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FOREWORD

This Technical Report is an advisory State-of-the-Art document for wet gas flowmetering applications

as

understood in 2005. It is based on available wet gas flowmetering research papers, commercial

literature, and practical experiences from the oil and gas industry up unto the end of 2005. The operating
principles apply to steady-state flows where phase change is not a dominant issue. However, it should
be understood that many wet gas flowmetering applications could be unsteady state flows, and phase
change could be a dominant issue.

Topics included in this technical report are as follows:
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This Report was prepared by Subcommittee 19 (SC 19) of the ASME Standards Committee on

This document does not endorse any wet gas metering technology or any meter test facility. All
prmation given in this document is derived from availablelliterature. Subcommittee members andl

$uggestions for improvement of this Standard-are welcome. They should be sent to The Americ

definition of terms

the significance of two-phase flow patterns and the associated flow pattern maps to wet-gas m
applications

practical industrial problems that occur when applying the wet gas flowmetering techniologies
uncertainty associated with wet gas flowmetering

a comprehensive technical paper reference list

the derivations and limitations of the published wet gas flowmeter correlations

pasurement of Fluid Flow in Closed Conduits. At the time of the preparation of this Report, the
embers of SC 19 considered the subject of wet gas flowmetering not'mature enough for a standg
produced, and that the application of a standard for wet gas metering systems could hinder the
htinuing development of new technologies.

htributing authors have attempted to give as fair and precise a description of the known issues, |
puld be understood that wet gas flowmetering is a.developing science and the committee memb
d contributing authors are not responsible for the veracity of any referenced material.

ciety of Mechanical Engineers; Attn; Secretary, MFC Standards Committee; Three Park Avenue
rk, NY 10016-5990.
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ASME MFC-19G-2008

WET GAS FLOWMETERING GUIDELINE

INTRODUCTION

This Technical Report discusses the existing definitions of “wet gas flow” and provides suggested
definitions for use. Common wet gas flowmetering terminologies, principles, and limitations of the

av

ailable wet gas meter technologies are also discussed.

Wet gas flowmetering is an important flow measurand in many industries. If a relatively small volume
of liquid is present in a gas it is generally said to be “wet.” Wet gas flows are not new occurrences in

industry (e.g., wet saturated steam flows have been produced since the industrial revolution)-b
onfy recently that attempts to meter wet gas flows (e.g., by the oil and gas industry) with improved
perhaps better understood uncertainties have been made. Measurement techniques-are
continuously developed but accepted single-phase (dry) gas meter uncertainty is as yet-not attg
when a wet gas flow is present. Due to the difficulties involved in wet gas metering it ishunlikely th

S
fu

(a

(b
liq
sit
be

NG
SYS

2
I
un

2.

There are two distinct wet gas-metering situations:

1 English Symbols

e level of uncertainty seen with single-phase gas metering will be achieved .in the forest
ure.

Where some flow rate knowledge is initially known, for example,

(1) the total mass flow rate is known (such as in a closed cycle-system, e.g., a steam
cycle) and either the ratio of liquid-to-gas flow rates or one:qf-the phase flow rates is re
to be metered.

(2) one phase flow rate is known (from some other means) and the other phase flow rat
be metered.

No flow rate information is known (e.g., unprocessed wet hatural gas flows) and either or bqg
Lid and gas phase flow rates are required to be metered:This is a considerably more difficult me
Llation as extra information is required and meters being developed for this situation are considg
at the cutting edge of fluid flowmetering technology-

[TE: Most of the current technologies ignore the effects of multi-component liquids present in wet gas flows. However, some
tems are designed to estimate the different quantities of liquid components in a wet gas flow.

SYMBOLOGY AND DEFINITIONS
n order to understand the metering.techniques available for wet gas flowmetering it is necess
derstand the symbology and definitions that have been used in this Technical Report.

Ut it is
and a
being
inable
at the
peable

power
quired

e is to
th the

btering
red to

netering

ary to

Symbol Description Dimension Units
A Areaof the meter inlet L2 mm? (in.?)
Aq Cross-sectional area of gas L2 mm? (in.?)
A Cross-sectional area of liquid L2 mm? (in.%)
A Area of a DP meter at the throat L2 mm? (in.?)
L Unit length of pipe L m (ft)

Discharge coefficient of a differential

wet gas if gas phase flowed alone

Cq pressure (DP) Meter Dimensionless | Dimensionless
Discharge coefficient of a differential : . . .
. Dimensionless | Dimensionless
Cd pressure (DP) meter calculated with use of
tp AF)tp
Discharge coefficient of a DP meter with : . . .
Cug Dimensionless | Dimensionless



https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

Discharge coefficient of a DP meter with

Ca wet gas if liquid phase flowed alone Dimensionless | Dimensionless
Co Injected tracer liquid concentration Various Various
Cs Samples tracer liquid concentration Various Various

C Chisholm’s parameter Dimensionless | Dimensionless

D Meter inlet pipe diameter L mm (in.)

M Murdock’s gradient Dimensionless | Dimensionless
DP Differential pressure M/LT? Pa (psi)
PD Positive displacement N/A N/A

UsSM Ultrasonic flowmeter N/A N/A
E nggg?;;i?goam of a differential Dimensionless _|tDimensionless
f, (a, b, ) Unspecified function with variables, a, b, N/A N/A
etc.

fn* zii(;;s:rizt “*” indicates a rearrangement of KA N/A
f, Friction factor Dimensionless | Dimensionless
f, E}Zi;tsigr}lr)%:/:tﬁ (;thoerdif;:gﬁiéj phase of a two- Dimensionless | Dimensionless
f, g;}igggr}lgwtﬁg&z difaglygr?ephase of a Qe Dimensionless | Dimensionless
Fr Single-phase flow Froude numbet Dimensionless | Dimensionless
Frg Gas densiometric Froude number Dimensionless | Dimensionless
Fr, Liquid densiometric Froude number Dimensionless | Dimensionless

g Gravitational constant.(9.81 m/sz) L/T? m/s? (ft/secz)

GVF Gas volume fraction at operating conditions | pimensionless | Dimensionless
GOR Gas oil volume ratio at standard condition Dimensionless MMscf/bbls

h Enthalpy (L/T)? kJ/kg (Btu/lb)

hy Liquichenthalpy (L/T)? kJ/kg (Btu/lb)
hg Gas enthalpy (LT kJ/kg (Btu/lb)
hy Vapor enthalpy (L/T)? kJ/kg (Btu/lb)
VE (L:L)qnuduijti:)/(rzlsume flow rate fraction at operating Dimensionless | Dimensionless

CViF Ciquid mass ftow rate fraction Dimensionless | Dimensionless

m Mass M kg (Ib)

m Mass flow rate M/T kg/s (Ibm/sec)
rhg Gas flow rate in mass M/T kg/s (Ibm/sec)
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Gas flow rate in mass predicted by DP

rhg,Apparem meter when using AF’tp WT kgls (lom/sec)
m Liquid mass flow rate M/IT kg/s (Ibm/sec)
OR “n?(evtg'r\?vziatﬂi?\?v”oggﬁéspeoﬁgi/\\ll)e bias of gas Dimensionless | Dimensionless
R Line-pressure T Patpsi—]
0 Volume flowing LT m3h (f/hb)
Qg Actual gas volume flowing L3 m¥h(ft/hr)
Q Flowing gas vqume.if the gas was at L3T m%h (f/hr)
UsAC standard atmospheric condition
Qtp Total volume flow of the two-phase flow L3T m?/h (ft*/hr)
q Injected tracer volume flowing = m®/h (ft%/hr)
0, Actual liquid volume flowing LT m3h (ft3/hr)
Re Reynolds number Dimensionless | Dimensionlesg
Regg Eﬁg:éﬁﬂc(if\:\ll gas Reynolds number of a two- Dimensionless | Dimensionless
Reg Gas Reynolds number Dimensionless | Dimensionless
Re, Liquid Reynolds number Dimensionless | Dimensionless
S Slip velocity L/T m/s (ft/sec)
Se Entropy ML*/T? kJ/K
Sr Slip ratio Dimensionless | Dimensionless
t Time T s
T Temperature N/A K, R
U Averdge gas velocity L/T m/s (ft/sec)
N g %Dl\c\)/vevrage actual gas velocity in two-phase UT mis (ft/sec)
J, ﬁg/ve\lrage actual liquid velocity in two-phase UT mis (ft/sec)
U 4 Superficial gas velocity L/T m/s (ft/sec)
. Superficial liquid velocity L/IT m/s (ft/sec)
Vg Gas volume L3 M® (%)
Vi Liquid volume K M® (ft)
We Single-phase Weber number Dimensionless | Dimensionless
Wey, Weber number modified for two-phase flow | pimensionless | Dimensionless
WLR | Water-liquid ratio Dimensionless | Dimensionless
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22 G

X Flow quality (ratio of gas to total mass flow) | pimensionless | Dimensionless
X James modified flow quality Dimensionless | Dimensionless
Xim Modern Lockhart—Martinelli parameter Dimensionless | Dimensionless
Xwurgock | Murdock parameter Dimensionless | Dimensionless
Chisholm narameter (Which is the same as
X chisholm v < Dimensionless | Dimensionless
X LM )
X Original Lockhart—Martinelli parameter Dimensionless | Dimensionieéss
Y or Yg Expansibility coefficient for a differential Dimensionless | DimenSionless
pressure meter
Expansibility coefficient for a differential
Y,, orY ressure meter calculated with use of AP
® ap | P » Dimensionless }-Dimensionless
K Meter factor for linear single-phase meters 113 1/m?3
PVT Pressure, volume, and temperature N/ N/A
equation of state calculations
Gas volume flow rate at standard conditions . . . .
L Dimensionless | Dimensionless
R per barrels of hydrocarbon liquid at
separator conditions
Ratio of volumes between the standard . : . .
" Dimensionless | Dimensionless
S U.S. barrel volume at set flow conditions
h and that same masses volume at standard
conditions
C, Armand coefficient Dimensionless | Dimensionless
Gas-to-liquid density ratio.at flowing Dimensionless | Dimensionless
DR conditions
Water volume to total liquid volume flow Dimensionless | Dimensionless
Water Cut | rate at standardconditions
\ Volume of gasin a unit length of pipe L3 m? (ft%)
Vi Volume ofiquid in a unit length of pipe L3 m® (i)
reek Symbols
AR Nonphase specific gas differential pressure M/LT? Pa (psi)
Apg Superficial gas differential pressure M/LT? Pa (psi)
AR Superficial liguid differential pressure M/LT? Pa (psi)
APm Actual wet gas/two-phase differential M/LT? Pa (psi)
pressure
AP, Head loss/permanent pressure loss M/LT? Pa (psi)
AP, Friction pressure loss in straight pipe of M/LT? Pa (psi)

single- phase flow
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2.1
de
the
G4

AR, Friction pressure loss in straight pipe if liquid M/LT? Pa (psi)
phase of two-phase flow flowed alone
ARy, Friction pressure loss in straight pipe if gas M/LT? Pa (psi)
phase of two-phase flow flowed alone
¢ Smith & Leang blockage factor Dimensionless | Dimensionless
) Linn modified Murdock gradient : , . .
Dimensionless | Dimensionless
% oid fraction Dimensionless | Dimensionléss
o Liquid hold up Dimensionless | Dimensionless
0 Fluctuation Various Various
Y43 “Beta” ratio, i.e., the square root of the ratio of , , \ _ X
= . X Dimensionless ,f Dimensionles$
minimum cross sectional area to inlet area of
a DP meter
h Isentropic exponent Dimensiotless | Dimensionless
u IAbsolute viscosity ML Pa.s (Ibf.s/f’
My IAbsolute viscosity of gas ML/T Pa.s (Ibf.s/ft?
W, Absolute viscosity of liquid ML/T Pa.s (Ibf.s/ft
P bensity MIL® kg/m® (Ibm/ft
Py Gas density m/L3 kg/m? (Ibm/ft®
Pi Liquid density Mm/L3 kg/m? (Ibm/ft®
Phromogenous |Density of a perfectly mixed two-phase flow M/L3 kg/m?® (Iom/ft®
Vhomogeneous Specific volume of a perfectly mixed two- L°/M m*/kg (ft*/lbm
phase flow
A Density of a multi-eomponent liquid M/L3 kg/m?® (Ibm/ft3
homogeneL |nomogeneous mix
O Liguid interfacial tension M/T? N/m (Ibf/ft)
© Frequency. UT Hz

3 Definition of Terms
8.1 Common <lerms Used when Describing Wet Gas Flow. Many common terms used
scribing wetigas flow are common to the general industry and single-phase flowmetering.
brefore not.seen as appropriate or necessary to list them all here. The Norwegian Society for Qil and
1s Measurement has produced a “Handbook of Multiphase Flowmetering” [1] has a good definition of

when
It is

tefms _section for wet gas and multiphase flowmetering to which we refer the interested rpader.

Hd

wever, the following several terms need to be discussed in this Report directly:

Reynolds number: for single-phase flowmeters the Reynolds number is often important. The Reynolds
number is the ratio of the inertia to viscous forces and is shown in eq. (1).

_ gas inertia forces _ pUD _4m

Re -
gas viscous forces u

ubD

)
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There are many cases in industry where a dry gas meter is used to meter the flow when the flow is wet
gas. Many meter designs are calibrated by relating the meter factor (e.g., a DP meter discharge
coefficient, Cq4, or a turbine meter K-factor) to the flows Reynolds number. With low liquid loading wet
gas flow, it is often assumed that the liquid effect on the average gas velocity and the difference
between gas mass flow and total mass flow is negligible and the Reynolds number is calculated using
the “superficial” gas velocity or the gas mass flow rate. The “superficial” gas velocity is defined as the
average gas velocity of the flow if that gas flow component of the wet gas flowed alone in the pipe. The

associated Reynolds number is denoted here by ReSg to indicate the value was obtained by assuming
d

the liguid present in the gas has no influence. In other words, ReSg is the Reynolds number that wou
exist if the gas flowed alone. Equation (2) shows this Reynolds number.

UgyD 4m
Rey, = Poe = - 2
Hq 74, D
where| U sg IS the superficial gas flow average velocity that is calculated by eq. (3):
- m
U sg — g (3)
Py A

The|superficial gas velocity is always less than the actual average gas velocity, i.e., U ¢ > USg , due

to the[blocking effect of the liquid phase causing a gas velocity.increase. For low liquid loading, dry gas
meterg are often used to predict the gas flow rate. Thesecmeters are often sized using an expected
Reyndlds number range based on eq. (2). It should be neted that as the liquid loading increases fof a
given gas flow rate, the assumption that single-phase flowmetering methods and eq. (2) can be utilized
beconpes increasingly invalid.

Lockhprt—Martinelli parameter: a dimensionlessynumber used to express the liquid fraction of a wet dgas
strean), and is the square root of the ratio of the liquid inertia if the liquid flowed alone in the conduit|to
the ggs inertia if the gas flowed alone in‘the conduit. It is denoted here by the symbol Xy and il is
calculated by eq. (4).

Inertia of_Liquid Flowing Alone m, Py QI P,
i = Inertia of Gas Flowing Alone -~ \p, ~ \p. ()
g mgy P Qg Pg

There can be considerable confusion over the origins and the physical meaning of this parameter. Th
is disgussed in detail in Nonmandatory Appendix A.
The|natural ,gas production industry tends to use the Lockhart—Martinelli parameter to describe %he

—_—

S

relative amount-of liquid in a gas flow. The Lockhart—Martinelli parameter is often denoted in wet das
metering papers by the upper case letter “X.” It is also occasionally denoted as “LM.” Due to the
similafity>that the upper case “X" has to steam “quality” (or “dryness fraction”), which is symbolized |by
the lowertaseX; T this Report, the tockant=vartmettrparameter is denoted by “Xiw-

Note that in eq. (4) the volume flow rates are at actual flowing conditions and not at any reference
condition. In eq. (4) the gas mass or volume flow rate terms indicates the total gaseous phase (i.e., it
includes liquid vapor) mass or volume flow rate. The gas density is the density of the overall gas and
liquid vapor phase mix. That is, it includes the effect of any liquid component mass saturated in the gas.
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Froude number and the densiometric Froude number: the gas densiometric Froude number (Fr) is a
wet gas flow modification of the standard Froude number (Fr). The standard Froude number is defined
as the square root of the inertial force to the gravitational force ratio and is calculated by eq. (5).

Inertia Force
Fr=|————— (5)
Gravity Force
The gas densiometric Froude number is defined as the square root of the gas inertial force ifithe gas
phase flowed alone to the liquid gravity force ratio. The gas densiometric Froude number is calqulated

byleq. (6).

Superficial Gas Inertia Force J
Fr :\/ p Uy | A ©

Liquid Gravity Force - JaD \ o —p,

Where the term Usg is the superficial gas velocity as found by eq. (3). Equation (6) is derived from first
principles in Nonmandatory Appendix A.

=

The liquid densiometric Froude number is defined as the sguare root of the ratio of the liquid Inertial
fofce if the liquid flowed alone to the liquid gravity force. It is caleulated by eq. (7).

