the USM;

the dutcome of this is the S/N ratio at the USM — together with the minimum require
(error critical) of a meter, a prediction of the performance of the meter can be made.

rder to estimate in advance if a USM performs satisfactorily in a given application; the following is

range. The
h a control
bls emitted

interfere with the acoustic signal and loss of flow measuremght-is imminent. The enjission and

C noise at a
tion of the

re, a model is defined that comprises the USM as well as the piping installation, such as elbows, tees,

or is given.

to contact
a metering

cation, the

€ pressure

‘I Nd)'

1 S/N ratio
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C.2.2 Generation of noise by the control valve

The emitted acoustic pressure, p,, in Pascals [Pa], of a valve is proportional to the pressure drop, Ap, in
pascals,p across the valve and the square root of the normalised flow rate, g, in normal cubic meters
per hour [Nm3/h], i.e.

pn ~ApNJa, (€1

In addition to this, a valve-weighting factor, N, is defined which is a function of the acoustic pressure
and the value of Ap\/q,,:

p, =N} -Apyq, (F.2)
This valvefweighting factor describes how noisy a valve is at a certain frequency and in a cerfain
direction (pip or downstream). The higher the N, value, the noisier the valve.

Remark: The metric unit of the valve-weighting factor N, is: [m~1.5]0,>
Analysing the frequency spectrum of the noise generated by valves, it can beCanicluded that most valves
have a brogd bandwidth with a maximum somewhere between 30 kHz and{90 kHz (see Figure C.1).
L,dB
1000
I\
/
/ A=
/
a
100 o S
7 \
/ \
\
/I N\
10
1 10 100 1000 f
Key
f Frequehcyyin kHz

L, noise amplitude

Figure C.1 — A typical spectrum of the acoustic noise generated by a valve

C.2.3 Practical determination of the valve weighting factor N,

To determine the valve-weighting factor in a practical way, N,, of a valve and trim combination for each
operational condition, the pressure drop, the flow rate, and the acoustic pressure need to be measured.
Figure C.2 depicts an installation for determination of the valve-weighting factor.
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P1 M1 M2 P2

2 5d Gy, > 5d
Key)
1 oscilloscope
2 data storage for binary data capture
M1,[M2 microphones
P1,P2  pressure gauges
d pipe inside diameter
Qyn flow rate

Figure C:2 — Installation set-up

Notg that:

— |distance between microphone and regulating valve may be 5D or longer;
— |there are no obstructions-in the pipeline between the microphone and the regulating valve;
— |there are no U-bends,T-bends, etc. between the microphone and the regulating valve;
— |installation ofmicrophone is flush with the inner wall of the pipeline;

— |before statting a test, the background noise shall be measured — during this measurement, Ap shall
be 0 Paythe gas flow 0 m3/h, and the pipeline pressurized at line pressure;

— | Thé noise is calculated over a one third octave (tertz) bandwidth;

— EaCHTOISEMEaSUTenmentataspeciticoperational cCondtionmay ConsiStof tTee to fIVEmMeasurements;
— measurements may be done under stable process conditions;
— atthe end of the test, the background noise levels may be measured again;

— in most cases the N, value is different for the upstream or downstream side.

C.2.4 Theoretical determination of the valve weighting factor N,

If practical determination of the valve weighting factor is not done, the next best guess would be using
IEC 60534-8-3. This standard describes a control valve aerodynamics noise prediction method. It
is used to calculate the audible noise produced by a control valve, outside of a pipe at 1 m distance
from the pipe. To do so, the noise spectrum inside the pipe is also calculated. The model however only
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calculates the spectrum up to 20 kHz (audible range). By extrapolation into the ultrasonic noise region
the IEC 60534-8-3 can also be used for ultrasonic noise. For a certain combination of flow rate (q,) and
pressure drop (AP) the spectrum of the emitted noise of a control valve is defined by:

— L,; = Overall internal sound-pressure level at pipe wall
— f, = Generated peak frequency

The spectrum is calculated by:

[ sl gp ]
L (f =L ,—-8-10-logq| 1+ A 14| — (E.3)
p1 p1 pr 2f
Y Y
150
1 600 5
140 500
130 400
300
120
200
100 | | | | | | 0 | | |
1 0 100 1000 100 000 X &\ 10 100 1000 100 000 X
10 000 1 000 000 10 000 1 000 00(
Key
X  frequercy, in Hz
Y acoustif level
1 L0
2 Pi(f)
Figure C.3 — Typical peak frequency plots, acoustic level as function of frequency
For each cdmbination of AP)and g, the noise level can be calculated for a specific frequency and by uging
Formula ({.3) the valve'Weighting factor N, can be calculated.
The preferfed method of course is measuring the N; using the IEC 60534-8-3 should be regarded ps a
back-up m¢thod:
C.2.5 Propagationofnoise fromrthevalvetothe YSMusingattenuationfactor; Nd

The USM operates in the high-frequency range where, unfortunately, the noise propagates easily. To
reduce the intensity of these high ultrasonic noise frequencies, it is necessary to obstruct the acoustic
noise (eliminating the line of sight) or to let the acoustic noise interact with the pipe wall, thereby
attenuating the acoustic energy. Therefore, piping elements like elbows and tees or special developed
silencers can be used to attenuate the ultrasonic noise.

The reduction of the ultrasonic noise, propagating from the valve to the USM, is presented as the
attenuation factor, Ny.

All piping elements present in an installation attenuate acoustic noise, an attenuation which is frequency
dependent.
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Based on linear systems theory, piping elements can be represented by a number indicating the
attenuation of ultrasonic sound in the relevant frequency band.

As an example, Table C.1 shows the attenuation of different piping elements at 200 kHz.

