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Foreword

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

The procgdures used to develop this document and those intended for its further maintenance-gre
described|in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed\for the
different fypes of ISO documents should be noted. This document was drafted in accordance with the
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention|is drawn to the possibility that some of the elements of this document may.be the subject of
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Introduction

Oil and gas companies started developing Wet Gas Flow Meters (WGFMs) and Multiphase Flow Meters
(MPFMs) through extensive R&D activities in the late 1980s. During this period, WGFMs and MPFMs
were typically perceived as two distinct technologies for different applications: MPFMs were designed
for liquid continuous flow conditions and WGFMs were designed for gas continuous flow conditions.
In recent years, however, the operating range of these two technologies has increasingly overlapped,
blurring the distinction between a WGFM and MPFM. As wet gas flow is presently considered a subset
of multiphase flow, a WGFM is an MPFM that specializes in gas-dominant multiphase flow conditions. In

thi

Thiere are many factors that contributed in the decision to replace a separator with a WGFM,
application warranting careful consideration. A well-designed and maintained separatoy
within an appropriate flow condition range should produce accurate flow measuréments.
concern for oil and gas companies was to reduce costs by replacing complex and bulky test s
well as to further simplify the upstream infrastructure, in particular for” offshore and subsea
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pjects. WGFMs typically require lower capital®) and operational?) expenditures than fully
t separators. More savings in CapEx may be achieved by omitting dedicated test lines i
Velopments. In addition, there is a significant benefit for offshore developments, in terms
[l space conservation, by using the much smaller footprint of WGFMs.

urate and reliable well test data, giving only relevant information when the well is switc

fomes possible. WGFM developments and extensive testing over the last two decades have 1
[FM technology that is a viable alternative to a testséparator. Modern WGFMs now offer c
Il monitoring (per installation on individual wells):

rades, some WGFMs have been developedfrom prototypes into very mature, robust, advg
d-proven measurement devices, increasing their application scope. Although originally in{
e mainly in reservoir and well production allocations, WGFMs have evolved into a techn
ins even fiscal product allocation: Inr the latter case, the output of a WGFM is used to determ
nsactions between operating corfipanies or between an operating company and a host gov

nciples, and the design,\implementation, testing, and operation of WGFMs.
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Capital expenditure (CapEx) or costs for purchasing and installing a WGFM/MPFM includes all hardware to
operate the WGFM (data transmission, verification facilities, sampling arrangements, etc.)

Operating expenditure (OpEx) or costs to operate a WGFM/MPFM (maintenance, verification

sampling for fluid properties, etc.)
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Natural Gas — Wet gas flow measurement in natural gas
operations

pr
of

Thiere are four general methods in measuring wet natural gas flow. Each approach is detailed

surface and subsea facilities. Wet natural gas streams are gas-dominated flows with<li
ter and/or hydrocarbon liquids3) (see 2.67 for a detailed definition). This Technical(Repo
ms/symbols, explains the various concepts, and describes best practices of wet gas, flow me|
l operation. It addresses metering techniques, testing, installation, commissioning, and
ictices such as maintenance, calibration, and verification. It also provides a theoretical b3
this comprehensive, challenging and still evolving measurement technology.

Single-phase gas flow meter with correction factor: Uses a single-phase gas flow me

metering system. In these cases, the liquid flow rate required to determine the correct
should be estimated from an external source.

Two-phase WGFM: The gas and liquid (both water and hydrocarbon liquid combined)
are predicted with no additional external information regarding the liquid flow rate
This is generally known as a two-phase WGEMyand will be referred to in this Technigd
simply as WGFM.

WGFM: A flow meter that measures thé 'gas and liquid flow rates, and also the gas, 1
hydrocarbon liquid ratios (or “phase.fractions”) with no external information required
the liquid flow rate.

Phase separation/Measurement/after phase separation: This traditional and convention
of wet gas flow metering wuses a two- or three-phase separator with single-phase flqg
measuring the outgoingssingle-phase flows.

T

wdt gas flow metering,-i.e. wet gas flow measurement is executed with WGFMs without {
the¢ gas and liquid phaSes. This Technical Report discusses in detail these first three method
beft practice documents have already been issued to describe, among other topics, wet
mgasurement[2H{10][11][12],

T

phpses hiave been separated. Wet gas meters can be used in multiphase flow metering sys
utillize partial separation technologies. This method is only briefly discussed in this Technica

first three of these-meéthods, which emerged in the last two decades, may be described

last method is more conventional and describes wet gas flow measurement after the gas

vith WGFMs
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a conventional gas flow metering device) with a correction factor for the effect of liquid on the

on factor,

low rates
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2

Terms and Definitions

For the purposes of this document, the following terms and definitions apply.

2.1

adjustment
act of altering an instrument’s performance in any way, e.g. software, mechanical or electrical
modifications, in order for the instrument’s indication to match the reference values indicated by a test
stand

3)

©lI

In this Technical Report, the term hydrocarbon liquid includes both oil and condensed hydrocarbo
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2.2

calibration

set procedure under specified conditions where the output/performance of an instrument is checked
against a reference, usually a test stand

Note 1 to entry: The result of calibration determines the deviation between the instrument indication and the
references. This deviation can assign an uncertainty value to the measurand and could indicate a requirement
for an adjustment.

2.3
capacitance
the ability of a body to store an electrical charge

Note 1 to eptry: Any object that can be electrically charged exhibits capacitance (e.g. a parallel-plate capacitory).

2.4

composition map
map with [water liquid ratio or WLR (2.63) along the horizontal axis (0 % < WLR < 100 %) and gas volume
fraction of GVF (2.22) along the vertical axis (0 % < GVF < 100 %); used to show WGFM operating
enveloped and/or well trajectories (2.65)

Note 1 to ¢ntry: The combination of a two-phase flow rate map (2.59) and a cemposition map is beneficial to
evaluate WGFM applications. See 8.1.3.

2.5
conductiyity
ability of 4 material to conduct electrical current

Note 1 to|entry: In isotropic material, conductivity is also the reciprocal of resistivity, sometimes called
specific copductance.

2.6
density ratio
DR
ratio of ggs density to liquid density at line.conditions, or

DR =|p g/ Pi
Note 1 to entry: In multiphase wet gas flows, the liquid density is typically considered to be the density df a

homogenoys mix of liquid compenents. See Formula (6).

2.7
dry gas
fluid that |s solely in @gaseous phase

Note 1 to eptry: The mix of fluid components flowing may cause the gas to have a finite relative humidity but the
flow at the|flow meter is only in a gaseous phase.

2.8
emulsion
colloid substance consisting of water and hydrocarbon liquid mixes

Note 1 to entry: Emulsions can be water continuous or hydrocarbon liquid continuous, as these have different
characteristics.

2.9

equation of state

EoS

equations that relate the properties of a given substance to its thermodynamic condition

2 © IS0 2015 - All rights reserved
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2.10
film thickness
thickness of the liquid film in annular flow

2.11

flow regime

flow pattern

physical dispersion of phases of a two-phase flow (either wet gas or multiphase) in a conduit

Note 1 to entry: For a particular case of wet gas flow, the flow regime descriptions usually discuss gas and liquid
ion on nvith no individual mention of water and hvdrocarhon liguid

rafio of the gas mass flow rate to the total mass flow rate, or
m
x = GMF = —¢

mg+ mj
Nofe 1 to entry: In multiphase wet gas flows, the liquid flow.rate is typically considered to be the sum of the
lighid components (for example, hydrocarbon liquids, water; and'liquid chemical inhibitors).

Nofe 1 to entry: There is no agreed form for flow regime maps, and different maps can use different garameters
on [the graph axes. Gas and liquid superficial vélocities are common choices. Flow regime maps are alnjost always

Note 1 to_éntry: With wet gas, this tends to be more prevalent with gas/water flows than gas/liquid hyjdrocarbon

free liquid
liquid components in a wet gas flow that are in a liquid form, not including evaporated liquid held as
vapour state with the gaseous component of flow.

2.17
gamma rays
electromagnetic radiation of a kind arising from the radioactive decay of an atomic nucleus

2.18
gas
gaseous component of a wet gas flow, which includes any liquid vapour with relative humid gases

© IS0 2015 - All rights reserved 3
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2.19
gas densi

ometric Froude number

square root of the ratio of the gas flow inertia (if it were to flow alone) to the liquid’s weight, or

Frg

2.20

Usg

JoD

Superficial Gas Inertia Force

|

Liquid Gravity Force

gas expansion factor

term useq

to indicate the volume r‘hnngp in gas hetween two different conditions which mavy inch

de

standard

2.21
gas to oil
GOR
ratio of g4

Note 1to e
MMscf/bbl

2.22
gas volun
GVF
ratio of g3

GVF =

Note 1 to €

ronditions

ratio

s to hydrocarbon liquid volume flow rate

ntry: GORs are stated at standard conditions, but may commonly use different units (e.g. sm3/sm3
s) resulting in different numerical values.

ne fraction

s to total fluid volume flow rate at actual flow conditions)or

Q

9
Q,+ 0

ntry: The GVF is a dynamic measurement of volume flow rates that inherently accounts for slip (2.]

between the gas (Qg) and liquid (QI) phases. Theliquid volume flow rate consists of the sum of the liquid fl,

rates, e.g.
fraction (2

2.23

hydrocarbon liquids, water, and liquid-chemical inhibitors. This is not to be confused with gas v
23). GVF may be expressed as a ratio’or a percentage.

gas void fraction

g
ratio of g3

a
9

Note 1 to {
(2.52) bety

s cross sectional afea to total pipe cross sectional area, or

A

A

ntry:\Gas void fraction is a static measurement at a moment in time and it does not account for ;
veenthe gas and liquid phases. The existence of slip between the phases differentiates GVF from

void fracti

or

b2)

oid

lip
bas

n.

Note 2 to entry: Phase fraction devices in WGFM designs tend to measure the gas void fraction in the system'’s
line-of-sight, not the GVF. The WGFM slip model then derives the GVF from inputs including the gas void fraction
and other subsystem measurements.

2.24
homogen

eous hydrocarbon liquid/water flow

flow of water and hydrocarbon liquid where the phases are evenly distributed throughout the fluid mix

and there

is no slip between the water and the hydrocarbon liquid

Note 1 to entry: The composition of a homogeneous water and hydrocarbon liquid mix is constant throughout the
conduit. However, homogeneous distribution of the phases is rare.

© ISO 2015 - All rights reserved
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2.25
infrared
electromagnetic radiation with longer wavelengths than visible light

2.26
intermittent flow
unsteady flow, where the GVF varies with time, e.g. slug flow

2.27
line conditions (actual, process, or operating conditions)
th modunami condition a ne 1d op 1 a ns at llne

etering device) pressure and temperature

id densiometric Froude number
sqyiare root of the ratio of the liquid flow inertia (if it were to flow alone) to the liquid’s weight, or

Fro— \/Superficial Liquid Inertia Force l_ISI P _om 1
Liquid Gravity Force gb\\Pi—pP,  AJgD p,(p; — pg)
2.29
liquid hold up

aj
rafjio of liquid cross sectional area to total pipe cross sectiornal area, or

Note 1 to entry: The liquid hold up gives effectively¢he same information as the gas void fraction (2.23).

Note 2 to entry: The liquid hold up is a stati¢cimeasurement at a moment in time and it does not accojint for slip
between the gas and liquid phases. That is-the liquid hold-up gas and liquid volume fraction (2.31) diffef due to the
existence of slip between the phases.

Note 3 to entry: With multiphase wet gas flow the liquid hold up can be splitinto its constituent liquid cdmponents.

Fof example, with a gas, condensate and water flow where hydrocarbon liquid hold-up (apc;) and water hold up
(afater) are:

Apgl

Cpel =

A

__ \Uwater
vater & A

Za =0 g+ Aygrer T Apel =1

2.30
liquid loading
qualitative description of the relative amount of liquid in a wet gas flow

2.31

liquid volume fraction

LVF

ratio of liquid to total fluid volume flow rate at actual flow conditions, or

LVF—1-GvF— —
0+0,
© IS0 2015 - All rights reserved 5
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Note 1 to entry: The LVF is a dynamic measurement of volume flow rates that inherently accounts for slip

between the gas (Qg) and liquid (QI) phases. The liquid volume flow rate consists of the sum of the liquid flow

rates (for example, hydrocarbon liquids, water, and liquid chemical inhibitors). This is not to be confused with
liquid hold up (2.29). LVF may be expressed as a ratio or a percentage.

2.32

Lockhart-Martinelli parameter
square root of the ratio of the liquid inertia to gas inertia if the phases flowed alone at line conditions, or

/Inertia of Liquid Flowing Alone

XLM |

that is:

XLM

Note 1 to 4
definitions
Martinelli

i \/ Inertia of Gas Flowing Alone

Ly _mi [Py _ Qi [P _1-GVF |py
Fr . pl . P GVF p
I my Q, 'Y g

ntry: The Lockhart-Martinelli Parameter has a long complicated history. There are several differ
for this parameter, and they are not equivalent. This includes the original definition by Lockhd
which is different from the stated definition here. The definition supplied in this Technical Rep

is now comnmonly used. Nevertheless, this issue continues to cause confuSion in the industry. The differ

definitions

Note 2to e
function of

2.33
mass floy
mass of fl

2.34
measura
particulaj

2.35

meter op
areas in f{
perform/

Note1toe

2.36
microway
electromd

2.37

are described in detail with historical context in Referencesl12land.[13]

htry: In the second formula above, the relationship of the Lackhart-Martinelli number and the GVF
the density ratio.

y rate
hid flowing through a conduit per unit time

d
quantities subject to measurenient

prating envelope
he two-phase flow rate-map (2.59) and/or composition map (2.4) in which a WGFM is
r stated to be capable.of performing

htry: This envelep€imay vary with changing operating condition and fluid properties.

e
gnetic radiation, typically in the frequency range 0,3 GHz to 300 GHz

ent

rt-
ort
ent

to

multipha

se Ilow

flow of gas, water, and hydrocarbon liquid phases

Note 1 to entry: Each of these three components is designated as a separate “phase”. Multiphase flows may also
have other “phases” such as salinity of water or chemical injection phases. A multiphase flow is a subset of a two-
phase flow where the liquid consists of two or more components, typically water and hydrocarbon liquid. There
is no limit to the relative quantity of liquids in a multiphase flow, i.e. the GVF range is 0 % < GVF < 100 %.

2.38
multipha
MPFM

se flow meter

device that measures the oil, water and gas flow rates in a multiphase flow
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2.39
multiphase/phase fraction device
device that measures the phase area fractions of the individual phases of a multiphase flow

Note 1 to entry: These devices tend to measure the area occupied by a particular phase across a given cross-
sectional area. This is not the same information as the phase volume flow rate ratios due to the existence of

a slip (2.52).

2.40

oil continuous liquid

oil external emulsion

lighid flow consisting of the two “phases”, hydrocarbon liquid and water, where the hydrocar
phpse encases the water phase suspended in water droplets in the hydrocarbon liquid phase

se flow rate
ount (in mass or volume)(ofja specific phase passing a referenced point in the conduit per t

6
se mass fraction

prpduction envelope
collectiomrof possible well production trajectories (gas flow rates and liquid flow rates) over t
-pHase flow rate map (2.59), see Figure 23

bon liquid

gas to dry

bctric field

pon liquid.

Init time

ime in the

2.48

relative humidity

ratio of water liquid vapour present in a gaseous fluid relative to the maximum (or saturated) amount

of water liquid vapour possible for that given gaseous fluid to hold at a given thermodynamic

2.49

Reynolds number

Re

ratio of the inertial to viscous forces, or

_ pUD  4m

Re —_—
u mu.D
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Note 1 to entry: The Reynolds number is important in many single-phase meter calibrations or characterizations.
In the common event of dry gas meters being used for wet gas flow measurement the Reynolds number term can
be important. Note that there is no consensus on how to define Reynolds number for a multiphase flow

2.50
salinity

quantification of any dissolved salts in water, expressed as either a percentage or a concentration

2.51

shrinkage
volume change in liguids between two different thermodynamic operating conditions (may inclu

standard fonditions); comprises shrinkage due to pressure, temperature, and mass transfer betws
phases (e.g. gas coming out of solution)
2.52
slip
qualitative term used to describe differences in velocity between different phases‘in a wet gas
multiphade flow
Note 1 to|entry: Typically, gas and liquid phases do not travel at the same veloeity. The existence of s
significant]y complicates wet gas and multiphase flow metering techniques.
2.53
slip ratio
SR
ratio of average velocities of any two phases in a wet gas or multiphase flow, or
v
Sp=1>
U

Note 1 to eptry: For example, the slip ratio between gases and liquids, hence making the GVF and gas void fract
different pprameters.
Note 2 to entry: Similarly, slip between waterand gas, hydrocarbon liquids and gas, and water and hydrocarl
liquids exist. However, many manufacturers-claim that the slip between water and hydrocarbon liquidg i
multiphasg wet gas flows is negligible.
2.54
slip velodity
S
average velocity differencé-between two phases in a wet gas or multiphase flow, or

Sp=U,-U,
Note 1 to entfy ' For example, the difference in velocity between gas and liquid phases.
2.55
standard conditions

de
en

or

on

on

user-defined pressure and temperature, usually (but not always) a pressure of 101,325 kPa and a
temperature of either 15 °C or 60 °F (15,55 °C)

Note 1 to entry : Further references are found in ISO 13443[46].

2.56

superficial gas velocity
average gas velocity that would exist if the gas of a wet gas flow was to flow alone in the pipe, or

Usg = —L
Sg A

mg

Py
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2.57
superficial liquid velocity
average liquid velocity that would exist if the liquid of a wet gas flow was to flow alone in the pipe, or

2.58
two-phase flow
flovof a gas pitase withra Hquid phase

Nofe 1 to entry: In the definition of two phase flow the liquid is considered a single phase fegarglless of its
cotpposition. In the definition of multiphase flow the different liquid components (e.g. hydrocarbon liquid, water,
ch¢mical inhibitor etc.) are considered different phases.

2.39
twio-phase flow rate map
used to show two-phase flow regimes, WGFM operating envelopes, and/af\well trajectories

Nofe 1 to entry: A two-phase flow rate map has the gas flow rate as horizontal axis and the liquidl flow rate
as fertical axis, see 8.13. The combination of two-phase flow rate maptand composition map are b¢neficial to
evdluate WGFM applications.

2.60
x-1ays
eldctromagnetic radiation of a kind arising from the eléctrons outside the nucleus

2.61

wdter continuous liquid
wdter external emulsion
liguid flow consisting of the two “phases”, hydrocarbon liquid and water, where the water phase encases
th¢ hydrocarbon liquid phase suspended in hydrocarbon liquid droplets in the water phase

2.62

wdter cut
wdter to total liquid volume flow rate (for example, hydrocarbon liquids, water and liquid chemical
inhibitors) at standard conditions, usually expressed as a percentage, or

Watercut =| %
QI standard conditions
2.63
water liquid ratio
WLR

wdter, to total liquid volume flow rate (for example, hydrocarbon liquids, water and liquid chemical

] HIRZS AP Jdada L. o 43 4+
lnl ITUILUI D} dl ITTHIC CUILIUIUIUILS, lllCl_y T CA}JI cCootUu do d1dliU Ul d lJCl Lcu\.asc, Ul

wLr=| Qv

Q

actual conditions
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2.64

water liquid mass ratio

WLMR

water to total liquid mass flow rate (for example, hydrocarbon liquids, water and liquid chemical
inhibitors), usually expressed as a percentage or

mw

WLMR=| —
mj
2.65
water volume fraction
WVF

water voliime flow rate to the total mixture volume flow rate at operating conditions, or
Qw
Q g + QI

WVF 4

actual conditions
2.66
well trajgctory
trajectory over lifetime in the two-phase flow rate map (2.59) and composition map (2.4) of a well baged
on produdtion forecast

Note 1 to eptry: A collection of well trajectories for a gas field is called.the production envelope of the gas field.

