NFOGM

NORWEGIAN SOCIETY FOR
OIL AND GAS MEASUREMENT

Uncertainty model for the
online uncertainty calculator
for gas flow metering stations

Ew;) ‘JLL.TE‘ kna

EEEEEEEEEEEEEEEEEE
RRRRRRRRRRR

March 2014



BERGEN - 19.03.2014 CIMII" Instrumentation

Ref. No.: CMR-14-A10099-RA-1
Rev.: 00

REPORT

Uncertainty model for the online
uncertainty calculator for gas
flow metering stations

Authors
Kjell-Eivind Freysa, Gaute @veras Lied

Client

Norwegian Society
for Oil and Gas
Measurement

=,
()]
©
=
o
<=
<T







CIMIrr Instrumentation | Uncertainty model for the online uncertainty Ref. no.: CMR-14-A10099-RA-1

| calculator for gas flow metering stations | Rev..00 Date: 19.03.2014

| Report | Page 30f93
Document Info
Authors Classification (F=Confidential, SF=Strictly Confidential
Kjell-Eivind Frgysa, Gaute @veras Lied A

Title
Uncertainty model for the online uncertainty calculator for gas flow metering stations

Extract

The present work is a generalization of the uncertainty models for fiscal gas metering stations in
[Lunde et al, 2002] and [Dahl et al, 2003]. The uncertainty models have been made more flexible,
allowing gas chromatographs and also gas sampling. In addition to orifice and ultrasonic flow metering
stations also Coriolis flow metering stations are covered. Two meters in parallel is covered, and for
ultrasonic and Coriolis flow meters also two flow meters in series are covered. The uncertainty models
are implemented on a web-based Microsoft Silverlight technology. This can be accessed for free from
www.nfogm.no.

Project Info

Client Clients ref.

Norwegian Society for Oil and Gas Measurement Dag Flglo

CMR Project No. CMR Project Name

10099 Handboksoppdatering NFOGM
Revision

Rev. Date Author Checked by Approved by Reason for revision
00 19.03.2014 Kjell-Eivind Frgysa Kari Marvik

L[ _ H Mormih

£ )’;;)7{5&
/

© Christian Michelsen Research AS.



Ref. no.: CMR-14-A10099-RA-1 ‘ Uncertainty model for the online uncertainty ‘ CIMIr Instrumentation

Rev.. 00 Date: 19.03.2014 calculator for gas flow metering stations
Page 4 of 93 ‘ ‘

Report

Table of Contents

BT o] F= 111 1= SO T PO PP PP RP P PPPPP P 7
1 [ aLd oo 1T T3 £ oY o F OO PO OPPRPROPPPPN 8
2 Description of Metering STAliONS .......uiii e 10
3 Gas MeasuremMent UNCEITAINTIES .......cuuiii it 11
3.1 TemMPErature MEASUIEIMIEINT. . ...uuu et ee ettt e ettt e e e e re b e e e e et e e et e a e e et eeatabnaeeeeaeeenban s 11
3.2 Pressure MeASUIEIMENT .........ciiii i 12
3.3 Differential pressure MeEaSUIEIMENT ..........ciiiriiiiiiie ettt eeaeeas 13
3.4 DENSItOMELEr MEASUIEIMIENT ...eiiiiiiiie ittt ettt ettt e et bt e s b e e e st e e s aanb e e e e abb e e e e enbee e e e areas 14
3.5 Gas COMPOSIION MEASUIEMENT.......ceeiiiiiieiiiiee ettt ettt e st e e st e e e e sibr e e e e anbeeeeeneeas 16
351 Gas chromatography MeasUreMENt ..........cuuiiiiiiiiieiiiiie e 17
3.5.2 Spot sampling and laboratory analysis ... 17
3.6 Gas quality parameters UNCEMAINTY..........uuuuuuurieiiiiiii s 18
3.6.1 Functional relationship ... 18
3.6.2 uncertainty model ... 19
4 Orifice fiscal Metering STAtIONS ......coiuiii i e 22
4.1 Description of Metering STAtION ..........iiviiiiiiiiieieeeeeeeee ettt eeeeeeaeeeeesssaseseesreserereaenes 22
4.2 [0 Tox 1o F= VI =1 P> Vo o F=] 1] PP PPPPPPINt 22
421 GENETAl EXPIESSIONS .....eiiiiiiiiii ettt ettt ettt b bt e e e b e e e e nb e e e e ereas 22
4.2.2 Expressions when densitometer iS USEd .........cuviiiiiiiiiiiiiiie e 23
4.2.3 Expressions when densitometer is NOt USEd ..........occuveiiiiiiieiiiiiee e 24
4.3 UNCEIAINTY MO ...ttt sttt e e st e e e naba e e e e neeas 24
43.1 When densitometer iS USEA .......ccoiiiiiiiiiiiie e 24
4.3.2 When densitometer iS NOL USEM .........oooiiiiiiiiiiiie e 25
4.4 Two flow metersin parallel............ 26
4.4.1 Correlation ClasSIfiCALION ..........ciouriiiiiiie et 26
4.4.2 Specific uncertainty models, when densitometer iS in USe ...........ccccvveeeieeiiiniiiinneen. 27
4.4.3 Specific uncertainty models, when densitometer is NOt iN USe ..........cccceeeeeiiiiiiinneen. 29
5 Coriolis fiscal MEetering SLAION ......coiuiiii e e 31
5.1 Description of Metering StAtION ...........uuiiiii e 31
5.2 FUNCtional relatioNSHIP ..........eiiii e e 31
5.2.1 Mass flow rate, flow calibrated CorioliS MEtEr ..........uueeeiiiiiiiiiiee e, 31
5.2.2 Standard volumetric flow rate and energy flow rate, flow calibrated Coriolis meter. 32
5.3 Uncertainty model, Mass fIOW Tt ........coveeiiiiiiiiiiiie e e e e ennreeee s 32
5.3.1 Calibration UNCEMAINTY ......uuuiiiiee it ce s e e s s e e e e e s e st e e e e e e s e annreaeees 32
5.3.2 FIeld UNCEIAINTY ... e e e e e e e e 33
5.3.3 Total uncertainty in mass flow rate, one flow meter ...........cccccoiiiiiie, 34

© Christian Michelsen Research AS.



CIMIrr Instrumentation Uncertainty model for the online uncertainty ‘ Ref. no.: CMR-14-A10099-RA-1

Rev.: 00 Date: 19.03.2014

54
55

5.6

6.1
6.2

6.3

6.4

6.5

6.6

7.1
7.2
7.3

calculator for gas flow metering stations

Report ‘ Page 5 of 93
Uncertainty model, standard volume and energy flow rate.........ccccooecvvvieiieei i, 34
Two flow meters in Parallel ...........oooovii i e e e 35
55.1 Correlation ClasSIfICALION ..........ciciiiiiee e 35
5.5.2 Specific uncertainty MOEIS...........c.uuviiiiii oo 35
TWO fIOW MELEIS 1N SEIIES....ciiiiiiiiie ettt et e e et e e e s breeeeaa 37
56.1 Correlation ClasSIfiICALION............cueiiiiiiii e 38
5.6.2 Specific uncertainty MOAEIS...........oii i e 38
USM fiscal Metering StatiONS .......ccccuuiiiiiei e e e e e e e e e s nnneees 41
Description of Metering SLAtION .........ooiiiiieiii e 41
FUNCtional relatioNSIID .....oooiieeii e 41
6.2.1 Actual volume flow rate, flow calibrated USM meter............coceeiiiiiiiiie e 41
6.2.2 Mass, standard volume and energy flow rate, flow calibrated USM meter ............... 42
Uncertainty model, actual volume flOW rate ...............uuuieimieiiiiieiiiiiiiiiiiieieieeiereeeeeereeeeeenen. 43
6.3.1 Calibration UNCEItaINLY .........ccovvviiiiiiiieeee e 43
6.3.2 Field UNCEMAINTY ..o 44
6.3.3 Total uncertainty in actual volume flow rate, one flow meter ............cccocveveeeiiiinnnen. 45
Uncertainty model, mass, standard volume and energy flow rate ...........cccooevieiniieiinniieecn 45
6.4.1 DENSILOMELET IN USE ...iiiiiiiiiie ittt ettt ettt e et e e e sbb e e e e sbneeeeans 46
6.4.2 DeNSItOMELEr NOL INM USE......eiiiiiiiei ittt e et e e et e e s raneee e 46
Two flow meters in PArallel .........ooo i e a7
6.5.1 Correlation ClasSIfiCAtION...........ocuiiii i a7
6.5.2 Specific uncertainty model, densitometer iN USe ...........ccccccevvvvviviviiiiiieieeeieeeeeeeeee 47
6.5.3 Specific uncertainty model, densitometer NOt iN USE..........cccovvvvviviiiiiiiiiiiiiiiieeeceeee 50
TWO fIOW METEIS 1N SEIIES ....ciiiiiiiei ittt e e e s e e s s nreeeeaa 52
6.6.1 Correlation ClasSIfiICALION............curiiiiiieii e 52
6.6.2 Specific uncertainty model, densitometer iN USe ...........cccccvevvvvviviviiiiiieieieieeeeeeeeee 53
6.6.3 Specific uncertainty model, densitometer NOt iN USE ..........cceeiiiiiiiiiiieiieiieiiieeeennn 55
el foT o] =1 0 E TP T TP TRTRPRPRPRPRPRPRIRE 59
0] AT =T = o] =1 i (o 1 o I PP PPP PSR 59
INSTAIALION AN USE ...ttt e e s bt e e s nenb e e e e snnaeeas 59
PrOGIAM OVEIVIEW ...ceiiitiiiieiieeee ettt ettt ekttt e sttt e s sttt e e s ettt e e e e st e e e annbe e e e e nbeeeeeanbeeeeennees 59
7.3.1 Specify metering station teMPIAte ...........ooouiiiiiiiii 60
7.3.2 (©70]glo [11 o] 0 = To [ TSSO PRTPT 62
7.3.3 GAS ANAIYSIS PAGE ...ttt 64
7.3.4 FIOW MEASUIEMENt PAJE ...ttt e e re e e e e e e e 67
7.3.5 Uncertainty Calculation RESUItS Page ..........ooiiiiiiiiiiiiiiiiiiceiiieee e 69
7.3.6 Uncertainty Budget ChartS Page ........cooiiuuiiiiiiiaaaiiiiiiie et 71
7.3.7 Uncertainty Range PIOtS PAgE ......cccuoiiiiiiiiiiieieee et 72

© Christian Michelsen Research AS.



Ref. no.: CMR-14-A10099-RA-1 ‘ Uncertainty model for the online uncertainty ‘ CIMIr Instrumentation

Rev.: 00 Date: 19.03.2014 calculator for gas flow metering stations

Page 6 of 93 Report
7.3.8 uncertainty REPOIM PaAge......ccoiiiuiiiiiieie et se e e e st e e e e e e e s snnnraneeeeee s 72
7.3.9 Note about “Save” and “Open” functionality ............ccccceeveeeiiici e, 74
7.3.10  Note about “opening” an uncertainty analysis file............cccccccceeiiiiccii e, 74
8 SUIMIMIATY et eeeeeeitee ettt e e e ettt e s e s e e et e et te bt e e e e e e et et e e s e e et ee e ta b s e e e e eeeesbe e e e e eeeeenbabnnneeeaaes 75
9 RETBIENCES ...ttt ettt e e e s e e e e et e e e s e s b e e et e e e e e e e nnrreee s 76

Appendix A Detailed formulas for uncertainty of correction factor after flow calibration.... 78

Al Functional relatioNSHIP ..........eviii e 78
A2 UNCEITAINTY MOTEI ...ttt e e e s st e e e nba e e e e neeas 80
Appendix B Uncertainty model for two flow meters in parallel or in series .........ccccceeeeeeennnn. 84
B1 Generic uncertainty model for one flow Meter ..............uuuiiiii 84
B2 Two flow metersin parallel............ 85
B3 TWO fIOW MELEIS IN SEIIES ....eeiiiiieii ettt e s s 87
Appendix C USM field uncertainty, detailed 1eVel ..o 91
Appendix D LiSt Of SYMBDOIS ... 92

© Christian Michelsen Research AS.



: Uncertainty model for the online uncertainty Ref. no.: CMR-14-A10099-RA-1
CMII Instrumentation ‘ calculator for gas flow metering stations ‘ Rev.: 00 Date: 19.03.2014
Report | Page70f93

Disclaimer

CMR is not liable in any form or manner for the actual use of the documents, software or other results
made available for or resulting from a project and does not warrant or assume any liability or
responsibility for the completeness or usefulness of any information unless not specifically agreed
otherwise in the tender and resulting contract document.
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1 Introduction

Documentation of uncertainty of flow rates measured by fiscal flow metering stations is essential as part
of the evaluation of the condition of such metering stations. Authorities have requirements with respect
to maximum uncertainty in order to secure the national interests. The partners selling the gas have
interests in the uncertainty to secure their incomes. Finally, buyers of gas have interest in ensuring that
they are not getting a lower amount of gas than what they pay for.

In order to get all parties to accept an uncertainty analysis, it is important to obtain standardized ways
of carrying out such analyses. The ISO Guide to the expression of uncertainty in measurement, [ISO
GUM] provides general methodology for carrying out uncertainty analyses. This methodology can also
be applied in uncertainty analysis of fiscal gas metering stations. However, the ISO GUM does not give
detailed methods for the specific uncertainty analyses for such metering stations (or other applications).
Therefore models have to be developed based on the ISO GUM methodology. Similarly the ISO 5168
provides general procedures for evaluation of uncertainty for the measurement of fluid flow. Also the
procedures in this standard have to be developed further in order to approach the uncertainty evaluation
of a specific metering station.

The Norwegian Society for Oil and Gas Measurement (NFOGM) in cooperation with the Norwegian
Petroleum Directorate (NPD) and The Norwegian Society of Graduate Technical and Scientific
Professionals (Tekna) have earlier issued Handbooks with uncertainty models for a fiscal ultrasonic gas
metering station [Lunde et al, 2002] and a fiscal orifice gas metering station [Dahl et al, 2003]. These
works are in agreement with the ISO GUM methodology, and were based on a previous version of the
ISO GUM from 1995. The calculation of the uncertainty have in these works been based on an Excel
spread sheet that can be downloaded for free from www.nfogm.no. In addition, uncertainty models for
fiscal turbine oil metering stations [Dahl et al, 2003] and fiscal ultrasonic oil metering stations [Lunde et
al, 2010] have been established.

The present work is a further development of the uncertainty models for fiscal gas metering stations in
[Lunde et al, 2002] and [Dahl et al, 2003]. The intention of this work was to establish an uncertainty
analysis model covering the most common fiscal gas metering station configurations in use on the
Norwegian Sector. The intention was also to make a tool in which a complete uncertainty analysis for a
gas metering station can be performed within one tool in a minimum of time. This is achieved as the tool
calculates all necessary parameters from a minimum of inputs, having reasonable default values, having
default input values for uncertainty in accordance with requirements in the Norwegian measurement
regulations and NORSOK and by making it easy to define the most common metering station
configurations in the tool.

The uncertainty model has been made more flexible, allowing gas chromatographs and also gas
sampling. In addition to orifice and ultrasonic flow metering stations also Coriolis flow metering stations
are covered. Two meters in parallel are covered, and for ultrasonic and Coriolis flow meters also two
flow meters in series are covered. The uncertainty model is implemented on a web-based Microsoft
Silverlight technology. This can be accessed for free from www.nfogm.no.

This report is a documentation of the uncertainty models developed and the web-based calculation tool.
It should be noted that the example input values in that calculation tool are just examples, and should
not be regarded as recommended values by NFOGM, CMR, NPD or any other party.

Chapter 2 of this report describes on an overview level the metering stations covered in the report. In
Chapter 3, uncertainties related to secondary instrumentation like temperature pressure, differential
pressure, density and gas composition in addition to gas parameters calculated from the gas
composition, are covered. Chapter 4 documents the uncertainty model for orifice flow metering stations,
Chapter 5 documents the uncertainty model for Coriolis flow metering stations and Chapter 6 documents
the uncertainty model for ultrasonic flow metering stations. Chapter 7 documents the web based
program, and Chapter 8 includes a brief summary of the report.

© Christian Michelsen Research AS.


http://www.nfogm.no/
http://www.nfogm.no/

. i i i Ref. no.: CMR-14-A10099-RA-1
CIMIr Instrumentation ‘ Uncertainty model for the online uncertainty ‘ ef. no

calculator for gas flow metering stations Rev.:00 Date: 19.03.2014
Report ‘ Page 9 0f 93

Appendix A contains some details with respect to the uncertainty model related to adjustments of a flow
meter after flow calibration. Appendix B contains the uncertainty model for two flow meters in parallel
and series, based on the uncertainty model for a metering station with just one flow meter. Appendix C
provides the detailed link between this report and the previous work [Lunde et al, 2002] that the
uncertainty model for the ultrasonic flow meters is based on. Appendix D contains a list of symbols.

The uncertainty models presented here are based on the ISO GUM uncertainty methodology. The
measurement regulations by the Norwegian Petroleum Directorate and the NORSOK standard 1-104 on
fiscal measurement systems for hydrocarbon gas [NORSOK I-104] have been important references with
respect to layout of the meter stations and requirements to the uncertainty of individual instruments and
the operation of the metering station as a whole. A series of ISO and other international standards and
reports have also been essential in this work. The details are covered in the relevant sections of the
report. It is also referred to the reference list in Chapter9.

The present work has been carried out for Norwegian Society for Oil and Gas Measurement (NFOGM)
with financial support also from Norwegian Petroleum Directorate and Tekna. A reference group
consisting of the following members has followed the work:

Dag Flglo, Statoil and NFOGM

Rune Andersen, Norwegian Environment Agency
Sidsel Corneliussen, BP

Leif Einar Falnes, Shell

Endre Jacobsen, Statoil

Pal Jaghg, Talisman Energy

Svein Neumann, Conoco Phillips

Anfinn Paulsen, Gassco

Reidar Sakariassen, MetroPartner

Bjarne Syre, DONG Energy

Steinar Vervik, Norwegian Petroleum Directorate
Kjell Arne Ulvund, Statoil

Dag Flglo has been especially involved with regular project meetings and discussions throughout the
project.
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2 Description of metering stations

In the present Handbook, several metering configurations of metering stations are covered. These
include

e Orifice plate metering stations
e Coriolis metering stations
e Ultrasonic flow metering stations

The following three configurations are addressed:

e One flow meter (orifice, ultrasonic or Coriolis)
¢ Two flow meters in parallel (orifice, ultrasonic or Coriolis)
o Two flow meters in series (ultrasonic or Coriolis)

With respect to gas quality, three configurations are covered:

¢ Densitometer (in addition to a “nominal” gas composition)
¢ Online gas chromatography
e Gas sampling and laboratory analysis at regular time intervals

When the orifice metering station is selected, no flow calibration is involved. The uncertainty analysis of
the orifice metering station follows the 1SO 5167 as for the previous handbook [Dahl et al, 2003].

The Coriolis flow meter is assumed to be flow calibrated. The uncertainty model for this type of meter
will not focus on flow meter technology details, but will be kept on an overall level. ISO 10970, including
the amendment, is the recognized international standard for Coriolis fiscal gas metering.

The ultrasonic flow meter is also assumed to be flow calibrated. The uncertainty model is similar to the
model in the previous handbook [Lunde et al, 2002], but with necessary generalizations due to metering
station setup. ISO 17089-1 is the recognized international standard for ultrasonic fiscal gas metering.

© Christian Michelsen Research AS.
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3 Gas measurement uncertainties

This chapter will address the uncertainty models for the measurements of temperature (Section 3.1),
pressure (Section 3.2), differential pressure (Section 3.3), density (Section 3.4) and gas compositions
(Section 3.5), in addition to the uncertainty of standard density, calorific value and CO2 emission factor,
as calculated from a gas composition (Section 3.6).

3.1 Temperature measurement

The uncertainty model for the temperature measurement follows the similar model in [Lunde et al, 2002]
and [Dahl et al, 2003].

The uncertainty in the measured temperature can be specified in two ways:

e Overall level
e Detailed level

In case of the overall level, the absolute uncertainty in the measured temperature is specified directly
by the user of the uncertainty calculation program.

In case of the detailed level, the following uncertainty model is used:

UT Y = U(Toer sanem)” +U(Tosranem)” +U(Tagy ) (3.1)
+ u(Ttemp )2 + u(-I-stab,elem )2 + u(Tmisc )2 !

where

U(Telem,transm): standard uncertainty of the temperature element and temperature transmitter, calibrated
as a unit. Typically found either in product specifications or in calibration certificates.

u Tstab’transm): standard uncertainty related to the stability of the temperature transmitter, with respect
to drift in readings over time. Typically found in product specifications.

U(TRFI ): standard uncertainty due to radio-frequency interference (RFI) effects on the
temperature transmitter.

u(Ttemp): standard uncertainty of the effect of temperature on the temperature transmitter, for

change of gas temperature relative to the temperature at calibration. Typically found in
product specifications.

U(Tstab,elem ): standard uncertainty related to the stability of the temperature element. Instability may

relate e.g. to drift during operation, as well as instability and hysteresis effects due to
oxidation and moisture inside the encapsulation, and mechanical stress during
operation. Typically found in product specifications.

U(Tmisc): standard uncertainty of other (miscellaneous) effects on the temperature transmitter.