Table C.1 — Attenuation of piping elements at 200 kHz

L. Factor Attenuation
Piping element N, B
Bend 90° 0,56
Bend 45° 0,79
Tee 0,32 10
Two bends out of plane 0,20 14
100 m pipeline 0,56 5
NOTE Values differ for other frequencies.

Whereas bends and tees show significant attenuation of ultrasonic neise, straight pipe has little to
almlost no effect. If the noise level exceeds acceptable limits, additionat’bends or tees can be Jnstalled to
act ps silencer or silencers specifically designed for this purpose. Such a silencer has to be ¢ngineered
for a specific kind of application (e.g. dependent of frequency).

C.2}6 Signal strength of the USM, P

For|the signal strength of a USM, the following rules apply:

— | Ps « p: the higher the pressure at the USM, the stronger the signal;
— | Ps < 1/Ip: the longer the path length, the wéaker the signal;

— |Ps x \/t: the longer the integration time or number of samples, the stronger the signgl (or more
accurately averaging data improves'$7/N ratio by vn).

So:

pt

P, ~ (C.4)

Iy
The above used parameters are all manufacturer independent. To truly determine the signpl strength
of an USM, manufacturer specific parameters like e.g. transducer efficiency, excitation volfage should

be ysed as well. &’specific manufacturer parameter «,,-can be defined which incorporates al} additional
manufacturerspecific parameters and which transfers Formula (C.4) into:

pVt

POy (C.5)

Remark: The metric unit of @, cis meter [m]

C.2.7 Signal-to-noise ratio at the USM

The combination of the attenuation factor, N4, with the amount of noise produced by the control valve
[Formula (C.2)] results in the levels of acoustic noise pressure at the USM:

Pn,usm =NqNyAP/q, (C.6)
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Combining this with Formula (C.4), describing the signal strength, Formula (C.5) results in Formula (C.7),

which describes the SNR, P./p,, USM:

SNR = =
P, usm IdeNVAP qn

(C.7)

Having established the SNR at the USM, the last remaining item to be determined is the required
minimum SNR at which the meter still operates. This SNR is manufacturer specific:

SNR>}¥NR,r = the USM functions (€.8)
SNR > §NR,,- = the USM fails €.9)
Calculati le 1: metri
Frequency Noise level \‘
[Hz] [Pa] dB

2000 100 40

2520 200 46

3175 300 50

4000 250 48

5040 380 52

6 350 380 52

8000 500 54

10 079 880 59

12 699 880 59

16 000 1100 61

20159 1700 65

25398 2000 66

32000 2100 66

40 317 2300 67

50797 3000 70

64 000 3800 72

80 635 2800 69

101 594 1600 64

128 000 1500 64

161 270 1000 60

203 187 680 57

256 000 400 52

322 540 230 47

406 375 170 45
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AP=2,5MPa

P=p,0 MPa
q=R0000 m3/h
[ =10,5m

t=1
Opgrating frequency of the transducer is 200 kHz,
Noipe levels measured at 200 kHz is approx. 680 Pa, So:
P,=680Pa

Instead of calculating noise levels linearly the noise levels can also be calculated logarithmically in
thig case

P, 4 =57 dB (=20 - 1%log(680) )
Thg normalised flowrate (g,,) can be simply be-estimated using pressure (P) times line flow rjate (g). For
caldulating the normalised flow officially«<also the effect of temperature (T) and compressibility (Z)

neefds to be taken account for. However the uncertainty of this model (in the range of a factoy 2) is much
larger than the correction by temperature and compressibility. So the simplified formyila for the

normalised flow rate, q q,, = % q can be used with in this case P, = 0,1 MPa.
0
q,=1,200,000 Nm3/h

The valve weighting faeter can be calculated according to:

Pn
AP, |Gy

AP =25bar =2,500,000 Pa

N. =

\'%

) 680
2,500,0004/1,200,000

AL

—2c.10~7 1-1505
N 251

If between the pressure control valve and the UFM 2 bends in plane are present then according table
they will create an attenuation of:

Ny=2x5dB=10dB (factor 3,2)
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The acoustic noise at the UFM would then be:

P,

n

or

P

usM,dB =Py qs —N¢g =57 dB-10dB=47dB

P,
n, USM = %d :6803,2:2151)‘?1

To determi|ne the signal strength of the UFM the manufacturer specific parameter a,,is required:

A= 24,2104 m
p=60[ar=6,000,000 Pa

=2,2-10

)

©n

(o9

o5}
1

The signal [to noise ratio is:

P
SNR = s :2640

s =12,3
1 n, USM 215

_4 6,000,000~/1

20-1%10g(2640)=68 dB

Itis assumfed that the UFM the SNR, = 20 dB (factor 10) this means there is no additional attenuation

required.
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Freﬁ}llztincy [psi] s
2000 0,015 -37
2520 0,029 -31
3175 0,044 =27
4000 0,036 =29
5040 0,055 -25
6350 0,055 -25
8000 0,073 =23
10079 0,128 -18
12 699 0,128 -18
16 000 0,160 -16
20 159 0,247 -12
25398 0,290 =11
32000 0,305 -10
40 317 0,334 -10
50797 0,435 -7
64 000 0,551 -5
80 635 0,406 -8
101 594 0,232 -13
128 000 0,218 -13
161 270 0,145 -17
203 18% 0,099 -20
256 000 0,058 -25
322 540 0,033 -30
406 375 0,025 -32
To perform the same caleulation with imperial units all parameters should be transferred.
1 bqr = 14,50 psi
1 m|= 3,28 ft
1h[ 0,0417 day as a result 1 m3/h = 8,47-10-* mmcfd
1 m|=39,37 inch

The a,,rand N, also needed to be transferred.
App=2,21074 m so Q= 8.7-1073 inch

N, =2,510"7m1305  so N, = 8.5-10-6 mmscf-1.50.5
The used values are:

— AP =363 psi (25 bar)

— P =870 psi (60 bar)

— q=16,9 mmcfd (20,000 m3/h)
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1,=19,7” (0,5 m)
— t=1

— f=200KkHzso P, = 0,099 psi (20 dB)

qn = %0 q =1 016 mmscfd (P, = 14,5 psi)

Pn
N, =
AP~fr
N, =8)5-10"® mmscf%d%

N4 =10 dB (factor 3,2)

Po, usm =P%d =0.099 =0,031 psi or P, ysw, qp =—20 dB-10 dB=—30-dB

pt

P =a e -I—=0,383 psi or P; 45 =—8dB
p

,383
,031

SNR = =12,3 or SNRyz =—8 dB—-30 dB=22 dB

SNR,+F 20 dB (factor 10) so no additional attenuationrequired.