2.67
wet gas flow
subset of fwo-phase flow where the flow is gas dominant by volume

Note 1 to pntry: The wet gas flow can have a gas flow with one or more liquid components, i.e. water ofly,
hydrocarbpn liquid only, a mix of water and hydrocarbon liquid flows, or a mix of water, hydrocarbon liquids gnd
other liquifls such as liquid chemical inhibitors,. efc;

2.68
wet gas flow meter
WGFM
device thqt measures the gas, or gas and liquid flow rates of a wet gas flow, and may or may not mefer
the hydrofarbon liquid and water flow rates of the wet gas flow’s liquid phase

3 Symbols
Symbol Description Dimension (commf)lnuf?g d unjt)
A Meter inlet area L2 m? (in2)
Ag Gas cross sectional area L2 m?2 (in2)
Aj Liquid cross sectional area L2 m?2 (in2)
A¢ Minimum (or throat) area of a DP meter L2 m?2 (in2)
Cyq DP meter discharge coefficient Dimensionless Dimensionless
Cech Chisholm parameter Dimensionless Dimensionless
D Meter inlet pipe diameter L mm (in)
DP or AP Differential Pressure M/LT?2 Pa (psi)
NOTE Dimensions: L = Length, M = Mass, T = Time, © = Temperature
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. . . SI unit
Symbol Description Dimension (common field unit)
DR Gas to liquid Density Ratio at operating condi- Dimensionless Dimensionless
tions
E DP meter’s velocity of approach factor Dimensionless Dimensionless
N/A N/A
fn (Cl, b, ) Unspecified function with variables a, b, ... / /
Frg Gas densiometric Froude Number Dimensionless Dimensionless
Frg,strat Gas densiometric Froude Number at the strati- Dimensionless Dimensjonless
fied/annular mist flow regime border
Fry Liquid densiometric Froude Number Dimensionless Dimensjonless
g Gravitational constant L/T2 m/s2 (ft/s2)
GMF or x Gas Mass Fraction at operating conditions Dimensionlegs Dimensjonless
GOR , . o Dimensiofiless sm3/sm3
Gas 0Oil Ratio at Standard Condition (MMsct/bbls)
GVF Gas Volume Fraction at operating conditions Dimensionless Dimensfonless
K, Concentration of injected tracer liquid Various Varipus
K Concentration of tracer in liquid sample Various Varipus
LMF Liquid Mass Fraction Dimensionless Dimensjonless
LVF Liquid Volume Fraction at operating condition Dimensionless Dimensjonless
M Murdock coefficient Dimensionless Dimensjonless
) M/T kg/s (Ipm/s)
mg Gas mass flow rate at the pointef'measurement
: Uncorrected gas mass flowTate predicted by gas M/T kg/s (Ibm/s)
m g .apparent meter with'wet gas flow
M/T kg/s (Ibm/s
,;1 Hydroearbon liquid mass flow rate / g/s (Ibm/s)
hcl
. M/T kg/s (Ipm/s)
Liquid mass flow rate
mj
. M/T kg/s (Ibm/$)
Water mass flow rate
mw
n Chisholm exponent Dimensionless Dimensionless
Netrae Chisholm exponent for stratified flow regime Dimensionless Dimensionless
OR Over-Reading Dimensionless Dimensionless
P Operating pressure M/LT4 Pa (psi1)
PLR Ratio of a DP meter’s traditional PPL to DP Dimensionless Dimensionless
PPL Permanent Pressure Loss across a pipe line com-|M/LT? Pa (psi)
ponent, such as a DP meter
PVT Pressure, Volume and Temperature Equation of| Not Applicable Not Applicable
State Calculations
. L3/T m3/hr (ft3/hr)
q Tracer fluid injection volume flow rate

NOTE Dimensions: L = Length, M = Mass, T = Time, © = Temperature

© ISO 2015 - All rights reserved
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- . . SI unit
Symbol Description Dimension (common field unit)
. L3/T m3/hr (ft3/hr)
0 Volume flow rate
. L3/T m3/hr (ft3/hr)
Q Gas volume flow rate at operating conditions
9
) L3/T m3/hr (ft3/hr)
Qh l atiudl u_yul uldl uull lllellu VvUIUIIIT TIUVW 1T dlT
' L3/T m3/hr (ft3/hK)
0 Actual liquid volume flow rate
' L3/T m3/h (ft3/hr)
0 Actual water volume flow rate
W
R4 Reynolds number Dimensionless Dimensionless
S Slip velocity L/T m/s (ft/s)
SR Slip Ratio Dimensionless Dimensionless
T Temperature 0 °C, K (°F,R)
U Velocity of a fluid L/T m/s (ft/s)
L/T m/s (ft/s)
U ) Average actual gas velocity in two-phase flow,
L/T m/s (ft/s)
U Average liquid velocity in two-phase-flow
L/T m/s (ft/s)
l_]sq Superficial gas velocity
L/T m/s (ft/s)
U Superficial liquid velocity
N
L3 3 (ft3
Vg Volume of gasin a unit length of pipe m? (ft?)
3 3(ft3
VI Volunie*of liquid in a unit length of pipe L m? (ft3)
Water|Cut Water Volume flow rate to Total Liquid Volume |Dimensionless Dimensionless
flow rate at Standard Conditions
WLR Water Volume flow rate to Total Liquid Volume |Dimensionless Dimensionless
flow rate
WLMR Water Mass flow rate to Total Liquid Mass flow|Dimensionless Dimensionless
rate at operating conditions
WVF Water Volume Fraction, i.e. Water Volume flow |Dimensionless Dimensionless
rate to Total Fluid Volume flow rate at operating
conditions
x or GMF Gas Mass Fraction, equivalent to Steam quality |Dimensionless Dimensionless
(dryness fraction), i.e. Gas Mass flow rate to Total
Fluid Mass Flow rate
Xim Lockhart-Martinelli Parameter Dimensionless Dimensionless

NOTE Dimensions: L = Length, M = Mass, T = Time, 0 = Temperature

12
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- . . ST unit
Symbol Description Dimension (common field unit)
YorYyore |Expansibility coefficient for a DP Meter Dimensionless Dimensionless
Yip or Ygep Expansibility coefficient for a DP Meter Calcu- Dimensionless Dimensionless
lated with Use of APtp
AP or AP Single Phase Gas Differential Pressure M/LT? Pa (psi)
g 9
Actual wet gas/two phase DP M/LT? Pa (psi
A|Ptp or AP, gas/two p / (psi)
Head Loss/Permanent Pressure Loss M/LT? Pa(psi
APy, or APppy / / {psi)
: i 2 :
D DPPL,tp or Hﬁ‘ad L%(l)ss / Permanent Pressure Loss with two-|M/LT Pa (psi)
Ap phase flow
PPL,tp
ag Gas Void fraction Dimtensionless Dimensionless
Qliquid Liquid hold up Dimensionless Dimensionless
el Hydrocarbon liquid hold up Dimensionless Dimensionless
C
Awater Water hold up Dimensionless Dimensionless
B Square root of a throat to meter inlet area ratio|Dimensionless Dimensionless
of a DP meter
Fluctuation Various Various
K Isentropic exponent Dimensionless Dimensionless
p Density of a fluid M/L3 kg/m3 (Ibny/ft3)
Py Density of gas M/L3 kg/m3 [lbn{/ft3)
P Density of liquid M/L3 kg/m3 (Ibm/ft3)
Pu Dersity of water M/L3 kg/m3 (Ibm/ft3)
Phel Density of hydrocarbon liquid M/L3 kg/m3 (Ibm/ft3)
u Dynamic viscosity of fluid M/LT Pa.s
W Frequency of a parameter measurement 1/T Hz
NJTE~Dimensions: L = Length, M = Mass, T = Time, © = Temperature

4 Objectives of wet gas flow measurement

There are varying objectives that all come under the generic term wet gas flow measurement. The
specific objectives will often dictate the wet gas measurement techniques applied. These techniques
range from the simple and inexpensive, e.g. orifice, Venturi arrangements, to the highly complex and
more expensive three-phase WGFMs%. The economic justification should include CapEx and OpEx
considerations as well as the value of the information that is delivered by the meter. For the latter, the
user should also understand the measurement objectives, i.e. the purpose of the measurements, the

4) The term WGFM means both two-phase and multiphase WGFMs. This distinction is made between two-phase
WGFMs and multiphase WGFMs, where necessary.
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sensitivities of the measurements, as well as the boundary conditions and limitations. As an example,
the costs caused by a hydrate-plugged subsea gas line (production deferment and remedial activities)
are many times more than the installation of a WGFM that is able to measure the water content and
facilitate proper hydrate management.

The following are some common measurement objectives:

The following are limitation and boundary conditions that should also be considéred:

A more comprehensive check list can be found.in Annex A.

4.1 Cormpmon production scenarios

The following is a list of various production scenarios.

a)

b)

d)

14

reservoir and well management;

production optimisation;

prodyction (gas, condensate and water) allocation (see 4.2);
formgtion water breakthrough detection;

flow gssurance, e.g. hydrates, scale, salt deposition (see 4.3);

optintization of chemical injection.

econdmic justification,

total lifecycle cost, e.g. capital, operational, decommissioning (see 4.4);
intendled location (onshore, offshore, subsea, remote, accessible);
size/physical/power limitations;

impagt of changing fluid properties on the meter performance (hydrocarbon compositional changes,
density, H3S, salinity, etc.), particularly for co-mingled flows;

impaqt of wax, salts and scale.

The apset is primarily for natural gas production. The fluid flow is wet gas but the main focus ison
the mleasurement of the gasflow. The liquid flow is only an inconvenience affecting the accuracyf of
the gds measurement:

The apset is primdrily for hydrocarbon liquid production. The flow is wet gas but the objective is the
measyirementof the hydrocarbon liquid flow. The gas flow is only providing the liquid hydrocarhon
carrying mechanism. After phase separation the gas may be re-injected back into the reservoir|as
part qf the production cycle.

e ontaln hotn alalVa¥ha O 2nad huvadro a¥ala a d OIA here mMlnlim

The aks ontains-bo aluable natural gasand hydrocarbon liguid flo alwater
content in the wet gas flow. The operator is required to accurately measure the gas and liquid
hydrocarbon flows. This situation is relatively common at many gas fields from early life through
end of life production flows.

The production flow contains natural gas, hydrocarbon liquid and water flow. There is significant
water content in the wet gas flow. The operator is required to accurately measure both the natural
gas flow and the hydrocarbon liquid flow for production. The operator also requires to accurately
measure the water flow for water treatment and disposal costs. The water flow rate may also be
required to judge the level of hydrate and scale chemical inhibitors to be injected.

The production flow contains natural gas and hydrocarbon liquid flow and initially no condensed
or formation/produced water flow. However, as the well ages water may appear. This phenomenon
is commonly termed water breakthrough. The presence of water can adversely affect the operation
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of the pipeline due to hydrate formation, scale, or salt deposition. For these reasons WGFMs or
(indirect) water fraction sensors may be utilized primarily as water breakthrough monitors or
for determining chemical inhibitor injection rates. In these applications the water monitoring

capability of the meter is the primarily requirement for flow assurance purposes.

4.2 Production allocation

In recent years, WGFMs are increasingly used for fiscal applications where the output of the meter

determines money flow between oil companies or between companies and host governments

(e.g. sales

allocation, transportation fees, custody transfer, and royalty payments). The move of WGFMs into this

application is due to the upstream oil and gas business becoming increasingly complex ir
infirastructure, i.e. facilities are being shared between various producing companies and“eon
is lone much further upstream in the process.

Thie modern trend of subsea co-mingling the wet gas production streams (see Figure 1) calls
mgasurement approach and different philosophies for allocating the condensate, gas, and
the¢ respective sources. In those complex subsea infrastructures, the use of WGFMs is very

terms of
hmingling

for a new
water to
beneficial,

buf the use of these meters creates operational challenges. As an examplé, in subsea applicaftions, it is

expected that these WGFMs will continue to operate for a long time wjithout the ability to re
mdter or to access the meter for maintenance, verification, sampling 6rycalibrations.

Thiere exists a large diversity in applied physical concepts, which makes it difficult to select an
WGFEM for a particular development. It is often difficult to judge@ll the future operational effd
W(GFM in a remote and inaccessible location. One issue that'is not well documented and st
ungertainty in the long term operation is the effect of chahging fluid parameters on the oil/cq
wdter and gas flow rate readings. Mismanagement of these fluid properties can have a 3
impact on the money flows between operating compdnies or operating companies and host ga
or may jeopardize flow assurance.

—

Company “A® | Productio
m]_m"‘ Terminal —@}—»
i Custody
E Transfer

Company “B"
(operator)

| Subsea \Suhsea
Pipeline Pipeline

Fiscal Allocation

k4

trieve the

adequate
cts on the
ill creates
ndensate,
ignificant
vernment

Metering

Company “C"

NOTE “M” denotes meter location

Figure 1 — WGFMs installed at the seabed at the entry of a commingled subsea pipeline will

ultimately determine the money flow between companies A, B and C
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4.3 Flow assurance aspects

In order to ensure a continuous production of hydrocarbons, flow assurance is a critical aspect of flow
metering system design. For instance, the management of water production is essential; water in the
production lines can cause scale, salt and hydrate formation, which can ultimately block flow lines. The
subsequent financial loss from such a production interruption or facility damage can be substantial. In
order to optimize the scale and hydrate deposit inhibition, it is important that water production rates
are measured. For many fields it is also important to know the salt content of the produced water, not
only as a fluid property input to the flow rate calculation, but also in order to prevent corrosion in
the pipelines and production facilities. Next to the above flow assurance aspect, knowledge about salt
content is[alsSo IMportant {rom a reservoir management perspective. Discrimination between sair gnd
fresh water can be used to identify the origin of produced water, as either condensed water vapout| or
produced|formation water.

Flow assufrance is a critical task during deep water oil and gas production because of the high’pressures
and low t¢gmperature (approximately 4 °C) involved.

4.4 WGFM considerations

Once the dlecision has been made to use WGFMs in a project, either for well ahd-reservoir management,
for sales allocation, for legal requirements or for operational control ot flow assurance, the WGFM
selection [process is started. Given the diversity in commercial WGEM\¢oncepts this is not an egsy
task. Eaclh metering concept has its benefits and challenges regarding measurement performance,
engineeripg requirements and cost.

The cost qf purchasing, installing and operating the WGFMs i§ah important aspect that needs upfront
considerafion. There is a relatively large spread in purchasing costs (dependent on pressure rating and
meter siz¢) and subsea flow meters can be often multiple*times more expensive than the equival¢nt
for a topsjde application. However, the total life cycle;eost of a WGFM should include the purchasipg,
engineeripg and installation costs (all considered. CapEx) and the costs to operate the WGFMs, ji.e.
maintenafce, verification processes, sampling forfluid properties, etc. (all considered OpEx). Hence] in
the WGFM selection process it is recommended to consider these life cycle costs next to the performarce
driver (i.¢f uncertainty, repeatability and availability).

The WGFM performance over the entire operating range and the practicality of the maintenance
requirements are important considerations to be weighed against the total life cycle of the WGFM.

4.5 Reljability in remote WGFM installations

An imporfant aspect in rémote or subsea metering WGFM is reliability. Subsea WGFMs are installed
for a long(service life, 25.years up to 30 years in some cases. The mean time between failure (MTBH)>)
specified py vendors-are also within that time span, but with subsea WGFM technology having begen
around legs than 25 years, these theoretical MTBF numbers are unreliable.

A WGFM ¢ften gontains a number of measurement systems (subsystems or building blocks) and if dne
system fall§-it would be very beneficial if its functionality could be taken over by another measurement
system or a combination 0f OTher Measurement SysStems. Having this redundancy (dupiication
and/or over-determined systems) allows the operator to execute verification checks on the meter as a
particular measurement can be done twice with the benefit of being able to compare the two readings.
For those applications with no or limited access, it is strongly recommended to apply systems that have
as much redundancy as practically possible.

In addition, evaluation of the use of a virtual metering system (VMS) as fall-back is an option
(see 6.8). Virtual metering systems are relatively low cost and easy to install. However, their ongoing
maintenance often requires specialist involvement which can be costly, and also their uncertainty is
often more difficult to assess. Note that a virtual metering system is not a replacement for conventional
measurements or WGFM systems, and also is difficult to qualify.

5) MTBF is the predicted elapsed time between inherent failures of a system during operation.
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5 Flow regimes
WGFMs may be influenced by flow regimes.

Brief descriptions for two-phase flow, multiphase flow and wet gas flow have already been provided in
2.58, 2.37 and 2.67 respectively. Both multiphase flow and wet gas flow are subsets of a two-phase flow
(see Figure 2). For multiphase flows, there should be a minimum of three phases present (oil, water, and
gas) and the GVF should range from 0 % to 100 %. For wet gas flows, gas flow — in terms of volume
flow — should be dominant; thus, resulting in high GVF and the relatively small liquid volume flow
can elther be one- phase (two phase wet gas flow) or more (multlphase wet gas flow) However the

ififere eerTs wetg W : xsow-is ays made in
practice and generally ]ust the term wet gas flow is used ThlS approach is also used in thlS Technical
Report and, only where essential, the terms two-phase or multiphase are added to wetgas flow or wet
ga$ flow measurement.

[ Multi-Phase Flow | | Wet Gas Flow |

Twao-Phase Flow

/ Y
{ Multi-Phase ti-Phase | Two-Phase '
i Flow \~Wet Gas Flow Wet Gas |

‘9 Flow

Figure 2 — Multiphase and wet gas flow shown as both a subset of a two-phase flow

Thie flow regime is a physical description of the way the liquid phase is dispersed in the gas|flow. The
flow reginde_is important in wet gas flow metering, as the dispersion of the liquid can influence the
performance of flow meters. Many WGFM designs perform better in a particular flow regime ¢r attempt
to jnduce a preferred flow regime.

Flow regimes are dictated by complex phenomena and are difficult to describe precisely. Fluid
properties, phase flow rates, meter orientation, pipe geometry, and the line pressure and temperature
all affect the flow regime. The transitions between different flow regimes are gradual with varying
influencing parameters.

Flow regimes are presented depending on flow orientation. Given these complexities, these
presentations are approximations and only representative of flow in long straight pipes. Figure 3 shows
typical horizontal and vertical flows. Most WGFMs are installed in one of these two orientations.

5.1 Horizontal wet gas flow regimes

For all horizontal wet gas flow regimes, the gas velocity is higher than the liquid velocity, i.e. there is
slip between the phases.
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5.1.1 Stratified flow

For a given gas to liquid flow rate ratio at relatively low pressure and gas velocity, i.e. a low gas dynamic
pressure, the liquid weight is the dominant force on the liquid phase. In this case, the fluid phases are
stratified. This is commonly termed “stratified flow” (or “separated flow”). The interface between the
two phases can be smooth, but commonly has a disturbed (i.e. wavy) interface.

Flow Direction

5.1.2 Slug flow

Excessive
unstable f
flow regin

Slug flow
plug of cq
high spee
rugged te

hydrocarlon production pipe lines. Severe-sligging can have adverse performance effects on WGFM

513 A

At high d
(higher G

The horiz
gas flowir]

At the ext
This mixt

F-?—«——m___-hd c
= - = S
Stratified or Separated Flow g

|

=

2

o

Churn Annular

Annular or Annular Mist Flow Flow Mist Flow

Figure 3 — Horizontal and vertical upward flow regimes

waves that nearly or completely fill the pipe cross‘section are termed slug flow. This
low and it is therefore generally not desirable to attempt to meter wet gas flow with a s
he. Slug flow is one example of what is often calleéd*“intermittent flow”.

d and is potentially damaging to downstream equipment. The subsea riser or pipeline oj
'rain are locations where severe slugging can occur. Slug catchers are common components

hnular mist flow

/F), the prevalent flow/regime is annular mist flow.

bntal flow canhave an asymmetrical ring of liquid around the periphery of the pipe with {

remecondition of the liquid being fully entrained, droplets are well dispersed in the gas pha
ire“ean be approximated as a pseudo-single-phase flow of averaged fluid properties as the 3

ratio tend

5.2 Ver

tical up wet gas flow regimes

Vertical and horizontal wet gas flows can have different flow regimes due to the influence of gravity.

