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ABSTRACT

A “Handbook of uncertainty calculations - Ultrasonic fiscal oil metering stations” [1] is being developed in a
cooperation between NFOGM, NPD, Tekna and CMR, addressing fiscal metering of oil using multipath ultrasonic
transit time flow meters (USM). The many different approaches to calculating the uncertainty of ultrasonic oil metering
stations have been a source of confusion; - varying practice in this respect has definitely been experienced. The
intention of the present initiative has been that a handbook together with a Microsoft Excel program EMU - USM
Fiscal Oil Metering Station, based upon the principles laid down in the “Guide to the expression of uncertainty in
measurement (GUM)” [2] and ISO 5168:2005 [3], would satisfy the need for a modern method of uncertainty
evaluation in the field of ultrasonic fiscal oil measurement.

Three metering system scenarios are addressed in [1]: (A) a USM duty meter which is in-situ proved using
a large volume prover (at specified time intervals, such as typically every 4" day), which is in-situ flow calibrated
using a portable small-volume prover system (typically once a year), (B) a USM duty meter which is in-situ proved
using a USM master meter (at specified time intervals), which is in-situ flow calibrated using a portable small-volume
prover system (typically once a year), and (C) a USM duty meter which is in-situ proved using a turbine (TM) master
meter (at specified time intervals), which is in-situ flow calibrated using a portable small-volume prover (typically once
ayear).

Scenario A has been addressed in ref. [4]. In the present paper, Scenario B with a USM duty and a USM
master meter is analyzed. The situation with use of master meter in addition to the prover, and that the duty and
master meters are of the same type (USM), necessitates dedicated treatment of correlated and uncorrelated
uncertainty contributions to the metering system. The uncertainty model for Scenario B necessarily differs from the
Scenario A and C uncertainty models. However, synergies between the three different scenarios can be exploited in
the formulation of the uncertainty models.

Calculation of the expanded uncertainties of the following three measurands are addressed: the actual
volumetric flow rate, the standard volumetric flow rate and the mass flow rate. The uncertainty model accounts for
metering station instrumentation such as pressure transmitters, temperature elements and transmitters, density
measurement (vibrating element densitometer), an in situ flow calibrated ultrasonic gas flow master meter (USMuw)
and an in-situ proved multipath ultrasonic gas flow duty meter (USMpy). The expanded uncertainties of each of these
measurands and instruments can be calculated and analyzed, isolated and combined, for the complete metering
system (station). The basis for the handbook and the Microsoft Excel uncertainty evaluation program is described,
together with an example of a metering station uncertainty evaluation.

1 INTRODUCTION
1.1 Uncertainty Evaluation of Ultrasonic Fiscal Metering Stations

Regulations relating to fiscal measurement of oil and gas [5-8] require that the overall
measurement uncertainty is documented to be within defined limits. However, the different
methods used have given different results. Consistent and standardised methods of
uncertainty evaluation have been required, so that different measurement systems could be
directly and reliably compared.

On this background, a series of handbooks on uncertainty calculation of fiscal metering
stations for oil and gas is being developed in a cooperation between the Norwegian Society
for Oil and Gas Measurement (NFOGM), the Norwegian Petroleum Directorate (NPD), Tekna
and Christian Michelsen Research (CMR). This series includes handbooks of uncertainty
calculations for ultrasonic fiscal gas metering stations [9,10] and for fiscal orifice gas and
turbine oil metering stations [11]. The series is being extended by a handbook of uncertainty
calculations for ultrasonic fiscal oil metering stations [1]. These handbooks are developed in
conformity with the ISO “Guide to the expression of uncertainty in measurement” (commonly
referred to as the “Guide” or the “GUM”") [2], which provides general rules for evaluating and
expressing uncertainty in measurement, intended for a broad scope of measurement areas.
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1.2 The Handbook

The Handbook of uncertainty calculations - USM fiscal oil metering stations [1] (for
convenience here referred to as the "Handbook") consists of the Handbook document itself
and the Microsoft Excel program EMU - USM Fiscal Oil Metering Stations for performing
uncertainty calculations of fiscal oil metering stations based on multipath ultrasonic transit
time flow meters (USM), and individual instruments of such stations (cf. Section 2).

The USM fiscal oil metering stations addressed in the Handbook are primarily taken to be
built and operated according to NPD regulations [5], however, this is not a prerequisite for the
study. For USM fiscal metering of oil, the NPD regulations refer to e.g. the NORSOK 1-105
national standard [6] and the API standard on ultrasonic liquid hydrocarbon meters [7] as
recognised standards (“accepted norms”). The NPD regulations require hydrocarbon
metering stations to be in conformity with the requirements stated by the European Union's
"measurement instrument directive" (MID) [8]. Both the NPD regulations and the NORSOK I-
105 standard refer to the GUM [2] as the “accepted norm” with respect to uncertainty
analysis.

The Handbook and the accompanying computer program EMU - USM Fiscal Oil Metering
Stations are based primarily on the recommended procedures in the GUM, in conformity with
ISO 5168:2005 [3] (also based on the GUM).

With respect to uncertainty evaluation and documentation, refs. [3,5] state that the expanded
uncertainty of the metering station shall be specified at a 95 % confidence level, using a
coverage factor k = 2. Consequently, for output expanded uncertainties k = 2 is set as a fixed
value in the program. For input expanded uncertainties, however, k is set by the user for
each input uncertainty value (depending on the confidence level of the input uncertainty in
guestion).

The uncertainty model for the USM oil metering station used here is based on an analytical
approach. That is, the uncertainty models involving the USMpy, USMyw, small-volume prover
system (SVP)', pressure transmitter, temperature element/transmitter, densitometer, etc., are
fully analytical, with expressions given and documented for the model and the sensitivity
coefficients. The model is treated at a sufficiently generic level so that all relevant USM types
for oil measurement are covered (cf. e.g. [12-15]), irrespective of path configuration, including
non-reflecting path as well as reflecting path USMs. The intention has been to meet as far as
possible manufacturer data specified today with respect to instrument uncertainties, including
the USM. The work builds on earlier developments in this field [16-20,9-11].

The Handbook [1] is intended to provide a practical approach to the field of uncertainty
calculations of ultrasonic fiscal oil metering stations. It is primarily written for experienced
users and operators of fiscal oil metering stations, manufacturers of ultrasonic oil flow meters,
engineering personnel as well as others with interests within the field. It has been the
intention that the EMU Excel program may be run without needing to read much of the
Handbook, such as the theory part. However, Chapter 5 in the Handbook which gives an
overview of the program, as well as Chapter 4 which - through an uncertainty evaluation
example - provides some guidelines for specifying input parameters and uncertainties to the
program, may be useful to read together with running the program for the first time.

The present paper follows closely the description given in [4] for Scenario A (including some
of the text, whenever relevant and useful), so that the similarities and differences between the
uncertainty models of the Scenario A and B type of oil metering stations (defined below, cf.
Table 1 and Fig. 1), addressed in [4] and the present paper, respectively, may be
emphasized.

! For definition of these abbreviations, cf. Section 2.
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2 USM FISCAL OIL METERING STATIONS

The types of fiscal oil metering stations considered in the Handbook consist basically of a
USM "duty meter", in some applications a "master meter" (which may be a USM or a turbine
meter (TM)), in some applications a large volume stationary prover (LVP), a small-volume
portable prover system (SVP), a flow computer, and instrumentation such as pressure
transmitters (for measurement of the pressure, P), temperature element and transmitters (for
measurement of the temperature, T), and a vibrating element densitometer (for measurement
of the line density, p).

With respect to proving and flow calibration of the USM "duty meter" and the "master meter"
(USM or TM), three different operational scenarios A, B and C are considered in the
Handbook [1], cf. Table 1 and Fig.1.

Table 1.  Characteristics for the 3 scenarios A, B and C of the types of USM fiscal oil metering stations
addressed in the Handbook [1]. (See also Fig. 1.)

Operational scenario Instrumentation for flow calibration and proving

Scenario A A USM "duty meter” (USMpwm) which is in-situ proved using a large-volume prover
(LVP), typically every 4th day, at a single flow rate ("proving point").
The large-volume prover (LVP) is in-situ flow calibrated using a portable small-
volume prover system (SVP), typically once a year.

Scenario B A USM "duty meter” (USMpm) which is operated together with a USM "master
meter” (USMww).
The USM "duty meter” is in-situ proved vs. the USM "master meter”, typically
every 4th day, at a single flow rate ("proving point").
The USM "master meter” is in-situ flow calibrated vs. a portable small-volume
prover system (SVP), typically once a year, at multiple flow rates (typically 5-10
"calibration points").

Scenario C A USM "duty meter” (USMpwm) which is operated together with a turbine "master
meter” (TMww).
The USM "duty meter” is in-situ proved vs. the turbine "master meter”, typically
every 4th day, at a single flow rate ("proving point").
The turbine’master meter” is in-situ flow calibrated vs. a portable small-volume
prover system (SVP), typically once a year, at multiple flow rates (typically 5-10
"calibration points").

Uitrasonie duty meter Ultrasanic duty meter
—>—| usmpy | > ——| USM,, >
> T—” T_m.m ‘
LVP * USMyy
. Stationary sboaci Dmr—T 3 Stationary T— WH—T
Scenario A SVP Scenario B SVP
Portable certified Portable certified
reforenco roferonce
Ln - | S O N, S
Metering Proving Calibration Metering Proving Calibration
[single paint) [wingle paint) Imultiphe points}

Uhtrasanic duty meter

¥

Fig. 1. Characteristics for the 3 scenarios A, B and —>— USMpy % %
C of the types of USM fiscal oil metering LT"'W-M""'MM
stations addressed in the Handbook [1]. TMy x »
(See also Table 1.) |_ i-vol mmj
Scenario C sonart SvP
The present paper addresses Scenario B
(see Table 2). Portabi cates
Hr—).” ~ A ~
Metering Praving Calibration

[single point) {mubtiple points)

Scenario A has been addressed in [4]. The present paper addresses Scenario B, involving a
USM duty and a USM master meter, denoted by USMpy and USMyy, respectively. A
portable small-volume prover system is used as a certified and traceable reference for the
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USMyw and thus the USMpy measurements. The small-volume prover system may in
practice consist of e.g. a compact prover and a turbine transfer meter, or other possible
calibration system solutions. The functionality of this calibration system "package" is of no
importance for the treatment of uncertainties in the present Handbook, and is for simplicity
and convenience referred to as the "small volume prover system", denoted SVP. In the
present Handbook, the accredited uncertainty of the SVP (i.e. the calibration system) is used
as the reference uncertainty. In the calibration certificate of the USMyy the reference
uncertainty is usually given for M calibration flow rates, together with M K-factors for the
USMum.