This uncertainty model is quite generic, and can be used on a series of industrial products. In cases
where this model does not fit with the product specifications, the miscellaneous uncertainty contributions
can be used for specification of other uncertainty contributions. Alternatively, the uncertainty of the
temperature measurements can be calculated manually, and the result can be given to the program
using the overall input level.

© Christian Michelsen Research AS.
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When the average of two temperature measurements is used, it is assumed that the two temperature
measurements are uncorrelated. The reason for this assumption is that often the two probes are not
calibrated at the same time. This means that even if they are calibrated using the same procedure, the
time difference generates an uncorrelated drifting term, both in the reference and in the temperature
measurement itself. This means that the uncertainty in the average of two temperature measurements
is assumed to be equal to the uncertainty for one measurement, divided by the square root of two.

3.2 Pressure measurement

The uncertainty model for the pressure measurement follows the similar model in [Lunde et al, 2002]
and [Dahl et al, 2003].

The uncertainty in the measured pressure can be specified in two ways:

e OQOverall level
e Detailed level

In case of the overall level, the relative uncertainty in the measured pressure is specified directly by the
user of the uncertainty calculation program.

In case of the detailed level, the following uncertainty model is used:

U(P)Z = U(Ptransmitter )2 + u<Pstability)2 + u(PRFI )2

(3.2)

2 2 2

+ U(Ptemp) + U(Patm) + u(Pmisc) '

where

U(Rransmm): standard uncertainty of the pressure transmitter, including hysteresis, terminal-based
linearity, repeatability and the standard uncertainty of the pressure calibration
laboratory.

U(Pstability): standard uncertainty of the stability of the pressure transmitter, with respect to drift in
readings over time.

u(PRFI ): standard uncertainty due to radio-frequency interference (RFI) effects on the pressure
transmitter.

U(Remp): standard uncertainty of the effect of ambient gas temperature on the pressure
transmitter, for change of ambient temperature relative to the temperature at calibration.

u(Patm): standard uncertainty of the atmospheric pressure, relative to 1 atm. = 1.01325 bar, due
to local meteorological effects. This effect is of relevance for units measuring gauge
pressure.

U(Pmisc): standard uncertainty due to other (miscellaneous) effects on the pressure transmitter,

such as mounting effects, etc.

This uncertainty model is quite generic, and can be used on a series of industrial products. In cases
where this model does not fit with the product specifications, the miscellaneous uncertainty contributions
can be used for specification of other uncertainty contributions. Alternatively, the uncertainty of the
pressure measurements can be calculated manually, and the result can be given to the program using
the overall input level.

© Christian Michelsen Research AS.
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When the average of two pressure measurements is used, it is assumed that the two pressure
measurements are uncorrelated. The reason for this assumption is that often the two probes are not
calibrated at the same time. This means that even if they are calibrated using the same procedure, the
time difference generates an uncorrelated drifting term, both in the reference and in the pressure
measurement itself. This means that the uncertainty in the average of two pressure measurements is
assumed to be equal to the uncertainty for one measurement, divided by the square root of two.

3.3 Differential pressure measurement

The uncertainty model for the differential pressure measurement follows the similar model in [Dahl et al,
2003].

The uncertainty in the measured differential pressure can be specified in two ways:

e Overall level
e Detailed level

In case of the overall level, the absolute uncertainty in the measured differential pressure is specified
directly by the user of the uncertainty calculation program.

In case of the detailed level, the following uncertainty model is used:

U(AP)Z = U(Aptransmitte' )2 + u(AF)stability)2 + u(APRFI )2

3.3
+ u(APtemp )2 + u(AI:)misc )2 ! ( )

where

u(AF’transmm): standard uncertainty of the differential pressure transmitter, including hysteresis,

terminal-based linearity, repeatability and the standard uncertainty of the differential
pressure calibration laboratory.

u(APstabi,ity): standard uncertainty of the stability of the differential pressure transmitter, with respect
to drift in readings over time.

u(APR,:I ): standard uncertainty due to radio-frequency interference (RFI) effects on the differential
pressure transmitter.

u(APtemp): standard uncertainty of the effect of ambient gas temperature on the differential
pressure transmitter, for change of ambient temperature relative to the temperature at
calibration.

u(APmisc): standard uncertainty due to other (miscellaneous) effects on the differential pressure

transmitter, such as mounting effects, etc.

This uncertainty model is quite generic, and can be used on a series of industrial products. In cases
where this model does not fit with the product specifications, the miscellaneous uncertainty contributions
can be used for specification of other uncertainty contributions. Alternatively, the uncertainty of the
differential pressure measurements can be calculated manually, and the result can be given to the
program using the overall input level.

© Christian Michelsen Research AS.
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3.4 Densitometer measurement

The uncertainty model for the density measurement follows the similar model in [Lunde et al, 2002] and
[Dahl et al, 2003].

The uncertainty in the measured density can be specified in two ways:

e Overall level
e Detailed level

In case of the overall level, the relative uncertainty in the measured density is specified directly by the
user of the uncertainty calculation program.

In case of the detailed level, the uncertainty model is more complicated than for the temperature,
pressure and differential pressure measurements above. The density measurement consists of several
steps:

¢ Measurement of an uncorrected density from the period measurement of a vibrating string.

e Corrections based on temperature difference between calibration and measurement.

e Velocity of sound corrections.

e Corrections for pressure and temperature differences from the densitometer to the line
conditions.

This will in total form the functional relationship for the density measurement, in agreement with ISO

15970, as follows:
K 2
1+ ¢
) _\Te)

1{*%}2 (Tr_d)[mj(zz_d] | (3.4)
7y

In this equation subscript “d” means densitometer conditions and subscript “c” means calibration
conditions. The following variables are used in this equation:

P :{pu [1+ KlS(Td -T, )]"‘ KlQ(Td -T,

Pu: indicated (uncorrected) density, in density transducer [kg/m3].

Kig, Kio: constants from the calibration certificate.

Ta: gas temperature in density transducer [K].

Te: calibration temperature [K].

Ka: transducer constant [um] (square root of constant Ky in ISO 15970).

Cc: VOS for the calibration gas, at calibration temperature and pressure conditions [m/s].
Ca: VOS for the measured gas, in the density transducer [m/s].

T periodic time (inverse of the resonance frequency, output from the densitometer) [us].
T: gas temperature in the pipe, at the flow meter location (line conditions) [K].

P gas pressure in the pipe, at the flow meter location (line conditions) [bara].

APy: pressure difference between the line and densitometer pressures (usually negative) [bara].
Zg: gas compressibility factor for the gas in the density transducer.

Z: gas compressibility factor for the gas in the pipe, at orifice location (line conditions).

By using the general uncertainty model approach in ISO GUM [ISO GUM, 2008], the uncertainty model
will be

© Christian Michelsen Research AS.
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Ucz(p) = Siuuz(pu)+u2(prept)+S/Z),TUS(T)+S/2),Tdu2(Td)+s§,Tcu2(Tc)

+ S;,Kd U2 (Kd ) + S;ruz (T) + Sfy,ccuz (Cc) + sz),cd U2 (Cd ) (35)

+ S;,APL, U2 (APd ) + S/ZJ,PUCZ (P) + U2 (ptemp) + U2 (pmisc)v

where

U(Pu) : standard uncertainty of the indicated (uncorrected) density estimate, p,, including the
calibration laboratory uncertainty, the reading error during calibration, and hysteresis.

u( prept) : standard uncertainty of the repeatability of the indicated (uncorrected) density estimate,
Py -

u(m): standard uncertainty of the line temperature estimate, T.

u(l'd) : standard uncertainty of the gas temperature estimate in the densitometer, Td .

u(T,): standard uncertainty of the densitometer calibration temperature estimate, T, .

u(Ky,): standard uncertainty of the VOS correction densitometer constant estimate, K, .

u(z): standard uncertainty of the periodic time estimate, 7 .

u(c,): standard uncertainty of the calibration gas VOS estimate, C, .

u(cy): standard uncertainty of the densitometer gas VOS estimate, C .

u(AF’d ): standard uncertainty of assuming that P, =P, due to possible deviation of gas pressure
from densitometer to line conditions.

u(P): standard uncertainty of the line pressure estimate, P.

u(ptemp) : standard uncertainty of the temperature correction factor for the density estimate, p
(represents the model uncertainty of the temperature correction model used,
{pu [1+ KlS(Td -T )]"' K19(Td -T )})

U(Ppise) : standard uncertainty of the density estimate, accounting for miscellaneous uncertainty

contributions, such as due to:

- stability (drift, shift between calibrations),

- reading error during measurement (for digital display instruments),

- possible deposits on the vibrating element,

- possible corrosion of the vibrating element,

- possible liquid condensation on the vibrating element,

- mechanical (structural) vibrations on the gas line,

- variations in power supply,

- self-induced heat,

- flow in the bypass density line,

- possible gas viscosity effects,

- neglecting possible pressure dependency in calculation of the uncorrected density
from the periodic time,

- model uncertainty of the VOS correction model,

- other possible effects.

The sensitivity coefficients in Eq. (3.5) can be calculated from the functional relationship Eq. (3.4) by
use of the ISO GUM methodology:

s = op P[1+ Kye(Ty _Tc)]
T - (3.6)
wpy Py [1+ Kis(Ty _Tc)]+ Kio(Ty = To)
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op_ p
2 __ 7 3.7
P T 57
s _ = op _ {14_ T4 [pu Kig + K19] }ﬁ (3.8)
A - :
Ty P [1+ Kig(Ty _Tc)]+ Kig(Ty = Te) | Ty
S — 8,0 — _|: Tc [pu K18 + K19] :|£ (3 9)
T :
g aTc Py [1+ KlS(Td _Tc)]+ K19(Td _Tc) Tc
s -9 _ 2Ki _ 2Kg | p (3.10)
7 0K, Kg +(c.)®  K§+(cy)® | Ky
2 2
s 9 _|_2Kg 2K, P (3.11)
T ot Ki+(c,)” KZ+(c,)’ |7
s O ___ 2K p. o _Op__ 2K p (3.12)
P - 2 2 ! Py T w? 2 )
oc, K+ () c, ocy, Ki+(my) ¢,
op P op_ AR p
S, p = =— ; S,p == = .
7% BAP,  P+AP, ?P 6P P+AP, P (3.13)
3.5 Gas composition measurement

In this section, first the uncertainty model for the individual gas components resulting from an online gas
chromatography measurement is presented in Section 3.5.1. Thereafter uncertainty model for individual
gas components related to spot sampling and laboratory analysis is presented in Section 3.5.2.
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3.5.1 Gas chromatography measurement

NORSOK 1-104 states the following uncertainty contributions for the molar fractions of the various gas
components as measured by an online gas chromatograph:

e Repeatability
e Linearity
e Calibration gas uncertainty

This means that the standard uncertainty of the measured molar fraction ¢ of gas component number i
can be written as

2 2 2
u(¢|) :u(¢|,rept) +u(¢i,lin) +u(¢i,cal)2’ (3-14)
where
u(¢i ): standard uncertainty of the measured molar fraction of gas component number i.
u(¢i’rept): standard uncertainty due to repeatability, of the measured molar fraction of gas

component number i.

u(¢i]“n): standard uncertainty due to linearity, of the measured molar fraction of gas component
number i.
U(¢i,ca| ): standard uncertainty due to calibration gas uncertainty, of the measured molar fraction

of gas component number i.

3.5.2 Spot sampling and laboratory analysis

In the case of gas composition estimation from spot sampling and laboratory analysis, the uncertainty
in the average gas composition over a time period (for example one year) is calculated. The standard
uncertainty in the average value of the molar fraction of gas component number i is found as

2 2
U(¢| ) = u(¢i,sampling) + u(¢i,analysis)Z + u(¢|,frequency)Z ’ (3-15)
where
u(¢i ): standard uncertainty of the average measured molar fraction of gas component number
i.
u ¢i,samp|ing): standard uncertainty due to representatively of the gas sampling of gas component

number i.
(¢i,ana|ysis)3 standard uncertainty related to analyzer uncertainty at laboratory of gas component

c

number i.
u((zﬁi’frequency): standard uncertainty due to fluctuations in the values for gas component number i,

between the samples taken over the time period (e.g. a year). Therefore it is related to
the number of samples, i.e. the sampling frequency.

The standard uncertainty due to sampling will have to be given as input in the program. No automatic
estimation of this quantity is carried out.

The standard uncertainty related to analyzer uncertainty is treated in the same way as the gas
chromatography uncertainty presented in Section 3.5.1, Eq. (3.14).
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The standard uncertainty related to sampling frequency is calculated as

To,
u(¢i,frequency)= Zm' (3.16)
where
N: number of gas samples
T: Student-T parameter for 95 % confidence level (T.INV.2T(0.05;N-1) in Excel)

o;. standard deviation over the gas samples of molar fractions measured for gas
component number i

3.6 Gas quality parameters uncertainty

This section described the general approach for uncertainty analysis of gas quality parameters. Section
3.6.1 covers the functional relationships, and Section 3.6.2 the uncertainty model.

3.6.1 Functional relationship

In general, the functional relationship for a gas parameter, X, can be written

X = f(d, 4y, P.T), (3.17)

where ¢l,¢2,...,¢n are un-normalized molar fractions for each gas component. Note that in the function

calculating the gas parameter, a normalization of the gas composition is included (i.e. to divide each of
the molar fractions by the sum of all molar fractions to ensure that the sum of all molar fractions then
will be equal to 1).

A series of gas quality parameters can be calculated from the gas composition alone using the
algorithms in ISO 6976. This includes e.g. molar mass (m), compressibility factor at standard conditions
(Zo), mass based superior calorific value (Hsm) and mass based inferior calorific value (H;m). The
compressibility factor at line conditions (Z) can be calculated from the gas composition in combination
with the pressure and temperature by use of the algorithms in AGA 8. The CO2 emission factor can also
be calculated from the gas composition. There are no recognized international standard for this
parameter. X can represent each of these gas parameters, and also combinations (like ratios and
products etc.) of them.

The CO:2 emission factor is calculated using the following formulas:
Mass based CO2 emission factor (kg/kg):

>n

Crn =Mco, i ; (3.18)

n

Zmi¢i
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where mco2 is the molar mass of COz, n; is the number of carbon atoms in the molecule for gas
component number i and m; is the molar mass of gas component number i.

Volume based CO2 emission factor (kg/Sm?3):

C,=C.p. (3.19)
where p, is the density at standard conditions, calculated from the gas composition by use of ISO 6976.

Energy based CO2 emission factor (tonnes/TJ):
C, =1000C,/H, . (3.20)

where Hin is the mass based inferior calorific value (MJ/kg) , calculated from the gas composition by
use of ISO 6976.

3.6.2 Uncertainty model

Uncertainty in the gas components and in pressure and temperature will generate uncertainty in the gas
parameters. The standard uncertainty of each gas parameter X can now be found as

u(X)2=(%u(¢1)J +(%u(¢z)j +...+(%u(¢n))

, , (3.22)
of of 2
+| —u(P)| +| —u +(u(X .
[ap ( ) 8T (T) ( ( model))
The last term in this uncertainty model represents a possible model uncertainty due to approximations
and inaccuracies in Eq. (3.17).

Some of the functional relationships, Eq. (3.17), are quite complex, and analytic calculation of the partial
derivatives is complicated. Therefore, the partial derivatives are calculated numerically as

of _tbby b b+ b PT)- T80, 806~ 0, P.T)
o¢ 25 G2

where ¢, is a small perturbation of the molar fraction for gas component number i. Note that a new

normalization of the molar fractions is needed when such a perturbation is carried out. Similarly, the
partial derivatives with respect to pressure and temperature are calculated as

of 1488, P+PT)-1(4.4,,....0,P-P.T)
oP 26P

(3.23)

and

& 148t PT+ST)= (4.0, 6, P.T =0T)
aT 26T '

(3.24)

The model uncertainty will vary depending on the actual gas parameter in question.
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In this report, the combinations of gas parameters of relevance for obtaining mass flow rate, standard
volume flow rate and energy flow rate in Chapters 4, 5 and 6 are listed in Table 3.1. Uncertainty of all
these combinations of gas components are found by treating each of them as the parameter X and using
Egs. (3.17), (3.21), (3.22), (3.23) and (3.24). The reason for combining them like this is that in the various
functional relationships they appear in this combination.

Table 3.1 Combination of gas parameters of relevance for the various flow meter set-ups discussed in
this report.

Type of flow meter Type of flow rate When densitometer | When densitometer
isin use is notin use
Mass None m/Z
Orifice
Standard volume Z1zZ, Z,/ /mZ
Energy H,. Hs‘mm
Mass None
Coriolis Standard volume Not covered in this Z /m
report 0
Energy |-|S o
Mass None m/Z
Ultrasonic Standard volume Z1Z, Z1Z,
Energy H,, H,.m/Z

If, on the other hand, their uncertainties would have been treated individually, there would have been
correlations between the gas parameters. These correlations would have to be treated in Chapters 4,
5 and 6. This is a complicated task that is avoided by the present approach.

In addition to these gas parameters, also the uncertainties of individual gas parameters like the CO:2
emission factors are calculated using the same type of formalism.

Of all the various individual gas parameters, it is only the compressibility factor at line conditions, Z,
which depends on the line pressure and temperature. Therefore, when Z is not part of the relevant
combination of gas parameters, the uncertainties of the pressure and temperature have no influence.

It is assumed that the molar mass, calorific values and CO2 emission factors do not have any model
uncertainty (more specific that such model uncertainty is negligible). However, the compressibility
factors at line and standard conditions have a significant model uncertainty. The various standards (AGA
8 and 1SO 6976) specify values for this model uncertainty (relative uncertainty). This means that when
uncertainty of a gas parameter combination “X” listed in Table 3.1 is calculated, terms for model
uncertainty must be added when the combination of gas parameters include the compressibility factor
at line conditions (Z) and/or the compressibility factor at standard conditions (Zo). The details are shown
in Egs. (3.25) - (3.31) covering all the gas parameter combinations addressed in Table 3.1:

(MT _ (MJZ (3.25)

m/Z Z

(u«z /zo>mode.>j2 _ (u<zmode.)f ((Z)J | (326

Z1z, z Z,
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)jz |

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)
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4 Orifice fiscal metering stations

In this chapter the uncertainty models for orifice fiscal metering stations are described. The chapter is a
generalization of the work in [Dahl et al, 2003], where now more set-ups of the metering station are
covered.

In Section 4.1 the set-up of the orifice metering station is described. In Section 4.2 the functional
relationship is described. The uncertainty models covering a single flow meter are described in Section
4.3. In Section 4.4 the uncertainty models are extended to two flow meters in parallel.

4.1 Description of metering station

The orifice metering station consists of an orifice plate with differential pressure measurement in
accordance with 1ISO 5167:2. Furthermore, the pressure is measured upstream and the temperature is
measured downstream of the orifice plate. This is in accordance with NORSOK [-104 Section 5.2.3.2.
With respect to density and gas composition, there are three option covered:

e Density measured by downstream densitometer, gas composition used for compressibility and
calorific value calculations. This gas composition can be a fixed or measured composition.

e Gas composition measured by online gas chromatograph. This composition in addition to
pressure and temperature is used for calculation of density, compressibility and calorific value.

e Gas composition measured by laboratory analysis of spot gas samples. This composition in
addition to pressure and temperature is used for calculation of density, compressibility and
calorific value.

The orifice metering station is not flow calibrated. Discharge coefficient and expansibility coefficient are
calculated according to 1ISO 5167:2.

When the metering station consists of two parallel pipes each equipped with orifice plate, it is assumed
that each line has individual differential pressure, pressure and temperature measurement.
Furthermore, if densitometers are present, each line has its own densitometer. In the case with use of
gas composition, it is assumed that a common gas composition is used for both lines. This means that
the same online gas chromatograph will serve both lines. Also a possible sampling point for gas samples
will serve both lines.

4.2 Functional relationship

In this section, the functional relationships for mass flow rate, standard volumetric flow rate and energy
flow rate are given, for a metering station with one single orifice plate (not two in parallel). Both the case
with densitometer in use, and the case where density is established from gas composition (online gas
chromatography or spot samples of gas analyzed in a laboratory) are covered.

42.1 General expressions

According to ISO 5167:2, the mass flow rate is calculated as

C nd?
Ay = §——~2p AP . (4.1)

EOAE
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For definition of symbols it is referred to Appendix D. By using the equation of state, the standard
volumetric flow rate can be found as

_ PT,Z, Un _ PT,Z, C ad? [2AP
Qo=%57-5 — = =& ) : 4.2)
PTZ, oo RTZ, 1—(1) P1

D

Similarly, the energy flow rate can be found as

H,.C d?
Qe = Hs,mqm - \/1_(%)4 & 4 v ZplAP : (4.3)

These three expressions will now be used to establish the functional relationship both for the case when
a densitometer is in use and for the case when a densitometer is not in use.

4.2.2 Expressions when densitometer is used

In the case of a downstream densitometer, the density has to be converted from downstream to
upstream conditions. With pressure measured upstream, and temperature downstream, and based on
Eq. (4.1), the mass flow rate will be

C nd? P T, Z,
Z2pp
() 4 Jpz (P,—AP) (T, +AT) Z,
C nd® P 1 Z
. 2 I 22 p.
() 4 \/p2 (R—AP)(L+AT/T,) Z,

(4.4)

Similarly, based on Eq. (4.2), the standard volumetric flow rate will be

0:P1TOZO C gﬂdz\/z(li’l—AP)(Tz+AT)£AP
" ORTZ, 1—(%)4 4 PP T, 4

(4.5)

)(1+ AT /T, )éAP.