5.2.1 Churn flow

is
ug

should not be confused with “severe slugging”. Severe slugging is the irregular surge df a
llected trapped liquids in the upstream-piping. This volume of liquid travels at relativgly
yer

n

5.

ynamic gas pressures, i-€. high gas velocity and/or density, and higher gas-to-liquid raltio

he

gina centralcore laden with entrained liquid droplets. As the gas dynamic pressure increages
the entrainment increases, the annular ring depth reduces and the average drop size decreases.

se.
lip

5 to'unity. This condition is termed either mist flow, fully dispersed flow, or homogenous flow.

For a given gas-to-liquid flow rate ratio at relatively low gas dynamic pressure, the wet gas flow is
highly unstable. This flow regime is called “churn flow” and is generally undesirable for wet gas flow
metering. It can exhibit the particular characteristic of having fluid structures that are momentarily
moving against the bulk flow direction, or with a strong radial velocity component. Churn flow is
another example of what is often called “intermittent flow”.

18

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

5

ISO/TR 12748:2015(E)

.2.2 Annular mist flow

For a given gas-to-liquid flow rate ratio at higher gas dynamic pressure, the liquid’s weight can be
overcome and the flow becomes a symmetrical annular mist flow. As the gas dynamic pressure
increases, annular mist flow behaves in the same way as it does in horizontal flow. The flow regime can
be described as alternatively mist flow, dispersed flow or homogenous flow.

5

.3 Vertical down wet gas flow regimes

There are no diagrams presented for vertical down flow. All vertical down flow is considered to be

anfiular mist ITow as gravity acts In the same direction as the gas rlow. For vertical down ani
flow, the slip between the phases can be considerably different than with vertical up annule
Thiis can cause the meter performance to be different. (19
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vertical flow regimes. It is known that even a few degrees positive o(q ative deviation|
hotizontal can significantly affect a flow regime. O
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a) Vertical up churn flow b) Annular mist vertical up flow
Figure 5 — Examples of vertical up wet gas flow regimes

Figure 4 and Figure 5 show a small set of examples of horizontal and vertical up wet gas flows. Real
flow regimes generally behave in a more complex and unsteady way than suggested in the idealised
diagrams of Figure 3. Often, the actual flow regime is some hybrid regime in transition between two
flow regimes.

It additiof, most wet gas flow regime descriptions only discuss a gas and a liquid component. Mpst
wet naturpl gas flow metering applications have liquid phase mixtures of both water and hydrodarbpn.
This can further alter wet gas flow regimes, both complicating the wet gas flow regime description gnd
affecting the WGFM response.

— Figurp 4 a) shows nominally stratified flow. The fluids are natural gas and water. However, the wafer
phasd has gas bubbles entrained within it. At the same flow conditions natural gas and hydrocarhon
liquid flow does not have gas bubbles in the liquid.

— Figurp 4 b) shows natural gas with a hydrocarbon liquid. The flow regime'is'annular mist.

— Figurp 4 c) shows natural gas with both hydrocarbon liquid and (water. The flow regime is|in
trans|tion between stratified and annular mist. Streaks of waterfor “rivulets”, can be seen on the
wall. Buch behaviour is not known to occur if the gas flows with water alone or hydrocarbon lighid
alone| That is, the mixture of water and hydrocarbon liquid causes a shift in flow regime compared
to if the gas flows with only a single liquid component.

— Figurp 5 a) shows natural gas and water vertical up chrn flow.
— Figurp 5 b) shows a natural gas and hydrocarbon tiquid annular mist vertical up flow.

This complexity of flow regimes is one of the(@easons why WGFM designs largely rely on semi-
empiricallcorrelations (sometimes called “slip models”). However, the slip models correlations are often
confident]al and considered Intellectual Property of the vendors.

5.6 Flow regime maps

Wet gas flow regime maps present qualitative illustrations of the different flow regimes at variqus
condition$ in a graphical format. Many such maps are for general two-phase flow where the wet gas
region is a section of the gverall flow condition range considered. Flow regime maps may be used| to
educate apout wet gas flewbehaviour and to predict the expected flow regime. Flow regime maps qre
typically not used as part-of the metering process.

Figure 6 ghows a typical example of a horizontal flow map in the wet gas region for a nominally 4-ifjch
line size, withatural gas and hydrocarbon liquid. Like many flow regime maps it is created from
physical gbséeryvation. There are no guidelines on how to create a flow regime map. For this reason flpw
regime mpps/can have different parameters on the axes. In this particular example these are the gas
and liquid densiometric Froude numbers. It should be noted that flow regimes change gradually when
the relevant parameters vary. The borders between the flow regimes do not represent step changes but
rather the centre of transition regions.

The flow regime may change as the flow progresses through the WGFM. For example for DP meters the
reduction of cross sectional area causes further local flow regime change. The acceleration of the flow
causes the local flow regime to tend towards annular mist flow.

Although Figure 6 may infer that slug flow will not occur with wet gas, it should be noted that this
figure is only applicable across a specific range of flow conditions. When considering other wet gas flow
conditions, the boundaries shown in this map change position, and there are wet gas flow conditions
where slug flow does occur.
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Figure 6 — An example of a natural gas:and light liquid hydrocarbon
horizontal flow regime map for a 4-inch line

5.7 Different wet gas flow parameters

It is common for different operators and WGFM manufacturers to use different parameters tp describe
lighid loading terminology. Hence, convérsion between liquid loading terms is required.

Common parameters describing the fwetness” of a wet gas flow are the Lockhart-Martinelli parameter
(X1m), the Gas Volume Fraction (GV-F), the Liquid Volume Fraction (LVF), the quality (x), the liquid to gas
mdss flow rate ratio or the liquid to gas volume flow rate ratio. These parameters are not all directly
inferchangeable. Some are related through the gas and liquid densities, and conversion equations for
various wet gas flow parameters are given in Annex B.

Defining the maximum value for liquid content of a wet gas flow has proved contentious. Academia,
WGEFM manufactGnérs and operators often have different ways of describing the wetness of jgas flows.
Fufthermore, witen one named parameter is chosen, there may still be debates on the precisedefinition
of that paramgéter and what maximum value of that parameter constitutes the limit of wet ga§ flow.

Howevetrthe Lockhart-Martinelli (X1py) parameter (as defined in 2.32) has become the most prominent
pafameter to be used to describe the liquid loading of a wet gas flow. A common definitign for wet

floaz 1o 1 leboad N ot A1l oo at o ool oo th oo oo imaataliz 02 Thico Lo 1
ga HOWIS—aTmoerkatrtvrarehiert paramrCtCTvaraC eSS orart appr UAAAAL(ALL/A)’ \V e s e s v v BOHHE aI‘y value

is intended to represent the approximate lower flow regime boundary from non-intermittent to
intermittent flow regimes (see Figure 6). It should be noted that intermittent flow is an adverse flow
condition for WGFMs. Both the operator and the WGFM vendor should mutually understand the liquid
loading and the WGFM operating range in terms of gas and liquid flow rates and flow regimes.

5.8 Water in wet gas flow

Water molecules can be present in either the liquid phase or the gas phase. Water in the gas phase is
generally called water vapour and originally present in the reservoir gas. The water in the liquid phase
can be a mixture of condensed water (condensed from the reservoir gas in the production process)
and water from the reservoir aquifer (formation water). The latter is often saline water and should
in principle not be produced; however, that cannot always be avoided. In particular at a later stage in
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the production process this water is breaking through in the well bore. In Figure 7 a schematic cross
sectional area is given of a wet gas flow with an indication of where water molecules can be found.

WGFMs are in principle able to measure the water content in the well production stream but it is not
always straight forward what vendors actually mean by measuring water flow rate or WVF and this
needs further clarification with the vendors.

_,—'ﬁ-c:'/ Watervapour W

VR = HCvapour + Watervapour
Total
Hcva_pour
(incl. inert Gas
gasses like LVF = HCliquid + Waterliquid
CO2, N2, etc.) Total
GVF +LVF =1
HCliquid
(Condensed HC) Waterfiaui
WVE = llq_uld
Total
Liquid
Waterliquid W o
t
(condensed water WLR= aterliquid
and/or Waterliquid + HCliquid
formation water)

Total = Waterliquid + Watervapour + HCliquid + Hcvapour

NOTE Water in gaseous form tends to be called “water vapout’s

Figure 7 — A schematic figure showing where water molecules are present

6 Wet gas flow metering principles

6.1 General

In-line WIGFMs measure a wet(gas flow without the requirement for phase separation. In-ljne
measurement of a wet gas flow i§ usually approached via three general methods.

a) Singlg-phase gas flowimeter with correction factor — Use a single-phase gas flow meter (often
a conpentional gas,flow metering device) with a correction factor for the effect of liquid on the
metefing systems,In these cases the liquid flow rate, required to determine the correction factor,
must pe estimated from an external source (see 6.2.1).

b)

c¢) Multiphase WGFM — A method that is characterized by the WGFM measuring the gas and liquid
flow rates and also the gas, water and hydrocarbon liquid phase fractions. No external information
is required regarding the liquid flow rate. In order to determine the correction factor, two methods
can be used. In the first case, this correction factor is deduced from fully empirical or semi-
empirical correlations deduced from tests. In the second approach a physical model is used taking
into account the different interactions between the phases in the WGFM (see 6.2.3). The physical
model produces a semi-empirical correlation.
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All three methods require the application of empirical or semi-empirical correlations, deduced from
experimental data sets.

— Empirical correlations (i.e. mathematical data fit) apply a mathematical expression that is found to
bestrepresentastated data set. There is no physical meaning to the chosen mathematical expression.

— Semi-empirical correlations apply a mathematical expression formed around a physical model.
There is physical meaning to the chosen mathematical expression and only constants within the
expression are fitted to a data set.

— The complexity of physical modelling, and hence the complexity of semi-empirical correlations,
can vary widely between metering systems. Increasing the complexity and robustness-gf physical
modelling, and the associated semi-empirical correlations, is at the fore-front of WGFM research
and development.

Thiis Technical Report addresses all three of these generic in-line WGFM technologies mentioned above.

fourth approach to wet gas metering is phase separation. This traditional*method uses|a two- or
three-phase separator to separate the natural gas, liquid hydrocarbon andwater phases. Sirjgle-phase
flow meters are used at the separator single-phase flow outlets. This wet\gas metering system concept
is $imple, technically transparent and common. There are many applications where this is a fuccessful
teq¢hnology. There are other applications where the use of a séparator is not ideal as production
conhditions, and common financially driven operator practices, can-adversely affect this multiphase wet
ga$ metering methodology. This Technical Report briefly discusses these issues but concentrdtes on the
in{line WGFM technologies.

re are examples of technologies that are hybrids of‘thése different general methodologies
6.2 In-Line wet gas flow meters

6.2.1 Single-phase gas flow meter with.correction factor

Sirjgle-phase gas flow meters are often'operated with wet gas flow. A single-phase gas meter will have
a gas flow rate prediction error indticed by the presence of liquid with the gas flow. For Djfferential
Pressure (DP) meters these errors tend to be reproducible. For known fluid properties and ljquid flow
rafe information (obtained frem an external source) the gas flow rate prediction error tgnds to be
cofrectable. This “wet gas correction factor” can be called a “wet gas correlation”. A wet gas cprrelation
cah be empirical or semi-empirical. Most commercial products using wet gas correlations haye a heavy
reiance on data fitting.

Thee liquid flow_ratée measurement is usually a spot measurement technique, including, but not
extlusively using

—| testseparator historical data,

—| tracer dilution methods, and

ini@danl A ades
— v 1 PITuUuitCtiUlls.

The gas flow rate prediction uncertainty is influenced by the wet gas correlation, fluid property and
liquid flow rate assumption uncertainties. Extrapolation of any wet gas correlation beyond the set
laboratory flow conditions on which it was based can lead to gas flow rate prediction biases.

A DP meter with a wet gas flow correlation is a widely understood metering technology and is the most
common way of measuring wet gas flow.

© IS0 2015 - All rights reserved 23


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

ISO/TR 12748:2015(E)

6.2.2 Two-phase wet gas flow meter

A two-phase WGFM measures the bulk gas and liquid flows without distinguishing between water and
liquid hydrocarbon phases. A two-phase WGFMs require that the fluid properties be supplied by an
external source, but they do not require the bulk liquid flow rate supplied from an external source.

Traditionally, two phases WGFMs are designed for gas with one liquid component flow although some
designs have been successfully used with gas, water and liquid hydrocarbon wet gas flows. Two-phase
WGFMs do not predict the ratio of water to liquid hydrocarbon flow rates.

Two-phase WGEMs are more complex and expensive than a standalone single-phase gas meter with a
wet gas cprrelation. However, unlike a standalone single-phase gas meter with a wet gas correldtipn,
two-phas¢ WGFMs can indicate live liquid and gas flow rates.

A two-phase WGFM design combined with a “water-liquid ratio (WLR) device” can?producg a
multiphage WGFM system.

6.2.3 ultiphase wet gas flow meter

Multiphade WGFMs measure the natural gas, water and hydrocarbon liquid flow rates of a multiphase
wet gas flow. Multiphase WGFMs are flow meters where the metering systém can also measure the
ratio of hydrocarbon liquid and water.

Multiphade WGFMs require that fluid properties be supplied by aii“external source, but they do pot
require the hydrocarbon liquid or water flow rates be supplied from an external source.

A multiphlase WGFM offers more detailed flow information than a two-phase WGFM or a single-phase
gas metel with wet gas correlation, but these advantages.come with considerably more complexity,
subsystems and expense.

(53

It should e noted that such is the variety of WGFM de€signs available that some meter designs may not
fit neatly Into these general descriptions.

6.3 Single-phase gas differential pressure meters with wet gas flow

Differentipl Pressure (DP) meters are popular flow meters for single-phase gas flow applicatiops.
Often opejrators do not know a natural gas production flow will be wet before production starts, and
a single-phase DP meter is chosen for the application. Gas DP meters are therefore the most common
WGFMs by default.

When opgrators know a ratural gas flow will be wet from the outset, DP meters are still a comnjon
meter chqice. In many.-gagses, it is not economically justifiable to use a WGFM. It is often considered
better to have some flow information rather than none. Therefore, a DP meter will be used to measure
the wet gas flow. A Wwet gas correlation may or may not be applied. Furthermore, in some applicatigns
the WGFM is notexpected to perform with low uncertainty.

There is g$ubstantial public data showing DP meter wet gas flow trends. Although there are mgny
single-phaseDPmeterdesigms;they operateusing tire same physicat primciptesamd-thre same germeric
flow formula.

The generic differential pressure (DP) meter mass flow rate formula is:

mg =EA,sCq (2 4AP, @

When a generic DP meter is used with wet gas flow, the presence of the liquid with the gas causes the
differential pressure produced (4P¢p) to be different than if the gas flowed alone (4P;). When applying

6) This discussion excludes the laminar flow element and averaging pitot tube meter designs which operate on
different physical principles to the main group of DP meter designs and are not commonly used in wet gas flow
applications.
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the standard gas mass flow rate Formula (1), the use of this wet gas differential pressure (4Pp)
produces an “apparent” gas mass flow rate prediction, as shown by Formula (2)

mg’apparent = EAtStpCdJip 'ngAPtp (2)

The expansibility () is dependent on the differential pressure and hence wet gas causes a different
expansibility () than when the gas is dry. If the discharge coefficient is a function of the Reynolds
number, then the resulting iterative solution results in a different discharge coefficient (Cq¢p) to that
when the gas is dry.

Thie over-reading (OR) is defined as the ratio of the flow meter’s apparent gas flow rate to the'pctual gas
mdss flow rate. Formula (3) expresses a DP meter’s over-reading

OR = Mg.apparent _ EAcewCam2P g2 _& wlap AP (3)
rhg EAeCy /2pgAPg eCq \ AP,

In many industrial flow conditions the general simplification &,,Cy ., €€  is reasonable. Therefore, a

DP meters over-reading is sometimes denoted as the ratio of the twafphase/wet gas DP (4Pp) to the DP
thgt would be produced if the gas component of the wet gas flow flowed alone (4Py), i.e. Formpla (4).

AP, @

APg

OR =~

6.3.1 DP Meter design influence on wet gas over:reading

Different DP meter designs, and different geometries of any one generic DP meter design) can have
diffferent wet gas flow over-readings for any.given wet gas flow condition. However, all DP m¢ters have
the same generic wet gas flow trends. This)characteristic means one DP meter design can e used to
degcribe the generic DP meter wet gas(flow response. Data for a Venturi meter is shown in Figure 8
through Figure 13, although the general trends are true of all DP meters.

6.3.2 Lockhart-Martinelli parameter influence on DP meter wet gas flow over-reading

Sirjgle-phase gas flow DP meters tend to indicate a positive bias, or “over-reading”, irlduced by
the presence of liquids.)The scale of the DP meter’s wet gas over-reading is influenc¢d by the
Lofkhart-Martinelli \parameter. As the Lockhart-Martinelli parameter increases, the ovér-reading
indqreases([14]. Figure 8 shows sample DP meter data indicating this phenomenon. This type d¢f graph is
called a “Murdockplot”.

For the patticular case of the orifice meter with very low Lockhart-Martinelli parameter values
(XM < 0,02), it is known that a slight negative bias may be induced on the gas flow rate prefiction by
th¢ présénce of liquids[12]. At higher Lockhart-Martinelli parameters, orifice meters will ovep-read the
ga$ flow rate.

6.3.3 Gas to liquid density ratio influence on DP meter wet gas flow over-reading

The scale of a DP meter’s wet gas over-reading is influenced by the gas to liquid density ratio. For a given
DP meter, and all other wet gas flow parameters held constant, as the gas to liquid density ratio increases
the over-reading reduces[151[16][17], Figure 9 shows sample DP meter data indicating this phenomenon.

Also, when water and hydrocarbon liquid are the only liquids present, the average liquid density is used
in wet gas flow calculations, as is calculated in Formulae (5) and (6)

WLMR:m—W

mw+Mhpcl

(5)
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, _ PhclPw ©)
1, homogenous Pu (1—WLMR)+WLMRPhCI

6.3.4 Gas densiometric Froude number influence on DP meter wet gas flow over-reading

The scale of the DP meter’s wet gas over-reading is influenced by the gas densiometric Froude number.
For a given DP meter, and all other wet gas flow parameters held constant, as the gas densiometric
Froude number increases the over-reading increasesl18l. Figure 10 shows sample DP meter data
indicating this phenomenon.

6.3.5 DP meter orientation influence on DP meter wet gas flow over-reading

The DP mpter’s wet gas over-reading is influenced by the installation orientation, due to the influenpce
of orientdtion on flow regime. For a given DP meter and set wet gas flow conditidns; different
orientatidns therefore cause different over-reading values[19]. Figure 11 shows sample DP meter data
indicating this phenomenon.
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Figure 8 — The liquid loading effect
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Figure 9 — Gas to liquid density ratio effect

26 © IS0 2015 - All rights reserved


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

4 in, 0,4 Beta Ratio Venturi Meter

ISO/TR 12748:2015(E)

20 DR 0,0135
oo 18] of®
i O
= 141
17
w
RS 10+ od
o 8 @
= 6 - il
= <Average Frg0,35
= EH“ o Fr.
[i] . T r
0 0,02 0,04 0,06

Lockhart-Martinelli Parameter

4 in, 0,6 Beta Ratio Venturi Méter

70+ with Gas and HCl , O

g 60 |

= o

o 501 | o

g

m. 'q'ﬂ_ a ok

5 304 £

g

o 207 & -

2 < Harizontal, DR 0,013, Fr, 2,3
107 GVertical Up, DR 0,013, Fr, 2,3

0 005 o001 015 02 025
Lockhart-Martinelli Parameter

Figure 11 — Orientation of meter effect

Figure 10 — Gas densiometric Froude Number effect
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Figure 12 — Beta ratio effect
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Figure 13 — Fluid properties effect
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ngsl20][21], Figure 12 shows sample DP meter data indicating this phenomenon. The effects
ralues of beta are typically minor, apart from meters with significant beta differences and
Lockhart-Martinelli numbers.