The situation with use of a master meter in addition to a small-volume prover, and that the
duty and master meters are of the same type (USM), necessitates dedicated treatment of
correlated and uncorrelated uncertainty contributions to the metering system. The
uncertainty model for Scenario B necessarily differs from the Scenario A and C uncertainty
models. However, synergies between the three different scenarios can be exploited in the
formulation of the uncertainty models [1].

For the analysis of Scenario B, consider a fiscal oil metering station equipped with
instrumentation as specified in Table 2. Proving of the USMpy, versus the USMyy is typically
made at a single flow rate ("proving flow rate") which is normally relatively close to the
metering flow rate in question. A significant deviation between the proving and metering flow
rates normally triggers a new proving. Flow calibration of the USMyy versus the SVP is
typically made at multiple flow rates covering the range of expected metering flow rates (M
"calibration flow rates"). However, for generality and harmonization of notation, the theory
given here will cover both single-point and multi-point proving and calibration. That is, the
number of proving flow rates’ is taken to be an integer L > 1, and the number of calibration
flow rates is M > 1.

Pressure and temperature measurements are made at the USMpy (denoted P,, and T,
respectively), the USMyy (Pm and Ty), the SVP (P, and T,), and the densitometer (Py4 and Tg).

Table 2. Equipment specified as default instrumentation for Scenario B of the USM fiscal oil metering
station addressed in the Handbook [1]. Included is also example instrumentation used for
uncertainty evaluation of a fiscal oil metering station in Section 5.

Measurement Instrument

Ultrasonic "duty meter"  Multipath ultrasonic transit time flow meter (USM). Otherwise not specified
(USMpw) (arbitrary type and fabrication). In-situ proved by use of a USM master meter
(USMuw), typically every 4" day, at a single flow rate ("proving point").

Ultrasonic "master Multipath ultrasonic transit time flow meter (USM). Otherwise not specified

meter" (USMwuw) (arbitrary type and fabrication). In-situ flow calibrated by use of a portable small-
volume prover system (SVP), typically once a year, at multiple flow rates (typically
5-10 "calibration points").

Small-volume prover Not specified (arbitrary type and fabrication).

system (portable Serves as the certified and traceable reference, with accredited calibration
reference) (SVP) certificate.

Flow computer Not specified (arbitrary type and fabrication).

Pressure (static), P Not specified.

Example: Rosemount 3051P Reference Class Pressure Transmitter [21].
4 pressure measurements: Pn, Py, Pp and Pq (see text).

Temperature, T Not specified.
Example: Pt 100 element: according to EN 60751 tolerance A [6].
Rosemount 3144 Smart Temperature Transmitter [22].
4 temperature measurements: Tr, Tw, Tp and Tq (See text).

Density, p On-line (by-pass) installed vibrating element densitometer. Otherwise not specified.
Example: Solartron 7835 Liquid Density Transducer [23].

2n practice, proving is made at a single flow rate, so that L = 1. The uncertainty model of the fiscal oil metering
station needs to account for the uncertainty introduced when the metering flow rate is different from the proving flow
rate. To formulate the uncertainty model, it is found convenient to use a description of multipoint proving (L > 1),
similar to multipoint calibration (M > 1). It is however noted that this description also covers the case of single point
proving (L = 1), which is the case used in the uncertainty evaluation example, cf. Sections 3.7 and 5.
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For fiscal oil metering stations, three types of flow rate measurements are in question [6]:

e Actual volumetric flow rate (i.e. the axial volumetric flow rate at metering (line)
conditions), g, ,

e Standard volumetric flow rate (i.e., the axial volumetric flow rate at standard reference
conditions, 1 atm. and 15 °C), Q,, and

e Mass flow rate, (.
For Scenario B, these are given as® [1]

q, =3600-C, -Cqy - Ausu [m3/h] ' (1a)

prov

Qv :pﬁqv =0, '[Ctlm 'Cplm]

0

Ay =m0, =PQ, =Q, lﬁ”— lkg/hi (1c)
Ctld ’ Cpld Imetering

respectively, where subscript "metering" means "at metering conditions".

[Sm*/h], (1b)

metering

In Eq. (1a), Qg is the axial volumetric flow rate indicated by the USMpy during metering,
before the correction factors C_, andC__ are applied. The "calibration correction factor"

cal prov
Ccal = fcal (Clcal ’C2cal ’“'5Cr$/|al b qv) (2)

is some function, f_, , of the M calibration meter factors,

cal

c® = Kore. i=1,.., M 3
= o ji=1, ..., M. Q)
cal,j
where Ko™, j=1, ..., M, are the calibration K-factors of the USMyy obtained by calibration

of the USMyw vs. the SVP at M different calibration flow rates (“calibration points”) (cf. e.g.
Table 4) [1]. Typically, M is 5 - 6 (sometimes up to 10), and C_, is flow rate dependent.

Similarly, the "proving correction factor"

C = f (Clprov , CQprOV ey CLprov , qv) (4)

prov prov

is some function, f of the L proving meter factors,

prov !

Usm UMM UsM UMM
Crov — KDFC . Kcalf — KDFC KDFC /=1 L (5)
! KUMM KUSM KUSM KUMM ! L
DFC prov,/ prov,/ cal,/

where KiP' , /=1, ..., L, are the proving K-factors of the USMpy obtained by proving of the

USMpyw vs. the USMyy at L different proving flow rates (“proving points”). K2 is the

cal,/
calibration K-factor of the USMyy at proving flow rate no. 7, obtained by interpolation of the
M calibration K-factors in-between the calibration flow rates according to the interpolation
method used to calculate C, .

3 Symbols are defined at the end of the paper.
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The DFC (digital-to-frequency converter)* factors Kgie and Kgie' are used to let the

ultrasonic meters (the USMpy and USMyy, respectively) deliver pulses per second as their
output quantities (instead of m%s), and are specified as fixed values (e.g. 6000 pulses/m?, cf.
Table 4) by the USM manufacturer [1].

Methods for calculation of the correction factors C and C

orov . from the meter factors C”™
and Cfa' (cf. Egs. (38) and (5)) include various types of single-factor and multi-factor

corrections®.
The functional relationships of the USM, pressure transmitter, temperature
element/transmitter and liquid densitometer, which form the basis for the uncertainty model

described in Section 3, are described in [1]. Due to space limitations these are not given
here.

3 UNCERTAINTY MODEL OF THE OIL METERING STATION

For the three measurands given in Egs. (1), the relative combined standard uncertainties are
given as [1]

E: =(Ei)’ +(E.), (6a)

Eév = (E,EAC)2 + (Equ)2 , (6b)

E:m = (E,iAquC)2 +(E, ) Jr(EqBV)2 , (6¢c)
where

(Eg) =E& +Epo + Edovw + Econn + Efiocon - (6d)

The various terms involved in Egs. (6) are explained below. The corresponding relative
expanded uncertainties at a 95 % confidence level are obtained by multiplying with the
coverage factor k = 2 (assuming a normal probability distribution).

The derivation underlying the uncertainty model given by Eqgs. (6) is rather comprehensive,
and for details it is referred to [1]. The model has been obtained by a detailed analysis of
correlated and uncorrelated effects in the USMs, such as for the USMpy in duty operation
(metering) vs. proving, the USMyy at proving vs. calibration, between the various acoustic
paths of the two USMs, between upstream and downstream signal propagation in a given
acoustic path (correlated and uncorrelated transit time contributions) in each of the two
USMs, etc. Thus, elimination of systematic effects in the USMs by proving and calibration is
accounted for, with the intention that these do not contribute to the metering station
uncertainty. The analysis is made in compliance with the procedure for evaluating and
expressing uncertainties recommended in [2]®. The various terms involved in Egs. (6) are
further described in the following.

* The digital-to-frequency converter factors (DFC) K¢ and Kpie' are sometimes referred to as the K-factors of the

USMpy and the USMwy, respectively, during proving and calibration of the USMpy and the USMy.

® Single-factor correction methods for calculation of the “proving correction factor", Coovs and the “calibration

correction factor", Cca, include e.g. (a) the flow-weighted mean error (FWME) [24], (b) the weighted mean error
(WME) [25], and average meter factor methods. Multi-factor correction methods include e.g. (a) piecewise linear
interpolation [24], (b) multi-point (higher order) polynomial algorithms [24], and (c) regression analysis methods.

With respect to symbol notation, the Handbook deviates in a few cases from the recommendations given in [2],
mainly for practical reasons. E.g., for relative standard uncertainties and rel. sensitivity coefficients, the symbols

“E "and* S: " are used in [1], whereas the recommended symbols in [2] are “ U(X)/X "and “ C: ”, respectively.
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3.1 Pressure Transmitter Uncertainty

In the uncertainty model, Egs. (6), the uncertainties of the pressure measurements, If’m , I5M ,
Ac EmAC EAmAC al’]d E

g+ Eig » Eiig usm » 10 be discussed

If’d and If’p, are involved in the evaluation of E
below.