Superficial Liquid Inertia-Force Uy P Ko
' Liquid Gravity Force ~JaD \ o - 2,
whereU  is the superficial liquid flow average velocity, which is calculated by eq. (8).
- m
U sl = ——— (8)
PA

Dccasionally, the Lockhart—Martinelli parameter (X.v) may be described as the ratio of the| liquid
dejnsiometric Froude number and the gas densiometric Froude number as it will be noted that thg liquid
gravity forces cancelaut in this case. That is:

pl m Py Q [p

X LM r Y A C)
¢ U " Mg P Q, Py

Weber number: there are nnly a few technical papers that discuss the effect quniri prnpnrfinc have on

flowmeters being used to meter wet gas flow. These generally discuss gross differences in response
when changing liquid types. No technical paper is known to “us” that give details of the effect on meters
of changing individual liquid properties (i.e., viscosity and surface/interfacial tension). Many researchers
suspect that the interfacial tension may have an effect. Fluid mechanics literature defines the Weber
number as the ratio of the liquid inertial force to the liquids surface tension force [eq. (10)]. With wet gas
flow, this Report defines the Weber number to be the gas inertial force if the gas flowed alone in the
conduit to the liquid surface tension force [eq. (11)]. That is:
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Inertia Forces

e= - (10)
Surface Tension Forces
) 2
My
We, =—-"— 11
tp Ul pg D3 ( )

density ratios: many wet gas meters have outputs dependent on pressure. When correction factors-an
required to correct liquid-induced gas metering errors, these factors sometimes include pressure(effec
To kegp correction factors dimensionless (as well as for other theoretical reasons) phase densityratio

are o

ratio

gas Vi
the su

Equ
(13)].

Notg
condit
volum

The
“GVF
to mis
not. It

differe

en used instead of the pressure. That is, gas-to-liquid density ratio (P_QJ or liquid-to-gas densit

Py

P . In this Report the term “DR” denotes the gas-to-liquid density ratios
Py
olume fraction: the fraction of gas volume flow rate compared t6. the total volume flow rate (i,

M of the gas and liquid volume flow rates). It is calculated by eq. (12).
Q0
Qg+ QI

GVF = (12)

btion (12) is at actual flowing conditions. The’yGVF is often expressed as a percentage [see §

GVF(%) = &*100% (13)
Qg + QI

that in egs. (12) and '(13) the gas volume flowing is the volume of the humid gas at fl
ons. That is, the gasvelume flow rate is the gas phase and the liquid vapor component. The lig
e flow rate is the volume of the “free liquid” flow rate.
e is often confusion caused by the fact that the parameter called the “gas volume fraction”
is actually thegas Volume flow rate fraction. It is therefore possible (and common) for engineg
fake the G\VV/F'to be defined as the gas to total unit pipe volume ratio for a steady wet gas flow. |
is the gas*volume flow rate to the total volume flow rate ratio of a steady wet gas flow. These t

ara, 2.3.2) between the gas and liquid phases. This condition rarely ex

nt parameters are only the same value when there is no “slip” (i.e., no average velocity differen

»n @D
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®
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The liquid flow rate term is the “free liquid” flow rate. The term “free liquid” indicates a flowing
component that is in liquid form and is distinct from any liquid vapor phase commingling with the gas
phase. A gas flow with a finite relative humidity below saturation is not considered to be wet gas.
Saturated gas flow (i.e., a relative humidity of 100%) is also not considered to be a wet gas flow as long
as there is no free liquid. In cases of single component flows (e.g., steam, refrigerants, etc.) there is no
difference between “free liquid” quantity and the total liguid component quantity. From here on, unless
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otherwise stated, this document drops the term “free liquid” and uses “liquid” to describe the
components flowing in excess to that saturated in the gas phase.

liquid

For the ASME wet gas flow definition GVF values need to be converted to Lockhart—Martinelli
parameter values when evaluating whether a flow is wet gas flow or general two-phase/multiphase flow.

This is discussed in para. 2.3.3.

liquid volume fraction: the term liquid volume flow (or “LVF") is sometimes used. This is the
flowing volume to the total flowing volume ratio. It is calculated by eq. (14).

liquid

LVF=_ 2 _ & *GVF (13)

Q g + Ql Q [s}

Equation (14) is at actual flowing conditions. The LVF is often expressed as a percentage [s
(1%)].

L*lOO% (15)
Qg + QI

fFor the ASME wet gas definition, LVF values need to be converted to:llockhart—Martinelli parg
values when evaluating whether a flow is wet gas flow or general tiye=phase/multiphase flow. T
digcussed in para. 2.3.3.

LVF (%) =

flpw quality/dryness fraction: industries dealing with steamiflows tend to use “steam quality”
called the “dryness fraction” or the “gas mass fraction”) to.déscribe the liquid content of the flow.
quality is denoted as lowercase “x.” The definition of quality*is the vapor mass flow rate to the tota
flow rate ratio [see eq. (16)].

X = L (16)
mi+ Mg
This is often expressed in terms of percentage as shown by eq. (17):
x=| —Ms__ |+100% (17)
m| + mg
In steam-based industries, (steam is sometimes called wet steam if it is not superheated regard
th¢ steam quality. That is ‘any quality value greater than zero is sometimes called wet steam fl

Pe eq.

\meter
['his is

(often
Steam
mass

ess of
ow. In

other instances steam is.considered wet if the quality is greater than 50%. These wet gas definitions do

not agree with the ASME wet gas flow definition. To compare with the ASME definition steam
values should be converted to Lockhart—Martinelli parameter values when evaluating whether a
wdt or general two-phase/multiphase flow. This is discussed in para. 2.3.3.

gas-to-liquidsflow rate ratio: the liquid content in a gas flow can be described directly as the liquid
flow rate'to’gas mass flow rate ratio (or vice versa). A liquid-to-gas ratio can be described by m
vojumerratio. If a volume ratio is used, then it must be stated if the gas volume is at flow condition

uality
flow is

mass
ASS or
S or at

standard conditions. Metering engineers rarely use this method of describing liquid content in

A two-

phase flow but oil industry reservoir engineers often describe flows as a number of barrels of liquid per
million standard cubic feet of gas. That is, a liquid volume to a gas volume if the gas flowed at standard

conditions. As the actual flow conditions are usually at nonstandard conditions, a conversion is re

quired

to get the gas-to-liquid ratio in actual conditions. Liquid-gas mass or volume ratios should be converted
to Lockhart—Martinelli parameter values when evaluating whether a flow is wet or general two-

phase/multiphase flow. This is discussed in para. 2.3.3.
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liquid loading: it should be noted that the term “liquid loading” is commonly used in industry and is
utilized often in this Report. This term is a nonquantitative expression that relates relative amounts of
liquid flowing with a gas flow. That is, a light liquid loading indicates that there is a relatively small
amount of liquid flowing with the gas, and a heavy liquid loading indicates that there is a relatively large
amount of liquid flowing with the gas.

multiphase flow: there is some ambiguity in industry over the meaning of the phrase “multiphase flow.”
Technically there are three phases These are the solid, Ilqwd and gaseous states of matter Therefore

components are converted to a standard pressure and temperature. It is\usually expressed as a
percemtage.) Most multiphase meters do not meter any entrained solids such-as sand production.

2.3.2 |Other Two-Phase Flow Liquid to Gas Ratio Phrases. The (Void Fraction” is defined as the
ratio df the gas phase to pipe cross-sectional areas [see eq. (18)].t is usually denoted by the symbol

ua

.
a, =—- (18)
id

Notg that the “liquid hold up” (sometimes called simply “hold up”) is defined as the ratio of the liql
phase|to pipe cross-sectional area [see eq. (19)].

ar=1-a, :ﬁ (19)
A

The|void fraction and hold up are net’descriptive of the liquid-to-gas flow rate ratio as they do mot
account for slip between the phases.. Nevertheless, this term is occasionally mentioned in wet das
metering literature and it is therefore noted here.

Notg that the terms “slip” (denated by the letter “s”) and the “slip ratio” (denoted by the letter “Sg”) are
commpnly used in the two+phase flow texts. Slip is the condition when the phases travel at differ¢nt
velocities. The “slip velocity' is the difference in the actual average velocities of the phases (which| is
differgnt to the superficial jphase velocities). Equation (20) shows the slip velocity. Also note that the glip
ratio i$ the ratio of the*actual average gas velocity to the actual average liquid velocity. Equation (21)
showgq the slip ratio:

=

s=Ug-U, (20)
g

Sp=—o- (21)
U

Nonmandatory Appendix B discusses the difference between GVF and void fraction in more detail.

2.3.2 Relations Between Different Wet Gas Flow Parameters. There is no universally agreed
method of describing the relative quantity of liquid and gas in a two-phase flow. With no standard
method of describing the liquid content of a gas flow, engineers are free to use any method they wish to
describe the flow. There can be and occasionally there are other ways of describing the liquid content of

10
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a wet gas flow but the methods discussed here are the most common methods in industry. With the use
of these different methods it is often necessary to relate one parameter to the other. Equations (22)
through (27) indicate how to interrelate the six most common terms: the Lockhart—Martinelli parameter,
the gas volume fraction, the quality (or “dryness fraction”), the liquid volume fraction, the liquid-to-gas
mass flow rate ratio, and the liquid-to-gas volume flow rate ratio. They also show how the system

pressure (i.e., the liquid-to-gas density ratio for a given fluid combination) dictates the relationship
between these parameters.

x| \/E Q, P _1-(GVF) [p, _1-x [py _ LVF B 22
Py GVF Py N LVF Py
A
GVF = L = ,1 =1-(LVF)= Po__ _ Pq (23)
14| MxPs o Xy + pi P +(1_Xj
My P . L+l Py Py X
Q,
1 1 1 1 1
T Y G (GVH ) (LVA )
m pQ | 14X \F 1{(_}*"') 1{( *Pr
o e e - GV 1-(LV
M [pg Qg pg ( 9 pg ( 9 pg
E“l__x P _ P QI _1_(GVF),0| __LVF p _1-X 25)
1 — " - - - - 25
. Py Py Q, GVE> p, 1-LVF p, X
Q, Py Pgm I<Z(GVF)  LVF 1-x)P,
1w T o evF —vA) U x Jp, (26)
qQ, Pi P, Pi
Xy [—Xj Py 2
LVF =1- (GVF) il . X P Q? (27)
1+ X, |70 [ Xxj+p' Py Mo Q
P P m, Q,
NQTES:

@
(2) It is not possible to include the barrels of liquid/standard volume gas parameter here (typically “bbl/MMSCFD” — barrels of
liquid/million standard cubic feet) as the conversion of standard volume to actual volume for nonperfect gases is different for individual
gases. For given gas and liquid types, standard volume flow rates and actual flow conditions the gas mass flow rate or actual volume

flow rate must be calculated along with the gas and liquid densities, and these values are then input with the liquid mass or actual volume
flow rates to the relevant equation above.

11
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Nonmandatory Appendices C and D discuss the relationships of the different wet gas flow defining
parameters in detail, and Nonmandatory Appendix D shows graphical representations of their
relationships.

3 TYPES OF WET GAS FLOWS
This Report defines wet gas flow as any gas/liquid two-phase flow where

[Inertia of | iquid Flowing Alone . [p Qg
Xin = - - iy e Rp—1 et B <0.3 (28)
Inertia of Gas Flowing Alone m. \ A Q Py
g

This| Report defines any gas and liquid flow combination as a two-phase flow. The gas“and liqjiid
phasel components are not relevant to the definition of wet gas flow. Wet gas flow is therefore a spedial
sub-se¢t of two-phase flow. Xy < 0.3 is a two-phase flow that is a wet gas flow. X, 4'>)0.3 is a general
two-phase flow and not a wet gas flow.

As the wet gas definition does not differentiate between phase components,/a wet gas flow can be a

flow with X ,, < 0.3 that has one or more liquid component(s). In the oil and-gas industry it is commjon

to callfa flow of natural gas/hydrocarbon liquid/water/other injected fluidssa.multiphase flow. Hence, the
definitjon allows a wet gas flow to be a single-component two-phase ‘flow (e.g., water/steam), a two-
component two-phase flow (e.g., air/water) or a multi-component” two-phase flow (e.g., natural
gas/hydrocarbon liquid/water).

It sHould be noted that the common terminology of the oil and gas industry has an ambiguity in this
regard. It is fairly common for multiphase flow to be ,thought of as a natural gas/hydrocarbjon
liquid/water/other liquid flow where the liquid loading is high*compared to a wet gas flow (e.g., a GVF <
80%).| However, if a wet gas flow has multiliquid components the wet gas flow is then sometimes
referrgd to as a multiphase flow.

Most wet gas meter testing done by the oil and @as industry has a Lockhart—Martinelli parameter| of
Xwm £[0.3. There are flows that some in industry label “wet gas flows” with a Lockhart—Martinglli
parameter value greater than 0.3. However, some natural gas production companies cap wet gas mefer
use af a Lockhart—-Martinelli parameter.of;’<0.3, as beyond this increases the likelihood of sevgre
sluggipg in the risers and pipelines andthe'risk of damage to the meters and associated equipment.

In npne quantitative terms, wet gas flow is often simply defined by industry as gas, that containg a
relatively small quantity of liquid. The definition of wet gas being any gas and liquid flow with Xy < 0.3
means there can be a considerahble difference in liquid to gas mass flow rates across the huge pressure
(and therefore gas-to-liquid density ratio) range. This leads to different wet gas metering technologies
being [favored across different’ ranges within the Xy < 0.3 definition. For example, the metering systém

a wet |gas flowmeteting system chosen for the wellhead of a gas condensate well to measure flow rates
of gaq with a relatively large quantity of liquid. Some in industry have therefore gone further than this
Report in trying to create subsets of wet gas flow.

Gas Measurement. Nonmandatory Appendlx F shows worked examples of how to derive the wet gas
nondimensional parameters from real industrial data as typically supplied by pipe line/systems
engineers.

4 FLOW PATTERN

The flow pattern (or “flow regime”) describes the way the fluids are dispersed in a pipe flow. It is known
that different meters can be affected in different ways (that are not always fully understood) by particular
flow patterns so the flow pattern is important to wet gas flowmetering.

12
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When gas and liquid flows simultaneously in a pipe, the phases can distribute themselves in a variety
of patterns. The patterns differ from each other in the spatial distribution of the interfaces, resulting in
different flow characteristics. This distribution is termed the flow pattern (or “flow regime”). The flow
pattern in a given two-phase flow system depends on many variables, of which the following are
considered to be of prime importance:

(a) gas and liquid flow rates

(b) pipe diameter and inclination angle

(c) the physical properties of the phases (i.e., gas and liquid densities, liquid viscosities, and the surface
temsiorT)

tterns
that can exist with a Lockhart—Martinelli parameter of less than 0.3 are shown in this document.
Fdr horizontal flow: at low gas flow rates, the liquid flows at the (battom of the pipe with the higher
velocity gas flowing above the liquid, driving the liquid by the shiear force at the interface. This flow
pattern is commonly called “stratified flow” or “separated flow.”
s the gas flow rate increases, instability at this interface increases and waves appear. This flow
pafttern is commonly called “stratified wavy flow” or simply fwavy flow.” In many cases, however, there is
ng distinction made between smooth stratified flow and“Wwavy stratified flow, and the stratified wayy flow
is |ust called “stratified” flow or “separated” flow.
enough liquid is present, then the waves can get large compared to the pipe diametgr and
sppradically completely block the gas flow. This is‘called “semi-slug” flow.
t higher gas flow rates, the liquid travels .in~a nonsymmetrical ring (due to gravity) around the pipe
iphery with the liquid droplet laden gas(core traveling through the center of the pipe. This ig often
led “annular-mist flow” or “annular-dispersed flow.”
s the gas flow rate continues to_increase for a set liquid-to-gas flow rate ratio, this liquid ring thins
il there is nothing more than a very thin coating on the pipe wall and nearly all the liquid traels as
drpplets entrained in the gas.«This is sometimes still called “annular-mist flow"/*annular-dispersed
flow"/“dispersed flow"/“mist flow" (on account of there being no practical way to check if the ring of liquid
is jpresent or not). Typically, the higher the gas flow rate the smaller the average droplet size apd the
thinner any liquid film ©n-the pipe wall. For horizontal flow there is always a gradient of droplet
cohcentration where_the) higher concentration is at the base of the pipe. As pressure and gas flow rate
(i.¢., the liquid driving mechanism of the gas dynamic pressure) increases, the average droplgt size
redluces and the-droplet dispersion throughout the pipe becomes more even.

In vertical upwards flow there are several general multiphase flow patterns but only three tend tp exist
et gas. flews due to the relatively small volume of liquid flowing. These are “slug flow,” “churn| flow,”
“annufar-mist” flow.
In the event of a blockage in a pipe system caused by liquid gathering at a low point, gas prg¢ssure
accumulates behind the liquid plug and eventually causes a “slug” of liquid (i.e., column of liquid filling
the Tull cross-Sectional area of the pipe) to be pushed up through the pipe wWork. This IS ~slug” Tlow.