C.3 MA&R station design

From C.2.2to C.2.5, it is clear that the successfirl operation of an M&R station comprising a USM system
is dependept on:

— the nojse characteristics of the seurce of the noise, the valve, with the responsibility of the valve
manufpcturer to present the valye factors, N, for both the upstream and downstream side;

— therequired process operating envelope defined by ,as selected and determined by the ufser;

P
AP Ja,

— the pipge configuration, which may be modified to include silencers in the design;

— the level of neise immunity of the USM for which the manufacturer has to present the valug of
0S/N, min«

T 'dn Al oo o] colaei e tbh o dociiac o dia ba S dd - ccn din tlbha aowly dacign croon ofF o0 N &R
O provl CaIlTr Ul.l\-llllul JU]MLAU“, CITCOU TOoOULO TIULU LU UL dUuurcTtooTvuUu III vaiv vdr l-y u\zﬂlsll JLus\, Ul A1

station. In contrast to the design of a turbine meter station, where the meter is normally positioned
after the regulating valve, for a USM station, the meter may be placed before the regulating valve and
heat exchanger (see Figure C.4). The obvious advantages of this set-up are:

— the USM is placed in the high-pressure area that improves the ultrasonic signal strength;

— the heat exchanger is placed between the noise-generating valve, acting as a silencer (in many cases
a heat exchanger attenuates more than 20 dB).

In most cases, the N, value is 3 dB to 6 dB lower for the upstream side than for the downstream side (to
be confirmed by the valve manufacturer).
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Key
1 |heat exchanger
2 |control valve
3 |USM
4 |[filter
5 |thermowell
‘ on optigea for leason
igure C.4 — M&R station opt@n ed for ultrasonic measurement
¥
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O
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Annex D
(informative)

The calibration time of ultrasonic flow meters

the calibration stations, ultrasonic flow meters are compared with turbine meters

bns the utmost care has to be taken to ensure a correct calibration. Hence stable presg
rature conditions during the calibration period are required and pulsationsehall be avoi
nts for those are presented in 6.3.

.2 of the first version the minimum calibration time is defined as: “the duration of
ent shall be at least 300 s or 400 x r/v, where r is the inside pipe radjts of the meter and
e flow velocity, whichever is larger.

ound of his requirement is explained in this paper and expanded for the new OIML clasg
lass 1 requirements and an enhanced criterion is proposed:

jparing turbine meters and ultrasonic meters

bter have been in the calibration labs for years and were there long before the ultras
technology appeared. Being a conservativé market, turbine meters are still domina
kion labs but that situation is now slightly changing. In the new and the most advanced
'h meter technologies are used, makingthe best of each technology.

main reasons that turbine meters‘are still used as reference meters is that those me
ely insensitive to the turbulent fluctuations in the flow. In turbine meters the turbu
s are averaged over the length of the turbine wheel and the vortices themselves are redu
bleration in the internals‘of the turbine meter. As a result, turbine meters have a redy
and are not capable of measuring rapid flow fluctuations. Also turbine meters are not

that reason during.calibration pulsations in the flow may not occur).

meters in contrdst to that have a much greater bandwidth and are able to detect much hig
5. As a result ultrasonic meters will measure the actual fluctuations in the flow and
deal with.the accurate measurement of fluctuating flows.

a‘calibration the outcome of both meters are compared, it shall be ensured that both

w
as the prime standard. As turbine meters behave differently on turbulencé |and A;

ich
ow
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bnic
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not impact the quality of the calibration. Dependent on the OIML classification of the meter run, the
final additional uncertainty due to the turbulent fluctuations may therefore not be larger than 1/3 of
the respected uncertainty band of their category.

D.3 The

minimum calibration time

In a calibration lab, the operator has to ensure that the flow and turbulence conditions are identical
to those as encountered in an infinitely long and straight pipe. From the meter it is assumed that the

measurem

74

ent sampling rate is high enough that it can be regarded as a continuous measurement.
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In a long straight pipe the fluctuations in the flow are due to the natural occurring turbulence which
are generated by the friction at the pipe wall. There at the pipe wall, the shear stress creates a gradient
in the flow velocity profile which is the main cause for the generation of turbulence.

The turbulence intensity is a function of both the gradient in the flow velocity profile and the distance
to the pipe wall (the free space in which the vortex can be generated). For pipes with a standard wall
roughness, this leads to the situation where:

— the dominant vortices have a characteristic size of approximately 0,2 D - 0,3 D. for pipe flows with
Re>8000

— [the turbulent intensity level 1s approximately 4 % close to the pipe wall and approximately 3 % in
the middle of the pipe; 3,5 % as an average. (see also: Hinze “Turbulence”[84])

Thip is shown in the next figure, taken from ch. 7.13[84],

Y
0,05 -
0,04 -
1
0,03
0,02 -
0,01 -
0 | | | | | | | | |
0 01 02 03 p4 05 06 07 08 09 1 X
Key
1 U,
Y —=0,035
1%
O
D

Figure D.1 — turbulent intensity in a standard pipe (Re > 8 000)

Th o o dos : ) 4 loqal 1 1.k
rearcz-waystoaeter e tne cur ourernrceever o,

a) When the meter run can be regarded as a straight pipe, the graph from Hinze can be used for
accessing the turbulence level at the position of the ultrasonic paths.

b) By logging the one second values of one of the outer paths and calculate its standard deviation.

