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Disclaimer

NORCE 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 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 oil have
interests in the uncertainty to secure their incomes. Finally, buyers of oil have interest in ensuring that
they are not getting a lower amount of oil 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 oil 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
[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 Handbook for uncertainty calculations for gas metering
stations [Frgysa et al, 2014]. That handbook is in agreement with the ISO GUM methodology. The
calculation of the uncertainty according to that Handbook can be done free of charge using a calculation
program available at www.nfogm.no.

Prior to that handbook, some more technology-specific uncertainty handbooks for a fiscal ultrasonic gas
metering station [Lunde et al, 2002] and for a fiscal orifice gas metering station and a turbine oil metering
station [Dahl et al, 2003] have been issued. These works are also in agreement with the 1ISO 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 similar Handbook as [Fragysa et al, 2014], but for fiscal oil metering stations with
ultrasonic flow meters used as duty meters. The intention of this work is to establish an uncertainty
analysis model covering common fiscal oil metering station configurations in use on the Norwegian
Sector. The intention is also to make a tool in which a complete uncertainty analysis for an oil 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 flexible, allowing (i) ultrasonic master meter prover (ii) turbine
mater meter prover or (iii) volume prover. The uncertainty models are implemented on two different web-
based platforms, one new web application (OilMetApp) using HTML and WebAssembly, and the original
(OilMetering) using Microsoft Silverlight technology. Both versions use the same file format. These can
be accessed for free from nfogm.no. Since support for the Silverlight runtime will end 12. October 2021,
users should transition to the new web application before this date.

This Handbook 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, NORCE, NPD or any other party.

Chapter 2 describes on an overview level the metering stations covered in the Handbook. In Chapter 3,
uncertainties related to secondary instrumentation temperature, pressure and density are covered.

© NORCE Norwegian Research Centre AS.
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Chapter 4 presents the functional relationships defining the metering stations, Chapter 5 documents the
uncertainty models for the metering stations and Chapter 6 and Chapter 7 documents the web-based
uncertainty calculation program. Chapter 8 includes a brief summary of the Handbook.

Appendix A contains some details with respect to the uncertainty model related to adjustments of a flow
meter after flow calibration. Appendix B 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 I-106 on
fiscal measurement systems for hydrocarbon gas [NORSOK I-106] 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, APl MPMS and other international
standards and reports have also been essential in this work. The details are covered in the relevant
sections of the Handbook. It is also referred to the reference list in Chapter 9.

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 reviewed the work:

Dag Flglo, Statoil and NFOGM

Bjgrnulv Johansen, Statoil

Frode Flaten, ConocoPhillips

Jostein Eide, Statoil

Reidar Sakariassen, MetroPartner

Steinar Vervik, Norwegian Petroleum Directorate
Skule Smgrgrav, FMC Technologies

Dag Flglo has been especially involved with regular project meetings and discussions throughout the
project.

© NORCE Norwegian Research Centre AS.
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2 Description of metering stations

In the present Handbook, three metering station configurations are covered. They are all based on an
ultrasonic flow meter as the primary flow meter. The ultrasonic flow meter is proved by a displacement
prover or a master meter:

e Configuration 1: Displacement prover [API MPMS 4.2]
e Configuration 2: Ultrasonic master meter prover [API MPMS 4.5 and 5.8]
e Configuration 3: Turbine master meter prover [API MPMS 4.5 and 5.3]

It is assumed that the proving of the primary flow meter is carried out at a single flow rate. The calibration
of the proving device will in case of master meter provers be carried out at a series of flow rates. In case
of a displacement prover, the prover is calibrated at a single flow rate only.

The metering station is also equipped either with densitometer giving the density at the densitometer
pressure and temperature conditions, or provided e.g. with sampling and laboratory analysis, which
gives the standard density with a given uncertainty.

Water in oil is not covered. Therefore, uncertainty related to sampling and analysis is not explicitly
covered.

The densitometer, the flow meter and the proving device are all equipped with pressure and temperature
measurements.

© NORCE Norwegian Research Centre AS.
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3 Oil measurement uncertainties

This chapter will address the uncertainty models for the measurements of temperature in Section 3.1,
pressure in Section 3.2 and density in Section 3.3.

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:

where

u(T

elem,transm)'

u (T

stab,transm)
U(TRFI ) :

u (Ttemp ):

u (Tstab,elem ):

U(T e )

U(T )2 = l'l(-relem,transm)2 + u(-rst.’:lb,transm)2 + u(TRFI )2 (3_1)
+ u(Ttemp )2 + u(Tstab,elem )2 + u(Tmisc )2 ’

standard uncertainty of the temperature element and temperature transmitter, calibrated

as a unit. Typically found either in product specifications or in calibration certificates.
standard uncertainty related to the stability of the temperature transmitter, with respect
to drift in readings over time. Typically found in product specifications.

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

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.

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.

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.

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

© NORCE Norwegian Research Centre AS.
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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 [Dabhl et al, 2003].

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

e Overall 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)2 = U(Ptransmitte )2 + u(l:)stability)2 + u(I:)RFI )2

3-2
+ U(Ptemp)2 + U(Patm)2 + u(Pmisc)Z’ ( )

where

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

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

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

u(Remp) standard uncertainty of the effect of ambient air 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 (or
another nominal value that is used), due to local meteorological effects. This effect is only
of relevance for units measuring gauge pressure. It can be reduced by using the actually
measured barometric pressure instead of a nominal atmospheric 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.

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

© NORCE Norwegian Research Centre AS.
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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 Density measurement
The uncertainty model for the density measurement follows the similar model as in [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 and
pressure measurements above. The density measurement consists of several steps:

e Measurement of an uncorrected density from the period measurement of a vibrating string.
e Corrections based on temperature difference between calibration and measurement.
e Corrections based on pressure difference between calibration and measurement.

This will in total form the functional relationship for the density measurement as follows:

P z{pu [1+ Kys(Ty —T. )]+ Kyo(T, —T, )}'(1+[K20A + Koo '(Pd -R )]'(Pd -FR ))

3-3
+[K21A+K215'(Pd_Pc)]'(Pd_Pc) : &9

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

Pu: indicated (uncorrected) density, in density transducer [kg/m?2].
Kis, Kig,

K20a, K2os,

K21a, K21g: constants from the calibration certificate.

Ta: oil temperature in density transducer [°C].

Te: calibration temperature [°C].

Pa: oil pressure in density transducer [bar].

Pe: calibration pressure [bar].

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

Uf (,0) = Siuuz(pu) +u2(pstab) +u2(prept)+5;27,Tdu2(Td ) + Sfy,Pduz(Pd)

(3-4)
+ U2 (ptemp) +u ? (ppres) +Uu 2 (pmisc)’

where

u(pu): standard uncertainty of the indicated (uncorrected) density, p,, including the calibration
laboratory uncertainty, the reading error during calibration, and hysteresis.
u(pstab): standard uncertainty of the stability of the indicated (uncorrected) density,

Py-

© NORCE Norwegian Research Centre AS.
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u(prept): standard uncertainty of the repeatability of the indicated (uncorrected) density, p, .
u(Ty): standard uncertainty of the oil temperature in the densitometer, T; .

u(P,): standard uncertainty of the oil pressure in the densitometer, T, .
u(ptemp): standard uncertainty of the temperature correction factor for the density, p representing

the  model uncertainty of the temperature correction model used,
{pu [1+K18(Td —TC)]+ Kyo(T, —TC)} and the pressure correction model used,

p-(1+ [KzoA + Kzos '(Pd - Pc)]'(Pd - P(:))+[K21A + KZlB '(Pd - Pc)] (Pd - Pc) . This
includes also the uncertainty of the various K-coefficients, and the measurement of the
pressure and temperature during calibration.

u(pmisc) . standard uncertainty of the density, accounting for miscellaneous uncertainty contributions,

such as due to:

reading error during measurement (for digital display instruments),
possible deposits on the vibrating element,
possible corrosion of the vibrating element,
mechanical (structural) vibrations on the oil line,
variations in power supply,

self-induced heat,

flow in the bypass density line,

possible liquid viscosity effects,

effect of a by-pass installation of the densitometer,
other possible effects.

The sensitivity coefficients in Eq. (3-4) can be calculated from the functional relationship Eq. (3-3) by
use of the ISO GUM methodology:

Sp = {[1+ Kie(Ty _Tc)]+ Ko (Ty _Tc)}(1+[K20A + Koo '(Pd -R )]'(Pd -R )) (3-5)

Sp,Td = {pu K18 + K19 }(1"' [KZOA + KZOB '(Pd - Pc )] (Pd - Pc )) (3-6)

S,p, :{pu [1+ KlS(Td -T, )]"’ KlQ(Td —T, )} (KZOA +2K 08 ’(Pd -k ))

(3-7)
+ K21A + 2K21B '(Pd - Pc )

These expressions are in practice obtained by partially derivation of the density (Eq. (3-3)) with respect
to p,. Ty and Py, respectively.

© NORCE Norwegian Research Centre AS.
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4 Functional relationships

In this Chapter, overall functional relationships for the volumetric flow rates at standard and line
conditions, and for mass flow rate are presented in Section 4.1. The functional relationships for the oil
expansion coefficients for the expansion of oil due to pressure and temperature are covered in Section
4.2. The functional relationships for the steel expansion coefficients for the expansion of steel due to
pressure and temperature are covered in Section 4.3.

4.1 Overall functional relationships

In this section, the functional relationship for the volumetric flow rate at standard conditions is covered
in Section 4.1.1. In Section 4.1.2 the functional relationship for the volumetric flow rate at line conditions
is covered, and in Section 4.1.3 the functional relationship for the mass flow rate is covered.

41.1 Volumetric flow rate at standard conditions

The standard volume of oil measured by the primary flow meter is traceable through the following chain:

e The standard volume of oil measured by the primary flow meter is compared to the standard
volume of oil measured by a proving device using a single flow rate. This is denoted “proving”.

e The standard volume of oil measured by the proving device is compared to a reference standard
volume of oil using a single flow rate if the proving device is a displacement prover, and by
multiple flow rates if the proving device is a master meter. This is denoted “calibration”.

e The reference standard volume is provided by an external party. The traceability of this device
is outside the scope of this Handbook.

This can formally be written in the following manner:

V calibratio V proving

Y/ _ 0,ref 0, prover metering
0,meas — vV calibratio v proving 0, flowmeter * (4'1)
0, prover 0, flowmeter

Here,

Vo, meas the standard volume of oil measured by the primary flow meter volume, after corrections
from the proving and calibration.

V2™ the standard volume of oil measured by the reference instrumentation during calibration
of the proving device.

Vo ® 1 the standard volume of oil measured by the proving device during calibration of the
proving device.

Vop;‘:cv,'vr;? . the standard volume of oil measured by the proving device during proving of the primary
flow meter.

Vof’;ﬁ)‘cvrﬂr?e[er: the standard volume of oil measured by the primary flow meter during proving of the

primary flow meter.

metering . . . .
Vo, flowmeter - the standard volume of oil measured by the primary flow meter volume at metering,

without the corrections from the proving and calibration.
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The second parenthesis is the correction from the proving (using a single flow rate) and the first
parenthesis is the correction from the calibration, for the flow rate used at proving.

The standard volume of oil through the primary flow meter and the proving device is typically found from
the actual volume of oil (at a measured pressure and temperature), through volume correction factors.
However, at calibration, standard volumes are compared. After a calibration, the calibration certificate
including uncertainty is usually given for this comparison of standard volumes. Therefore, the above
equation is modified as follows:

calibratio prove~ proy ;7 proving
V, ClrovC Py

_ ,ref tlp plp Y prover met,~ mety ; metering
VO,meas - V. calibratio C provC prow s proving C“m Cplmvflowmeter' (4_2)
0, prover tim plm Y flowmeter

Volumes without subscript “0” are here actual volumes at the relevant pressure and temperature.

Furthermore C,, is the temperature volume expansion coefficient for oil and Cplxis the pressure volume

expansion coefficient for oil, from actual temperature and pressure to standard temperature and
pressure. “x” is replaced by “m” when the actual oil temperature and pressure are the ones at the primary
flow meter. “x” is replaced by “p” when the actual oil temperature and pressure are the ones at the
proving device. The superscript “prov” or “met” indicates whether the actual temperature and pressure

during proving or during normal measurement shall be used.

The volumes defined by the flow meter and the proving device have also to be corrected for steel
expansion due to pressure and temperature, relative to a reference temperature and pressure, at which
a nominal volume is given:

calibratio
_ VO,ref
,meas cal~caly 7 calibratio
Ctsp C pspVO,nom, prover

Vo

(4-3)
C provC provC provC prO\V proving

tlp plp “tsp psp Y nom, prover met ~ met ~ met~ mety y metering
C provC provC provc pro\,v proving X Ctlm CpImCtsm Cpsmvnom, flowmeter *
tim plm ~tsm psm Y nom, flowmeter

Here C
expansion coefficient for steel, from a base temperature and pressure to actual temperature and

pressure. “X” is replaced by “m” when the actual steel temperature and pressure are the ones at the
primary flow meter. “x” is replaced by “p” when the actual steel temperature and pressure are the ones
at the proving device. The superscript “cal”, “prov” or “met” indicates whether the actual temperature

and pressure during calibration, during proving or during normal measurement shall be used.

IS the temperature volume expansion coefficient for steel and CpSX is the pressure volume

Furthermore,

Vs nom rover - the standard volume of oil that would have been measured by the proving device during
calibration of the proving device, if temperature and pressure expansions in steel not

had been taken into account.

Vo et the actual volume of oil (line conditions) that would have been measured by the proving

device during proving of the primary flow meter, if temperature and pressure expansions
in steel not had been taken into account.

Vs meter the actual volume of oil (line conditions) that would have been measured by the primary

flow meter during proving of the primary flow meter, if temperature and pressure
expansions in steel not had been taken into account.
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Vo eter the actual volume of oil (line conditions) that would have been measured by the primary

flow meter volume at metering, without the corrections from the proving and calibration,
if temperature and pressure expansions in steel not had been taken into account.

Eqg. (4-3) can be re-formulated as

prove~ proves met e~ met prove~ proves met~ met proving calibratio
V _ Ctlp Cplp Ctlm pim . Ctsp Cpsp Ctsmesm metering Vnom, prover VO,ref 4-4
0,meas — C provC prov CcaICcaI C provC prov nom, flowmeterv proving Vcalibratitm ( - )
tim plm tsp ~ psp ~tsm psm nom, flowmeter * 0,nom, prover
The two parenthesis in this expression will for simplicity be denoted
proves prove~s met~ met
m,Ap __ Cllp Cplp Ctlm pim 4.5
iq C Provc prov ! (4-5)
tim plm
and
prove~ prove~ met~ met
m,Ap,c __ Ctsp Cpsp Ctsmesm 4-6
teel T CcalccalcprovC prov |° (4-6)

tsp ~ psp—tsm ~ psm

The three superscripts m, p and c in these expressions refer to metering, proving and calibration,
respectively. The A in the superscripts is given when there are two temperature and pressure corrections
of relevance for the given process (metering, proving or calibration).

In this way, Eq. (4-4) can be simplified as follows:

V proving V calibratio
vV _ AMAp m,Ap,c\/ metering nom, prover 0,ref (4_7)
0,meas — “ig teel nom, flowmeterv proving Vcalibratitul
nom, flowmeter * 0,nom, prover

The volumetric flow rate at standard conditions, 0}, eqs+ C&N NOW be written as

proving Vcalibraticm
_ AM,Ap A M,Ap,cMmetering nom, prover 0,ref
qu,meas - iq teel qnom, flowmeter| V proving Vcalibraticm ! (4'8)
nom, flowmeter 0,nom, prover

metering

nom. flowmeter!S the volumetric flow rate of oil at line conditions that would have been measured by

where (

the primary flow meter during metering, without the corrections from the proving and calibration, and if
temperature and pressure expansions in steel not had been taken into account.

4.1.2 Volumetric flow rate at line conditions

The volumetric flow rate at line conditions, Q, ... ¢an be found from the volumetric flow rate at standard

conditions as follows:

qu meas
qv,meas = S met~met (4'9)
tim ~ plm
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By use of Egs. (4-5), (4-7) and (4-8) above, the volumetric flow rate at line conditions, Eq. (4-9), can be
written as

V proving V calibratio
_ AAp Am,Ap,c ~metering nom, prover 0,ref 4-10
qv,meas — Mig Msteel qnom, flowmeter V proving Vcalibratm ’ ( : )
nom, flowmeter 0,nom, prover
where
provy~ prov
Ap _ C“P CP'P (4_11)
iq C provC prov *
tim plm
4.1.3 Mass flow rate

The mass flow rate, q, .5, €an be found by multiplying the volumetric flow rate at standard conditions,

Eq. (4-8), with the standard density (density at standard temperature and pressure), p, :

V proving V calibratio
_ m,Ap A M,Ap,C ~Mmetering nom, prover 0,ref
qm,meas - pO iq teel qnom, flowmeter, V proving Vca|ibratim| . (4'12)
nom, flowmeter 0,nom, prover

When the density is found from laboratory analysis, this is the relevant functional relationship. When the
density is measured by a densitometer, oil volume correction factors must be applied to get the standard
density. In that case, Eq. (4-12) has to be elaborated on in the following manner:

V proving V calibratio
_ m,Ap A Mm,Ap,C ~metering nom, prover 0,ref
qm,meas =FPo iq teel nom, flowmeter vV proving Vcalibratim
nom, flowmeter 0,nom, prover
proving calibratio
_ pdens m,Ap A M,Ap,C ~ metering Vnom,prover VO,ref 4-13
- Cmet met * 1iq teel nom, flowmeter Vproving Vcalibratio (4-13)
tld pld nom, flowmeter 0,nom, prover
met ~ met prove~ prov proving calibratio
_ Ctlm plm Ctlp Cplp m,Ap,c ~ metering Vnom,prover VO,ref
~ /dens ~met~met ~ prove prov * steel nom, flowmeter proving calibratio
Ctld pld Ctlm CpIm Vnom, flowmeter VO,nom,prover

The condition “d” in the oil volume correction factors means that the actual temperature and pressure
are the ones at the densitometer (i.e. densitometer conditions). Py, is the density at the densitometer

conditions. This means that the functional relationship for the mass flow rate in the case where the
density is measured by a densitometer can be written as

V proving Vcalibratitm
_ Am,Ap p m,Ap,C ~ Mmetering nom, prover 0,ref 4-14
qm,meas = Plens iq teel nom, flowmeter| Vproving Vcalibratiml ' ( - )
nom, flowmeter 0,nom, prover
where
met ~ met prove~ prov
Am,Ap __ CtIm plm CtIp Cplp 4-15
iq - Cmet met C.Prove Prov : (4-15)
tld ~pld “tlm plm
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4.2 Oil volume expansion coefficients

In this Section, the oil volume expansion formulas used in this Handbook will be presented. In Section
4.2.1, the overall correction model is given. In Section 4.2.2 the specific formula for the temperature
expansion coefficient is given and in Section 4.2.3 the specific formula for the pressure expansion
coefficient is given.