For relatively high Lockhart—Martinelli parameters with low to moderate gas flow rates “churn” flow can
occur. This flow pattern is unsteady in nature due to the constant gravitational force being countered by
the continually varying gas dynamic forces (being applied to the liquid in a varying magnitude due to the
continuing shifting spatial distribution of the liquid mass position and relative velocity to the gas stream).
This vertical up flow pattern occurs due to the gas dynamic force being no more than the same order of
magnitude to the liquid weight.

13
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Fig. 4-1 Horizontal Wet Gas Flow Patterns
Flow direction

9 pre— — [}} Stratified flow
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Slugdiow

Annular flow

As the gas flow rate and/or the pressure increases for;any given Lockhart—Martinelli parameter valyie,
the ggs dynamic forces increase to the point where the same flow pattern exists as in horizontal flow] at
high flow rates. That is, “annular-mist flow”/“annular-dispersed flow”/“dispersed flow"/“mist flow.” Hgre
the ring of liquid that exists with vertical flow is symmetrical due to the direction of the liquid’s weight. As
the ggs velocity increases for a given liquid-to-gas ratio, the vertical up flow pattern behaves similarly|to
a horigontal flow pattern, and the liquid ring’thins until there is only a very thin coating on the pipe wall
and nearly all the liquid travels as droplets entrained in the gas. Again, typically the higher the gas flpw
rate, the smaller the average droplet.size.

Vertjcal down flow pattern recoghnition is a poorly researched topic, and very little information existg in
the litgrature on this subject. Most wet gas metering situations for vertical down flow are assumed|to
have [‘annular-mist flow” flow .due to the gravitational and gas dynamic forces acting in the safe
directipn. However, at low pressure and low gas velocity the liquid phase can be driven by its weight[as
much gs, or even morehy, the gas dynamic forces.

14
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Fig. 4-2 Vertical Wet Gas Flow Patterns

IFlow pattern knowledge of inclined flows is very rare. Little is published on this matter. However

it has

long been recognized that with horizontal two-phase flows, slight positive inclination angles promote slug

the horizontal of as little as one degree can causetnoticeable effects on the flow pattern.

should be noted that in reality the boundaries between flow patterns are very difficult to judge.
vigwing a two-phase flow it can be extremely, difficult to decide which of the particular definitions f
as| often the flow seems to be in continuous transition between the definitions. One of the basics
muiltiphase and wet gas flows is that.the flow patterns are generally unsteady flows, and are con
chpnging, re-establishing themselves, and changing again. However, note that for many floy
ovgrall flow rates remain approximately constant over time and so although the flow pattern is inhg
unsteady at the metering point; by averaging the meter readings over a period of time it is often pg
to |obtain reasonably constant-metering results. This fact is the reason that it is possible to devel
gas flowmeters.

\ further note on slag)flow is required here. Note that in any gas flow system where liquid is p
and there are low paints in the pipe work, liquid will gather due to gravity. Even flows of gases v
more than trace-liquids can have a significant liquid build up over time in low pipe work (or liqui
ar¢as. When the\liquid blockage increases, the resulting pressure rise behind the liquid can result
liguid being<suddenly forced down the pipe. Such liquid held up and then released with the gas is
a ['slug."«©ften the slug fills the pipe’s cross section completely. Thus in some wet gas mg
sitations; meters that appear to be operating in a steady wet gas flow with a steady flow patte

fo%mation and slight negative inclinations promote“stratification. A positive or negative inclinatio
[
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“severe slugging.” System designers should be aware of the potential for slugs in flows with low liquid
loading. In such cases single-phase meters are often used as the liquid-induced error on the gas flow
rate prediction is low, but unlike actual single-phase flows, the pipeline components have to be able to
withstand the force of periodic slug strikes. It should also be noted that in the oil and gas industry severe
slugging is often the reality when a gas well has been “shut in” (and hence the pipe line flooded) and

then reopened.

15


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

Unfortunately, even if slugging does not occur, the pipe work configuration in the vicinity of the meter
could still have a direct effect on the flow pattern, so the choice of meter position (e.g., whether it is
vertical or horizontal, at a high or low point in the pipe work or close to bends etc.) can affect the local
flow pattern and therefore possibly the readings of some meter designs. This is analogous to the
upstream pipe configuration for a single-phase meter affecting the flow profile and hence the meter’s
performance.

Predicting a wet gas flow pattern is not a precise science. Flow pattern prediction is difficult for meters
installed in ideal locations (i.e., long straight upstream lengths) and is considered problematic in
nonidea eter— attations—Fu S ore 1 e Tonideatocatio e oW patte a ave—oeen
disturlhed by an upstream pipe component and be in the process of returning to its natural undistutbed
conditjon at the inlet to the meter. That is, it could be in transitioning while flowing through the ymeter.
Howeyer, on a positive note, the little information that exists on this matter from the wet 'gas test
laboratories suggests that a disturbance to a flow pattern by a pipeline component is damped-out quickly
(i.e., within a few pipe diameters).

The| process of wet gas flow measurement in practical applications often, requires that the
measyrement system be able to perform under a variety of flow patterns. In most_industrial applicatiops,
howeyer, there is no flow pattern determination (due to this determination beingsa complicated issue and
a resegarch topic in its own right). Furthermore, the flow regimes can change quickly with commjon
operational interventions. For this reason, the development of wet gas and general two-phase (ile.,
“multiphase”) meters often includes checks that the system will operate in-all flow patterns the systeém
may gncounter. As it is preferable to predict which flow patterns will €xist over the expected range|of
flow cpnditions before choosing a method of metering, engineers.¢an use the published flow pattern
maps,|although the predictions will be little more than a “best estimate.”

5 FLOW PATTERN MAPS

A flqw pattern map is a chart that attempts to predict the’type of flow pattern expected under differgnt
flowing conditions. There is no set rule to what parameters the axis of such charts should use. This
resultg in a myriad of different parameters used by different authors from the simple with clear physigal
meaning to the complex with obscure physical meaning. Many two-phase flow pattern maps have been
creatgd by different industries over the last few decades, but no single flow pattern map is regarded |as
the bgst for universal use. Flow pattern maps_tend to be created from experimental observation and got
from fluid mechanics theory. Typically they-are created using data relevant to a particular industry, pipe
orientation, set fluid types, specific pressure and temperature range, pipe size, phase average velocities
etc., a@nd hence their use can be limited. It is up to the individual engineer to make a judgment on which
map ig most suited to a particularwet gas metering application.

For pll these maps the borders,between flow patterns are not to be considered rigid. In reality the flow
patterpns do not change at any critical combination of parameters but rather tend to change graduglly
over g range of varying parameters. Therefore, if a flow condition in question is close to any border on a
flow ppttern map, thensthis indicates that the flow pattern at that point is likely to be transitional betwegen
the twjo flow patterns stated to exist either side of the boundary line. Figure 3 shows a sample of a
popular flow patternr map used in the oil and gas industry. Note the axes are the gas and liqlid
densigmetric Froude numbers [see egs. (6) and (7)].

Figure 5-24s.a flow pattern map that shows another example of a horizontal pipe flow pattern map and
is a reproduction of a map shown by API [2]. (Note that not all the patterns shown in this particular map,
e.g., plug-flow, are relevant to wet gas metering, as wet gas flow does not have the required liqliid
content with the gas 1o create such a liquid dispersion In the pipe.) ARhough in the majority of
applications the meter operator does not have control over the changes in flow patterns, it is
nevertheless important to recognize the impact of these flow patterns on the performance of a particular
wet gas meter in question. The main use of flow pattern maps is to predict likely flow patterns that will be
encountered.
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Fig. 5-1 A Horizontal Flow Pattern Map (created by Shell Exploration and Production)

ASME MFC-19G-2008

Shell Expro Flow Pattern Map
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Fig. 5-2 A Geheral Flow Pattern Map

(Reproduced with the permission of the American Petroleum Institute. All rights reserved.)
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6 METERS USED WITH WET GAS FLOWS
Meters used with wet gas flows can be split into the following three general categories:

(a) Category 1. Single-phase gas Flow Meters. Single-phase gas meters are often applied to wet gas
flows. There are generally two different applications for single-phase gas meter technologies when used
with a wet gas flow. The first application is when the wet gas liquid loading is considered light by the
meter user, and the liquid induced gas flow rate error is also considered acceptable by the user. Here
the liquid flow rate is not metered or estimated. The meter’'s gas flow rate prediction is taken as the final
gas readlng, and the increase in uncertalnty due to the Ilqwd Ioadlng is accepted by the user. The
seconpg—app
error is considered to be significant by the meter user, and it is therefore required to be corrected f
When|using a single-phase gas meter in these situations it is necessary to obtain the liquid flow rate|or
some [form of liquid-to-gas flow rate ratio information from some source in order to correct thé liqujd-
induced gas flow rate error using a wet gas flow correlation specified for that gas meter at thdse
particylar conditions.

(b) Catepory 2: Wet Gas Flowmeters. It is common practice in industry to define a “wet\gas flowmeter” [as
a metering device that will predict both the gas and liquid phase simultaneously (i.e\in real time) with [no
liquid [flow rate information being required to be supplied to the system/by*any source that|is
independent of the metering system, i.e., the primary, secondary, and tertiary devices. (The fljid
propetties are usually required to be supplied as with standard single-phase-meters.)

sionally there is a necessity in industry to meter one phase flow rate of a wet gas flow while the

Wet|gas meters tend not to be devices that can predict the:water cut of the liquid phase. Typically, wet
eters estimate the gas and liquid flow rates of aQvet gas flow but give no information on the
nt components making up the liquid phase.

gory 3: Multiphase Meters. Meters that estimate the gas and liquid phase flow rates and the
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al-three of these wet gas meter categories it should be noted that when discussing the
alternative ' metering options there are metering technologies that are available to industry as commerdial
products and are now In actual Service and metering technologies that are published conceptual designs
that may or may not become commercial products.

Due to the commercial rivalry between manufacturers of different wet gas meter designs and the
number of prototype meters in development, this Report establishes the following guideline:

(1) Meter types that have at least one working unit in service that has been bought by a user are

considered to be commercial products available to industry.
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(2) Meter designs that have some published research and offered to industry that have not yet been
installed in a real application or meters that are installed in a real application but are on field trial
for performance verification are considered to be "conceptual designs.”

In this Report, only metering technologies that are available to industry as commercial products and
are being used in service are discussed in the body of the Report. The Appendices discuss these
technologies and also discuss metering technologies that are published conceptual designs that may or
may not become commercial products in greater detail.

The following is an overview of the operating principle and performance of the dry gas meters used
Wi wetUa orretatio T wWwet gada eleTrs, anad ottpiase e fTdo YV d amed—mT o ation
avpilable to the public through journal papers, conference papers, and vendor press releases. All
digcussions are for incompressible steady state wet gas flow. ASME does not guarantee thé verdcity of
the¢ technical claims of any information quoted in this Report.

6.1 Single-Phase Gas Meters and Wet Gas Correlations

bingle-phase meters can be split into those that use differential pressure (AP) ‘techniques and| those
that use non-AP techniques. In general, AP devices are seen as the most robustand repeatable type of
single-phase gas flowmeter for wet gas flow applications. However, other,single-phase meters| show
promise of being successfully developed to operate with wet gas flow.and on occasions any single-
phiase meter can be exposed to a relatively small quantity of liquid withif-a'predominantly gas flowjand a
knpwledge of the effect that this has upon the gas flow measurement can be important. Liquid flowing
with a gas will cause a single-phase gas meter to have a liquid-iaduced error. To correct for thjs, the
response of the meter to different liquid loadings must be found by experiment to be repeatable and
preédictable, and this response must be expressed by a wet gas correction factor (or “correlatipn” or
“algorithm”). The amount of liquid present in the gas stream" must be measured by some meank. The
following discussion attempts to cover most of the comfieh types of single-phase gas meters that have

een applied to date in wet gas flow measurement.

6.1.1 Single-Phase Gas Differential Pressure;(AP) Meters. The differential pressure (DP) flowmeter
is ja device that utilizes the physical laws of.the conservation of mass and energy. A reduction|of the
crpss-sectional area of a conduit will ensure by these physical laws that the flow will increase velocity
and the pressure will reduce. The difference in pressure before and after the change of area is thgrefore
related to the velocity of the flow and.therefore the flow rate. The physical geometry that causgs the
change of area is called a “primary’ element.” The different standard® DP meters on the market all
operate with the same generic_flow equation, and the different parameters in this generic flow equation
ar¢ all dependent on the primary element used. Common primary elements are orifice plates, ngzzles,
cones, etc. The wet gas flow response of a DP meter is dependent on the primary element used.

Differential pressure (DB) meters are historically the most commonly used meters in wet gas flqws as
a direct consequencé_of the orifice plate meter being one of the most common and widely used
industrial flowmetersThe sustained drive to develop wet gas flowmetering technology is a relptively
regent occurrence: For many years, due to lack of alternatives or due to general ignorance |of the
potential problems, orifice plate meters (with or without drain holes) were used for wet gas metering.
Since the late*1950s a number of DP meter wet gas (and general two-phase) flow research papers have
been published. Most of these wet gas flow papers were for orifice plate meters but there are geveral
papers-discussing the Venturi, nozzle, and cone-type DP meters. There are no known papers discpssing
the¢ characteristics of eccentric orifice plate and wedge meters when used to meter wet gas |flows,
although these may well prove to be adequate wet gas meters. Much of the orifice plate meter data
concerns wet steam with a selection of other fluid types while most Venturi and cone-type DP meters
have wet gas data from experiments aimed at the natural gas production industry. These DP meter

! Laminar flow elements and pitot static based technologies do not come under this general description
and are out of the scope of this Report.
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papers indicate that the majority of the research is in agreement and that DP meters have a similar
response to wet gas flow.

It is generally accepted that liquid in a gas flow causes the differential pressure from the DP meter to
be higher than that, which would be indicated if the gas phase of the wet gas flow flowed alone. There is
therefore a positive error (often called the “overreading”) associated with DP meters when they are used
with wet gas flows.? The parameters influencing the overreading have been major research areas for DP
meters. The published literature has indicated that the overreading for a given wet gas flow condition is
not the same for the different primary elements. Individual DP meter types and geometries have unique
wet ggsoverreading properties:

It was first suggested by Schuster [4] that an orifice plate meter read high when the gas waset.
Murddck [5] then effectively showed that the orifice plate meter has an overreading dependenit’on the
Lockhprt—Martinelli parameter (although Murdock did not call the parameter by this name). Chishgim
and Leishman [6] showed that a nozzle meter also has an overreading, dependent on ¢he’Lockhaft—
Martinelli parameter (in the only known nozzle meter wet gas research paper). Chisholm also advanced
orifice| plate meter knowledge [7,8] by adding that the overreading was also dependent/on the pressure
of the|flow (or the gas-to-liquid density ratio). Lin [9] confirmed the Chisholm findings. De Leeuw [10]
found these orifice plate meter findings were valid for Venturi meters also and added further knowledge
by shpwing that the gas densiometric Froude number was also influencing.'the overreading of the
Ventufi meter when the flow pattern was annular-mist flow. Steven [11] confirmed de Leeuw’s findings
for Venturi meters and that the same parameters affected the overreading of cone-type meters [12-15].
As of P006 there is no known research publication that discusses the @as densiometric Froude number
(Frg) gffect on the orifice plate meter.

Figure 6.11 shows a reproduction of Murdock’s original plot (withthe x-axis converted to the Lockhaft—
Martinelli parameter). The y-axis shows the ratio of the meterreading to the reference meter reading.
This type of single-phase gas meter wet gas flow data plot is.eften referred to as a “Murdock Plot.”

Figure 6.1.1-2 shows typical Murdock plot for a Venturimeter [11]. The plot shows NEL wet gas data
for a 6 in. 0.55 beta ratio Venturi meter in terms of positive percentage error (or “overreading”) to the
Lockhprt—Martinelli parameter.

Figure 6.1.1-3 shows the same data highlighting\the three different pressures tested. The legend in the
graph|gives the gas-to-liquid density ratio (DR))adjacent to each test pressure. Clearly there is a DR
effect |with higher pressure (or higher DR) having a lower overreading for a set Lockhart—Martinglli
parameter (XLM).

Thefe is some scatter evident in the cohstant pressure results in Fig. 6.1.1-2. It can be seen from Hig.

6.1.1-B with the 40 bar data that thetscatter is due to a Fry effect. The graph shows that higher values of
Fry givie a higher overreading.
All gublished Venturi meter and cone-type DP meter data shows these same trends with DR and Frq

numbgrs. As of 2006 no other-DP meter types are known to ASME to have been tested with wet das
flows fo this level and the results published. It is currently assumed that all DP meters follow thegse

Experimental data-for'a particular DP meter can indicate the approximate percentage error. If the liquid
is sufficiently small to give an acceptable gas flow rate error for a particular application, then| in
practi¢e an increased gas flow rate uncertainty without applying any wet gas flow correction may [pe
accepjable.