Measuring the turbulence level is preferred for situations where a much higher turbulence level than
normal is expected, such as for instance in cases where a flow conditioner is positioned close to the
ultrasonic flow meter.

Turbulence is a stochastic process and the impact of it can be reduced by averaging. Being a naturally
occurring process, a classical Gaussian probability distribution can be expected and the impact of the
turbulence will then be reduced with a factor equal to the root of the number of samples.
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To reduce the instantaneous fluctuations for example of alevel of 4 % to alevel of 0,1 % the measurement
has to be averaged over a total number (4/0,1)*2 = 1 600 vortices. (at a 1o confidence level).

With a characteristic vortex size of 1/4-D this means that for a point measurement, the measurement
shall be averaged over a length of 1 600-1/4-D=400-D; or in time over a period of 400 x D /v; where vis
the average flow velocity.

More generic the equation for the measurement at a single point in the pipe is:

Toin =(U*/ug)?-0,25-D /v (D.1)
where

u* the turbulence level (defined as the standard deviation of the instantaneous turbulent scatter);

uy is[the required standard deviation after averaging;

Tin is|the required minimum averaging time.

ptal
e is

Whereas Ultrasonic flow meters also average the flow over the length of the/acoustic path, the t
averaging |ength can be reduced by the internal total path length L,; ever which the turbuleng
already averaged.

This factor
presented.

is shown in the following table where the typical averaging length of various metej
(Please note that these are typical values which may vary slightly for different designs.)

Table D.1 — Internal averaging lengths L, of various meter designs

Number of paths Typical averaging length in D
3 3,5
4,5
5 55

In this calqulation only the length of the:single straight path length is used. Crossed path and reflective

designs thg
paths form
completely

boretically should have a higher value but whereas the turbulent scatter is identical for I
ing the cross, the information from both paths together cannot be treated anymore as b
independent with a random scatter. Conservatively for those designs the same value is 4

oth
Ping
sed

as the one for the straight paths designs.

With that t d to

a value of:

he minimum-averaging time T, ;, from Formula (D.2), at a 1o confidence level, is reduce

Toin =(U*/Ug)"0,25:D/(v- Ly ) h.2)

1 . - PR
Please notetimat Lhebe dl' € 110t €xdll €quUdtluIls, thb 15 SUALISUICS.

Dealing with statistics, also the confidence level comes into play. For a random Gaussian distribution
the confidence level at 1o is about 68 % (see also Figure D.2). In case a lower uncertainty is required the
minimum averaging time has to be multiplied with a coverage factor. The coverage factors for different
levels of confidence are shown in the following table.

Table D.2 — Gaussian coverage factors

Coverage factors for the normal, Gaussian distribution
68,27 90,00 95,00 95,45 99,00 99,73
1,000 1,645 1,960 2,000 2,576 3,000

Confidence level, %

Coverage factor, k
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0.2 |- 34,1%134,1%

01

Int
k=

whg

D.4

Thd
For

Simiilarly, the final seatter due to the turbulence, after averaging, should therefore also be le

of t
Th4

L 2,1% 21%
0,1% 13,6% 13,6% 0,1%
0 | |

-30 20 -1l0 lo 20 30 X

Figure D.2 — Gaussian probability distribution

he Oil & Gas industry, in most cases a confidence level of 95 % is used-resulting in a cove
P. With that, the minimum averaging time T,,;, from Formula (D.2},iow at a 2o confiden

Tinin =(U*/ug)?-0,5:D/(v- Ly )

re

*

u" isthe standard deviation of the instantanéeus turbulent scatter;
uy isthe standard deviation of the requir&d turbulent scatter after averaging;
v isthe flow velocity;

L,y is the typical averaging lengthtin the ultrasonic flowmeter.

Determining the value of u

value of additional ungertainty due to the occurring turbulence depends on the require
an OIML 0.5 classification, the maximum allowable deviation is 0,167 % (1/3 of the clag

he allowabletotal uncertainty in its class.
t resultsdn:

uy,= 8,05 % for a OIML class 0.5 meter run;

rage factor
Ce level is:

(D.3)

d accuracy.
sification).
bs than 1/3

Ila — n’1 O/C fora OIML class 1 meterrun

The results of the calculations for a 12”meter is shown in Figure D.3, using a turbulence level of 3,5 %
and a L,y of 4,5:
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Key
1 T, OIMLclass 1
2 Tpin OIML class 0.5
3 T, 300 seconds rule
Y minutep
X m/s
Figure D.3 — Minimum averaging time for a 12 “meter
The results of the calculations for a 32”meter'\is shown in figure 31, using a turbulence level of 3,p %
and a L,y of 4,5:
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Figure D.4 — Minimum averaging time for a 32 “meter

n these figures can be seen that the'“old” 300 seconds rule is ok for all the OIML Class 1 m
witha V,;, of around 30 cm/s ox 1 ft/s.

vever, for the new generation ‘of high accurate OIML Class 0.5 meters the 300 seconds
gquate anymore and longer-averaging times at the lowest calibration points should be app

etersup to

rule is not
lied.
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Annex E
(informative)

Detailed calculation of geometry-related temperature and
pressure corrections

E.1 Genleral background

L provides a method of estimating the systematic errors due to meter geometry char
of the particular type, make or model of time-of-flight meter or of the fluid beinrg used.