421 Overall expression

The volume of a given quantity of oil depends on the temperature and pressure. Temperature and
pressure expansion factors are provided to calculate how much such a volume is changed when
pressure and temperature are changed. More specific, if the volume V of oil at a temperature Tx and
pressure Py is known, the volume of the same amount of ail, Vo, at standard temperature To and pressure
Po can be found from the following expression:

VO = CtI><CpIx ! (4'16)

where C, is the temperature expansion coefficient and CpIX is the pressure expansion coefficient. Here

tix
“x” denotes the condition (either “p” for prover, “m” for flow meter or “d” for densitometer).

4.2.2 Temperature volume expansion coefficient

The temperature volume expansion coefficients for oil can be found in APl MPMS Chapter 11.1. Based
on that standard, the following formula is used in this work:

C“X _ e—aATX—O.SaZATf , (4-17)
where
K
a=—g+ﬁ+K2, (4-18)
Po  Po
and
AT, =T, —T,. (4-19)

This formula corrects the volume from the temperature Tx to the standard reference temperature To. 0,

is the density at standard reference pressure and temperature. Ko, K1 and K; are coefficients that depend
on the type of ail.

The formula above includes two minor approximations compared to the API MPMS 11.1 standard.

The first approximation is that no calculation between the old ITS-68 and the new ITS-90 temperature
scales have been included. For the purpose of this uncertainty model, this is acceptable as the difference
between the two scales is minimal, much less than the typical uncertainty of a temperature
measurement.

The second approximation is that these formulas here are used with another standard reference
temperature than 60 °F. To be strict, a calculation of the volume change from the temperature Ty to the
standard reference temperature of 15 °C shall according to APl MPMS 11.1 be carried out by first
calculating the volume change in the temperature change from Tx to 60 °F, with 60 °F as standard
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reference temperature, and standard reference density at 60 °F. Thereafter the volume change in a
temperature change from 60 °F to 15 °C is calculated, also with a standard reference temperature of 60
°F. See API MPMS 11.1.3.6 and 11.1.3 7 for reference. In stead the above formulas have been used
with 15 °C as standard reference temperature and the standard density is referred to 15 °C. The
difference in volume correction factor due to this approximation is minimal, typical in the order of 0.001
% and thus several orders of magnitude below the uncertainty requirements for fiscal oil metering of
about 0.25 - 0.30 % (depending on country). For the uncertainty model in focus here, this model is
therefore sufficient.

APl MPMS 11.1 gives several sets of values for the coefficients Ko and K1, depending on the type of oil.
Among these are (i) crude oil, (ii) fuel ail, (iii) jet group and (iv) gasoline. Crude oil is there classified with
API gravity at 60 °F between 100 and -10, corresponding to reference density at 15 °C and 1 atm
between 611.16 and 1163.79 kg/m3.

In APl MPMS 11.1.6.1, the coefficients Ko and K; are given for the four liquid hydrocarbon types
mentioned above. These coefficients are multiplied by 1.8 to convert from Fahrenheit to Celsius
temperature scale. The data set then obtained is shown in Table 4.1.

Table 4.1 Temperature expansion coefficient for selected types of oil, for use with temperature on
Celsius scale.
Crude Qil Fuel Oil Jet Group Gasoline
Ko 613.97226 186.9696 594.5418 346.42277
K1 0 0.48618 0 0.43883
K2 0 0 0 0
4.2.3 Pressure volume expansion coefficient

The pressure volume expansion coefficients for oil can be found in API MPMS Chapter 11.1. Based on
that standard, the following formula is used in this work:

C,= L 2
P~ 1-100(P, —P,)F ' (4-20)
where
F =10 ™ +10° p? (C+DTy) . (4-21)

The coefficients A, B, C and D have the following values:

e A=-1.6208,

e B=0.00021592,
e C=0.87096,

e D =0.0042092.

In Egs. (4-20) and (4-21) it is important to use the unit bar for the pressure and °C for the temperature.

© NORCE Norwegian Research Centre AS.



WWW.NORCERESEARCH.NO | Handbook of uncertainty calculations for ultrasonic oil | Ref. no.. NORCE-20-A103167-

flow metering stations RA-1
Report Rev.: 00 Date: 30.09.2020

Page 20 of 84

4.3 Steel volume expansion coefficients

The steel volume expansion coefficients refers to expansion from a base temperature and pressure,
typically but not necessarily 15 °C and 1 atm = 1.01325 bar. Below, the base temperature and base
pressure have the subscript b.

4.3.1 Temperature volume expansion coefficient

The temperature volume expansion coefficients are given differently for provers, ultrasonic flow meters
and turbine meters.

For displacement provers, API MPMS 12.2 gives the following expression for single-walled provers:

Ctsx =1+ ((Tx _Tb )Gc )’ (4-22)

where G¢ is the mean coefficient of cubic expansion per degree temperature of the material of which the
container is made, between the temperatures Ty and T.

For ultrasonic flow meters, ISO 12242 gives the following expression in Annex A:

Co=1+(a(T,-T,)) =1+3a(T, -T,). (4-23)

tsx
where « is the linear thermal expansion coefficient.

For turbine flow meters, NORSOK 1-105, rev 2 gives the following expression:
Ctsx = (1_ Eh(Tx _TO ))2 (1_ Er(Tx _TO ))’ (4-24)

where Eh and Er are the linear temperature expansion coefficients for the meter housing and the meter
rotor, respectively. The notation from the NORSOK-standard is used here. In newer versions of
NORSOK 1-105 and the successor NORSOK 1-106, this formula is not present. Furthermore, it has not
been possible for the authors to identify another general formula for the pressure expansion for a turbine
flow meter in international standards. Therefore, this formula will be used here.

In this work, the following expression will be used for all three types of equipment:

C

tsx

=1+3c(T, -T,). (4-25)

This is a valid approximation as long as the correction factor is not far from 1. That means that extreme
temperature differences are not taken into account. It also assumes that in the case of a turbine meter,
the rotor is of the same material (metal type) as the meter housing.

4.3.2 Pressure volume expansion coefficients

The pressure volume expansion coefficients are given differently for provers, ultrasonic flow meters and
turbine meters.

For displacement provers, API MPMS 12.2 gives the following expression for single-walled provers:

C :1+(Px_Pb)ID

, 4-26
psx E.-WT ( )
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where
ID: Inner diameter of pipe.
E: Young’s modulus of the pipe metal.
WT: Pipe wall thickness.

The notation from APl MPMS 12.2. is used here.

For ultrasonic flow meters [Lunde et al, 2007] has demonstrated that the expansion depends on a series
of issues. These include

Type of material (steel) in the meter spool.

Pipe wall thickness.

Upstream and downstream piping.

Geometry of ultrasonic transducers.

Number of and location of the acoustic paths, including distance between the acoustic path and
the flanges.

e Etc.

In1SO 12242, Appendix A, and in ISO 17089-1, Appendix E, this is addressed. A worst case expression
is given as follows:

2 2
C, =1+ 4[ R, ,uj (P-R) (4-27)
R°—r E
where

r: Inner diameter of pipe.

R: Outer diameter of pipe.

E: Young’s modulus of the pipe metal.

W Poisson’s ratio of the pipe metal.

The notation from the ISO-standards is used here. This expression will be used here, because the topic
is an uncertainty model. Indicative numbers of the size of the coefficient and on dependencies on the
pressure are therefore sufficient for the purpose in focus here.

For turbine flow meters, the NORSOK [-105, Rev 2 from 1998 contains the following expression:

2—-¢)2R
Co=|1+(P-PR,) 2-¢) |, (4-28)
E(L- AT [(R?) ot
where
R: Inner diameter of pipe.
t: Pipe wall thickness of pipe.
E: Young’s modulus of the pipe metal.
e: Poisson’s ratio of the pipe metal.
AT: The area in the pipe cross section that is occupied by the rotor blades. (In the program

to be given in percent of the total cross sectional area.)

The notation from the NORSOK-standard is used here. In newer versions of NORSOK [-105 and the
successor NORSOK 1-106, this formula is not present. Furthermore, it has not been possible for the
authors to identify another general formula for the pressure expansion for a turbine flow meter in
international standards. Therefore, this formula will be used here.

This means that generally, the pressure expansion coefficient can by written as
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(4-29)

(4-30)

(4-31)

(4-32)

Here the notation of the steel expansion factors is uniformed between the different technologies, as

follows:
R: Inner diameter of pipe.
dw: Pipe wall thickness of pipe.
E: Young’s modulus of the pipe metal.
W Poisson’s ratio of the pipe metal.
Ar: The area in the pipe cross section that is occupied by the rotor blades. (In the program

to be given in percent of the total cross sectional area.)
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5 Uncertainty models

In this Chapter, the uncertainty models for volumetric flow rate at standard conditions, volumetric flow
rate at line conditions and mass flow rate are given in Sections 5.1, 5.2 and 5.3, respectively. These
uncertainty models are quite general, and the various components of them are detailed in the next
sections. In Sections 5.4, 5.5, and 5.6, respectively, the uncertainty contributions related to the
calibration process, the proving process and the flow metering are addressed. In Section 5.7, the
uncertainty contribution related to the oil and steel expansion coefficient is addressed. In Section 5.8
the model uncertainty of these oil and steel expansion coefficients is addressed more in detalil.

51 Volumetric flow rate at standard conditions

The relative standard uncertainty of the volumetric flow rate at standard conditions can be deduced from
Eqg. (4-8), and is here written as follows:

2 m,Ap pm,Ap,c 2 | 2 2 t 2
u(qvo,meas) _ U( iq teel ) i U( ch ) n U( vp(;‘ov) n U(q\%e ) (5-1)
- m,Ap pAMm,Ap,C cal prov met )
qu,meas iq teel qu v0 qu
The interpretation of this equation is that the uncertainty consists of contributions related to expansion

of oil and steel (first term), contributions related to the calibration process (second term), contributions
related to the proving process (third term) and contributions related to the flow metering (last term).

The first term on the right hand side of Eqg. (5-1), related to the expansion of oil and steel, is discussed
further in Section 5.7.

The second term on the right hand side of Eq. (5-1), related to the calibration process, is discussed
further in Section 5.4.

The third term on the right hand side of Eq. (5-1), related to the proving process, is discussed further in
Section 5.5.

The fourth term on the right hand side of Eq. (5-1), related to the flow metering, is discussed further in
Section 5.6.

5.2 Volumetric flow rate at line conditions

The relative standard uncertainty of the volumetric flow rate at standard conditions can be deduced from
Eqg. (4-10), and is here written as follows:

2 Ap am.ap.c 1\ 2 1)\ 2 2 £ )\ 2
U(Gmess) | _[U(ARARY)) (u(qsz )j X (u( J’J"”)j X [u(qc:f )} 52)
- AP A M,AP,C cal prov met :
qv,meas iq * ‘steel qu v0 qu
The interpretation of this equation is that the uncertainty consists of contributions related to expansion

of oil and steel (first term), contributions related to the calibration process (second term), contributions
related to the proving process (third term) and contributions related to the flow metering (last term).

The first term on the right hand side of Eq. (5-2), related to the expansion of oil and steel, is discussed
further in Section 5.7.
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The second term on the right hand side of Eq. (5-2), related to the calibration process, is discussed
further in Section 5.4.

The third term on the right hand side of Eq. (5-2), related to the proving process, is discussed further in
Section 5.5.

The fourth term on the right hand side of Eq. (5-2), related to the flow metering, is discussed further in
Section 5.6.

5.3 Mass flow rate

The relative standard uncertainty of the mass flow rate can in the case when the density is determined
from laboratory analysis be deduces from Eq. (4-12), and is here written as follows:

(u(qm,m)jz _ [u(po VA )Jz [ )]2 [ p{{j“)]z (ol >]2_ 9

qm,meas pO iq teel qu v0 qu

When the density is measured by a densitometer, the relative standard uncertainty of the mass flow rate
can be deduced from Eq. (4-14), and is here written as follows:

(U(qm,meas)jzz (P A A ) Z{U( 38')J2+(U( J’J‘”)T{U(q%“)jz. (5-4)

AM,Ap A M,Ap,C cal q prov met

pdensAqu teel qu v0 qvo

qm,meas

The interpretation of these two equation is that the uncertainty consists of contributions related to density
measurement and expansion of oil and steel (first term), contributions related to the calibration process
(second term), contributions related to the proving process (third term) and contributions related to the
flow metering (last term).

The first term on the right hand side of Egs. (5-3) and (5-4), related to the density measurement and
expansion of oil and steel, is discussed further in Section 5.7.

The second term on the right hand side of Egs. (5-3) and (5-4), related to the calibration process, is
discussed further in Section 5.4.

The third term on the right hand side of Egs. (5-3) and (5-4), related to the proving process, is discussed
further in Section 5.5.

The fourth term on the right hand side of Egs. (5-3) and (5-4), related to the flow metering, is discussed
further in Section 5.6.

54 Calibration uncertainties

The calibration uncertainty can be understood as the uncertainty in a newly calibrated device that
operates under the same flow rates, oil quality, pressure and temperature, and in case of a master
meter, installed in the same place in the same flow loop as under calibration. This means that it is the
uncertainty in the meter output related to an as-left flow test carried out for the same flow rates as where
the flow calibration were carried out.
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The calibration uncertainty refers to the second term on the right hand of Egs. (5-1), (5-2), (5-3) and
(5-4) and can be written as follows:

(U(ﬁ')jz _ U(Lg;fef) 2 N u(qvcgl+;pf°vef) 2_ (5-5)
qu qu qu

Here the first term on the right hand side is the relative standard uncertainty of the calibration reference:

e If the proving device is a displacement prover, this uncertainty term refers to the reference
system used at the on-site calibration of the prover.

e If the proving device is a master meter (flow meter), there are two options. If the master meter
is calibrated off-site, at a flow laboratory, the uncertainty term refers to the uncertainty of the
flow reference at the flow laboratory.

o If the master meter is calibrated on-site, typically by use of a compact portable prover with
transfer meter, the uncertainty term refers to the uncertainty in that prover/transfer meter
system.

The second term on the right hand side is the relative standard uncertainty due to the repeatability
obtained during calibration of the proving device. This is found from the repeatability checks carried out
under such calibrations. Note that the term relates to the uncertainty and not the repeatability itself.

5.5 Proving uncertainties

The proving uncertainty can be understood as the extra uncertainty contributions related to a proving
device when used in the proving process, compared to the calibration uncertainty. It is assumed that the
proving is carried out at a single flow rate only.

The proving uncertainty refers to the third term on the right hand of Egs. (5-1), (5-2), (5-3) and (5-4) and
can be written as follows:

2 2 2 2 2
prov prov ) ( prov ) ( prov ) ( prov )
U( VO ) _ u(qvo,rept—prover + u qu,rept—rowmeter + u qvo,linearity + u qu,profiIe
prov - prov prov prov prov

qvo qvo qu qu qu

(5-6)

The first two terms on the right hand side correspond to the repeatability of the prover and the flow
meter. Normally they can be merged to a single term, which is found from the repeatability check carried
out under proving. Note that the term relates to the uncertainty and not the repeatability itself.

The third term on the right hand side accounts for the effect that the proving is not carried out at the
same flow rate as used in the flow calibration. It is only relevant when the proving device is a master
meter. This is dealt with in the same way as in [Fragysa et al, 2014] (Uncertainty of the correction factor
estimate). The uncertainty contribution is described in Appendix A. It is calculated from the deviation
between the master meter flow rate and the flow rate measured by the reference meter at flow
calibration, at a series of flow rates. The adjustment of the master meter is assumed to be carried out

by linear interpolation. The actual expression for any uncorrected percentage deviation, o, and the
related uncertainty of the master meter after adjustment of the master meter is given in Appendix A.

As described in Appendix A, the relative standard uncertainty of the correction factor estimate can be
written as
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(5-7)

u(qvpor,cl)i\:]earity) — [U(K)) — i@ U( p) — M
oo K K oK 100+ p

The last term on the right hand side of Eq. (5-6) accounts for the effect on the master meter by changes
in flow profile from the flow calibration to the proving. Typically, this effect is larger when the master
meter has been calibrated at an off-site calibration facility than when the master meter has been
calibrated on-site. The size of this term depends on the care taken for having upstream pipe work at
proving as close as possible to the pipe work at flow calibration. Flow meter specifications and type tests
can give indications of the size of this term in case of an off-site calibration. It is, however, difficult to
give specific and general numbers for this term. In the case of on-site calibration, the term usually is
expected to be smaller, because the master meter is not physically moved between flow calibration and
proving.