Whdre the-liquid flow rate or some form of liquid-to-gas flow rate ratio is known, or can be estimated,
an equiatien of the form shown as eq. (29) can be applied to the single-phase equation.

2 Some orifice plate meter papers (e.g., [3]), for very low liquid loading, contradict the generally
accepted relationship that liquid causes a positive error in the gas flow rate estimation. One proposed
reason for this is considered to be a lubrication effect of the trace liquid on the meter tube and orifice
plate in which the effective surface roughness has been marginally reduced.
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The numerator in eq. (29) is the generic single-phase equation for any DP meter in question with the
approprlate constants for that partlcular geometry. The denomlnator represents the partlcular wet gas

the functlon “ f

the

 liquid flow rate or liquid-to-gas flow rate ratio to be specified or derived. That is, note

Orifice Plate Meter Overreading

is found by experlmental data obtalned for partlcular fImds and meter geometnes

XM, DR, and Frg are known. Historically, not all correction factors include all three of these-paranm
It should be understood that all forms of these single-phase gas DP meter correction-factors 1

Fig. 6.1.1-1 Reproduction of Murdock’s Two-Phase Flow Orifice Plate Meter Plot
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Fig. 6.1.1-2 Wet Gas Flow Venturi Meter Data

6", 0.55 Beta Ratio, Venturi Meter Wet Gas Data
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Fig. 6.1.1-3 Wet Gas Flow Venturi Meter Data With Separated Pressure
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Fig. 6.1.1-4 Gas Flow Venturi Meter Data With Separated Fry
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the denominator in eq. (29) includes the Lockhart—Martinelli parameter [which is expressed in eq. (

Xim :ﬂ\/E:&\/Z (30)
Mg P Qg pg

Hence, for known gas and liquid densities, solving eq. (29) by iteration of the gas flow rate [noti
is a function of the gas flow rate — see eqgs. (3) and (6)] requires direct knowledge of X,y [which
same as knowing liquid-to-gas flow rate ratios — see eq. (30)], or, the liquid flow rate information

30)].
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wat gas overreading (other by dictating the. gas density at a given pressure). Liquid property effect
been addressed by Reader-Harris [17, 18] and Steven [15, 19, 20]. These initial studies suggest t
hofrizontal wet gas flows liquid properties affect flow patterns and therefore wet gas overreading
meters. At relatively low pressures—and gas flow rates (i.e., stratified flow) there is no appre
difference between a DP meter’s.réaction to wet gas with hydrocarbon liquid and a wet gas with
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appreciable difference between a DP meter’s reaction to wet gas with hydrocarbon liquid and a W
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Fig. 6.1.1-5 NEL Wet Gas 4 in. Venturi Data for 31 bar(a), Fry=1.5

Steyen [19, 21] has discussed very preliminary findings with regard to the effect meter diameter Has
on thg DP meter wet gas overreading. Initial theoretical and data set analysis suggests that a diamefer
effect may exist. The smaller the DP meter. for'set geometries (including beta ratio), Lockhart Martinglli
parameter, gas-to-liquid density ratio, gas-densiometric Froude number, and similar liquid properties the
smallgr the overreading. Figure 6.1.1-9" shows the graph presented by Steven [21]. It must pe
remembered that one data set is alkthat has been analyzed. Therefore, Steven states that this is as yet
only a|postulation and not a proven"DP meter wet gas flow phenomenon.

It sHould be noted that the experimental tests used to develop the correction factors do not usually
docunpent the flow patterns: However, provided the correction factors are applied to similar meter
geometry and fluids, it cah be assumed that flow pattern influences in the DP meter performances are
included. Most DP meter) wet gas correlations are from horizontal meter runs; consequentially, sofe
vertical installationsmay be forced to use the horizontal correlations. It is unknown what amount of erfor
this will cause.

If a |method ef e€stimating either the liquid flow rate or liquid-to-gas flow rate ratio to an acceptable
uncertainty is'available then the use of a single-phase gas DP meter and a wet gas correlation can pe
an economical way of metering the gas flow in a wet gas flow. However, care must be taken in choosing
the wet gas correction factor to be applied as all the available correlations are all for specific geometrigs
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Fig. 6.1.1-6 NEL 4-in., Schedule 80, 0.75 Beta Ratio Venturi Meter, Gas-to-Liquid Density

Ratio of 0.046, Gas Densiometric Froude Number of 1.5
(Reproduced with the permission of TUV NEL Ltd, East Kilbride, Glasgow, G75 0QF, United Kingdom.)
\

1.8

Fig. 6.1.1-7 NEL 4-in., Schedule 80, 0.75 Beta Ratio Venturi Meter, Gas-to-Liquid Density Rati
0.046, Gas Densiometric Froude Number of 2.5
(Reproduced with the permission of TUV NELILLtd, East Kilbride, Glasgow, G75 0QF, United Kingdom.)
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Fig. 6.1.1-8 NEL 4-in., Schedule 80, 0.75 Beta Ratio Venturi Meter, Gas-to-Liquid Density Ratio of

0.046, Gas Densiometric Froude Number of 4.5
(Reproduced with the permission of TUV NEL Ltd, East Kilbride, Glasgow, G75 0QF, United Kingdom.)
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of DP meters and for a specific range of flow conditions. Use of any particular wet gas correlation on a
different geometry DP meter (e.g., different type/meter size/beta ratio) and/or at a flow condition outside
of the data set parameter range used to create the correlation (e.g., different liquid type/gas-to-
liquid/density ratio/gas densiometric Froude number/Lockhart—Martinelli parameter) would lead to
additional uncertainties in the gas flow rate prediction. It should further be understood that most wet gas
correlations have been developed with test meters in long, straight runs of pipe. Installation effects for
meters with wet gas are largely unknown and therefore disturbances close to the inlet may increase the
uncertainty of the resulting gas flow rate prediction.

Ci U ally U c PYUU cU CU AllU cdlc JlIve

6.1.2 Non-AP Single-phase Gas Meters. Other dry gas meters, which do not rely on diffgrential
préssure measurements, exhibit different responses to the presence of liquid in the flow. Thg most
common types are turbine, vortex shedding, Coriolis, and ultrasonic meters, which are discussed Qelow.

6.1.2.1 Turbine Meters. It is generally accepted that turbine meters should not be.a meter of chdice for
wgt gas flows due to the adverse effects on the meter caused by the liquid._phase. However, gs with
most single-phase gas meters there are instances in industry where turbinemeters have been suljjected
to|low liquid loading wet gas flows; it is therefore of relevance to discuss.turbine meter perforfnance
under such conditions.
GGas flow turbine meters measure the volume flow rate of a gas flow by passing the flow ¢ver a
centrally mounted turbine rotor to drive its rotation. Sensors measure the angular velocity of the rptor in
the¢ form of counts as it rotates. As the gas flow rate increases. the rotational velocity increase$. The
sensor count appears as a frequency that is directly related to the gas flow rate via the meter|factor
(usually called the K-factor as it is algebraically denoted- hy the letter “K”). A gas turbine metef’s “K-
fagtor” is found by calibration at a gas flow test facilitys” Due to manufacturing tolerances eagh gas
tufbine meter has to be individually calibrated.
Only two papers by Ting [22] and Stewart [23] ‘and one technical report by NEL [24] (from [which
Stewart’s paper is a summary of the turbine meter section of that report) have been publishgd that
digcuss research on the performance of a turbine meter when subjected to a light liquid load wet gas
in horizontal flow. (There is no research known regarding turbine meter wet gas performanhce in
vertical wet gas flow.) The two existing papers do not fully agree.
Btewart reports a Lockhart—-Martinelliparameter range of 0.0006 < X,y < 0.0070 (for nitroggn and
kefosene at 61 bara up to a Reynolds’number to nine million at ambient temperature).
ing reports a Lockhart—Martinelli parameter range of 0.00012 (0.07 bbl/MMSCFD) to 0.000255
(0J14 bbl/MMSCEFD) for air and-water at 51.6 bara up to a Reynolds number to ten million at ambient
temperature.
Crucially both papers report that the liquid-induced error is less than 1% and hence there is agreement
that a turbine meter will continue to work when it is temporarily exposed to trace liquids. However| there
ar¢ considerable differences in the details of these gas turbine meter's responses to the ljquid’'s
présence.
Btewart/NEL [23, 24] shows that under wet gas conditions the 6 in. gas turbine meter tested by INEL in
nitrogen/kergsene has a tendency (at least for the lower values of Reynolds number) to “underregd” the
gals flowtrate. (“Underreading” is a term used to describe a negative error induced by the liquid pn the
meter’ssgas flow rate prediction. It is analogous to “overreading,” which describes a positivg error
uced by the liquid on the meter’s gas flow rate prediction.)
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Fig. 6.1.2.1-1 NEL/Stewart’s Turbine Meter Wet Gas Response for Liquid Mass Fraction of 2%
(Reproduced with the permission of TUV NEL Ltd, East Kilbride, Glasgow, G75 0QF, United Kingdom.)

3870

L
3865 o

. 3860 A .
.\Q
[
[3

3855 -
E
3850 A o= . =
O
et |e |B =W
3845 =
L ]

3840 E(
3835 \
3830

/a # Dry Gas Baseline

3825 \
o O LMF=2%

3820 : : :
OE+0 1E+6 2E+6 3E+6 4E+6 5E+6 6E+6 7E+6 SE+6 9E+6 1E+7
Reynolds Number

Meter Factor (pulses/ m’

O
S

The]error increases with liquid mass fraction. Theltesponse of this turbine meter to the presence
liquid |n the flow stream is shown in Fig. 6.1.2.1-1.

In Flgure 6.1.2.1-1 Stewart/NEL shows a plotyof pulses per volume of gas (i.e., the K-Factor) vers
Reynqlds number for the liquid loading value of 2% liquid mass fraction (LMF). Clearly there is a liqu
inducgd error at Reynolds numbers below/ six million. At Reynolds numbers greater than this the liqu
inducgd error has disappeared (which is_not the same finding reported by Ting).

The[behavior of the turbine is nat fully understood. Stewart recorded the flow patterns seen by
installed camera and notes that-the liquid-induced error magnitude coincided with the type of fl
patterp.

At Re < 1.8 x 10° the flowwas reported to be completely stratified. The liquid running along the me

tube Hase would oppose the motion of the blades and hence reduce the rotor’'s angular velocity. Suctl: a

small famount of liquid{<2% LMF) would not cause a significant blockage to the gas and hence
cause|a significant increase in gas velocity. Therefore in this stratified flow pattern the meter underre]
the ggs flow. Note;yhowever, that the maximum measured underreading (at 2% LMF) for the stratifi
flow pgattern was-reported to be less than 0.5%.

.7 x 10°< Re < 5.4 x 10 the flow was reported to be in transition between stratified and annul
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of 0.759%:
accelerated by the increased gas dynamic force due to the liquid blockage.

At Re > 5.4 x 10° the flow approached annular-mist flow. In this region, as the gas velocity increases,

slip reduces as the size of the liquid droplets reduce and they become more evenly distribut

ed

throughout the flow. The result of this was for LMF < 2% the turbine meter behaved as a single-phase

meter.
Ting et al. [22] showed a polynomial curve fit on the dry gas data for a 6 in. gas turbine in Fig. 6.1.2
2 (i.e., the K-factor to the flows Reynolds number curve usually known as the “turbine curve”) and t
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calculated K-factors for the individual wet gas flows conditions tested at CEESI. Note that the units that
were chosen here to describe the liquid loading are barrels (i.e., volume) of liquid per million standard
cubic feet of gas. Up to a Reynolds number of approximately five million there is no significant liquid
effect, and beyond this, a small K-factor shift is evident. The plot of the K-factor deviation found between
the wet and dry gas flows is reproduced in Fig. 6.1.2.1-3.

The liquid-induced error reported by Ting is an underreading (as it was with the NEL tests reported by
NEL/Stewart). However, significant differences in the reports are described below:

For a maximum liquid loading of X = 0.000255 Ting found an underreading of 0.43% compared to
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Eremely small liquid Ioadinds the repeatability of eacH turBine meter in dry gas becomes-an
en analyzing and comparing data.)

eled off in Ting’s tests while it increased and then decreased with Stewart’s tests.
No wet gas turbine meter correlation is known to have been published.

Clearly more work is required in order to understand the precise nature ofs a_gas turbine n
ationship with light liquid loadings as the two available reports have contradictions. However, cf
th agree that for very light liquid loadings (X < 0.007) a liquid-induced errer of less 1% will occu
hcludes that “... a Turbine meter could be used in the short term as a master meter for in-situ W
pving but that turbine meters should not be used in continuous)unprocessed (i.e., we
erations.”

\ long-term disadvantage of gas turbine meters being used wijthtwet gas flow is their susceptik
bchanical damage. Blades can be damaged by impact with thediquid phase, wet gas flows are s
an, bearings can be contaminated, and the blades of a gas turbine are relatively fragile and the
sceptible to damage by slugs. For these reasons the cufrent designs of turbine meters are an u
pice to deliberately place in a wet gas environment.

Fig. 6.1.2.1-2 Ting's Turbine Meter Wet'and Dry Gas Flow Rate Results at CEESI

these
issue

\s the Reynolds number increased for a set liquid loading the underreading increased ang then
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Effect of Liquid-Entrainment on a 6" Turbine
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Fig. 6.1.2.1-3 Turbine Meter Wet Gas K-Factor Deviation Results

Effect of Liquid Entrainment on a 150 mm
Turbine Meter--K-factor and Flow Deviation
0.3 | |
. 0.2 1 R & 0.0005 M H20/M DRY AIR
S 071 = . m 0.001 MH2O/MDRY AR
TS » M
- 0 L 4
c < u
© 2.0.1 =
o
g 3-0.2 *
L 0O [ ]
o -0.3 o r
0.4
05 | i
0 2 4 6 8 10 12
Reynolds Number (x 1076)

6.1.2.2 Vortex Shedding Meters. The gas flow vortex gneter operates on the principle of a gas flpw
passirg a bluff body (i.e., a square or triangular bluff bady) producing a series of alternate vortices shied
from gither side of the body in turn. Behind the blaff body a “von Karman vortex street” is created.
Sensdrs measure the frequency of this vortex shedding, and this frequency is directly related to the gas
velocity via a meter factor (usually denoted by the letter “K”) and hence the volume flow rate.

to the|liquid loading and the gas flow rate. Figure 6.1.2.2-1 shows Washington’s presentation of
$. Low and hightgas flow rates indicate 85,000 and 135,000 Nm®D, respectively. Note the liqhid

maximum Lockhart=Martinelli parameter here is approximately 0.1.)
Waghingtonstates the results were not repeatable at lower liquid loadings. It is stated that bet n

slip between the I|qU|d and gas phase and the resultlng Iqu|d hoId up in the line. Th|s in turn depends on
the installation geometry, and the gas and liquid flow rates and properties.”
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Fig. 6.1.2.2-1 Washington [25, 26] Field Data for Wet Natural Gas Flow
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fVashington [25, 26] also states that vertical down wet gas flow tests showed that a vertical inste
“..lis not a practical way of reducing the effect of entrained liquidion a gas vortex meter.”

INo wet gas flow Vortex Shedding meter correlation was offered by Washington et al.

INEL and Stewart [23, 24] released the only other published wet gas flow vortex shedding
research information. (The meter’s bluff body design was not disclosed, but it is known the ve
ingtalled meter had the bluff body parallel to the ground.) It is stated that this work “...tended to
gualitatively with previously published data (Washington et al.); however the absolute overrs

lysis for three pressures and many gas anddiquid flow rates. Stewart introduces a level of do
the gas velocity (or gas densiometric Froude number) effect previously reported by Washington
preédictable gas velocity effect was found,with the new laboratory data. Figure 6.1.2.2-2 shows a §
graph of the 30 bar data.

igure 6.1.2.2-3 shows the threelpressure data sets (15, 30, and 60 bar) separated. The ind
préssure data sets maximum Leckhart—Martinelli parameters plotted are the limits for which the
appears stable (i.e., beyond theése values the meter overreading was seen to become extremely
as|is seen when considering the 30 bar data set presented in Fig. 6.1.2.2-2.) There is clearly a pr¢
effect. The higher the pressure, the lower the overreading. The large spread in results for ea
préssure and LockhartsMartinelli parameter combination is due to the reported erratic gas flo
ct. In Fig. 6.1.2:2:3 linear fits to the capped Lockhart—Martinelli parameter data are shown
“cap” is at the maximum Lockhart—Martinelli parameter before the meter response is judged
table.

igure 6,1.2:2-4 shows the reported results of using these linear fits for each pressure acro
stable Lackhart—Martinelli parameter region to correct the gas flow rate for a known liquid flow rate
gradients*of the liner line equations were not offered.) The correlations when applied to the ind
préssure sets that were used to create them show a gas flow rate uncertainty of “...mostly within 2

llation
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agree
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ues are much lower for a given LGR [i.e., liquid-to-gas ratio].” Stewart discussed test dafa and
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The only Vortex meter wet steam paper known is the Hussein and Owen paper [27]. This

paper

describes tests of a 2 in. Vortex meter with wet steam at two static pressures (4 and 6 bar) and (quality x
>0.84, Lockhart—Martinelli parameter Xy < 0.012). Hussein and Owen plotted the data as quality to

overreading. Again it is reported that as liquid loading increases the overreading increases, althou
magnitude of the error is large compared to the other reported research. The correction offered

gh the
is the

multiplication of the uncorrected Vortex meter wet gas flow rate result by the factor l/\/; where x is the
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flow quality [see eq. (16)]. This gives an estimated total flow rate. There is no literature regarding
independent checks of this correlation and the correlation uncertainty is unknown.