This anne>
regardless

ges

Geometry ¢hange causes two primary effects:

a) it changes the actual acoustic path length and path angle between a given transducer pair pnd

conseq
b) anydi

For any giy
diameter g

uently, if uncorrected, introduces a path velocity error and hence.gives rise to a flow err
nmeter change results in an area change and, if ignored, intreduees a further flow error.

ren path, Formula (11) can be rewritten in the following)form in terms of the meter in
f the meter body, d, the path-length, Ip, and the transducer axial separation, x, rather t

DT';

side
han

path angle

72 12
L 2x

1 1

tpy

T

Qv = E.1)

S

ple meter arrangement shown in Figute4, x is obtained from simple trigonometry as:

o)

etween qy, o at a reference calibration condition and gy, ; at different conditions can there
as a flow correction factor; gy 1/qy ¢, given by:
dy

2
s useful sinte-it separates the flow area effect, d?, from the path-length effect, I2, from
sion effect,(or path angle effect), x.

tap
For the sin

x=lpc

The ratio b
be written

fore

I¢

X4

l4
ly

v

1]

2)
dy o

This form the

axial exten

Alternativ¢ly, anequation equivalent to Formula (E.2), but expressed as a relative flow error, Aqy/q,,
can be usefl:
A
2vao _va g (E.3)
v dv 1

In a multi-path flowmeter, the effect has to be calculated for each of the individual paths and the effect
on total flow obtained after integrating the flows once the path weightings have been applied.

The results for a single diametral path are used to provide an estimate of magnitude of the required
geometry corrections.

The temperature and pressure are independent effects that need to be evaluated separately, but both
effects need to be taken into account for a given situation. The respective effects can work either in
the same direction or in opposition to each other. For example, a pressure increase associated with a
temperature decrease partly cancel each other out while a pressure increase in combination with a
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temperature increase (or pressure reduction in association with a temperature reduction) reinforce
the correction effect needed.

Since the physical dimensions of the meter are most likely to have been measured under static
calibration conditions, the flow calibration carried out under dynamic calibration conditions, and the
meter used under field conditions, the calculation of the flow correction required between dynamic
calibration and field conditions can be carried out as a three stage process.

First, calculate the flow correction from static calibration to dynamic calibration using:

Gy (g Ny N2/ N

W, 1 ~U (E4)

avo \do ) (lo ) (%1

Secpnd, calculate the flow correction from static calibration to field conditions using:
2 2

vz _[dy | (2] [ X0 (E.5)

avo \do ) (lo ) | X2

Third, calculate the difference between dynamic calibration and field edonditions using:

2 2
Wz _v29vo _[dz | (L) X1 (E.6)
Qva Avodvy (91 ) (1) (X2

or dlternatively:

A
Mvar _vae (E.7)
qy ay 1

Thip three stage approach is useful if a check on the actual physical dimensions at intermediate stages
within the calculations is required as;for example, might be the case if specific dimens]ons are to
be ¢ompared against FE modellingsHowever, as can be seen in Formula (E.6), the calculagion can be
carfied out in a direct single stage (from dynamic calibration to field operation conditions) father than
in the more lengthy three stage.process since the actual flow correction between these two|conditions
invglves the relative change.in dimensions, not the absolute values.

E.6¥ and E.6.5 providé a ‘worked example of a direct single stage calculation and a three stage
caldulation.

For|meter bodies;that are generally cylindrical in shape and either welded in or have attached flanges,
a djrect calculation from the physical characteristics of the meter can be performed. [The direct
calqulation.method is described in E.2 and is based on a six step process.

Where4hé meter body is such that the body shape is not a simple cylinder, flanges take up a|significant
propértion of the total body length or ports are not simple tubes, an FE model provides a mote accurate
estimate of the body and port dimensions and consequent flow error obtained from Formula (E.2) than
is given by the direct calculations of Formulas (E.3) to (E.6). E.3 provides guidance on the use of FE
modelling to predict the temperature and pressure expansion effects.

E.2 Direct calculation

E.2.1 Step 1 — Body temperature effect
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The effect of a temperature difference, AT, is relatively easy to account for since it expands the
dimensions according to:

Iy =Iy (

X1 :XO

1+0AT)

(1+0AT)

dy =dy(1+aAT)

(E.8)

Substitutin

v

qv 0
Since a AT

dy 1
dy 0
where “D, 1
Aqy
qy
E.2.2 Ste

The effect
change in ¢

g the Formulas (E.8) into Formula (E.2) gives:

(1+0aT)’ :[1+3aAT+3((xAT)2 +(0¢AT)3}

s generally small, this can be simplified to:

=1+4+3aAT
b,T
"” denotes body temperature, or alternatively,

=30AT
b,T

p 2 — Body pressure expansion

limensions depends on a number of factors including:

a) the thi
b) thew

kness/inside radius ratio of thesmeter walls (i.e. the ratio 6/r);

the meter is supported and attached to, or constrained by, adjacent pipework;

c) therigidity of the adjacent pipework;

d) any axjal loading;

e) the gemeral geometfy of the meter body and whether it has flanges;

f) the slehderness.ratio of the meter (i.e. the overall body length/body diameter).

(E9)

(El10)

(El11)

of a pressure change is to alter the diameter and length of the meter body, but the acfual

For generally eylindrical bodies, the equations of Roark (see Reference [74]) are used as the basis of{the
analysis. These have for many years been taken as the fundamental basis for stress analysis of presqure

vessels and are derivations from the basic Lame-Clapeyron equations of 1633.

For a thick-wall body (i.e. § /r > 0,1) with only radial internal pressure but no end loads (this is referred
to as the “no-ends” condition) and positions well away from ends, Reference [74] gives:

r E

82

R2—r2

Ar Ap[R2+r2 ]
- = +‘u

(E.12)
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Ax —Apu 2r?
T_TERZ_HJ (E.13)

And for radial internal pressure plus pressure end load (this is referred to as the “capped-ends”
condition) and positions well away from ends, Reference [74] gives:

R*(1 2(1-2
Ar_Ap[RT(1+p)+r”(1-2p) (E.14)
r E RZ_rZ
2
Ax _ Ap[rT(1-2u)
ax_ap T \27ed) E.15

whére

u is the Poisson ratio, equal to 0,3 for steel;
R isthe outside radius in the same units as r.