5.6 Metering uncertainties

The metering uncertainty can be understood as the extra uncertainty contributions related to a duty flow
meter when used in normal operation, compared to the uncertainty of the same meter just after proving,
and with the same flow rate as during proving.

The metering uncertainty refers to the last term on the right hand of Egs. (5-1), (5-2), (5-3) and (5-4),
and can be written as follows:

2 2 2 2
t met met met
u(q\rlnoe ) _ u(qvo,rept— flowmeter) 4 u(qvo,linearity) n u(qvo,profile) (5-8)
met - met met met :
qvo qvo qu qu

The first term on the right hand side corresponds to the repeatability of the flow meter. This is usually
not measured directly (as in the flow calibration and proving operations) but can be based on vendor
specifications, proving repeatability tests or found in other ways. Note that the term relates to the
uncertainty and not the repeatability itself.

The second term on the right hand side accounts for the effect that the flow meter is not measuring on
the same flow rate as the flow rate where proving was carried out. It is calculated based on specification
of the total linearity of the meter over the calibrated range of volumetric flow rate at standard conditions.
This linearity, given in percents, is denoted L. It is assumed that as a maximum there is a linear drift of
L % over the calibrated flow rate range of the flow meter. This means that when the flow meter is proved

at a volumetric flow rate at standard conditions g °*,and used at a volumetric flow rate at standard

condtions q\’,’:ft, the linearity uncertainty contribution can be written as

t 2 met prov
u(q\r/rge,linearity) _ L Qo —Uvo 59
met _T cal _ cal ) ( - )
qVO 3 qu,max qu,n‘in

It is here assumed a rectangular probability function for the uncertainty, which means that the relative
standard uncertainty is found by dividing the maximum drift by the square root of 3.

The last term on the right hand side of Eq. (5-8) accounts for the effect on the duty meter by changes in
flow profile from the proving to normal operation. Typically, this term is expected to be small, because
the duty meter is not physically moved between flow calibration and proving. In addition a new proving
is carried out at each ship loading. In case of continuous operation a new proving is carried out with
some days time interval.
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5.7 Oil and steel expansion factor uncertainties

In this Section, the uncertainty models for the combined oil and steel expansion factors the first term on
the right hand of Egs. (5-1), (5-2), (5-3) and (5-4) are addressed. Note that this uncertainty term is
different for the each of the four situations covered in Egs. (5-1), (5-2), (5-3) and (5-4).

In Section 5.7.1 the model for the uncertainty of the expansion factor found in Eq. (5-1) and related to
the volumetric flow rate at standard conditions, is presented.

In Section 5.7.2 the model for the uncertainty of the expansion factor found in Eq. (5-2) and related to
the volumetric flow rate at line conditions, is presented.

In Section 5.7.3 the models for the uncertainty of the expansion factors found in Egs. (5-3) and (5-4)
and related to the mass flow rate, are presented.

5.7.1 Volumetric flow rate at standard conditions

The uncertainty model for the volumetric flow rate at standard conditions is given in Eqg. (5-1). The

relative standard uncertainty of Ninq’Ap Te’slp’c is part of that equation. This relative standard uncertainty

m,Ap A M,Ap,C

will now be discussed. A" A

can from Eqs. (4-5) and (4-6) be found as

prove~ prove~ met~ met,~ provy~ prove~ met~ met
m,Ap AM,Ap,c __ C'[Ip Cplp Ctlm CpImCtsp Cpsp Ctsmesm
iq teel T C Prove prove caIC cal C Provc prov : (5-10)

tim plm ~tsp ~ psp~’tsm psm

When the expressions for all expansion coefficients (see Sections 4.2 and 4.3) are inserted, Eq. (5-10)
can formally be written as

m,Ap A MmAp,C __ cal cal prov prov prov prov T met met
iq teel T f(Tp ! Pp 1Tp ) Pp !Tm ) Pm 1Tm ) Pm ;po)- (5-11)

Each of these input parameters have uncertainty. In addition, there are material constants for the oil and
the steel. These have also uncertainty. In this work they are considered as part of the model uncertainty

for each type of expansion factors that are included in rinq’Ap Te’ﬁlp’c. That means that uncertainty in

temperature expansion coefficient and pressure expansion coefficient for oil, and the same for steel are
considered to be part of the model uncertainty.

It should be noted here that the temperature TpCal (the temperature at the proving device during

calibration) and the temperature TpprOV (the temperature at the proving device during proving) are
. - [

measured by the same temperature measurement device. Similarly pressure F’pCa (the pressure at the

proving device during calibration) and the pressure F’pprov (the pressure at the proving device during

proving) are measured by the same pressure measurement device. However, there can be several
months or more between the measurements during calibration and the measurements during proving.
The temperature measurement device and the pressure measurement device can drift in-between these
measurements, and there may also be re-calibrations of these equipments. Therefore, in the uncertainty

model, TpCal and F’pcaI will be assumed to be uncorrelated with Tpprov and Ppprov.
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In the same way, the temperature T """ (the temperature at the flow meter during proving) and the
temperature Tmmet (the temperature at the flow meter during ordinary flow metering) are measured by
the same temperature measurement device. Similarly pressure P (the pressure at the flow meter

during proving) and the pressure Pmmet (the pressure at the flow meter during ordinary flow metering)

are measured by the same pressure measurement device. Opposite to the case for the temperature
and pressure measurements at the proving the device, the temperature and pressure measurements at
the flow meter (during proving and at ordinary flow metering) are carried out within few days or less.

Therefore, in the uncertainty model, T P is considered to be totally correlated with T, and P is

considered to be totally correlated with P .

The uncertainty model for A1m AP Te'eA,p’C can then be written as
U( riﬂ'Ap méeAP!C) 2 1 2 af cal ’ ar ca 2
T(],(lp—n;;a;,c = TdAp n;e,gp,c aT;al U(Tp I) + appcal U(PP I)
ot T o 2
+ anpl‘OV u (Tpprov) + aPppI’OV u (Ppprov)
2
af prov 8f met (5_12)
| bt otz
2
6f rov af me;
. < ) ot uler”)|
o (A”.“q?:;d) u(Aetiea) |

where the two last terms represent model uncertainties. It will further be assumed that when a
temperature or pressure device is used two times (in both calibration and proving operation or both in
proving and normal flow metering operation), the absolute standard uncertainty of this temperature or
pressure device is the same in the two cases. This is consistent with the specifications of most
temperature and pressure devices and in agreement with the uncertainty models for temperature and
pressure given in Sections 3.1 and 3.2. This means that the notation will be simplified as follows:

U(Tp) — U(T cal )= (—I- prov)

u(P) = u(p )= (ppprov)
u(T,) =u(TP)=u(mm)
( )

u(P) =u(P) u(pr

m

(5-13)

Eqg. (5-12) now simplifies to
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2 2
(AR AGP<) of
m,Ap Am,Ap,C = m Ap m,Ap,c a-]- cal + 8T prov U(Tp)z
p
of

iq teel teel
2
p)z +(i +ij U(Tm)2

aTmp rov aTmmet

+ [
ap Apcal prov
(5-14)
of

2
of j ( of
+ +| ——u(p,)
prov met 0
PP oP! 05
U m,Ap m,Ap,c
+ |q mod teel, mod
m Ap m,Ap,c
teel
U<A|ri“q’ﬁod>

The model uncertainty term for oil expansion factors, A{”'YA” , iIs addressed in Section 5.8.3. The model
iq
uncertainty term for steel expansion factors, (Asni—A'me”) is addressed in Section 5.8.5.

teel

57.2 Volumetric flow rate at line conditions

The uncertainty model for the volumetric flow rate at line conditions is given in Eqg. (5-2). The relative

standard uncertainty of A,f‘g Te’eA,p'C is part of that equation. This relative standard uncertainty will now
m,Ap,c

be discussed. wel can from Egs. (4-6) and (4-11) be found as

C.Prove Prove Proves proves metC met

Ap AM,Ap,c __ tip plp tsp psp tsm ~ psm

iq * ‘steel - C provC provC caIC cal C provC prov

tim plm ~tsp ~ psp~“tsm psm

(5-15)

When the expressions for all expansion coefficients (see Sections 4.2 and 4.3) are inserted, Eq. (5-15)
can formally be written as

Ap AM,Ap,c _ cal cal prov prov prov prov met met
i teel T f2 (Tp ' Pp ’Tp ’ Pp !Tm ! Pm 1Tm ’ Pm ,,00). (5'16)

1q

The methodology and assumptions for finding the uncertainty f‘g Te’ap’c is similar to the methodology

and assumptions for finding the uncertainty ATq’Ap Tef,p’c in Section 5.7.1. The relative standard
uncertainty of Teap “ then becomes
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2 2 2 2
u(ArA)) (1 o, o\ Ly
Ap AM,Ap,C - Ap AM,Ap,C oT cal OT Prov u p
iq * steel A1iq teel p p
2
+ 5f2 8f2 ( )2 " 6f2 n G‘fz U(T )2
oP cal oP prov p oT prov oT met m
m m
P P (5-17)
2 2
of of of
+ appzrov + apriet U(Pm)2+ a . u(po)
m m pO
2 2
Ap m,Ap,c
U( iq,mod) U( teel,mod)
+ Ap m,Ap,c
iq teel

Ap
—U(AA"‘}FT"”), is addressed in Section 5.8.4. The model
iq

The model uncertainty term for oil expansion factors,

m,Ap,c

u (Asteel,mod)
m,Ap,c
teel

uncertainty term for steel expansion factors, , is addressed in Section 5.8.5.

5.7.3

The functional relationship and the uncertainty model for the mass flow rate depends on whether the
density is determined from laboratory analysis or measured by an online densitometer. These two cases
must therefore be addressed individually.

Mass flow rate

DENSITY FROM LABORATORY ANALYSIS
The uncertainty model for the mass flow rate when the density is determined by laboratory analysis is

given in Eq. (5-3). The relative standard uncertainty of O, rinq’Ap Te’ap’c is part of that equation. This
relative standard uncertainty will now be discussed. P, rinq’Ap Téap’ccan from Egs. (4-5) and (4-6) be

found as

provy~ prove~ met~ met~ prove~ prove~ met~ met
C, C, ~C, C C:"C "C.C

m,Ap AM,Ap,C __ tlp plp tim ™~ plm™~tsp psp tsm ~ psm

Po iq el — | Po C provC provC caICcaI C provC prov

tim plm ~tsp ~ psp~“tsm psm

(5-18)

When the expressions for all expansion coefficients (see Sections 4.2 and 4.3) are inserted, Eq. (5-18)
can formally be written as

m,Ap A M,Ap,C

_ cal cal prov prov prov prov met met
pO iq teel T f3<Tp ’Pp ’Tp ’Pp ’Tm ’Pm 1Tm ’Pm ’pO)'

(5-19)

Each of these input parameters have uncertainty. In addition, there are material constants for the oil and
the steel. These have also uncertainty. In this work they are considered as part of the model uncertainty
m,Ap A M,Ap,Cc

for each type of expansion factors that are included in A, teel

. That means temperature expansion
coefficient and pressure expansion coefficient for oil, and the same for steel.
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m,Ap p M,Ap,C

The methodology and assumptions for finding the uncertainty 0y A;q teel

is similar to the

methodology and assumptions for finding the uncertainty Ninq’Ap Tef,p’c in Section 5.7.1. The relative

m,Ap A M,Ap,C

iq el then becomes

standard uncertainty of o,

% N S [ . O O O P
p

m,Ap Am,Ap,c - m,Ap AM,Ap,C cal prov
pO iq teel poAﬁq teel an an

2 2 2
P L o u(Pp)2+[ oAy, o, Ju(Tm)2

ap pcal appp rov a-l-mp rov aTmm et

2 2
| o e | O+ )

(5-20)

aPmprov aPmmet ,00

U( m,Ap ) 2 ( m,Ap,c ) 2
+ ig,mod u teel,mod
m,Ap m,Ap,c
iq teel

m,Ap
U( iq,mod)
m,Ap
iq

The model uncertainty term for oil expansion factors,

, IS addressed in Section 5.8.3. The model

m,Ap,C
uncertainty term for steel expansion factors, % is addressed in Section 5.8.5.

teel

DENSITY FROM ONLINE DENSITOMETER

The uncertainty model for the mass flow rate when the density is determined by densitometer is given
Am,Ap p m,Ap,c

in Eq. (5-4). The relative standard uncertainty of OyensAig wel IS part of that equation. This relative
standard uncertainty will now be discussed. Oygns ,A;n AP Téﬁp’c can from Egs. (4-6) and (4-15) be found

as
prove~ prove~ met~ met ~ prov prov met met
Am,Ap A M,Ap,C Ctlp Cplp Ctlm CpImCtsp,proverCpsp,proverCtsm,rowmeteGCsm,flowmeter

pdens iq teel pdens
prove~ provys met ~ met ~ cal cal prov prov
Co'ChCrsCiiC C C C

tim plm tsp, prover =~ psp, prover ~“tsm, flowmeter™ psm, flowmeter

(5-21)

When the expressions for all expansion coefficients (see Sections 4.2 and 4.3) are inserted, Eq. (5-18)
can formally be written as

Am,Ap AM,Ap,C __ (cal cal prov prov prov prov T met met met met )
pdens iq teel _f4 Tp ’Pp ’Tp !Pp ’Tm ’Pm ’Tm ’Pm ’Td ’Pd !pO!pdens (5'22)

It is here assumed that the standard density, p,, is calculated from the measured density at the

densitometer, and used in the volume correction coefficients. Each of these input parameters have
uncertainty. In addition, there are material constants for the oil and the steel. These have also

uncertainty. In this work they are considered as part of the model uncertainty for each type of expansion

. . Am,A| m,Ap,c . . .
factors that are included in A, P tee|p . That means temperature expansion coefficient and pressure

expansion coefficient for oil, and the same for steel.
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Am,Ap A M,Ap,C

ig el IS similar to the

The methodology and assumptions for finding the uncertainty  Ogyens

methodology and assumptions for finding the uncertainty A|Tq’Ap Te’ﬁp’c in Section 5.7.1. The relative

Am,Ap A M,Ap,C

standard uncertainty of Ogyens Ay el then becomes
2 2 2 2
Am,Ap AM,Ap,c
u(pdens teel ) 1 81:4 af4
Am ,LAp AM,Ap,C = Am ,LAp AM,Ap,C 8T cal + 8T prov u TP
pdens teel pdens teel p p

2 2 2
N L7 I 7 u(Pp)2+( A, o, Ju(Tm)2

P | | opr oTrre ot ™
N 8f4 N af4 jZU(P )2+£ 5‘f4 jZU(T )z+( 8f4 TU(P )2 (5-23)
rov me m me d me d
oPP " P ot oP™

. a—“u<po>j2+(ﬂu<pdm>]2

9Py 9Py
2 2
Am,Ap m,Ap,c
+ (A“q mod) + U( teel,mod)
Am,Ap m,Ap,c .
iq teel

It should be noted here that a small approximation has been carried out. It is assumed that the
uncertainty of the relative density used in the volume correction coefficients is uncorrelated with the

density 04, that is explicitly written in Eq. (5-21). As the sensitivity for the relative density in the volume
correction coefficients is quite small, this is a reasonable approximation.

Am,Ap
The model uncertainty term for oil expansion factors, “(A‘l'n‘ig‘g“), is addressed in Section 5.8.2. The model
iq

uncertainty term for steel expansion factors, (Asni—A';Z”) is addressed in Section 5.8.5.

teel

5.8 Expansion factor model uncertainties

In this Section the model uncertainty of the different combined expansion factors is addressed. First in
Section 5.8.1, some general assumptions and approach for the oil expansion factors is presented. Then
in Sections 5.8.2, 5.8.3 and 5.8.4, the model uncertainties for respectively the oil expansion factors

iq ", AR and A are derived. Finally, in Section 5.8.5, the model uncertainty for the steel

expansion factor Agtéd “is derived.

5.8.1 Oil expansion factor - introduction

. . . (Al?cr]nonpd) (A;lnqArr‘])od) (Ahq mod)
The model uncertainty term for oil expansion factors, —57% ., mw  and

iq iq |q

focus. They are related to the model uncertainties of the temperature and pressure expansion factors

need some more
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Ctlx

standard temperature and pressure. The model uncertainties are given in APl MPMS 11.1. When
calculations between other temperatures and pressures are carried out by combining several expansion
factors, the model uncertainty for the total calculation will be different. For example, if a volume
correction is carried out from 50 °C to 51 °C, it is expected that the model uncertainty is much less than
for a volume correction from 50 °C to 15 °C. In Section 5.8.2, 5.8.3 and 5.8.4 models for model

uncertainty that account for this will be derived, for Ai™*", AT“" and A. For the derivations, it is

and Cp,X. These factors calculate the volume change from a given temperature and pressure to

assumed that the temperature correction factor depends on a parameter B; which represents the model
uncertainty. This is an artificial constant, but can be thought of as a combination of the oil quality input
parameters (K, K1 and K2 ). The model uncertainty of a temperature expansion coefficient can then
be written as

aCtlx
. u(B). (5-24)

Similarly, it is assumed that the pressure correction factor depends on a parameter. The model
uncertainty of a pressure expansion coefficient can then be written as

u (Ctlx )rmd =

oC,,,
U(CD|X)rmd zﬁplu(BP)- (5-29)
P

This will be the basis for the derivations in the next three Sections.

It should also be mentioned that in API MPMS 11.1, the model uncertainty of the volume correction
coefficients (C“X, Cplx) are specified as a fixed percentage (fixed relative uncertainty) over wide ranges

of pressure and temperature. This is implicitly used below in the derivation of the uncertainty models.