For wet gas flowmetering applications where the liquid flow rate or some form of liquid-to-gas flow rate
ratio is known to be (or can be estimated to be) relatively small experimental data has shown it is likely
the error will be proportionately small. For higher liquid loadings with larger liquid-induced errors it may
be possible to produce a useable wet gas correlation for any particular vortex meter up to a stated
maximum Lockhart—Martinelli parameter. This maximum Lockhart—Martinelli parameter may be dictated
by instability in the reading and not the maximum desired limit for an application. As with DP meters the
choicgofany

Fig. 6.1.2.2-2 NEL Nitrogen/Kerosene 30 bar Vortex Shedding Meter Data
(Reproduced with the permission of TUV NEL Ltd, East Kilbride, Glasgow, G75 0QF, United Kingdom.)
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Fig. 6.1.2.2-3 NEL Nitrogen/Kerosene Vortex Shedding Meter Data Capped at Maximum

Lockhart—Martinelli Parameters Before Data Becomes Erratic
(Reproduced with the permission of TUV NEL Ltd, East Kilbride, Glasgow, G75 0QF, United Kingdom
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Fig. 6.1.2.2-4 Results of the Linear Fit Wet Gas'Correlations Presented in Fig. 6.1.2.1-2 for Kng
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correlation would need to be considered with care. In reality with such limited data available individual
meter geometries would need to be tested with wet gas flow and a wet gas correlations specially created
from that data. The same caution on the extrapolation of such a correlation beyond the data set limits
that created it is given here as was given concerning DP meters.

6.1.2.3 Coriolis Meters. The Coriolis flowmeter is a mass flowmeter that uses the effect of the Coriolis
force, due to f|UId ‘mass flow on a forced condwt vibrating tangentlal to the flow dlrectlon The produced
Coriol ]
the the
measyrement of mass flow rate. The various d|fferent designs of Coriolis mass flowmeters.all"waork
accorging to this same principle. Coriolis mass flowmeters are good meters in single-phase gas‘or liqliid
flowmetering applications.

Thetre is limited information in the public domain regarding the performance of Coriolis-meters when
they are used with wet gas flows. There are a few technical papers with some information on Coriglis
meters with two-phase flows (i.e., X > 0.3) but none of these cover the range defined by this Technigal
Report as wet gas flow. There are only two wet gas flowmeter research reports [24, 110] and jan
assoclated technical paper [23] known to the authors. NEL and Stewart [23,.24)report the independ%nt

wet gds tests on a 4 in. Endress + Hauser Promass 63F Coriolis meter. Wet,gas flow tests are reported
% LVF at 31 bar (a maximum Lockhart—Martinelli parameter of 0.24) and at 61 bar (a maximym
rt—Martinelli parameter of 0.18). The 31 bar results are reproduced in Fig. 6.1.2.3-1.

Cledrly, as with most meters, liquid presence in the gas flow significantly affects the flowmeter’s ability
to prefict the gas mass flow rate. The magnitude of the gas flow/rate error was found by NEL to |pe
related to the pressure (or gas-to-liquid density ratio), the .liquid loading (or the Lockhart—Martinglli
parameter), and the gas flow rate (or the gas densiometric Fraude number). However, Stewart does fot
reportjany correlation being created that could predict theZerror for a known liquid flow rate or liquid-fo-
gas flaw rate ratio.

As the Coriolis meter is a device designed to measure the mass flow and density of a single-phgse
flow, NEL plotted the meter’s total mass flow error versus the actual total mass flow. Figure 6.1.2.3-2
presenmts the 30 bar results. The error increases with the Lockhart—Martinelli parameter. Whereas the
gas flgow rate error could be positive or negative (see Fig. 6.1.2.3-1) NEL reports the total mass flow rate
error as always negative. It is shown in Fig:-6.1.2.3-2 that, in all but the highest liquid loading, increasing
the gds flow rate for a set pressure and_Lockhart—Martinelli parameter reduces the total mass flow rate
error. Jt was noted that the error was marginally less at higher pressures. NEL stated that these findings
are evidence of the flow pattern-meving towards annular mist (i.e., the two phases becoming a single
enized flow where the nmieter should operate successfully as a single-phase meter). However, the
errors|at the highest gas flow, rates tested are still substantial, suggesting full mist flow with atomized
s (i.e., a homogeneous mix) is not achieved at these flow conditions.
NEL'’s tests across the full wet gas range, it could be concluded that the exact behavior|of
Coriolls meter designs' with wet gas is not yet fully understood. Stewart concludes: “...the mejer
exhibited significant errors in wet gas flow compared with both the dry gas reference mass flow and the
total r¢ference mass flow.”

However, Stewart also stated in conclusion: “...many modern meters have the built in capacity|to
sense|the-présence of liquid from the increased power drawn by the drive coil due to liquid damping and
can stpporieasuring temporarily while liquid passes.”

Britton et al. [T10] showed wet gas flow test results from CEEST on two Z in. Coriolis mass flowmeter
designs (i.e., an Endress + Hauser Promass 83F and a Micro Motion CMF design). After excellent
single-phase test runs the meters were tested in wet gas flow. The test conditions were as follows:

(&) nominal static pressures: 175 psig and 500 psig
(b) nominal gas velocities: 80 ft/sec to 160 ft/sec
(c) nominal liquid loads: concentrating on <25% by mass (with a few higher values)
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Fig. 6.1.2.3-1 NEL 4-in. Coriolis Meter 30 bar Wet Gas Data
(Reproduced with the permission of TUV NEL Ltd, East Kilbride, Glasgow, G75 0QF, United Kingdom
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Fig. 6.1.2.3-2 NEL 4-in. Coriolis Meter 30 bar Total Mass Flow Rate Wet Gas Data
(Reproduced with the permission of TUV NEL>Ltd, East Kilbride, Glasgow, G75 0QF, United Kingdom
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The equivalent Lockhart—Martinelli parameter range of these tests was concentrated on Xy < 0.
(although a few higher values were recorded as seen in Fig. 6.1.2.3-3.) The gas velocities are very hi
compared to the tests reported by NEL. Britton [110] suggests the test data is likely to be for
mist/homogenized flow pattern in these cases.

Both 2-in. meters (Micro Motion and Endress + Hauser) are reported to have behaved in a simi

05

gh
a

lar

manner. Figure 6.1.2.3-3 shows the Micro Motion meter data plotted by Britton [110] as Lockhart—
Martinelli parameter versus “Percent Deviation” (i.e., the overreading). The meter has a stable and

predictable wet gas error for X y < 0.035 (which corresponds to a liquid-to-gas mass flow rate ratio

linear [to the Lockhart—Martinelli parameter as with DP meters, although the scale of this overreading

Figures 6.1.2.3-4 and 6.1.2.3-5 show in more detail the low liquid loading data from beth ‘types
Coriolls meter. The comparison shows that both designs have a very similar reaction ¢@-the liqui

presemce with increasing Lockhart—Martinelli parameter up to 0.035 meaning an approximately linear

increae in overreading. For these low liquid loading data sets both meters show a pressure (or gas-
liquid gdensity) effect. The lower the pressure the higher the overreading. A wet gas‘correlation that co
predict the gas flow rate for a known liquid flow rate appears possible for a low/liquid loading but as Y
none has been published.

Brittpn et al. [110] concluded: “A Coriolis meter will begin to produce a“reasonably consistent ovi
registiation result for Lockhart—Martinelli numbers less than 0.035 (or liquid loads less than 20%). T
magnifude of over-registration is dependent upon meter type and modelnumber.
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Thelaccuracy of a Coriolis meter will remain within 1% for wet gas flowing conditions as long as the

liquid |oad is less than 1% or the Lockhart—Martinelli number is less-than 0.0012.”

Fig. 6.1.2.3-3 2-in. Micro Motion Coriolis Flewmeter Wet Gas Test Data

2" Micro Motion Cofiolis Meter
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Fig. 6.1.2.3-4 Endress + Hauser Coriolis Meter, Xy < 0.035

2" Endress + Hauser Coriolis Meter
Model No: Promass 83F Serial No: 57029016000
Wet-Gas Test Data
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Fig. 6.1.2.3-5 Micro Motion Coriolis Meter, Xy < 0.035

2" Micro Motion CoriolisdVeter
Model No: CMF200 SerialNo: 491690
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ft/sec. Atdhese gas velocities, the liquid dispersal in the gas stream is most likely in “mist” for
lowergas velocities the liquid dispersal will become what is known as “stratified” or “annular.”
th@se~conditions, proportionally more liquid is traveling along the wall for the same liquid lo

The wet-gas data presented in this Report was obtained at nominal gas velocities of 80 ft/sec and 160

m. At
Under
hdings

reported herein. An accumulation of fiquid on the vibratling tubes ot the Coriolls meters will mos

likely

affect the meter’s performance. It is suggested that a test program be initiated to determine the lower
gas velocity limits applicable to the various designs of Coriolis meters....,” and “...As yet no such

research is known to have occurred.”

6.1.2.4 Ultrasonic Meters (USM’s). The transient time ultrasonic gas meter transmits and receives
acoustic waves sent diagonally across the fluid flow in both directions, with and against the flow, and

measures the respective transit time of flight of waves in each direction. The difference in the
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times is proportional to the gas velocity along that path. Multipath meters can have different numbers,
locations, and orientations of the paths and they can be direct path (transducer to transducer) or
reflected (transducer to wall to transducer). The path velocities are then integrated, by various
proprietary mathematical methods, to find the average flow velocity and hence the actual volume flow
rate from the cross sectional area of the meter.

The ultrasonic gas meter can produce a large amount of diagnostic data in addition to the volume flow
rate. This diagnostic data has traditionally (since the development of the concept into a commercial gas
flowmeter in the early 19805) been used in dry gas appllcatlons to assure the user of the correct

manufacturer has a unique design. However, some of the designs are similar and therefore’it is possible
to disquss their performance in general terms.

(&) Transient Time Four Path Horizontal Ultrasonic Meters. The four-path horizontal ultrasonic meter
has tHe most wet gas flow research published. This design was tested extengively by the Ultraflow|(1
and 2) Joint Industry Projects (JIPs) starting in the early 1990s. Much of\this research has been
published by Wilson [31]. Further research has been published by Zanker et-al. [32, 33].

An J|nitial industry concern was the survivability of the ultrasonic meter and, in particular, the
survivability of the transducers in wet natural gas production applications. Early problems appear|to
have peen overcome and Wilson, Zanker, and Stobie have shown that the ultrasonic meter gan
withstand the rigors of wet gas flows.

The[performance of the four path ultrasonic meter was reperted to be dictated by the wet gas flpw
pattern [31, 32]. Tests at two horizontal wet gas flow facilities demonstrated that the meter results are
similar when the flow pattern is similar. Figure 6.1.2.4-1 shows JIP results [31]. Of the two test centers it
i rted that one produced stratified flow only and the other produced both stratified and annular nist
oth sets of stratified flow data produced the similar results, i.e., a gas flow rate overreading with
liquid content, and a relationship that can be fitted\to"a gradient of 5 line. The overreading is stated to pe
due tq the liquid blockage reducing the area, .causing an increased gas velocity, and the gas meter still
progrgmmed to use the full pipe area, therefore, overestimates the gas flow rate. Mist flow also
produged an overreading but much lower.than the stratified flow. The mist flow linear line has a gradig¢nt
ity so each additional 1% increase.in the LVF means an additional 1% error on the gas flow rate
ion. The JIP data reports a maximum Lockhart—Martinelli parameter value of approximately 0.2

integrity. (Mist flow conditions, for set liquid-to-gas flow rate ratios are promoted by high pressure and
high gas velocities.) If mist flow occurs, experimental data indicates that the total gas measuremegnt
percemtage error will tend towards the homogeneous flow model. In general for multipath meters fan
overrdading is observed that for all other parameters held constant increases with the LVF (i.e., the
Lockhprt—Martinelliparameter), decreases with increasing pressure (i.e., gas-to-liquid density ratio), and
decregses withsthe superficial gas velocity (i.e., the gas Reynolds number and turbulence levels for set
pressures).

Figure 6:1.2.4-2 shows the meter error versus superficial gas velocity for various LVF values from a
horizoptally installed 6 in. four-path ultrasonic meter at 50 bar. All liquid loadings show the erfor
increasing and then decreasing as the superficial gas velocity Increases. At the maximum gas flow rate
when the flow pattern is expected to be mist flow the gas error for any given LVF is at its lowest. The
original test data indicates that as the pressure increases and the flow pattern tends more to mist flow
the gas flow rate error reduces.
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Fig. 6.1.2.4-1 JIP Four-Path Ultrasonic Meter Wet Gas Results

LVF vs Error for Mist and Stratified Flow in 4-path meter
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Mist Flow
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Fig. 6.1.2.4-2 Gas Flow Error of a 6 in., Four-Path Ultrasonic Meter With Wet Gas Flow at 50 bar
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Figure 6.1.2.4-1 indicates that the flow pattern affects the ultrasonic meter. The details of what
happens in the transition zones between stratified and mist flow is not well documented. If mist flow
patterns were easily attainable, the suitability of the ultrasonic meter as a wet gas meter would improve
dramatically. However, predicting flow patterns in wet gas is not easy and other flow patterns, which
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result in much greater errors, are commonly encountered. No simple wet gas correlations are known to
be published for the nonmist flow applications.

For wet gas flowmetering applications where the liquid flow rate or some form of liquid-to-gas flow rate
ratio is known to be (or can be estimated to be) relatively small, the experimental data for the four path
ultrasonic meter may indicate to a user what the approximate percentage error is. If the liquid loading is
sufficiently small to give an acceptable gas flow rate error for a particular application then in practice
users could accept an increased gas flow rate uncertainty without applying a wet gas flow correction.
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ed as part of research papers on prototype designs of horizontal ultrasonic wet gas meters

t any corrections being applied. The following discussion relates to the ultrasonic design show
7. Note that the wet gas flow research now discussed relates to a two-path USM where
htion was such that the chords were vertical and horizontal for a wet gas- flow stratified fl
. The uncorrected gas meter therefore estimates the gas flow from the singlevhorizontal path.

bd wet gas flow. The overreading, called in Fig. 6.1.2.4-3 the “wet error;™is shown in for 25 b
et error increases smoothly with increasing LVF, reaching values~up to 25% at the highg
able LVF of 5%. It is therefore a very similar result to those reported for four path ultraso

result for gas velocities less than 6 m/s seen for the four-path-meter in Fig. 6.1.2.4-1.
limited data suggests that four and two-path meters tend“to behave in a similar fashion wh
bd to wet gas flows.

Fig. 6.1.2.4-3 6-in. Two-Path Ultrasonic Flowmeéter Wet Gas Overreading Vs. LVF%
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No technical information is known to have been released about ultrasonic meters in vertical
installations metering wet gas flows.
(c) Doppler Ultrasonic Meters. No technical information is known to have been released on Doppler-

type u

ltrasonic meters.
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(d) Clamp-On Ultrasonic Meters. A limited amount of wet gas data has been published with clamp-on
ultrasonic meters. Vedapuri et al. [34] has reported some development work on clamp-on ultrasonic
equipment installed with wet gas flows, and Ting [35] has reported a test of a clamp-on ultrasonic device

with wet gas flow.
Vedapuri states that clamp-on ultrasonic devices with wet gas flows have to be able to cope w

ith the

same main problem facing single gas phase flow clamp-on ultrasonic devices. That is the low
impedance of the gas phase (compared to the high impedance of liquids) means the signal-to-noise
ratio can be hlgh These meter’s performances are therefore sald to work better with gas and wet gas

onl the application’s gas den5|ty and the schedule of the pipe. Vedapuri discusses wet gas, tests
thé¢ minimum GVF is 90% but the papers do not give any comparisons between reference gas
readings and the clamp-on ultrasonic device gas flow rate prediction so the liquid indueed percg
erfor (i.e., overreading or underreading) is not publicly known.

he only known information regarding the performance of a clamp-on ultrasenic device wher
with wet gas flows comes from Ting et al. [35]. Ting reports that at CEESI 4-inyand 6-in. pipe in
had clamp-on ultrasonic equipment installed and wet gas tests where conducted simultaneously fg
meters at very small liquid loadings (i.e., X.u < 0.004) for three pressures'(14.5 bar, 41.4 bar, an
bar). The fluids were natural gas and decane. The 4-in. meter was found*to have an uncertainty
with a dry gas flow. At the very low liquid loading tested it is reported that “...the effect of
entrainment is still within the deviation of the dry gas meter performance variation of £2% for all tes

he 6-in. meter was found to have a dry gas uncertainty of 2% at 75.8 bar but at lower pressur

fter as
epend
where
meter
entage

used
series
r both
d 75.8
of 2%
liquid
ts.”
es the
At “the

effiect of liquid on the performance of gas flow measurement'is also within the same deviation range as

dry gas flow except for a few lower pressure data pointsiat 14.5 bar and 41.4 bar.” Indications frg
accompanying plot [35] shows up to 4% uncertainty inthese cases (see Fig. 6.1.2.4-4).