6.3.7 Fluid property influence on DP meter wet gas flow over-reading
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gas flowl22][23], Figure 13 shows sample DP meter data indicating this phenomenon.

al.[24] modelled a multiphase wet gas flow through a Venturi meter. The scale of the
bt gas over-reading i§ ihfluenced by the Water Liquid Ratio (WLR).

6.3.8 Meter size/diameter influence on DP meter wet gas flow over-reading
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Consideration should be given to the validity of extrapolating any DP meter wet gas correlation’s
empirical or semi-empirical equation, as such extrapolation could potentially result in flow rate
prediction biases. This includes extrapolation in the following parameters:

— DP meter type design;

— Lockhart-Martinelli parameter;

— gas to liquid density ratio;

— gas densiometric Froude number;

28

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

ISO/TR 12748:2015(E)

— meter orientation;

— beta (diameter ratio);
— liquid properties;

— meter diameter.

If a given geometry DP meter is to be used installed in an orientation with given wet gas flow conditions,
where no suitable wet gas correlation exists, it is best practice to characterize that DP meter’s wet gas
flow performance. Characterization consists of a wet gas flow test across the application’s wet gas flow
cofditions, and a data fit to an empirical, or semi-empirical wet gas correlation. Tt is not geod practice
to pse an existing DP meter wet gas correlation for a

—| different DP meter design,

—| same DP meter design but different diameter and /or beta ratio,
—| different installation orientation, and

—| different wet gas flow conditions (of any sort).

Sample DP meter wet gas correlations used for three popularéDP meters are described in 6.4.2,
6.4.3 and 6.4.4.

6.4 General discussion on DP meter wet gas correlations

Acfoss the hydrocarbon production industry there are many different DP meter types and g¢ometries,
anfl many wet gas flow conditions encountered. Wet’gas flow DP meter correlations do nof exist for
mdny of these applications.

Eafh of the DP meter wet gas flow correlations that do exist are for a specific DP meter type,a specific
gepmetry range, a specific meter installation orientation and a specific wet gas flow range. Use of any
cofrelation outside its stated range can\cause gas flow rate prediction biases.

The following information shows.éxamples of DP meter wet gas flow correlations in the public
domain. There are other wet gas flow correlations for these and other DP meter designs. These wet
ga$ correlations discussed here are a limited set of what is publicly available, and are diven here
for] educational purposes.( The inclusion or omission of any published wet gas correlation |jn no way
signifies ISO approval of'disapproval of any wet gas correlation.

ISQ is not liable for the validity of any wet gas correlation uncertainty statement claimpd by the
cofrelation developers.

6.4.1 Wet gas flow performance characterization vs. published wet gas correlations

It 1s technically beneficial to conduct a dedicated wet gas flow test on each individual DP flow meter.
However, if for economic reasons an operator cannot wet gas characterize a particular DP meter, the
operator can enquire from the meter manufacturer if any suitable in-house wet gas flow data sets and
correlations are available. If not, the operator can use a published correlation as default. As with all
correlations, the effect of extrapolating any parameter is unknown and likely to have an adverse effect.

Most DP meter wet gas correlations are formed from a data set obtained from a given DP meter in a
given installation orientation, across some wet gas flow condition test range. It is common practice
to assume that such DP meter wet gas flow correlations are transferrable to nominally identical DP
meters in the same installation orientation and wet gas flow conditions.

6.4.2 Horizontally-installed orifice plate meter

Orifice meters have a reproducible wet gas flow performancel25].
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The Murdockl[14] wet gas flow correlation for orifice meters is reproduced here as Formula (7). The
Chisholm[17] wet gas flow correlation for orifice meters was a development of Murdock’s work. Later DP
meter wet gas correlations tend to be based on the Chisholm mathematical form, which is reproduced
here as Formula (8).

Murdock
mg = 28APPATent ik M=1,26 (7)
1+ MX,
Chisholm
rh _ T.ng,apparent with
g=
2
n n
Cop= Py L+ PL , where Chisholm setn to 1/4. (8)
Pl pg

Although| well known, the Murdock and Chisholm orifice meter correlatiens have been superseded. A
more adviinced horizontally installed orifice meter wet gas correlation was released by Hall, et al.[35].
The corrdlation is shown as Formulae (8) and (9) to (13). The lindits' of the correlation are given|in
Table 1. Within the correlation limits, for known fluid properties and liquid flow rates, the gas flow rate
canbe prddicted to 2 % at 95 % confidence level. As with all correlations, the effect of extrapolating gny
parametel is unknown and likely to have an adverse effect. Users extrapolate at their own judgemenit.

Table 1 — Orifice Meter wet gas correlation parameter range

Parameter Range
Pressure 100 kPa < P <7890 kPa
Gas to liquid density ratio 0,007 <DR< 0,110
Frgrange 0,2<Frg<725
Xim <0,3
Inside fulllbore diameter 0,0493m<D<0,1023 m
WLR 0<WLR<1
Beta 0,24<B<0,74
Gas phase Nitrogen or Natural Gas
Liquid phdse Light Hydrocarbon Liquid and/or water
Frg,st 1 ’l:¢(n") UL MD) 9)
A=0,4-0,1¢"WLMR (10)
2
1 A
Nstrat =| =~ T (11)
V2 VFrg strat
n=ng... for Fro" Fry qrq (12)
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2

| 4
\/E /Frg
The correlation is relatively complex. Due to this complexity it would be preferable that users apply

tried and tested software. However, at the time of writing the correlation is new and such software is
not yet available in flow computers.

n for Frg > Fr (13)

g,strat

6.4.3 Horizontally-installed Venturi meter

A horizontally-installed Venturi meter correlation was released by de Leeuwl[18]. This cerrelation is
specifically for a 4-inch, 0,4 beta ratio Venturi meter with gas and light liquid hydrocarbons-opnly. These
cofrelations are presented here as Formulae (8), (14) and (15). The limits of the data s€ts-used to create
these correlations are given in Table 2.

for0,5<Frg<1,5n=041 (14)

(15)

and for Frg>1,5,n = 0_606(1_8—0-746Frg )

Within the correlation limits, for a known liquid flow rate, the gasflow rate is reported to be|predicted
within 2 % at 95 % confidence level.

Thie “de Leeuw” correlation is widely known as “the Venturi meter wet gas correlation”. [It is used
extensively throughout industry with many Venturi qneters of various diameters, beta ratios, fluid
types and wet gas flow conditions. However, as with all correlations, the effect of extrapdlating the
semi-empirical correlation is unknown and likely t0.have an adverse effect.

Table 2 — Venturi meter wet gas correlation parameter range
Parameter Range
Pressure 1500kPa<P<9000kPa
Gas to liquid density ratio 0,014 < DR <0,080
Frj range 1,5<Frg<4,8
X1m <0,3
Inside full bore diameter 0,097 18 m
Bdta 0,4 only
WLR 0
Gas phase Nitrogen
Liquid phase Light Hydrocarbon Liquid

There are a few other publicly available Venturi meter wet gas flow correlations. The Venturi meter
is a popular choice for wet gas flow applications. Various WGFM manufacturers who use the Venturi
meter in their design have undisclosed wet gas flow Venturi meter data sets and associated confidential
correlations.

Significant modelling of wet gas flow through Venturi meters has been undertaken by Van Werven,
et al.[26] and Lupeaul2Z]. Such models tend to predict the liquid film thickness and droplet size
of annular mist flow as well as the gas and liquid flow rates. Such modelling-based wet gas Venturi
meter techniques are gaining support amongst operators. However, at the time of writing they are still
confidential, not openly available in the market, and tend to be applied only in-house by the operators
who developed them.
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6.4.4 Horizontally-installed cone meter

Horizontally-installed cone meter wet gas correlations were released by Steven, et al.[28]. These
correlations are solely for a 0,75 beta ratio cone meter. One correlation was developed for gas with
light liquid hydrocarbons only. Another correlation was developed for multiphase wet gas flow.
The gas/hydrocarbon liquid wet gas correlation is presented as Formulae (8), (16) and (17). The
“multiphase” wet gas correlation is presented here as Formulae (8), (18) and (19). The limits of these
correlations are given in Table 3.

For hydrocarbon liquid only:

for Frg<0,5,n=0,19 (16)

1 0,7281
for Frs > 0,5, n 25[1_{0,TF@}J (_7)
e

For the cage of light liquid hydrocarbons only, within the correlation limits for a known liquid flow rdte,
the gas flaw rate is reported to be predicted to £2 % at 95 % confidence level.

For a watg¢r liquid ratio between 0 % and 100 %:

for Fry<0,5,n=0,143 (18)

for Frg > 0,5, n :l 1- 083 (19)
é 2 0,3Fr,
e

For the cdse of multiphase wet gas flow within the correlation limits for a known liquid flow rate, the
gas flow rpte is reported to be predicted to 2,6 % at.95,% confidence level. No water liquid ratio (WIR)
effect waqd quantified. This correlation treats the WLR effect as scatter.

Table 3 — Cone meter wetgas correlation parameter range

Parameter Range
Pressure 1360 kPa to 7 750 kPa
Gas to liqyid density ratio 0,012 <DR < 0,090
Frgrange 0,53 < Frg < 8,80
Xim <0,305
Inside fulllbore diameter 0,0969m<D<0,147 0 m
Beta 0,75 only
WLR 0<WLR=<1
Gas phase Nitrogen or Natural Gas
Liquid phase Hisght Hydroecarbontiquid-and-Aater

As with all correlations, the effect of extrapolating any parameter is unknown and likely to have an
adverse effect. Users extrapolate at their own judgement.

It should be noted that a cone is an obstruction in the centre of the pipeline, where velocities are
highest, and adequate structural engineering considerations need to be made. In addition the effects of
the erosional impact on the pipe wall should be evaluated.

32 © IS0 2015 - All rights reserved


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

ISO/TR 12748:2015(E)

6.5 Generic two-phase wet gas meter designs

Two-Phase WGFM technology is continually developing. However, most WGFM technologies are based
on well-established generic concepts. These generic concepts are described below.

6.5.1 Multiple single-phase meters in series

A common approach to wet gas flow metering is to use at least two dissimilar gas flow meters in series.
This is a wet gas/two-phase flow measurement by difference technique. With a measurement by
difference technique, the method works better the larger the difference in the two parameters being
mdasured. Figure 141221 and Figure 15101311 are examples.

Orifice Plate Meter

==

Positive Displacement Meter

Figure 14 — Medvejev Wet Gas Flow Meter

f o
Orifice Plate Meter, Venturi Meter

Figure 15 — Nguyen Wet Gas Flow Meter

The two meters in series must each have-low single-phase gas flow rate measurement undertainties
anfl have reproducible and predictable reactions to wet gas flow. The two meters must [also have
didtinctly different reactions to wetgas flow. With dry gas flow the two meters predict thel same gas
flow rate within their combined uncertainties, thereby indicating correctly metered dry gas flow. With
wdt gas flow, the meters havedifferent erroneous gas flow rate predictions (indicating wet gas flow). A
simplified graph of this scenario is shown on the left side of Figure 16.
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Figure 16 — Simplified sketches (not to scale) showing relationship‘between two dissimilar gas
flow meters in series used with wet gas flow

The diffefence between the erroneous gas flow rate predictiehs can be related to the liquid loading
(i.e. Locklhart-Martinelli parameter value). Once the liquid loading is known, wet gas correlations dan
be used tq infer the gas and liquid flow rates. The mathematical procedure for this is vendor specifiq. A
simple example is now given.

At least ope meter must have a wet gas correlation*[e.g. Formula (20)]. The ratio of the two metgrs’
over-readjngs is the ratio of the two meters erroneous gas mass flow rate predictions, i.e. Formula (41).
This ratip is related to the Lockhart-Magtiftelli parameter, gas-to-liquid density ratio and gas
densiomefric Froude number, see Formula (22). In operation, Formula (21) is obtained. The Lockhgrt-
Martinell{ parameter is then expressed as a function of the gas densiometric Froude number only,
see Formfila (22). And this expressien‘is substituted into the wet gas correlation, see Formula (20).
The resulfing expression has one unknown parameter, i.e. the gas densiometric Froude number, or|by
substitutipg in 2.19, the gas mass flow rate

__ Mg apparent2’

Bt b o st i el P

OR oty = = F(Xo Py /Py Fry) (20)
Mgactual

ORme erl mgﬂpparentl /mg,actual mg,apparentl

metgef2 mg,apparentZ / mg,actual mg,apparentz

m
XLM =f .gZ,apparent ’p_g’Frg (22)
M g1,aparent
This approach is fundamentally simple and has been developed independently by various researchers.
However, the actual implementation of the concept is far more complex. Figure 16 is an idealized
example. In practice there are complex inter-connected relationships between relevant parameters, and
the commercial mathematical methods are usually proprietary. The choice of mathematical procedure
can influence the gas and liquid flow rate prediction uncertainties. An iterative solution requirement is
common. Reference [32] discusses an operator’s field test of such a system.
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Such system can have a relatively large footprint and may have greater instrumentation requirements.
However, advantages include that it tends to be relatively robust, simpler and maybe cheaper than more
complex technology.

The uncertainty of any measurement by difference technique increases as the measured difference
reduces. At very low liquid loadings both gas meters have correspondingly low liquid induced gas
flow rate prediction errors, and hence the difference in the two meters’ output is small relative to the
individual meter uncertainties. Therefore a disadvantage in this measurement by difference technique
is a relatively high uncertainty at very low liquid loadings.

6.5.2  Dilferential pressure meter classical DP/permanent pressure loss wet gas meter

Thie DP meter’s PLR relationship with liquid loading, as described in 7.1.4, can be utilized
siigle DP meter a WGFM systeml[18]. A Venturi meter (as shown in Figure 21) ds Wsuall

ex

-

sh

flusively, used to produce such a system.

Figure 17 shows a Venturi meter Murdock plot at one pressure (or gas to liquid'dénsity ratio).

pws the corresponding PLR vs. Lockhart-Martinelli parameter data. Théelationship bety

th¢ over-reading and the PLR vs the Lockhart-Martinelli parameter-¢ah be influenced H

pa

Fameters such as the gas to liquid density and gas densiometric Frpude number etc.

Thie DP meter has a standard wet gas correlation data fitted from wet gas flow tests, as

Fo
as

rmula (23). It may be possible to also data fit the PLR vs. Lockhart-Martinelli parameter rel
shown in Formula (24). In this example, three parameters are considered to influence

regding and PLR, i.e. the Lockhart-Martinelli parameter, gas to liquid density and gas der

Fr
an
flo|

©lI

pude number. In practice other parameters such as WLR may also be found to affect the ovg
1 PLR. Combining Formulae (23) and (24) produces one formula with one unknown, the
w rate. The gas flow rate can then be calculatedyusually by an iterative calculation.
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Figure 17 — A meter wet gas correlation
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ique is wholly dependent on the.sensitivity of the DP meter’s PLR to Lockhart-Martin
. This is influenced by various faetors, including

ivity increases with the cheice of a DP meter with a lower dry gas PLR,
ivity increases as the-Lockhart-Martinelli parameter reduces,
ivity increases as'the gas to liquid density ratio reduces, and

ivity increasées'as the gas densiometric Froude number reduces.

This tech
as many

applicablq as‘a wet natural gas flow metering technique. This generic two-phase WGFM method
several vdriants available in industry.

ique thetrefore has limitations, but nevertheless the method is a valuable addition to indust
et natural gas flow production conditions are within a flow range where this method
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6.5.3 Fastresponse sensor system

Fast response sensor systems (usually, but not exclusively, on DP meters) can be part of a two-phase or
multiphase WGFM system. Such technology has been researched for more than 20 years.

Industrial flows are rarely truly steady. Some flow condition fluctuations always exist due to the
turbulence that exists in most real fluid pipe flows. Instruments therefore read parameters that have
these naturally occurring fluctuations. These random turbulence signals are considerably enhanced by
wet gas flows.

36

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

ISO/TR 12748:2015(E)

The frequency and magnitude of the fluctuations of any measured parameter can potentially be related
to the wet gas flow to predict the flow regime and phase flow rates of wet gas flows. For example:

— the average pressure, temperature and differential pressure (P, T, 4P)
— the magnitude of these parameters’ fluctuations (6p, d;, dap respectively) and,
— the frequency of these parameters’ fluctuations (wp, w¢, wap respectively)

can be related through a neural network to give the flow regime and the gas and liquid flow r

ates.

ThptTsT

mg = f; (P,T,DP,6P,5T,5AP,a)P,a)T,a)AP)

anfl

m| = f, (P,T,DP,5p,6T,5AP,wP,wT,a)AP)

where “f1” and “f2” denote complex neural network functions which are continually being
with each additional data set. Note that there are alternative‘statistical data analysis meth
coyild work equally well.

Under the correct circumstances, a fast response sensor WGFM system can be a viabl
opprators. However, creating an appropriate neural network/statistical analysis method is nc
tagk. Based on experience, fast-response sensor WGEM has the following features:

—| installation-specific performance,

—| must be characterised in its installation only, using separator system phase flow referg
not at a test facility), and

—1| only applicable within the flow: data range used to produce the calculation method.

Hepnce, this technology is generally applicable only when an application initially has a dedji
sepparator capable of giving\the system flow rate information for long enough and at varie
conditions for the appropriate system to be derived.

6.6 Multiphase‘wet gas flow meters

Myltiphase WGFMs measure multiphase wet gas flows inclusive of separate water a
hyfirocarbenphase flows.

Figure 19, suggested in Reference [33] shows all multiphase flow phase fraction pd
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Figure 19 — An example of a multiphase composition triangle

The nomjnal WGFM measurement range is 0 < Xpy <.0;3 with a water to liquid ratio range| of
0 % < WIR < 100 %. However, it is unreasonable to expect any WGFM to accurately measure wager
flow down to ever reducing trace quantities. Direct measurement methods are usually more capablg at
measuring trace water flows than measurement-by-difference techniques.

6.6.1 Trace water metering with multiphase wet gas flow meters

At low liguid loading where light liquid hydrocarbon is the predominant liquid phase, the water flpw
will be a gmall fraction of the total fluid flow. However, the operator may still need to know if watefr is
present. Hven trace amounts of watér)can potentially threaten production due to, for example:

— hydrdte formation;
— ice formation;

— scale deposits;

— salt dgposits.

Real time [defitification of trace water contentis importantin order that timely appropriate flow assuramce
actions cajn be taken. Consequently, with multiphase WGFMs having multiple outputs, e.g. various thse
flow rates and phase fractions outputs, some multiphase WGFMs are designed to be optimized, and used
primarily, to see trace fractions of formation water that may exist in a wet natural gas flow.

6.6.2 Multiphase wet gas flow meter subsystems

In-line WGFMs tend to comprise a DP meter component with various other sensor components.
As standalone systems each component gives valuable information regarding some aspect of the
multiphase flow. However, combining these components into a single overall system produces a system
with a whole greater than the sum of its parts. By cross referencing the individual component outputs a
fuller understanding of the flow can be developed.

Most WGFM manufacturers consider the mechanical design and calculation procedure details of their
commercial product to be intellectual property and confidential. It is therefore not possible for ISO
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to give a detailed discussion on these proprietary meter operations; instead, only a generic overview
can be given.

Although commercial WGFM designs vary in both mechanical design and data processing techniques,
most are variations on generic themes. Hence, it is possible for ISO to give a multiphase WGFM
generic over-view.