An alternative, and maybe better approach would have been a model for the model uncertainty similar
to the approach for steel expansion factors, see Section 5.8.5. However, in such a case, the model
uncertainty of the oil volume correction factors would have to be defined as a linear function of the
difference between line and standard temperature and between line and standard pressure. Because
this is not the case in API MPMS 11.1, such an approach has not been selected here.

5.8.2 Oil expansion factor A"

m

The oil expansion factor Aﬁq ““Pis given in Eq. (4-15) and repeated here for convenience:

C met~ met C provC prov
t

Am,Ap __ tim ~plm Ip plp
A“q - Cmet met C.Provc prov : (5-26)
tld ~pld “tlm plm

The model uncertainty U(A?(;nni%

measured by a densitometer, see Eq. (5-23). It can be found as

) of Aﬁg"A” is of relevance for the mass flow rate, when the density is

© NORCE Norwegian Research Centre AS.



WWW.NORCERESEARCH.NO | Handbook of uncertainty calculations for ultrasonic oil | Ref. no.. NORCE-20-A103167-

flow metering stations EA'1 00 Date: 30.09.2020
Report ev.. ate: 30.09.
P Page 34 of 84
a Am,Ap 2 a ém,Ap 2

(A, f = Se—ue) | +| E—u(e,)

B, :

8 mef 8 mef mef met( o mef 8 mef 2
((cnmems (alemelns e e Jesecn -chre (4 (cs:rLW)ct.ducsmT(ct.d‘))u(B ) (5-27)
chmer fcgrearf '

2
prov~ met (5 ( prov)cmet provi( met)kprov met _ ~ proy met(i( pmvkmet pmvi( met))
(Ctlp Ciim Bp Coip Cpim*Coip Bp Cpim)Cpim Cpid ~Cpip Cpim Bp Cpim Cpid +Cpim BT Chpid U(B )
P

prov~ met proy met)z
Ciim Cuid (Cplmcmd

It is now assumed that all the derivatives related to temperature are equal and that all derivatives related
to pressure are equal. This is similar to assuming that the temperatures (T, T", T T ™) in
guestion here are not too far away from each other, and similarly that the pressures

P, B, P, Pdmet) in question here are not too far away from each other. This means that the
notation will be simplified as follows:

prov __ 8 prov __ a met __ a met

0 0
Ctl = tp tm  — tm — tld
0B, 0B, 0B, 0B, 0B,

(5-28)
i :icprov=icprov=icmetzicmet
B, " B, "™ oB, "™ oB, "™ oB, "
Eq. (5-27) then simplifies to
Am,Ap
(u( iq )rmd)z
Cprovcmet (Cmet Cprovk provaet Cprovcmet(c prov Cmet) 2
| Spp Cpim Sam T oup foam Saa — Sap Sam (Mm-S 0 (C )U(BT)
- prove~ met tl
Cplm Cpld (thr:novctrrdet)z aBT
Cprov met ( met_I_Cprovk proy, met_Cprov met(c prov_l_ met) 2
+ tlp tim . plm plp plm ~pld plp plm\™~ plm pld a (C )J(B )
prove~ met pl P
Cin Cis (corocmef 0B, (5-29)
2
prove~ met met prov prove~ met prove~ met prov met
_ Cp|p Cplm.( tim +Ct|p k:tlm Ctld _Ctlp Ctlm (Ctlm +Ct|d ) (C )
- prov prove~ met 2 tl /mod
Cp'm (Ctlm Ctld )
2
prove~ met met prov prove~ met prove~ met prov met
+ Ctlp CtIm . (Cplm +Cp|p X:plm Cpld _Cplp Cplm(cplm +Cp|d )U(C )
prov prove~ met P! /mod
Cim (crocmy
Expressed with relative standard uncertainties, Eq. (5-29) becomes
2 2 2
Am,Ap t t t
(AT s | (1, Co i i) (U(C
Am,Ap prov prov met met
iq Ctlp Ctlm tld tim (5 30)
Cmet Cmet Cmet 2 U(C )
l1s pim  Mplm  “pim Pl Jmod
pro pro met met
Cplpv Cplmv Cpld Cplm
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5.8.3 Oil expansion factor Aj"

The oil expansion factor A,'i“fp is given in Eg. (4-5) and repeated here for convenience:

prove~s proves met ~ met
m,Ap __ Ctlp Cplp CtImeIm . 5-31
iqg C Provc prov (5-31)
tim plm

The model uncertainty U(A&ﬁ%d) of Airi"q’Ap is of relevance for volumetric flow rate at standard

conditions, see Eq. (5-14), and for mass flow rate, when the reference density is measured in a
laboratory, see Eq. (5-20). It can now be found:

2 2
AT AL
m,Ap _ [0} 1q
(ulan)f =l iu(en) |+ Zu(e,)
2B, 2B,
2
t 5 prov \~ met prov met prov prov~met 5 prov
_ C;’:Ir;;)vcmfn (5& (Ctlp X:tlm +Ct|p %( tim )k:tlm _Ctlp Ctlm egT (Ctlm ) ( )
- C Prov ) prov )2 u BT (5-32)
plm (Ctlm )
2
prov~ met 2 prov j~ met prov g met prov __ ~ prov~met g prov
n Ctlp tim .(ﬁ(cplp k:plm_'_cplp ﬁ( plm)kplm Cplp Cplm 0Bp (Cplm )U(B )
prov 2 P
Ciim (crrer)

As in Section 5.8.2, it is assumed that all the derivatives related to temperature are equal and that all
derivatives related to pressure are equal. Eqg. (5-32) then simplifies to

2
prov~ met met prov \~ prov prove~ met
(U( m,Ap) )2_ Cplp plm ( tim +Ctlp k:tlm _Ctlp tim 0 (C )U(BT)
iq d/ = prov. 2 tl
" Con (i) 0B,
2
prove~ met met prov |~ prov prove~ met
i Ctlp C:tlm ) (Cplm +Cp|p k:plm _Cplp Cplm 0 (C )J(B )
prov 2 pl P
Cim (o) 0B,
; (5-33)
prov~ met met prov \~ prov prov met
_ Cplp Cplm . (Ctlm +Ctlp ktlm _Ctlp Ctlm U(C )
- C Prov prov )2 tl Jmod
plm (Ctlm )
2
prov~ met met prov |~ prov prove~ met
n CtIp tim ( pIm+CpIp k:plm _Cplp pim U(C )
prov 2 pl d
Ci (oI ™
Expressed with relative standard uncertainties, Eq. (5-33) becomes
2 2 2 2 2
m,Ap met met met met
U( iq )mod =1+ Ctlm _ Ctlm (U(Ctl)modJ + 1+ Cp|m _ Cplm U(CP|)mod (5-34)
m,Ap prov prov met prov prov met :
iq Ctlp Ctlm Ctlm Cplp Cplm Cplm
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Ap

5.8.4 Oil expansion factor Aj

The oil expansion factor Aﬁé’ is given in Eqg. (4-11) and repeated here for convenience:

prov~ prov

Ap _ Ctlp Cplp 5-35

iq — C, Prove prov : (5-35)
tim plm

The model uncertainty U(A?gmod) of Aﬁg is of relevance for volumetric flow rate at line conditions, see
Eq. (5-17). It can now be found as

(la). = Tau(e,) | +| D)

2
prov. g prov \~prov__ ~prov g5 prov
Cplp 0By (Ctlp ktlm CtIp 0By (Ctlm ) (

= Cglrr:])v (thmv)z u BT) (5-36)
m
2
Cly~Cam 25 Ol i —Coy i (Cow) g
P
Cin” (crrovy

As in Sections 5.8.2 and 5.8.3, it is assumed that all the derivatives related to temperature are equal
and that all derivatives related to pressure are equal. Eq. (5-36) then simplifies to

2

(B

O

C Prov Cpr:lov_Cprov
(u( ép)m)d)zz CE’:%V. n( pmv)tzlp azT(

1q

tim
2
prov prov prov
Ctlp . Cplm _Cplp 0 (C )J(B )
prov 2 pl P
Cin'  (crof o8B,
) (5-37)
Ch Sl =Ch” o)
pro 2 tl /mod
Com (cir)
2
prov prov _ ~ prov
Ctlp X Cplm Cplp U(C |)
2 Pl /irod
Cin" (cue) ™
Expressed with relative standard uncertainties, Eq. (5-37) becomes
2 2 2 2 2
Ap prov prov
U( iq )rmd —l1- Ctlp u(CtI )rmd 1= Cplp U(CP')mod (5-38)
m,Ap - C prov C prov C prov C prov '
iq tim tim plm pim
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5.8.5 Steel expansion factor AlP*

The steel expansion factor AgTéﬁlp’c is given in Eq. (4-6) and repeated here for convenience:

C.Prove Prove metC met

m,Ap,c __ tsp psp tsm ~ psm

teel - C caIC cal C provC prov

tsp ~ psp~tsm ~ psm

(5-39)

m,Ap,C APC . .
P ) of AP is of relevance for all flow rates covered in this Handbook,

The model uncertainty u( teel mod toel
See EqQs. (5-14), (5-17), (5-20) and (5-23).

As discussed in Sections 4.3.1 and 4.3.2, the temperature and pressure volume correction factors for
steel can be written as

C

tsx

=1+3(T, -T,), (5-40)

and

Cpsx =1+ﬁ(Px - Pb) (5'41)

see Egs. (4-25) and (4-29). The parameters a and 8 depends on the type of flow meter / prover and on
the type of steel quality. The model uncertainty of ATAP°

el Will be calculated from the uncertainty in the
a and B parameters.

The derivation will be divided into two different cases:

e Ultrasonic flow meter as master meter
e Turbine flow meter as master meter, or a displacement prover

First, the case where an ultrasonic flow meter is used as master meter, is addressed. In that case
it is assumed that it is the same type of flow meter that is in use both for the duty meter and the master

m,Ap,c

meter. Therefore, the a and g coefficients will be the same for the two meters. In this case Ay,

be written as

e (30 (T2 =T, Yo 8, (PP — By Yot 3, (T -, Jas 8, (7~ R)

S (14 3a, (T2 T, )2+ 8, (P2 P, N2+ 3, (T T, L+ 8, (P ~R,)

can

(5-42)

m,Ap,c
teel

m,Ap,c 2 m,Ap,c 2
(A, ))2=[MU(%)J +[a i U(ﬂm)J - (5-43)

The model uncertainty of can be written as

oa, 0P

By inserting Eq. (5-42) into Eq. (5-43) and carrying out the differentiation, the relative standard model
uncertainty can be written as
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By inserting Eq. (5-42) into Eq. (5-43) and carrying out the differentiation, the relative standard model
uncertainty can be written as

[U( Te’ﬁuf’a%d)Jzz[ 3, (T -T,) | 30, (17" -T,)

m.4p.c 1+ 3a, (TP ~T,)  1+3a,(T/-T,)
30,13 -T,) 3, (17 -T,) ) [ ulen))
143a, (T8 -T,) 1+3q, ([T -T,)
. ﬂm (ppprov _ Pb) s ﬂm (Pmmet _ Pb)
1+ 4,(P~R) 1+4,(P"-R)

AF-R)  pR-R) T(U(ﬂm)f

(5-44)

l+ﬂm(Ppcal_Pb)_1+ﬂm(Pmprov_Pb) ﬂm

Next, the case of where a turbine flow meter is used as master meter, or a displacement prover
is used, is addressed. In that case there will be different a and 8 coefficients for the flow meter and the

proving device, and they have to be treated as four uncorrelated variables (am, ay, B ﬁp) with respect

to the uncertainty. In this case A" can be written as

wape _ (03, (17 =T, Ja+ B, (P = R i+ 3z, (T T, JJa+ 8, (P~ R, )

w1430, (T T, it B, (P =B, Mt 3ar,, (T2 =T, i+ 2, (PP -R)) (549
The model uncertainty of AT:2" can be written as
m,Ap,c 2 m,Ap,C 2
bl | 25 )| o Pl
(5-46)
oA C(onne 2
o B )| o ()|

By inserting Eq. (5-45) into Eq. (5-46) and carrying out the differentiation, the relative standard model
uncertainty can be written as
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u(Anre, )Y 3 (1)
m,Ap,c (1+30{ (T prov_ T )X1+3a Tcal T

\eame (P:;Vxlf;l ZP ») Uf ]

N 3a, (T 1) ] [u(am j

[L+3a, (T =T, L+ 32, (TP T, a

N PulPy" R J (u(ﬂm)]

L+ .(Pr—R L+ . (P -R))) | 5,

(5-47)
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6 OilMetering Silverlight Application

NOTE: since support for the Silverlight runtime will end 12. October 2021, users should transition to the
new web application before this date, see Chapter 7.

This Chapter documents the OilMetering Silverlight application for carrying out uncertainty analyses
based on the uncertainty models described in this Handbook. It should here be emphasised that the
example input values in that calculation tool are just examples, and should not be regarded as
recommended values by NFOGM, NORCE, NPD or any other party.

6.1 Software platform

The «OilMetering» 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
(“sandboxed”). When the user visits a specific 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 need for an object-oriented implementation language (C#)
and reuse of existing source code base (framework).

Microsoft Silverlight 5 is in 2020 only available for Windows using Internet Explorer 11 and will be
supported and updated until 12. October 2021. After this date Silverlight applications will continue to
work but will not receive quality or security updates. However, due to typical corporate security policies,
this implies that for most users the OilMetering Silverlight application will effectively be unavailable at
this date.

6.2 Installation and use

The web address for the application will be published on nfogm.no. By visiting the published address,
the complete application will be downloaded and run. The download is about 4 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 less
than a minute.

6.3 Program overview

The “Oilmetering” application uses input consisting of

Metering station template (the general type of instruments and layout of these).

Oil properties.

Properties for the different equipment included in the template.

Process conditions and measurement results from the calibration, proving and metering phases.

From this input the application then can
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Compute and visualize the resulting uncertainty in flow measurement values.
Compute additional relevant properties of the oil and process conditions.
Generate a report in different formats and print the report.

Save work in a file for future use and reference.

rPONPE

The following sections describe the functionality in more detail and uses screenshots from the
application to illustrate.

6.3.1 Specify metering station template

The start page of the application (Figure 6.1) 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 several
aspects of the metering station that is modeled:

¢ Flow Meter: what type of meter is used and what configuration of sensors is used to measure the
line temperature and line pressure. In the first version of the application only ultrasonic is
available, but the choice of meter could be expanded in the future.

e Stationary prover / master meter: what type of stationary prover / master meter is used
(Ultrasonic, Turbine or Displacement Prover) and what configuration of sensors is used to
measure the temperature and pressure of the prover / master meter (single, dual or average).

¢ Density measurement: what type of density measurement is used, laboratory measurement or
installed densitometer. If an installed densitometer is used, what configuration of sensors is used
to measure the densitometer temperature and pressure (single, dual or average).

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, “Oil Properties” (Figure 6.2). A
page navigation menu below the application header is also displayed, where the user now can move
freely between different pages (Figure 6.3), 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 some example values, so the user can explore the
application functionality without first finishing 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 Oil: input regarding oil product type and also other properties like base pressure and
temperature.

e Equipment: input regarding properties and uncertainty in the metering station equipment, for
example flow meter, master meter, and the temperature and pressure sensors used.

e Calibration: input regarding calibration conditions and uncertainty in the calibration procedure.
This input page is not applicable when the selected stationary prover is of type “Displacement
Prover”.

e Proving: input regarding proving conditions and uncertainty in the proving procedure.

e Metering: input regarding metering conditions and uncertainty in the metering procedure.

e Results: computed uncertainty of the main flow measurement variables (absolute volume flow,
standard volume flow and mass flow), volume correction factors and density measurement, all
displayed as uncertainty budgets tables.
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e Charts: computed uncertainty of the main flow measurement variables (absolute volume flow,
standard volume flow and mass flow), volume correction factors and density measurement, all
displayed as uncertainty budgets tables.

e Plots: computed uncertainty of the main flow measurement variables (absolute volume flow,
standard volume flow and mass 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, exported to Excel (XLSX) and PDF format, and it is possible to save the analysis in a file
for later use, sharing 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: “Oil”->"Equipment’->"Calibration”->"Proving”-
>"Metering”. In addition, the logical flow between sections in each page is typically from left to right.

The following discusses each of the pages.

ABOUT NVFOGM

DNFOGM propose
IJ‘LLUTekna cl I Ir v075.  improvements

Fiscal Qil Metering Station Uncertainty Tool

I metering station
Configuration of the metering station

24022015 18| Description
Flow Meter type: Temperature  Single & Type of device: Temperature  Single - Densitometer: Temperature  Single -
Ultrasonic ~ | Pressure Single = Ultrasonic ~ | Pressure Single - Single ~  Pressure Single -

PR

T
[
]
[
[
[
[
= ===

Accept and Continue Open From File..

Figure 6.1  Oilmetering application start page, where the user specifies the metering station template. It
is also possible to open a previously saved file.
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worr NFOGM 35 g (CIVAIT 52

Fiscal Oil Metering Station Uncertainty Tool

oil
Input regarding oil product type and operating conditions like base pressure and temperature
oIL oL
Product Type Conditions

Specify density at reference conditions

Cil density at reference conditions Pe 800 kg/m?

Specify Oil Product Type (APl standards or user defined)

® Crude Qil Fuel Oil Jet Group Gasoline Other

API Standard Constants for selected oil product type

Specification of model uncertainties for Correction Temperature Liquid (Ctl) and Correction Pressure Liquid (Cpl)

Ctl Model Unc. : o API User Defined [95% confl] %

Cpl Model Unc. : ® API User Defined [95% confl] %

Figure 6.2  “Oil”-page with “Product Type”-section selected, where the user specifies the oil product type
from a set of APl standards, or model another product type by entering values for a set of API
constants.

oil

Figure 6.3  Page navigation menu where the user can move freely between different pages, some related
to input and others related to computed results and visualizations.