A

The relative combined standard uncertainty of a pressure measurement, P, is given as
E.= uc(ls)/lf’ , where [1,11]

uz(ls) = uz(l:,stransmitter) + UZ(F,\)S
+ul(P, ) +u*(P,

tm

)+ (P ) + U (Py)
)+ uz(Ppower)+u2(Pmisc)

tability

(7)

ibration

gives the combined standard uncertainty of the pressure measurement’. The eight terms at
the right hand side of Eq. (7) account, respectively, for uncertainties related to (a) the
pressure transmitter (hysteresis, terminal-based linearity, repeatability, pressure calibration
laboratory), (b) stability of the pressure transmitter, (c) radio-frequency interference (RFI)
effects, (d) temperature effects, (e) atmospheric pressure, (f) vibration effects, (g) power
supply effects, and (h) miscellaneous effects (mounting, etc.). With exception for (c) and (e),
information on these input uncertainties may be provided by the instrument manufacturer or
calibration laboratory, cf. e.g. [21].

3.2 Temperature Element / Transmitter Uncertainty

A

In the uncertainty model, Egs. (6), the uncertainties of the temperature measurements T

m?
T,.T, and 'I:p, are involved in the evaluation of E.°, E™, EX™ and E

lig * “lig lig usm » O be

discussed below.

The relative combined standard uncertainty of a temperature measurement,'f , IS given as
E, = uc('I:)/'I: , where [1,11]

2T 2T 2 2 T 2T 2 T
uc (T) =u (Telem,transm) +u (Tstab,transm) +u (TRFI ) +u (Ttemp) +u (Tstab,elem)

2T 2 2T 2 T
+Uu (Tvibration) +u (Tpower) +u (Tcable) +Uu (Tmisc)

gives the combined standard uncertainty of the temperature measurement. The nine terms
at the right hand side of Eq. (8) account, respectively, for uncertainties related to (a) the
temperature element and transmitter calibrated as a unit, (b) stability of the temperature
transmitter, (c) RFI effects, (d) temperature effects, (e) stability of the Pt100 element, (f)
vibration effects, (g) power supply effects, (h) lead resistance effects, and (i) miscellaneous
effects. With exception for (c), information on these input uncertainties may be provided by
the instrument manufacturer or calibration laboratory, cf. e.g. [22].

(8)

3.3 Densitometer Uncertainty

In the uncertainty model, Eqgs. (6), the uncertainty of the liquid (oil) density at line
conditions, p, , is involved in the evaluation of E, ~and Ep0 , see below.

The relative combined standard uncertainty of the liquid (oil) density measurement, p, , is
givenas E, =u.(p,)/p,, where [1,11]

" To distinguish between a quantity and an estimated value of the quantity, the symbol “X ” (the “hat notation”) is
used here to denote the estimated value of the quantity “ x ”.
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ug(ﬁd): S,(z)uuz(/au)+u2(bsrab)+u2(ﬁrept)+s;}du§(fd)

2

. 9)
PP ucz(Pd)+ uz(ptemp)+uz(ppres)+ucz(pinst)+u2(pmisc)

+S

gives the combined standard uncertainty of the density measurement. In addition to the
usual frequency relationship regression curve, the functional relationship of the vibrating-
element liquid densitometer used here accounts for temperature correction and pressure
correction [1,11].

The nine terms at the right hand side of Eq. (9) account, respectively, for uncertainties related
to (a) the indicated (uncorrected) density (calibration laboratory instruments, reading error
during calibration, hysteresis, etc.) (also referred to as the “densitometer accuracy” [23]), (b)
stability, (c) repeatability, (d) temperature measurement in the densitometer, Tq, (€) pressure
measurement in the densitometer, Py, (f) the temperature correction model, (g) the pressure
correction model, (h) temperature and pressure effect of an on-line installation (by-pass) of
the densitometer, and (i) miscellaneous effects (reading error, deposits, corrosion, vibrations,
power supply variations, self-induced heat, flow in by-pass line, etc.). The various sy, terms
are sensitivity coefficients given in [1].

Data for the input uncertainties U(0,), U(Dgu) s U(Drep) s U(Dimp) » U(Dpres) @Nd U (Dyg) , @S

well as contributions to u(p,;.), should normally be provided by the instrument manufacturer

or the calibration laboratory, cf. e.g. [23]. uc(lf’d) and uc('I:d) are calculated according to Egs.

(7)-(8).
3.4 Reference Density Uncertainty

The uncertainty of the liquid (oil) density at standard reference conditions (1 atm., 15 °C) , p, ,

is involved in the evaluation of E;, Ef* and Ej™ .
The relative combined standard uncertainty of the reference density estimate of the liquid
(oil), p, , is given as E, = u.(p,)/ P, where

2 rat 2 * 2 * 2
E/’o B (Spo"d Epd )+ (SPon ETd )+ (S/’o"d EPd )

mo * Mo * : (10)
(8], WEm ) + (5, yeEm) +(S) 5 En)’

The six terms at the right hand side of Eq. (10) account, respectively, for uncertainties related
to (a) the density measurement, py, (b) the temperature measurement in the densitometer, Ty,
(c) the pressure measurement in the densitometer, Py, (d) the model for the densitometer
liquid volume temperature correction factor, Cyq, (€) the model for the densitometer liquid

volume pressure correction factor, C,q, and (f) the equilibrium pressure, P.. The various s;y
terms are relative sensitivity coefficients given in [1].

35 Liquid Volume Expansion Uncertainties

The relative combined standard uncertainties related to the liquid volume expansion involved
in the evaluation of E, , E, andE, of Egs. (6), are given as

Acy2 * 2 * 2 * 2 * 2
(Eliqc) = (Sliq,Ac,Pp Epp) + (Sliq,Ac,PM EPM )+ (Sliq,Ac,Tp ETp) + (Sliq,Ac,TM ETM )

2 * d \ 2 * d 2 * 2
+ (S EPe) + (Sliq,Ac,pIp E;;; ) + (Sliq,Ac,IIp Etrll;q)0 ) + (Sliq,Ac,po Epo)

(11a)

*

lig,Ac,Ps
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AC N2 * 2 * 2 * 2
(ElriT[]q C) = (Sliq,mAc,Pp Epp ) + (an,mAc,PM EPM ) + (an,mAc,Pm Epm)

+ (SIJ;q,mAc,Tp ETp )2 + (Sl*iq,mAc,TM ETM )2 + (S:;q,mAc,Tm ETm )2 (11b)

* 2 mod \2 * mod \ 2 * 2
lig,mAc,Ps EPe) + (Sliq,mAc,tIp Etlp ) + (Sliq,mAc,pIp Eplp ) + (Sliq,mAc,po Epo)

s

+(s

AmAC \ 2 * 2 * 2 * 2 * 2
(Eliqrn C) = (Sliq,AmAc,Pp EPp) + (Sliq,AmAc,PM EPM ) + (Sliq,AmAc,Pm EPm) + (Sliq,AmAc,Pd EPd )
* 2 * 2 * 2 * 2
+ (Sliq,AmAc,Tp ETp) + (Sliq,AmAc,TM ETM ) + (Sliq,AmAc,Tm ETm) + (Sliq,AmAc,Td ETd ) (110)

* 2 * mod\ 2 * mod \ 2 * 2
lig,AmAc,Ps EPe) + (Sliq,AmAc,tIp Etlp ) + (Sliq,AmAc,plpEplp ) + (Sliq,AmAc,po Epo)

+(s
respectively. The terms at the right hand side of Eqgs. (11) account for uncertainties related to
the pressure measurements Py, Py , P, and Py, the temperature measurements Tp, Ty, Ty and
Tq, the model for the densitometer liquid volume temperature correction factor, Cyq, the model
for the densitometer liquid volume pressure correction factor, Cpg, and the equilibrium

pressure, P.. The various s;y terms are relative sensitivity coefficients given in [1].

3.6 Calibration Uncertainty

Let the index j represent the calibration flow rate which is closest to the measured flow rate.
In Eq. (6a), the relative combined standard uncertainty related to calibration of the USMyy is
given by [1]

EcQaI = (E;:J)Z + (EL(jilj\l/llM,rept,j)2 + ESZVP,j . (12)

The three terms at the right hand side of Eq. (12) account, respectively, for uncertainties
related to (a) the deviation factor of the K-factor calibration curve resulting from calibration of

the USMyu Vs. the SVP, ijv' , (b) the repeatability of the USMyy and the SVP at calibration
flow rate no. j, and (c) Qg ;, the volumetric flow rate of the liquid measured by the SVP at
calibration flow rate no. j.

E cal

UMM ,rept, j
calibration flow rate no. j, due to random effects related to the USMyy and the SVP
measurements during calibration. It thus represents a “calibration repeatability”, like e.g. the
0.027 % limit at 95 % conf. lev. (with coverage factor k = 2) found in API specifications [7].

represents the relative standard deviation of the spread of measured flow rates, at

The calibration curve deviation factor C% represents the uncorrected deviation between the
USMyw measurement and the "deviation curve" resulting from calibrating the USMyy at the M
calibration points, after correction of the USMyy measurement by the correction factorC_,

has been made. It can be shown [1] that the relative standard uncertainty of the calibration
curve deviation factor may be expressed as

cal

cal cal cal
1 |Devc,j Devc,j Dev® — Ccal ' UMM, j _stp,j

dev — \/— Acal ~ \/— H C‘j - H
3 ‘ Cdev,j 3 QSVP’J'

(13)

cal

where, at calibration flow rate no. j, Qjyy ;

is the standard volumetric flow rate measured by

the USMyw during calibration, stp,j is the standard volumetric flow rate as measured by the

cal

small-volume prover during calibration, Devc‘j

is the corrected relative deviation (i.e. the

relative deviation after multiplication with the calibration correction factor, C_ ), and
Ccal

dev, j

=1+ Dev¢ is the calibration deviation factor. The deviation data Dev¢', j =1, ..., M,
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are available from proving at the M proving flow rates. Details are given in [1], including the
method used to calculate E at flow rates in-between the calibration flow rates.

dev

The relative standard uncertainty of QSVPJ , the volumetric flow rate of the liquid measured by
the SVP at calibration flow rate no. j, is given as [1]

u(G... .
ESVP,j EM ) (14a)

SVP, j

where U((y, ;) is the standard uncertainty of G ; . In practice, from the calibration certificate
of the USMyy, this figure may be taken as

u(Ka)
Est‘j EW ! (14b)
cal,j
where u(Kfa“,"M) is the standard uncertainty of the calibration K-factor estimate of the USMy,
Ko™, ji=1, .., M. u(KZ")and K" are given in the calibration certificate of the USMy.