Most in-line WGFMs consist of a DP meter installed in the vertical orientation. Flow is usually vertical
up although other installation orientations do exist. The DP meter gives information related to the total

bulk flow. Sensor types collectively called “phase fraction devices” are embedded within, or in close
pr vimify to, the DP meter hr\dy

Phpse fraction devices use various physical principles to measure various propergies af flowing
flufids, by looking at either the bulk flow or a representative sample of the flow, depending on the
te¢dhnique employed.

Thie choice of which phase fraction device/s to utilize is manufacturer-dependent,but includes:
—| capacitance sensors;

—| microwave sensors;

—| single energy gamma source and receiver;
—| multi energy gamma sources and receivers;
—| infrared source and sensor;

—| cross-correlation system.

Thie core DP meter or any one standalone subsystem does not independently provide the phase flow
rafes. Multiphase WGFMs combine the outputfrom their particular combination of such supsystems,
anfl then process this data by manufacturer:specific confidential calculation routines to proljuce phase
flow rate estimations. This calculation.routine is often called a “slip model”. Slip models are gxclusively
semi-empirical and many are proprietary.

6.6.3 Phase fraction device choices

The phase fraction devices jof a multiphase WGFM are critical to the system’s ability to djstinguish
befween the liquid compenent flow rates. Some generic phase fraction devices are outlined bglow.

6.6.3.1 Gamma.ray attenuation systems

A gamma ray-attenuation system measures the scintillation count which is inversely pr¢portional
to [the attefiuation of radiation between a source and receiver positioned across the diamgter of the
myltiphase wet gas flow pipe.

A §ifigle gamma densitometer typically with a source in the Compton energy range, i.e. gr¢ater than
1007KeV, can determine the bulk density of the 1luids in the path traversed by the radiation. Whereas
the attenuation of this Compton energy range radiation is very dependent on the bulk fluid density it is
rather insensitive to other medium properties. Hence, use of a Compton energy range radiation source
can determine overall multiphase flow bulk density, but cannot be used to determine the phase ratios.

A multi energy system uses at least two energy levels and these are selected sufficiently different,
e.g. high (100 keV or higher) and a low (10 keV to 40 keV) energy level to use the different absorption
characteristics in an oil, water and gas mixture. The phase fractions can be determined by combining
the absorption from the different energies.
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6.6.3.2 Electromagnetic measurements

Fluids respond to electromagnetic radiation according to their dielectric properties. Fluid dielectric
properties are determined by the fluid’s capacitance (charge storage) and conductance (or resistance to
moving charge). For the various components in a multiphase wet gas flow, the differences between the
relative dielectric constants help enable the fractions of each fluid to be found.

Table 4 — Permittivity values for gas, hydrocarbon liquid and water

Eluid ca . N Conductance, o
(S/m)
Gas 1<e<1,5 0
Light Hydfocarbon Liquid 2<¢e-<25 10-9<06 <107
Water 40<e.<80 10-1<0<102

Capacitapce and Conductance

WGFM capacitance sensors detect water by measuring the fluid’s ability ¢o store charge between tjwo
plates in gontact with the fluid. Conductance sensors measure the conductivity of the fluid betwgen
two plate$ to determine the phase fractions. However, there are multiphase flow condition range linfits
on both cgpacitance and conductivity systems.

Capacitanfe sensors cannot operate in water continuous conditigns (where the water electrically connefts
and earthp the two plates thereby preventing measurement)¢Water continuous flow can be seen on the
right hand side of the triangle from Figure 19. Capacitance sensors are therefore an option for WGFM.

Conductiyjity sensors cannot operate in multiphase flows where there is insufficient water. This tendq to
be a problem with multiphase wet gas flows as the flow often has relatively low water phase fractiops.
Conductiyity sensors are therefore an option for high liquid loading and relatively high WLR multiphase
flows, butjare not seen as a valid option for a multiphase wet gas flow option.

Note that when utilizing electromagnetic méasurements, it is necessary to also accurately know the gas
fraction, ds this also affects the electtomagnetic properties of the mixture. This inter-relationship will
require tHe meter manufacturer’s semi-empirical slip model to relate these parameters.

Microwaye Systems

At the higher frequencyCof* microwaves, measurements such as frequency shift, phase shift, |or
attenuatign of the transmitted or reflected electromagnetic signals can be directly related to the
fluid permittivity andconductivity. The complexity of these methods can be somewhat simplified |by
utilizing fesonance structures, which directly relate the fluid mixture permittivity to the frequency
shift of a fesonance peak. These methods are sensitive to the water fraction, and also to water salinity.
Increasing salinity causes a reducing water dielectric constant. Hence, it is important to enter the
correct sdlinfity/dielectric constant input to the WGFM system, as a salinity/dielectric constant input
bias will cause a bias in the meters outputs.

A multiphase wet gas flow’s water vapour content is dependent on pressure, temperature and fluid
composition. Water vapour affects the gas phase permittivity value. The water vapour content and its
effect on gas permittivity needs to be taken into account when predicting the water volume fraction
value using the read mixture permittivity.

6.6.3.3 Light scattering and attenuation

Other electromagnetic spectrum frequencies can also be used at one or more wavelengths. For instance,
water absorbs near infrared radiation; therefore, this effect can be used to determine the water fraction
in the fluids within the sensor path.
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6.6.3.4 Cross-correlation

Cross-correlation can be implemented using a number of different physical techniques. In general, two
or more fast sampling sensors placed a fixed axial distance apart in a pipe should detect fluctuations
with a delay related to the velocity of the fluid. The resulting velocity should be relatable to the flow
rate of one or more of the phases. The accuracy of this calculated velocity is dependent on the clarity
of the cross correlation function which in turn depends on the “fluctuation” at the upstream location
resembling the “fluctuation” at the downstream location. Thus, development of the flow pattern
between the sensors must be minimal and the sample rate of data must be sufficient to capture such
fluctuation movements.

6.6.3.5 Imaging techniques

Thie determination of the flow regime may be possible via imaging techniques. A camera viewirlg through
a port looking towards a light source, as utilized at certain test facilities, can see<the liquld flowing
(e.g. see Figure 4 and Figure 5). However, such view ports are not used with production flows because:

—| view ports do not offer flow measurement capability

—| production flows contain particulate which scours the viewing lens.

6.6.3.6 Advanced imaging techniques

Myltiple fast response sensors positioned in a suitable array\through a meter body, coupled with high
computational processing speeds, can provide a running.{image” of a multiphase wet gas floy that can
significantly aid the metering process. The higher the imrage resolution, and the faster the image update,
th¢ more useful to multiphase wet gas flow meteringhis technique is.

Thie image resolution is dependent on the number of sensors, sensor reading frequency and the
computational speed. Such a technique has beencalled “tomography”. However, present WGFM systems
haye neither the required number of sensors, nor high enough sensor reading frequencies| to create
sequential images with the resolution thatcould be called tomography in the true sense of the¢ word (as
used by other science disciplines on stationary objects).

Nejvertheless, the information gathered by these advanced imaging techniques can be, and |is, helpful
in conjunction with the othersmeter readings in metering multiphase wet gas flow. Furthermore, it is
likely that as the technology.develops such techniques will become increasingly powerful and useful.

6.6.4 Gas volume fraetion vs. gas void fraction measurement
Dual (or multiple)ygamma ray energy systems, electromagnetic measurements and light pcattering
teqdhniques etc{measure the fraction of phases in the system’s line of sight at the time of thqt reading.

Eafh reading isa “snap-shot” of the phase ratio at that instant the reading was taken. Therefore, these
se fraction devices do not measure the actual phase flow rate fractions but rather the|“Gas Void

Thie_pha ate fraction h asthe G2 olume action) are ca ated b aoss-refe 3ncingthe
phase fraction device output with the DP meter output, by use of the semi-empirical slip model. It is the
model’s resulting prediction of the phase flow rates, and hence the slip between the phases, that give
the name “slip model”.

6.6.5 Semi-empirical multiphase flow calculation — Slip model

Commercial multiphase WGFM manufacturers require “slip models” to make sense of the combined
WGFM subsystem readings. A slip model allows the estimate of slip to be based on some physical
understanding, with only certain parameters within the calculation derived empirically. The preference
of slip models over fully empirical data fits diminishes the chance of metering errors on interpolation
or extrapolation of the underlying data sets. However, slip models are still semi-empirical correlations.
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As with all correlations, the effect of extrapolating any parameter is unknown and likely to have an
adverse effect. Users extrapolate at their own judgement.

A multiphase WGFM system depends on the integrity, robustness and quality of the slip model used.
WGFM manufacturers’ slip models represent the intellectual property attained through long term
investment in time, effort and funding, in both complex theoretical flow modelling and massed
laboratory and field data set procurement, compressed into a mathematical equation set. As such,
slip models tend to be proprietary and held in confidence by the meter manufacturers. Extrapolations
within this “black box” are less visible.

6.6.6 PYT (pressure volume temperature) models

PVT mod¢ls for wet gas metering often make use of Equations of State (EoS) or correlatigns relating
the fluid|composition and state variables (usually pressure, temperature, overall \compositi¢n)
to therm@dynamic properties (usually volume, density, energy, phase-composition) of the flujds
and/or mjxture.

Both EoS pnd correlations need some sort of calibration to experimental data_in order to be effective.
Note thaf] other physical properties (e.g. viscosity) have separate correlations; those correlatigns
usually relquire the state variables and thermodynamic properties as input-data.

6.6.7 Multiphase wet gas flow meter required fluid propertydinputs

As with gingle-phase gas flow meters, multiphase wet gas.flow meters require all relevant flfiid
property yalues to be supplied to the flow calculation from an external source, i.e. an equation of stdte.
The equatjion of state fluid property prediction requires the multiphase wet gas flow fluid compositjon
be suppligd independently.

A significant uncertainty factor in the output of WGFM is often the uncertainty associated with the flyiid
compositi[)n predictions supplied to the Equationsof State. A multiphase wet gas flow fluid compositjon
prediction may rely on

— reseryoir engineer estimates, and
— wet ghs flow samples.

Both resgrvoir engineer fluid~composition estimates and wet gas sampling techniques can hgve
significanf uncertainties. Fluidycomposition estimates can be one of the largest source of uncertainty in
a wet gas flow meters output:

6.6.8 ultiphase wet gas flow meter phase fraction measurement

A multiphase WGFM requires physical measurements to measure the cross sectional area fraction| of
each phade, i‘e.'water, liquid hydrocarbon and gas. At least two physical measurement principles are
required, pnd combining these measurement principles with the knowledge that the sum of the crgss
sectional area fractions in a closed conduit is 1, will give three equations with three unknowns. Thus
this can be solved and an example of this set of equations can graphically represented by a triangle with
the physical measurements along the horizontal and vertical axis. An example is given in Figure 20.
However, the effect of slip still needs to be taken into account through the slip model.

Examples of combination of physical measurements often used are (but not limited to):

— Dual Energy Gamma Ray Absorption, measuring the absorption at a low energy level and a high
energy level (coming from the same radioactive source) results in two absorption equations,

— Single Energy Gamma Ray Absorption (generally higher energy level) and a form of permittivity
measurements.
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.9 Measurement of water salinity

me WGFM have subsystems that can measure salinity, for example via water condu
Fmittivity sensors, and therefore do not require the salinity as an external input. Such
asurement may be used to distinguish between condensed and formation water, aiding the
vater breakthrough. Some WGFMs.are designed to optimize their water sensing capability
all water fractions may be detected.

.10 Multiphase wet gasflow meter redundant subsystems and diagnostics

[FMs are relatively recent additions to the equipment used in the hydrocarbon production
with most new technologies, redundancy of subsystems and diagnostic capabilities are
er the primary system development.

cent WGFM désigns now exhibit some level of subsystem redundancy, although detailed de
diagnostic,analysis techniques are as yet sparse. Subsystem redundancy may consist of]
Ckup instruments and/or measuring some parameter via a secondary but independent met

ltiphase wet gas flow components such as salts, hydrate inhibitor chemlcals H>S, CO;
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some basis for diagnostics, and could potentially identify if interfering components are present, or
determine if a component of the meter is beginning to fail.

Meters with redundancy in measurement are more successful in continuing to provide flow
measurements if one or more sensors fail, enabling the meter to have a managed malfunction rather
than an unexpected sudden total system failure.
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6.6.11 Selection of multiphase wet gas flow meter technologies

When compared with single-phase flow meter technologies, there are relatively few manufacturers of
commercially available WGFMs. Meters from different manufacturers utilizing different combinations
of techniques have different performance specifications such as:

— capacity and turn-down;
— sensitivity to liquid at different liquid loading;

— sensitivity to discriminate between hydrocarbon liquid and water;

— sensitivity to water and formation water (irrespective of hydrocarbon liquid fraction);
— sensifivity to salts;
— tolerdnce against minerals, H3S, CO2 and injected chemicals;

— sensitivity to errors in input parameters such as phase densities, viscositiespinterfacial tensipn,
watel| conductivity, etc.

Different WGFM designs are optimized for different prime outputs. For example, one manufacturer
may have|optimized the water detection ability, but at the expense of tlie phase flow rate predictjon
uncertainfies. Another manufacturer may have optimised the phase flow-rate prediction uncertaintjes
but at thelexpense of the water detection ability.

Before comparing WGFM designs that are not always designed tobe in direct competition, an operagor
needs to ¢stablish the predicted flow condition range and the*prime reason for requiring a multiphase
wet gas flpw meter.

Operatord of multiphase wet gas flow meters often require manufacturer aid
— to selgct a meter suitable for the application,
— to selgct the optimum size,

— to undlerstand precisely what fluid properties they are required to supply, and

— to malke an evaluation of predicted performance.

It is recofnmended that the user carries out an acceptance test to verify that specifications are met
before acdepting the delivery:

6.7 Wet gas flow meter performance testing

Many wet natural(gas flow metering applications are economically important and a relatively lpw
metering uncertainty is required. However, for the foreseeable future wet gas meter systems are not
“off the shelf” commodities. There is a very wide range of flow conditions throughout the production
industry. [The WGFM systems on the market are typically only tested and proven in a relatively sniall
range of wet gas flow conditions.

When applying a standalone gas flow meter with a wet gas correction, it is the operator’s responsibility
both to predict the liquid flow rate and to check that the correlation to be used is suitable. If the operator
is uncertain of the correlation’s suitability, or if no suitable correlation exists, then the operator should
carry out a wet gas flow test of the meter, either to check a correlation’s performance or to create a
suitable correlation.

When utilizing a WGFM, it is the operators’ responsibility to check that the chosen system will operate
successfully in the particular application’s wet gas flow conditions. The meters may not been developed
or tested in a particular application’s wet gas flow conditions.
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Test data that does exist for a given WGFM may originate from the meter’s development programme.
These tests are usually not independently witnessed and the data are held as proprietary by the vendor
or may be covered under a non-disclosure agreement. Furthermore, as these metering systems are
“black box” technologies and the slip models are not disclosed it is not feasible for the meter operator to
predict the meter’s response outside its tested flow range.

Operators are faced with the choice of either applying selected WGFM technology untested or
conducting verification tests. “Verification tests” are common at the industrial wet gas flow test
facilities as operators check a WGFM performance. WGFM test procedures are relatively complicated.
Such testing requires detailed planning, and experienced professional staff operating reputable test
fag
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6.8 Virtual metering system (VMS)
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ed to estimate flow rates. In addition to these measurements, either physical models (e.g. ising PVT
mqdels, pressure drop models, etc.) or mathematical process (just usingdneter signals irrespective of
their physical meaning) are used. Such a VMS is relatively inexpensive'\because it requires no extra
semsors or field equipment. Whatever sensors and transmitters are dvailable are used. The more input
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fa available to the models the better the VMS will predict the oil,‘water and gas flow rates. §
ysical properties of the fluids will be used as inputs and thus these need to be monit]
blicability of such a VMS may vary considerably from field/to'field. The uncertainty of the
w rates is not generally well known.

/MS should not be considered as a replacement of a;-WGFM but rather as a complement4
pvide backup and redundancy. Physical measurements are required to tune a VMS.
mprehensive the information supplied to the VMS during this tuning phase, the more cg
tem will be. If the tuning includes possible drift or systematic errors of the input devices, {
| be included in the flow rate estimates. Tuning is only for the current conditions and shg
boing process.

ere is a significant probability thatya WGFM will have an increased output uncertainty
tematic errors over time. The best WGFM performance should be expected in the early st
tem’s life, hence the VMS should be operational as soon as production commences. If at a lat

production phase the (subsea) WGFM should fail to operate, a properly tuned VMS might
te over the measurements,and estimate the oil, water and gas flow rates for a certain period

certainty in oil, water-and gas flow rates from a VMS is difficult to assess as it depends o
tors; often the yendors quote uncertainties that have been achieved in the most optima
 may not be applicable in other field situations. A direct measurement with a WGFM, that i
plemented andfrequently verified, should be considered to have a lower uncertainty.
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liquid flow rate predictions are accurate. Any bias in either input has an associated bias on the
correlation’s output.

Establishing the liquid properties in a wet gas flow is a challenge. There are issues with wet gas flow
sampling, and subsequent sample analysis techniques that are still debated by industry. Although such
issues are important, and have a direct influence on wet gas meter output uncertainties, they tend to be
seen as out of the scope of wet gas flow metering. Further discussion of this topic is out of the scope of
this Technical Report.

In many applications the liquid flow rate prediction may have significant uncertainty. This causes
an associated increase in the DP meter’s wet gas correlation’s gas flow rate prediction uncertainty.
However, this gas flow rate prediction uncertainty’s sensitivity to liquid flow rate input uncertainty is
typically relatively low. A liquid flow rate prediction error produces a smaller gas flow rate error. For
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example, for an orifice meter, a liquid flow rate estimation bias of +10 % was shown by Hall et al[25] to
have a follow on associated gas flow rate prediction bias in the order of +2,5 %. For further details on
this issue, see Reference [25].

7.1 DP meter wet gas flow installation issues

Throughout the hydrocarbon production industry, there is more horizontally installed pipe than
vertically installed pipe. The majority of DP meter wet gas correlations are for horizontal orientations.
They are not applicable to vertical up, vertical down or inclined pipe orientations. Figure 11 shows the
significant effect orientation can have on a DP meter’s wet gas over-reading.

Industry’y understanding of flow regime influences, and distances required to change flow reginlles
is incomplete and somewhat contradictory. The upstream piping can influence a wet gas flow\regiipe.
Distances|required to obtain flow regime equilibrium condition after a disturbance are disctssed| in
Reference| [34]. They predicted up to 100 pipe diameters are required to settle a wet gas flow regime| In
most appljcations this is not practical. However, it has been shown in test facilities that/it.is not possiple
to force ahy given flow regime to another desired flow regime. For example, it isnot'practical to yse
a mixer tq convert a stratified flow to an annular mist flow in front of a wet gasénieter that has betfer
performafce with annular mist flow. Any change of flow regime through the mixer reverts back to the
initial floy regime dictated by the balance of forces downstream of the mixet~Also, it has been found|by
various wet gas flow facilities that different liquid flow into gas flow injéction methods always create
the flow rjegime dictated by the balance of forces a few diameters downstream of the injection point,
regardles§ of the different flow regimes created at the point of injection. With most DP meters wet
gas flow tested in long straight pipe runs, there is little in the literature describing upstream/inlet
requirem¢nts for DP meters with wet gas flow.

It has beeh postulated that the flow regime in the DP meter's’/throat is more critical to the meter’s wet
gas flow performance than the inlet flow regime. For most industrial wet gas flow conditions the DP
meter thrpat tends to have an annular mist flow regimeregardless of the inlet flow regime.

Some DP rheters are installed vertical up after a blind tee, as this arrangement is often thought to produce
arepeatalple flow regime into the meter regardless of the flow regime upstream of the blind tee bend.

For whatdver reason, there is little in the literature about this subject, and many wet gas meter systems
have no specified upstream piping requirements.

7.1.1 Liquid flow rate estimation‘techniques

Many natjral gas production,flows are relatively steady for extended periods of time. It is offen
assumed fhat a “spot” measiirement of a wet gas flow’s liquid flow rate at a given place and time will
remain vdlid. There are £wo common methods of obtaining such a liquid flow rate spot measurement.