_PTZ, C ﬂdz\/z(a—AP
PP Z,

= £
RT.Z, i—(sf 4

In addition, based on Eq.(4.3), the energy flow rate will be

AP

stmC 7Zd2 \/ F)l T2 ZZ
qe = -

2
ey 4 (R -aP)(T, +aT) Z,
2
_ HC \/sz P, 1 7,
1-(s) 4 (P,—AP)(1+AT/T,) Z,

D

(4.6)

In the calculations carried out in the uncertainty program, for getting the relations between flow rate and
differential pressure, the temperature difference over the orifice plate is neglected. This approximation
will not be important for the uncertainty model and calculations carried out here.
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4.2.3 Expressions when densitometer is not used

In the case when densitometer is not present, the density has to be found from the gas composition,
through the equation of state. Based on Eq. (4.1), the mass flow rate will then be

q. = C E;zdz 2P,MAP
"o-(gy 4V ZRT @D

Similarly, based on Eg. (4.2), the standard volumetric flow rate will be

q PT,Z, C 7Zd2 2Z,RT,AP
T PTZ, (4) Pm

(4.8)
2,7, C  md? [2PRAP

I
Roim(ef 4\ zZmT,

In addition, based on Eq.(4.3), the energy flow rate will be

q - H,.C g;zdz 2P,mAP
© (g 4V ZRT “9

In these formulas, the effect of thermal expansion on the two diameters, d and D, is not covered. This
means that it is assumed that the effect of thermal expansion is assumed to be implemented in the flow
computer. In such cases the uncertainty related to thermal expansion has earlier been shown to be
negligible compared to other uncertainty contributions [Dahl et al, 2003]. In order not to make the
uncertainty model more complex than necessary, it has therefore been decided to not cover thermal
expansion in the uncertainty model to be described in the next sections.

4.3 Uncertainty model

In this section, the uncertainty models for the various cases described in the previous section are
presented. These uncertainty models are derived from the general methodology described in the ISO
GUM [ISO GUM, 2008].

43.1 When densitometer is used

Eq. (4.4) describes the functional relationship for the mass flow rate. By following the 1ISO GUM
methodology, the uncertainty model for the mass flow rate can be written as

(] ) (4
) el e
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Eqg. (4.5) describes the functional relationship for the standard volumetric flow rate. The compressibility
factors at standard and line conditions depend both on the gas composition, and in order to avoid
correlations, their uncertainties are treated together in the uncertainty model. By following the ISO GUM
methodology, the uncertainty model for the standard volumetric flow rate can be written as

(B2 024
[12(34/?:))} (u(r?)jz*(l—wz/or} (gd)j@(%J .
{ P, —2AP ﬂu(AP)f
2P, —2AP ) | AP

Eq. (4.6) describes the functional relationship for the energy flow rate. By following the ISO GUM
methodology, the uncertainty model for the energy flow rate can be written as

() 2 )
() ()] e
Q)2 e

4.3.2 When densitometer is not used

Eq. (4.7) describes the functional relationship for the mass flow rate. The molar mass and the
compressibility factor at line conditions depend both on the gas composition, and in order to avoid
correlations, their uncertainties are treated together in the uncertainty model. By following the ISO GUM
methodology, the uncertainty model for the mass flow rate can be written as

2 2 2 2 2 2 2
u(d,) z(u«:)) +(u<e>) [ (/D) (u(D)) (2 (u(d ))
a, C £ 1-(d/D)* D 1-(d/D)* ) \ d

LAV (u@P)Y (1Y(uR)) (1Y (u(mz))  (1Y(um))

2)\ AP 2 P, 2)\ m/z, 2)\ T, )
Eq. (4.8) describes the functional relationship for the standard volume flow rate. The molar mass and
the compressibility factors at standard and line conditions depend all on the gas composition, and in
order to avoid correlations, their uncertainties are treated together in the uncertainty model. By following

the ISO GUM methodology, the uncertainty model for the standard volumetric flow rate can be written
as
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u(a,)Y :(u«:)jz (Qj [ 2a/o) 2[u<c>>j2 N Z[uw ))2
Oy C € 1-(d/p)* )\ D 1-(d/D)* ) \ d
2
J{EJZ(U(AP)T {EJZ u(R)Y | (ulze/mZ,) *(1]2 u(r,)\’
2) AP 2) P Z,/\Jmz, )T )
Eq. (4.9) describes the functional relationship for the energy flow rate. The calorific value, molar mass
and the compressibility factor at line conditions depend all on the gas composition, and in order to avoid

correlations, their uncertainties are treated together in the uncertainty model. By following the ISO GUM
methodology, the uncertainty model for the energy flow rate then can be written as

()-8 R 9 dor) ()

(2 [ 2] [ et )T, 1700

o

4.4 Two flow meters in parallel

4.4.1 Correlation classification

The generic uncertainty model for two flow meters in parallel is given in Appendix B. The uncertainty
model is developed under the assumption that the flow rate is about the same in both pipes.

Based on the results of the uncertainty model development in Appendix B, it is necessary to classify all
uncertainty contributions as either correlated or uncorrelated between the two flow meters. The following
assumptions and evaluations have been made in order to classify the correlations:

¢ Discharge coefficient: This uncertainty is assumed to be uncorrelated between pipe A and
B. This coefficient is related to the flow profile thus the inlet pipe work to the metering station.
This will never be identical in the two pipes.

e Expansibility factor: This uncertainty is assumed to be uncorrelated between pipe A and B.
The uncertainty in this factor is partly due to the flow profile and partly to the gas properties.
There are good reasons both for classifying the uncertainty as correlated and uncorrelated.
However, as this usually is a negligible uncertainty contribution, a brief classification as
uncorrelated can be made.

e Pipe diameter: This uncertainty is assumed to be correlated. This is because it is expected
that the pipe work in the two pipes is delivered from the same vendor and produced under the
same batch. Therefore, correlations can be expected.

e Orifice diameter: This uncertainty is assumed to be correlated. This is because it is expected
that the orifice plates in the two pipes are delivered from the same vendor and dimensions are
measured at the same time and using the same equipment. Therefore, correlations can be
expected.

o Differential pressure: This uncertainty is assumed to be uncorrelated. This is because two
different differential pressure instruments are used. Even if they are of the same type, they may
not be calibrated at the same time. It is therefore expected that the uncertainty mainly is
uncorrelated.
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e Measured density: This uncertainty is assumed to be uncorrelated. This is because two
different densitometers are used (one in each run). Even if they are of the same type, they may
not be calibrated at the same time. It is therefore expected that the uncertainty mainly is
uncorrelated.

e Pressure: This uncertainty is assumed to be uncorrelated. This is because different pressure
instruments are used in each run. Even if they are of the same type, they may not be calibrated
at the same time. It is therefore expected that the uncertainty mainly is uncorrelated.

e Temperature: This uncertainty is assumed to be uncorrelated. This is because different
temperature instruments are used. Even if they are of the same type, they may not be calibrated
at the same time. It is therefore expected that the uncertainty mainly is uncorrelated.

e Gas quality parameters: This uncertainty is assumed to be correlated. It covers
compressibility, molar mass and calorific value, either isolated or combined through products,
ratios and powers. It is assumed that there will be a common gas chromatograph for both lines
(not individual gas chromatograph for each line). Therefore, the calculation of these gas
parameters is based on the same gas composition in each pipe. Therefore correlations have to
be expected. In the case of gas composition based on gas sampling it is assumed a common
sampling point for the two lines. Therefore, also in this case correlations have to be expected.

4.4.2 Specific uncertainty models, when densitometer is in use

Based on the uncertainty models for one orifice metering station (mass flow rate Eq. (4.10), standard
volume flow rate Eq. (4.11) and energy flow rate Eq. (4.12)), the general model for combining these
uncertainty models into a model for two in parallel (Section B 2) and the classification of uncertainty
contributions as either correlated or uncorrelated, the uncertainty models for two flow meters in parallel
can be found.

The uncertainty model for the total mass flow rate of two orifice flow meters in parallel (meter A and

meter B) can be written as
(2] (%)

Sk

(4.16)

2 2 2 2

1P J(u@P)) (1 P ) [ulaRy)
2 P,—AP, AP, 2 Py —APR, AP

J1oar Y(u)Y (1 AR Y(u(Ps))
2 PlA _APA P1A 2 PlB _APB PlB .

The uncertainty model for the total standard volume flow rate of two orifice flow meters in parallel (meter
A and meter B) can be written as
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The uncertainty model for the total energy flow rate of two orifice flow meters in parallel (meter A and
meter B) can be written as
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4.4.3 Specific uncertainty models, when densitometer is not in use

Based on the uncertainty models for one orifice metering station (mass flow rate Eq. (4.13), standard
volume flow rate Eq. (4.14) and energy flow rate Eq. (4.15)), the general model for combining these
uncertainty models into a model for two in parallel (Section B 2) and the classification of uncertainty
contributions as either correlated or uncorrelated, the uncertainty models for two flow meters in parallel
can be found.

The uncertainty model for the total mass flow rate of two orifice flow meters in parallel (meter A and
meter B) can be written as

- e )

2
+ ljz U(APA) +[1JZ(U(APB)J (4.19)
2) | AP, 2) | AP,
P

The uncertainty model for the total standard volume flow rate of two orifice flow meters in parallel (meter
A and meter B) can be written as
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The uncertainty model for the total energy flow rate of two orifice flow meters in parallel (meter A and
meter B) can be written as
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5 Coriolis fiscal metering station

In this chapter, uncertainty models for mass flow rate, standard volume flow rate and energy flow rate
for a Coriolis flow metering station are presented. In Section 5.1 the set-up of the metering station is
given. In Section 5.2 the functional relationship for the mass flow rate, standard volume flow rate and
energy flow rate for a metering station with one Coriolis flow meter is presented. Section 5.3 gives the
uncertainty model for the mass flow rate for a single Coriolis flow meter. In Section 5.4 this is extended
to uncertainty models also for standard volume flow rate and energy flow rate. Section 5.5 gives the
uncertainty model for the total flow rates from two Coriolis flow meters in parallel, and Section 5.6 for
the average flow rates from two Coriolis flow meters in series.

5.1 Description of metering station

The Coriolis metering station consists of a Coriolis mass flow meter. In addition, pressure and
temperature is measured. It is assumed that density, compressibility and calorific value are calculated
based on a gas composition. There are three option covered:

e Aiven, fixed composition.
e Gas composition measured by online gas chromatograph.
e Gas composition measured by laboratory analysis of spot gas samples.

In addition the cases of two flow meters in parallel and two flow meters in series are covered. It is
assumed that the same gas composition is used for both flow meters

5.2 Functional relationship

521 Mass flow rate, flow calibrated Coriolis meter

The Coriolis flow meter measures the mass flow rate as its primary output. Typically, the Coriolis flow
meter will be flow calibrated. Thus, an adjustment of the flow meter may be carried out.

The flow calibration is carried by comparing the mass flow rate output from the Coriolis flow meter with
the similar reading from a reference measurement. This is carried out at a set of N different flow rates.

The details are covered in Appendix A, where “x”is replaced by “m” and “Meter” is replaced by “Coriolis”
in the index of the flow rate g in the formulas. Three different ways of correcting the flow meter are
covered:

0] no correction,
(i) a constant percentage correction,
(iii) linear interpolation.

(]

Appendix A describes the percentage deviation that is corrected (“p”) in all these three cases, and how
this is converted to a correction factor K.

It should, however, be commented that the third case (linear interpolation) provides a correction such
that the flow meter’s flow rate will be corrected to the reference meter flow rate, when the flow rate is
equal to any of the flow rates used in the flow calibration. This case is therefore in agreement with the
Norwegian Petroleum Directorate Measurement Regulations [NPD], where one requirement in Section
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8 is that “The measurement system shall be designed so that systematic measurement errors are
avoided or compensated for”. Using case (i) and (ii) is not in agreement with this requirement.

5.2.2 Standard volumetric flow rate and energy flow rate, flow calibrated
Coriolis meter

In the previous subsection it is described how the mass flow rate from a flow calibrated Coriolis flow
meter is found. The standard volumetric flow rate can now be found by using a gas composition coming

from either an online gas chromatograph, from spot sampling, or from a fixed composition. In all three
cases, the standard volumetric flow rate can be written as

_ Z,RT,

mP, Oy - (5.1)

v0

Similarly, the energy flow rate can be found as

de = H; 00y - (5.2)

5.3 Uncertainty model, mass flow rate

The uncertainty of the mass flow rate of a flow calibrated Coriolis meter consists of two general
uncertainty contributions

e Calibration uncertainty
e Field uncertainty

Formally, this can be written as

SR

These two contributions will now be discussed more in detail.

53.1 Calibration uncertainty
The calibration uncertainty consists of the following three contributions:

e Uncertainty of the correction factor estimate (the adjustment after deviations between flow meter
and reference measurement at the flow laboratory are established).
Uncertainty of the reference measurement at the flow laboratory.
Repeatability, including both the Coriolis flow meter to be calibrated and the reference
measurement.

This can be written as
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[U(qm,cal )JZ _ [U(Qm,cal,dev)j2 +(U(qm,cal,ref )jz +[u(qLal,rept)j2 i (5.4)
Um A O O

These three terms will now be discussed more in detail.

Uncertainty of the correction factor estimate: This uncertainty contribution is described in Appendix
A, where, where “x”is replaced by “m” and “Meter” is replaced by “Coriolis” in the index of the flow rate
g in the formulas. It is calculated from the deviation between the Coriolis flow meter mass flow rate and
the mass flow rate measured by the reference meter, at a series of mass flow rates. Three adjustment
methods for the Coriolis flow meter are discussed:

® no correction,
(ii) a constant percentage correction,
(i) linear interpolation.

For each of these methods, the actual expression is given in Appendix A for any uncorrected percentage
deviation, 9 , of the flow meter after adjustment of the Coriolis flow meter.

As described in Appendix A, the relative standard uncertainty of the correction factor estimate can be
written as

(5.5)

u(qm,cal,dev) :(U(K)j :iﬁu(p) — &)/\/5
O K K oK 100+ p-

Uncertainty of the reference measurement: This term depends on the metering equipment at the flow
laboratory. This number is usually found in the calibration certificate. It can depend on the flow rate.
Therefore, for mass flow rates between the ones used in the flow calibration, a linear interpolation based
on the values of this uncertainty at the mass flow rates used in flow calibration is used. The relative
uncertainty at the highest calibrated flow rate will be used for flow rates above this highest calibrated
flow rate. The relative uncertainty at the lowest calibrated flow rate will be used for flow rates below this
lowest calibrated flow rate.

Repeatability: This term covers both the repeatability of the Coriolis flow meter to be calibrated and the
reference measurement. It can vary with mass flow rate. Therefore, for mass flow rates between the
ones used in the flow calibration, a linear interpolation based on the values of this repeatability at the
mass flow rates used in flow calibration is used. The repeatability at the highest calibrated flow rate will

be used for flow rates above this highest calibrated flow rate. The repeatability at the lowest calibrated
flow rate will be used for flow rates below this lowest calibrated flow rate.

5.3.2 Field uncertainty
The field uncertainty will consist of the following two contributions

e Repeatability of the flow meter under field operation
e Uncertainty due to changes of conditions from flow calibration to field operation

This can be written as

[u(qm,field )]Z _ [u(qm‘ﬁe,d'rept )jz N [U(qm,field,cond )Jz (5.6)

Un U Un

These two terms will now be discussed more in detail.
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Repeatability of the flow meter under field operation: This can usually be found in the data sheet of
the flow meter, if not own experience is used for establishing the repeatability. It is possible to specify
different values on the repeatability for different flow rates. In that case linear interpolation is used for
obtaining the repeatability at mass flow rates in-between the ones where the repeatability is specified.
The repeatability at the highest calibrated flow rate will be used for flow rates above this highest
calibrated flow rate. The repeatability at the lowest calibrated flow rate will be used for flow rates below
this lowest calibrated flow rate.

Uncertainty due to changes of conditions from flow calibration to field operation: The value of
this quantity will depend on the actual installation and on the data sheet of the flow meter. It is possible
to specify different values on the relative uncertainty at different flow rates. In that case linear
interpolation is used for obtaining the relative uncertainty at mass flow rates in-between the ones where
it is specified. The relative uncertainty at the highest calibrated flow rate will be used for flow rates above
this highest calibrated flow rate. The relative uncertainty at the lowest calibrated flow rate will be used
for flow rates below this lowest calibrated flow rate.

5.3.3 Total uncertainty in mass flow rate, one flow meter

Based on the two previous sub-sections, the total uncertainty model for the mass flow rate from a flow
calibrated Coriolis flow meter can be written as

(e (el ]

(5.7)
N {U(qm,field,rept)Jz N [u(qm,ﬁeld,cond)le
py ry
54 Uncertainty model, standard volume and energy flow rate

Eq. (5.1) describes the functional relationship between the mass flow rate and the standard volumetric
flow rate. The molar mass and the compressibility factor at standard conditions depend both on the gas
composition, and in order to avoid correlations, the uncertainty model for the standard volumetric flow

rate is written as
[MJZ =KU(qm)JZ J{U(Zo/m)jz (5.8)
Ovo U ZO/m |

Eq. (5.2) describes the functional relationship between the mass flow rate and the energy flow rate. The
mass based superior calorific value depends on the gas composition, and has thus uncertainty. The
uncertainty model for the energy flow rate is written as

2

[u(qe)J2=(u(qm)j2+ u(H.n) _ (5.9)

o U H

s,m
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5.5 Two flow meters in parallel
55.1 Correlation classification

The generic uncertainty model for two flow meters in parallel is given in Appendix B. The uncertainty
model is developed under the assumption that the flow rate is about the same in both pipes.

Based on the results of the uncertainty model development in Appendix B, it is necessary to classify all
uncertainty contributions as either correlated or uncorrelated between the two flow meters. The following
assumptions and evaluations have been made in order to classify the correlations:

e Calibration uncertainty

o Uncertainty of the correction factor estimate (the adjustment after deviations between
flow meter and reference measurement at the flow laboratory are established): It is
assumed that this uncertainty contribution in uncorrelated as each meter will have its
own deviation curve, and possible errors due to linear interpolation in such a deviation
curve are not likely to repeat between different meters.

o Uncertainty of the reference measurement at the flow laboratory: If the two flow meters
are calibrated at the same time at the same location, it is likely that this uncertainty
contribution is correlated, as the flow meters are compared to the same reference. In
other cases it is likely that it is uncorrelated. In the uncertainty program it is possible
to specify whether the flow meters are calibrated at the same time and location or not.

o Repeatability, including both the Coriolis flow meter to be calibrated and the reference
measurement: This represents random variations, and will thus be uncorrelated
between the two flow meters.

e Field uncertainty

o Repeatability of the flow meter under field operation: this represents random variations,
and will thus be uncorrelated between the two flow meters.

o Uncertainty due to changes of conditions from flow calibration to field operation: It is
here assumed that this is uncorrelated. This is because the flow conditions will never
be identical in two different pipes, and therefore it is likely that they may be affected
differently by changed conditions from calibration to field.

e Gas parameters

o The uncertainty of the fraction of standard compressibility to molar mass is used in the
uncertainty model for standard volume flow rate. As it is assumed that the same gas
composition is used for both flow meters, this parameter is correlated.

o The uncertainty of the mass based superior calorific value is used in the uncertainty
model for energy flow rate. As it is assumed that the same gas composition is used for
both flow meters, this parameter is correlated.

55.2 Specific uncertainty models

Based on the uncertainty models for one flow calibrated Coriolis meter (mass flow rate Eq. (5.7),
standard volume flow rate Eg. (5.8) and energy flow rate Eq. (5.9)), the general model for combining
these uncertainty models into a model for two in parallel (Section B 2) and the classification of
uncertainty contributions as either correlated or uncorrelated, the uncertainty models for two flow meters
in parallel can be found.

If the two flow meters are calibrated at the same time and location:

The uncertainty model for the total mass flow rate of two flow calibrated Coriolis flow meters in parallel
(meter A and meter B) can be written as
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(U(qm )Jz — E (l'l(qm,cal,devA)J2 +[u(qm ,cal,devB )Jz +(u(qm cal, refA) + u(qm,cal,refB )Jz
qm 4 qu qu
+(U<qm,cal,reptA)J2 +( (qm cal,reptB J [ qm field ,reptA Jz +[U<qm,field,reptB)J2 (5.10)
qu qu
+(u(qm,field,condA)J2 +[ (Qm,fleld,condA)J2
qu qu

The uncertainty model for the total standard volume flow rate of two flow calibrated Coriolis flow meters
in parallel can be written as

(u(qvo)lz :1 (u(qm,cal,devA)]2 +(u(qm,cal,dev8)j2 +(U( m,cal,refA)+ U( m,cal,refB)j2
qu 4 qu qu qu qu
+[u(qm,cal,reptA)J2+[u(qm,cal,reptB)J2_}_[u(qm,field,reptA)Jz+[u(qm,field,rept8)j2 (5.11)

qu qmb qu qu

+(u< )][( m,ﬁe.d,mgf+(u<zoA/mA>+u<zOB/mB)]2 |

qu qu ZOA/rnA ZOB/mB

The uncertainty model for the total energy flow rate of two flow calibrated Coriolis flow meters in parallel
can be written as

[sz :1 (U( m,cal,devA)jz_’_(u( m,cal,devB)jz_i_(u( m,cal,refA)+u( m,cal,refB)J2
qe 4 qu qu qu qu
+[u(qm,cal,reptA)J2+(u(qm,cal,rept8)j2+(u(qm,field,reptA)]2 +[u(qm,field,rept8)]2 (5.12)
qu qmb qu qu
+(U( m,field,condA)Jz_'_[u( m,field,condA)jz+(U(Hs,mA)+u(Hs,mB )JZ )

Oma Oma H H

s,mA s,mB

If the two flow meters are not calibrated at the same time and location:

The uncertainty model for the total mass flow rate of two flow calibrated Coriolis flow meters in parallel
(meter A and meter B) can be written as

© Christian Michelsen Research AS.