3.7 Proving Uncertainty

Let the index ¢ represent the proving flow rate which is closest to the measured flow rate. In
Eq. (6a), the relative combined standard uncertainty related to proving of the USMpy, is given
by [1]

prov - (EdF;TVOV) + (EUpSrl(\J/IV rept,/:)2 + (EUpl\r/(IJr\\;I rept,/)2 . (15)

The three terms at the right hand side of Eq. (15) account, respectively, for uncertainties
related to (a) the deviation factor of the proving curve, C>*, for proving of the USMpy vs. the

dev
USMuw,(b) the repeatability of the USMpy during proving at proving flow rate no. ¢, and (c)
the repeatability of the USMyy during proving at proving flow rate no. ¢ .

In EQ. (15), Ejqy rep, @nd Ejiy oo, re€Present the relative standard deviations of the spread

of measured flow rates by the USMpy and USMyw, respectively, at proving flow rate no. 7,

due to random effects in the USMpy and USMyy, respectively. These “USMpy proving
repeatability” and “USMMM proving repeatability” terms are given by [1]

(EUpSr:/\I/,I’ept /) - ZZ (Slll ElLlJIS'\L/JI prov ’ (ELTBDIOR\;I Lrept, /) - ZZ (Slll ElLlJIMUM pmv " (16)

The relative sensitivity coefficient s;; is given in [1]. E;y "™ [

standard uncertainties of those contributions to the transit times of path no. i which are
uncorrelated with respect to upstream and downstream propagation, for the USMpy and
USMwwm during proving, respectively. They are given as

and are the relative

tli

Etlf,sl’\jl .prov _ U(t {USM , prov,random )/t usm ES,ML'JV' prov _ U(t UMM , prov,random )/t UMM (17)

£ and £

where are the upstream transit times of path no. i in the USMpy and USMyy,

respectively, and u(f>"-P*"" ™) and u(f™"-*""*"") are the standard uncertainties due to

random effects on transit times (after possible signal averaging). In practice, u(f;*"-P"m)

and u(f’"-"™m) represent the standard deviations of the spread of measured transit

times in path no. i, for the two meters during proving, at the proving flow rate in question.

10
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The proving curve deviation factor C!* represents the uncorrected deviation between the

dev

USMpy measurement and the "deviation curve" resulting from proving the USMpy at the L
proving points, after correction of the USMpy measurement by the correction factorC__ has

prov

been made. It can be shown [1] that the relative standard uncertainty of the deviation factor
may be expressed as

prov .pProv _ ~prov
~ DeVC,/’ Devprov _ c:prov qUSM‘/ qUMM,/,
‘ ~ s ce =

[ ) prov
3 UMM,/

prov
prov __ 1 |Devc,/
dev T 2 prov

3‘ Cdev,ffi

, (18)

prov

where, at proving flow rate no. 7, Qg , is the volumetric flow rate measured by the USMpy

prov

during proving, Q. is the volumetric flow rate measured by the USMyy during proving,

Dev?}" is the corrected relative deviation (i.e. the relative deviation after multiplication with

prov

the proving correction factor, C_ ), and C2 =1+ Dev?" is the proving deviation factor.

The deviation data Dev{,", /=1, ..., L, are available from proving at the L proving flow
rates.

In the theory above, multipoint proving (L > 1) is used for the description, as a convenient way
to account for the uncertainty of the proving K-factor when the metering flow rate is different

from the proving flow rate, accounted for by the term E !>

dev - IN practice, proving is made at a

single flow rate, so that L = 1. EJ,)" is zero when the metering flow rate equals the proving

flow rate. For metering flow rates different from the proving flow rate, such as in an interval
around the proving flow rate, EJ." is - as a practical approach - taken to increase linearly
with flow rate in both directions away from the proving flow rate. Due to similar ultrasonic
technology in the USMpy and the USMyy instruments, it is here assumed that for this interval

around the proving flow rate, the slope of Ed‘;rv"v (for the USMpy) with changing flow rate is

the same as the slope of Egs\',
[1].

3.8 USM Duty Operation Uncertainty

(for the USMyy) with changing flow rate. Details are given in

In Eqg. (6d), the relative combined standard uncertainty of the USM in duty operation (i.e.,
during metering) is given by [1]

EjSM = (Eltlnseltll,rept)2 + (EUSM ,Ampc)2 + EZ y (19)

misc

The three terms at the right hand side of Eq. (19) account, respectively, for uncertainties
related to (a) repeatability of the USMpy measurement in duty operation, at the flow rate in
guestion (due to random transit time effects), (b) systematic effects related to the USMpy and
the USMyw, due to change of conditions from calibration to proving (for the USMyy), and from
proving to metering (for the USMpy), and (c) miscellaneous systematic effects in the USMpy
and/or USMy measurements which are not eliminated by proving and calibration, and which
are not covered by other uncertainty terms accounted for here (e.g. inaccuracy of the USM
functional relationship (the underlying mathematical model), etc.).

In Eq. (19), Ej‘seh‘,l et TEPresents the relative standard deviation of the spread of measured flow

rates by USMpy during metering, due to random effects in the USMpy. This “USMpy metering
repeatability” term is given by [1]

N
(Bl ren)’ =2 (SLES0 ™) (20)
i=1

11
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The relative sensitivity coefficient s, is given in [1]. E;jy™ is the relative standard

uncertainty of those contributions to the transit times of path no. i which are uncorrelated with
respect to upstream and downstream propagation. It is given as

Etlfx met U(t £ USM ,met,random )/t usm ’ (21)
where £ is the upstream transit time of path no. i in the USMpy, and and u(" """ is

the standard uncertainty due to in-duty random effects on transit times (after possible signal
averaging), such as (a) turbulence, (b) incoherent noise (due to pressure reduction valves,
RFI, vibrations, etc.), (c) coherent noise (acoustical and electrical cross-talk, acoustic
reverberation, other signal interference), (d) finite clock resolution, (e) electronics stability
(possible random effects), (f) possible random effects in signal detection/processing (e.g.

erroneous signal period identification), and (g) power supply variations. —u(fs"mrem)

represents the standard deviation of the spread of measured transit times in path no. i, at the
actual flow rate.

In Eq. (19), the “systematic USMpy, effects” term can be expressed by®

2
EI ,Ampc !

+E2

time,Ampc

=E;

ELZJSM ,Ampc body,Ampc (22)
where the three terms at the right hand side of Eqg. (22) account, respectively, for
uncertainties related to (a) possible uncorrected change of the USM meter body dimensions
(radius, lateral chord positions, inclination angles) from calibration to proving (for the USMyw),
and from proving to metering (for the USMpy), caused by possible deviation in P and T
between calibration, proving and metering conditions, (b) possible uncorrected systematic
effects on the transit times caused e.g. by deviation in conditions from calibration to proving
(for the USMyw), and from proving to metering (for the USMpy) (P, T, transducer deposits,
transducer ageing, etc), and (c) possible change of installation conditions from calibration to
proving (for the USMyw), and from proving to metering (for the USMpy) (related to the USM

integration method).

In EqQ. (22), the “meter body uncertainty” term can be shown [1] to be given as

Ebody,Ampc = Erad,Ampc + Echord,Ampc + Eangle,Ampc ’ (23)
where
Erad JAmpec T = S (ER ,LAmp ER Apc) ’ (243.)
N
chord ,Ampc = Z Slgn(yl )Syl (Ey| ,Amp Eyi,Apc) ’ (24b)
v
angle Ampc = ZSIgn(¢ )S ¢| Amp + E¢i,Apc) ! (24C)
i=1
and
ER,Amp + ER,Apc = \/( KP Ampc) + (EKT Ampc) ! (24d)
Eyi,Amp + Eyi,Apc = \/(EKP,Ampc)Z + (EKT,Ampc)2 ’ (248)
Bsin 24
E¢i,Amp + E¢i,Apc = —"¢I0 EKP,Ampc . (24f)
24,

8 The subscript “4mpc” relates to changes from calibration to proving conditions (for the USMyy) and changes from
proving to metering conditions (for the USMpy). That means, uncertainty contributions which are practically
eliminated by proving and calibration, are not to be included in these expressions.

12
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Here, s;, s,
angle of path no. i at “dry calibration” conditions, N is the number of acoustic paths in the

USM, and B is a constant defined in [1]. E,,,. and E are the relative combined
standard uncertainties of the radial pressure and temperature correction factors for the two

USM meter bodies, KP:1+ﬁ~AI5 and KT:1+a-A'f, respectively, accounting for

changes from calibration to proving conditions (for the USMyy) and proving to metering
conditions (for the USMpy,). These are given as

and S; are relative sensitivity coefficients given in [1], ¢, is the inclination

KT ,Ampc

Evoame = V(AP + ABI®) .U () + 7 -U2(APX™ + AP, (25a)
Err e = (AT AT U%(@) + @7 -U2(ATA™ + AT, (25b)

where u(a) and u(,@) are the standard uncertainties of the coefficients of linear temperature
and pressure expansion of the meter body material (usually steel), « and g, respectively.
AISmAmp and A'I:mAmp are the difference in pressure and temperature, respectively, from proving

to metering conditions, for the USMpy. AI-%MApc and A'I:MAp are the difference in pressure and
temperature, respectively, from calibration to proving conditions, for the USMy.

For calculation of Egs. (25), two cases are addressed here. In cases for which P and T
corrections of the meter body are not used, these P and T uncertainties are determined by
the span of the pressure and temperature measurements, so that

UZ(APY™ 4 AP = %(Aﬁmﬁmp + AP = %(lﬁmme‘ — PP I Pty (26a)
. . 1 . . 1 - . . .
UW(ATA™ + AT ) = —=(AT2™ + AT ) = —=(T ™ =T P + T, - T), (26b)

5 5

where subscript "'m" and "M" refer to the USMpy and the USMyy, respectively, and
superscript "met" and "prov" refer to "at metering conditions" and "at proving conditions",
respectively.