— Test separatormethod - A test separator is temporarily connected to separate the phases and mefer
the sipgle-phase outlet flows. Each liquid component outlet single-phase flow meter gives a liqhid
flow fatespot check.

into the wet gas flow at a precise low flow rate. There are tracer fluids that are absorbed by water
only, and tracer fluids that are absorbed by hydrocarbon liquid only. The tracers mix with the liquid
phase. Combining tracer concentration measurements from downstream liquid samples and tracer
injection rates allow a liquid phase flow rate prediction.

Both these liquid flow rate measurement techniques make the assumption that the wet gas flows
liquid flow rate remains constant between periodic checks. In applications where the liquid flow rate
is stable, where low uncertainty is not required, these methods may be sufficient. Each has challenges
when trying to ensure a low uncertainty liquid flow rate prediction.
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7.1.1.1 Liquid phase flow rate metering with a test separator

Separator gas- and liquid-phase flow measurement uncertainties are influenced by the efficiency of the
separator, and by the performance of each of the single-phase flow meters.

If the wet gas flow rates are too high for a given separator, full separation of the phases may not occur.
In such cases wet gas flows through the gas outlet and the single-phase gas meter, causing a bias in the
gas flow rate prediction. In such cases liquid with gas flows through the liquid outlet and the single-
phase liquid meter, causing a bias in the liquid flow rate prediction.

For optimal performance, a separator must be large enough to fully separate the phases, and the single-
phpse meters at the outlet to a separator must be well maintained, have the appropriate [upstream
pige length, be appropriately sized and have the meter body and secondary instrumentation correctly
calibrated to minimize single-phase flow prediction uncertainty.

Thie test separator liquid flow rate measurement uncertainty can change significantly from case to
case. With good design and good oilfield practice it is often assumed to have an'uncertainty <{10 %.

7.1.1.2 Liquid phase flow rate metering with a tracer dilution method

In [field applications, it is challenging to meter tracer injection flow.rates to a low uncertainty. Tracer
cohcentrations are kept low to avoid introducing significant quantities of foreign chemicpls to the
process flow. Very low flow rates are difficult to meter accurately. Furthermore, in production flows
the line pressure is not truly constant but has small variatioxns. These slight pressure fluctuatjons at the
trdcer injection port make steady low flow tracer injection and tracer flow metering challengjng.

After the tracer injection point a suitable mixing distance is required. There are no stated distance
requirements for this process. The mixing distance is usually decided per application by erlgineering
judgment. It is beneficial to place the tracer injection point upstream and the sample point downstream
of pipe components, such as a flow meter (see Eigure 21), to aid mixing in a shorter distance.

Anjalysis of the liquid samples is typically. done on site with portable equipment. It takes several hours
to pllow the sample to settle. The analysis of liquid samples is usually sophisticated and mu§t account
foi the sample analysis being conducted at ambient conditions instead of line conditions.

With the tracer fluorescent intensity (Kp) and sample fluorescent intensity (Ks) measured glong with
the tracer injection flow rate (g ), Formula (27) gives the liquid flow rate (@Q,).

0, = o, (27)
I qu

Due to practical-difficulties, the tracer dilution technique should only be conducted by trained and
experienced-pérsonnel.

7.1.2 » Monitoring wet gas liquid loading with a DP meter downstream port
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schematic diagram is not to scale. The downstream pressure port position is preferably located at 5D
downstream or at a different position dependent on manufacturer’s choice.

The traditional gas flow DP (4Py) is the difference in pressure between the inlet and “throat” pressure
ports. The gas flow permanent pressure loss (4Pppy) is the difference in pressure between the inlet and
downstream pressure ports. The Pressure Loss Ratio, or “PLR’, is the ratio of the permanent pressure
loss to the traditional DP. With single-phase flow, across large flow and line pressure ranges, the PLR is
effectively a constant value, a characteristic of the DP meter (PLRgry gas), i.e. Formula (28).

AP
PLR, = —FPL
ry gas
AP,

(28)
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De Leeuw [13] showed that the wet gas liquid 10ad1ng affects a DP meter’s PLR Value The wet gas
(PLRwet g R 3

‘PLRwet gas’, is the ratlo of the wet gas permanent pressure loss (APppL tp) to the wet gas DP (APtp) i.e.
Formula (29).

_ APppp g

wet gas —
AP,

PLR (29)

Therefore, a DP meter’s PLR could be potentially used to monitor a wet gas flow’s liquid loading. Figure
22 shows sample wet gas flow data from a Venturi meter where the dry gas PLR is 0,14. As liquid loading
(e.g. Lockhart-Martinelli parameter) increases so does the PLR. Monitoring the PLR can indicate liquid
loading changes. A PLR change can therefore indicate when a liquid flow rate spot check must be used
to update a wet gas correlation.
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Figure 22 shows that the PLR vs. Lockhart-Martinelli parameter relationship is not linear. The PLR is
very sensitive to the Lockhart-Martinelli parameter at low Lockhart-Martinelli parameter values, but
has reducing sensitivity as the Lockhart-Martinelli parameter increases. Hence, this simple liquid
loading monitoring system is more effective at lower Lockhart-Martinelli parameters.

The DP meter PLR liquid loading monitoring system is a generic concept potentially applicable to all
DP meters. The theoretical DP meter PLR range is 0 < PLR < 1. Increasing liquid loading increases the
PLR. As the PLR cannot exceed unity, the lower a DP meter’s single-phase flow PLR value, the larger the
potential wet gas flow PLR range and the more sensitive the meter is to liquid loading changes. Hence,
a rule of thumb is the lower a DP meter’s single-phase PLR value, the more capable that DP meter’s PLR
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8 | Design and Installation Considerations

Deign and installation considerations should be done as early as possible in-thé conceptyial design
stdge. Many factors should be considered by an operator when determining the’requirements for the
depign and installation of a WGFM. The predominant reasons and justification for measpiring wet
ga$ flow, or the liquids, should be given in a Measurement and Allocation Philosophy document. For
example, the WGFM may be for

—| well and reservoir surveillance and/or allocation,
—| indication of formation water breakthrough in the reseryoir,
—| flow assurance (e.g. hydrate management), and

—| fiscal allocation between production streams — this is required to determine financial trgnsactions
between operators or between operators and host governments.

Knfowing the main objectives for metering;¢an guide the operator as they select the appropriate
tedhnology and determine the requirements-that will be placed on the WGFM selection. Th¢ operator
should also consider aspects including thépiping system design (and therefore the meter’s lo¢ation and
orientation), the environmental conditions the meter must operate in, the maintenance and service
plgn and many other factors. Thes€ need to be evaluated for the full lifecycle of the meter’s|operation
anfl with regards to the desired uncertainties in the flow measurement (i.e. uncertainty per ghase).

8.1 Design considerations

Thlis subclause addresses various issues that should be considered in a WGFM design. Hpwever, it
wi]l not address the-mechanical integrity of a WGFM (e.g. mechanical aspects, pressure corftainment,
etd.).The latter is‘part of the total facility integrity and should comply with good engineering practices.

8.1.1 Meter orientation and fluid flow

Some nanufacturers claim their design and measurement uncertainty is not impacted by the piping
layjout: Other manufacturers’ designs require a vertical or horizontal piping installation. Th¢ operator
may clarify some of these issues by reviewing the manufacturer’s test data, but preferably should
consider testing the WGFM at an independent testing facility. However, a test in one meter orientation
should not be considered an acceptable test for a different meter orientation.

It is technically possible to measure a wet gas flow in inclined pipe; however, such installations are very
rare. Unless a dedicated test program is instigated to characterize a particular WGFMs performance
in an inclined pipe as per the expected installation (which can and has been done) it is advisable that
WGFMs should be installed in horizontal or vertical flow only.

In the design review, the operator should also include the fluid types the WGFM will be exposed to
over its operating envelope in the design review. At the onset of production, completion fluids”) may be

7)  Liquids circulated in the well after drilling to “complete” an oil or gas well.
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introduced through the meter, which may alter its measurement performance. As production volumes
and fluid velocities increase, the operator should also consider other possible contaminants, such as
sand production from the reservoir or other particulate matter that may cause erosion or fouling of the
wetted parts of the flow meter. Erosion will create measurement uncertainties that cannot be easily
replicated in a wet gas flow test facility.

8.1.2 Meter location relative to other piping components

Good engineering practice for the installation of single-phase flow meter technologies generally holds
true for the installation of wet gas flow WGFMs. However, this rule of thumb has exceptions, as there
are subtlq differences between dry and wet gas flow metering.

One example is the installation of a flow conditioner upstream of a meter. In single-phase flow,such flpw
conditioners are beneficial as they condition any disturbed flow as close as possible to fully develoged
flow profile at the meter inlet. However, with wet gas flow when water is present the pressure dijop
across th¢ flow conditioner can cause hydrate formation that can partially or wholly) block the flpw
conditioneér. That is, if a flow conditioner is used with a wet gas flow, any hydrate formation induged
by the prgssure drop through the flow conditioner can cause the flow conditioner4o become partiglly
blocked, thereby making the flow profile more asymmetrical rather than more symmetrical. The
potential pf a complete hydrate block is a significant flow assurance issue.

A second pxample of where a WGFM system may be installed differently from a single-phase meter is
in the casp of horizontally installed meters. With single-phase gas flow a horizontally installed mefer
will usually have pressure ports at 90° or 270° to top dead centre.\However, due to the potential for
liquid beipg trapped in the impulse lines it is common practiceXor a horizontally installed WGFM| to
have the gressure ports at the top of the pipe only to reduce thelikelihood of impulse line flooding and
to increage the ability of any trapped liquids to drain awayiPressure tappings with remote seals dnd
capillary jmpulse lines may also be beneficial where imptlse line blockage by solids such as salt, scgle,
or hydrat¢ deposits is a concern.

WGFM ingtallation near the wellhead choke or other pressure reduction devices could have an impact
on the mleasurement uncertainty. Other interhal restriction devices, like sand monitors/probes,
thermocopiples, sampling devices, etc. can;induce unwanted pressure drops, which may impact the
measurement uncertainty.

Often, th¢ need for a compact piping system design is a requirement for cost and installatjon
considerafions. An example is the_installation of a subsea module that contains the WGFM. The
operator §hould consider these-issues at the design stage. At present the final design decision is baged
on enginepring judgment.

8.1.3 Uke of two-phase)flow rate and composition maps

The samp|e two-phase flow map presented before (Figure 6) is a general example. A useful alternatjve
presentatjon is atwo-phase flow rate map with the actual gas and liquid volumetric flow rates (Am3)d)
plotted along:the axis[35]. Note that this two-phase flow rate map is only valid for a given flow ljne
diameter pnd,for the given temperature and pressure.

In Figure 23, a two-phase flow rate map is presented in terms of Am3/d. The X- and Y- axis are a log-log
plot. Well production can be plotted as a function of time, i.e. both the liquid and gas volumetric flow
rates will change over time. Thus the well will follow a certain trajectory. A single well trajectory or a
collection of well trajectories can be defined as the production envelope of a gas field. This production
envelope can also be presented as an area between minimum and maximum liquid and gas flow
rates. As an example, in Figure 23, a well trajectory is plotted in the two-phase flow rate map. These
trajectories are often based on preliminary information from reservoir engineers and consequently
there is considerable uncertainty attached to them. It is strongly recommended to also include these
uncertainty ranges in the two-phase flow rate maps. Well trajectories can also be plotted with 10 % or
25 % uncertainty bars.
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Similar to single-phase flow meters, WGFMs also have operating envelopes which should be specified
by the vendors. The production envelope (a collection of well trajectories) and the WGFM operating
envelope should coincide. This is the first step in the selection of a suitable WGFM for a particular
application. In Figure 23, an example of a two-phase flow rate map with a well trajectory together with
the WGFM operating envelope is presented.
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Figure 23 — Two-phase flow rate map ‘@ﬁl a well trajectory and a WGFM operating range, for a
specific tempe(ilj‘ure, pressure and fluid composition
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Figure 24 — Composition map with a well trajectory and a WGFM operating range, for a specific
temperature, pressure and fluid composition
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As a multiphase WGFM is only fully described with three parameters, e.g. oil flow rate, water flow rate
and gas flow rate, a two-dimensional two-phase flow rate map is not sufficient. The three parameters
can be described in different ways, e.g. oil/condensate flow rate, water flow rate and gas flow rates, or
liquid flow rate, gas flow rate and WLR. Regarding the latter, the two-phase flow rate maps describe
the total liquid and gas flow rates (and thus GVF), hence another map is required with information on
the composition. This second map is the composition map which can have the WLR along the horizontal
axis and GVF along the vertical axis. If necessary, the scale of both the X- and Y-axes can be adjusted to
increase the visibility in a certain region, e.g. for a high GVF application the GVF could range from 89 %
to 100 % (see Figure 24). As WLR and GVF generally change over time, a well trajectory can also be
constructed, similar to the well trajectories in the two-phase flow rate map. One or more of these well
trajectori@s are the production envelope In the composition map.

Multiphade WGFMs can also have their operation envelopes presented in the composition pdap. This
operating|envelope is not necessary always from 0 % to 100 % GVF. For example, electricalimpedarce
methods have different responses in an oil-continuous (WLR is low) than a water-contintous (W|LR
is high) flbw. Gamma ray based measurement is less dependent on the physical appeatance of the ¢il-
water mixture. Moreover, the uncertainty in measured WLR also depends on the technology used|In
Figure 24{ an example is given of the composition map with a well trajectory (production envelope)
and the operating envelope of a multiphase WGFM. The production envelope and the WGFM operating
envelope |n the composition map should coincide for a particular application:

8.1.4 l‘:l:id sampling

Fluid samppling is an important topic that should be discussed betwéen the engineers, the WGFM gnd
users (i.e.|loperations, petroleum or reservoir engineering) and the selected meter vendor at the starf of
the design stage. The meter end users and the design team should understand any specific contractpal
requirem¢nts that would require fluid sampling (and the~stibsequent sampling frequency) with the
Joint Ventlure partners, government regulators or for internal data requirements used for reservpir
surveillarfce and maintenance activities. These requireiments, once identified, need to be documentef.

Obtaining representative fluid samples from a’wet gas flow is significantly more difficult thHan
obtaining|representative fluid samples from a(single-phase flow. A representative sample means that
the propefty or parameter to be determined.in the sample is representative for that same property|or
parametel in the main flow line. For example, if the “property or parameter to be determined in the
sample” i the phase flow rate ratios then the sample is “representative” only if the static sample’s phase
volume ratios are the same as the flow rate ratios. In such a scenario there is by definition, a samplg of
each fluid available for physical property analysis. Alternatively, if the “property or parameter to|be
determingd in the sample” is ofily-each phase’s properties then a “representative” sample only meanis a
sample that collects a samplé-of each and every component in the flow for physical property analysis| In
this scendrio the “representative” sample does not necessarily have a static sample with phase volumes
representptive of the phase flow rate ratios. Due to limitations in wet gas sample technology, mpst
samples il the field aze'not representative of the phase flow rate ratios.

As a wet |gas flow*mainly contains gas by volume with smaller volumes of water and hydrocarbon
liquids, theredis(a significant challenge to ensure that a given sample contains all the phases. Wet gas
flow sampling is a specialist undertaking; at the present time there is no agreed wet gas flow sampling
method thatis the accepted practice in the hydrocarbon production industry. However, it is key not to
allow phase change or a change of the individual phase properties during sampling which means the
sampling system needs to be kept under line pressure and temperature.

8.1.5 Redundancy and external environmental considerations
The WGFM operator should consider the external environment where the meter will be installed.

The physical location and installation design of the WGFM are often different in a subsea system from
those on land, and require different designs. For subsea applications, the retrieval and replacement of
a meter will be an order of magnitude more expensive than in a surface installed metering system.
The operator should therefore consider if redundant (duplicate) measurement devices are required to
ensure acceptable measured data.
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For example:

— redundant pressure and temperature transmitters;
— redundant phase fraction device sensors;

— redundant Differential Pressure (DP) transmitters;

— different DP readings across the meter to calculate flow rate (e.g. permanent pressure loss or
recovered DP as well as traditional DP readings);

— [thesunrof the permmament pressure toss and Tecovered DPattows asecomdary inferreg traditional
DP measurement and therefore redundancy on any one of the three DP readings;

—| redundant power supply and communication wiring;

—| redundancy for other critical devices necessary for capturing and transmitting the information that
will be used for the flow calculation (e.g. digital communications networks).

plicate systems are not only important as back-up systems but they allow a level of diagnostics on the
primary readings to give correct meter operation assurance. WGFMs that have more than orje method
of falculating a meter output also offer ultimately greater flow assurafice.

Onfshore installations can be affected by the operating environment, such as in extreme |operating
temnperatures of the arctic cold, humid tropical conditionscoi very hot desert environments. When
selecting a WGFM, there may be different installation réquirements depending which enyironment
it yill be exposed to. This may include weather protection equipment (e.g. an enclosed coptainment
to |protect the instruments from extreme high or low”temperatures). These external effects need
to |be incorporated into the design and installation-ef the metering system. In addition thgse issues
myst be addressed in the meter’s maintenance phitosophy and its maintainability with resgect to the
mgasurement uncertainty. Operations may require the piping system to include a bypasd that will
allpw removal of the meter during operation without shutting in the flow. In an onshore application
the complexity of providing this bypass miay be minor, but for a subsea meter installation ipcluding a
bypass system can be complicated and-expensive.

functional duration of the measurement system is another important design criterion that the
opprator should evaluate when considering WGFM designs. The system design may differ if the
WGFM is required for an operational life cycle of 5 years vs. 25 years. The operator needs t) consider
th¢ measurement device fecovery and re-installation after repairs or re-validation; for insftance, the
mdasurement subsea module may have a special design for its removal, or require special topling for a
Remotely Operated Vehicle (ROV) to perform the removal and installation task. Again, this mdy be more
critical for subsea.designs, while for an onshore installation they will probably not be as impgrtant.

8.1.6 Security

Segurity-issues may need to be addressed when considering the use of WGFMs. Theft of the flow meter,
or [paft.of the device, or tampering with the data for measurement and allocation purposes pre issues
that should be considered

For land applications, the operator should consider the geographic location; remote areas may require
data telemetry for monitoring and periodic data gathering. Some WGFM designs incorporate the use
of radioactive sources. The security of the radioactive source should be considered. It may prove
necessary to select a meter that does not utilize radioactive sources, even if this results in higher flow
measurement uncertainties.

Data security is an important subject for partnerships with joint venture energy companies and for
governments. The flow meter design and data storage also may be important for auditing purposes, and
should be appropriately considered.

© IS0 2015 - All rights reserved 53


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

ISO/TR 12748:2015(E)

8.1.7 Cost and project schedule implications

WGFM selection may present a “challenge” to the project team as they aim to minimize cost and schedule.
The meter operators may want a system design that will “never fail” while continuously providing very
low measurement uncertainty. In contrast, the project team has stewardship to deliver the project
within reasonable economics to their stakeholders and in a timely manner. The stakeholders should be
realistic and pragmatic about the available meter technologies’ specifications. The meter operator must
therefore use sound engineering judgment to evaluate the relative risks of a chosen WGFM design.

The requ1rements of the Factory Acceptance Test1ng (FAT) should also be cons1dered Generally a FAT

may also nclude a test of WGFM performance in a test fac1l1ty, partlcularly if needed for other redso
such as r¢gulatory or contractual requirements. It is also good practice to schedule the test{with|as
much timg¢ between the FAT and installation dates as possible, and to consider what happens in casg a
wet gas meter system fails the FAT.

8.2 Performance specifications

TS

During the design stage of project development, the design team should cempare different WGFM
technologjies in order to decide which technology is best for that particular application. As discussed in
Clause 1, ¢ach project might have different WGFM requirements and as indi€ated in Clause 6, differ¢nt
WGFMs will operate on different physical principles and therefore, have different advantages and
disadvantfages. Partly due to the fact that no two WGFM technologies-ate identical and partly due to the
lack of stgndards for WGFMs, each vendor presents their WGFM specifications in their own preferied
way. This|creates a significant problem to the engineer attemptihg to decide upon the best technolqgy
for a given application.