Ref. no.: CMR-14-A10099-RA-1
Rev. 00 Date: 19.03.2014
‘ Page 37 of 93

CIMIr Instrumentation ‘ Uncertainty model for the on_Ilne uncertainty
calculator for gas flow metering stations

Report

(4l e el )

u(qm,cal,reptA)Jz +( (qm cal,reptB J ( qm field,,reptA Jz " (U(qm,ﬁeld,reptB ))2 (5.13)
qu qu
N (U(qm’ﬁe,d ,CondA)Jz " ( (qm field ,condA)]2

qu qu

The uncertainty model for the total standard volume flow rate of two flow calibrated Coriolis flow meters
in parallel can be written as

(u(qVO)JZ :1 [u(qm,cal,devA)Jz+(u(qm,cal,dev8)]z+(u( m,cal,refA)jz_'_(u( m,cal,refB)j2
qu 4 qu qu qu qu

+(u(qm,cal,reptA)J2+(u(qm,cal,rept8)j2+(u(qm,field,reptA)J2+(u(qm,field,reptB)J2 (5.14)

qu qmb qu qu

+(u< )N( m,ﬁem,condA)jz+[u<z0A/mA>+u<zOB/mB >J2

qu qu ZOA/mA ZOB/mB

The uncertainty model for the total energy flow rate of two flow calibrated Coriolis flow meters in parallel
can be written as

(S]] sl [l ()
o

n (l“l(qm,c.sll,reptA)]2 + (u(qm,cal,reptB)]2 +( (qm field ,reptA j qm field,reptB Jz (5.15)

qu qmb
+(U( m,field,condA)]2 +(U( m,field,condA)j2 +(U(Hs,mA)+ U(Hs,mB)]
Uina Uina Hs,mA Hs,mB
5.6 Two flow meters in series

When two Coriolis flow meters are installed in series, the operator can either use one as master and the
other just as a check for quality assurance purposes. In that case the uncertainty analysis for one flow
meter alone will be the valid one.

This section covers the case when the average flow rate from the two meters is to be used.
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5.6.1 Correlation classification

The generic uncertainty model for two flow meters in series is given in Section B 3.
Based on the results of the uncertainty model development in Appendix B, it is necessary to classify all
uncertainty contributions as either correlated or uncorrelated between the two flow meters. The following
assumptions and evaluations have been made in order to classify the correlations:

e Calibration uncertainty

o Uncertainty of the correction factor estimate (the adjustment after deviations between
flow meter and reference measurement at the flow laboratory are established): It is
assumed that this uncertainty contribution in uncorrelated as each meter will have its
own deviation curve, and possible errors due to linear interpolation in such a deviation
curve are not likely to repeat between different meters.

o Uncertainty of the reference measurement at the flow laboratory: If the two flow meters
are calibrated at the same time at the same location, it is likely that this uncertainty
contribution is correlated, as the flow meters are compared to the same reference. In
other cases it is likely that it is uncorrelated. In the uncertainty program it is possible
to specify whether the flow meters are calibrated at the same time and location or not.

o Repeatability, including both the Coriolis flow meter to be calibrated and the reference
measurement: This represents random variations, and will thus be uncorrelated
between the two flow meters.

e Field uncertainty

o Repeatability of the flow meter under field operation: this represents random variations,
and will thus be uncorrelated between the two flow meters.

o Uncertainty due to changes of conditions from flow calibration to field operation: It is
here assumed that this is uncorrelated. This is because the upstream of the two meters
will affect the flow conditions of the downstream meter. Therefore it is likely that they
may be affected differently by changed conditions from calibration to field.

e Gas parameters

o The uncertainty of the fraction of standard compressibility to molar mass is used in the
uncertainty model for standard volume flow rate. As it is assumed that the same gas
composition is used for both flow meters, this parameter is correlated.

o The uncertainty of the mass based superior calorific value is used in the uncertainty
model for energy flow rate. As it is assumed that the same gas composition is used for
both flow meters, this parameter is correlated.

5.6.2 Specific uncertainty models

Based on the uncertainty models for one flow calibrated Coriolis meter (mass flow rate Eq. (5.7),
standard volume flow rate Eg. (5.8) and energy flow rate Eq. (5.9)), the general model for combining
these uncertainty models into a model for two in series (Section B 3) and the classification of uncertainty
contributions as either correlated or uncorrelated, the uncertainty models for two flow meters in parallel
can be found.

If the two flow meters are calibrated at the same time and location:

The uncertainty model for the average mass flow rate of two flow calibrated Coriolis flow meters in series
(meter A and meter B) can be written as
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(MJZ =l (U( m,cal,devA)J2 -I-(u( m cal, devB)j2 +(u(qm cal refA)_|_ u(qm,cal,refB )jz
qm 4 qu qu
n u(qm,cal,reptA)]2 +[ (qm cal,reptB J ( qm field ,reptA ]2 +[u(qm,field,rept8)j2 (5.16)
qu qu
+(u(qm,field,condA)j2 +( (qm,fleld,condA)j2
qu qu

The uncertainty model for the average standard volume flow rate of two flow calibrated Coriolis flow
meters in series can be written as

(MJZ :1 [MJZ +(u(qm,cal,dev8)]z +(U( m,cal,refA)+u( m,cal,refB)J2
qu 4 qu qu qu qu
+(u(qm,cal,reptA)J2+(u(qm,cal,rept8)j2+[u(qm,field,reptA)J2+(u(qmvﬁe|d,"ep'f5)}2 (5.17)
qu qmb qu qu
+(U( m,field,condA)J2 +(U( m,field,condA)j2 +[U(ZOA/mA)+u(ZOB/mB)J2

qu qu ZOA/mA ZOB/mB

The uncertainty model for the average energy flow rate of two flow calibrated Coriolis flow meters in
series can be written as

[sz :1 (u(qm,cal,devA)j2 +(u(qm,cal,devB)J2 +(U( m,cal,refA)+ U( m,cal,refB)]2
qe 4 qu qu qu qu

+(u(qm,cal,reptA)j2+(u(qm,cal,reptB)J2+[u(qm,field,reptA)j2+(u(qm,fi9|dyfepﬂ3)j2 (5.18)
qu qmb qu qu
_'_(u(Qm,fieId,condA)j2 +[U( m,field,condA)Jz+£u(Hs,mA) U(Hs,mB)J2 .

+
qu qu H H

s,MA s,mB

If the two flow meters are not calibrated at the same time and location:

The uncertainty model for the average mass flow rate of two flow calibrated Coriolis flow meters in series
(meter A and meter B) can be written as
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(sz _ 1 (U(Qm,cal,devA)J2 +(u(qm,cal,devB)J2 +(u<qm,cal,refA)J2 +(u(qm,cal,ref8 )jz
qm 4 qu qu qu qu
+ (Ll(qm,cal,reptA)j2 " (U(qm,cal,reptB )Jz " (U(qm, field,reptA))2 n (U(qm,field ,reptB )Jz (5.19)

qu qmb qu qu
n (u(qm, field,condA)}2 + (u(qm, field,condA)j2 )
qu qu

The uncertainty model for the average standard volume flow rate of two flow calibrated Coriolis flow
meters in series can be written as

(u(q\/o )]2 — 1 (u(qm,cal,devA)]2 +(u(qm,cal,dev8 )jz +(u(qm,cal,refA)J2 +(u(qm,cal,ref8 )Jz
qu 4 qu qu qu qu
+[U(qm,cal,reptA)J2 +[u(qm,cal,rept8)j2 +[u(qm,field,reptA)j2 +[u(qm,field,rept8)j2 (5.20)

qu qmb qu qu

+(u(qm,field,condA)]2+[u(qm,field,condA>J2+(U(ZOA/mA)+u(ZOB/mB)j2 .

qu qu ZOA/rnA ZOB/mB

The uncertainty model for the average energy flow rate of two flow calibrated Coriolis flow meters in
series can be written as

(MJZ — l (l'l(qm,cal,devA)j2 + (u(qm,cal,devB )jz + (u(qm,cal,refA)j2 + (u(qm,cal,refB )Jz
qe 4 qu qu qu qu
N [U(qm,cal,reptA)j2 n (u(qm,cal,reptB )jz n (u(qm, field,reptA)J2 n (u(qm, field,reptB )jz (5.21)

qu qmb qu qu
+ (u(qm,ﬁeld,condA)J2 + (u(qm,field,condA)j2 + (U(H s,mA) + U(H s,mB )JZ )
qu qu Hs,mA H s,mB
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6 USM fiscal metering stations

In this chapter, uncertainty models for mass flow rate, standard volume flow rate and energy flow rate
for an ultrasonic multipath flow metering station are presented. The work is a generalization of the work
in [Lunde et al, 2002], where now more set-ups of the metering station are covered.

In Section 6.1 the set-up of the metering station is given. In Section 6.2 the functional relationship for
the actual volume flow rate, mass flow rate, standard volume flow rate and energy flow rate for a
metering station with one ultrasonic flow meter is presented. Section 6.3 gives the uncertainty model for
the actual volume flow rate for a single ultrasonic flow meter. In Section 6.4 this is extended to
uncertainty models also for mass flow rate, standard volume flow rate and energy flow rate. Section 6.5
gives the uncertainty model for the total flow rates from two ultrasonic flow meters in parallel, and Section
6.6 for the average flow rates from two ultrasonic flow meters in series.

6.1 Description of metering station

The ultrasonic metering station consists of an ultrasonic multipath flow meter (giving primarily the actual
volume flow rate). In addition, pressure and temperature is measured. Density is either measured by a
densitometer or calculated based on a gas composition. Furthermore, compressibility and calorific value
are calculated based on a gas composition. There are three option covered for the gas composition:

e Aiven, fixed composition.
e Gas composition measured by online gas chromatograph.
e Gas composition measured by laboratory analysis of spot gas samples.

In addition the cases of two flow meters in parallel and two flow meters in series are covered. In that
case each meter has its own pressure and temperature measurements, and when densitometers are in
use, each meter has its own dedicated densitometer. It is assumed that the same gas composition is
used for both flow meters.

6.2 Functional relationship

6.2.1 Actual volume flow rate, flow calibrated USM meter

The ultrasonic multipath flow meter measures the actual volume flow rate as its primary output. Typically,
the ultrasonic flow meter will be flow calibrated. Thus, an adjustment of the flow meter may be carried
out.

The flow calibration is carried by comparing the actual volume flow rate as output from the ultrasonic
flow meter with the similar reading from a reference measurement. This is carried out at a set of N
different flow rates.

The details are covered in Appendix A, where “x”is replaced by “v” and “Meter” is replaced by “USM” in
the index of the flow rate q in the formulas. Three different ways of correcting the flow meter are covered:

0] no correction,
(ii) a constant percentage correction,
(iii) linear interpolation.
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Appendix A describes the percentage deviation that is corrected (“p”) in all these three cases, and how
this is converted to a correction factor K.

It should, however, be commented that the third case (linear interpolation) provides a correction such
that the flow meter’s flow rate will be corrected to the reference meter flow rate, when the flow rate is
equal to any of the flow rates used in the flow calibration. This case is therefore in agreement with the
Norwegian Petroleum Directorate Measurement Regulations [NPD], where one requirement in Section
8 is that “The measurement system shall be designed so that systematic measurement errors are
avoided or compensated for”. Using case (i) and (ii) is not in agreement with this requirement.

6.2.2 Mass, standard volume and energy flow rate, flow calibrated USM
meter

In the previous subsection it is described how the actual volume flow rate from a flow calibrated
ultrasonic flow meter is found. It will here be shown how the mass, standard volume and energy flow
rates are found. These calculations are different depending on the set-up of the metering station. First
the case where a densitometer is in used will be presented. Thereafter the case where a densitometer
is not in use will be presented.

Densitometer in use:

The mass flow rate is found by multiplication of the actual volume flow rate with the measured density
(at line conditions):

dn =4, - (6.1)

In order to find the standard volume flow rate, a pressure and temperature correction of the actual
volume flow rate must be carried out. In addition, the change in compressibility between line and
standard condition must be adjusted for. This gives the following expression:

q =EQ- (6.2)
Pz Y '

In order to find the compressibility factors, a gas composition is needed, either measured or calculated.

The energy flow rate is obtained by multiplying the mass flow rate by the mass based superior calorific
value. This gives the following expression:

9. = Hsnd, - (6.3)

It should be commented here that it is also possible to obtain the energy flow rate by multiplying the
standard volume flow rate with the volume based superior calorific value. This will not give the same
answer because in that case the measured density from the densitometer will not be used. The
uncertainty will also be different. However, that way of establishing the energy flow rate can be analyzed
using the option that densitometer is not in use, as the output energy flow rate will be identical to the
one described for the case of densitometer not in use.

Densitometer not in use:

In this case, all gas parameters are calculated from the gas composition that must be known either from
online gas chromatography, laboratory analysis of gas samples or in other ways.
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The density at line conditions is now found from the gas composition, pressure and temperature using
the following equation:

P o
PEZRT |

The compressibility factor, Z, is found by using the AGA 8 equation of state.

The mass flow rate is found by multiplication of the actual volume flow rate with the measured density
(at line conditions), giving the following expression:

mP

=—q,. 6.5
ZRT a (6.5)

O

In order to find the standard volume flow rate, a pressure and temperature correction of the actual
volume flow rate must be carried out. In addition, the change in compressibility between line and
standard condition must be adjusted for. This gives the following expression:

0'0
v0 F)OZT \ ( )

The energy flow rate is obtained by multiplying the mass flow rate by the mass based superior calorific
value. This gives the following expression:

mP

H.. —q.. 6.7
s,m ZRT qv ( )

Qe =

6.3 Uncertainty model, actual volume flow rate

The uncertainty of the actual volume flow rate of a flow calibrated ultrasonic meter consists of two
general uncertainty contributions

e Calibration uncertainty
e Field uncertainty

Formally, this can be written as follows
2 2 2
(u(qv )j — (u(qv,cal )J + (u(qv, field )j . (6.8)
q, q, q,
These two contributions will now be discussed more in detail.

6.3.1 Calibration uncertainty

The calibration uncertainty consists of the following three contributions:
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e Uncertainty of the correction factor estimate (the adjustment after deviations between flow meter
and reference measurement at the flow laboratory are established).

e Uncertainty of the reference measurement at the flow laboratory.

e Repeatability, including both the ultrasonic flow meter to be calibrated and the reference
measurement.

This can be written as

[u(qv,cal )]2 — [u(qv,cal,dev)j2 + [u(qv,cal,ref )jz + (u(qucahrept)]z . (6.9)
qV qV qV qV

These three terms will now be discussed more in detail.

Uncertainty of the correction factor estimate: This uncertainty contribution is described in Appendix
A, where, where “x” is replaced by “v” and “Meter” is replaced by “USM” in the index of the flow rate g
in the formulas. It is calculated from the deviation between the ultrasonic flow meter’s actual volume
flow rate and the actual volume flow rate measured by the reference meter, at a series of actual volume
flow rates. Three adjustment methods for the ultrasonic flow meter are discussed:

0) no correction,
(ii) a constant percentage correction,
(iii) linear interpolation.

For each of these methods, the actual expression is given in Appendix A for any uncorrected percentage
deviation, 9, of the flow meter after adjustment of the ultrasonic flow meter.

As described in Appendix A, the relative standard uncertainty of the correction factor estimate can now
be written as

(u(qm,cal,dev)j:(U(K)jzla_pu(p) :M. (6.10)
a, K ) KoK 100+ p

Uncertainty of the reference measurement: This term depends on the metering equipment at the flow
laboratory. This number is usually found in the calibration certificate. It can depend on the flow rate.
Therefore, for actual volume flow rates between the ones used in the flow calibration, a linear
interpolation based on the values of this uncertainty at the actual volume flow rates used in flow
calibration is used. The relative uncertainty at the highest calibrated flow rate will be used for flow rates
above this highest calibrated flow rate. The relative uncertainty at the lowest calibrated flow rate will be
used for flow rates below this lowest calibrated flow rate.

Repeatability: This term covers both the repeatability of the ultrasonic flow meter to be calibrated and
the reference measurement. It can vary with actual volume flow rate. Therefore, for actual volume flow
rates between the ones used in the flow calibration, a linear interpolation based on the values of this
repeatability at the actual volume flow rates used in flow calibration is used. The repeatability at the
highest calibrated flow rate will be used for flow rates above this highest calibrated flow rate. The
repeatability at the lowest calibrated flow rate will be used for flow rates below this lowest calibrated flow
rate.

6.3.2 Field uncertainty

The field uncertainty will consist of the following two contributions
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e Repeatability of the flow meter under field operation
e Uncertainty due to changes of conditions from flow calibration to field operation

This can be written as

(u(qv,field )T _ [u(qv,ﬁeld,rept)Jz + (u(qv,field,cond )T _ (6.11)

qv qv qv

These two terms will now be discussed more in detail.

Repeatability of the flow meter under field operation: This can usually be found in the data sheet of
the flow meter, if not own experience is used for establishing the repeatability. It is possible to specify
different values on the repeatability for different flow rates. In that case linear interpolation is used for
obtaining the repeatability at actual volume flow rates in-between the ones where the repeatability is
specified. The repeatability at the highest calibrated flow rate will be used for flow rates above this
highest calibrated flow rate. The repeatability at the lowest calibrated flow rate will be used for flow rates
below this lowest calibrated flow rate.

Uncertainty due to changes of conditions from flow calibration to field operation: The value of
this quantity will depend on the actual installation and on the data sheet of the flow meter. In the program
this uncertainty contribution can either be specified directly (overall level) or can be calculated based on
more detailed uncertainty input. The latter case is based on the results of [Lunde et al, 2002]. The
connection to that work is described in Appendix C.

When overall level is specified, it is possible to specify different values on the relative uncertainty at
different flow rates. In that case linear interpolation is used for obtaining the relative uncertainty at actual
volume flow rates in-between the ones where it is specified. The relative uncertainty at the highest
calibrated flow rate will be used for flow rates above this highest calibrated flow rate. The relative
uncertainty at the lowest calibrated flow rate will be used for flow rates below this lowest calibrated flow
rate.

When detailed level is specified, this uncertainty term is calculated from the specified input.

6.3.3 Total uncertainty in actual volume flow rate, one flow meter

Based on the two previous sub-sections, the total uncertainty model for the actual volume flow rate from
a flow calibrated ultrasonic flow meter can be written as

(=) (=) =)

(6.12)
+(U(qv,field,rept )Jz +(u(qv,field,cond ))2
v a
6.4 Uncertainty model, mass, standard volume and energy flow

rate

The uncertainty models for the mass, standard volume and energy flow rate depend on whether a
densitometer is in use or not. Both cases will be covered.
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6.4.1 Densitometer in use

Eq. (6.1) describes the functional relationship between the actual volume flow rate and the mass flow
rate. The uncertainty model for the mass flow rate is found to be as

2 2 2
u u
( <qm>j ( <qV>J {u(p)j | 619
O 4y P
Eqg. (6.2) describes the functional relationship between the actual volume flow rate and the standard

volume flow rate. The compressibility factors at line and standard conditions depend both on the gas
composition, and in order to avoid correlations, the uncertainty model for the standard volume flow rate

is written as
u(@e)) _(u@)) , (uP)Y  (u)Y (u(z/z,))
v0 _ v +( j +( j + o/l (6.14)
0o a, P T Z/Z,
Eqg. (6.3) describes the functional relationship between the actual volume flow rate and the energy flow

rate. The mass based superior calorific value depends on the gas composition, and has thus uncertainty.
The uncertainty model for the energy flow rate is written as

(S e

6.4.2 Densitometer not in use

Eqg. (6.5) describes the functional relationship between the actual volume flow rate and the mass flow
rate. The molar mass and the compressibility factor at line conditions depend both on the gas
composition, and in order to avoid correlations, the uncertainty model for the mass flow rate is written

as
2 2 2 2 2
u(g,))’ _(u(a,) (UE) (o) ()} 16
qm qV P T m/Z
Eq. (6.6) describes the functional relationship between the actual volume flow rate and the standard

volume flow rate. This is identical to Eqg. (6.2), valid when a densitometer is in use. Therefore, the
uncertainty model for the standard volume flow rate is identical to Eqg. (6.14), and is repeated here for

completeness:
(@) _(u(@)) , (u(P)Y', (u(r)Y', (u(z/zo)}
v0 — v + + + 0 . (6.17)
qu qv P T Z/ZO
Eq. (6.7) describes the functional relationship between the actual volume flow rate and the energy flow
rate. The superior calorific value, the molar mass and the compressibility factor at line conditions depend

all on the gas composition. In order to avoid correlations, the uncertainty model for the energy flow rate
is written as
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(MT:(Mjl(u@qz(uﬁgz ulHo,mz)) 616

6.5 Two flow meters in parallel

6.5.1 Correlation classification

The generic uncertainty model for two flow meters in parallel is given in Appendix B. The uncertainty
model is developed under the assumption that the flow rate is about the same in both pipes.