In cases where P and T corrections of the meter body are used, these uncertainties are
determined by the pressure and temperature measurement uncertainties, so that

U, (ABX™ + ABY) = (V2 -u,(B,)) + (W2 -u (B, )Y’ (27a)
U, (AT + AT) = (V2 U, (T,)) + (2 -u,(T,,))’ (27a)

where uc(lsm) , uc(fm), uc(lsM) and uc('I:M ) are calculated according to Egs. (7)-(8). Details
are given in [1].

In Eq. (22), the “systematic transit time effects” term is calculated as [1]
N
Eumsme = 0 (S ENE = S ER)” + (S0, EVe — s B’ ]. (28)
i=1

Elic and EJ% are the relative standard uncertainties of uncorrected systematic transit time

effects on upstream and downstream propagation in acoustic path no. i of the USMpy, due to
possible deviation in pressure and/or temperature from proving to metering, defined as

13
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E Amp t {USM ,Amp, systematic )/t usm
t1i,C

’ EAmp (fUSM ,Amp systematic )/t usm ) (29)

12i,C

Similarly, E*. and E/". are the relative standard uncertainties of uncorrected systematic

t1i,C t2i,C
transit time effects on upstream and downstream propagation in acoustic path no. i of the
USMww, due to possible deviation in pressure and/or temperature from calibration to proving,
defined as

EtAlz),Cc — u(fllinMM,Apc,systemam:)/t UMM ’ EtAzl??c U(fUMM ,Apc,systematic )/fUMM ) (30)

In Egs. (29)-(30), £ and f;* are the upstream and downstream transit times of path no. i

in the USMpy, from proving to metering conditions, and u(f/"*™*™)  and

u(fyoMamesematey are the standard uncertainties of uncorrected systematic effects in these

UMM

transit times. Similarly, t and tUMM are the upstream and downstream transit times of

path no. i in the USMy, from calibration to proving conditions, and u(f;™"***¥*") and

u(EMM-Aeeasenaiey gre the standard uncertainties of uncorrected systematic effects in these

transit times. s, and s,,, are relative sensitivity coefficients given in [1].

Such systematic transit time effects may be due to (a) cable/electronics/transducer/diffraction
time delay (due to line pressure and temperature effects, ambient temperature effects, drift,
effects of possible transducer exchange), (b) possible At-correction (line pressure and
temperature effects, ambient temperature effects, drift, reciprocity effects, effects of possible
transducer exchange), (c) possible systematic effects in signal detection/processing, (d)
possible cavity time delay correction effects, (e) possible transducer deposits (wax, scaling,
etc.), and (f) sound refraction (flow profile effects (“ray bending”)).

In EqQ. (22), the “installation effects” term,

E = ./E}

1,Ampc 1,Amp

2
+ EI‘ApC '

(31)

is closely related to the integration methods used in the USMpy and the USMyy. E and

E

I, Amp

serve as input uncertainties to the EMU program. E represents installation effects

1.Apc 1,Amp

for the USMpy, from proving to metering conditions, and E represents installation effects

1,Apc
for the USMyy from calibration to proving conditions. Such installation effects on the USM
integration uncertainty may be due to change of axial flow velocity profile and/or change of
transversal flow velocity profiles. Such changes may be due to e.g. (i) line pressure and
temperature effects, (ii) ambient temperature effects, (iii) possible changed wall roughness
over time (corrosion, wear, pitting, etc.), in the pipe and meter body, and (iv) possible wall
deposits / contamination in the pipe and meter body (wax, scaling), etc.

3.9 Signal Communication And Flow Computer Uncertainties

In Egs. (6d), the relative uncertainty term E accounts for the uncertainties due to the

comm

signal communication between the USM field electronics and the flow computer (e.g. the flow
computer calculation of frequency (i.e., pulses/s) in case of frequency output). E

flocom

accounts for the uncertainty of the flow computer calculations. Both should be specified by
the USM manufacturer, and are normally relatively small.

4 MICROSOFT EXCEL PROGRAM “EMU - USM FISCAL OIL METERING STATION”

A PC program has been implemented based on the uncertainty model for the Scenario B
metering station described in Section 3. The program EMU - USM Fiscal Oil Metering
Stations is implemented as a Microsoft Excel 2003 spreadsheet.

14
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The program calculates the expanded and relative expanded uncertainties of an oil metering
station operated according to Scenario B (cf. Tables 1 and 2, and Fig. 1), for the three
measurands in question, gy, Q, and g,.

In addition to calculation/plotting/reporting of the expanded uncertainty of the oil metering
station and the individual instruments of the station, the Excel program can be used to
calculate, plot and analyse the relative importance of the various contributions to the
uncertainty budget for the various instruments of the metering station (e.g. using bar-charts).

For several of the instruments and procedures involved in the metering station, an
implementation strategy has been chosen which enables the user to give uncertainty input at
two levels: (1) an “overall level”, and (2) a more “detailed level”, cf. Table 3. This provides a
useful flexibility in operation of the program.

At the overall level, the user specifies the combined standard uncertainty of the instrument in
guestion directly as input to the program. It is left to the user to calculate and document this
uncertainty figure. This covers most methods of obtaining the uncertainty figure®.

Table 3. Uncertainty model contributions, and optional levels for specification of input uncertainties to
the program EMU - USM Fiscal Oil Metering Stations, for Scenario B.

Uncertainty contribution Overall level Detailed level

Pressure measurement uncertainty v v
(for each of: USMpy, USMyw, densitometer and SVP)
Temperature measurement uncertainty
(for each of: USMpy, USMyy, densitometer and SVP)
Density measurement uncertainty
Reference density calculation
Liquid volume expansion uncertainties
Small-volume prover (SVP) uncertainty
Calibration uncertainty
Proving uncertainty
USM duty operation uncertainty
Signal communication and flow computer calculations

SR X
AN N N RN

AN

At the detailed level, the combined standard uncertainty of the instrument in question is
calculated by the EMU program, from more basic input for the instrument provided e.g. by the
instrument manufacturer and calibration laboratory/certificates, as outlined in Section 3.

With respect to USMyy calibration, USMpy proving and USMpy duty operation (metering), the
level for specification of input uncertainties at the detailed level is adapted to data available
from calibration, proving and duty operation (metering), from the USM manufacturer. In
particular this concerns:

(1) Calibration of the USMu:
e Calibration deviation factor. The user specifies the M calibration flow rates and the

corresponding calibration K-factors of the USMyw, K2™ , j =1, ..., M, as given in the

cal,j ?

calibration certificate of the USMyy. On this basis, the EMU computer program calculates

the relative uncertainty ES* at and in-between the calibration flow rates according to a
method described in [1], cf. also Eq. (13).

e SVP uncertainty (reference). The user specifies the expanded uncertainty of the
calibration K-factors of the USMyy, at each calibration flow rate, as given in the calibration

certificate of the USMyy. The relative uncertainty of the SVP, Es\,p‘j, is calculated
according to Eg. (14b), at each calibration flow rate.

©

The “overall level” option may be of interest in several cases, such as e.g.: (a) if the user wants a “simple” and
quick evaluation of the influence of an instrument uncertainty on the expanded (overall) uncertainty of the oil
metering station, (b) in case of a different installation of the oil densitometer (e.g. in-line), (c) in case of a different
oil densitometer functional relationship, or (d) in case the input used at the “detailed level” does not fit sufficiently
well to the type of input data / uncertainties which are relevant for e.g. the pressure transmitter or temperature
element/transmitter at hand.
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o Calibration repeatability. The user specifies the repeatability (relative standard

cal

deviation) of the indicated USMyw flow rate measurement during calibration, Ejy, ;- cf.

Eqg. (12). That is, the combined repeatability of the USMyy and the small-volume prover
(SVP). It can be given in the EMU program to be flow rate dependent.

(2) Proving of the USMpy:
e USMpywm repeatability during proving. The user specifies the repeatability (relative
standard deviation) of the indicated USMy, flow rate measurement during proving,

Elf{,l‘}v,uept,/, cf. Eq. (15). It can be given in the program to be flow rate dependent.

o USMpy repeatability during proving. The user specifies the repeatability (relative
standard deviation) of the indicated USMpy flow rate measurement during proving,

Elew rept.c » - EQ. (15). It can be given in the program to be flow rate dependent.

e Proving deviation factor. The user specifies the L proving flow rates and the proving K-
factors of the USMpy, K2V | 7 =1, ..., L, as determined from proving of the USMpy Vvs.

prov,/ ?
the USMyn. Normally, L = 1. On this basis, the EMU computer program calculates the
relative uncertainty E® in an interval of possible metering flow rates around the proving

dev

flow rate, according to a method described in [1], cf. also Eq. (18).

(3) USMpy in duty operation (metering):
e USMpy repeatability during metering. The user specifies either (a) the repeatability
(relative standard deviation) of the indicated USM flow rate measurement in duty

operation, ELTSel:/I,rept' or (optionally) (b) the repeatability (standard deviation) of the
measured transit times, u(t™"), cf. Egs. (17) and (18), respectively. Both can be given

in the program to be flow rate dependent.
e USMpy and USMyy body expansions. The user specifies whether correction for
pressure and temperature effects is used or not for the USMpy and USMyy meter bodies,

and the uncertainties of the temperature and pressure expansion coefficients, u(a) and

u(p). Cf. Egs. (25)-(27).
e Systematic transit time effects. The user specifies the uncertainty of uncorrected

systematic effects on the measured upstream and downstream transit times,

{UMM ,Apc,systematic {UMM ,Apc,systematic {USM ,Amp,systematic {'USM ,Amp,systematic
u(t; ). uy ). ) and uf}; ), cf. Egs.

(28)-(30). These relate to changes from calibration to proving (USMyy), and proving to
metering (USMpy).
e Integration method (installation effects). The user specifies the uncertainties related to

the integration method / installation effects, E and E cf. Eq. (31). These relate to

changes from calibration to proving (for the USMyy), and proving to metering (for the
USMpw), respectively.