Also, as WGFM technology is generally more complex than single-phase flow meter technology, the
performance specifications for WGFMs are also more ¢omplex. This makes it more difficult to makg a
true comparison between the various WGFMs. It wouild therefore be beneficial to have a standardiged
method of presenting WGFM performance specifications.

The perfdrmance specifications for WGFMs @re complex and often not constant over the operating
envelope.[Most WGFMs outputs are sensitive to an extensive list of parameters. For example, a WGFM
may find |it relatively easy to meter higher liquid flow rates in high liquid loading wet gas floys.
However, ps the liquid loading and liquid flow rate decrease to trace levels, the normal instrumentatjon
rules stilljapply in that there is ansinereasing percentage uncertainty in the measurement of the smalller
measurand fraction.

A potentigl meter operatorinay want each vendor to supply the appropriate performance specificatigns
for a particular application“However, in order for the vendor to supply the appropriate information if is
arequirerpent that the petential operator gives details of the application’s wet gas flow condition range.
m.

of
ng
ny
WGFM vendor to prove or guarantee any expected meter performance claims. In this situation, due to
lack of any practical alternatives, it is common for the operator to be pragmatic and on checking for
realistic claims, accept the vendors best guess uncertainties.

When comparing different WGFM technologies, the different physical principles will typically result in
one being stronger in one measurement parameter but weaker in another. For example, a WGFM may
have a lower uncertainty in hydrocarbon flow rate prediction than another meter, but yet it is less able
to predict water break-through than the other meter. The operator then has to decide which output
is the most critical while also considering the other important issues of cost, required maintenance,
redundancy levels, safety, etc.

54 © IS0 2015 - All rights reserved


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

ISO/TR 12748:2015(E)

8.3 Wet gas flow measurement uncertainty

Whereas, the Guide to the Expression of Uncertainty in Measurement (ISO/IEC 98-3:2008)[45] and its
supplements were written to “establish general rules for evaluating and expressing uncertainty in
measurement”, and as such provides a general methodology, ISO 5168I3] exists to provide methods of
computation of uncertainty more specific to flow measurement. However, additional considerations
should also be made for the complications associated with wet gas flow measurement beyond that

detailed in these referenced documents.

8.3.1 Uncertainty evaluation methodologies

To
un|
thd

IS(
thg

semsitivity of the measurand calculation to that parameter. This technigiie is suitable fo

wh
thd

An
HP
wh
de

8.3

calculate the overall uncertainty of a measurand generally requires the evaluati
certainties associated with all relevant parameters and the calculation algorithm used to
t chosen result.

5168, 10.2 defines the Uncertainty Budget methodology, which allows)the determ
t overall uncertainty by individually evaluating the uncertainty of each input paramets

ere the calculations are known and simple. With more complex systenis, such as WGFM ca
 Uncertainty Budget method may therefore be cumbersome.

alternative is to use the Monte Carlo methodology (see fordrnstance Supplement 1 to
ropagation of distributions using a Monte Carlo method”). This treats the algorithm as a “I
ere the inputs are entered and outputs are obtained. Bysaltering the inputs parameters in|
fermined by their respective uncertainties, the end result*(or results) can be recorded.

.2 Additional factors affecting wet gas flow.méasurement uncertainty

n of the
letermine

nation of
r and the
I systems
culations,

ISO GUM,
black box”
a manner

Thie methodologies discussed above give a sensible process for calculating the uncertainty in the

required output parameters, where the majotrcomplications would be providing the input pgrameters

anfl uncertainties, and fully detailing the required algorithms. Certainly for standard single-phase flow

mdters, or for simple wet gas corrections, these techniques provide reliable solutions.

For the more complicated (multiphase) wet gas systems, other factors beyond the evaluatjon of the

semsor measurement uncertainty associated with each parameter may lead to additional uncgrtainty in

th¢ measurement. For example:

a) [ Although the uncertainties of individual phase parameters (such as density, |viscosity,
permittivity, etc)}-may be known, the uncertainty associated with the combined phasg mixture
may not be detetmined.

b) [ The numbeRard variety of metering sensors may be significantly more than those used fdr a single-
phase flowmeter. Additional care should be taken to ensure that the relevant parameterg and their
respective uncertainties are evaluated for all sensors, including sensors that switch baged on the
current range of operation. Also, if a fall-back case is provided where a secondary senspr or sub-
system replaces a failed sensor or sub-system, the uncertainty associated with this system should
alsa bhe qpprnpriqu]y evaluated

c) Calibration of sensors should also be considered, particularly for subsea WGFMs where recalibration
may not be feasible.

d) The associated uncertainties in the measurements of a meter technology may be affected by the
wet gas flow regime, which may not be determined for given input parameters. For example,
a gamma densitometer “sees” what occurs in a beam, and therefore this measurement would be
altered depending on the local flow regime.

e) It may be impractical to fully detail the flow measurement algorithms with all associated
meter parameters and their individual uncertainties in a spreadsheet. The uncertainties in
some calibration parameters may be difficult to know if they are determined experimentally.
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Furthermore, the flow measurement algorithms may not be available to the end users due to the
vendor keeping them confidential.

f) The uncertainty associated with the change of fluids between that used at a wet gas test laboratory
and those the meter will see over its lifetime in the field may not be known. For instance, a wet
gas test laboratory may use air or nitrogen as the gas phase and a condensate substitute and fresh
water, whereas the meter will see live hydrocarbon fluids and saline water. This may result in a
lower uncertainty at the flow facility than would be seen with the live conditions.

g) The uncertainties associated with fitting a model to real life data may not be accurately known,
giventhe relatively few points of 3 typical wet gas test matrix. Alsg,if a theoretical model isused
for arly aspect of the flow metering algorithm, this will also have an uncertainty as to how well it
reprefents the real world (for instance, PVT Equations of State).

ne a elALnoln a a A 0. an

h) Real world wet gas flow can be relatively unstable, so the uncertainty of an instantanequs
measyirement (from a single sensor or the meter as a whole system of sensors) will fluctuate. Some
systems may incorporate averaging functionality, which may require additionalrconsideration,|as
this time effect will not be appropriately evaluated for a static system.

i) Determination of some parameters may not be so readily possible in the(field as at a wet gas tpst
laborgitory. For instance, the difficulty associated with representatively.sampling the fluids passing
throulgh the meter may lead to an additional error in the total hydrocarbon composition and other
parameters, which would increase the overall uncertainty in the flow'measurement.

8.3.3 Expressing uncertainty of wet gas flow rates

As far as [possible, the uncertainties of the flow rate measurements from a WGFM should be cleajrly
expressed in a manner that does not hide calculation parameter details within the “black box”. |An
appropriIe uncertainty evaluation should take place, and should consider both

pe

— the injput parameters to the algorithm (with their'associated uncertainties and sensitivities), an

— other|factors that may affect the flow méasurement that otherwise would not be evaluated by
consiflering only the input parameters.

The methodology should be consistent with those detailed in the relevant standards (such as the
be

ed

ng
1ck
but

In this clause, the testing and verification of WGFMs are discussed. Before WGFMs are installed and
operated in the field; it is recommended to execute a number of tests/evaluations. This can include
a Factory Acceptance Test (FAT), a flow facility evaluation and/or a Site Acceptance Test (SAT). The
FAT and the SAT are often considered essential by operators. Whether a flow facility test is required
depends on factors including the existing experience, the confidence of the operator, budget, availability
of test facility, etc.

9.1 Meter orientation

Good operating practice for single-phase flow meter testing and calibration is generally also good for
WGFM testing. The addition of liquids to the gas flow makes the test more complicated. Multiphase wet
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gas flow in a test facility is more difficult to control than single phase flow and it can take longer to
stabilize and log test points.

Wet gas flow orientation (e.g. vertical up, horizontal) can influence the flow regime and the flow
regime can influence the response of most WGFMs (e.g. see Figure 11). It is critical that a WGFM should
be installed in the wet gas flow test facility such that the wet gas flow regime through the meter is
representative of the wet gas flow regime it will encounter in the field. A WGFM designed for, and
destined to be operated with vertically up flow must be tested in this particular orientation. If such
a WGFM was tested in another orientation (e.g. horizontal flow) then the resulting flow regime and
therefore the resulting data may not be representative of the meter’s performance in the field.

9.2 Comments on flow regimes and mixers

It is not advisable to attempt to artificially manipulate a wet gas flow regime by usecof.d mixing device.

We¢t gas flow regimes are dictated by the balance of forces on the gas and liquid fluids. The 3
a rixer to modify the naturally occurring flow regime at any given flow conditions has only 3
effect on the wet gas flow regime. On exiting the mixer, the fluids will immedijately start trans
to the flow regime dictated by the local flow conditions. There is significarit evidence from we
fadilities that this transition occurs over a few diameters of pipe.

For a similar reason, it is also not possible to artificially induce aanist/homogenous flow in
teqt facility by using a mixer.

We¢t gas flows with low gas dynamic pressure (i.e. low,gas density and/or low gas vel
inherently unstable. If there is not enough energy in the gas'to drive the liquid flow steadily,
tends to enter a cycle of slowing and collecting, and thenraccelerating before slowing again.
is falled “intermittent flow”. In horizontal flow thisds “slug flow” and in vertical upward fl
“cHurn flow” (see Figure 3). Wet gas flows with intermittent flow regimes are difficult to met]
wdt gas flow tests at wet gas flow facilities, such-flow instability is not a limitation of the test f]
rather due to the natural behaviour of wet gas-flows at these conditions.

\%
ga
hig
ca

[FMs, which are to be installed verticallywith upward flow, often have a stated minimum o
5 dynamic pressure in order to avoid,intermittent flow. Some WGFM manufacturers claim|
her sensor reading frequencies{appropriate data averaging and proprietary software the
1 cope with intermittent flow. However, testing is recommended.

9.3 Installation requifements

Md
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W
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st WGFM systemswhether a standalone DP meter with a wet gas correlation, a two-phz
a multiphase WGFM) utilize a Venturi meter or cone configuration as a subsystem of t
tering systent.. In single-phase flow measurement, Venturi and cone meters have a requir
stream pipe, straight run lengths to ensure fully developed flow and correct meter opera
[FMs, upstream pipe straight run lengths are not stated by most WGFM manufacturers. Alt¢
lind-T configuration may be used to provide a level of flow conditioning.
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W(GEFEM manufacturers tend to dictate piping requirements based on wet gas flow regime factgrs, rather
thm—me—mmw&mrmmﬁmuﬁe—vmg' Tti i = i i i i i in WGFM

systems may not be compliant with the installation requirements of ISO 5167-4. Dry and wet gas flow
testing of the meter resolves any effects of these specific deviations.

9.4 Wet gas flow characterization tests — Single-phase DP meter baselines

Most WGFMs are required in horizontal piping. As some WGFM designs require (or are optimized by)
installation in vertical up flow conditions (see 9.1) these meters are commonly installed in an inverted
U-bend. These meters are often located in the piping immediately downstream of a blind tee entrance.
Figure 25 below shows such an installation.
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Figure 25 — Common WGFM installation with a blind tee'upstream

er manufacturers state that for low uncertainty single-phase gas flow metering cone met
be individually calibrated across the application’s Reynelds number range. For Venturi mete

calibration if the meter geometry and flow conditions fall outside the following ranges:
sure < 10 Bar

0 < Inlet Reynolds Number (D) < 106

m (2 in) <D <250 mm (10 in)

£ <075

se thresholds. It is therefore recommended that WGFM technologies that utilize Vent

hce across the application’s flow range.

L gas flow facility operational considerations

meters;When flow testing a WGFM, it is necessary to

that the flow in the test facility is steady during the time of measurement so as to ensure tl

br'S
rs,

L states that that for low uncertainty single-phase gas)flow metering Venturi meters requjire

ity of wet natural gas produetion flows are at pressures and Reynolds numbers significantly

uri
ne

rity of adwet gas flow test facility is heavily dependent on the integrity of the test facility
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flow at the meter.

he

— Know the local thermodynamic conditions at the reference measurement and at the WGFM. If
pressure and temperature are different, make the necessary PVT corrections. Either compare at
the same operating conditions or convert to standard conditions.

9.5.1 Test facility operational issues — Achieving thermodynamic equilibrium

The temperature of the injected liquid phases should match the temperature of the gas flow. Single-
phase gas, hydrocarbon liquid and water flow meters, upstream of the multiphase mixing point provide
the gas, hydrocarbon liquid and water reference measurement. If the system is not in thermodynamic
equilibrium, i.e. the phases are mixed at different temperatures, phase change may occur as heat
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transfer occurs. Both the hydrocarbon gas and liquid phases are mixtures of various compounds.
Depending on the hydrocarbon gas and liquid phase composition, a temperature gradient between the
phases can cause

— compounds in the hydrocarbon liquid phase to be absorbed into the gas phase,
— compounds in the gas phase to be absorbed by the liquid phase.

Without thermodynamic equilibrium the integrity of the upstream phase flow rate references can
be compromised.

A et gas flow test facility reaches thermodynamic equilibrium by flowing the system for g period of
tinpe that allows the phases to be well mixed and heat transfer to be complete. Some phase €hange will
ingvitably occur during the warm up but will stop as the fluids reach thermodynamic equilibrium with
each other. The larger the liquid holding tanks, the greater the liquid mass, and the longer the¢ required
hefting period.

It 1s important that phase properties are logged live at the test condition.and not the static sample
condition. For the case of natural gas flow, a gas chromatograph should he<dn continuous opjeration to
mqnitor the gas composition during the test. Often the actual liquid densities are measured dlong with
th¢ flow rate by reference liquid Coriolis meters. Also, if required, a pyeitometer can be used tp measure
th¢ liquid density at line pressure.

It [is necessary to account for any change in thermodynamic conditions between the [reference
measurement points and the WGFM under test as minor changes in fluid properties can occujr. The less
permanent pressure loss between the reference instrumentation and the test meter inlet, the|less likely
thé¢se changes will be problematic.

9.35.1.1 Test facility operational issues — Fluid'choice

Thie industry is still debating the advantagestand disadvantages of various fluids used to nimic the
regl world fluids in wet gas flow facilities)It is often considered ideal to use the applicatign’s actual
production fluids. However, there are two practical factors that make this significantly less attractive:

—| delivering to, and filling, a wet.gas test facility with specific fluids for each and every wdt gas flow
test makes wet gas flow facility operation significantly more expensive and time consumjfng than if
one set of fluids are accepted for that wet gas flow facility, and

—| even if thermodynamic equilibrium exists between the phases at the test meter inlet, many
production hydrocarbon liquids are so light that they can change phase due to the small ¢hanges in
thermodynamic conditions (e.g. pressure loss) between the injection liquid meter locatign and the
test meter loCation.

We¢t gas flowfacilities tend to operate with one set of gas, liquid and water fluids with known properties.
fluids*chosen usually represent the lightest hydrocarbon liquids that can be run in that wet gas
flow facilities thermodynamic condition range without causing significant phase change urcertainty.
It Is,only with specialized high-cost and time-consuming testing that particular fluids are introduced
in ‘ i

9.5.1.2 Test facility operational issues — Gas breakout

Many WGFM systems are to be used over long periods of time where the production flow conditions
change as the well ages. WGFMs are therefore often tested over a range of thermodynamic
conditions — in particular, a range of pressures.

The thermodynamic condition dictates the amount of gas absorbed in the liquid phase. At higher pressures
liquid can typically absorb more gas than at lower pressures. Hence, when conducting a wet gas flow test,
where more than one pressure is required, it is good practice to test at low pressures first and then test
at increasing pressures. Testing a WGFM with reducing pressure, and not waiting an extended period
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of time to allow the liquid to de-gas, can and does result in significant gas release from the liquid phase
during the test, thereby compromising the integrity of the lower pressure reference data.

9.5.2 Test facility operational issues — Phase flow rate stability

Wet gas flow test facilities can take longer to change flow conditions than a single-phase flow facility.
When changing either the gas or the liquid phase flow rates it takes some time for the new wet gas
flow condition to stabilize and settle to give a constant flow through the test meter. For example, when
injecting more liquid at a constant gas flow rate it takes some time for the extra liquid to be moved
down the pipe by the gas flow. A test point can only be logged once the operator is sure that the new wet

gas flow

— moniforing the single-phase reference meters for stability at the new required flow rates,-and

— moniforing the test meter output signals between the previous and new wet gas floiw'eonditio
until fest meter sensor averaged data repeatedly produces the same new averaged-values.

ndition is stable at the WGFM inlet. The stability check usually consists of

ns,

The shorter a test facility’s wet gas flow test section, the less of an issue stabilizing the system at a

new wet gas flow condition is. Most wet gas flow test facilities have less thanI50 m of wet gas fl
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n between injection point and separator inlet (with varying nominal pipe diameter). T
It the test meter inlet flow reaches wet gas flow equilibrium reasonably quickly. For examy

W
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le,

flength, even at an unusually low superficial gas velocity of 2 mys, and an unusually high 3
of 4, the gas flow passes from inlet to exit in approximately<75 s, and the liquid in four ti

ondition within 5 min.

“stable” wet gas flow is subjective, and needs to be defined between the parties involve
y nature wet gas flow is inherently a transientflow. Hence, the term “steady wet gas fl
verbally agreed, or inherently understood_between parties without discussion, to me
teady wet gas flow”. Here, repeated sens@v readings vary reading to reading, but wh

t gas flow the average sensor outputs 6fthe WGFM under test (with relatively large standg
) are deemed to be relatively constant over time.

shows sample wet gas flow DP.meter data, in the form of the meter’s read DP per scan vs tir
tarts with dry gas flow and.then various liquid loadings of wet gas flow.

rst data point (circled 1éft)is a dry gas flow. The standard deviation of the DP is very low.

bcond point (circled®ight) shows wetgas flow (at X,y 0f0,25). Theliquid hasinduced a signific

rise ifh DP for the set gas,flow rate and also a significant rise in the DP’s standard deviation.

— Asth
towal

ds the original dry gas values.

lip
es

i.e. 300 s, or 5 min. That is, most industrial wet gas flow-facilities can achieve a new wet gas

in
an
en

vith a large enough data set they always average to a reproducible value. With such pseuglo-

rd

int

e liquid loading is reduced in steps, the subsequent DP value and standard deviation reduyce
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Figure 26 — DP vs. time data of a DP meter under dry and wet gas flow conditions

It ils this phenomenon that is exploited in the fast-response-sensorwet gas systems discussed in 6.5.3.

Pseudo-steady wet gas flow causes meter sensors (of varionis physical basis) to have higher| standard
deyiations than if that gas flow was dry. Some technologies‘inay require more data sweeps, ije. a larger
dafa set to be averaged to achieve a representative data*sample, than other technologies. The meter
mgnufacturer will suggest to the test facility and operator the amount of data to be gathered, i.e. at
what frequency and over what time frame, and averaged to obtain a representative data poinf.

.3.3 Test facility operational issues — Witnessing of tests

2> \©

}:Eeter's wet gas flow test matrix is decided amongst the relevant parties before the test commences.
test matrix usually incorporates the field application’s predicted wet gas flow conditiohs. Hence,
hé¢re is usually no secrecy amongst participants regarding the test matrix.

=

If the test is research and«development based this is not an issue.
— | Ifthe testis conducted without the meter manufacturer’s participation this is not an issufe.

—| Ifthe testis a verification test to assure correct meter operation, and the operator invites|the meter
manufacturer to)help operate the meter during the test, this can be an issue.

In the third scenario, the meter manufacturer’s knowledge of the test matrix means that thetest is not
tryly blindedy'A partial solution to this issue is

—| givethe attending meter manufacturer staff a range of conditions that the test will be wifthin (i.e. a
range of pressures, gas and liquid flow rates etc.),

— do not give the attending meter manufacturer staff the actual wet gas flow conditions of each test
point their meter is to predict.