Fig. 6.1.2.4-4 6-in. Clamp-On Ultrasonic Gas Meter Wet Gas Flow Performance

Effect of Liquid/on the Performace of Clamp-on
Ultrasonic Gas Meters
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6.1.3 Summary of Single-phase Gas Meter Performance With Wet Gas Flows. At the time of
writing, differential pressure (DP) meters are widely regarded as being sturdy, and for wet gas flows are
the most repeatable and predictable single-phase gas meters available. There is, relative to the other
gas meter technologies, a significant amount of wet gas flow research in the public domain. The
response of several DP-type meters to a wet gas flow is well documented and there are correlations
available for different primary elements that will correct the liquid-induced error for when liquid flow
information is available. Multiple experiments show that for low values of Lockhart—Martinelli parameter
the gas flow rate predlctlon error is relatlvely smaII and may be acceptable in some mdustrlal
applicatio R

DP njeter wet gas correlations. Furthermore, the little information that does exist shows some
not co

unknown consequences on the uncertainty of the gas flow rate result.

Turine meters are relatively fragile because the turbine blades are thin and’the system has moving
parts. [Research shows for very small liquid loadings a turbine meter can .continue to operate with a
small fincrease in gas flow rate prediction uncertainty, but even very small liquid loading flows gan
experience periodic slugging. This is likely to damage the turbine.meter. Furthermore, long-tefm
operation with wet gas flows will degrade the rotor parts faster than when the meter is operated in dry
gas.

Vortex meters have a limited amount of wet gas flow researeh ‘data associated with them. Howevr,
the litfle that exists indicates that for lower liquid loading (and-the maximum liquid loading limit a vor{ex
meter| can operate at is dependent on pressure) the vortex meter gives a reasonably repeatable
overrdading that is related to the liquid loading (i.e., theockhart—Martinelli parameter) and pressuyre
(i.e., gas-to-liquid density ratio). There is some suggestion the liquid induced gas flow rate prediction
error ¢ould be related to the gas flow rate (i.e., the gas densiometric Froude number). However, for Ipw
LVFs [typically less than 1%) at otherwise set flow conditions vortex meters exhibit a linear error with
increaling liquid fraction that can be approximated for practical industrial use to be independent|of
pressyre and the gas flow rate. Furthermorg, it is seen from the test data that like DP and ultrasopic
meters the vortex meter has small overreadings with low liquid loadings and therefore they can be used
to preflict the gas flow rate of a wet gas_flow if the increased gas flow rate uncertainty is acceptable|to
the uder. However, at higher liquidtoadings in the wet gas flow range the liquid-induced error can pe
considerable and the vortex meter'siresponse to significant liquid loading is difficult to predict.

The|publicly available knowledge of Coriolis meter response to wet gas flows is limited. The data
availaple indicates that Coriolis meters are very sensitive to the presence of liquids in the flow stregm,
and the meter types respanse to wet gas is not yet fully predictable.

Ultrgsonic meters are reported to give repeatable and predictable responses to wet gas as long as the
flow pattern is known to be either stratified or mist flow. Under these conditions ultrasonic meters can |pe
used {o meter wet'gas flows when liquid flow rate information is available for use in the liquid induced
gas prediction,error correction process. Furthermore, it is seen from the test data that like DP and voriex
meters the ultrasonic meters have small overreadings with low liquid loadings and therefore they can pe
used to predict the gas flow rate of a wet gas flow if the increased gas flow rate uncertainty is acceptable
to the juSer:

For all gas meters used in wet gas flows Where a correction Is required for the liquid-induced error the
obvious major drawback to this method of gas metering is it is usually not a simple matter to predict the
required liquid information. A generally unspoken truth about gas meter wet gas correlations is that the
gas flow rate prediction uncertainty stated for the correlation in question is based on knowing the liquid
flow rate information to the test equipment’s liquid flow rate reference meter uncertainty. In real
applications this is rarely, if ever, the case. Increased uncertainty in the liquid flow rate input to the
correlation has a knock on effect on the gas flow rate prediction uncertainty. (This was explained for DP
meter technology by Steven [13].) Naturally, it is beneficial to predict the liquid flow rate information with

=
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as low an uncertainty as is possible. The following section discusses methods used to obtain the liquid
flow rate information so as single-phase gas meters can be used to meter wet gas flows by means of
wet gas flow correlations.

6.1.4 Supplemental Systems Required for Single-Phase Meters Used With Wet Gas Flows
6.1.4.1 Separator Approach to Wet Natural Gas Production Flowmetering. In the oil and gas
industry producing wells are grouped together and the flows are separated in group or bulk separators.
At the outlets of these separators are meters to measure the quantity of fluids flowing. In these cases
th CcLC Al T Jic-p c C eteTT II'V Co. .VV'V‘ cpdl dlU Al K UVV U DE - CA 100%
efficient and hence liquid carry over into the gas flow and gas carry under into the liquid flows is a
soprce of error in this system. In the case of liquid carry over the performance of a gas metenwith trace
liguids can become important.
ithout operator control interference many dry natural gas production flows from wells-produce |gas at
arpund the desired gas flow rate for those valve settings over many weeks and months. It is alsg often
assumed (albeit with less certainty) that wet natural gas production flows produce’ gas (and whiatever
askociated liquid flow rates flow with the gas) at around the desired gas flow ratefor those valve sgettings
over many weeks and months. The changes in production flow rates are typically small when consjdered
in terms of days and weeks. This situation often begins to change only when'the well is in the later] stage
of [production and heavier hydrocarbon gases are “dropping out” (i.e., changing to a liquid phase),| water
begins to be produced, gas lift is needed to maintain production quota,etc.
his approximately constant production flow rate leads to the praciice of test separators being used to
find the gas and liquid flow rates of a production pipeline oyerla period of time. Test separatdrs are
enpployed to test the flows from individual wells. Test separators are smaller than the bulk sepafators,
and are used to periodically flow test the wells’ productioh. The compromise is that operators hpve to
assume the last spot check flow rate measurements are’still valid. The value of liquid flow rate may be
used as an input to a single-phase gas meter wet gas(Correction algorithm. The uncertainty of thig liquid
flow rate value is an additional uncertainty above, that quoted for any wet gas meter correlation| used.
Sgparators are not always 100% efficient and liguid exiting a separator can contain entrained gas |ust as
gas exiting a separator may contain some entrained liquid. However, the baseline for well testing has
until now has been the test separator and)its associated measurement systems. Separators rgly on
gravity in order for the gas, oil and water(to naturally separate, and in some cases may require hept and
chemicals (defoamers and demulsifiets)-
ater as the densest fluid tends to_sink to the bottom of the separator; hydrocarbon liquids, which are
geherally less dense than water; float on the water; and the relatively light gas occupies the top|of the
separator vessel. In a simplesséparation scenario the only requirement is time for the separation to take
place and the amount of timerequired is dependent on the separator vessel volume and the fluid flow
rates. However, in reality itis more complicated than this idealized model. The hydrocarbon liquids and
gals can combine in a {foam” at the hydrocarbon liquid—gas interface and the foam can be carried ¢ver in
the gas flows. Hydrocarbon liquids and water can combine in an “emulsion” at the hydrocarbon [iquid—
water interface.n-‘order to reduce or eliminate the foam and emulsions, chemicals (defoame¢r and
gemulsifier) care required, which can affect the performance of the process systems further
downstreamIn addition to the chemicals mentioned, heat is also often required.
est separation often requires a relatively large separator with separators in service having weights
ranging.from 5 tons to hundreds of tons. The large weight is due to the volume required to provife the
timpe\fer gravity, chemicals, and heat to produce complete separation. However, even then separators
can be Tess than 100% efficient.

NOTE: It is the combined associated problems of possible poor efficiency and the cost and technical problems of producing,
transporting, and supporting on offshore production platforms such vessels that has driven the oil and gas industry to attempt to develop
the more advanced wet gas and multiphase meters that may have benefits to all industry.

Typically, the gas, oil, and water separator is designed in one of two ways. One design is to separate
the gas from the liquid and measure the gas by a conventional single-phase gas meter and the liquid
volume by a conventional single-phase liquid with a water cut meter to give the ratio of oil to water. The
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alternative design separates the gas, oil, and water, and each are individually metered by an appropriate
single-phase metering device. (It is inherent assumption here that no phase change will occur after the
phases have been separated even if the thermodynamic conditions vary downstream of the separator.)
A sketch of such a separator vessel of this is shown in Fig. 6.1.4.1:

Fig. 6.1.4.1 Separator Vessel That Separates Gas, Oil, and Water
gas flow

wet gas flow

oil‘\flow
water flow

BulK separators are operated for groups of wet gas or two-phase’ flows from multiple wells, but test
separators are used to check the performance of an individual wet gas or two-phase flow from a
; g
are
he

an
tly

for

as

an
: S : stimz quality
[see eq. (16)] of a smgle component wet gas flow Tradltlonal 0|I and gas separators are of I|m|ted vaIue
as the separated phases of a one component saturated vapor can easily change phase with small
changes in the conditions. With industry desiring the measurement of wet steam flows in many
applications (such as district heating, geothermal well flows, steam injection facilities at heavy crude oil
wells, power stations, etc.) no universally accepted method exists for finding a wet steam flow quality.
There is an ongoing debate in industry on how to achieve this.

One method is to throttle a wet steam flow (which is an isenthalpic process). The system designed to
do this is called a throttling calorimeter. Figure 6.1.4.2-1 shows a schematic diagram of such a system.
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The pressure and temperature of the flow are recorded thereby allowing the vapor (steam) and liquid
(water) enthalpy values (h, and h;, respectively) to be found by use of steam tables (or steam programs).
A sampling tube allows a steady sample flow of wet steam to be “throttled” by passing it through a small
orifice into a lower pressure chamber.

Fig. 6.1.4.2-1 Schematic Diagram of a Throttling Calorimeter

PE o
_ Orifice Plate (Throttling Process)
Pipe

sampling Tube

Insulation

Fig. 6.1.4.2-2 Mollier Diagram Sketch for Wet Steam With Throttling Process Shown

%

Saturated Vapor Life - Increasing Pressure

{; Izobars

Enthaply. h

Lincs of Constant Quality, x

Entrapy, 5 -

The _crucial requirements are that this throttling process is isenthalpic and that the conditions|in the
chamber allow the flow to be superheated Flgure 6.1.4.2-2 shows the process line sketched on a

superheated steam sample can have the chamber enthalpy found by use of steam tables As the
expansion is isenthalpic the enthalpy (h) of the main wet steam flow has also been found as it is equal to
the enthalpy of the steam in the sample chamber. As the vapor (h,) and liquid (h)) enthalpy values are
known the quality (x) can be found from eq. (31).

(31)
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As the throttling method of predicting the steam quality is wholly dependent on the flow conditions
allowing an expansion that would turn wet steam into superheated steam it is unfortunate that there is a
very significant limitation to this method due to a large isenthalpic pressure drop being required to turn
even high quality wet steam flows to superheated steam. The higher the line pressure the lower the
guality measurement limit. However, even for high pressures, the minimum quality measurable is
typically greater than 0.9. Within the operating range typically an uncertainty of £1% of read steam
quallty (x) |s reported. UsuaIIy the sample is exhausted to the atmosphere A Worked example is shown

ing
calorimeter that separates out some of the liquid before the throttle, and this is reported by the\Wwendgrs
to redquce the minimum quality readable. Potential users need to obtain informationcenr’ particular

This$ quality measurement can be used to calculate the liquid and vapor flow rates either directly fof a
closed cycle steam flow (i.e., where the total mass flow in the pipe is known) or via.a wet gas metering
correlation for an open steam flow (where the total mass flow in the pipe is not’known). The uncertainty
in the| steam quality prediction is an additional uncertainty above that quoted for whatever wet das

6.1.4.8 Tracer Injection Methods. One method of determining the frée liquid flow rate in a wet das
flow ig to use a tracer dilution technique. The technique consists-0f injecting a carefully chosen trager
liquid jat a precisely known flow rate into the wet gas flow. Thetracer liquid is usually either a (Ipw
i m

be made.

Afte[ tracer injection a mixing distance is required to allow full mixing of the tracer and the produced
liquidg. A rule of thumb is to allow 150 pipe_diameters to allow for complete mixing, but it should |pe
noted |that this originates from liquid flow-ttacer test standards (since withdrawn) for single-phase multi-
comp@nent where the liquid flow velocities are often less than in a wet gas flow. Full mixing in a wet das
flow may occur considerably before this and it is standard practice to aid the mixing process by choosing
the infection and sampling points\to be on opposite sides of pipe line components such as intrusive
flowmeters, bends, valves, etc(Inpractice, it is up to the user’s engineering judgment where to carry ¢ut
injectipn and sampling.

Oncg full mixing is assured samples of each liquid component needs to be analysed. Note that for

done at site with portable equipment. The flow rate equation for a liquid COmponent IS given by eq. (32).
. C
Q=—".q (32)
C

S
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where
C, = concentration of the tracer solution injected into the stream

C

s = concentration of the sample taken downstream of injection point

Q = liquid flow rate of that compound

q = quantity of tracer per unit time

FiJ;ure 6.1.4.3 shows a sketch of a typical application. This figure suggests stratified flow only_l

teq

sketch has been compressed here to help fit the sketch into the page. Typically the-sampling

W(

The main limitation of tracer dilution techniques is, as with test separators, the users have to a

hnology works regardless of flow pattern, i.e., stratified or mist flow. (The mixing distance

uld be further down stream.)

ut the
in the
point

psume

the last spot check liquid flow rate measurement is still valid. An uncertainty in the'order of 10% on each

of

unicertainty has a knock on effect on the wet gas meter correlation gas prediction uncertainties. ]

dis

this technology in terms of practical application.

the liquid phases is quoted by the service companies that offer these setvices. This 10%

cussed in some detail by Steven [13]. Nilsson [37] and Van Maanen [38]'give a detailed overy

Fig. 6.1.4.3 Tracer Dilution Method Being Applied Across a Venturi Meter

liquid

Fhis is

iew of

There is no theoretical reason why gas tracers could not be developed to estimate gas flow

rates.

However, although this has been periodically discussed by industry, to date we know of no service

off

6.1.4.4 Capacitance Meters.

ered to industry.

Capacitance meters can offer value to a wet gas metering system.

Currently they can be used as liquid indicators. That is, they will indicate to a systems operator when a
gas flow has become a wet gas flow. A further use of the capacitance meter is to give a water cut
estimation for a wet gas flow with an oil/water liquid component when the total liquid flow rate is
estimated by a wet gas metering system (see para. 6.2). However, this procedure is greatly complicated
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by the capacitance meter’s output being directly affected by the flow pattern. Currently we know of no
stand-alone capacitance meter device that predicts the liquid flow rate.

6.1.4.5 A Concluding Statement on Single-Phase Gas Meters and Wet Gas Correlations. There
has been a considerable amount of effort put into understanding how single-phase gas meters operate
when the flow is a wet gas. As a result there is a general understanding of which single-phase gas meter
designs are capable of being utilized with wet gas flows (i.e., which are sturdy and give repeatable and
predictable errors for a known liquid quantity) and those that are not (i. €., those that are not sturdy

phase] gas meters that show promise W|th wet gas flow appllcatlons continue to be mcIuded in wet gas
flowmetering research projects for two reasons.

First, there are wet gas metering applications where the liquid flow rate is known or cancbe-estimated.
In such cases knowing the wet gas response of a single-phase gas meter allows the liquid-induced erfor
to be| predicted and therefore corrected for. At the present time industry has,far from complete
knowlgdge of single-phase gas meter responses to wet gas flows. The known wet gas responses|of
meter|designs are typically for set geometries (e.g., pipe diameter, beta ratio, meter orientation) and get
flow cpndition ranges (fluid types, pressures, phase flow rates, etc.). Furthermore, the data that dges
exist is often not checked with further testing for repeatability (by either-independent or the original
resealchers). The validity of extrapolating these published wet gas flowmeter responses is an open
guestipn. Researchers are therefore continually updating industry’'sCknowledge of single-phase das
meterg wet gas responses as industry often requires the use of thése meters with wet gas flows. Suych
systems are typically simpler and considerably more cost effectiverthan using a wet gas flowmeter (ie.,
a metering system that will meter both the gas and liquid flow rates continuously in real time).