6.3.2 Oil Properties Page

There are two sections on the oil properties page, one concerning the reference density and APl model
of the oil, and the other concerning the operating conditions:

e Product Type: specification of oil density at reference conditions and API standard oil product
type, defined by a set of API constants (Figure 1.2).

e Conditions: specification of base pressure and temperature and equilibrium vapor pressure
(Figure 6.4).

The available oil product types is as defined in APIl. An oil product not in the API standard can be
specified by choosing the “Other’-checkbox. The table listing the API standard constants (Figure 6.2)
will then be enabled (it is read-only otherwise) and relevant model parameters can be input and will be
used in the calculation. The model uncertainties for “Ctl” and “Cpl” is also given as either API standards,
or user defined. When specified as “API” the actual values (temperature and pressure dependent) is
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displayed for reference in corresponding read-only text fields. When specified as “User Defined” these
text fields become enabled and the user can enter values directly.

In the “Conditions” section, the “normal process conditions” is defined. This is the typical system wide
pressure and temperature values, meaning that these values will be used as default values for different
pressure and temperature values until specified otherwise. For example when later specifying “Proving
Conditions” (Figure 6.9), the “flow meter conditions” and “master meter conditions” will both be equal to
the “normal process conditions”. The user can then change this as necessary.

oI oIl
Product Type Conditions

Mormal Process Conditions (used as default values until specified otherwise)

Typical system wide pressure Pn 80 bara

Typical system wide temperature Tn 35 °C

Base Conditions

Base (ref. or std.) pressure Pba 1.01325 bara | Use default { 1.01325 bara )
Base (ref. or std.) temperature Tha 15 °C v| Use default { 15 °C)
Equilibrium vapour pressure Pea 1.01325 bara | Use default ( 1.01325 bara )

Figure 6.4  “Oil”-page with “Conditions”-section selected, where the user specifies the oil operating
conditions.

6.3.3 Equipment Page

The “Equipment’-page contains input regarding properties and uncertainty in the metering station
equipment (Figure 6.5). The content of this page depends on the selected metering station template,
but it can include

e Flow meter with temperature and pressure sensors
e Stationary prover/master meter with temperature and pressure sensors
¢ Densitometer with temperature and pressure sensors.

Some of the equipment uncertainty models can be specified either as an overall measurement
uncertainty or as a detailed model of a typical sensor. This choice is controlled by checkbox as shown
in (Figure 6.6) and (Figure 6.7) for a temperature sensor.

Note that in some views there is functionality for storing frequently used specifications in files for later
retrieval (as shown in Figure 6.7 where the 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 for a temperature transmitter.
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MASTER METER MASTER METER FLOW METER FLOW METER FLOW METER DENSITOMETER
Temperature Tp Pressure Pp Properties Temperature Tm Pressure Pm Uncertainty
Dimensions
Inner diameter R 400 mm
Wall thickness dw 5 mm

Specify Material Type (typical or user defined)

® 304 (316 O 3160 O Duplex O Super Duplex O Carbon Steel O Monel O Other

Properties of selected material at 20 °C (accuracy of values are not critical for uncertainty analysis)

Computed Material Properties

Beta B 16E-4 bara™ B=d/E-(((R+dw)+RY/((R+dw)®-RY) +p)

Specification of relative uncertainties in relevant material properties (95% Confidence Level)

Relative Uncertainty in o 10 k4

Relative Uncertainty in B 10 k3

Figure 6.5 “Equipment”-page with “Flow Meter”-section selected. This page concerns uncertainty in the
metering station equipment.

MASTER METER MASTER METER FLOW METER FLOW METER FLOW METER DENSITOMETER
Properties Pressure Pp Properties Temperature Tm Pressure Pm Uncertainty
‘ »
Uncertainty in t of meter perature Tp
Overall Input Level Load .. Save ..
Uncertainty Element Uncertainty Unit Confidence Std. Uncert. u; Sens. Coeff. 5 Variance ( 5+ u; )
Overall Uncertainty 03 °C 95% (norm) v 0,15 °C 1,000 E+0 2,250 E-2 ("C)*
Sum of variances, Uc® = £ (5 - u; )? 2,250 E-2 (°C)®
Combined Standard Uncertainty, Uc 0,15 °C
Expanded Uncertainty (95% Confidence level, k=2), k- Uc 0,3 °C
Value 35 °C
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,097 %
Ref. Norwegian Petreleurn Directorate Measurement ion; N it ion 58; Circuit uncertainty limits.

Figure 6.6  Overall input for a temperature transmitter.
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MASTER METER MASTER METER MASTER METER FLOW METER FLOW METER FLOW METER DENSITOMETER
Properties Temperature Tp Pressure Pp Properties Temperature Tm Pressure Pm Uncertainty

‘ »
Uncertainty in measurement of master meter temperature Tp
Overall Input Level Load .. Save ..

Properties and Constants

Time Between Calibrations 12 Months

Ambient Temp. At Calibration 20 °C

Uneertainty Element Uneertainty Unit Confidence Std. Uncert. u; Sens. Coeff. s, Varianee {5 u, )’

Temp. elem. and transm 01 °C 99% {norm) ¥ 0,0333 °C 1,000 E+0 1,111 E-3 ("C)®

Stability 0.1 %MV/2dmo  99% (horm) v+ 0,0514 °C 1,000 E+0 2,638 E-3 (°C)

RFI Effects 0.1 °C 99% (norm) v | 0,0333 °C 1,000 E+0 1,111 E-3 ("CF

Ambient temp. effect 0.0015 °Cf°C 99% norm) v | 0,005 °C 1,000 E+0 2,500 E-5 (*C)

Stability - temp. element 0.05 *C 95% (nom) v 0,025 °C 1,000 E+O 6,250 E-4 ("C)*

Mise. 0 °C 95% (harm) v | 0 °C 1,000 E+0 0,000 E+0 (°C)?
Combined Standard Uncertainty, Uc 0,0742 °C
Expanded Uncertainty (35% Confidence level, k=2), k - Ue 0,1485 °C
Value 35 °C
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,048 %

Figure 6.7 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.

6.3.4 Calibration Page

The “Calibration”- page contains input regarding calibration conditions and uncertainty in the calibration
procedure of the master meter (Figure 6.8). Note that this input page is not applicable when the selected
stationary prover is of type “Displacement Prover”. It contains the following sections:

e Calibration Conditions: pressure and temperature conditions for master meter at calibration.
These are used to calculate corresponding liquid and steel volume correction factors.

e Master Meter Calibration: specifies the result from the master meter calibration procedure. The
“deviation”-curve together with calibration reference uncertainty and repeatability for the master
meter at the different calibration flow rates is specified. The calibration curve is also displayed for
convenience.
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metering station Qi equipment calibration proving metering results charts plots
P [ . S, Y Ny
Calibration of ultrasonic master mete
Input regarding calibration conditions and uncertainty in the calibration procedure

CALIBRATION

Conditions
Uncertainty in calibration of master meter against calibration reference

Add Flow Rate Point Remove Last Point

4 Rate Calib. Ref. Uncertainty Deviation Curve Master Meter Repeat. Total

Sm/h %, 95% Canf. {Uncorrected) % %, 95% Conf. %, 95% Canf.

1 100 0031 0.043 0.027 0.0411

2 500 0031 -0.044 0.027 0.0411

5] 1000 0.031 -0.122 0.027 0.0411

4 1500 0031 -0.174 0.027 0.0411

5 2000 0031 -0.178 0.027 0.0411

6 2500 0031 -0.189 0.027 0.0411

01

g 0,05 +

()

£ o

w

£ 005

,E -01 4

'123 -0,15

£

= -

5 024

-0,25 T T T T T 1
0 500 1000 1500 2000 2500 3000
Flow Rate [Sm*/h]
Documentation

Figure 6.8  “Calibration”-page with “Master Meter Calibration”-section selected. This page concerns
calibration conditions and uncertainty in the calibration procedure.
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6.3.5 Proving Page

The “Proving’-page contains input regarding proving conditions and uncertainty in the proving
procedure. There is significant differences between the scenario where proving is performed with an
ultrasonic or turbine master meter, and the scenario where a displacement prover is used. Therefore,
these are now described separately.

6.3.5.1  Proving with Ultrasonic or Turbine Master Meter

The input page contains the following sections:

e Proving Conditions: pressure and temperature conditions for duty meter and master meter, at
proving (Figure 6.9). These are used to calculate corresponding liquid and steel volume
correction factors.

e Proving Uncertainty: specifies the proving flow rate and the uncertainty in proving of duty
meter against master meter at this flow rate (Figure 6.10). Repeatability for both duty meter and
master meter at the proving flow rate can be specified, and in addition an uncertainty due to
flow profile and fluid effects on master meter. There is also an uncertainty of the proving result
for the flow meter due to difference between proving flow rate and nearest calibration flow rate
for the master meter, and this is automatically computed and included in the model. This
contribution is also visualized as shown in Figure 6.10.

proving

naster meter
PROVING PROVING
Conditions Uncertainty
Conditions at flow meter during proving
Flow Meter pressure at proving Pm_prov 80 bara v| Use default ( Typical system wide pressure, Pn )
Flow Meter temperature at proving Trm_prov °C v| Use default ( Typical system wide temperature, Tn )
Conditions at master meter during proving of flow meter
Master meter pressure at proving Pp_prov 80 bara ¥| Use default ( Typical system wide pressure, Pn )
Master meter temperature at proving Tp_prov *C +| Use default ( Typical system wide temperature, Tn)

Figure 6.9  “Proving”-page with “conditions”-section for scenario with duty meter proving by ultrasonic
or turbine master meter.
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PROVING
Conditions

PROVING
Uncertainty

Uncertainty in proving of flow meter against master meter

Proving Flow Rate: 1166 , Sm'/h

Uncertainty Element Uncertainty Unit Confidence Std. Uncert. u; Sens. Coeff. 5 Variance { 5 - u; )
Flow meter repeatability at proving 0027 i 95% (morm) 0,0135 % 1,000 E+0 1,823 E-4 (%)’
Master meter repeatability at proving 0027 %o 95% (norm) 0,0135 % 1,000 E+0 1,823 E-4 (%)’
Flow profile and fluid effects on master meter 0.03 % 95% (norm) 0,015 % 1,000 E+0 2250 E-4 (%)
i poving flon tate.and cairation fow rates °%2 % 001 % 1000 E+0 9IS (%'

Sum of variances, I {5+ u;)?
Relative Combined Standard Uncertainty

Relative Expanded Uncertainty (95% Confidence level, k=2)

0,0007 (%)
0,026 %

0,053 %

Uncertainty of the proving result for the flow meter due to difference between proving flow rate and nearest calibration flow rate for the master meter

2500 3000

Proving Flow Rate [Sm’/h]

Figure 6.10 Uncertainty in proving of duty meter against master meter at a given proving rate. Note the
visualization of the uncertainty contribution due to difference between proving flow rate and
nearest calibration flow rate for the master meter.

6.3.5.2  Proving with displacement prover

The input page contains the following sections:

e Proving Conditions: pressure and temperature conditions for duty meter and displacement
prover, at proving (Figure 6.11). These are used to calculate corresponding liquid and steel volume
correction factors.

e Proving Uncertainty: specifies the proving flow rate and the uncertainty in proving of duty meter
against displacement prover at this flow rate (Figure 6.12). Repeatability for flow meter at the
proving flow rate and displacement prover uncertainty at proving flow rate can be specified.
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Flow Meter pressure at proving Pm_prov 80 bara Use default ( Typical system wide pressure, Pn )
Flow Meter temperature at proving Trm_prov 35 °C Use default ( Typical system wide temperature, Tn )
Conditions at prover during proving of flow meter

Prover pressure at proving Pp_prov 80 bara Use default { Typical system wide pressure, Pn }
Prover temperature at proving Tp_prov 35 °C Use default ( Typical system wide temperature, Tn )

Figure 6.11 “Proving”-page with “conditions”-section for scenario with duty meter proving by
displacement prover.

PROVING
Conditions
Uncertainty in proving of flow meter against displacement prover
Overall Input Level [ ] Load .. Save ..
Properties and Constants
Proving Flow Rate 1000 Smifh
Uncertainty Element Uneertainty Unit Confidence Std. Uncert. u; Sens. Coeff. 5 Variance {5 - u; )?
Flow meter repeatability at proving 0.027 % 95% (norm)  +  0,0135 % 1,000 E+0 1823E-4 (% )°
Displacement Prover uncertainty at proving 0.03 % 95% (norm) v | 0,015 % 1,000 E+0 2250E-4 (%)

Sum of variances, I (s - u; )?
Relative Combined Standard Uncertainty

Relative Expanded Uncertainty (95% Confidence level, k=2)

Documentation

Figure 6.12 Uncertainty in proving of duty meter against displacement prover.

0,0004 (%)
002 %

0,04 %
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6.3.6 Metering Page

The “Metering”-page contains input regarding metering conditions and uncertainty in the metering
procedure. It contains the following sections:

e Metering Conditions: pressure and temperature conditions for flow meter at metering (Figure
6.13). These are used to calculate corresponding liquid and steel volume correction factors.

e Metering Uncertainty: specifies the metering flow rate, the operating range and the linearity of the
flow meter in the operating range, and the uncertainty in the flow measurement procedure at this
flow rate (Figure 6.14). In the uncertainty model, repeatability for flow meter at the metering rate
can be specified, and in addition an uncertainty due to flow profile and fluid effects on the flow
meter. There is also an uncertainty contribution due to difference between metering flow rate and
proving flow rate, and this is automatically computed using the linearity of the flow meter and
included in the model. This contribution is also visualized as shown in Figure 6.14.

metering
Metering
Input regarding metering conditions and uncertainty in the metering procedure.
METERING METERING
Conditions Uneertainty
Conditions at flow meter during metering
Flow Meter pressure at metering Pm BC bara v| Use default { Typical system wide pressure, Pn )
Flow Meter temperature at metering Tm G v| Use default { Typical system wide temperature, Tn )
Conditions at densitometer during metering
Densitometer pressure at metering Pd 81 bara Use default { Typical system wide pressure, Pn )
Densitometer temperature at metering Td 34 °C Use default ( Typical system wide temperature, Tn )
Additional Operating Conditions
Ambient (air) temperature Tair 10 *C V| Use default ( 10 °C)
Computed Conditions
Qil density at densitometer conditions pd 791.49 kg/m? Qil density at densitometer temperature and pressure conditions
Oil density at metering conditions pm 790.67 kg/m? Oil density at metering temperature and pressure conditions

Figure 6.13 “Metering”’-page with “conditions”-section.
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METERING METERING
Conditions Uncertainty
Uncertainty in flow meter at metering conditions
Metering Flow Rate: 926 . ® sm/h kg/h m*/h
Properties and Constants
Min. operating flow rate without reproving 100 Smi/h Minimum operating flow rate without reproving at new flow rate
Max. operating flow rate without reproving 2500 Smith Maximum operating flow rate without reproving at new flow rate
Linearity of flow meter in the operating range 0.2 %
Uncertainty Element Uneertainty Unit Confidence Std. Uncert. u; Sens. Coeff. s Variance [ - u )’
Flow meter repeatability at metering 0.027 % 95% (norm) v 0,0135 % 1,000 E+0 182364 (%)°
Flow profile and fluid effects on flow meter 0.03 % 95% (norm) ¥ 0,015 % 1,000 E+O 2250 E-4 (%)°
.Uncerta\.nly contribution f.rom difference 002 % - 00115 % 1000 £40 133364 (%)
in metering rate and proving rate
Sum of variances, E (5 u;)’ 0,0005 (% )
Relative Combined Standard Uncertainty 0,023 %
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,047 %
Uncertainty due to difference between metering rate and proving rate
0,12
E
01
0,08 -
® 0,06
0,04
0,02
0 T T T T 1
0 500 1000 1500 2000 2500 3000

Metering Flow Rate [Sm/h)

Figure 6.14 “Metering”-page with “Uncertainty”-section for uncertainty in flow metering at a given flow
rate. Note the visualization of the uncertainty contribution due to difference between metering
flow rate and proving flow rate.

6.3.7 Results Page

This page is the first of several pages that displays the result of the uncertainty calculation based on the
input data (Figure 6.15). There is one section for each of the main flow measurement variables, standard
volume flow, absolute volume flow and mass flow. Then there is one section for each of the relevant
volume correction factor, where the number of factors depends on the chosen template. In addition,
depending on whether oil densitometer is used, there will be a section for the uncertainty in the
computation of reference density.