It is also beneficial to the blinding process to randomly select test points in the matrix rather than
moving through the test points in sequence. However, this method of making the test more realistic has
time and financial consequences.

— Itisimpractical to randomly switch pressures. This is not only impractical from a time perspective,
but failing to only maintain or increase pressure as the test matrix proceeds, can cause gas break
out compromising the integrity of the test (see 9.5.1.2).

— It takeslonger to substantially change the gas and liquid flow rates between subsequent tests, than
to hold one phase (or more phases) constant and change a single-phase flow rate. Whereas this
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increase in time is relatively modest per test point, it accumulates to a significant increase in time,
and therefore cost, if the practice is repeated over a whole test matrix.

Therefore, due to practical limitations the operator is limited to how blind a WGFM manufacturer
attended test can be. It is possible to truly blind a test, but it takes significant time and effort.

9.6 Meter testing in a wet gas flow facility

It is advantageous for the operator and WGFM manufacturer to discuss what is to be achieved by a
WGFM test before the test commences and it is preferable that the entire test shall be documented in a

test prog

— descr

o type of fluids to be used, and if possible, the variations in fluid properties, e.g. salinity;

o availd

— descr
comp

o t)

(0) tq

As with all instrumentation, it is ideal for the end user to independently test the equipment for their o}

verificatid
and the nf
in the test
manufact

It is comnjon for a verification tests to take place either before or after final purchase. Testing WGF

should be
are problg

In plottir:E results from a WGFM test,, use can be made of the two-phase flow rate map and f{

compositi
the test p
output (sc
and the W
output. A
is represq
presented
WGFM ou

am. I'he latter snould mclude the rollowing imirormation:

ption of the test facility in terms of available flow rates, GVF, and WLR:

ble reference measurements with the uncertainties (calibration sheets);

ption on how the test will be conducted in terms of vendor, test facility. Operator, and oil /g
hny operator interaction:

rpe of external inputs, e.g. fluid properties, required for the WGEM;

st matrix in terms of flow rates, GVF, and WLR, as well as the'sequence of test points.

n. However, with the state of the art of wet gas flow.aneters, due to their relative complex
anufacturer’s confidentiality requirements, operators may opt to include the manufactu
procedure. In such circumstances it is the operator’s prerogative to decide upon the leve
irer access to the flow meter under test.

conducted at the earliest possible time. This maximizes the operator’s options if test resy
matic.

n map that were discussedvearlier in 8.1.3. The WGFM operating envelope is plotted a
bints are represented by twp points. One is the reference measurement and one is the WG
juares and circles in Figure 27). The length of the line between the reference measurem
/GFM output represénts the deviation between the reference measurement and the WG
h advantage of a leg-log plot is that throughout the plot a certain relative error in flow r
nted by the same length. The reference measurement and the WGFM output can also
in the composition plot with the same connecting line between reference measurement a

[put (see Figure 28).
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Figure 27 — Two-phase flow rate map showing the test points from a flow facility evaluation
and the WGFM operating envelope
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Figure 28 — Composition map showing the test points from a flow facility evaluation and the
WGFM operating envelope

In addition to the above two-phase flow rate map and the composition map, it is also convenient to plot
the deviations between reference measurement and WGFM output reading as a function of GVF. This
can be done for gas flow rate, liquid flow rate, WLR and WVF. An example for liquid flow rate vs. GVF is
presented in Figure 29.
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Deviation in Liquid Flow Rate as Function of Gas Volume Fraction
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Figure 29 — Deviation of liquid flow rate prediction frem reference plotted vs. GVF%

Cumulatiye deviation plots are a convenient way to compare the performance of different WGFMs/ In
Figure 30{and Figure 31 the cumulative deviation between the reference measurement and the WGFM
measurement is plotted along the X-axis and the Y-a%is represents the percentage of test points that
fulfil a ceftain deviation criteria. This example shows that 90 % of all the test points show relatjve
deviation$ in liquid flow rate that are smaller than 4 %. Similar conclusions can be made for the gas
flow rate,[the WLR and the WVF.
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Figure 31 — As per Figure 30, but scaled to make the cumulative deviation for WVF more visible

10 Operational and Field Verification Issues

Depending on the WGFM technology, various levels of fluid property information are required. However,
these fluid properties are not always easy to obtain in a real field installation.
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10.1 Laboratory reference vs. field hydrocarbon flow composition estimates

In the field, reservoir or petroleum engineering generally provides the initial fluid composition estimate
in terms of mole fraction. During the operations phase, if it is possible, samples are taken to update this
fluid composition. Note that either fluid composition (mole fraction) or fluid parameters (e.g. density,
gamma ray absorption coefficient, etc.) are often inputs for the WGFMs.

At a multiphase wet gas flow facility, the wet gas flow is artificially created by injecting water and
hydrocarbon liquids into a single-phase natural gas flow. Here also the WGFM under test requires the
fluid composition or fluid parameters.

as the flow conditions are deliberately changed during the test procedure. For each selectedcwet gas
flow condjition, the total hydrocarbon mole fraction is set by the natural gas and hydrocarbon liqpiid
phase flow rates and the compositions of the natural gas and hydrocarbon liquid, i.e.

A multiste wet gas flow created in a test facility has a varying total hydrocarbon flow mole fraetjon

— gas flpw rate from gas reference meters,
— gas cqmposition from gas chromatograph,
— liquid hydrocarbon flow rate reference meter, and

— hydrdcarbon liquid composition from sample analysis.

10.2 Labhoratory reference vs. field calibration of phase fractions

Multiphade WGFMs contain “phase fraction devices”. These devices are discussed in 6.6.3.

In order tp reduce phase fraction device output uncertainty, it is desirable to characterize these deviges
with the flluids to be seen during the operation. Ideally;this can be done by filling the meter chamler
with each|of the individual phases in turn, and calibrating the phase fraction device for each individpal
“phase”. This practice is possible in a wet gas flowtest facility but often not possible in field applicatigns
such as syibsea installations. If filling the meter body with each of the live fluids cannot be achieved
in the fielfl then the phase fraction devices.have to be set to recognize each phase by another methpd.
This may pe done by using the reservoir engineer’s fluid property predictions. This practice has higher
uncertainfy than calibrating the device/s to the live individual phases.

Multiphade WGFM output sensitjvities to biases in the total hydrocarbon flow mole fraction input
values andl/or the phase fraction device’s characterization of the individual phase properties are larggly
undisclos¢d by the WGFM manufacturers.

10.3 Comparisons of multiphase wet gas flow meter and single-phase meter requiremernts

Most flow metersrequire some fluid property inputs. For example, single-phase DP, turbine and
ultrasoniq¢ meters-require fluid density and viscosity be supplied from an external source. A WGFM
such as two metérs in series (see 6.5.1) may require the gas and liquid densities be supplied from|an
external §ougce. Therefore, a WGFM'’s requirement for fluid property inputs to be supplied from |an
external source 1s fundamentally analogous with other [low meter s requirements. HOwever, there are
two crucial differences between WGFMs and other flow meters regarding fluid property information
requirements that an operator should be aware of.

10.3.1 The challenge of supplying multiphase wet gas flow fluid properties

Finding the required fluid properties of a single-phase flow in field conditions is relatively simple
compared with doing the same in multiphase wet gas flows. For example, a single-phase natural gas
flow can have its composition determined by an in-line gas chromatograph, or from a sample and
subsequent laboratory analysis. There are equations of state available for single-phase natural gas that
are known to predict gas flow properties with very low uncertainty.
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Finding the required fluid properties of a multiphase wet gas phase flow is a difficult task under field
conditions. A gas chromatograph cannot be directly used with multiphase wet gas phase flow (due to
the likelihood of flooding the gas chromatograph columns). There are no standard documents on, and
no agreed method of, sampling multiphase wet gas flows. Sampling of multiphase wet gas flows is a
contentious issue.

The dispersion of different liquid components in the gas flow (i.e. the flow regime) makes it challenging
to take a “representative” sample of a multiphase wet gas flow. This statement holds true regardless of
whether the operator wishes to obtain a sample that has phase fractions representative of the phase
flow rate ratios or just a sample that contains all the flow components for fluid property determination.

Myltiphase wet gas flow samples are usually taken to determine one of two different sets of information.

a) | Captureall components presentin the flow so as each component can be analysed and fluid properties
found, i.e. collecting all liquid components and all gas components to subséquently fletermine
liquid and gas fluid properties. The components do not need to be captured’stich that the ratio of
components present in the sample represents the phase ratios of the multiphase wet gas flpw.

b

Nt

Capture all components present in the flow in the correct ratio (e.g. WER and GVF) that|they flow
together. Note this is very challenging and it is an on-going debatein industry as to whether such
a task is practically achievable with the present state of the art-sampling technology. However, if
successful, each component can then be analysed and fluid properties found.

flow sampling. Consequently, it is a challenge for operators to'give uncertainty statements reggrding the

Th‘Evre is as yet no industry agreed method or standard documient for conducting multiphage wet gas
sampling process. Other difficulties with determining multiphase wet gas flow fluid propertigs include:

—| the significantly higher likelihood of a multiphase wet gas flow sample undergoing phalse change
between line and laboratory conditions than most single-phase flows, i.e. phase change will add to
the fluid property uncertainty;

—| the probability that the operator mayfall back on reservoir engineering fluid property [estimates
when samples are not available (e.g,for subsea WGFMs), as estimates for both original data and the
historical nature of the data may have relatively high uncertainty;

—| the difficulty in compiling multiphase wet gas flow fluid property information, as WGFNIs require
more fluid property information than traditional single-phase flow meters, i.e. WGFMs require
various combinations effluid properties, from a substantial list including for example, each phase’s
density and viscosity, ‘dielectric constant/permittivity, various absorption coefficients, Interfacial
tension, the water’s-salinity, the flow’s H2S content etc.

In [summary, obtaining WGFMs required fluid properties in the field, to a low uncertginty, is a
complicated task.

10.3.2 Genfidential slip models

manufacturers hold in confidence most of the ynderlying
flow—calelations; ading th smodel e the calenlation procadure oo dicencsad in 4 ) and
in some cases the details of the systems hardware. Therefore, operators do not have a comprehensive
understanding of both the hardware and the software of most WGFM technologies. Another example
with Venturi meters used in WGFMs is the calculation of the baseline single-phase discharge coefficient
C, this also is often proprietary information. This is why WGFMs are often called “Black Boxes”, i.e. the
calculations to determine the flow rates are not transparent and are unknown to the meter operator.
A consequence of this is an operator cannot calculate the sensitivity of the flow rate predictions to any
fluid property input bias.

10.4 The importance of correct fluid property predictions

Apart from the fact that fluid properties are difficult to obtain in the field, a further issue is that the
fluid properties most likely will change over time, particularly for comingled flows. Therefore, for
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optimum WGFM performance the correct fluid composition and/or fluid properties have to be kept up
to date as the reservoir conditions change over time. Unfortunately, sometimes a relatively small input
fluid property bias can potentially create a relatively large phase flow rate prediction bias.

Consider an example of a hypothetical mass flow meter with the ability to measure the fluid density,
used to measure two-phase hydrocarbon liquid and water flows. In this idealised example, assume that
this hypothetical mass flow meter reacts to the hydrocarbon liquid and water mixture flow as if the
mixture flows as a homogenous fluid of average density. With known base densities of the hydrocarbon
liquid and water the measured density results in the fractions of the hydrocarbon liquid and water,
i.e. the WLMR, or by conversion, the WLR. Hence, base densities are important and the flow computer
needs thegdemnstty of-hydrocarbomrHiquid—amd-—water asmputs—tocatcutatethe-WHR—owever,if the
actual fluld densities deviate from the values in the flow computer the meter output will start te shpw
systematif errors.

Let us say|that the flow computer contains values of 850 kg/m3 and 1 050 kg/m3 for hydrogdrbon liqyid
and water respectively. However, say the actual water density is only 1 020 kg/m3. Figure 32 shows
this scenario. If the density of the mixture is read by the meter as 1 010 kg/m3 than the’flow computer
calculated the WLR as 80 %. However, the actual WLR is seen to be 94 %. That is,the relatively small
positive Hias in water density of +3 % cause the water liquid ratio estimation\to be under predicted
by 14 %. Alternatively, if the density of the mixture is read by the meter as-880 kg/m3 than the flpw
computerfcalculates the WLR as 15 %. However, the actual WLR is seen to be18 %.

WLR measurement with the density outplit from a
Coriolis mass flow meter
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Figure 3

Biases in water or hydrocarbon liquid density inputs produce biases in the WLR prediction, and in turn
in the water and hydrocarbon liquid flow rate predictions. The scale of the biases is dependent on which
liquid properties are incorrect and the actual water liquid ratio.

The above example is simple and straight forward. It can be easily simulated and understood by all
interested parties. However, with WGFMs this phenomenon is not so straight forward. Due to black
box calculation methods the sensitivity of WGFMs cannot be simulated by anybody but the meter
manufacturers. Even if these calculation routines were available, due to the considerable greater level
of complexity, analysing the sensitivity of the meter to any fluid property input is difficult. In some

68 © IS0 2015 - All rights reserved


https://standardsiso.com/api/?name=82061462c0d65fda9b32bcbcff928227

ISO/TR 12748:2015(E)

cases, due to the complexity of the calculations, the relationship between any given input and the
meter’s output can be nonlinear.

Figure 33 shows another example but now for a hypothetical WGFM metering three phase flow. Again
if a fluid physical property input to the WGFM is not equal to the actual physical property in the fluid
flow, this will immediately lead to systematic errors in the measured water, hydrocarbon liquid and

gas flow rates.

WGFM Flow Computer Triangle

Second Physical Parameter

Actual Triangle

“Actual Hydrocarbon
“WGFM Water"e:--= Liquid
Water” WLR = 30 % (MPFM)

WLR = 50 % (Actual)

First Physical Parameter

Figure 33 — Potential impact of water salinity on the WLR measurement

effects of changing salinity, H,S.and CO2 concentrations.

These are examples, but it-is-of vital importance that the user of WGFMs discusses these s
issjues with the vendor. An‘alternative is to investigate these fluid property sensitivities, see 10.4.3
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Figure 34 — Impact of H2S and CO3 on the composition triangle

he importance of gas properties when metering small liquid flow rates

mounts of one phase need to be measured;e.g. water in a multiphase wet gas flow, it n
ant to know the fluid property of the dominant gas phase well. Reference [36] discusses 1
| effects errors in gas properties havelon the water flow rate measurement. Data to practicg
hte this sensitivity for a particularinéter design are presented in Reference [37].

illustrates graphically the systematic effect of a change in fluid property. The uncertainty
rement fluid property xoproduces an input to the WGFM with uncertainty between x; to
pupled with the uncertainty of the WGFM, will result in the uncertainty of the WGFM outj
[ (ap) being in the range a; to ay, i.e. random errors. However, this assumes that the ba
erty (i.e. the valuedbetween x1 and x2) input into the flow computer will stay representat

that this willbe the case. Moreover, sometimes the WGFM measures a commingled flow a

the saliqity of the production water may change. Therefore, a change in fluid property|
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subsea installations where it is very cumbersome and extremely expensive to run a sampling exercise
in order to determine a new value for a fluid property. Also for remote and unmanned operations or
applications where sampling cannot be tolerated from a safety point of view (e.g. operations with a high
H3S composition in the gas) it is important to make an upfront consideration regarding the actual change
in fluid property and the type of WGFM concept and the WGFM sensitivity to changing fluid properties.

The uncertainty of the output of phase fraction devices, such as gamma ray absorption systems,
microwave systems, capacitance/permittivity systems etc., are dependent on the appropriate fluid
properties being correctly entered into the WGFM “black box”.
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Figure 35 — Relationship between input and output uncertainties

1014.2 Preparation for fluid property variations-during meter service

Idgally, when applying WGFMs, the operatorand WGFM manufacturer should act as a teain and the
folJowing are key topics to be addressed.

—| Operator to supply to the meter.tmanufacturer all available information regarding the| expected
changes in fluid properties ovér the operating life of the meter.

—| Manufacturer to provideswhat effects these fluid property variations will have on the meter’s
performance, with and-without fluid property corrections applied to the system.

In the absence of a full. disclosure of the slip model calculation it is the manufacturer’s resporjsibility to
inform the operatorhow these fluid property changes will affect the multiphase wet gas flogw meter’s
oufput with and without corrections applied to the system.

Note that water'salinity may affect some WGFM phase fraction devices. The measurement of WLR and
Gap Void Fiaction may therefore be dependent on the water salinity. Even if the water salinityf is known
anfl correctly entered, the WGFM’s output uncertainties are not necessarily constant for g range of
different salinities.

10.4.3 Fluid property sensitivity investigation

The magnitude of the phase fraction and phase flow rate prediction errors associated with fluid
property biases can be difficult to determine theoretically, mainly because of the “slip models”, i.e. the
calculation routines, being proprietary information. Therefore, testing WGFM sensitivity to fluid
property uncertainty can be a valuable operator exercise.

Physically testing a WGFM'’s reaction to varying fluid properties by actually changing the fluids in a
multiphase wet gas flow test facility is very time consuming and cost prohibitive. Instead of keeping
the meter software’s fluid property inputs constant while the actual flowing fluid properties change (as
would be the concern in the field), it is considerably more practical to keep the flowing fluid properties
constant and change the meter’s keypad fluid property input values. The subsequent misreading in the
individual phase flow rates will be the fluid property induced biases.
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Such a fluid property sensitivity exercise could be conducted as a desktop exercise only[38]. The WGFM
has set proprietary calculation methods. While the meter is off-line, it may be possible to input some
reference fluid properties and some hypothetical sensor values to the flow computer. The subsequent
phase flow rate predictions can be assigned as reference values. Keeping the hypothetical sensor values
constant, each individual required fluid property input can be varied by step percentage biases to
investigate its corresponding percentage bias influence on each of the meters outputs. A block diagram
for this exercise is shown in Figure 36.

For each
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Figure 36 — Method of determining fluid property influences on WGFM outputs

fluid property input sensitivity investigation, the results can be plotted as shown in the

hypothetical example presented in Figure 37. In this way the WGFM black box calculation sensitivity to

fluid prop
if the WG]
line. Othe

erty bias could be determined. However, this potentially very useful exercise is only possiple
‘M manufacturer’s software is configured to function with artificial sensor inputs while
Fwise stable test facility flow rates need to be used.
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Figure 37 — Hypothetical example of fluid property input error vs. WGFM output

.5 The benefit of an initial wet gas flow facility test

" remote and subsea applications, it can be“beneficial to flow test a WGFM at a multiphag
W test facility to ensure it is fully opexdtional before installation. The costs of a multiphas
w test facility evaluation are relatively small compared with the operating costs if a subg
bds to be retrieved and replaced,.-Moreover, running a multiphase wet gas flow facility test
fingerprint” of the meter that is then available for use as a reference during later meter op¢

.6 Line size limitations for some multiphase meters

hniques have maximum distances between source and receiver before the signal becomeg
be reliable. Pepmiittivity based sensors have equivalent issues if the cavity is too large.

ferent phase* fraction devices have different maximum line sizes, or more precisely]
ximum-PP meter throat sizes, in which they can operate effectively. This needs to be che
e WGEM.vendor.

bias

e wet gas
e wet gas
ea WGFM
produces
rations.

me phase fraction dévices have size limitations. For example, gamma ray or microwave gbsorption

too weak

different
cked with

1

79In citiuwet gas flow meter verification
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In situ characterization or verification of WGFMs may be difficult during operation. The following
situations are some of the main issues:

low uncertainty reference systems are often unavailable;
meter inaccessibility (especially subsea);

limited flow condition range during the characterization or verification procedure comp
the required long term flow condition range the meter is to cover.

ared with

The conventional meter verification procedure consists of mass flow rate balance checks. It is conducted
by cross referencing the meter’s mass flow rate predictions with the mass flow rate predictions of
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