The| second reason single-phase gas meters that show-promise with wet gas flow applicatigns
continpe to be included in wet gas flowmetering researchy projects is that the majority of the wet das
meter$ on the market are based around these singlesphase gas meter technologies. Nonmandatgry
Apperdix J describes the generic technologies that are used to create wet gas and “multiphase” meteys,
and in most cases, at least one gas meter device is present as part of a larger system. The
manu%cturer quoted performances of wet gas. meters are, like they are for single-phase gas meters with
wet gas, generally based on relatively limited test data sets (compared to the possible range of figld
conditjons) as they have been tested on:the same test facilities. Repeatability and extrapolation|of
performance characteristics are therefore important to wet gas meters. As single-phase flowmeters gre
incorpprated into most wet gas meter designs tests on their wet gas flow performance are |of
fundamental importance to mostwet'gas meter designs.

The[main component technolegies that make up the various designs of wet gas meters are npw
discugsed.

6.2 Wet Gas Meter Camponent Technologies

Althpugh research)into single-phase gas meter's response to wet gas flow is of great interest|to
industry, the reality~is the majority of real industrial flows do not have liquid flow rate information
availaple for use-with a single-phase gas meter wet gas correction factor. This situation means that often
engingers are<forced to estimate the liquid flow information or periodically check it with spot checks |by
an appropgriate method. Poor liquid flow rate estimations or shifts in the liquid flow rate between spot
checks nevitably lead to increases in gas flow rate prediction uncertainty. For these reasons reseaich
into metering systems that measure both the gas and liquid flow rates in real ime has been growing for
the last few years.

There are wet gas meters on the market that are designed to meter the gas and the liquid flow rates in
real time (but not designed to predict water cut). For these designs the liquid is generally considered to
be one component, and if the liquid is multi-component, then homogeneous mixing of liquid components
is generally assumed. (Nonmandatory Appendix F, example 1 shows an example of how to calculate the
homogeneous liquid mix of two liquids flowing in the same pipe at different flow rates.)
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In the oil and gas industry there has been a significant push to remove the requirement for separators
for two-phase flows (including general two-phase multiple liquid component flows) and therefore there
has been a significant push towards the research and design of such meters. As described in the
definition for “multiphase flow” (para. 2.3.1) the oil and gas production industry tends to call two-phase
flows with more than one liquid component “multiphase” flows. Therefore, multiphase meters are defined
as meters that for all mixes of gas and liquids measure the gas flow rate and the individual liquid
component flow rates (or the gas and liquid flow rates and the water cut as it is sometimes described for
hydrocarbon liquid/water multiphase flows). In reality as these meters are designed for the oil and gas
ingto Y, a Ed --ll- yUroTaroo !I'-! atirratedffre wdale OW TdlES.

Beveral multiphase meter designs exist but several of the earlier designs at least had reported-trouble
with flows at high GVF. At this point in the technological development history there was a-distingtion in
where a wet gas meter could be applied and where a multiphase meter could be applied” Typigally it
was said that a wet gas meter would give poor performance at GVF's below 90%yef 95%, jand a
multiphase meter would give poor performance at GVF's above 80% or 85%. This left the opvious
problem of determining the metering technology to apply when a production flow.was within the|range
80% < GVF < 95%.

In 2001 Jamieson [39] gave a review of the multiphase metering situation and produced a|figure
(rgproduced as Fig. 6.2 here) that is now well known in the oil and gas preduction industry. In Fjg. 6.2
note that the text box describes the wet gas as including humid gas-i-e., gas with a relative hymidity
legs than 100%, which is a different definition to this Report and the Norwegian Society of Oil and Gas
Measurement [1]. Note that the diagram is for high-pressure high flow rates, which indicates that the wet
gas flow pattern is annular mist flow. Jamieson [39] summed updthe situation in 2001 with the following
comments: “Most multiphase meters measure primarily in terms/of gas and liquid volume flow ratels, and
theén split the liquid fraction into oil and water. Thus this\representation is a valid indication gf how
muiltiphase meters work. On this plot [Jamieson’s triangle’” — Figure 6.2], “wet gas” occupies thg tip of
theé multiphase triangle, but there is no simple way of.défining where the boundary with other multiphase
applications lies. Some companies set it at about 5% by volume of liquids. Others extend it out to]about
10% by volume of liquids. This simply reflects the*history of the development of “multiphase” and “wet
gals” meters. Several of the significant multiphase meter developments began as liquid/gas eters
tageted at about 60% to 70% gas volume fraction, thus about two-thirds of the way along the pil/gas
side of the triangle. With further development they could handle water and higher gas volume fragtions,
and so the performance envelope maved into the body of the triangle and up and down the oil/ggs side
of [the triangle. It was difficult to extend the performance to GVF greater than about 85%. Wet gas
metering development started at the apex of the triangle and development was targeted at hgndling
ingreasing amounts of liquid At was difficult to extend the performance to GVF less than about 95%. In
some applications, there werg several gas/condensate fields at 90% GVF. “Thus there was a “no|man’s
land” that could not be tackled by ‘'multiphase’ or 'wet gas’ metering techniques.”

herefore, at the turn of the 21% century the reality of the situation was that no technology was
avgilable for withinithe 80% < GVF < 95% range that the users found satisfactory. This situation, in part,
led the API to_define “type 3" wet gas flow. With the available multiphase meter technologi¢s not
operating well"above 80% due to the “high” GVF, some in the multiphase meter circles tendled to
informally calbGVF greater than 80% wet gas flow. API allowed for this understanding by including type
3 et gasflow (see Nonmandatory Appendix E). However, within the last few years several multiphase
metercdesigns have now been developed to operate into the two-phase flow region defined |n this
Rgport as wet gas flow (i.e., X,v < 0.3). With this development the distinction between traditional
multiphase meters and wet gas meters has become blurred. Furthermore, some multiphase meter
technologies use similar generic methods to predict the gas and liquid flow rates as wet gas meter
technologies and then add additional technologies to predict the liquid’'s water cut.
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Fig. 6.2 Jamieson’s Multiphase Flow Triangle

GENHR AL NOTE: See reference [39].

It is [immediately noticeable to any literature reviewer on wet gas and multiphase meter technologies
that there are recurrent themes common to many of the available technologies. That is, several cgre
technglogies and ideas are common to different meter designs. In fact, although all marketed wet dgas
and multiphase meters have their own particular combination of applied technologies, and the test d}Za

sets and mathematical analysis of the raw*instrument readings are usually unique for each meter ty
in genferal, the available meters are all based on selected combinations from a list of tried and tes
core technologies. These core technologies are now discussed.

The|core technologies that most wet gas meters and multiphase meters with high GVF capabilities Use
are single-phase meters that\-have different wet gas flow responses in series, recovery pressure
readings for DP meters, high frequency read instabilities in two-phase flows of instrument readings,
extending the throat of BP-meters to achieve flow pattern equilibrium and cross correlation, microwaye,
gammia ray, capacitance/conductance, and partial separation technologies.

6.2.1 | Multipte Single-Phase Meters in Series. One method of metering both the liquid and das
phase simultaneously |s to use two or more smgle phase meters in series that react dlfferently to gny

rates) by the simultaneous equations (or other mathematical technlques) offered by individual meters’
wet gas correlations.

An attempt to meter liquid and gas flows in real time by using two DP meters in series was first
reported by Sekoguchi. The original paper was published within Japan and not available at the time of
this publication. However, Lin [40] gave a good review of Sekoguchi’'s work. Experiments with air/water
flows through different combinations of segmental and eccentric orifice plate meters were discussed.
However, the analysis of the data did not utilize the now relatively well-known DP meter wet gas
parameters (see section 2) and the data was analyzed in an obscure way. The reported uncertainty of
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both phase predictions was 30%. However, in recent years researchers have returned to this concept
backed with the increased knowledge of single meter performance with wet gas flows and considerably
better performance is now achieved. The following is a description of the principles of using two single-
phase gas meters is series to predict the gas and liquid flow rates in real time.

For any single-phase gas meter the presence of liquid in the gas flow will cause the meter to give an
incorrect gas flow rate prediction. The scale of the error is typically related to the amount of liquid flowing
with the gas (see para. 6.1). Each meter type has its own response to wet gas flow. Therefore, each

meter-can-have-a-unigue-corelation-where-that-meters-incorrect-gas+reading-forexample— M ”
1t St—ety Gt H-Srettro 1S+ et 1e TSt -+ 1t e eaog (ot eHHHSS HgApparent

is related to the liquid flow rate and possibly other parameters (such as the gas flow rate itselfiand the
gals-to-liquid density ratio, etc.) by some function. That is:

Q

mg,Apparent = f(mg ) ml 1Py /p| ,...eth (33)

THe meters in series wet gas meter theory is based on dissimilar meters with' different functiong (i.e.,
cofrelations) being in series. For a pair of dissimilar meters in series:

Meter 1: mg,Apparentl = fl(mg ) ml 1Py /p| ,...eth (34)
Meter 2: nﬁg,Apparemz = fz(rhg,rm ' Py /pl ,...etcj (35)

where all parameters except the gas and liquid mass flow rates are known. Therefore, by algebraic
anipulation these equations can be rearranged to, give:

ml = fl*(mg ) mg,Apparentl, P,...eth = fz*[mg ) mg,ApparentZ, P,...eth (36)

where the superscript “*” indicates.the appropriate rearranged functions.

From this expression the gas' mass flow rate can be found either by separating it out of the Jabove
ations or if this is net’ algebraically possible (wholly dependent on the form of the driginal
cofrelations) then by iteration (with one of the uncorrected meter readings being used to initigte the
itefation to ensure a-quick convergence). With an estimate of the gas mass flow rate obtained it ¢an be

d as an input inte‘functions fl* or fz* to derive the liquid mass flow rate. A simple example of|this is

he metersin’series method theoretically works for any meter combination as long as the meter$ used
e significantly different responses to wet gas flows. In practice this can be difficult to aghieve.
rd DP
ment

meter.designs can have liquid-induced errors with too similar wet gas responses for this measu
rates (especially for the liquid flow rate). In order to get an appropriate difference in wet gas performance
between DP meters, unorthodox DP meter designs have been researched and systems are now on the
market. A disadvantage is the relatively high head loss multiple meters can create (and the possibility of
phase change that high head loss can produce).

Daniel et al. [41] and Downing et al. [42, 43] discuss a two DP meter wet gas system. Nonmandatory
Appendix K references two independent papers [44, 45] that describe investigations into the
performance of this design.
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Another combination of single-phase gas meters is the combination of the positive displacement meter
and one or more other single-phase gas meter (usually DP meters but a vortex meter has been known
to have been added as well). Nonmandatory Appendix J discusses the work of Medvejev [46] in 1972
and Chen [47] in 1982 (also summarized by Lin [40]). These works describe two-phase flowmeter
system tests where the system was a differential pressure (DP) meter and a positive displacement (PD)
meter in series. (This type of meter combination to create a wet gas meter has been developed
commercially by the Agar Corp. Agar has also commercially developed a vortex/DP meter wet gas
flowmeter).

6.2.2 | Differential Pressure Meter Classical DP/Total Head Loss Wet Gas Meters. A reeQt
of attempting to meter the liquid and gas flow rates in real time is to use a classical difterential
pressuyre reading and the total head loss reading from a differential pressure (DP) meter. The-suggestion
that the total head loss across a DP meter with wet gas flow may contain liquid flow rate infermation was
first rgported by de Leeuw [10, 48]. It was noted that for tests on a 4 in., 0.4 beta ratio Venturi meter the
wet ggs flow recovery was less than when that quantity of gas flowed alone. That is, the liquid presence
affected not only the classic differential pressure reading but also the total head loss:De Leeuw defined
the “Pressure Loss Ratio” as the ratio of the overall pressure drop (i.e., total head loss) to the traditional
DP read between the upstream and throat pressure tappings. Figure 6.2.2.shows a sample of de
Leeuw’s published results.
The|pressure loss ratio appears to be more sensitive to changes in the Lkockhart—Martinelli parameters
at low|Lockhart—Martinelli parameters and there is a superficial gas velQgity (or gas Densiometric Froude
numbgr) effect. This has been independently verified by NEL duting work for the U.K. governmerit's
rogramme (see Nonmandatory Appendix J).
actical application of this knowledge was immediately f¥ealized by industry. A Venturi meter
wet ngtural gas flow having the downstream pressure recorded could allow system operators to monitor
for pogsible changes in the wet gas flows liquid flow rate. @his then could be used an indicator for when
another liquid flow spot check is required (by test separator or tracer injection method etc.) when using a
singletphase meter with a wet gas correlation (see para. 6.1.4).
A cgmmercial company has developed a wet gas metering concept from this research. The genefal
concept is to fit to experimental data a function(that expresses the pressure loss ratio to the parametérs
that afe found to influence the pressure loss ratio. These have been stated to include the Lockhaft—
Martinelli parameter, the gas-to-liquid _density ratio and the gas densiometric Froude number.

AR, denote the total head loss across the DP meter and AP, denote the traditional upstream to thr

differgntial pressure created by the'DP meter. Therefore the pressure loss ratio has a function (|[f )
fitted:

(2] o
AR ,0|

A DIP meter can-have a wet gas flow overreading correlation fitted as follows:

mg Apparent
P 9 v \
L

o
)

(38)
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Fig. 6.2.2 4 in., 0.4 Beta Ratio Venturi Meter Pressure Loss Ratio Vs. Lockhart—Martinelli Parameters
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Therefore, there are two equations for two unknowns (i.e., the gas and liquid flow rate, as the
Lockhart—Martinelli parameter and the gas densiometric Froude number can be reduced to|these
unknowns for a set meter geometry and gas and.liquid densities), which can therefore be found| More
deftails on this wet gas metering method are desgribed in Nonmandatory Appendix J.

6.2.3 Fast Response Sensor System*-A fast response sensor system is a multiphase metering
te¢hnology that can be used for wet gas‘metering. The system uses the high-frequency readings|of the
ural fluctuations of pressure, differential pressure, and temperatures across an obstruction (typically
not exclusively a DP meter) to predict the flow pattern and phase flow rates of general multiphase
flows including wet gas flows«Such devices are recent developments, which are still thereforg seen
largely as experimental devices. However, some systems are now used in practice, and these meters
ar¢ continuously being developed.
Il obstructions in pipe.work have naturally occurring pressure, temperature, and differential pressure
fluctuations even in~single-phase flows that are considered on the most part to be steady. [These
fluctuations are products of the random turbulence that exists in all real fluid pipe flows and the random
tufbulence signals-are considerably enhanced by wet gas flows. The frequency and magnitude |of the
fluctuations ef.pressure, temperature, and differential pressure can be related to the liquid contept in a
flow. Lhat is, the pressure, temperature, and differential pressure (P, T, DP) and the magnitlide of

pressure, temperature, and differential pressure fluctuations (for example, &,,d,, anddy,,

regpectively), and the frequency of these parameters’ fluctuations (for example, ®,,®,, and| ®qp,

respectively) can be related through a neural network to give the flow pattern and the gas and liquid flow
rates. The neural network becomes more accurate with the addition of new data sets. These systems
are said to “learn by experience” and be the application of artificial intelligence to wet gas metering. The
computer “learns” from the data sets the flow patterns and flow rates that gives rise to fluctuations and fit
appropriate functions for the flow rates. That is:

Mg = £(P,T,DP,8,,8;,30p, @p, 07, g5 ) (39)
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and

= fl(P’T’DP’§p’5T’5DP’wP’a)T1a)DP) (40)

where “f” and “f;” denote functions that are continually being updated by the software as more data is
added.

The drawback of such a system is the reliance on multiple data sets and reports that individual wet
gas test loops can influence the parameter fluctuation characteristics (or gives a “fingerprint” that |s

uncertainty.

A small number of such systems are in use with the oil and gas industry for specific'wet gas flows, put
these | have largely been developed with dedicated separators offering singlesphase mass flpw
referepces. It is up to the potential user to judge if this technology is suitablé for any given wet gas
metering application. Such a decision would be based on whether the vendor.has existing data sets that
are similar to the proposed application or whether the wet gas flow will initialty have a reliable phase flpw
rate rg¢ference method (such as a test separator in wet natural gas production facilities) long enough|to
allow the neural network to “learn” (i.e., gather the required amount 6P data across the full flow range
expecfed in use). Toral et al. [49 — 52] discusses the developrient of such a system for general
multiphase flow (including wet gas flow) and claims the wet gas{flow uncertainty on each phase is 15p%.
Note that this system used an orifice plate meter and in same installations a capacitance meter. No
independent research checking these uncertainties is known\to us.