Based on the results of the uncertainty model development in Section B 2, it is necessary to classify all
uncertainty contributions as either correlated or uncorrelated between the two flow meters. The following
assumptions and evaluations have been made in order to classify the correlations:

e Calibration uncertainty

(o]

Uncertainty of the correction factor estimate (the adjustment after deviations between
flow meter and reference measurement at the flow laboratory are established): It is
assumed that this uncertainty contribution in uncorrelated as each meter will have its
own deviation curve, and possible errors due to linear interpolation in such a deviation
curve are not likely to repeat between different meters.

Uncertainty of the reference measurement at the flow laboratory: If the two flow meters
are calibrated at the same time at the same location, it is likely that this uncertainty
contribution is correlated, as the flow meters are compared to the same reference. In
other cases it is likely that it is uncorrelated. In the uncertainty program it is possible
to specify whether the flow meters are calibrated at the same time and location or not.
Repeatability, including both the ultrasonic flow meter to be calibrated and the reference
measurement: This represents random variations, and will thus be uncorrelated
between the two flow meters.

e Field uncertainty

O

Repeatability of the flow meter under field operation: this represents random variations,
and will thus be uncorrelated between the two flow meters.

Uncertainty due to changes of conditions from flow calibration to field operation: It is
here assumed that this is uncorrelated. This is because the flow conditions will never
be identical in two different pipes, and therefore it is likely that they may be affected
differently by changed conditions from calibration to field.

e Gas parameters

o Measured pressure: Each flow meter has its own pressure meter. It is therefore
assumed that this effect is uncorrelated.

o Measured temperature: Each flow meter has its own temperature meter. It is therefore
assumed that this effect is uncorrelated.

o Measured density: Each flow meter has its own densitometer. It is therefore assumed
that this effect is uncorrelated.

o The uncertainty of the various fractions and products of molar mass, compressibilities
and/or calorific value: As it is assumed that the same gas composition is used for both
flow meters, this parameter is correlated.

6.5.2 Specific uncertainty model, densitometer in use

Based on the uncertainty models for one flow calibrated ultrasonic flow meter (actual volume flow rate
Eqg. (6.12), mass flow rate Eq. (6.13), standard volume flow rate Eq. (6.14) and energy flow rate Eq.
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(6.15)), the general model for combining these uncertainty models into a model for two in parallel
(Appendix B) and the classification of uncertainty contributions as either correlated or uncorrelated, the
uncertainty models for two flow meters in parallel can be found.

If the two flow meters are calibrated at the same time and location:

The uncertainty model for the total mass flow rate of two flow calibrated ultrasonic flow meters in parallel
(meter A and meter B) can be written as

( MJZ 1 (U(qv,m,dm)}z {U(qv,cal,deva )T {ll(fﬂlv,ca.,rem)+ (G, o )jz

qm 4 qvA qu qvA qu

+ (u(qv,cal,reptA)j2 + (U (qv,cal,reptB )JZ + ( u(qv, field ,reptA)j2 + (U (qv field,reptB )jz (6.19)
qvA qu qvA qVB

" ( U( v, field ,conA)Jz n (u( v, field,condB)Jz n ( U(,OA )]2 N [U(pB )Jz .
Qia Ois P Ps

The uncertainty model for the total standard volume flow rate of two flow calibrated ultrasonic flow meters
in parallel (meter A and meter B) can be written as

(U(qvo )jz — 1 (U (qv,cal,devA )Jz + ( u(qv,cal,devB )]2 + [U (qv cal refA) + u (qv cal,refB )JZ
qu 4 qvA qu q

+ l'l(qv,cal,reptA)J2 _'_(u(qv,cal,reptB)J2 +( (qv field ,reptA j ( qv field ,reptB jz
Qva Ois

n u(qv,field,conA)]2+[u( v,field,condB)jz+(U(PA)]2 (U(PB J
Qva Qs Pa Ps

" U(TA)jZ _l_[u(TB)]z+(U(ZA/ZOA)+U(ZB/ZOB)j2

Ta Ty Zy/Zon Zy/Zog

(6.20)

The uncertainty model for the total energy flow rate of two flow calibrated ultrasonic flow meters in
parallel (meter A and meter B) can be written as
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(U(qe)f _ % [ U(Q_w)jz +[U(qv,ca|,devs )T +(U(qv,ca.,refA)+ TR )jz

qe qvA qu qvA qu
. U(qv,cal,reptA)]z N ( u(qv,cal,reptB )JZ N ( U<qv, field ,reptA)]z N ( U(qv, field reptB ))2
qvA qu qvA qu (6 21)
n u(qv, field,conA)]z n ( u(qv, field,condB)jz n [ u(pA )]2 n (U(PB )Jz
Qua Ois Pa Pe
+ u(Hs,mA)+ u(Hs,mB )]2
H s,mA H s,mB

If the two flow meters are not calibrated at the same time and location:

The uncertainty model for the total mass flow rate of two flow calibrated ultrasonic flow meters in parallel
(meter A and meter B) can be written as

(sz _ 1 (u(qu,devA)jz + [u(qv,cal,devB )Jz + [ u(qv,cal,refA) ’ + [u(qv,cal,refB )jz
O 4 Qua e Cva Qe
+(u(qv,cal,reptA)j2 _}_(u(qv,cal,reptB )jz n [u(qv,field,reptA) i +(u(qv,ﬁeld,rept8 )JZ (6.22)
qvA qu qvA qu
+ [ u(qv, ﬁeld,conA)J2 + [ u<qv, field,condB)J2 + ( U(,OA )]2 + u(pB )jz ]
Qua Ois Pa Ps

The uncertainty model for the total standard volume flow rate of two flow calibrated ultrasonic flow meters
in parallel (meter A and meter B) can be written as

[U(qu )jz — 1 (u(qv,cal,devA )]2 + ( u(qv,cal,devB )jz + ( u(qv,cal,refA )]2 + ( u(qv,cal,refB )]2
qu 4 qvA qu qvA qu
+ u (qv,cal,reptA)J2 n [ u(qv,cal,reptB )JZ n [ u(qv, field ,reptA)j2 n ( u (qv field,reptB )JZ

qvA qu qvA qu

ol (Al (0] [o2))
u n))z {u(n)f +(u(zA/zM)+ u(zB/zos)Jz |

TA TB ZA/ZOA ZB/ZOB

(6.23)

The uncertainty model for the total energy flow rate of two flow calibrated ultrasonic flow meters in
parallel (meter A and meter B) can be written as
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(U(qe )jz :l (L’I(qv,cal,devA)]2 +(u(qv,cal,dev8)]?_ +{U( v,cal,refA) i +(U( v,cal,refB )JZ
qe 4 qvA qu qvA qu
s U(qv,cal,reptA)]Z N ( u(qv,cal,reptB )JZ N (U(qv, field ,reptA) ’ N ( U(qv, field reptB )]2

qvA qu qvA

2 2 2 2
+ U( v,field,conA)J +[U( v,field,condB)j _l_(u(pA)j + u(pB )j
Qia Uis Pa Ps

(6.24)

6.5.3 Specific uncertainty model, densitometer not in use

Based on the uncertainty models for one flow calibrated ultrasonic flow meter (actual volume flow rate
Eq. (6.12), mass flow rate Eq. (6.16), standard volume flow rate Eq. (6.17) and energy flow rate Eq.
(6.18)), the general model for combining these uncertainty models into a model for two in parallel
(Appendix B) and the classification of uncertainty contributions as either correlated or uncorrelated, the
uncertainty models for two flow meters in parallel can be found.

If the two flow meters are calibrated at the same time and location:

The uncertainty model for the total mass flow rate of two flow calibrated ultrasonic flow meters in parallel
(meter A and meter B) can be written as

[MJZ — 1 (u(qv,cal,devA)]2 +(u(qv,cal,devB )jz +(U( v,cal,refA)+ U( v,cal,refB )Jz
O 4 va Qe Qva Qs
+ U(qv,cal,reptA)j2 +(U(qv,cal,rept8 )jz +[ qv field reptA ( qv field,reptB )jz

qvA qu

N U(qvvfiﬂdxCO”A)jz+(u(qv,field,condB)j2 [ ] +£U PB ]
qvA qu B

R MJ2+(u<TB>T+£u<mA/z ), u(my/Z, )T |

TA TB mA/ZA B/ZB

(6.25)

As for the case of a single ultrasonic flow meter, the uncertainty model for the total standard volume
flow rate of two flow calibrated ultrasonic flow meters in parallel (meter A and meter B) is equal to the
similar uncertainty model when densitometer is in use. It is repeated here for completeness:
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[u(qvo)jz :1 (u(qv,cal,devA)J2 +(u(qv,cal,devB)J2 +[U( v,cal,refA)+ U( v,cal,refB)j2
qu 4 qvA qu qvA qu
+ U(qv,cal,reptA)J2 +(u<qv,cal,reptB )JZ n (L'I(qv,field,reptA))2 +[u(qv,field,reptB )Jz
qvA qu qvA qu
+ u(qv,field,conA)]2 _'_(l'l(qv,field,condB)J2 +(U(PA )]2 +[U(PB )Jz
qvA qu I:>A PB
) u(TA>J2+(u<TB>T+(u<zA/z0A>+u<zB/zOB)]2 |
TA TB ZA/ZOA ZB/ZOB

The uncertainty model for the total energy flow rate of two flow calibrated ultrasonic flow meters in
parallel (meter A and meter B) can be written as

()] 4|l el o), o))
oSl [l [ =]
o] [l (o))

u(TA)JZ +[u(TB)J2 +(u(Hs,mAmA/ZA)+ u(Hs,mBmB/ZB)T}

TA TB Hs,mAmA/ZA Hs,mBmB/ZB

(6.26)

(6.27)

If the two flow meters are not calibrated at the same time and location:

The uncertainty model for the total mass flow rate of two flow calibrated ultrasonic flow meters in parallel
(meter A and meter B) can be written as

(u(qm)Jz :1 (u(qmcal,devA)J2 +(u(qv,cal,devB )]2 +(U( v,cal,refA)j2 +(U( v,cal,refB )Jz
qm 4 qvA qu q qu
+ u(qv cal, reptA)j2 +[u(qv ,cal,reptB )J [ qv field,,reptA j ( qv field,reptB Jz

N qv field conAJ [ v, field, condBJ ( J + u PB j
UTA u(Ty A/Z ( 8/Zs ) 2
: ]{J ( M, /Z, B/ZBJ}

(6.28)
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As for the case of a single ultrasonic flow meter, the uncertainty model for the total standard volume
flow rate of two flow calibrated ultrasonic flow meters in parallel (meter A and meter B) is equal to the
similar uncertainty model when densitometer is in use. It is repeated here for completeness:

(u(qvo )jz — l (U( v,cal,devA)]2 +(U( v,cal,devB )]2 + [u(qv cal, refA)j2 +(u(qv cal,refB )JZ

qu 4 qvA qu q

+ U(qv,cal,reptA)J2 +(U(qv,cal,rept8 )Jz +( (qv field,reptA J [ qv field,reptB Jz
qvA qu

o) 4 “3:1”““)}1(”&?“12 (45
u<mj2{u(TB)T+(u<zA/zOA>+u<zB/zOB>j2

Ta Tg Zy[Zo, Zg/Zog

(6.29)

The uncertainty model for the total energy flow rate of two flow calibrated ultrasonic flow meters in
parallel (meter A and meter B) can be written as
qv cal,refB j

(MJZ :l [u(qv,cal,devA)jz+[u(qv,cal,dev8)j2 +( qvcal refA j (
qe 4 qvA qu
U(qv,cal,reptA)]2 +(U(qv,cal,rept8 )jz +( (qv field reptA ( qv field ,reptB JZ
qVA qVB
N U(qv,field,conA)T+(U(qv,field,conds)]2+(U(PA)jZ [ Ps J
qVA qu I:)A P
. u(TA)jZ{u(TB)T{u(Hs,mAmA/zALu(Hs,mBmB/zB)J
T, T

Hs,mAmA/ZA Hs,mBmB/ZB

(6.30)

B

6.6 Two flow meters in series
When two ultrasonic flow meters are installed in series, the operator can either use one as master and

the other just as a check for quality assurance purposes. In that case the uncertainty analysis for one
flow meter alone will be the valid one.

This section covers the case when the average flow rate from the two meters is to be used.

6.6.1 Correlation classification

The generic uncertainty model for two flow meters in series is given in Appendix B.
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Based on the results of the uncertainty model development in Section B 3, it is necessary to classify all
uncertainty contributions as either correlated or uncorrelated between the two flow meters. The following
assumptions and evaluations have been made in order to classify the correlations:

6.6.2

Calibration uncertainty

(¢]

Uncertainty of the correction factor estimate (the adjustment after deviations between
flow meter and reference measurement at the flow laboratory are established): It is
assumed that this uncertainty contribution in uncorrelated as each meter will have its
own deviation curve, and possible errors due to linear interpolation in such a deviation
curve are not likely to repeat between different meters.

Uncertainty of the reference measurement at the flow laboratory: If the two flow meters
are calibrated at the same time at the same location, it is likely that this uncertainty
contribution is correlated, as the flow meters are compared to the same reference. In
other cases it is likely that it is uncorrelated. In the uncertainty program it is possible
to specify whether the flow meters are calibrated at the same time and location or not.
Repeatability, including both the ultrasonic flow meter to be calibrated and the reference
measurement: This represents random variations, and will thus be uncorrelated
between the two flow meters.

Field uncertainty

(o]

Repeatability of the flow meter under field operation: this represents random variations,
and will thus be uncorrelated between the two flow meters.

Uncertainty due to changes of conditions from flow calibration to field operation: It is
here assumed that this is uncorrelated. This is because the flow conditions will never
be identical due to different straight upstream length for the two meters, and also
because the transducer ports of the upstream flow meter may affect the downstream
flow meter. Therefore it is likely that they may be affected differently by changed
conditions from calibration to field.

Gas parameters

O

Measured pressure: Each flow meter has its own pressure meter. It is therefore
assumed that this effect is uncorrelated.

Measured temperature: Each flow meter has its own temperature meter. It is therefore
assumed that this effect is uncorrelated.

Measured density: Each flow meter has its own densitometer. It is therefore assumed
that this effect is uncorrelated.

The uncertainty of the various fractions and products of molar mass, compressibilities
and/or calorific value: As it is assumed that the same gas composition is used for both
flow meters, this parameter is correlated.

Specific uncertainty model, densitometer in use

Based on the uncertainty models for one flow calibrated ultrasonic flow meter (actual volume flow rate
Eq. (6.12), mass flow rate Eq. (6.13), standard volume flow rate Eq. (6.14) and energy flow rate Eq.
(6.15)), the general model for combining these uncertainty models into a model for the average flow rate
measured by two ultrasonic flow meters in series (Section B 3) and the classification of uncertainty
contributions as either correlated or uncorrelated, the uncertainty models for two flow meters in series

can be found.

If the two flow meters are calibrated at the same time and location:

The uncertainty model for the average mass flow rate of two flow calibrated ultrasonic flow meters in
series (meter A and meter B) can be written as
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(u(qm )jz — 1 (l'l(qv,cal,devA)J2 + ( u(qv,cal,devB )]2 + [U( v,cal,refA) + U( v,cal,refB )jz
qm 4 qvA qu qvA qu
+ (u(qv,cal,reptA)j2 + (U (qv,cal,reptB )JZ + ( u(qv, field ,reptA)j2 + (U (qv field,reptB )jz (6.31)

Ova Ovs Cva Ovs
2 2 2 2
+(u( v,field,conA)J +(u( v,field,condB)J +(U(,0A)] +[U(pB )J '
Gua Ovs Pa Ps

The uncertainty model for the average standard volume flow rate of two flow calibrated ultrasonic flow
meters in series (meter A and meter B) can be written as

(M) 1 [<q)] ((q)] [< crss), W0 )J

qu 4 qvA qu q

+ U(QV,cal,reptA)j2 +(U(qv,cal,reptB )jz +( (qv field,,reptA j [ qv field,reptB ]2
qvA qVB
N u(qv,field,conA)jz +(U(q\/,ﬁeld,conds)j2 +(U(PA )JZ +(U(PB j
qvA qu PA PB
2 2 2
) um] +[u(TB>j +(u<z,\/zm>+u<z3/zoB>J
TA TB ZA/ZOA ZB/ZOB

The uncertainty model for the average energy flow rate of two flow calibrated ultrasonic flow meters in
series (meter A and meter B) can be written as

[MJZ — l (u(qv,cal,devA)]2 + ( u(qv,cal,devB )JZ + {U( v,cal,refA) + U( v,cal,refB )jz
qe 4 qvA qu qvA qu
. U(qv,cal,reptA)Jz N ( u(qv,cal,reptB )JZ N (U(qv, field ,reptA)]z N ( U(qv, field reptB )Jz

(6.32)

qvA qu qvA qu

o] bl sl [lo)]

(6.33)

If the two flow meters are not calibrated at the same time and location:

The uncertainty model for the average mass flow rate of two flow calibrated ultrasonic flow meters in
series (meter A and meter B) can be written as
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u(qv,cal,refB

)Jz + [ u(qv,cal,reptB
qu

u(qv,cal,devB )jz + (
qu

qvA

Jr

qu

)]2 +(U(qv,ﬁe.d,repm) 2

n [ u(qv, field ,reptB

2
)J (6.34)

qvA qvA qu
2 2 2 2
+(u(qv,field,conA)J +(u<qv,field,condB)J +(u(pA)j + u(pB )] )
qVA qu pA pB

1
4

(6.35)

u(qv,cal,refB
qu

u(qv,cal,refA)
qvA

1
4

meters in series (meter A and meter B) can be written as
[U(qu )]2 — [u(qv,cal,devA )JZ _}_[l’l(qv,cal,refA)J2 +[u(qv,cal,ref8 )jz
qu qVB
u (qv,cal,reptA)]z 4 ( U(qv,cal,reptB )]2 N ( U(qv, field ,reptA)Jz + ( u (qv, field ,reptB )]2
qvA qu qvA qu
u(qv, field,conA
PB
2 2 2
U(TA)j +(U(TB )J +[U(ZA/ZOA) n U(ZB /Zos )J _
Ty Tg ZA/ZOA ZB/ZOB
series (meter A and meter B) can be written as
[u(qe )jz — (u(qv,cal,devA)]2 +(u(qv,cal,dev8 )Jz +[ i +( )Jz
qvA qVB

The uncertainty model for the average standard volume flow rate of two flow calibrated ultrasonic flow
) i u(qv cal,devB
I cal,
clvA qu qvA
2 2 2 2
u\q, s u(P u(P,
)J +( ( v,fleld,condB)J +( ( A)j +( ( B)j
qvA qu I:>A
The uncertainty model for the average energy flow rate of two flow calibrated ultrasonic flow meters in
Qe
u(qv,cal,reptB

2

+ l,l(qv,c:;\l,reptA)j2 +( )JZ +(u(qv,field,r8ptA) ? +(u(qv,field,reptB )j
qvA qu qVA qu (6 36)
+ u(qv,field,conA)jz+£u(qv,field,condB)J2+(u(pA)J2+ U(Ps)jz
Qva Qs Pa Ps
+ u(Hs,mA)+ u(Hs,mB )JZ ]
Hs,mA Hs,mB

6.6.3 Specific uncertainty model, densitometer not in use

Based on the uncertainty models for one flow calibrated ultrasonic flow meter (actual volume flow rate
Eqg. (6.12), mass flow rate Eq. (6.16), standard volume flow rate Eq. (6.17) and energy flow rate Eq.
(6.18)), the general model for combining these uncertainty models into a model for the average flow rate
measured by two ultrasonic flow meters in series (Appendix B) and the classification of uncertainty
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contributions as either correlated or uncorrelated, the uncertainty models for two flow meters in parallel
can be found.