For|a thin-wall body (6 /r < 0,1) for only radial internal pressuré (no-ends) and positions| well away
fromn ends, Reference [74] gives simpler equations:

Ar Apr

= _ E.16
r E& ( )
Ax_—Aprp (E.17)
X E6
And, for capped-ends:

Ar_Apr 1_H (E.18)
r Eo 2

Ax Apr

—=—-(0,5—- E.19
=g (05-H) (E.19)

For|the purposes of this document, for all meter types, the meter ends are assumed to be uncpnstrained
and free to move-axially.

It should bedoted that for positions away from ends, the thick-wall Formulas (E.12) to (E.[L5) are the
more exactsince they also cover the simpler case of thin-wall pipe.

Conseguently, for all meter body types, thick- [Formulas (E.12) to (E.15)] is th¢ preferred
app i s i - ntially, the
choice of whether to use thin- or thick-shell theory is based on the ratio § /r. In practice, this effectively
means that the choice of equations is related to the pressure rating of the body since meters for high-
pressure systems have thicker walls than meters for low-pressure systems. When designing a meter
spool calculated in accordance with the ASME rules and using one of the most common steel types
(A333 steel), all meters up to ANSI 900 fall in the range that can be handled by thin-walled pipe
equations; this is also true for many of the ANSI 1500 meters made from high tensile steel.

shell theory

Thin-wall equations are generally not used where 6 /r > 0,1 but can be used as described in E.4, for
the purposes of this document, for thick-walled vessels in combination with FE modelling (E.3) if the
limitations are understood as an alternative to applying the style correction given in E.2.3.
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E.2.3 Step 3 — Correction for body style effect or proximity to flanges

If portions of the ultrasonic path are closer than one outside pipe diameter to flanges or the body is
of irregular shape, the radial expansion is, due to local stiffening effects, less than that indicated by
Formulas (E.12) and (E.14) [or Formulas (E.16) and (E.18) for a thin-walled body]. To compensate for
this local stiffening effect, a “style correction factor”, K, is used.

K, is always less than or equal to 1. The value of K, to be used for a given body type is as follows:

a) forawelded-in body with no flanges within 2R of the ultrasonic transducer locations, K, = 1, i.e. the
meter body behaves as a simple pipe;

b) foraflpnged meter body (e.g. consisting of two flanges welded to a pipe) or welded-in design where
neighHouring flanges are within 2R of the transducer positions, the value of K is calculated s in
the next paragraph.

For the purpose of this document, it is assumed that the diametral expansion varies lii€arly from Zero
at the flange to the value given by Formulas (E.12) and (E.14) [or Formulas (E.16)/and (E.18) for thin-
wall] at on¢ outside diameter of the meter body, D, or greater from the flange. It is also assumed thafjthe
flange corijection only affects the radial expansion of the body, not the linear €xpansion in the vicihity
of the ultrdsonic paths.

The transducer port positions are shown in Figure E.1 in terms of the,outside diameter of the mgter
body, D.

yo X0 zD
— é& v 7 % -
<4 4 Q| ——— _{ .......... I
wD

L | w S
Key
D  outsidg diameter of the meter body
W mid-path position

w  factor tp express the distane€from flange to mid-path position in terms of D

Xy distancp between transducers Y and Z

Y transdycer location

y  factor tp expressthe'distance from flange to transducer Y location in terms of D
Z  transdycer logation

z  factor tp express the distance from flange to transducer Z location in terms of D

Figure E.1 — Transducer port proximity to flanges

Since the ultrasonic path covers a range in axial distance from a flange, the average path distance, w, D,
is calculated from three positions on a given path; W, at the mid-path position and Y and Z, at the actual
transducer locations. The distances to the nearest flange are measured from positions W, Y, and Z.

Where the transducers of the meter are clearly all closer to one flange than the other, the alternative
arrangement shown in Figure E.2 is used.
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If afy of the values of w, y or z are greater than 1, thenthe value used for that parameter in the

sha

Thd

The

A st
Thd
smd

E.2

outside diameter of the meter body

mid-path position

factor to express the distance from flange to mid-path position in terms of D
transducer location

factor to express the distance from flange to transducer Y location in terms.of’D
transducer location

factor to express the distance from flange to transducer Z locationdn terms of D

Figure E.2 — Transducer port proximity to flanges.— Long meter with offset tran:

I be limited to a value of 1.

average path distance from a flange is calculated from:

waD:{W+y+Z}D
3

style correction, K, is obtained using:
w
1

iffening effectalso occurs near any part of the body which has features such as branchg
se generally'Create less of an effect than proximity to flanges since they typically ocg
1l portiomrof the body circumference.

4 «Step 4 — Combined pressure correction effect

sducer

calculation

(E.20)

(E.21)

s or welds.
upy only a

Th

1.1 : £l 1 1 . 11 £1 b : 1 h 1L
IdUldl CApPdIISIUITN UT'UIC DOUY, HICTUULIIES TIdITZC COTTTULLIULL, 1S5 CaltUldatcU TT OIII.

d
dy =d, [1+KSA—d]=dO [1+KS£):>—1=1+KS£
d r d r

0 0

The path length is calculated from:

1§ :(N+1)2d§ +x§
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IZ=(N

where N is

2

+1)2 d? +x?

the number of bounces along a given path (for a single traverse path).

(E.

24)

Hence, for a given meter with a known wall thickness, 6, and initial geometry x,, d,, and [, at dry-
calibration conditions, the revised dimensions x4, d;, and [; can be calculated for the pressure difference
using Formulas (E.22) to (E.24).