The uncertainty is displayed as uncertainty budgets tables, and the functional relationship is displayed
for reference. Depending on the model displayed, 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. An example of this is in Figure 6.16 displaying the uncertainty model for the volume
correction factor AligAp and where the different computed values for the related factors is listed for
reference (Ctim, Cplm, Ctlp, Cplp, etc.).
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g station ol equipment calibration proving metering results che
Uncertainty Calculation Results
Tables documenting the uncertainty calculations for the primary measurands.
= USM Meter, Actual Volume Flow
Functional Relationship
proving Vca{ibrmr‘on
_ AL\‘PA mAp.C imetering RonL, prover O.rgf
91::meaj = g *steel 4 nom Jlowemeter v proving Vca_{ibym‘fayg
nom, flovwmerer 0.nom, prover
Uncertainty Element Uncertainty Unit Confidence Std. Uncert. u; Sens. Coeff. 5; Variance ( s - u; )
Volume Correction factor Alighp 0.1239 % 95% (normj) 0,062 % 1,000 E+0 3840 E-3 (%)F
Volume Correction factor Asteel 0.0201 % 95% (norm) 0,0101 % 1,000 E+0 1014 E-4 (%)°
Master meter repeatability at calibration 0027 % 95% (norm) 0,0135 % 1,000 E+0 1,823 -4 (%)°
Calibration reference uncertainty 0031 % 95% (norm) 0,0155 % 1,000 E+0 2403 E-4 (%)
Flow meter repeatability at proving 0.027 % 95% (norm) 0,0135 % 1,000 E+0 1,823 E-4 (%)°
Master meter repeatability at proving 0.027 o 95% (norm) 0,0135 % 1,000 E+0 1,823 E-4 (%)
Flow profile and fluid effects on master meter  0.03 % 95% (norm) 0,015 % 1,000 E+0 2,250 E-4 (%)}
Uncertaint tribution from diffe
Jneertainty contribution from citlerence 0.0144 % 95% (norm) 0,0072 % 1,000 E+0 5,206 E-5 (%)
in proving flow rate and calibration flow rates
Flow meter repeatability at metering 0.027 % 95% (norm) 0,0135 % 1,000 E+0 1,823 E-4 (%)°
Flow profile and fluid effects on flow meter 0.03 e 95% (norm) 0,015 % 1,000 E+0 2,250 E-4 (%)
Uncertainty contribution fj‘om difference 00115 % 95% (norm) 0,0058 % 1,000 £+0 333365 (%)
in metering rate and proving rate
Sum of variances, I (s, - u,)? 0,0054 (%)°
Relative Combined Standard Uncertainty 0,074 %
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,148 %

~  USM Meter, Standard Yolume Flow
~  USM Meter, Mass Flow

= | Qil, Reference Density

= Wolume Correction facter Asteel

~  Wolume Correction factor AligAp

=  Wolume Correction facter AligmAp

= Wolume Correction facter AligAmAp

Figure 6.15 Computed uncertainty of the main flow measurement variables (standard volume flow,
absolute volume flow and mass flow) and some other essential values, displayed as
uncertainty budgets tables.
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+  Welume Correction factor Aligdmbp

Functional Relationship

MEL Y MEL o POV v ProV
Coim Cotmn Cip Crpy

AmAp _ Tthm T plm
lig - mat gmvmet  PrOV o~ prov
tld ™ pld Cn'm Cplm

Computed Values
Ctld_met 0.9778 Wolume correction factor due to densitometer temperature at metering relative to ref. cond.
Cpld_met 1.0087 Volume correction factor due to densitometer pressure at metering relative to ref. cond.
Ctlm_met 0.9759 Wolume correction factor due to line temperature at metering relative to ref. cond.
Cplm_met 1.0086 Wolume correction factor due to line pressure at metering relative to ref. cond.
Ctlm_prov 0.9855 Liguid velume correction factor due to line temperature at proving relative to ref. cond.
Cplm_prov 1.007 Liguid volume correction factor due to line pressure at proving relative to ref. cond.
Ctlp_prov 0.9817 Ligquid velume correction factor due to proving device temperature at proving relative to ref. cond
Cplp_prov 1.0073 Liguid velume correction factor due to proving device pressure at proving relative o ref. cond.
AligAmbp 0.9943 Liquid velume correction factor due to proving and metering conditions relative to ref. cond.
Uncertainty Element Uncertainty Unit Confidence Std. Uncert. u; Sens. Coeff. s Variance {5 u; )
Flow Meter Temperature, Tm 03 °C 95% (norm) 015 °C 4,215 E-4 3,998 E-9 (%)
Flow Meter Pressure, Pm 0.255 bara 95% (norm) 0,1275 bar 6,848 E-4 7623E-9 (%)
Master Meter Temperature, Tp 03 °C 95% (norm) 015 °C 5,375E-2 1977E-4 (%)
Master Meter Pressure, Pp 0.24 bara 95% (norm) 0,12 bar 9,786 E-3 1379E-6 (%)
Densitometer Temperature, Td 03 *C 95% (norm) 0,15 °C 9,345E-2 1,965 E-4 (%)’
Densitometer Pressure, Pd 0.261 bara 95% (norm) 0,1305 bar 1,007 E-2 1726 E-6 (% )°
Reference Density, p, 1.034 kg/m? 95% (norm) 0,517 kg/m? 1,366 E-3 4991 E-7 (%)
Ctl model uncertainty 0.05 U 95% (norm) 0,025 % 1,000 E+0 6,250 E-4 (%)
Cpl model uncertainty 0.1062 k] 95% (norm) 0,0531 % 1,000 E+0 2818E-3 (%)

Sum of variances, I (s -u,)® 0,0038 (%)

Relative Combined Standard Uncertainty 0,062 %

Relative Expanded Uncertainty (95% Confidence level, k=2) 0,124 %

Figure 6.16 Uncertainty model for the volume correction factor AligAmAp with the different computed
values for the related factors listed for reference.
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6.3.8 Uncertainty Budget Charts Page

This page displays the same data as the “Result’-page, but as uncertainty budget charts (Figure 6.17).
That is, there is one chart for each of the main flow measurement variables, standard volume flow,
absolute volume flow and mass flow. Then there is one chart for each of the relevant volume correction
factors, where the number of factors depends on the chosen template. In addition, depending on
whether oil densitometer is used there will be a chart for the uncertainty in the computation of reference
density.

Note that the “Export Image”-button let the user save an image of the chart to a file.

s
ABOUT NFOGM “'ﬂ;gl IV Tek cm r DNFOGM propose

B O6 CASIENS  wasmiamraraois J“L exna v085.  improvements
SALcEATE

Fiscal Qil Metering Station Uncertainty Tool

g station ol equipment calibration proving

tering results charts plots  report

Uncertainty Budget Charts
+  USM Meter, Actual Volume Flow

Export Image..

Volume Correction factor AligAp
Volume Correction factor Asteel

Master meter repeatability at calibration
Calibration reference uncertainty

Flow meter repeatability at proving
Master meter repeatability at proving

Flow prefile and fluid effects on master meter
Uncertainty contribution from difference

in proving flow rate and calibration flow rates

Flow meter repeatability at metering

Flow profile and fluid effects on flow meter

Uncertainty contribution from difference
in metering rate and proving rate

Total 21476

t T T T T T T T 1
0 0,02 004 0,06 0,08 01 012 014 016
Expanded uncertainty, k = 2 (95 % conf. level) [%]

*  USM Meter, Standard Volume Flow
= USM Meter, Mass Flow

= Proving, Proving Uncertainty

= Metering, Metering Uncertainty

=  Qil, Reference Density

= Volurme Correction factor Asteel

= Volume Correction factor Alighp

= Volume Correction factor Aligmdp

= Volume Correction factor AligAmAp

Figure 6.17 Computed uncertainty of the main flow measurement variables (standard volume flow,
absolute volume flow and mass flow) and some other essential values, displayed as
uncertainty budgets charts. The “Export Image”-button let the user save an image of the chart
to afile.

© NORCE Norwegian Research Centre AS.



WWW.NORCERESEARCH.NO | Handbook of uncertainty calculations for ultrasonic oil | Ref. no.. NORCE-20-A103167-

flow metering stations EA'1 00 Date: 30.09.2020
ev.. ate: 30.09.
Report Page 56 of 84

6.3.9 Uncertainty Range Plots Page

The “Plots”-page contains computed uncertainty of the main flow measurement variables (standard
volume flow, absolute volume flow and mass flow) as function of a selected flow rate range, displayed
as plots (Figure 6.18). It is possible to select the flow rate range and the flow rate unit (Sm3h, kg/h,
ms/h).

Note that the “Export Image”-button let the user save an image of the plot to a file.

Fiscal Oil Metering Station Uncertainty Tool

plots
Uncertainty Range Plots

Flow Rate Range 100 © to 23800 smé/h ka/h ® mi/h

+  USM Meter, Actual Volume Flow

Export Image..

0,25

0,15 -|

Relative Expanded Uncertainty [54)

0,05

T T T T T 1
500 1000 1500 2000 2500 3000
Flow Rate in m*n

*  USM Meter, Standard Volume Flow

*  USM Meter, Mass Flow

Figure 6.18 Computed uncertainty of the main flow measurement variables plotted over a selectable flow
range.

6.3.10 Uncertainty Report Page

The “Report’-page contains a summary of the uncertainty analysis formatted as an on-screen report
(Figure 6.19). There are 4 essential features represented by the 4 buttons on the top of the page:

e Save uncertainty analysis: it is possible to save the analysis in a file for later use, sharing and
reference. The file is encrypted so that it cannot be tampered with (note that this does not imply
that it is password protected and it can still be shared with others).

e Print report: the on-screen report containing a summary of the analysis can be sent to a printer if
available.

e Save report to XLSX: a more detailed report containing the input data and analysis results can be
saved in a XLSX file. This is the standard file format for Excel, but several other spreadsheet
application is compatible with this format today.

e Save report to PDF: the same report as for XLSX can be saved in PDF format.
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Uncertainty Report

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

Save uncertainty analysis.. Print report.. Save report to XLSX.. Save report to PDF..

Overall uncertainty report for ail metering station 2/27/2015

mm®®
XX

0il Product Type: Crude

,.-------
]
i
[
1
i
1
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Oil density at reference conditions Po 300 kg/m?
Oil density at densitometer conditions pd 789.01 kg/m?
Oil density at metering conditions pm 787.37 kg/m?

Conditions at flow meter during metering

Flow Meter pressure at metering Pm 85 bara

Flow Meter temperature at metering Tm 40 °C

Conditions at densitometer during metering

Densitometer pressure at metering Pd a7 bara

Densitometer temperature at metering Td 38 *C

Figure 6.19 “Report”-page contains a summary of the uncertainty analysis formatted as an on-screen
report. This can be printed and it is possible to save the analysis in a file for later use and
reference.

The on-screen report includes the following:

e Header which integrates the <Name>, <Date> and <Description> input from start page.

e Graphic that displays the selected metering station template.

e Tables listing the line metering operating conditions, proving conditions and calibration
conditions.

e Uncertainty budget for standard volume flow at the given flow rate in units of Sm3/h, for mass
flow at the given flow rate in units of kg/h and for absolute volume flow at the given flow rate in
units of m3/h. The respective functional relationship is displayed together with any relevant
computed values used in the models.

e Uncertainty budget for additional measurements, depending on template. For example if the
template included a densitometer, there is an uncertainty budget for the uncertainty of the
reference density computation.

The more detailed XLSX and PDF report includes in addition the following:
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e Detailed data regarding oil product type and operating conditions like base pressure and
temperature, as given by the user on the “Oil’-page.

e Uncertainty in the calibration procedure as given by the user on the “Calibration”-page.

e Uncertainty in the proving procedure as given by the user on the “Proving”-page

e Uncertainty in the metering procedure as given by the user on the “Metering”-page

6.3.11 Note about “Save” and “Open” functionality

When the user saves an uncertainty analysis to file, it will always be a new file, named from a standard
“Save File As..”-dialog. 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.

6.3.12 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
“Oil” 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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7 OilMetApp Web Application

This chapter documents the OilMetApp web application for carrying out uncertainty analyses based on
the uncertainty models described in this Handbook. It should here be emphasised that the example input
values in that calculation tool are just examples, and should not be regarded as recommended values
by NFOGM, NORCE, NPD or any other party.

7.1 Software platform

The new web application was developed in 2020 and is based on the open-source Blazor platform,
developed by Microsoft (https://blazor.net). This platform only uses open web standards recommended
by W3C (https://www.w3.0rg/), including HTML5 and WebAssembly (https://webassembly.org/). Since
Blazor uses C#, the same language used to implement the original Silverlight application, it has been
possible to reuse much of the code.

When the user visits a web page all the files that constitutes the application will be downloaded and the
application will run in the browser without need for any further communication with the web server. The
application files are stored in the web browser cache and will only be downloaded again if there is a new
version available.

The web application is supported on all web browsers that supports WebAssembly 1.0 or later, and this
includes all major browsers on both Windows, Linux, Mac and also mobile and other operating systems
(https://caniuse.com/#feat=wasm). Note that Internet Explorer 11 does not support WebAssembly and
cannot be used to run the new web application.

7.2 Installation and use

The web address for the application will be published on nfogm.no. By visiting the published address,
all the files that constitutes the application will be downloaded and the application will run in the browser
without need for any further communication with the web server. The application files are stored in the
web browser cache and will only be downloaded again if there is a new version available.

7.3 Program overview

The “OilMetering” application uses input consisting of

Metering station template (the general type of instruments and layout of these).

Oil properties.

Properties for the different equipment included in the template.

Process conditions and measurement results from the calibration, proving and metering phases.

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 oil and process conditions.

3. Generate a report in different formats 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 several
aspects of the metering station that is modeled:

e Flow Meter: what type of meter is used and what configuration of sensors is used to measure the
line temperature and line pressure. In the first version of the application only ultrasonic is
available, but the choice of meter could be expanded in the future.

e Stationary prover / master meter: what type of stationary prover / master meter is used
(Ultrasonic, Turbine or Displacement Prover) and what configuration of sensors is used to
measure the temperature and pressure of the prover / master meter (single, dual or average).

e Density measurement: what type of density measurement is used, laboratory measurement or
installed densitometer. If an installed densitometer is used, what configuration of sensors is used
to measure the densitometer temperature and pressure (single, dual or average).

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, “Oil Properties” (Figure 7.2). A
page navigation menu below the application header is also displayed, where the user now can move
freely between different pages (Figure 7.3), 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 some example values, so the user can explore the
application functionality without first finishing 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 Oil: input regarding oil product type and also other properties like base pressure and
temperature.

e Equipment: input regarding properties and uncertainty in the metering station equipment, for
example flow meter, master meter, and the temperature and pressure sensors used.

e Calibration: input regarding calibration conditions and uncertainty in the calibration procedure.
This input page is not applicable when the selected stationary prover is of type “Displacement
Prover”.

e Proving: input regarding proving conditions and uncertainty in the proving procedure.

e Metering: input regarding metering conditions and uncertainty in the metering procedure.

e Results: computed uncertainty of the main flow measurement variables (absolute volume flow,
standard volume flow and mass flow), volume correction factors and density measurement, all
displayed as uncertainty budgets tables.

e Charts: computed uncertainty of the main flow measurement variables (absolute volume flow,
standard volume flow and mass flow), volume correction factors and density measurement, all
displayed as uncertainty budgets tables.

e Report: summary of the uncertainty analysis formatted as an on-screen report. This can be
printed (and using typical system functionality exported to PDF format), and it is possible to save
the analysis in a file for later use, sharing and reference.
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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: “Oil’->"Equipment’->"Calibration”->"Proving”-
>"Metering”. In addition, the logical flow between sections in each page is typically from left to right.

The following discusses each of the pages.

- o x
I GilMetApp x  +

<« C {} & oilmetapp.azurewebsites.net b o H

v0.4.0 About Feedback

Fiscal Oil Metering Station Uncertainty

metering station

enter name 26.08.2020 [m] enter description

Flow Meter Stationary Prover / Master Meter Densitometer
Flow meter type:  Temperature Single - Type of device: Temperature Single - Densitometer: Temperature Single v
Ultrasonic ~| Pressure Single v Ultrasonic v Pressure single v single ~| Pressure Single v

v

Accept and Continue Open From File..

i
-

RCE

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

oil oil
Product Type  Conditions

Specify density at reference conditions
Qil density at reference Do 800 ka/m=  Oil density at reference temperature and pressure conditions
conditions

Specify 0il Product Type (API standards or user defined): Crude v

API Standard Constants for selected oil product type

API Constant Ko 614

API Constant K1 0

API Constant K2 0

API Constant A -1,621
API Constant B 0,0002159
API Constant C 0,871

API Constant D 0,004209

Specification of model uncertainties for Correction Temperature Liquid (Ctl) and Correction Pressure Liquid (Cpl):

Ctl Model Uncertainty: APL ~| 0,05

Cpl Model Uncertainty: API v 0,096

Figure 7.2  “Oil”-page with “Product Type”-section selected, where the user specifies the oil product type
from a set of APl standards, or model another product type by entering values for a set of API
constants.
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metering station oil equipment calibration proving metering results charts report

Figure 7.3  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 Oil Properties Page

There are two sections on the oil properties page, one concerning the reference density and APl model
of the oil, and the other concerning the operating conditions:

e Product Type: specification of oil density at reference conditions and API standard oil product
type, defined by a set of API constants (Figure 1.2).

e Conditions: specification of base pressure and temperature and equilibrium vapor pressure
(Figure 7.4).

The available oil product types are as defined in API. An oil product not in the API standard can be
specified by choosing the “Other’-checkbox. The table listing the API standard constants (Figure 7.2)
will then be enabled (it is read-only otherwise) and relevant model parameters can be input and will be
used in the calculation. The model uncertainties for “Ctl” and “Cpl” is also given as either API standards,
or user defined. When specified as “API” the actual values (temperature and pressure dependent) is
displayed for reference in corresponding read-only text fields. When specified as “User Defined” these
text fields become enabled and the user can enter values directly.

In the “Conditions” section, the “normal process conditions” is defined. This is the typical system wide
pressure and temperature values, meaning that these values will be used as default values for different
pressure and temperature values until specified otherwise. For example when later specifying “Proving
Conditions” (Figure 7.9), the “flow meter conditions” and “master meter conditions” will both be equal to
the “normal process conditions”. The user can then change this as necessary.

oil oil
Product Type Conditions

Normal Process Conditions (used as default values until specified otherwise)

Typical system wide pressure  Pn bara
Typical system wide ™ °C

temperature

Base Conditions

Base (ref. or std.) pressure Pba 1,013 bara Use default (1.01325 bara)
Base (ref. or std.) temperature  Tha 15 °C Use default (15 °C)
Equilibrium vapour pressure Pea 1,013 bara Use default (1.01325 bara)

Figure 7.4  “Oil”-page with “Conditions”-section selected, where the user specifies the oil operating
conditions.
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7.3.3 Equipment Page

The “Equipment’-page contains input regarding properties and uncertainty in the metering station
equipment (Figure 7.5). The content of this page depends on the selected metering station template,
but it can include

e Flow meter with temperature and pressure sensors
e Stationary prover/master meter with temperature and pressure sensors
e Densitometer with temperature and pressure sensors.