If the two flow meters are calibrated at the same time and location:

The uncertainty model for the average mass flow rate of two flow calibrated ultrasonic flow meters in
series (meter A and meter B) can be written as

(M]Z — 1 (U( v,cal,devA)]2 +(U( v,cal,devB )jz + (u(qv ,cal refA)+ u(qv cal,refB )jz
qm 4 qvA qu
U(qv,cal,reptA)]2 +[U(qv,cal,reptB )]2 +( qv field reptA [ qv field,reptB )jz

qvA qu

n U(qv,field,conA)jz+(u(qv,field,cond8)j2 ( J +(U PB j
qvA qu B

. MHL@B)Tj{u«nA/zA)+ u(my /2, )T |

TA TB mA/ZA B/ZB

(6.37)

As for the case of a single ultrasonic flow meter and two ultrasonic flow meters in parallel, the uncertainty
model for the average standard volume flow rate of two flow calibrated ultrasonic flow meters in series
(meter A and meter B) is equal to the similar uncertainty model when densitometer is in use. It is
repeated here for completeness:

(U(qvo )]2 — l (u(qv,cal,devA)J2 +(u(qv,cal,devB )jz + [U( v,cal refA)+ U( v,cal,refB )JZ

qu 4 qvA qu qv

+ lal(qv,cal,reptA)j2 +(u(qv,cal,rept8 )jz +( (qv field,reptA J [ qv field,reptB jz
qvA qu

R N R
. umjz+[u(TB>j2+(u<zA/z0A>+u<zB/zos)j2

TA TB ZA/ZOA ZB/ZOB

(6.38)

The uncertainty model for the average energy flow rate of two flow calibrated ultrasonic flow meters in
series (meter A and meter B) can be written as
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(u(qe )JZ — 1 [u(qmcal,devA)j;2 + [u(qv,cal,devB )]2 + ( U( v,cal,refA) + U( v,cal,refB )Jz

qe 4 qvA qu qvA qu

. U(qv,cal,reptA)]z N ( u(qv,cal,reptB )JZ N ( U<qv, field ,reptA)]z N ( U(qv, field reptB ))2
qvA qu qvA qu

+ U( v, field,conA)]2 + ( u(qv, field,condB)j2 + [ U(PA )Jz + ( U(PB )jz
qvA qu IDA PB

. um)f+[u<TB>j2{u(Hs,mmA/zALu<Hs,mBmB/zB>T

TA TB Hs,mAmA/ZA Hs,mBmB/ZB

(6.39)

If the two flow meters are not calibrated at the same time and location:

The uncertainty model for the average mass flow rate of two flow calibrated ultrasonic flow meters in
series (meter A and meter B) can be written as

(MJZ — l (U(QV,cal,devA)J2 +(u(qv,cal,devB )]2 +(U( v,cal,refA)j2 +(U( v,cal,refB )Jz
qm 4 qvA qu q qu
+ |.,|(qv,<:al,reptA)j2 +[u(qv,cal,reptB )jz -l-[ qv field,,reptA j [ qv field,reptB )Jz
qvA qu
+ L’I(qv,ﬁeld,conA)J2 +£u(qv,field,cond8)]2 ( J +(U PB j
qvA qu B

) u<TA)T+(u(TB)T+(u(mA/z )., ulmy /2, )JZ |

TA TB mA/ZA B/ZB

(6.40)

As for the case of a single ultrasonic flow meter and two ultrasonic flow meters in parallel, the uncertainty
model for the average standard volume flow rate of two flow calibrated ultrasonic flow meters in series

(meter A and meter B) is equal to the similar uncertainty model when densitometer is in use. It is
repeated here for completeness:

(U(qu )]2 :l [U( v,cal,devA)j2 +(u(qv,cal,dev8 )Jz +[u(qv ,cal, refA)J2 +[u(qv ,cal,refB )jz

qu 4 qvA qu q vB

+ U(qv cal, reptA)]2 +(U<qv ,cal,reptB )]2 +[ qv field,reptA j [ qv field,reptB )]2

+ ( v, field ,conA J ( qv field ,condB ]2 ( J +(U(PB j
PB

U(TA u TB A/ZOA) B/ZOB
" TA j +[ B J ( A/ZOA B/ZOB
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The uncertainty model for the average energy flow rate of two flow calibrated ultrasonic flow meters in

series (meter A and meter B) can be written as
qv cal,refB j
qVA qVB
2 2 2
+ u_(l:rA)j +(U$-B)] + U(Hs,mAmA/ZA)+ U(Hs,mBmB/ZB)
A

(6.42)

U(qv,cal,reptA)]2 +(U(qv,cal,reptB )jz +[ (qv field reptA
gl
qVA qu I:)B

(MJZ :l (u(qV,cal,devA)Jz+[u(qv,cal,dev8)]2 +( (qvcal refA j (
qe 4 qvA qu
2
( qv field ,reptB J
+ u(Qv,field,conA)]2 +(u(qv,field,cond8)]2 +(U(PA)jZ [ P
I:)A
Hs,mAmA/ZA Hs,mBmB/ZB

B
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7 Program

This Chapter documents the web-based computer program for carrying out uncertainty analyses based
on the uncertainty models described in this report. It should here be emphasised that this report is a
documentation of the uncertainty models and the corresponding web-based calculation tool. Therefore
the example input values in that calculation tool are just examples, and should not be regarded as
recommended values by NFOGM, CMR, NPD or any other party.

7.1 Software platform

The «Gasmetering» application is implemented in the “Microsoft Silverlight 5” framework, a subset of
“Microsoft .Net” that can be installed in a web browser. This framework facilitates running applications
with rich functionality in the web browser, without need for installation and with high security. When the
user visits a web page the complete application will be downloaded and run securely without need for
any further communication with the web server. The application is stored in the web browser cache and
will only be downloaded again if there is a new version available.

The choice of Silverlight was based on the available implementation language (C#) and reuse of existing
source code base. It could be feasible to implement the application on other platforms in the future.

Microsoft Silverlight 5 is available for Windows and Mac OSX, and will be supported and updated at
least until October 2021 (for detailed support lifecycle policy, see
http://support.microsoft.com/gp/lifean45).

7.2 Installation and use

The web address for the application will be published on http://NFOGM.no. By visiting the published
address the complete application will be downloaded and run. The download is about 1 MB and will only
be downloaded again if there is a newer version available. If the client PC does not have “Microsoft
Silverlight 5” framework installed, the user will be redirected to a web page on Microsoft.com that offers
to install Silverlight on the client machine. This is a less than 7 MB download and should install in a
couple of seconds.

7.3 Program overview

The “Gasmetering” application uses input consisting of

e Metering station template (the general type of instruments and layout of these)
e Process conditions, including the actual gas composition
e Properties for the different equipment included in the template

From this input the application then can

1. Compute and visualize the resulting uncertainty in flow measurement values

2. Compute additional relevant properties of the gas composition and process conditions
3. Generate a report and print the report

4. Save work in a file for future use and reference
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The following sections describe the functionality in more detail and uses screenshots from the
application to illustrate.

7.3.1 Specify metering station template

The start page of the application (Figure 7.1) is also the page where the user specifies the metering
station template, meaning the general type of instruments and the layout of these. There are three
aspects of the metering station that is modeled:

o Flow Metering: what type of meter is used (Orifice, Ultrasonic or Coriolis) and in what
configuration (Single Meter, Dual Meter in Series or Dual Meter in Parallel).

¢ Line Conditions: what configuration of sensors is used to measure the line temperature, line
pressure and optionally for some templates, line density.

e Gas Analysis: how is the gas composition known (by using a Fixed Composition, by Online
GC or by Sampling).

By specifying choices for each of these aspects the user is in effect selecting a metering station template.
When the user then presses the “Accept and Continue”-button a copy of the selected template is created
and the application moves to the first of several input pages, “Conditions” (Figure 7.3). A page navigation
menu below the application header is also displayed, where the user now can move freely between
different pages (Figure 7.4), some related to input and others related to computed results and
visualizations. The pages typically organize content in several sections, and the user can select a
section with some form of navigation control.

The selected metering station template is set up with default values, so the user can explore the
application functionality without first finish all the data input.

The following pages are available after the metering station template has been selected:

e Metering Station: start page where the selected template is displayed. The user can also
create a new or open an existing from a file.

e Conditions: input regarding flow rate, line conditions and also known gas composition.

e Gas Analysis: input regarding uncertainty in known gas composition.

¢ Flow Measurement: input regarding uncertainty in instrumentation and other facilities used
for flow measurement (for example flow calibration).

e Results: computed uncertainty of the main flow measurement variables (standard volume
flow, mass flow and energy flow) displayed as uncertainty budgets tables.

e Charts: computed uncertainty of the main flow measurement variables (standard volume flow,
mass flow and energy flow) and some other essential equipment, displayed as uncertainty
budgets charts.

e Plots: computed uncertainty of the main flow measurement variables (standard volume flow,
mass flow and energy flow) as function of a selected flow rate range, displayed as plots.

e Report: summary of the uncertainty analysis formatted as an on-screen report. This can be
printed and it is also possible to save the analysis in an encrypted file for later use and
reference.

The user can move between the input pages in any order, but due to computational dependencies the
following work flow is recommended when input data: “Conditions”->"Gas Analysis’->"Flow
Measurement”. Also, the logical flow between sections in each page is typically from left to right.

Regarding metering station template, note that when specifying dual flow meters in series or parallel
(Figure 7.2), there will be an option to select whether the laboratory flow calibration is performed on both
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flow meters at the same time. If this is the case it introduces a correlation that the application is able to
model.

The following discusses each of the pages.

=R (ECE )
°@|@ itp://gasmeteringtest azurewebsitesn... © = & || @ Meteringstation x | | oAk

NFOGM 5 ONFOGM propose
ABOUT o Semic rox %‘uusnmwmnmn )|V Tekna CI l ll- W2 improvements

JE OG GASSMALNG

Fiscal Gas Metering Station Uncertainty

I metering station
Metering Station Specification

<Enter Name> 24.09.2013 <Enter Description>

Flow Metering ne Conditions Gas Analysis
® Single Meter Temperature  Single ~ | Densitometer  Single - Gas Composition From:
Dual in Series Orifice -

() Dual in Parallel Pressure Single =  Dens. Type HasTemp < FixedComposition <

00600
e e

Accept and Continue ~ Open From File..

Figure 7.1  Gasmetering application start page, where the user specifies the metering station template. It
is also possible to open a previously saved file.

<Enter Name> |18.03.2014 @ <Enter Description>
Single Meter Temp Averag: v  Densi Averag: v Gas Composition From:
Dual in Series Ultrasonic ~ ~
@ Dual in Parallel Pressure Average *  Dens. Type HasTempAndPress FixedComposition v

—

v Flow meters calibrated at the same time and location Accept and Continue Open From File..

Figure 7.2  Metering station with dual ultrasonic flow meters in parallel and also dual line condition
instrumentation. Note the “Flow Calibrations calibrated at the same time and location”-check
box in the lower left corner. This specifies whether the laboratory flow calibration is performed
on both flow meters at the same time.
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Fiscal Gas Metering Station Uncertainty

conditions

conditions 1sed in the uncertainty calculations. The con 1 be changed later. Values in
blue color can be d the most signif re in bold. For efficient input, use TAB key to move to next cell

LINE GAS
‘CONDITIONS COMPOSITION

Flow Rate 100000 ® smi/h kg/h Gl/h

Meter Line Operating Conditions

Line pressure P 100 bara

Line temperature T 50 °C

Ambient (air) temperature Tair O °C v| Use default (0)

Densitometer Line Operating Conditions

Temperature at densitometer Td 50 °C v| Use default ( Line temperature, T )

Additional Operating Conditions
Viscosity M 105E-05 Ns/m?* v| Use default ( 1.05E-5)

Figure 7.3  “Conditions”-page and “Line Conditions”-section, where the user specifies the line operating
conditions.

conditions

Figure 7.4  Page navigation menu where the user can move freely between different pages, some related
to input and others related to computed results and visualizations.

7.3.2 Conditions Page

There are two aspects of the process conditions that the application can model, and these have separate
sections in the page:

e Line Conditions: includes the flow rate, line pressure and line temperature, and depending
on the template selected some other conditions.

e Gas Composition: consist of gas component concentration values (mole %) of a fixed set of
known components (Figure 7.5).

Regarding “Line Conditions” note that some of the parameters may have default values that can be
activated. Default values can be constant numbers or can be computed from other parameters (Figure
7.3).

Regarding “Gas Composition” (Figure 7.5), note that a set of gas properties for the specified composition
is computed according to AGA 8, AGA 10 and ISO 6976. These are used later in model computations,
and are in addition displayed here for convenience.
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Gas Components
Methane

Ethane

Propane
iso-Butane
n-Butane
iso-Pentane
n-Pentane
Hexane

Heptane

Octane

Nonane

Decane

Nitrogen

Carbon Dioxide
Water

Hydrogen Sulphide
Hydrogen
Carbon Monoxide
Oxygen

Helium

Argon

Figure 7.5

conditions

¥ = 10000
Cl 86.29
c2 601
c 3
ic4 11
nC4 09
iC5 035
nCs 025
6 01
c7 0
c8 0
[a:] 0
clo0 o0
N2 1
oz 1
H20 0
H2S 0
H2 0
co 0
02 0
He 0
Ar 0

composition.

When “Sampling” is chosen for “Gas Analysis” in the template the user can enter the samples in a table,
or import the data from an Excel CVS file as seen in Figure 7.6. An average composition will be
computed as displayed in the “Gas Composition” section, and used further in the computation. There
will also be an uncertainty contribution modeled by “student-t’-distribution in the uncertainty calculation
of the gas analysis (as seen in the section “Sampling Gas Samples” on the “Gas Analysis”-page for this

template).

Uncertainty model for the online uncertainty
calculator for gas flow metering stations

Report

3 = 100
86.29
601
3
11
09
03s
025
01

[=]

=l o o

o o o o|lo O O =

“Conditions”-page and

LINE
CONDITIONS

mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %
mole %

mole %

“Gas Composition”-section, where the user specifies the gas
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Computed Gas Properties (AGA8, AGA10, ISO6976)

Compressibility at line conditions

z

Compressibility at std. ref. conditions Z,

Gas Density at line conditions

Gas Density at std. ref. conditions
Molar mass

Isentropic exponent

Velocity of sound

Super. calorific value, 25°C Exhaust
Super. calorific value, 25°C Exhaust
Infer. calorific value, 25°C Exhaust
Infer. calorific value, 25°C Exhaust
CO, Emission Factor

CO, Emission Factor

CO,; Emission Factor

p
Po
m
K

c
Hs
Hs
Hi
Hi
Cm
Cv
Ce

0.83487
0.99704

8637582 kg/m®
0.82186 kg/m’
1937539  g/mol
1.41095

40416569 m/s
5221722 MJ/kg
4291546  MJ/Sm’
4728966  Ml/kg
3886567  MJ/Sm’
272368 kg/kg
223850 kg/Sm’
57.59569 tonnes/T)
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Process C

LINE
CONDITIONS

conditions

SAMPLING

Add Sample Delete Last Sample

GAS
COMPOSITION
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Import Excel CSV File..

calculations. The conditions can be changed later. Values in blue color can be edited, and the

CSV format: one line per sample, no headers, values format 1,0;2,0;3,0;
All values in mol %

# cl c2 c3 iC4 nC4 iC5 nC5 €6 7 €8 €9 €10 N2 C02 H20 H2S H co 02 He Ar
1 86.29 601 3 11 09 035 025 01 0 0 o o 1 1 0 0 0 0 0 0 0
2 86.29 601 3 11 09 035 025 01 0 0 o o 1 1 0 0 0 0 0 0 0
3 86.29 601 3 11 09 035 025 01 0 0 o o 1 1 0 0 0 0 0 0 0
4 86.29 601 3 11 09 035 025 01 0 0 o o 1 1 0 0 0 0 0 0 0
5 86.29 601 3 11 09 035 025 01 0 0 o o 1 1 0 0 0 0 0 0 0
6 86.29 601 3 11 09 035 025 01 0 0 o o 1 1 0 0 0 0 0 0 0
7 86.29 601 3 11 09 035 025 01 0 0 o o 1 1 0 0 0 0 0 0 0
Figure 7.6 “Conditions”-page and “Gas Sampling”-section. This section is available when “Sampling” is
chosen for “Gas Analysis” in the template. The user can enter the samples in a table, or import
the data from an Excel CVS file.
7.3.3 Gas Analysis Page

The gas analysis page encompasses uncertainty in the known gas composition. The details of the
specification depend on the type of gas analysis that has been performed. Figure 7.7 shows the input
layout if “Sampling” (with GC) has been used, and it is also possible to choose different levels of details
in the specification. The page will always include a section “Gas Properties” (Figure 7.8). This contains
computed uncertainties of some important factors used in the models of the flow measurement
uncertainties, and listed here for user convenience. In addition the section contains user controls for
selecting model standards for Z (AGA 8 or user defined) and Zo (AGA 8, ISO 6976 or user defined).

The different choices for gas analysis uncertainty are as follows:

Fixed Composition
o Specify uncertainty in component using mol %, 95% conf.
Online GC
o Overall Input Level: Select standard for overall uncertainty
= ASTM D1945, Section 10.1.1
= NORSOK 1-104, Section 9.1.4.1 (under the heading “Fiscal gas composition”)
= User Defined (absolute expanded uncertainty with 95 % confidence level to be
given in mole %)
o Detailed: Select standard for calibration and repeatability
= Calibration gas:
¢ NORSOK I-104, Section 9.1.4.1
¢ 1 %: Relative expanded uncertainty with 95 % confidence level of
each gas component is 1 % (meaning that if e.g. molar fraction of a
gas component is 10 %, the absolute expanded uncertainty of that
molar fraction is 0.1 % (abs), corresponding to 1 % of the molar
fraction of 10 %).
e 2%: Relative expanded uncertainty with 95 % confidence level of
each gas componentis 2 %
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User Defined (absolute expanded uncertainty with 95 % confidence
level to be given in mole %)

= Repeatability:

NORSOK 1-104, Section 9.1.4.1
User Defined (absolute expanded uncertainty with 95 % confidence
level to be given in mole %)

= Linearity:

e Sampling
o GC analysis

User Defined (absolute expanded uncertainty with 95 % confidence
level to be given in mole %)

= Overall Input Level: Select standard for overall uncertainty

ASTM D1945, Section 10.1.1

NORSOK 1-104, Section 9.1.4.1 (under the heading “Fiscal gas
composition”)

User Defined (absolute expanded uncertainty with 95 % confidence
level to be given in mole %)

= Detailed: Select standard for calibration and repeatability

Calibration gas:
o NORSOK I-104, Section 9.1.4.1
o 1 %: Relative expanded uncertainty with 95 % confidence
level of each gas component is 1 % (meaning that if e.g.
molar fraction of a gas component is 10 %, the absolute
expanded uncertainty of that molar fraction is 0.1 % (abs),
corresponding to 1 % of the molar fraction of 10 %).
o 2%: Relative expanded uncertainty with 95 % confidence
level of each gas component is 2 %
o User Defined (absolute expanded uncertainty with 95 %
confidence level to be given in mole %)
Repeatability:
o NORSOK I-104, Section 9.1.4.1
o User Defined (absolute expanded uncertainty with 95 %
confidence level to be given in mole %)
Linearity:
o User Defined (absolute expanded uncertainty with 95 %
confidence level to be given in mole %)
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metering

n conditions gas analysis

Gas Analysis Properties and Uncertainty Specification

Input forms for specifying properties and uncertainties of the gas analysis equipment in the metering station. Values in blue calor can be edited. For efficient input, use
TAB key to move to next cell.

SAMPLING GAS
GAS SAMPLES PROPERTIES

Overall Input Level [ |

Select standards for calibration and repeatability: NORSOK [104 + || NORSOK 1104 -
Componant Concentration  Calibration Gas Repeatability Linearity Total Unc. Relative Unc.

mol% mol %, 95% Conf. mol%, 95% Conf. mol%, 95% Conf. mol%, 95% Conf. %

Methane c1 86.29 0.1726 01 1] 0.1995 023
Ethane c2 6.01 00301 0.04 0 005 0.83
Propane c3 3 0.015 0.04 0 0.0427 142
iso-Butane ic4 11 0.0055 0.04 0 0.0404 367
n-Butane nC4 09 0.009 0.04 0 0.041 4.56
iso-Pentane ic5 035 0.0035 0.04 0 0.0402 1147
n-Pentane nC5 0.25 0.0025 0.04 0 0.0401 16.03
Hexane ce 01 0.005 0.04 0 0.0403 40.31
Heptane c7 0 0 0 0 0 0
Octane ca 0 0 0 0 0 0
Nonane c9 0 0 0 0 0 0
Decane C10 0 0 0 0 0 0
Nitrogen M2 1 0.005 0.04 0 0.0403 4.03
Carbon Dioxide coz2 1 0.005 0.04 0 0.0403 403

Figure 7.7  Input of uncertainties for gas analysis when “sampling” (with GC) is selected.
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gas analysis

Input for

as analysis equipment in the metering station. Values in blue color can be edited. For efficient

input, use TAB key to move Lo next ce
& GAS
ANALYSIS PROPERTIES

Select 7, and Z specification to be used for uncertainty calculation of gas properties dependent on compressibility

Z, Specification: ® 150 6976 AGAS User Def. [%, 95% conf] Z Specification: ® AGAS User Def. [%, 95% confl]

Uncertainty in CO2 Emission Factors and Calorific Value

CO2 Emission Factor in kg/kg 0.182 % 95 % Confidence

CO2 Emission Factor in kg/Sm? 0.317 % 95 % Confidence
CO2 Emission Factor in tonnes/T) 0.081 % 95 % Confidence
Sup. Calorific Value in Ml/kg 0.216 % 95 % Confidence
Inf. Calorific Value in MJ/kg 0431 % 95 % Confidence

Standard Volume Flow Model: uncertainty in Zo/¥ mZ factor due to model, line conditions and gas composition uncertainties

Vari E
Input Variable Uncertainty  Unit Confidence Std. Uncert. u, Sens. Coeff. s, ua)rzmnce e
Zy,mod 0.0522 % 95% (norm) 0.0261 % 1.000 e+0 6.812 e-4 (%)
Zmod 01 % 95% (norm) 0.05 % 5.000 e-1 6250 e-4 (% )2
Zy/NmZ,ana 0.0973 % 95% (norm) 0.0487 % 1.000 e+0 2368 e-3 (%)
Sum of variances, I { 5 - u, )? 0.0037 (%)*
Relative Combined Standard Uncertainty 0.061 %
Relative Expanded Uncertainty (95% Confidence level, k=2) 0121 %

Figure 7.8  Computed uncertainties of some important factors used in the models of the flow
measurement uncertainties. In addition the section contains user controls for selecting model
standards for Z and Zo.