1,Apc 1,Amp ?

With respect to the USM technology, the program can thus be run in two modes:

(A) Completely meter independent, and
(B) Weakly meter dependent.

Mode (A) corresponds to choosing the overall level for the USM duty operation uncertainty
(both for the repeatability and the systematic deviation re. proving). Mode (B) corresponds to
choosing the “detailed level”.

By “weakly meter dependent” is here meant that the inner diameter, number of paths and the
number of reflections for each path are to be known. However, actual values for the
inclination angles, lateral chord positions and integration weights do not need to be known.
Only very approximate values for these quantities are needed (used for calculation of certain
sensitivity coefficients).

16



28" International North Sea Flow Measurement Workshop
26" — 29" October 2010

5 UNCERTAINTY EVALUATION EXAMPLE

As an example of evaluation of the expanded uncertainty of a Scenario B USM fiscal oil
metering station using the EMU program described in Section 4, consider the metering
station instrumentation example given in Table 2: 6” pipeline, a 6" USM duty meter (USMpy)
with flow computer, a 6" USM master meter (USMpy), a small-volume prover system (SVP),
four Rosemount 3051P Reference Class Pressure Transmitters [21], four Pt 100 4-wire RTD
elements and Rosemount 3144 Smart Temperature Transmitters [22], and an on-line (by-
pass) installed Solartron 7835 Liquid Density Transducer [23]. The type of flow computer and
small-volume prover (SVP) are arbitrary (unspecified), but in the example used here, the SVP
consists of a compact prover and a turbine transfer meter (TM), treated here as a unit. The 6"
USM is a 0.13 m diam. 4-path meter with parallel chords, non-reflecting paths and Gauss-
Jacobi integration. A typical North Sea oil is considered [11], with density 776 kg/m® at
densitometer conditions. Line conditions (in the meter run) are taken to be 18 barg and 65 °C

(P™,T ). Densitometer conditions are 19 barg and 64 °C (P, ,T, ). Proving conditions are
taken to be 18 barg and 65 °C (for the USMpy and the USMyy, P, T and P™, T,
respectively). Calibration conditions are 19 barg and 64 °C (P, T2).

Evaluation of e.g. the relative expanded uncertainty of the axial volumetric flow rate, kE, ,

according to Eq. (6a), involves the USMpy, the USMyy, the small-volume prover (SVP), the
pressure and temperature measurements, the densitometer, the signal communication / flow
computer, and the oil parameters. The “detailed level” of ing)ut is used here. M = 6
calibration flow rates are considered, in the range 25 — 280 m°/h (corresponding to a flow
velocity range of about 0.5 — 6 m/s). A single proving flow rate is considered (i.e. L = 1), at
120 m*h. Metering flow rates in an interval up to +20 m®h relative to the proving flow rate
are considered, i.e. in the interval 100 — 140 m*/h.

UMM
cal,j ? J

=1, ..., M, are given in Table 4, together with an example set of expanded uncertainties of
the calibration K-factors k -u(K“"™) (given at 95 % conf. lev., with coverage factor k = 2).

cal,j

The 6 calibration flow rates and a set of example calibration K-factors of the USMyy, K

Other information given in Table 4 (columns 3 - 7) includes the K-factor of the turbine transfer
meter (TM) used as part of the SVP calibration system, the uncertainty of this turbine meter
K-factor, the accumulated volume measured by the USMyy and TM over the calibration
period, and the difference between these two accumulated volumes (the "deviation" resulting
from the calibration). This "other information” is included here for convenience, and is not
used as input to the uncertainty calculations. That is, only columns 2, 8 and 9 are used as
input to the uncertainty calculations presented here.

Table 4. Values from a constructed and tentative example of a calibration certificate for the USMwm, based
on calibration of the USMwuw using a SVP (Scenario B).

KDFCUSM = 6000
M= i 6
Calibr. | Calibration K-factor Unc. (k=2) Acc lated Acc lated| Difference in K-factor Unc. (k =2)
flow flow rate turbine meter, K-factor calibr. volume,| calibr. volume, acc.volume USMypa K-factor
rate ™ ™ ™ USHy|  USMu - T Ky "™ US My
no. (m3/h) (pf) (M) (m3) (m3) (%) (p/m3) (pfm3)
1 25 6.65449 0.00239 25146 25102 -0.175 58943 38
2 58 6.64842 0.00239 4.9422 4.9370 -0.105 58957 38
3 95 6.64189 0.00239 5.1954 5.1827 -0.155 58936 38
4 155 6.64783 0.00239 13.0666 13.0382 -0.217 5886.3 38
5 210 6.63342 0.00239 15.8647 15.8380 -0.168 58854 38
6 280 6.62891 0.00239 20.9535 20.9197 -0.161 58906 38
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Fig. 2. Example of calibration K-factors of the USMww (left), and the deviation of the accumulated

calibrated volume of the USMww relative to the SPV (right), as a result of the USMwy calibration, cf.
Table 4. Markers indicate the values at the 6 calibration flow rates. In this example, linear
interpolation is used for the curves, indicating K-factor and deviation values for flow rates in-
between the calibration flow rates.

For calculation of E,?; , @ number of input uncertainties are to be specified with respect to the
liquid (oil) parameters. The relative standard uncertainties of all oil temperature and pressure
measurements (four of each see above), E, and E,, are taken to be 0.023 % and 0.044 %,

respectively. Due to space limitations, it is referred to [1] for details on other liquid (oil)
parameter input uncertainties.

For calibration of the USMyy vs. the SVP, a number of input uncertainties are in question, cf.
Egs. (12)-(14). The relative uncertainty of the SVP, E is calculated according to Eq.
(14b), at each calibration flow rate. The repeatability (relative standard deviation) of the
indicated USMyy flow rate measurement during calibration, Ef,i,'lM’rem , is taken to be 0.0135

SVP,j !

%, in agreement with API specifications [7]. This figure represents the combined repeatability
of the USMyw and the small-volume prover (SVP). The calibration deviation factor

uncertainty, KE , is calculated to be 0.026 % (100 % conf. lev., rect. distrib.)™.

dev ?

For proving of the USMpy vs. the USMyy, several input uncertainties are in question as well,
cf. Egs. (15)-(18). The proving deviation factor uncertainty, KE},", is calculated to be 0.010

% (100 % conf. lev., rect. distrib.). The repeatabilities (i.e. standard deviations) of the USMpy

and USMyw proving measurements, Ejg ., and Efyy .., are both taken to be 0.02 % [12-
15].

For the USM in duty operation, the uncertainties in question are given by Eqgs. (19)-(31). The
USM repeatability in duty operation is tentatively taken to be Elj“se;,l,,ept = 0.02 % (rel. standard

deviation) [12-15].

The relative standard uncertainty of the USMpy integration method (accounting for possible
changes in installation effects from proving to metering) is taken to be E, , =~ = 0.01 %, as a
tentative and possibly large example value. Similarly, the relative standard uncertainty of the
USMwwm integration method (accounting for possible changes in installation effects from
calibration to proving) is taken to be EI,Apc =0.01 %, as an example value.

The uncertainties of uncorrected systematic effects on the measured upstream and
downstream transit times in USMpy (accounting for possible changes from proving to

Y5 the present calculation example given here, all input uncertainties given in the text are taken to correspond to 67
%, 95 % or 100 % confidence levels (depending on type of uncertainty), with normal or rectangular probability

distribution, and coverage factor k = 1, 2 or \/5 , respectively.
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metering), K -u(f" Py and k- u(fMAPe¥ ™) - are given as 10 ns with 40 ps time
difference (100 % conf. lev., rect. distrib.), respectively, as a tentative example.

The case is considered where pressure and temperature correction is used for the meter
body. The uncertainties of the temperature and pressure expansion coefficients k-u(a) and

k-u(,l}) are set to 20 % (100 % conf. lev., rect. distrib.), as example values. Details are
givenin [1].

The relative standard uncertainties related to the signal conversion/communication and flow

computer calculations, E and E are set to zero in this example.

comm flocom ?

Fig. 3 shows the relative expanded uncertainty of the volumetric flow rate measurement for
this illustration example, plotted over the volumetric flow rate range 100 to 140 m%h. In this
example, calibration of the USMyy is made at 6 calibration points (where the closest
calibration flow rates to the measured flow rate are 95 and 155 m®h, cf. Table 4), proving is
made at 120 m%h, and metering is assumed made in the interval 100 — 140 m®/h.

0.13

©

o

)

a
\

0.12

(95 % conf. lev.) [%]

0.115 ~

Relative expanded uncertainty
of volumetric flow rate

0.11 T T T T T T T
100 105 110 115 120 125 130 135 140

Axial volumetric flow rate [m3/h]

Fig. 3. lllustration example of the relative expanded uncertainty of the volumetric flow rate measurement,
kE, . In this example, calibration of the USMww is (among other calibration points, cf. Table 4)

made at 95 and 155 m*/h, proving is made at 120 m*h, and metering is assumed made in the
interval 100 — 140 m*/h.

The various contributions to the relative expanded uncertainty of the volumetric flow rate
measurement may be investigated in further detail at each of the metering flow rates shown in
Fig. 3. For example, at a metering flow rate of 110 m*h, Fig. 3 indicates a relative expanded
measurement uncertainty of 0.121 %, at 95 c.I. The bar-chart shown in Fig. 4 gives the
relative importance of the various uncertainty contributions at this metering flow rate. The
figure indicates that three uncertainty contributions essentially dominate the uncertainty
budget in this tentative example; the calibration uncertainty, the proving uncertainty and the
uncertainty of the USM in duty operation.
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Fig. 4. Bar-chart showing the various contributions to the calculated relative expanded uncertainty of the
volumetric flow rate measurement shown in Fig. 3, at a metering flow rate of 110 m*h. See the text
for further information. Each cluster of red bars represent "detail" results which accumulate up to the
"sub-main" result given by the blue bar above the red bar cluster. The green bar gives the calculated
total relative expanded uncertainty at this metering flow rate.