The flow correction factor is then calculated using:

vy 1

dy o

|

where “b, p

The error g
should be ¢
process su

E.2.5 Ste

E.2.5.1 G

In addition
alter the le
hence affe
included h¢
dimension

dl
dy

i

X1

Il
ly

L (E6))

” denotes body pressure.

orrection obtained from Formula (E.25) for the no-ends case and for the'\capped-ends c3
alculated to give a range of correction factors. This range should generally be small and|
ficient to provide an indication of the flow correction required.

p 5 — Expansion effects in the transducer ports

eneral

to the effects that pressure and temperature changes have on the meter body they
ngths of the transducer ports. This actually moves the position of the transducer face
'ts the acoustic path length. Although this effect is generally small, a simple procedur
bre to allow the effects on the ports to be estimated. The next figure shows the port geom
5 used for this assessment.

25)

lses
the

hlso
and
e is
ptry

Key

D  outsidg diameter of the meter body
d inside diameter of the meter body
[, pathlength

I, length to the transducer face

Figure E.3 — Transducer port dimensions

Temperature and pressure corrections are treated separately and, for both, the only effect that is
considered here is the path length change.
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E.2.5.2 Port temperature correction

Due to the way the transducer is secured into the port, it is generally held at the end of the port. The
consequence of this is that any expansion of the port itself occurs in the opposite direction to the
expansion of the transducer; hence the expansions to some extent cancel depending on the relative
coefficient of thermal expansion of the port material, a, and the transducer material, a,. The change in
transducer face position, Al,, due to temperature is given by:

Thi
the

Al =1, (ap AT—octAT)=It (ap -0t )AT

(E.26)

‘e is no diameter change or axial change, Formula (E.2), solely for the port expansion, si

2
o )r \lo lo lo

whe¢re p, T denotes port temperature, which for small values gives:

dv 0 ly

[CI_V] _ 1+4lt(ocp—oct)
p.T

or alternatively to:

A [
4o, o )L AT
ay ly
E.2]5.3 Port pressure correction

The pressure effect on the port and thetransducer act in the same direction; the portis stret

the
sim|

Thi

transducer is compressed. For this simple approach, the port and transducer are assum
ple linear elastic materials. The linear strain in the port walls is given by:

d2 L1 d?
ALp=1t£+1p£ ) P - |[F0p Lt 4 P > P -
E. " EgpD, -d; Ec Ep| Dp-d;

5 is the changé.in face position in each port. Assuming there is no diameter change or ax

Formula (E.2)s0lely for the port pressure expansion, simplifies to:

5 is the change in face position in each port, so the effect on a given ultrasonic path is 2 Al} Assuming

plifies to:

(E.27)

(E.28)

(E.29)

hed whilst
bd to act as

(E.30)

ial change,

(E.31)

2 2 2
)i lo+2AL 2Al
o ), ly ly ly

where p, p denotes port pressure, which for small values gives:

4Al
[CIV J =[1+ 1 p}
qy 0 b.p 0

or alternatively to:

Ady _, Al
ay ly
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E.2.5.4 Combined port correction

This is calculated using:

LQVJ] :[CIV,I] _'{qv,lJ (E.34)
dy,o b dy,o b dy,o T

As an alternative to this simple assessment, the transducer port effects can be built into an FE model of
the meter as described in E.3.

E.2.6 Ste¢p 6 — Combined flow correction

The combined flow correction factor for a given set of pressure and temperature conditionf is
obtained from:

qV,x _ qV,x " qV,x " qV,x (E 35)
vo (o Jpp, \WWO Jpr (Vo ),

which can pe expressed as:

AqV,x, _ AqV,x
ay dy 0

1 (E|36)
For small vjalues of correction this simplifies to:

qV,x _ qV,x " qV,x " qV,x [E 37)
vo (o Jpp \WWO Jpr (Vo ),

Two valueg for the combined flow correction are*obtained; one using the no-ends pressure correcfion
and one us|ng the capped-ends pressure correetion. This allows the flow error to be expressed in either
of the equiyalent forms as in Formulas (21)and (22):

—— =X, XXXX F X, XXXX (E|38)
v 0

A

ﬂ:(x,xxix,xx)% (E|39)
Ay

E.3 Guidance on'the use of finite element models

E.3.1 Geperal

Where the meter body is such that transducer ports are close to end flanges or the body shape is not a
simple cylinder, an FE model of the body and ports can be run to predict the pressure and temperature
expansion effects on d, x, I, and port and transducer length. Formula (E.2) is still used to predict the
flow error along each path.

As a means of checking the values from the FE model, the results for d, x, [, and port lengths can be
compared against those obtained from Formulas (E.12) to (E.15) including any flange or body style
correction effect described in E.2.3, where relevant, and port effects described in E.2.5. If the meter
body wall is irregular or non-cylindrical (e.g. as might be the case for a cast body), then, for the purposes
of checking against the FE model, the direct calculations can be run for two scenarios: one where the
outside radius, R, used in Formulas (E.12) to (E.15), is taken as the point where the wall is thinnest and
one for the case where the outside radius is based on the point where the wall is thickest.
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Since FE analysis deals with absolute change in physical dimensions, closer agreement with the direct
calculation method of E.2 is obtained for actual metre dimensions at given conditions if the calculation
and FE runs are carried out as a three stage process as described in E.1 namely:

a)
b)
‘)

Care, however, needs to be taken in choice of the boundary conditions used for the FE model since

static calibration to dynamic calibration conditions as in Formula (E.4);
static calibration to operating conditions as in Formula (E.5);

comparison of the relative change between the two as in Formulas (E.6) and (E.7).

the
wit
be

cald

C darvc Uft\,ll llUt k,ao_y tU \,otiunat\, fUl [23 S;Vbll ;uota}lat;uu. It ;O l\f\,Ullllll\,lldbd Lhat 111UY
h a number of different boundary conditions so that the sensitivity to the boundary cen
issessed. This is essentially similar to including the no-ends and capped-ends caSes in
ulation approach of E.2.