7.3.4 Flow Measurement Page

The flow measurement page encompasses specification of uncertainty in instruments and other facilities
used for flow measurement (Figure 7.9). Simple instruments like a temperature transmitter has one
section for uncertainty specification, but more complex instruments like an orifice flow meter have
several sections (as can be seen in Figure 7.9). Some instruments also include flow calibration data
(Figure 7.10). Note that it can be selected how the meter is adjusted for the calibration curve, as
described in Appendix A.

Depending on the equipment there can be functionality for using values from different standard
specifications, as shown in Figure 7.9 where the user can select “ISO 5167 Specification” for the
uncertainty in the orifice meter pipe diameter. An overall level can also be selected as the total
uncertainty may depend on design, operational and maintenance routines designed to keep
measurements within a given maximum uncertainty. The uncertainty requirements in the Norwegian
measurement regulations has been pre entered as default values. There can also be functionality for
storing frequently used specifications in files for later retrieval, as shown in Figure 7.11 where the
detailed input for a temperature transmitter is shown. The “Save”-button can be used to save the
complete specification to a file, and the “Load”-button can then later be used for quickly loading the
saved specification for a temperature transmitter.

© Christian Michelsen Research AS.



Ref. no.: CMR-14-A10099-RA-1 Uncertainty model for the online uncertainty ‘ CIMIr Instrumentation

Rev.:00 Date: 19.03.2014 calculator for gas flow metering stations
Page 68 of 93 Report

ABOUT N,FOGN“\ i%‘ OL|EDIREKTORATET ‘JI!L'TI!knE cm r c’ff:” propase

Fiscal Gas Metering Station Uncertainty
metering statior ndit flow meas

rties and U

and uncertainties of in the metering station. Values in blue color can be edited. Data for comman

mplate files and later be recalled. Fo se TAB key to move 10 next cel

ORIFICE METER ORIFICE METER ORIFICE METER UNE LINE CONDITIO
ORIFICE DIAMETER DISCHARGE COEFF. DIFF. PRESSURE TEMPERATURE PRESSURE DENSITOMET!

150 5167 Specification [

Properties and Constants

Pipe Diameter 300 mm

Input Variable Uncertainty  Unit Confidence Std. Uncert. u, Sens. Coeff. 5, Variance (s,- u)?

Uncertainty 04 % = 06 mm 1,000 e+0 3,600 e-1 (mm)®
Combined Standard Uncertainty, Uc 06 mm
Expanded Uncertainty (95% Confidence level, k=2), k - Uc 12 mm
Value 300 mm
Relative E: ded U inty (95% Confidence level, k=2) 04 %

04 % according to 150 5167 Part 2 chapter 5.3.3.2

Figure 7.9 Flow measurement page for a template with orifice flow meter.

FLOW METER LINE LINE UNEC TER
FIELD UNMCERTAINTY TEMPERATURE PRESSURE DENSITOMETER TEMPERATURE

Properties and Constants
Line pressure at cal. 50 bara
Line temperature at cal. 10 °C
Add Calibration Point Remove Last Point  Correction for deviation: ® MNone Linear Interpolati Flow Independent [%]
- Ra'he Deviation Lab. Reference Repeatability Total
m'/h (Uncorrected) % 9%, 95% Conf. %, 95% Conf. %, 95% Conf.
1 107 12 02 01 13873
2 267 0.55 02 01 067
3 668 0.3 02 01 0.4114
4 1069 0.23 02 01 0.3467
5 1871 018 02 01 0.305
[ 2673 0.2 02 01 03211
.? 3475 0.24 02 01 0.3556

Figure 7.10 Flow measurement page for a template with ultrasonic flow meter. Note that the method for
adjusting (correcting) the flow meter after calibration is to be specified here. See also
Appendix A.
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FLOW METER FLOW METER LINE CONDITIONS LINE CONDITIONS LINE CONDITIONS DENSITOMETER
LAB CALIBRATION FIELD UNCERTAINTY TEMPERATURE PRESSURE DENSITOMETER TEMPERATURE
Overall Input Level Load .. Save ..
Properties and Constants
Time Between Calibrations 12 Months
Ambient Temp. At Calibration 20 “C
Input Variable Uncertainty  Unit Confidence Std. Uncert. u, Sens. Coeff. s, Variance (5 - u )?
Temp. elem. and transm. 01 “C 999% (norm * | 00333 °C 1,000 e+0 1111 e-3 (*C)*
Stability 01 %MV/24mg | 99% (norm ~  0,0539 °C 1,000 e+0 2,901 e-3 (*C)*
RFI Effects 01 “C 999% (nom * | 00333 °C 1,000 e+0 1111 e-3 (*C)*
Ambient temp. effect 0.0015 “C/oC 999% (nom * | 001 *C 1,000 e+0 1,000 e-4 (*C)*
Stability - temp. element 0.05 °C 95% (norm) v | 0,025 °C 1,000 e+0 6,250 e-4 ("C)
Misc. 0 °C 5% (norm) v 0 °C 1,000 e+0 0,000 e+0 (*C)*

Sum of variances, Uc® = Z (s, -u)?

5848 e-3 (°C)?

Figure 7.11

7.3.5

Combined Standard Uncertainty, Uc 0,076 °C
Expanded Uncertainty (95% Confidence level, k=2), k - Uc 0,153 *C
Value 50 °C
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,047 %
Ref. Norwegian Petroleum Directorate Measurement Regulation; Measurement regulation §8; Circuit uncertainty limits.

Detailed input for a temperature transmitter. The “Save”-button can be used to save the
complete specification to a file, and the “Load”-button can then later be used for quickly
loading the saved specification.

Uncertainty Calculation Results Page

This page is the first of several pages that displays the result of the uncertainty calculation based on the
input data (Figure 7.12). There is one section for each of the main flow measurement variables, standard
volume flow, mass flow and energy flow. Depending on template there can be sections for additional
measurements. For example if the template included ultrasonic flow meter together with using GC for
gas analysis, there is a section for the density measurement.

The uncertainty is displayed as uncertainty budgets tables, and the functional relationship is displayed
for reference. Depending on the selected metering template, there can also be a list of “computed
values”. These are values computed from the input data for use in the uncertainty calculation and listed
here for convenience.
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G@[@ hitp://gasmeteringtest.azurewebs... © = € || (& Evaluation Page s | l it 59 €23

NFOGM & ONFOGM  propose
ABOUT  somSeovicior  Jgy oveomexrorater W Tekna cmr =% improvements
Fiscal Gas Metering Station Uncertainty
mete ) ditions gas ¢ flow meas results
Uncertainty Calculation Results
Tables docurmenting the uncertainty calculations for the primary measurands. Values can not be edited in this view.
* Orifice Meter, Standard Volume Flow
Functional Relationship
g, =0hZs __C eEJJ (B=8P)\, az/7,) 2P
RIZ, ,Jl —(-E-)‘ 4 28 Z,
Computed Values
Expansibility Factor, € 0.9993
Differential Pressure, AP 249.5255 mbar
Input Variable Uncertainty  Unit Confidence Std. Uncert. u, Sens. Coeff. s, Variance (s, - u,)?
Pressure, P 03 % 95% (norm) 015 % 1,001 e+0 2256e-2 (%)?
Temperature, T 0.0928 % 95% (norm) 00464 % 1,000 e+0 2155e-3 (%)?
Z/Z, factor 0.144 k) 95% (norm) 0,072 % 1,000 e+0 5187e-3 (% )?
Discharge Coeff, C 05 % 95% (norm) 025 % 1,000 e+0 6250e-2 (%)?
Expansibility Factor, € 0.0062 % 95% (norm) 0,0031 % 1,000 e+0 9626e-6 (%)
Pipe Diameter, D 0.4 % 95% (norm) 02 % 1333e-1 711le-4 (%)
Orifice Diameter, d 0.07 % 95% (norm) 0,035 % 2133 e+0 5575e-3 (%)
Densitometer, p 03 % 95% (norm) 015 % 5,000 e-1 5625e-3 (%)
Diff. Pressure, AP 0.0601 k) 95% (norm) 0,0301 % 5013 e-1 2270e-4 (%)
Sum of variances, I (5 - u,)? 0,1045 (%)
Relative Combined Standard Uncertainty 0,323 %
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,647 %
*| Orifice Meter, Mass Flow
*| Orifice Meter, Energy Flow

Figure 7.12 Computed uncertainty of the main flow measurement variables (standard volume flow, mass
flow and energy flow) displayed as uncertainty budgets tables.
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7.3.6 Uncertainty Budget Charts Page

This page displays the computed uncertainty of the main flow measurement variables (standard volume
flow, mass flow and energy flow) displayed as uncertainty budgets charts (Figure 7.13). Depending on
template it also contains charts for other essential equipment, for example temperature and pressure
transmitters (Figure 7.13). The bar chart displays numerical values when the mouse pointer hover over
a bar, and the “Export Image”-button let the user save an image of the chart to a file.

ABOUT N»FC?AGJ“ %&mumnnmnnu lJ‘LLlTekna cmr "'"“{F&GM propose

3 GASIMALING improvements

Fiscal Gas Metering Station Uncertainty

tering statior nditior nalys sults charts t
Put cursor over individual chart bars to display numerical values
¥ Orifice Meter, Standard Volume Flow
Contribution to the expanded uncertainty of standard volume flow measurement Export Image..

Pese |
Temperatul; B |
Z/Z, factor _
Discharge Coeff. i _
Expansibility Factn; II
Pipe Diameter -

Orifice Diameter _
Densitometer |INMER
Diff. Pressure il | |

Total I ]
B T

T T T T T
0 0,05 01 0,15 02 025 03 0,35 04 045 05 0,55 06 065
Expanded uncertainty, k = 2 (95 % conf. level) (%]

* Orifice Meter, Mass Flow

* Orifice Meter, Energy Flow

*  Orifice Meter, Pipe Diameter

* Orifice Meter, Orifice Diameter
* Orifice Meter, Discharge Coeff.
*  Orifice Meter, Diff. Pressure

*  Line Conditions, Temperature
* Line Conditions, Pressure

*  Line Conditions, Densitometer

* Densitometer, Temperature

Figure 7.13 Computed uncertainty of the main flow measurement variables and equipment displayed as
uncertainty budgets charts.
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7.3.7 Uncertainty Range Plots Page

This page contains computed uncertainty of the main flow measurement variables (standard volume
flow, mass flow and energy flow) as function of a selected flow rate range, displayed as plots (Figure
7.14). Itis possible to select the flow rate range, and also the flow rate unit (Sm?3/h, kg/h, GJ/h). Numerical
values are displayed when the mouse pointer hover over a point, and the “Export Image”-button let the
user save an image of the plot to a file.

ABOUT NFOGM \ﬁl OLJEOIREKTORATET ‘)/!\L\Tekna cm r :h:rfzm‘l " “

Fiscal Gas Metering Station Uncertainty

I plots

Flow Rate Range 12000 to 360000 ® Sm°/h kg/h Gl/h

¥ Orifice Meter, Standard Volume Flow

Export Image..

it
-
=)

=3

®

o
T

Relative Expanded Unce:
o :
o
T

+ t t + t i t 1 t i i t i 1 ¥ t i 1
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Flow Rate in 1000 Sm’/h

* | Orifice Meter, Mass Flow

» | Orifice Meter, Energy Flow

Figure 7.14 Computed uncertainty of the main flow measurement variables plotted over a selectable flow
range.

7.3.8 Uncertainty Report Page

This page contains a summary of the uncertainty analysis formatted as an on-screen report (Figure
7.15). This can be printed and it is also possible to save the analysis in an encrypted file for later use
and reference. Regarding printing, note that it is possible to “print to pdf file” by installing an appropriate
printer driver. “Adobe Acrobat” includes a printer driver with this functionality, and “PDFCreator” is
another (free) alternative.

The report includes the following:

Header which integrates the <Name>, <Date> and <Description> input from start page.
Graphic that displays the selected metering station template.

Tables listing the line operating conditions.

Table listing the computed gas properties according to AGA 8, AGA 10 and ISO 6976.

© Christian Michelsen Research AS.



CIMIrr Instrumentation Uncertainty model for the online uncertainty Ref. no.: CMR-14-A10099-RA-1

calculator for gas flow metering stations Rev.: 00 Date: 19.03.2014
Report Page 73 of 93

e Uncertainty budget for standard volume flow at the given flow rate in units of Sm3/h. The
functional relationship is displayed together with any relevant computed values used in the
model.

e Uncertainty budget for mass flow at the given flow rate in units of kg/h. The functional
relationship is displayed together with any relevant computed values used in the model.

e Uncertainty budget for energy flow at the given flow rate in units of GJ/h. The functional
relationship is displayed together with any relevant computed values used in the model.

e Uncertainty budget for additional measurements, depending on template. For example if the
template included ultrasonic flow meter together with using GC for gas analysis, there is an
uncertainty budget for the density measurement.

e Uncertainty in CO2 emission factors and calorific value.

ABOUT NJFOGM S OLJEDIREKTORATET ‘J}!\LlTekna cmr H:TEGM propose

ASSIALN mprovements

Fiscal Gas Metering Station Uncertainty
report

rtainty Repor

Calculation result can be saved to file and opened for viewing and editing later

Save uncertainty analysis.. Print report..

Fiscal orifice metering station.

20

Meter Line Operating Conditions

Line pressure P 100 bara
Line temperature T 50 °C
Ambient (air) temperature Tair 0 °C

Densitometer Line Operating Conditions

Temperature at densitometer Td 50 °C

Computed Gas Properties (AGASB, AGAL0, ISO6976)

Compressibility at line conditions Z 0.83487
Compressibility at std. ref. conditions Z 0.99704
Gas Density at line conditions p 86.37582 kg/m®
Gas Density at std. ref. conditions Po 0.82186 kg/m®

DR Y P — . anATran ]

Figure 7.15 Report page contains a summary of the uncertainty analysis formatted as an on-screen report.
This can be printed and it is also possible to save the analysis in an encrypted file for later
use and reference.
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7.3.9 Note about “Save” and “Open” functionality

When the user saves an uncertainty analysis to file, it will always be a new file. It is not possible to save
“changes” to an existing file. In practice this is not a limitation. If the user opens an uncertainty analysis
file and want to “save changes”, it is always possible to just use the same file name and thereby overwrite
the file.

While this mechanism seems like an unnecessary limitation, it is in fact an important security feature of
Silverlight. A Silverlight application cannot generally access the file system on a computer. The only
exception to this is if the user is shown a file select dialog (controlled by the system, not the application)
and then selects a specific file to open and read (read-only) or a name for a file to create (write-only).
Through the system controlled file dialog the user has full control over what files the application can
read, and over what file areas and file name the application can write to.

7.3.10 Note about “opening” an uncertainty analysis file

When the application start page is first shown the two buttons at the bottom right “Accept and Continue”
and “Open From File” is both enabled. If the user chooses either of these the application moves to the
“Conditions” page. If the user now goes back to the start page the “Open From File” button is no longer
enabled and the “Accept and Continue” button have changed name to “Create New”. It is therefore not
possible to open an uncertainty analysis file from this state. To either create a new uncertainty analysis
or open an existing from file the user must first press the “Create New” button. This returns the
application to the initial state where both the “Accept and Continue” and “Open From File” is enabled.
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38 Summary

This report documents uncertainty models for fiscal gas metering stations using either orifice, Coriolis
or ultrasonic flow meters. The uncertainty models covers the case when a gas chromatograph is used,
the case with gas sampling and the case with densitometer and a given gas composition. Two meters
in parallel is covered, and for ultrasonic and Coriolis flow meters also two flow meters in series are
covered. The uncertainty models are implemented on a web-based Microsoft Silverlight technology.
This can be accessed for free from www.nfogm.no.

The present work is a generalization of the uncertainty models for fiscal gas metering stations in [Lunde
et al, 2002] and [Dahl et al, 2003].
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Appendix A Detailed formulas for uncertainty of
correction factor after flow calibration

This Appendix gives the details regarding the uncertainty of the correction factor estimate as an
uncertainty contribution to the calibration uncertainty of a flow calibrated flow meter. It is related to the
Coriolis flow meter functional relationship in Section 5.2.1 and uncertainty model in Section 5.3.1. More
specifically it gives the value for the first term of the right hand side of Eq. (5.4). For ultrasonic flow
meters, it is related to the functional relationship in Section 6.2.1 and uncertainty model in Section 6.3.1.
More specifically it gives the value for the first term of the right hand side of Eq. (6.9).

The Coriolis flow meter is calibrated on mass flow rate, as this is the primary output of the Coriolis flow
meter. Similarly, the ultrasonic flow meter is calibrated on actual volume flow rate. The method described
here is similar for both types of flow meters and flow rates, and will be covered together. Thus, the
following notation is used for the flow rates: index “x” can mean either “m” for mass or “v” for actual
volume. In addition, the index “Meter” will mean either “Coriolis” or “USM”, depending on the meter type
in question.

The results presented here are based in [Lunde et al, 2002] and [Lunde et al, 2010].

Al Functional relationship

After flow calibration, an adjustment of the flow meter may be carried out. The flow calibration is carried
by comparing the output flow rate from the flow meter with the similar reading from a reference
measurement. This is carried out at a set of N different flow rates where the reference meter measured

the flow rate Q, ; and the flow meter measured the flow rate 0, yieteri» 1 =1, ..., N. A full correction of
the flow meter at each of these flow rates can therefore be written as

Oxi = Kiqx,Meter,i , (A1)
where
Ki _ qx,ref,i . (A.2)
qx,Meter,i

The relative difference in per cent between the flow rate as measured by the flow meter and the
reference meter can be written as

D, —-100 qx,Meter,i _qx,ref,i

(A.3)
qx,ref,i

The relation between these two quantities is

pizlool—Ki; (- 100
K 100+ p,

(A.4)

From these correction factors a general correction factor valid for all flow rates (and not only at the
specific flow rates where the flow calibration is carried out) is established. This can formally be written
as
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qx = qu,Meter ’ (A-S)
where
K=f(K,K,,...K,a,). (A.6)
This factor corresponds to correcting a percentage deviation of p %, where
1-K
p=100=—~; K =100/(100+ p). (A7)
In practice, such a correction can be carried out in different ways, including
® no correction,
(ii) a constant percentage correction,
(iii) linear interpolation, and
(iv) other methods (splines and other curve fittings).

In this report the three first methods will be covered.

In the first case, with no correction, K will be equal to one, and p = 0. The flow meter is then not adjusted
to give the same output flow rate as the reference meter.

In the second case, an average percentage difference, p = pcor, for example the flow weighted mean
error, between the flow meter output and the reference measurement is established. Then a correction

factor K :100/(100+ pcor,) is established and used for all flow rates. It should be commented that in

case (ii), the output flow rate of the flow meter after adjustment will generally not be the same as the
flow rate measured by the reference instrumentation (for the flow rates used in the flow calibration).
Thus, there will remain some known systematic errors in the flow meter. It should also be commented
that case (i) is a special case of case (ii), with pcor = p = 0.

In the third case, the adjustment will be based on a linear interpolation between the adjustment factors
established for the flow rates used in the flow calibration. Such an interpolation can be carried out either
on K, or on the percentage deviation p. Here, a linear interpolation in p is described. Both for the
correction and for the uncertainty analysis, the results will almost be the same whether the interpolation
is carried out on p or on K. The linear interpolation can be written as

p = pi + le — pi (qx,Meter - qx,Meter,i);

qx,Meter,i+1 - qx,Meter,i

(A.8)

When qx,Meter,i < qx,Meter < qx,Meter,i+1'

K can then be found from Eq. (A.7). It should be commented that this third case provides a correction
such that the flow meter’s flow rate will be corrected to the reference meter flow rate, when the flow rate
is equal to any of the flow rates used in the flow calibration. This case is therefore in agreement with the
Norwegian Petroleum Directorate Measurement Regulations, where one requirement in Section 8 is that
“The measurement system shall be designed so that systematic measurement errors are avoided or
compensated for”. Using case (i) and (ii) is not in agreement with this requirement.

The fourth case is a generalization of the third case, where the linear interpolation is replaced with a
non-linear interpolation (e.g. based on splines) or a partially linear interpolation where more interpolation
points than the ones used in the flow calibration (ref. case (iii)) are used. In such cases, it is
recommended that for the uncertainty analysis, it is treated as case (iii).
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A2 Uncertainty model

The uncertainty of the flow rate due to the above mentioned adjustment of a flow meter after flow
calibration will now be described. This is part of the of the calibration uncertainty described for Coriolis
flow meters in Section 5.3.1 and for ultrasonic flow meters in Section 6.3.1. The uncertainty contribution
is denoted “Uncertainty of the correction factor estimate”, and can be written as

e

with a reference to Eq. (A.5). The term is related to the percentage difference, p, between flow rate from
the flow meter and the reference measurement, because of Eq. (A.4). The actual expression depends

on the adjustment method for the flow meter, and of any uncorrected percentage deviations, P,

between the flow meter and the reference meter. As discussed above, three adjustment methods will
be addressed:

0] no correction,
(i) a constant percentage correction,
(iii) linear interpolation.