In Fig. 4, the relative expanded uncertainty of the USM duty measurement is calculated to
about 0.071 %. It may be of interest to investigate the relative importance of the various
contributions to this uncertainty figure. Fig. 5 shows the contributions to the expanded
uncertainty of the USMpy, calculated according to Egs. (19)-(31). In addition to the
miscellaneous effects (which are set to zero here), these are organized in four groups: USM
repeatability in duty operation, meter body uncertainty, uncertainty of systematic transit time
effects, and the integration method uncertainty (installation effects). In general the latter two
groups are the most difficult to specify (only the USM repeatability is normally available from
current USM manufacturer data sheets), and only tentative uncertainty figures have been
used in the present calculation example, to illustrate use of the program, and demonstrate the
sensitivity to these uncertainty contributions. It appears that in this illustration example the
uncertainty of the USMpy, in duty operation is dominated by the systematic transit time effects
and the USMpy repeatability in operation. Other uncertainty contributions are relatively
smaller.
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Fig. 5. Bar-chart showing the various contributions to the expanded uncertainty of the USM duty

measurement given (by blue colour) in Fig. 4, at the 110 m*h metering flow rate, calculated
according to Egs. (19)-(31).

Table 5 summarizes the calculation results of this example in an overall uncertainty budget
for the volumetric flow rate measurement, §,, for a metering flow rate of 110 m®h. It appears
that the calibration and USM duty uncertainties contribute almost equally to the relative

expanded uncertainty of the volumetric flow rate measurement, at this flow rate, followed by
the proving uncertainty. All three contribute significantly in this illustration example.

Table 5. lllustration example of an overall uncertainty budget for the USM fiscal oil metering station, for the
volumetric flow rate, qy, and the example input data given in the text, cf. also Figs. 4-5. The
calibration flow rates are given in Table 4, proving is made at 120 m*h, and the metering flow rate

is 110 m*h.
Uncertainty contribution Combined uncertainty
Source Relative Confidence Cover. Relative Rel. Relative
expanded level & probab.| factor, standard sens. Variance
uncertainty distribution k uncertainty coeff.
Liquid volume expansion 0.0218 % 95 % (normal) 2 0.0109 % 1 1.188.10°®
Calibration 0.0757 % 95 % (normal) 2 0.0378 % 1 1.432:107
Proving 0.0578 % 95 % (normal) 2 0.0289 % 1 8.362:10°®
USM duty operation 0.0713 % 95 % (normal) 2 0.0356 % 1 1.270-107
Signal comm. / flow comp. Neglected - - - 1 0
Sum of relative variances E:V 3.658-107
Relative combined standard uncertainty E, 0.0605 %
Relative expanded uncertainty (95 % confidence level, k = 2) K- = 0.1210 %

The uncertainty evaluation example discussed above for illustration purposes, addresses the
volumetric flow rate, q,. Using the EMU program, similar analyses can be made for the
standard volumetric flow rate, Q,, and the mass flow rate, g, [1].

Calculations of this type may be made for the pressure transmitter and the temperature
element/transmitters (in the USMpy, the USMyy, the densitometer and the SVP), the
densitometer, the reference density, the calibration of the the USMyy, and the proving of the
USMpy. For documentation purposes, necessary reporting of input data and calculated
results are available, for the three measurands given by Egs. (1).
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6 CONCLUSIONS

The NPD regulations states that “it shall be possible to document the total uncertainty of the
measurement system. An uncertainty analysis shall be prepared for the measurement system
within a 95 % confidence level” [5]. The GUM [2] put requirements to such documentation.
To meet such requirements and harmonize procedures and industry practice in the
documentation of fiscal measurements, a series of handbooks on uncertainty calculation of
fiscal oil and gas metering stations is developed in a cooperation between NFOGM, NPD,
Tekna and CMR [9-11,1,4].

In the present paper, the ongoing development of a handbook of uncertainty calculations of
ultrasonic fiscal oil metering stations [1] is described. Three different metering station
scenarios are being addressed in [1], Scenarios A, B and C, cf. Table 1 and Fig. 1.

The present paper gives a description of Scenario B (cf. Table 2), including an uncertainty
calculation example. The example is meant essentially to illustrate and demonstrate the
possibilities of the Handbook and the accompanying EMU program, and does not serve as an
uncertainty analysis of a USM fiscal oil metering station.

The expanded uncertainties calculated by the program EMU - USM Fiscal Oil Metering
Stations may be used in documentation of the metering station uncertainty. That means,
provided the user of the program (on basis of manufacturer information or other sources) can
document the numbers used for the input uncertainties to the program, the Handbook and the
program gives procedures for propagation of these input uncertainties.

For traceability purposes the input data to the program (quantities and uncertainties) must be
documented by the user. The user must also document that the calculation procedures and
functional relationships implemented in the program are in conformity with the ones actually
applied in the fiscal oil metering station™'.

The uncertainty model for USM fiscal oil metering stations presented in the Handbook is
based on present-day “state of the art of knowledge” for stations of this type, and is not
expected to be complete with respect to description of effects influencing on such metering
stations. In spite of that, the uncertainty model does account for a large number of the
important factors that influence on the expanded uncertainty of metering stations of this type.
It is expected that the most important uncertainty contributions have been accounted for.
Evaluation of the effects of these factors on the uncertainty of the metering station should be
possible with the uncertainty model and the program developed here.

It is the intention and hope of the partners presenting this Handbook that - after a period of
practical use of the Handbook and the program - the uncertainty model presented here will be
subject to necessary comments and viewpoints from users and developers of USMs, and
others with interest in this field, as a basis for a possible later revision of the Handbook. The
overall objective of such a process would of course be that - in the end - a useful and
accepted method for calculation of the uncertainty of USM fiscal oil metering stations can be
agreed on, in the Norwegian metering society as well as internationally.

" Especially if the “overall level” options of the program are used, the program should cover a wide range of

situations met in practice.
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SYMBOL NOTATION

USMpw:
USMMM:
SVP:

q, :
Q :
O -

Qusm -

Py
Py

prov :
cal :

cro
CjCal :

KUSM .

prov,/ *

K UMM

cal,j

KUSM .

DFC -

KUMM .

DFC

tim *

ultrasonic duty meter,

ultrasonic master meter, used for proving of the USMpy, (Scenario B),

small-volume prover system, used for calibration of the USMy,y (Scenario B),

axial volumetric flow rate at line (metering) conditions [m3/h],

axial volumetric flow rate at standard reference conditions (1 atm. and 15 °C) [Sm3/h],
axial mass flow rate [kg/h],

axial volumetric flow rate indicated by the USMpy under duty operation (line conditions),

before the "proving correction factor”, Cyy, and the "calibration correction factor”, Ccy,,
have been applied [m%/s],
liquid (oil) density in the meter run (at line conditions) [kg/m3],

liquid (oil) density in the densitometer [kg/ms],

liquid (oil) density at standard reference conditions (1 atm. and 15 °C) [kg/m°],

correction factor accounting for proving of the USMpy vs. the USMyy in Scenario B (here
referred to as the "proving correction factor") [-],

correction factor accounting for calibration of the USMyy vs. the SVP in Scenario B (here
referred to as the "calibration correction factor") [],

meter factor determined in proving of the USMpy, vs. the USMyy in Scenario B, ¢ =1, ...,
L (here referred to as a "proving meter factor") [-],

meter factor determined in calibration of the USMyy vs. the SVP in Scenario B, j=1, ..., M
(here referred to as a "calibration meter factor") [-],

K-factor of the USMpy at proving flow rate no. ¢/, ¢ =1, ..., L, determined in proving of the
USMpw Vvs. the USMyy in Scenario B [pulses/m3],

K-factor of the USMyy at calibration flow rate no. j, j= 1, ..., M, determined in calibration of

the USMpy vs. the SVP in Scenario B, and given in the USMyy calibration certificate
[pulses/m?],

DFC (digital-to-frequency converter) factor of the USMpy [pulses/m3],

DFC (digital-to-frequency converter) factor of the USMyu [pulses/m3],

number of proving flow rates (“"proving points"),
number of calibration flow rates ("calibration points"),

volume correction factor (VCF) for the effect of temperature on the liquid (oil) in the meter,
re. standard reference conditions [-],

volume correction factor (VCF) for the effect of pressure on the liquid (oil) in the meter, re.
standard reference conditions [-],

volume correction factor (VCF) for the effect of temperature on the liquid (oil) in the
densitometer, re. standard reference conditions [-],

volume correction factor (VCF) for the effect of temperature on the liquid (oil) in the

densitometer, re. standard reference conditions [-].
relative combined standard uncertainty of the liquid pressure measurement [-],

relative combined standard uncertainty of the liquid temperature measurement [-],
relative combined standard uncertainty of the liquid density at line (metering) conditions [-],
relative combined standard uncertainty of the liquid density at standard reference

conditions (1 atm. and 15 °C) [-],
relative combined standard uncertainty of the axial volumetric flow rate estimate, ¢, [-],

relative combined standard uncertainty of the standard axial volumetric flow rate estimate,

Q, [,

relative combined standard uncertainty of the axial mass flow rate estimate, §,, [-],
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Equ

EB
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relative combined standard uncertainty of the liquid volume expansion at calibration
conditions, involved in the evaluation of Eqv [-].

relative combined standard uncertainty of the liquid volume expansion at metering and
calibration conditions, involved in the evaluation of EQV [-1,

relative combined standard uncertainty of the liquid volume expansion at metering and
calibration conditions, involved in the evaluation of Eclm [-1,

relative combined standard uncertainty, used for some of the uncertainty contributions to
Eqv , EQv and Eclm 1,

relative combined standard uncertainty of the estimate ¢, , related to proving of the USMpy

vs. the USMyy in Scenario B [-],
relative combined standard uncertainty of the estimate §,, related to calibration of the
USMpywm Vvs. the SVP in Scenario B [-],

relative standard uncertainty of the calibration curve deviation factor estimate, C;:V' [-1,

UM rept,j - F€lative combined standard uncertainty representing the repeatability of the USMyy and