For
in 4
dire

each run, the flow error is calculated using Formula (E.2). This allows the flaw érror to be
ither of the forms given by Formulas (21) or (22). E.6.4 and E.6.5 providé worked ex3
ct single stage approach and the more lengthy three stage approach.

E.4
car

provides additional guidance on the use of thin-walled pipe theory te)check the results of
ied out on a thick-wall meter body.

E.3{2 Note on intentional use of thin-wall equations beyond their normal limit

Int
onlj
exa
con

he fields of stress analysis and pressure vessel design, it\is generally accepted that thin-we
 applied where 6 /r < 0,1. The reasons for this are thatas § /rincreases, the difference wit
Ct thick-shell theory grows unacceptably large, atleast as far as prediction of wall stres
cerned. Figure E.4 shows the effect on Ar/r of the various approaches [as given in Form

els be run
ditions can
the direct

expressed
mples of a

FE analysis

1l theory is
h the more
5 levels are
hlas (E.12),

(E.]

As
con
the

4), (E.16) and (E.18)] for different 6 /r ratios:

fan be seen from Figure E.4, § /r ratioschigher than 0,1 give differences in Ar/r of more
pared with the thick-shell theory forithe same end-loading conditions. If, for example, §
differences are in the region of 21\%*to 27 % depending on which loading configuration

If o
situ
exa

he mixes the loading cases and-uses the thin-wall no-ends equations for a thick-wall cz
ation, then one overestimates Ar/r for § /r < 0,16 and underestimates it for § /r > 0,
ple of 6 /r = 0,247, theinderestimate in Ar/ris 8 %.

Figuire E.4 shows thatthe’thin-wall equations predict lower values of Ar/r than the thick-s
for the same load cenditions. This produces a similar effect to using thick-shell theory pl
prokimity or body style correction as in E.2.3, although how similar depends on the actua
flanjge proximityand end-loading conditions for a given meter.

Consequentlyyin combination with FE modelling (E.3), it may, for the above reasons, be fa
simple thin-shell theory gives adequate agreement to FE results for a given meter geomet
subkequently be used as a valid means of estimating metering error at other conditions.

than 10 %
/r=20,247,
s applied.

pped-ends
16. For the

hell theory
is a flange
geometry,

und that a
ry and can

CAUTION — This only applies to the specific meter on which the FE analysis was shown to give

agreement and should not be taken as a general rule that can be applied to all meters.
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Ar/r
4 0,247 123
1,4 \
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example

Figyre E.4 — Comparison of thick-shell with thin-shel theory for different §/r ratios

E.4 Calqulation of an initial estimate for the’body pressure effect
To provide|the initial estimate of the body pressuxé effects used in 9.1.2.2, the axial change in x and fany

flange proximity or body style effect, K, are neglected for simplicity. Using Formulas (E.23) and (E.R4),
Formula (H.25) reduces to:

2, \2 2 2 4 4
WO Jppest (o) (lo do | ( do do r

For small vjalues of Ar/r, this reduces further, by ignoring higher order terms, to:

4
v =(1+£] ~1+480 (El41)
v,0 b,p,est r r
or in termq of Agy/qy gives:
A
v _vii g _4ar (E.42)
v 0 b,p est v 0 r

The no-ends, thick-wall Formula (E.12) is used for Ar/r to give a worst-case estimate since it produces
the largest change in Ar/r for a given applied Ap. Hence the maximum expected Aqy/q, due to body
pressure change effects is given by:

2 2
LqV,l J :4£:4[R2+r2 +“J% (E.43)
v,0 b,p,max r R" —r
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E.5 Worked example

E.5.1 Meter details

A flanged-body spool meter has the following details which form the input data for the flow correction

calculation.

Table E.1 — Meter parameters

ISO 17089-1:2019(E)

Parameter Symbol Value
Bodly inside radius? Ty 183,25 mm
Body outside radius? Ry 228,6 mm
Wa|l thickness2 1) 45,35 mm
Transducer port length I, 230'mm
Porjt outside diameter D, 50 mm
Porft inside diameter d, 32 mm
Prgximity to left-hand flange? — 366 mm
Prgximity to right-hand flange? — 686 mm
Single bounce path N 1
Path angle o) 70°
Path length I 780,117 mm
Transducer separation X, 267,007 mm
Body material Young modulus? E 2,00 x 102 GPa
Poifpson ratio? u 0,3
Codfficient of thermal expansion? a 1,26 x 105 K1
Port length excluding flange Loxe 220 mm
Trajnsducer diameter d, 32 mm
Tralnsducer length I, 230 mm
Tralnsducer coefficient of thermal expansion (estimated) a, 1,5 x 105 K1
Trajnsducer Young modulus (estimated) E, 1,9 x 102 GPa
Stafic calibration conditions — 0 MPa (gauge), 20[°C
Dymnamic calibration conditions? — 6,3 MPa (gauge), 7/°C
Field operation conditigns? — 23,0 MPa (gauge), 40 °C
3 |Needed for thedpitial estimate.
These are firstused to calculate some common basic parameters.
Table E.2 — Meter basic parameters

Parameter Value Implication

Wall thickness ratio, 6 /r 0,247 5 = thick wall

Meter external diameter 2%x228,6=4572= Dp

closest 366/457,2 = 0,8D]D =2z=0,8
Flange proximity furthest (366 +267)/457,2 = 1,38D,, =>y=1
mid-path [366 + 0,5 x 267]/457,2=1,09D, =>w=1

Body style correction factor w+y+2)/3=2,8/3=093=K;
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