Some of the equipment uncertainty models can be specified either as an overall measurement
uncertainty or as a detailed model of a typical sensor. This choice is controlled by checkbox as shown
in (Figure 7.6) and (Figure 7.7) for a temperature sensor.

Note that in some views there is functionality for storing frequently used specifications in files for later
retrieval (as shown in Figure 7.7 where the 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 for a temperature transmitter.

Master Meter Master meter Master meter Flow Meter Flow Meter Flow Meter Densitometer Densitometer Densitometer
Properties Temperature Tp Pressure Pp Properties Temperature Tm Pressure Pm Uncertainty Temperature Td Pressure Pd

Dimensions

Inner diameter R mm

wall thickness dw mm

Specify Material Type (typical or user defined):

Properties of selected material at 20 *C (accuracy of values are not critical for uncertainty analysis)
Linear coefficient of thermal a 16 1E-6

expansion K™t

Modulus of elasticity of material E 200 GPa

Poisson's Ratio p Q0,3

Specification of relative uncertainties in relevant material properties (95% Confidence Level)

Relative Uncertainty in a % (95% Confidence Level)
Relative Uncertainty in f % (95% Confidence Level)

Figure 7.5  “Equipment”-page with “Flow Meter”-section selected. This page concerns uncertainty in the
metering station equipment.

Master Meter Master meter Master meter Flow Meter Flow Meter Flow Meter Densitometer Densitometer Densitometer
Properties Temperature Tp Pressure Pp Properties Temperature Tm Pressure Pm Uncertainty Temperature Td Pressure Pd

Uncertainty in measurement of flow meter temperature Tm

Overall Input Level

Input Variable Uncertainty Unit Confidence Std. Uncert. ui Sens. Coeff. si Variance (siui)?
Overall Uncertainty 0,3 °C 95% (norm) v 0,15 °C 1 0,0225 (=°C)=
Combined Standard Uncertainty, Uc 0,15 °C
Expanded Uncertainty (95% Confidence level, k=2), k-Uc 0,3°C
Value 35°C
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,0974 %

Ref. Norwegian Petroleum Directorate Measurement Regulation; Measurement regulation §8; Circuit uncertainty limits.

Figure 7.6  Overall input for a temperature transmitter.
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Master Meter Master meter Master meter Flow Meter Flow Meter Flow Metar Densi Densi Densitometer
Properties Temperature Tp Pressure Pp Properties Temperature Tm Pressure Pm Uncertainty Temperature Td Pressure Pd

Uncertainty in measurement of flow meter temperature Tm

[ averall Input Level

Properties and Constants

Time Between Calibrations

Ambient Temp. At Calibration

Input Variable

2

II

0

Uncertainty Unit

Menths

°C

Confidence

Std. Uncert. u;

Sens. Coeff. s

Variance (siui)2

Temp. elem. and transm. °C 0,0333 °C 1 0,00111 (°C)2
Stability %MV/24mo 0,0514 °C 1 0,00264 (°C)?
RFI Effects e 0,0333 °C 1 0,00111 (°C)2
Ambient temp. effect °c/oC 0,005 °C 1 2,5E-05 (°C)2
Stability - temp. element 0,05 °C 0,025 °C 1 0,000625 (°C)2
Misc. D °C 0°C 1 0 (°c)2

Sum of variances, Z(sui)?

0,00551 (°C)2

Combined Standard Uncertainty, Uc 0,0742 °C
Expanded Uncertainty (95% Confidence level, k=2}, k-Uc 0,148 °C
value 35°C
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,0482 %

comments/documentation

Figure 7.7  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.

7.3.4 Calibration Page

The “Calibration”- page contains input regarding calibration conditions and uncertainty in the calibration
procedure of the master meter (Figure 7.8). Note that this input page is not applicable when the selected
stationary prover is of type “Displacement Prover”. It contains the following sections:

e Calibration Conditions: pressure and temperature conditions for master meter at calibration.
These are used to calculate corresponding liquid and steel volume correction factors.

e Master Meter Calibration: specifies the result from the master meter calibration procedure. The
“deviation”-curve together with calibration reference uncertainty and repeatability for the master
meter at the different calibration flow rates is specified. The calibration curve is also displayed for
convenience.
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Calibration Master Meter
Conditions Calibration
Master Meter, Calibration
Add Calibration Point Remove Last Point
# Rate m3/h Calib. Ref. Uncertainty %, Deviation Curve Master Meter Repeat. %, Total %, 95%
959% Conf. (Uncorrected) % 95% Conf, Conf.
1 [100 | [0,031 \ 0,043 0,027 0,0411
2 [s00 | [0,031 \ -0,044 0,027 0,0411
3 [1000 | [0,031 \ -0,122 0,027 0,0411
4 [1500 | [0,031 \ -0,174 0,027 0,0411
5 [2000 | [0,031 \ -0,178 0,027 0,0411
& [2500 | [0,031 \ -0,189 0,027 0,0411
Calibraton Deviation Curve (Uncorrected) [%]
0.05
0
-0.05
-

-010

015

-0.20

0 500 1000 1500 2000 2500

Calibration Flow Rate [m/h]

comments/documentation

Figure 7.8  “Calibration”-page with “Master Meter Calibration”-section selected. This page concerns
calibration conditions and uncertainty in the calibration procedure.
7.3.5 Proving Page

The “Proving’-page contains input regarding proving conditions and uncertainty in the proving
procedure. There is significant differences between the scenario where proving is performed with an
ultrasonic or turbine master meter, and the scenario where a displacement prover is used. Therefore,
these are now described separately.

7.3.5.1 Proving with Ultrasonic or Turbine Master Meter

The input page contains the following sections:

© NORCE Norwegian Research Centre AS.



WWW.NORCERESEARCH.NO | Handbook of uncertainty calculations for ultrasonic oil | Ref. no.. NORCE-20-A103167-

flow metering stations EA'1 00 Date: 30.09.2020
ev.. ate: 30.09.
Report Page 66 of 84

e Proving Conditions: pressure and temperature conditions for duty meter and master meter, at
proving (Figure 7.9). These are used to calculate corresponding liquid and steel volume
correction factors.

e Proving Uncertainty: specifies the proving flow rate and the uncertainty in proving of duty
meter against master meter at this flow rate (Figure 7.10). Repeatability for both duty meter and
master meter at the proving flow rate can be specified, and in addition an uncertainty due to
flow profile and fluid effects on master meter. There is also an uncertainty of the proving result
for the flow meter due to difference between proving flow rate and nearest calibration flow rate
for the master meter, and this is automatically computed and included in the model. This
contribution is also visualized as shown in Figure 7.10.

Proving Proving
Conditions =~ Uncertainty

Conditions at flow meter during proving

Flow Meter pressure at proving Pm_prov 80 bara Use default (Typical system
wide pressure, Pn)

Flow Meter temperature at Tm_prov 35 °C Use default (Typical system

proving wide temperature, Tn)

Conditions at master meter during proving of flow meter

Master meter pressure at Pp_prov 80 bara Use default (Typical system
proving wide pressure, Pn)

Master meter temperature at Tp_prov 35 oC Use default (Typical system
proving wide temperature, Tn)

Figure 7.9  “Proving”-page with “conditions”-section for scenario with duty meter proving by ultrasonic
or turbine master meter.
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Proving Proving
Conditions = Uncertainty

Flow Rate: m3/h

Uncertainty in proving of flow meter against master meter

Input Variable Uncertainty Unit Confidence Std. Uncert. i  Sens. Coeff. si Variance (siui)?
Flow meter repeatability at proving 0,027 2% 95% (norm) v 0,0135 % 1 0,000182 (%)=
Master meter repeatability at proving 0,027 % 95% (norm) ¥ 0,0135 % 1 0,000182 (%)2
Flow profile and fluid effects on master |p,03 % 95% (norm) ~| 0,015 % 1 0,000225 (%)2
meter

Uncertainty contribution from 0,00216 % 95% (norm) 0,00108 % 1 1,17E-06 (%)=

difference in proving flow rate and
calibration flow rates

Sum of variances, Z(s-u)? 0,000591 (%)=
Relative Combined Standard Uncertainty 0,0243 %
Relative Expanded Uncertainty (95% Confidence level, k=2) 0,0486 %

comments/documentation

Uncertainty of the proving result for the flow meter due to difference between proving flow rate and nearest calibration flow rate for the master meter

0.04
#= 0.03
0.02
0 . Y ke e e "
0 500 1000 1500 2000 2500

Proving Flow Rate [m#/h]

Figure 7.10 Uncertainty in proving of duty meter against master meter at a given proving rate. Note the
visualization of the uncertainty contribution due to difference between proving flow rate and
nearest calibration flow rate for the master meter.

7.3.5.2  Proving with displacement prover

The input page contains the following sections:

e Proving Conditions: pressure and temperature conditions for duty meter and displacement
prover, at proving (Figure 7.11). These are used to calculate corresponding liquid and steel volume
correction factors.

e Proving Uncertainty: specifies the proving flow rate and the uncertainty in proving of duty meter
against displacement prover at this flow rate (Figure 7.12). Repeatability for flow meter at the
proving flow rate and displacement prover uncertainty at proving flow rate can be specified.
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Proving Proving
Conditions Uncertainty

Conditions at flow meter during proving

Flow Meter pressure at proving Pm_prov 80 bara Use default (Typical system

wide pressure, Pn)

Flow Meter temperature at Tm_prov 35 °C Use default (Typical system

proving

wide temperature, Tn)

Conditions at prover during proving of flow meter

Prover pressure at proving Pp_prov 80 bara Use default (Typical system

wide pressure, Pn)

Prover temperature at proving  Tp_prov 35 °C Use default (Typical system

Figure 7.11 “Proving”-page with

wide temperature, Tn)

displacement prover.

Proving Proving
Conditions = Uncertainty

Uncertainty in proving of flow meter against displacement prover

Properties and Constants

Proving Flow Rate qgv_prov (1000 m3/h

Input Variable

Flow meter repeatability at proving

Displacement Prover uncertainty at
proving

comments/documentation

Figure 7.12 Uncertainty in proving of duty meter against displacement prover.

Uncertainty Unit Confidence Std. Uncert. u;

0,027 % 95% (norm) ¥| 0,0135 %
0,03 % 95% (norm) v | 0,015 %

sum of variances, Z(s-u;)?

Relative Combined Standard Uncertainty

Ref. no.. NORCE-20-A103167-

RA-1
Rev.: 00 Date: 30.09.2020
Page 68 of 84

“conditions”-section for scenario with duty meter proving

Sens. Coeff. si Variance (s-u;)?

1

1

0,000182 (%)2

0,000225 (%)?2

0,000407 (%)2
0,0202 %

Relative Expanded Uncertainty (95% Confidence level, k=2) 0,0404 %

by
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The “Metering”-page contains input regarding metering conditions and uncertainty in the metering
procedure. It contains the following sections:

e Metering Conditions: pressure and temperature conditions for flow meter at metering (Figure
7.13). These are used to calculate corresponding liquid and steel volume correction factors.

e Metering Uncertainty: specifies the metering flow rate, the operating range and the linearity of the
flow meter in the operating range, and the uncertainty in the flow measurement procedure at this
flow rate (Figure 7.14). In the uncertainty model, repeatability for flow meter at the metering rate
can be specified, and in addition an uncertainty due to flow profile and fluid effects on the flow
meter. There is also an uncertainty contribution due to difference between metering flow rate and
proving flow rate, and this is automatically computed using the linearity of the flow meter and
included in the model. This contribution is also visualized as shown in Figure 7.14.

Metering Metering
Conditions ~ Uncertainty

Meter Line Operating Conditions

Flow Meter pressure at metering Pm 80

Flow Meter temperature at Tm 35
metering

Densitometer Line Operating Conditions

Densitometer pressure at Pd 80
metering
Densitometer temperature at Td 35
metering

Additional Operating Conditions

Ambient (air) temperature Tair 10

bara

°C

bar

°C

°C

Use default (Typical system
wide pressure, Pn)

Use default (Typical system
wide temperature, Tn)

Use default (Typical system
wide pressure, Pn)

Use default (Typical system
wide temperature, Tn)

Use default (10 °C)

Figure 7.13 “Metering”-page with “conditions”-section.
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Metering Metering
Conditions = Uncertainty
Flow Rate: |1100 |[sme/h ~]
Uncertainty in flow meter at metering conditions
Properties and Constants
Min. operating flow rate without 100 sm3/h
reproving
Max. operating flow rate without 2500 sm3/h
reproving
Linearity of flow meter in the 0,2 %
operating range
Input Variable Uncertainty Unit Confidence Std. Uncert. u; Sens. Coeff. s; Variance (siqu;)2
Flow meter repeatability at metering 0,027 %% 95% (norm)~| 0,0135% 1 0,000182 (%)=
Flow profile and fluid effects on flow 0,03 % 95% (norm) v| 0,015 % 1 0,000225 (%)=
meter
Uncertainty contribution from 0,00833 % 100% (rect) 0,00481 % 1 2,31E-05 (%)?
difference in metering rate and proving
rate
Sum of variances, Z(siu)2 0,00043 (%)2
Relative Combined Standard Uncertainty 0,0207 %

Relative Expanded Uncertainty (95% Confidence level, k=2) 0,0415 %

comments/documentation

Uncertainty of the metering result for the flow meter due to difference between metering flow rate and proving rate
0.14

0.12

0.10

0.08

0.06

0.04

0.02

0 - L
0 500 1000 1500 2000 2500

Metering Flow Rate [m*/h]

Figure 7.14 “Metering”-page with “Uncertainty”-section for uncertainty in flow metering at a given flow
rate. Note the visualization of the uncertainty contribution due to difference between metering
flow rate and proving flow rate.
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7.3.7 Results Page

This page is the first of several pages that displays the result of the uncertainty calculation based on the
input data (Figure 7.15). There is one section for each of the main flow measurement variables, standard
volume flow, absolute volume flow and mass flow. Then there is one section for each of the relevant
volume correction factor, where the number of factors depends on the chosen template. In addition,
depending on whether oil densitometer is used, there will be a section for the uncertainty in the
computation of reference density.

The uncertainty is displayed as uncertainty budgets tables, and the functional relationship is displayed
for reference. Depending on the model displayed, 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. An example of this is in Figure 7.16 displaying the uncertainty model for the volume
correction factor AligAp and where the different computed values for the related factors is listed for
reference (Ctim, Cplm, Ctlp, Cplp, etc.).

o 5 - - - v0.5.0 About Feedback
Fiscal Oil Metering Station Uncertainty
metering station oil equipment calibration proving metering results charts report
USM Meter, Actual Volume Flow
Proving v calibration
_ A_\p A mAD L metering oM, prover 0.ref
Dy meas = “Uig Astoel D nom flowemeter 7 Proving predlibraian
nom, flovwmeter 0.nom, prover
Input Variable Uncertainty Unit Confidence Std. Uncert. Sens. Coeff. si Variance (s-ui)?
Volume Correction factor Alighp 0,0399 % 95% (norm) 0,0199 % 1 0,000397 %2
Volume Correction factor Asteel 0,00579 % 95% (norm) 0,00289 % 1 8,37E-06 %=
Master meter repeatability at 0,027 % 95% (norm) 0,0135 % 1 0,000182 %2
calibration
Calibration reference uncertainty 0,031 % 95% (norm) 0,0155 % 1 0,00024 %=
Flow meter repeatability at proving 0,027 % 95% (norm) 0,0135 % 1 0,000182 %2
Master meter repeatability at proving 0,027 % 95% (norm) 0,0135 % 1 0,000182 %=
Flow profile and fluid effects on master 0,03 % 95% (norm) 0,015 % 1 0,000225 %2
meter
Uncertainty contribution from 0,0021 % 95% (norm) 0,00105 % 1 1,11E-06 252
difference in proving flow rate and
calibration flow rates
Flow meter repeatability at metering 0,027 % 95% (norm) 0,0135 % 1 0,000182 %=
Flow profile and fluid effects on flow 0,03 % 95% (norm) 0,015 % 1 0,000225 %=
meter
Uncertainty contribution from 0,00962 % 95% (norm) 0,00481 % 1 2,31E-05 %:?=
difference in metering rate and proving
rate
Sum of variances, Z(si-ui)? 0,00183 %=
Relative Combined Standard Uncertainty 0,0428 %

Relative Expanded Uncertainty (95% Confidence level, k=2)  0,0856 %

USM Meter, Standard Volume Flow

proving calibration
=4 i AD 4 mAp.c  metering me prover VD,ref
qu,mea: - g stee] qnem, Sowmerer I proving calibration

nom, flawmeter VD, RomL, prover

Input Variable Uncertainty Unit Confidence Std. Uncert. u; Sens. Coeff. s; Variance (squ;)2
Volume Correction factor Aligmap 0,112 % 95% (norm) 0,0559 % 1 0,00313 %2
Volume Correction factor Asteel 0,00579 % 95% (norm) 0,00289 % 1 8,37E-06 %=
Macter meter reneatahilitv at nnaz U QRO fnnrmY N N135 0hH 1 N NON1KR7 042

Figure 7.15 Computed uncertainty of the main flow measurement variables (standard volume flow,
absolute volume flow and mass flow) and some other essential values, displayed as
uncertainty budgets tables. It is possible to select range with left mouse button pressed and
use standard copy and paste operation into an Excel spreadsheet.
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It is also possible to copy all or part of the different tables to Excel as a table. Select range with left
mouse button pressed and use standard copy and paste operation into an Excel spreadsheet.