SVP measurements during calibration, at calibration flow rate no. j, j =1, ..., M [],

relative combined standard uncertainty of, dsvp‘j, the volumetric flow rate of the liquid
measured by the SVP at calibration flow rate no. j, j =1, ..., M [-],

calibration deviation factor at calibration flow rate no. j, j =1, ..., M [],

corrected relative calibration deviation (i.e. the relative deviation after multiplication with the

calibration correction factor, C_, ), at calibration flow rate no. j, j =1, ..., M [],

cal
standard volumetric flow rate measured by the USMy,, during calibration, at calibration flow
rate no. j, j =1, ..., M [m%s],

standard volumetric flow rate as measured by the small-volume prover during calibration, at
calibration flow rate no. j,j=1, ..., M [m3/s],

relative standard uncertainty of the proving curve deviation factor estimate, Cdzrvov [-].
relative combined standard uncertainty representing the repeatability of the USMpy

measurement during proving, at proving flow rate no. £, ¢ =1, ..., L [],

UM reptc - T€lative combined standard uncertainty representing the repeatability of the USMyy

measurement during proving, at proving flow rate no. ¢, ¢ =1, ..., L [-],

proving deviation factor at proving flow rate no. ¢, /=1, ...,L [-],
corrected relative proving deviation (i.e. the relative deviation after multiplication with the

proving correction factor, C__ ), at proving flow rate no. ¢, ¢ =1, ..., L [],

prov
volumetric flow rate measured by the USMpy during proving, at proving flow rate no. ¢,
=1, .., L [ms],

volumetric flow rate measured by the USMy,, during proving, at proving flow rate no. ¢,
=1,.., L [m%s],

relative combined standard uncertainty of the estimate ¢, , related to duty operation of the
USMopw [-],

relative combined standard uncertainty (i.e. relative standard deviation) representing the

repeatability of the USMpy measurement during metering, at the metering flow rate in
question [-],

relative combined standard uncertainty of the estimate (,, due to systematic effects in the

USMpy and USMyy measurements, caused by changes in conditions from calibration to
proving (USMyw), and from proving to metering (USMpy) [-]
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relative combined standard uncertainty of the estimate c]v, due to miscellaneous

systematic effects in the USMpy and/or USMyy measurements which are not eliminated by
calibration and proving, and which are not covered by other uncertainty terms accounted
for here (e.g. inaccuracy of the USM functional relationship (the underlying mathematical
model), etc.) [-],

relative combined standard uncertainty of the estimate §,, due to changes of the USMpy
and USMy meter bodies from calibration to proving (USMyy) and from proving to metering
(USMpy). That is, uncertainty of the meter body inner radius, R , the lateral chord positions
of the N acoustic paths, ¥,, and the inclination angles of the N acoustic paths, ¢3i =1, .,

N, caused by possible deviation in pressure and/or temperature between calibration,
proving and metering [-],

relative combined standard uncertainty of the estimate §, , due to systematic effects on the

transit times of the N acoustic paths, f” and fZi, i=1, ..., N, caused by possible deviation

in pressure and/or temperature from calibration to proving (USMyy), and from proving to
metering (USMpy) [-],

relative standard uncertainty of the estimate ¢, related to the USM integration method, due

to changes of installation conditions from calibration to proving (USMyy), and from proving
to metering (USMpy) [-],

relative combined standard uncertainty of the estimate §, , due to uncertainty of the meter

body inner radius, R , caused by possible deviation in pressure and/or temperature from
calibration to proving (USMyy), and from proving to metering (USMpy) [-],

relative combined standard uncertainty of the estimate (,, due to uncertainty of the lateral

chord positions of the N acoustic paths, )7i, i =1, ..., N, caused by possible deviation in

pressure and/or temperature from calibration to proving (USMyy), and from proving to
metering (USMpy) [-],

relative combined standard uncertainty of the estimate ,, due to uncertainty of the

inclination angles of the N acoustic paths, (13“ i=1, ..., N, caused by possible deviation in

pressure and/or temperature from calibration to proving (USMyy), and from proving to
metering (USMpw) [-],

relative combined standard uncertainty of the radial pressure correction factor for the two

USM meter bodies, Kp, accounting for changes in conditions from calibration to proving
(USMyw) and proving to metering (USMpy) [-],

relative combined standard uncertainty of the radial temperature correction factor for the

two USM meter bodies, Ky, accounting for changes in conditions from calibration to proving
(USMpyn) and proving to metering (USMpy) [-],

relative standard uncertainty of the estimate ¢, , due to signal communication between the

USM field electronics and the flow computer (e.g. the flow computer calculation of
frequency (pulses/s) in case of frequency output) [-],

relative standard uncertainty of the estimate (,, due to uncertainties in the flow computer

calculations [-],
coverage factor [-],

estimated value of a quantity, X,
standard uncertainty of an estimated quantity, X,

combined standard uncertainty of an estimated quantity, X,

relative sensitivity coefficient.
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INTRODUCTION

The accurate measurement of the flow of wet gas production is a technically
challenging feat. However, the ability to meter wet gas flows can have a significant
impact, improving the economics of production, reducing the need for expensive
measurement infrastructure and potentially making previously uneconomic gas
reservoirs viable.

Experimental studies have gone a long way in improving the understanding wet gas
meter performance. However, experiments are relatively slow and expensive and as
most tests are performed at high pressures, to match conditions seen in the field,
detailed information on the flow behaviour within flowmeters in sparse.

Computational Fluid Dynamics (CFD) flow simulation methods offer a potentially
powerful tool for investigating wet gas flows in more detail. In this paper the
predictions of a two-dimensional CFD modelling method has been compared against
published test data to assess and extend its range of applicability. A second three-
dimensional approach has been developed and assessed that more correctly
represents the multiphase flow patterns seen in wet gas flows, particularly at lower
velocities.

TWO-DIMENSIONAL CFD MODEL

The two-dimensional method was identical to that developed by Jeff Gibson at TUV
NEL to study the effects of varying liquid properties on Venturis in wet-gas [1]. The
aim of this work was to find out whether this approach was valid for cone meters and
Venturis.

In essence, the flowmeter is represented as a two-dimensional axisymmetric model
in the ANSYS Fluent 12.0 CFD software [2]. The liquid and gas are represented as
separate phases using the Eulerian multiphase model. This represents the liquid as
droplets suspended in the gas. Mist flow conditions are assumed at the inlet to the
flowmeter for all flow conditions.

Initially simulations were run of a beta 0.6 Venturi in kerosene-nitrogen flow at
different gas Froude numbers. The droplet size was adjusted until the predicted
over-reading matched that measured in the tests.

Further models were then run of orifice plates and cone meters over a wide range of
wet-gas flow conditions. In these models the droplet size for a given gas Froude
number was set to be the same as that for the original Venturi model. Figure 1
shows a typical prediction of liquid fraction in a cone meter. It was found that this
approach produced a close prediction of the meter over-reading in annular-mist flow
and mist flow regimes. However, unsurprisingly, it under-predicted slightly for when
the true flow regime was stratified.
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Figure 1 Contours of liquid fraction in the two-dimensional simulation of a
cone meter
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Figure 2 Comparison of test data and two-dimensional CFD predictions

for a beta 0.55 cone meter
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THREE-DIMENSIONAL CFD MODEL

The two-dimensional approach has the disadvantage that there is little physical basis
for the choice of droplet size, other than it gives a reasonable prediction of over-
reading. Also, features such as annular wall-films and stratified liquid layers are not
represented in the model. A three-dimensional approach was therefore developed to
address these issues.

The three-dimensional model used the immiscible Eulerian model. This is similar to
the standard Eulerian model used previously, but it includes a surface-sharpening
algorithm that helps to maintain liquid films and liquid layers, should conditions allow
them to form. As the model was three-dimensional, the effects of gravity were
included. The droplet size was based on a correlation developed by Azzopardi [3]. In
all cases liquid was injected at the inlet in the form of an annular ring and droplets in
the core. The fraction of liquid in droplet form was based on a modified version of the
Shell flow regime map [4] as shown in Figure 3. In stratified flow the flow regime
map dictated that all of the liquid would be injected as an annulus at the inlet. As
flow velocities are low in stratified flow this annulus would collapse into a stratified
layer upstream of the meter. Thus the flow regime experienced by the meter was
reasonably realistic.

The model was used to simulate wet-gas flow through orifice plates, Venturis, cones
and wedge meters over a range of different conditions. A typical liquid fraction
contour plot is shown in Figure 4. Note that Figure 4 has been truncated and that the
development length (necessary for the flow to stratify) is not shown. Figure 4 clearly
shows liquid films on the pipe walls and on upstream-facing surfaces of the cone.
Droplets in the core may also, just about be seen.

The three-dimensional method was found to account for stratified flow better than the
two dimensional method. It also successfully reproduced behaviour measured in the
TUV NEL and CEESI test loops, showing that it is not “tuned” to any one test facility.

CONCLUSIONS

It has been shown that CFD methods can be applied to model wet-gas flows. Two
alternative approaches have been developed, and these will probably be used in
tandem in any further studies. Potential applications of this technique include meter
development, assessment of liquid properties effects and extrapolation of laboratory
calibrations to field conditions.
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Figure 5 Over-reading for orifice plate tests at CEESI [5] (4 inch Orifice
Plate)
REFERENCES
1. READER-HARRIS, M.J., GIBSON, J. & HODGES, D. Venturi-Tube performance

in wet gas: computational and experiment. 6" South East Asia Hydrocarbon
Flow Measurement Workshop, 7" — 9" March 2007.

ANSYS Fluent website, www.fluent.com

VAN WERVEN, M., OOMS, G., AZZOPARDI, B.J. & VAN MAANEN, H.R.E.
Modelling wet-gas annular-dispersed flow through a Venturi. FLOMEKO 2003.

DE LEEUW, R. Liquid correction of Venturi meter readings in wet gas flow. North
Sea Flow Measurement Workshop 1997

STEVEN, R. A discussion on horizontally installed differential pressure meter wet
gas performances. 24" North Sea Flow Measurement Workshop, 24" — 27"
October 2006.