Method (i): When no correction is done based on the deviation between the flow meter under calibration
and the reference meter, all deviation is uncorrected. Because the flow meter then will have a known
systematic deviation, such a procedure is not in accordance with e.g. the Norwegian Petroleum
Directorate Measurement Regulations. However, such a lack of adjustment must contribute to additional
uncertainty. The uncorrected percentage deviation therefore is found as linear interpolation as

|pi+l|_|pi|

qx,Meter,i+1 - qx,Meter,i

d) :|pi|+ (qx,Meter _qx,Meter,i);

(A.10)

When qx,Meter,i < qx,Meter < qx,Meter,i+l '

For flow rates outside the calibrated range, extrapolation is carried out for getting an estimate for the
uncorrected percentage deviation. In this case, the uncorrected percentage deviation increases as the
flow rate leaves the calibrated range, and is calculated as

| bl |
5p :|pl|_ | 2| | 1| (qX'Meter _qx,Meter,l);

‘qX'Meter,z - qx,Meter,l (A ]_]_)

When qx,Meter <qx,Meter,1 '

and

| [pl-lp.

&) = | pn| =+ | n| | n l| (qx’Meter - qx,Meter,n);
‘ X,Meter,n qx,Meter,n—l (A.12)

When qx,Meter >qx,Meter,n )
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Method (ii): When a constant percentage correction, P, is carried out based on the deviation between

the flow meter under calibration and the reference meter, there will be a remaining deviation between
the adjusted flow meter and the reference meter. As for method (i) with no correction, there will strictly
speaking be a known systematic deviation in the flow meter output. Therefore, such a procedure is not
in accordance with e.g. the Norwegian Petroleum Directorate Measurement Regulations. However, such
a lack of adjustment must contribute to additional uncertainty. The uncorrected percentage deviation
therefore is found as linear interpolation as

&):|p.—p |+|pi+1_pcorr|_|pi_pcorr|(

X,Meter qx,Meter,i );

qx,Meter,i+1 - qx,Meter,i
(A.13)

When qx,Meter,i < qx,Meter < qx,Meter,i+1 '

For flow rates outside the calibrated range, extrapolation is carried out for getting an estimate for the
uncorrected percentage deviation. In this case, the uncorrected percentage deviation increases as the
flow rate leaves the calibrated range, and is calculated as

P2 = Pegee] ~[ P = Peor]

(
5p | pcorr| - \qx,Meter - qx,Meter,l);
‘ qx Meter, 2 qx Meter,1 ‘
(A.14)
When qx,Meter < qx,Meter,l !
and
|| P, — pcorr| _| Pra— pcorr| ( .
d:) = | pn - pcorr| + \Mx,Meter — qx,Meter,n )’
‘ qx,Meter,n - qx,Meter,n—l ‘
(A.15)

When qx,Meter >qx,Meter,n '

Method (iii): The correction is carried out using a linear interpolation in the percentage deviation between
the flow meter and the reference meter. The linear interpolation provides an approximate value for the
deviation from reference for flow rates between the ones used in the flow calibration. This is illustrated
in an example shown in Figure A.1, where a Coriolis flow meter is flow calibrated at mass flow rates of
5000 kg/h and 20000 kg/h. The deviation from reference at 5000 kg/h was 0.3 %. At 20000 kg/h it was
0.1 %. The blue curve represents the interpolated for mass flow rates between 5000 kg/h and 20000
kg/h. The correction of the meter is based on this curve. However, such a linear interpolation is an
approximation, and the exact shape of the deviation curve is not known. In this work it is assumed that
the true curve is somewhere inside the red parallelogram. It is further assumed that the probability is the
same for the curve to be anywhere inside the parallelogram. The maximum (and unknown) uncorrected
percentage deviation after correction is therefore not larger than:

qx,Meter,i + qx,Meter,i+1 .

2

When qx,Meter,i < qx,Meter <

&= Oy meter — A Meter,i |pi+l . p||, (A.16)

qx,Meter,Hl - qx,Meter,i
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qx Meter i + qx Meter ,i+1
2 < qx,Meter < qx,Meter,i+l .

when

& = Oy meter,iser — Ux Meter |pi+1 -p | (A.17)

qx,Meter,i+1 - qx,Meter,i
This maximum percentage deviation is shown in Figure A.2.
For flow rates outside the calibrated range, extrapolation is carried out for getting an estimate for the

uncorrected percentage deviation. In this case, the uncorrected percentage deviation increases as the
flow rate leaves the calibrated range, and is calculated as

5p _ Uy meter — A Meter 1 |

P, — p1|;
qx,Meter,Z - qx,Meter,l (A.18)
When qx,Meter < qx,Meter,l '
and
qx,Meter _qx,Meter,n .
%= [Py = Pals
qx,Meter,n - qx,Meter,n—l (A 19)

when qx,Meter >qx,Meter,n :

For all three types of correction (Method (i), (ii) and (iii)), the expression for Jp is considered to be
expanded uncertainty of p with 100 % confidence level and rectangular distribution function. The
standard uncertainty of p is then found by dividing dp with the square root of 3. The relative standard
uncertainty of the correction factor estimate can now be written as

[u(qx,ca.,dev)j SCISJEE: . )

a, K K oK 100+ p

(A.20)
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Figure A.1 Example of deviation from reference at flow calibration at a mass flow rate of 5000 kg/h (here
deviation of 0.3 %) and 20000 kg/h (here deviation of 0.1%). For the correction of the flow
meter, the deviation at flow rates between 5000 kg/h and 20000 kg/h are found by linear
interpolation (blue curve). It is assumed that the “true” deviation curve is somewhere within
the red parallelogram.
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Figure A.2 Relative standard uncertainty related to the correction factor for the example shown in Figure
A.l.
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Appendix B Uncertainty model for two flow meters in
parallel or in series

In this appendix, the uncertainty models for single flow meters are extended to cover two flow meters in
parallel or two flow meters in series. First, a generic presentation for the uncertainty model for a single
flow meter is presented. This result is thereafter used for development of uncertainty models for two
meters in parallel or in series.

B1 Generic uncertainty model for one flow meter

First, a generic uncertainty model for each of the two flow meters, meter A and meter B, is presented. It
is shown here for mass flow rate, but can also be used for the other flow rates in question in this report.

The mass flow rate for each of the two meters (separately) can be found by the following generic
equations:

Ona = f (XlA’ X2A""’XnA)’

(B.1)
Umg = f(xla’xzs’---’xns)-
As an example, if this is an orifice metering station, the equations correspond to Eqgs. (4.4) or (4.7),
depending on the set-up of the metering station. The x-variables correspond then to the various inputs
to these equations, like discharge coefficient, expansibility coefficient, differential pressure, pressure,
temperature, density and other gas parameters. n is 7 if densitometer is used and 8 elsewhere (by
counting how many uncertainty contributions there are in Egs. (4.4) and (4.7)). Similarly, there are
influencing parameters also for the other types of flow meters.

The uncertainty model for each of these two flow rates can on absolute form be written as

2 2 2
of of of
u(g,, ) = alu(xlA) + EU(XZA) +o+ au(an)J , (B.2)
of 2o of ? of 2
U(qu)2 = &U(XIB) + a—XZU(XZB) +...+ aX—nU(XnB)J . (B.3)

This can be re-written to relative form by algebraic manipulations:

[U(qu)]z =(X1A EU(XM)JZ—F(XZA EU(XZA)jZ—F..A—(MiMJZ, (B.4)

qu qu aXl X1A qu aXZ X2A qu aXn XnA
2 2 2 2
[u(qu)J :[xm o u(xm)j {xm of u(xm)} +...+(an of u(xng>j ey
qu qu aXl XlB qu aXZ XZB qu aXn XnB

If this is an orifice metering station, the equations correspond to Egs. (4.10) or (4.13), depending on the
set-up of the metering station. Note that each term on the right-hand-side of Egs. (B.4) and (B.5)
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represents the uncertainty contribution to the relative standard uncertainty of the mass flow rate in pipe
A and B, respectively, originating from the uncertainty in each of the input parameters x;.

B2 Two flow meters in parallel

The total mass flow through the orifice metering station with two parallel runs, can now be written as

Om = Ama + Ome - (B.6)

The uncertainty model for the total mass flow rate can on absolute form be written as

S AV BN R SV P )
u(dn) —[ u(xlA)] +(8X1u(xm)J + 26— = U0 ()

aXl 1 1

2 2
of of of of
+£87u(X2A)] +(£u(sz)J +2r28_87U(X2A)U(X23) (B.7)

2 2 2

2 2
of of of of
+...+| —UlX +| —ULX +2r ———u(x_ Ju(x ).
(axn ( nA)] (axn ( nB)j n aXn 8Xn ( nA) ( nB)

In this formula, the concept of correlation has been addressed. In the uncertainty model for one single
orifice meter, correlations have been avoided by the careful choice of input parameters. However, when
considering two meters in parallel, similar measurements/calculations have been carried out for each
run, and an evaluation on possible correlation between these measurements/calculations have to be
made.

The correlation coefficient I represents the correlation between the uncertainty in input parameter 1
(Xl) between pipe A and B. If there is full correlation, the correlation coefficient is 1. If there is no

correlation, the correlation coefficient is O. It is similar for the other input parameters (X, to X).

This can be re-written to relative form by algebraic manipulations:
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[U(qm)jz :(qu Xia ﬂu(xlA)J2+(qu Xip ﬂU(XlB)JZ

qm qm qu aXl XlA qm qu axl XlB
Qua e Xia Xig ﬂiww
qm qm qu qu axl aXl XlA XlB
_’_(qu X2A iu(XZA)JZ +[qu X2B iu(XZB)]Z
qm qu aXZ XZA qm qu aXZ XZB
+2r, 9na Gns Xoa Xoo Of OF u(X,) U(Xpg)
qm qm qu qu axz aXZ XZA XZB
+___+(qu X O u(an)JZ[qu s O u(an)T
qm qu aXn XnA qm qu 6Xn XnB
or Una Omg Xoa Xog OF Of u(an)u(an).
"y Ao Ooa Gns OXy Xy Xon Xog

+2r,

(B.8)

—+

Now assume that the flow in pipe A and B is of the same size. This means that
Oma/An = Oma /A =1/2. This simplifies the above equation:

Sl e Gy

qm 4 qu aXl XlA qu aXl XlB

+or 2a fie C T DAl
qu qu 8Xl aXl XlA XlB

2 2
+(XZA o u(XZA)] {XZB o u(xzs)J
qu aXZ X2A qu aXZ XZB

+2or, —2A 28 = AT2A)
qu qu aXZ aX2 X2A XZB

2 2
o P O UG | [ X OF u(xe)
qu aXn XnA qu aXn XnB

L op Xon Xop Of OF u(an)u(an)}.

(B.9)

n
qu qu 8XI'] aXn XnA XnB

The correlation coefficients will as the model is used here be either 0 (uncorrelated) or 1 (fully
correlated).

If the correlation coefficient I, =0, the terms related to the X, variable (two first lines in the right hand
side of Eq. (B.9)) will reduce to
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1 (Xl_Aﬂu(XlA)] (XlB ﬂu(XlB )]
Oma 0%y Xqa Ong 0% X
+2r, _iﬂﬂu(xm) u(XlB)
Uma O O%; OX; - Xg4 (B.10)

2 2
1 [xm o u(xlA)] { Xy Of u(xlB)J
4 qu aXl XlA qu 8Xl XlB
Note that the two expressions in the parentheses in the last line of Eq. (B.10) are the uncertainty
contributions to (,,, and (g, respectively, originating from the uncertainty in the input parameters X, ,

and X5 . This can be seen by comparing with Egs. (B.4) and (B.5).

If the correlation coefficient I} =1, the terms related to the X, variable (two first lines in the right hand
side of Eq. (B.9)) will reduce to

1 (Xm ﬂu(xm)] (Xm ﬂu(XlB))

qu aXl XlA qu 6X XlB
2or Yun Y OF O U(,) u(xm)
Ooa Oug OX, OX; X (B.11)

2
1 {xw A Ul |, X O u(xm)J

Oma OX; Xip Oug OX; X

Note that also here the uncertainty contributions to q,, and (g, respectively, originating from the

uncertainty in the input parameters X;, and X,5 appear.

In order to apply this uncertainty model, the various uncertainty contributions have to be classified as
either correlated or uncorrelated. This is done in the chapters covering the different flow meters.

In the derivation of the uncertainty model, the mass flow rate has been in focus. The standard volumetric
flow rate and the energy flow rate can be treated in exactly the same way.

B3 Two flow meters in series

The average mass flow found from the two flow meters, can now be written as

— Oma + Y ' (B.12)

O 5

The uncertainty model for the total mass flow rate can on absolute form be written as
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2 2
» 1| of of of of
u =—<| —U(X +| —U(X + 26, — —Uu(X, , JU(X
(Qm) 4 (@Xl ( lA)j [6)(1 ( lB)J 18)(1 ox, (XU (Xg)

2 2
of of of of
+(GTU(X2A)j +(8TU(XZB)j +2r26—87u(x2A)u(x23) (B.13)

2 2 2 2

2 2
of of of of
e | — —_— 2r —— .
+ +(8Xn U(XnA)j +[8Xn U(XnB)j + n aX aX U(XnA)u(XnB)

n n

In this formula, like for two meters in parallel the concept of correlation has been addressed. In the
uncertainty model for one single flow meter there are assumed to be no correlations. However, when
considering two meters in series, similar measurements/calculations have been carried out for each run,
and an evaluation on possible correlation between these measurements/calculations has to be made.

The correlation coefficient I}, represents the correlation between the uncertainty in input parameter 1
(X1) between meter A and B. If there is full correlation, the correlation coefficient is 1. If there is no

correlation, the correlation coefficient is 0. It is similar for the other input parameters (X, to X).

This can be re-written to relative form by algebraic manipulations:

2 2 2
(u(qm)j =1 (qu XlA iu(xlA)J _I_(qu XlB ﬂu(xlB)]
On 4\ Oy Gpa 0%, Xip Un Ome OX1 Xgp
2r1 qu qu XlA XlB ﬂﬂu(xlA) U(XlB)
qm qm qu qu aXl aXl XlA XlB
2 2
_’_[qu Xan ﬂu(sz)j +£qu X28 iu(XZB)j
qm qu 6X2 X2A qm qu aXZ XZB
+2I‘2 Oma e X2 X2 iﬂu(XZA) U(XZB)
qm qm qu qu aXZ aXZ X2A XZB
2 2
+...+(qu XlA of U(XnA)J _I_(qu XnB iu(XnB)j
qm qu aXn XnA qm qu aXn XnB

4 21, Gne Gue Xon Xoo OF Of u(an)u(an)}
qm qm qu qu aXn aXn XnA XnB

+

(B.14)

It is obvious that the same gas flows through both meters. Therefore for the purpose of an uncertainty
model the following identities will be used: Qs /0, = Aus /0 =1. This simplifies the above equation:
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[u<qm)f 1 (_QQJ (_QQJ

4 qu aXl X1A qu aXl XlB

+or 2a fie C T 2ha)
qu qu 6Xl aXl XlA XlB

+(x2A of u(m)]ﬂ(% o u(xza)f

qu aXZ X2A qu aXZ XZB

+2or,—2A 28— 7oA
qu qu axz aXZ X2A XZB

2 2
+ XlA af u(an) + XnB af u(XnB)
qu aXn XnA qu aXn XnB

L op Xon Xup Of OF u(an)u(an)}.

(B.15)

n
qu qu 8XI'] aXn XnA XnB

Note that this equation is identical to Eq. (B.9). The correlation coefficients will as the model is used
here be either O (uncorrelated) or 1 (fully correlated).

If the correlation coefficient I, =0, the terms related to the X; variable (two first lines in the right hand
side of Eq. (B.15) will reduce to

1 [hﬁu(xm)jz{xiﬁ%xw)jz

41\ 0m 0% X Og OX; X

L op Yan X OF Of u(xlA)u(xw)}

1
qu qu aXl 8Xl XlA XlB (816)

1 (Mﬂu(xm)jz_i_(xiﬂu(xm)]z

4 q mA aXl XlA q mB aXl XlB

Note that the two expressions in the parentheses in the last line of Eq. (B.16) are the uncertainty
contributions to ., and (g, respectively, originating from the uncertainty in the input parameters X, ,

and X;g . This can be seen by comparing with Egs. (B.4) and (B.5).

If the correlation coefficient I} =1, the terms related to the X, variable (two first lines in the right hand
side of Eq. (B.16)) will reduce to
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1 ( Xy OF u(m)} [xm of u(xm)j
4

qu aXl XlA qu 8X XlB

yor Y X O O u(xl,ou(xm)}

qu qu aXl ax XlA (B]-?)

2
1 (xm o U | X of u(xls)j

Oma 0%y Xia Omg OX,  Xig

Note that also here the uncertainty contributions to (., and (g, respectively, originating from the

uncertainty in the input parameters X;, and X,g appear.

In order to apply this uncertainty model, the various uncertainty contributions have to be classified as
either correlated or uncorrelated. This is done in the chapters covering the different flow meters.

In the derivation of the uncertainty model, the mass flow rate has been in focus. The standard volumetric
flow rate and the energy flow rate can be treated in exactly the same way.
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Appendix C USM field uncertainty, detailed level

In Section 6.3.2, the field uncertainty of a flow calibrated ultrasonic flow meter is discussed. One of the
uncertainty contributions to the field uncertainty is the uncertainty due to changes of conditions from
flow calibration to field operation. This is the last term in Eq. (6.11). As stated in the text, this term can
either be given on an overall level or calculated from more detailed analysis of the ultrasonic flow meter.
The more detailed analysis was developed in [Lunde et al, 2002] and is taken from there.

The specific link between [Lunde et al, 2002] and the present work is that Eq. (3.19) in [Lunde et al,
2002] corresponds to the Eq. (6.11) in this report:

2

u(qv,field ) — ESSM - (C.l)

Qy . fietd

The first term on the right hand side of these two equations both covers the repeatability. The two last
terms of Eq. (3.19) in [Lunde et al, 2002] will together cover the second and last term on the right hand
side of Eq. (6.11). This means that

2

u(qv, field,cond)

2 2
- EUSM,A +E
qv,field,cond

misc *

(C.2)

Here the left hand side is the symbol used in the present work, and found in Eq. (6.11), while the right
hand side is taken from Eq. (3.19) in [Lunde et al, 2002].

In [Lunde et al, 2002] it is shown, see Eq. (3.20), that ESSM’A consists of three term, (i) related to meter

body expansion due to pressure and temperature changes, (ii) related to changes in ultrasonic transit
times and (iii) related to changes in flow profile (integration).

When this detailed level is chosen the following information is needed:
e Configuration:
o Dimensions and Materials:
= Inner diameter of meter spool
= Average wall thickness
= Temperature expansion coefficient
= Youngs modulus of elasticity for meter spool
o Acoustic paths:
= Number of acoustic paths
= Inclination angle of each acoustic path
= Number of reflections for each acoustic path
= Lateral chord position of each acoustic path
= Integration weight factor of each acoustic path
e Repeatability (as for overall level)
e Meter body expansions:
o Tick off whether pressure and temperature correction is carried out or not
o Uncertainty of thermal expansion factor
o Uncertainty of pressure expansion factor
e Transit time, installation and other effects:
o Uncertainty in upstream time measurement
o Uncertainty in downstream time measurement
e Integration uncertainty
e Miscellaneous uncertainty
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Appendix D List of symbols

Common parameters

O

@

O

O
<. 3

3

»
3

JUTUT3IX I T

CO2 emission factor pr energy unit (tonnes/TJ)

CO:2 emission factor pr mass unit (kg/kg)

CO:2 emission factor pr standard volume unit (kg/Sms3)
Inferior calorific value per mass

Superior calorific value per mass

Correction factor to be applied after flow calibration, see Eq. (A.5)
Molar mass
Percentage deviation that is corrected after flow calibration, see Eq. (A.7)

Absolute pressure at line conditions
Absolute standard pressure (1 atm = 101325 Pa)

Energy flow rate
Mass flow rate

Standard volumetric flow rate (volumetric flow rate converted to standard temperature

and pressure)

Universal gas constant (8.31451 J/(mole K), ref [ISO 6976])
Absolute temperature (Kelvin) at line conditions

Absolute standard temperature (288.15 K = 15 °C)

Standard uncertainty of quantity X
Relative standard uncertainty of quantity X

Gas compressibility at line conditions
Gas compressibility at standard pressure and temperature

Uncorrected percentage deviation after flow calibration, see Section A 2.
Gas density at line conditions

Gas density at standard conditions

Molar fraction of gas component number i

Subscripts “A” and “B” refer to meter A and B, respectively, when two flow meters in parallel or in series

are addressed.

Parameters relevant for orifice metering station only

C:
D:
d:
AP :
&

Discharge coefficient

Inner pipe diameter
Orifice diameter

Differential pressure over the orifice plate
Expansibility coefficient

Subscript “1” corresponds to line conditions upstream of the orifice plate.
Subscript “2” corresponds to line conditions downstream of the orifice plate.
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Parameters relevant for Coriolis metering station only
None

Parameters relevant for ultrasonic metering station only
qg,: Volumetric flow rate at line pressure and temperature
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