Volume Correction factor AligAmAp

mst v mat PrOV o~ prov
A Cin Com Cip Crir”

lig CmE e (o Prey ey

dd ~ pld “dm " pim

Computed Values

Ctld_met 0,9807 Liquid volume correction factor from densitcmeter temperature at metering to ref. cond.
Cpld_met 1,008 Liquid volume correction factor from densitometer pressure at metering to ref. cond.
Ctim_met 0,9807 Liquid volume correction factor from flow meter temperature at metering to ref. cond.
Cplm_met 1,008 Liquid volume correction factor from flow meter pressure at metering to ref. cond.
Ctlm_prov 0,9807 Liquid volume correction factor from flow meter temperature at proving to ref. cond.
Cplm_prov 1,008 Liquid volume correction factor from flow meter pressure at proving to ref. cond.
Ctlp_prov 0,9807 Liquid volume correction factor from proving device temperature at proving to ref. cond.
Cplp_prov 1,008 Liquid volume correction factor from proving device pressure at proving te ref. cond.
AligAmAp 1 Liquid volume correction factor from proving device to flow meter conditions at proving,

and from flow meter to densitometer cond. at metering.

Input Variable Uncertainty Unit Confidence Std. Uncert. u; Sens. Coeff. s Variance (siu)2
Flow Meter Temperature m 0,3 °C 95% (norm) 0,15 °C 1,31E-05 3,89E-12 %=
Flow Meter Pressure Pm 0,24 bara 95% (norm) 0,12 bar 1,17E-07 1,96E-16 %2
Master Meter Temperature Tp 0,3 °cC 95% (norm) 0,15 °C -0,0936 0,000197 %?
Master Meter Pressure Pp 0,24 bara 95% (norm) 0,12 bar 0,00986 1,4E-06 %2
Densitometer Temperature Td 0,3 °c 95% (norm) 0,15 °C 0,0936 0,000197 %2
Densitometer Pressure Pd 0,24 bar 95% (norm) 0,12 bar -0,00986 1,4E-06 %2
Reference Density Ps 0,98 kg/m= 95% (norm) 0,49 kg/m?= o] 0 %=
Ctl model uncertainty 0,05 % 95% (norm) 0,025 % o] 0 %=
Cpl model uncertainty 0,096 % 95% (norm) 0,048 % 0 0 %=
sum of variances, Z(su;)? 0,000397 %?2
Relative Combined Standard Uncertainty 0,0199 %
Relative Expanded Uncertainty (5% Confidence level, k=2) 0,0399 %

Figure 7.16 Uncertainty model for the volume correction factor AligAmAp with the different computed
values for the related factors listed for reference.
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7.3.8 Uncertainty Budget Charts Page

This page displays the same data as the “Result’-page, but as uncertainty budget charts (Figure 7.17).
That is, there is one chart for each of the main flow measurement variables, standard volume flow,
absolute volume flow and mass flow. Then there is one chart for each of the relevant volume correction
factors, where the number of factors depends on the chosen template. In addition, depending on
whether oil densitometer is used there will be a chart for the uncertainty in the computation of reference
density.

The bar chart displays numerical values when the mouse pointer hover over a bar, and it is possible to
copy the chart as an image by “right-clicking” on the chart and select either save or copy from the context
menu.

metering station oil equipment calibration proving metering results charts report

USM Meter, Actual Volume Flow

Contribution to the expanded uncertainty of Actual Volume Flow
Volume Correction factor AligAp
Volume Correction factor Asteel

Master meter repeatability at calibration

Calibration reference unceriainty

Flow meter repeatability at proving

Flow meter repeatability at proving
o027

Master meter repeatability at proving

Flow profile and fluid effects on master meter

Uncertainty contribution from difference in
proving flow rate and calibration flow rates

Flow meter repeatability at metering

Flow profile and fluid effects on flow meter

Uncertainty contribution from difference in
metering rate and proving rate

Total

0 0.01 002 003 004 0.05 0.06 0.07 0.08 0.08

Expanded uncertainty, k = 2 (95 % conf. level) [%]

USM Meter, Standard Volume Flow

Contribution to the expanded uncertainty of Standard Volume Flow

Figure 7.17 Computed uncertainty of the main flow measurement variables (standard volume flow,
absolute volume flow and mass flow) and some other essential values, displayed as
uncertainty budgets charts. Note that it is possible to copy the chart as an image by “right-
clicking” on the chart and select either save or copy from the context menu.
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7.3.9 Uncertainty Report Page

The “Report”-page contains a summary of the uncertainty analysis formatted as an on-screen report
(Figure 7.18). This can be printed, and it is also possible to save the analysis in an encrypted file for
later use and reference.

e Print-button: shows the browser/system “print-preview” dialog where typical settings for the
printout is selected, and a preview of the result is displayed.

e Save-button: downloads a file with a name consisting of the “name” and “date” fields selected
on the frontpage of the application. If name is not specified, the string “gasmet” will be used as
name.

metering station oil equipment calibration proving metering results charts report

Oil metering station uncertainty report for: Test, 07.09.2020

Test station

=t
(X

X

Flow Rates

Standard Volume Flow qva 1000 Sm¥/h
Mass Flow qm 300000 kag/h
Absolute Volume Flow qv 933 m3'h

0Qil Product Type: Crude

Qil density at reference conditions Pe 300,00 ka/m2 0il density at reference temperature
and pressure conditions

Qil density at densitometer conditions pd 720,67 kag/m2 0Oil density at densitometer temperature
and pressure conditions

Qil density at metering conditions pm 750,67 kg/m? Oil density at metering temperature and
pressure conditions

Conditions at flow meter during metering
Flow Meter pressure at metering Pm a0 bara

Flow Meter temperature at metering Tm 35 °C

Conditions at densitometer during metering
Densitometer pressure at metering Pd 30 bar

Densitometer temperature at metering Td 35 °C

Conditions at flow meter during proving
Flow Meter pressure at proving Pm_prov 80 bara

Flow Meter temperature at proving Tm_prov 35 °C

Figure 7.18 “Report”-page contains a summary of the uncertainty analysis formatted as an on-screen
report. This can be printed and it is possible to save the analysis in a file for later use and
reference.
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The on-screen report includes the following:

e Header which integrates the <Name>, <Date> and <Description> input from start page.

e Graphic that displays the selected metering station template.

e Tables listing the line metering operating conditions, proving conditions and calibration
conditions.

e Uncertainty budget for standard volume flow at the given flow rate in units of Sm3/h, for mass
flow at the given flow rate in units of kg/h and for absolute volume flow at the given flow rate in
units of m3/h. The respective functional relationship is displayed together with any relevant
computed values used in the models.

e Uncertainty budget for additional measurements, depending on template. For example if the
template included a densitometer, there is an uncertainty budget for the uncertainty of the
reference density computation.

Regarding printing, all recently updated operating systems have good support for printing HTML-pages
directly and with high quality. The report page also has special formatting codes that will be used when
the page is sent to the printer. One of them is “page-breaks” between sections so that tables and figures
will be placed reasonably and, if possible, not split between pages.

The same functionality used for printing can be used together with a “print to pdf file”-driver that can be
installed on the operating system. There are several suppliers of these drivers, and some operating
systems have these installed as default (for example Windows 10). When using “print to pdf file”, the
resulting pdf file will be in a format that allows selecting tables and values for copying to other
applications for further use.

7.3.10 Note about use of “browser refresh”

The application holds all input and results in memory until the user explicitly saves an uncertainty
analysis to file. If the user presses the browser refresh button at any point before saving, all input and
results are lost. There is no reason for the user to do this, other than by accident. A “browser refresh”
should be avoided, and if the user wants to start a new uncertainty analysis, the “Create New”-button
on the application start page should be used. Note that the web-applications is not influenced by network
disconnects, since after the web-application is loaded there is no further communication with the
webserver.
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8 Summary

This Handbook documents uncertainty models for fiscal oil metering stations using ultrasonic flow meter.
Proving device is either a displacement prover, an ultrasonic flow master meter or a turbine flow master
meter. The uncertainty models cover volumetric flow rate at standard conditions, volumetric flow rate at
line conditions and mass flow rate. The density is either measured by an online densitometer or obtained
through sampling and laboratory analysis. The uncertainty models are implemented on two different
web-based platforms, one new web application (OilMetApp) using HTML and WebAssembly, and the
original (QilMetering) using Microsoft Silverlight technology. Both versions use the same file format.
These can be accessed for free from nfogm.no. Since support for the Silverlight runtime will end 12.
October 2021, users should transition to the new web application before this date.

The present work is related to a similar work on fiscal gas metering stations, see [Frgysa et al, 2013]. It
is also based on [Dahl et al, 2003], [Lunde et al, 2002] and [Lunde et al, 2010].
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Appendix A Detailed formulas for the linearity
contribution to the proving uncertainty

This Appendix gives the details regarding the linearity contribution to the proving uncertainty in the case
of a master meter proving device. The uncertainty contribution appears in the third term on the right
hand side of Eq. (5-6). This uncertainty contribution is caused by the fact that the flow calibration of the
master meter is carried out at a limited number of flow rates. The correction of the flow (master) meter
is based on an interpolation over flow rates of the deviations from reference at the flow rates used in the
flow calibration. The results presented here are based on [Lunde et al, 2002], [Lunde et al, 2010] and
[Fraysa et al, 2014].

Al Functional relationship

After flow calibration, an adjustment of the flow meter shall be performed. The flow calibration is carried
out 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 q, \geri 1= 1, .-, N. A full correction of
the flow meter at each of these flow rates can therefore be written as

qv,i = Kiqv,Meter,i ' (A-l)
where
K, = Svrei (A.2)
qv,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

pi —-100 qv,Meter,i _qv,ref,i . (A.3)

qv,ref,i
The relation between these two quantities is

o -0t K 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

qv = va,Meter ’ (A-S)
where

K=f(K,K,,...Ky,0Q,)- (A.6)
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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 could have been carried out by different methods, including
i. no correction,
il a constant percentage correction,
iii. linear interpolation, and
iv. other methods (splines and other curve fittings).

If one of the two first methods is used, there will be known systematic errors left which are not corrected
for. This is not in accordance with the Norwegian Petroleum Directorate Measurement Regulations
[NPD, 2012], where one requirement in Section 8 is that “The measurement system shall be designed
so that systematic measurement errors are avoided or compensated for”. They will therefore not be
covered here.

In the third method, 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 + pi+l - pi (QV,Meter - qv,Meter,i )’

qv,Meter,i+l - qv,Meter,i

(A.8)

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

K can then be found from Eq. (A.7). It should be commented that this third method 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.

The fourth method is a generalization of the third method, 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. method (iii)) are used. In such cases,
it is recommended that for the uncertainty analysis, it is treated as method (iii).

A?2 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 the linearity contribution to the proving uncertainty, as
appearing in the third term on the right hand side of Eqg. (5-6). It can be written as

u(qvpor,(ljivnearity) i — (U(K)jz (A_9)

prov K

v0

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

between the flow meter and the reference meter. As discussed above, only a linear interpolation
correction method will be addressed here.

More specific, 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 flow meter is flow calibrated at volume flow rates
at standard conditions of 500 m3h and 2000 m3/h. The deviation from reference at 500 m3/h is in this
example 0.3 %. At 2000 m3/h it is 0.1 %. The blue curve represents the interpolated for volume flow
rates at standard conditions between 500 m3/h and 2000 m3/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:

b when qu,Meter,i < qu,Meter < (qVO,Meter,i + qu,Meter,i+1 )/2 :

&= Qvo,meter — Avo,meter, |pi+1 - P |’ (A.10)

qu,Meter,i+1 - qu,Meter,i

® when (qVO,Meter,i + qu,Meter,i+1 )/2< qu,Meter < qu,Meter,iJrl:

qu,Meter,i+1 - qu,Meter
M= |pi+l Y | (A.11)

qu,Meter,i+1 - qu,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

_ qu,Meter - qu,Meter,l .
5p - | P, — p1|’
qu,Meter,Z - qu,Meter,l (A 12)

When qu,Meter < qu,Meter,l !

and

_ qu,Meter - qu,Meter,n .
&= Py = Poaf
qu,Meter,n - qu,Meter,n—l (A 13)

When qu,Meter > qu,Meter,n .

The expression for 9 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
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square root of 3. The relative standard uncertainty of the correction factor estimate can now be written
as

/'3
100+ p

u(p) = (A.14)

u(qvp(;,(l)%earity) — (U(K)) — i@

prov K ) KoK

v0

0.35 -
-@-Linear interpolation

—Assumed area, true curve

0.25 -

©
N
|

0.15 -

Deviation from reference [%]
[=]
a
q

0.05 -

T T T
0 500 1000 1500 2000 2500
Standard volume flow rate [m¥h]]

Figure A.1 Example of deviation from reference at flow calibration at a standard volume flow rate of 500
m3/h (here deviation of 0.3 %) and 2000 m3/h (here deviation of 0.1%). For the correction of the
flow meter, the deviation at flow rates between 500 m3h and 2000 m3h are found by linear
interpolation (blue curve). It is assumed that the “true” deviation curve is somewhere within
the red parallelogram.

0.07

0.06 -

0.05 -

0.04 -

0.03 -

0.02 -
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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 List of symbols

This appendix contains a list of the most relevant parameters used throughout this Handbook.

A1iq:

Asteel :

C

plx:
Cpsx:

Ctlx :
Ctsx :
K:

p:

P,:

P,:
qm,meas
qv,meas

qu,meas :

metering
qnom, flowmeter

T,:
To:
u(x):

u(x)/X:

Combinations of pressure and temperature volume coefficients, of relevance when

calculating the volumetric flow rate at standard conditions, the volumetric flow rate at
line conditions and the mass flow rate. A“qis combined with superscripts “p” (for

[T}

proving) and/or “m” (for metering). A delta (4) in front of “p” or “m” means that volume
correction between two conditions during proving or metering. No delta (A4) means that
the volume correction to standard pressure and temperature is calculated.

Combinations of pressure and temperature volume coefficients, of relevance when
calculating the volumetric flow rate at standard conditions, the volumetric flow rate at
line conditions and the mass flow rate. A, is combined with superscripts “c” (for

calibration), “p” (for proving) and/or “m” (for metering). A delta (4) in from of “c”, “p” or
“m” means that volume correction between two conditions during proving or metering.
No delta (A) means that the volume correction to standard pressure and temperature is
calculated.

Volume correction coefficient for oil (liquid), for pressure changes from the pressure at
condition “x” to standard pressure.
Volume correction coefficient for steel, for pressure changes from a base pressure to

the pressure at condition “x”.

Volume correction coefficient for oil (liquid), for temperature changes from the
temperature at condition “x” to standard temperature.

Volume correction coefficient for steel, for temperature changes from a base

temperature to the temperature at condition “x”.

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

Absolute pressure at condition “x”.
Absolute standard pressure (1 atm = 101325 Pa)

Mass flow rate, as measured by the primary flow meter, after corrections from the

proving and calibration.
Volumetric flow rate at line (flow meter) conditions, as measured by the primary flow

meter, after corrections from the proving and calibration.
Volumetric flow rate at standard conditions (volumetric flow rate converted to standard

temperature and pressure), as measured by the primary flow meter, after corrections
from the proving and calibration.

Volumetric flow rate at line conditions that would have been measured by the primary

flow meter during metering, without the corrections from the proving and calibration,
and if temperature and pressure expansions in steel not had been taken into account.

Temperature (°C) at condition “x”.
Standard temperature (15 °C)
Standard uncertainty of quantity X

Relative standard uncertainty of quantity X
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,meas *

vV metering
0, flowmeter *

proving
VO, flowmeter*

\V} calibratio
0,nom, prover *

calibratio ,
VO,ref

Vcalibratio .
0, prover

proving .
VO, prover *

V metering

nom, flowmeter *

\Vj proving

nom, flowmeter *

V proving
nom, prover *

p:
pdens:
Po-
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the standard volume of oil measured by the primary flow meter volume, after corrections
from the proving and calibration.

the standard volume of oil measured by the primary flow meter volume at metering (line
conditions), without the corrections from the proving and calibration.

the standard volume of oil measured by the primary flow meter during proving of the
primary flow meter.

the standard volume of oil that would have been measured by the proving device during

calibration of the proving device, if temperature and pressure expansions in steel not
had been taken into account.

the standard volume of oil measured by the reference instrumentation during calibration
of the proving device.

the standard volume of oil measured by the proving device during calibration of the
proving device.

the standard volume of oil measured by the proving device during proving of the primary
flow meter.

the actual volume of oil (line conditions) that would have been measured by the primary

flow meter volume at metering, without the corrections from the proving and calibration,
if temperature and pressure expansions in steel not had been taken into account.

the actual volume of oil (line conditions) that would have been measured by the primary

flow meter during proving of the primary flow meter, if temperature and pressure
expansions in steel not had been taken into account.

the actual volume of oil (line conditions) that would have been measured by the proving

device during proving of the primary flow meter, if temperature and pressure expansions
in steel not had been taken into account.

Uncorrected percentage deviation after flow calibration, see Section A 2.
Oil density at densitometer conditions

Oil density at standard conditions

Conditions substituting “x”: Index “d” means densitometer conditions, index “m” means line (flow meter)

conditions, index “p” means proving device condition and index “c” means flow calibration conditions.

Superscript “met” means during normal metering, “prov’ means during proving and “cal” means during

flow calibration.
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