—

6.2.4 [Prototype Wet Gas Meters. There are wet gas meter concepts that have been discussed in the
re that are not currently commercial products;*Whereas this topic is not within the scope of this

of the high GVF capable multiphase meters available to the oil and gas industry use re-current
common to many of the available’technologies. That is, several core technologies and ideas are
commpn to different meter designs. Most use a differential pressure meter as the core of the system and
then pghase fraction devices are(incorporated into the meter body. The combined information from the
DP meter and the phase fraction device/s are inputs to the calculation procedure that is usually held in
confidence by the meter manufacturer. This calculation procedure is often the result of data fits frgm
data gttained from multiple_tests at different test facilities and the manufacturer holds this as confidential
due td the considerablefinancial outlay involved. It is understood by ASME to be the case that wherdas
general industry seésthese systems as black box technologies, potential or repeat customers of the
manufacturers aré sometimes privy to the data analysis and calculation methods. However, little datafor
indepgndent analysis of these systems is in the public domain.

The| phasé\fraction devices used as part of multiphase meter systems are typically available |as
indepgndent systems. It is of interest to engineers involved with the metering of wet gas and multiphgse
flows {o‘understand the physical principles of these phase fraction devices. A simple discussion is givien
in Nonmandatory Appendix M, but the details of this subject are currently not within the scope of this
Report.

6.4 Nodal Analysis, Integrated Modeling, and Virtual Meters

The oil and gas industry sometimes chooses to use a different methodology than flowmeter devices to
predict the flow of gas, wet gas, and multiphase flows in production pipelines. This methodology is
collectively termed “nodal analysis, integrated modeling, and virtual metering.” These “metering
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methods,” if indeed that is the correct description of these processes, predicts the flow rate from
individual wells where it is not physically possible or economically viable to install an appropriate
metering system. (Typically this means subsea or even downhole multiphase/wet gas flowmetering
requirements.) These methods are more usually applied to general multiphase flows but they can and
are on occasion applied to wet gas flows.

Nodal analysis, integrated modeling, and virtual metering take known (or estimated) values of
variables or other information such as the pressure and temperature at individual points in the flow line,
choke Cv curves, choke setting, differential across chokes, information from downstream separators,
any flowmeter outputs, pipe friction coefficients, thermal loss coefficients, well trajectories, pipe)ingternal
diameter, PVT information, chemical injection points, geothermal gradients, etc. and apply these |inputs
or[“boundary conditions” (i.e., a single variable is a “node”) to mathematical multiphase flow,;models for
the¢ system. That is, the measured or estimated conditions at different points in the flow {ine are use to
predict unknown parameters at the nodes and conditions at other nodes in the flow line whegre no
information was previously known.

odal analysis is generally considered a manual operation and it can be time ‘and resource conguming
and more susceptible to operator error compared to virtual metering, which is generally considered to be
an[ automated process (that can use additional information than that of nodal analysis) and operates
continuously online. The virtual meter is considered to work better“in® network situations (i.e}, with
sejeral linked pipelines) compared to looking at each pipeline in turn. By setting up the mathematical
ma@dels in the network situation, common nodes are used for several pipe flows — increasing the
number of effective nodal inputs into the model and generating-rédundancy in the process. In contrast,
th¢ manual nodal analysis method can become extremely complex and cumbersome when applied to
pipe work networks.

It is generally believed that the closer a node is to ‘the well, the greater the magnitude bgtween
cohsecutive node parameter values, the more the.te€echnique is checked against references, the|better
th¢ design and maintenance of the multiphaselwet gas meters (if any) being used, the more a
muyltiphase/wet gas meter output is verified aftér significant shifts in flow conditions, the more [nodes
ingluded in the input to the model then the more precise the flow condition predictions should bg. PVT
calculations are heavily relied upon and hence their accuracy affects the uncertainty of the flow
preédiction methods. The uncertainty of the analysis’s output is directly related to the number of available
nodes to the number of unknownss The idea is to attempt to get instantaneous flow information from
eacch well where the method is applied. It is generally understood that the technique should be apglied to
stgble flows as transient flow.\econditions can cause significant increases in flow rate pregliction
uncertainty.

ith multiphase flow information on each individual flow line being very useful to the oil companies
and the extreme expemse of fitting meters subsea and downhole, the use of this virtual type of
flowmetering is very attractive to oil companies. The use of such methods is increasing especially|in the
most difficult degp* sea applications for metering systems. The increasing power of the avgilable
computers andthe improving modeling techniques incorporated into the software used, coupled wjth the
problems and:Costs of installing real meters in some deepwater applications, is making these multiphase
flow prediction methods more common in well surveillance applications.

\ disadvantage of virtual meters is that they do have to be recalibrated or tuned if there are|major
chinges_ in the pipe flow due to changes in the reservoir hehavio he virtual meter will te )u that
there is a water breakthrough occurring, but once you have had this change, it should be re-tuned to
better measure for this condition. If the compositions change (PVT), they will need to receive the new
PVT file (but note so would the physical wet gas and multiphase meter designs). One vendor stated to
ASME that its virtual metering systems are generally retuned once every 6 months, with some
installations operating for a couple of years between tunings, and others for about a month at times of
large changes.

The following is a generic example of the principle. Figure 6.4 shows a simple schematic of an
offshore production facility where there are “n” number of wells all being tied back to a manifold for one
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offshore platform. The pressure in each well is measured (i.e., the first set of nodes, Py; to Pn1). The
pressures and temperatures at a location in each of the downhole pipes are measured (with pressure
and temperature being individual nodes, i.e., P1; Ti; to Py, Tnp etc.). Possibly the pressures and
temperatures at the Christmas Tree (i.e., sea floor valve/choke arrangement at the exit from downhole)
would be measured and used as nodes (although this is not shown in Fig. 6.4). Each well, or perhaps
more interestingly for this methods use, only some of the wells, may have dedicated multiphase meters.
Note in this example the pipeline from well three has no multiphase meter. The outputs of the available
meters are nodes. The pressure and temperature in the manifold are nodes (i.e., P Tr). Finally, the
instru forT i i tetres e, ot T pini]--»
Poin T bn). The input nodes to the mathematical model allow the software to analyze and predictall’the
missing information that is not available as an input. In this case the system output would includg a
prediction of the flow rate from well 3. The system is wholly dependent on the applicability of
softwgre/mathematical model that predicts the flow.

Fig. 6.4 Schematic of a Generic Multi-Wet Gas/Multiphase Flow Satellite Well Tie-Back
to an Offshore Platform
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Due to current technical and/or financial metering limitations downhole and subsea, for certain
systems, there has been limited acceptance of these techniques in a case-by-case basis by some
regulatory authorities (e.g., the U.S. Minerals Management Service). However, such systems have
been available for the last 15 years; currently the number in use in offshore hydrocarbon production is
comparable to the number of multiphase meters in use.
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7 WET GAS SAMPLING
The fact that the oil and gas industry need to obtain sample(s) of the wet natural gas flow being

metered stems from the requirements imposed by existing wet gas meter technologies, whether single-
phase meters with wet gas correlations, wet gas meters or multiphase meter designs as described in
Section 6. These requirements are typically gas—liquid ratio and/or gas and liquid phase densities.

The conditions required for the data above are

(a) in situ pressure and temperature at the meter location

(b) gas—liquid ratio at flowing condition, i.e., representative of void fractions

of the
cofrection correlations are clear, obtaining them in practice is not a simple process.
he issues that often arise, and have become the sources of endless debate and confusion in wet gas
pling, can be traced to two topics:

(1) fidelity of the sample composition

(2) representative of flowing conditions
Hample fidelity raises the question of whether a representative sample was taken during the sampling
prpcess. The other important question, but one that is often rarely asked._is; “What is the sample
representative of?” Of the in situ reservoir fluid, the wellbore or near wellbore fluid, or the fluld that
arfived at the meter?
Flowing condition requirements come from the phenomenon of slip (see para. 2.3.2). The presgnce of
slip between the liquid and gas phases precludes the direct mapping 'of phase fractions obtained|under
static equilibrium conditions.
(Vhile it is worthwhile to be aware and knowledgeable of thesglissues, it is perhaps equally important
to|be aware that the questions posed cannot currently be @nswered practically. The other important
fagtor, covered in the next section, is the effect of pressure’and temperature on phase behavigr. To
illystrate the point, suppose a representative fluid sample was indeed obtained at the meter logation,
and the sample was then taken to a facility where the {pressure and temperature changes but whare the
asurements for the relative gas-liquid amounts' were taken and reported to be that at |n situ
copditions. The changes in pressure and temperature cause the relative volumes to change ¢lue to
compressibility, thermal expansion, but most.importantly, due to mass transfer between phases. | Thus,
the¢ data obtained at the facility may be correct at the facility conditions but it is incorrect to apgly this
rmation as if it is the correct information at the required meter conditions.
inally, a number of techniques and.equipment have been developed and commercially availaple for
wgt gas sampling. This section covers some of these techniques with the intent of providing the feader
with the available options. It should be noted that each methodology carries a level of unceftainty,
rational ease/difficulty aswell' as cost. Itis not, however, the intent here to provide a comprehgensive
comparative analysis. Goad jpractice methods coupled with an understanding of the limitations |of the
te¢hnigue being employed is often capable of providing quality data for the purposes of wet gas
measurement.

Sampling Techniques
s discussedearlier, a key difficulty of the sampling approach is how to ensure a representative
digtribution <of the liquid phase within the gas stream (sample fidelity). In mist flow this is not too
prpblematic; but in stratified or annular flow, some form of mixing device is generally required to
digperse-the liquid throughout the gas phase. Sample probes must also be carefully designed (and
itioned) to average out any remaining distribution variances within the flow. Furthermorg, the
sampling should ideally be 1SoKinetic, that IS t0 say, the linear velocity of the 1luid entering the sample
probe should be equal to that of the undisturbed flow stream at the sample point. If the velocity in the
sample tube is higher (or lower) than the velocity in the main pipe, then the pressure in the tube will be
lower (or higher) than main pipe. Lighter elements of the flow stream (i.e., gas rather than liquid
droplets) may then be preferentially expelled from (or “sucked into”) the sample tube, distorting the
overall sample composition. To avoid phase changes, the samples themselves may have to be
maintained at the same pressure and temperature as the wet gas stream during offtake, accumulation,
and analysis.
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Despite these challenges, new developments are gradually reaching the marketplace that claims to
produce accurate samples of a wet gas stream, even though few independent evaluations of their
performance currently exist.

8 PRESSURE, VOLUME, AND TEMPERATURE (PVT) PHASE PROPERTY CALCULATIONS

Most wet gas meter technologies require the phase properties as an input to the phase flow rate
calculation. In the oil and gas production industry samples of reservoir fluids are ideally collected at an
early stage in the reservoir's producing life and dispatched to the laboratory for a complete PVT
analygi i i i e i) he
case of a gas (particularly wet gas, condensate, and retrograde) producing formation, it is best to-@btain
samples of the undersaturated fluid where the average reservoir pressure is above the déw pqint
re of the gas.

There are two ways to collect fluid samples for PVT analysis. Samples can be taken either by dirgct
subsufface sampling or by surface recombination of the gas and condensate phases. Whatever
technigue is used, the same basic problem exists, and that is, to ensure that the propartion of the gas|to
the condensate in the composite sample is representative of the in situ fluid in the réservoir.

8.1 Spbsurface Sampling

Subkurface sampling is a direct method of obtaining reservoir fluid sample. A special sampling
contaiper is run in the hole, on wireline, to the reservoir depth and.the sample collected from
subsufface well stream at the prevailing bottom hole pressure. The,problems associated with sampling

below(the saturation pressure, can largely be overcome by propeb well conditioning prior to sampling.

If the well has already been flowing, it should be produced-at a low stabilized rate for several hous.
This reduces the drawdown and increases the bottom hole<flowing pressure, thereby allowing some|
not alll of the condensate to re-vaporize in the vicinity of the well. Following this, the well is shut in fof a

If the reservoir is initially at or suspected to be close to the saturation pressure, the subsurface sample
should be collected with the well shut in. If it.iSyknown that the reservoir is initially undersaturated,
sample can be collected with the well flowing.at a very low stabilized rate so that the bottom hole flowing
pressyre remains above the saturation.pressure during sampling. With proper well conditioning| a
repregentative subsurface sample can usually be obtained.

One| of the drawbacks of this technique is the small sample volume obtained per trip. Typically several
samples are taken and the saturation pressure at ambient temperature for each sample is measured
and compared at the well site. Large deviations of the ambient saturation pressure indicate samples with
varying composition, and thys; are not representative of the reservoir fluid.

8.2 Sprface Recombination Sampling
In cpllecting fluid-samples at the surface, separate volumes of condensate and gas are taken|at
sepa;For conditigns*and recombined to yield a composite mixture. The well is produced at a steady rate

for several hours and the separator gas-oil ratio (GORsgp) is monitored during this period. If the
separator GORis steady during the period of measurement, then one can conclude that recombining
the ggs and-condensate in the same ratio will yield a representative composite sample of the reservoir
fluid.

Note that the separaior GOR Is reporied in volume of separator gas and condensafe at separator
pressure and temperature. If the GOR measurement is reported in standard volume of separator gas per
stock tank volume of oil, then an adjustment must be made to determine the actual ratio in which the
samples will be recombined. This is because the condensate sample is collected at separator pressure
and temperature, whereas the later GOR is measured relative to stock tank conditions. The required
recombination ratio, Rsep is given by
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Ry,| | - R{ﬂ}xsh st (41)
sep bbl stb sep bbl

where S, is the condensate shrinkage factor from separator to stock tank conditions.

Note that the process of well conditioning as mentioned in the previous section on subsurface
sampling applies to surface sampling as well.

9 |WET GAS FLOWMETERING PRACTICAL PROBLEMS AND RECOMMENDED PRACTICES

ith industry in the last decade increasingly choosing wet gas metering options there @are Various
reports of wet gas metering experiences (both successes and failures) and these experiences hgve led
to jorganizations having recommended practices. This information can be split into general wet ggs flow
information and meter specific information. These reported experiences are discussed in this section.
There are also DP meter saturated steam flow specific issues to wet gas nietering discus$ed in
Ngnmandatory Appendix O (which can be used as a general guide to all single;component fluid wet gas
flowmetering).

9.1 General Wet Gas Flowmetering Practical Issues

here are a number of general wet gas flow related industrial problems discussed in the litefature.
THese problems are the type that would affect all meter designs as‘they are pipe-flow problems|rather
than meter-specific problems. These are now discussed.

Is the Gas Wet?
he question of whether a gas flow is wet and, if.$9, how wet should be asked at a systems
cohceptual design stage. Often problems with single-phase flowmetering occur as the system engjineers
halve failed to allow for appropriate metering installations at the design stage. This situation is algo true
fol wet gas flowmetering applications. If it is an industrial requirement to meter a flow that is a wef gas it
is important the technical challenges associated with this are recognized at the earliest stage |in the
overall system design.
One problem is that it is not always easyfor predictions to be made on the wetness of a gas floyv prior
to [the system coming into service. Although it is technically difficult to predict wet gas flow conditjons, it
is hecessary for the engineers or scientist to attempt this using the best practices available to them, as
their prediction will affect the system designers’ choice of metering strategy. If the wet gas has|a low
liquid loading, the economic, practical solution could be to install a standard dry gas meter. If it ig a wet
gas flow (X m = 0.3) but not-general two-phase flow (X.v > 0.3), a wet gas meter design is perhaps the
priident choice. A report-of-general two-phase flow (especially with a mix of liquid componentg as is
common in the oil and-gas industry) could result in a multiphase meter being chosen. The financia| costs
of [getting this prediction wrong can be considerable. A multiphase or wet gas meter applied t¢ what
tufns out to be asdry gas flow is a pointless capital expenditure. Worse perhaps, could be a dfy gas
meter installed-when the flow turns out to be two-phase flow and no metering is capable with the gystem
in |service. Ceoley et al. [53] discuss a real situation where wet gas meters were installed sub-gea for
natural gas production and the flow from the well was incorrectly predicted at the conceptual |stage.
Higher.<tockhart—Martinelli parameters were predicted than was found in practice. The actual liquid
loading-was found to be that of trace liquids. The wet gas meter technology was therefore found|to not
belreguiredafterthe-capital-expenditurewas complete Wood-etal54] discussareal sitvationwhere
wet gas meters were applied top-side (i.e., on a natural gas production platform) and the flow turned out
to have a Lockhart—Martinelli parameter greater than 0.3. That is, it was not a wet gas but a general two-
phase flow. The solution was to build a replica meter and incur significant extra expenditure in testing
the replica meter under similar flow conditions. (It should be noted that another issue in this example
was that the meter in question had a diameter of 14 in. and the correlations originally applied were for
much smaller meters. This is a common dilemma for engineers, as little data is available to show what
affect, if any, diameter has on a meter design’s wet gas performance.) A further difficulty for engineers
dealing with wet natural gas flows is that the conditions can change considerably over the years of
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production meaning that over the life time of the well no one metering technology will be suitable for the
range of flows expected. Example 6 in Nonmandatory Appendix F discusses this situation in some
detail.

In the steam industry it is common for any two-phase saturated steam flow to be called a wet steam
flow regardless of the dryness fraction/quality (i.e., regardless of the Lockhart—Martinelli parameter). It is
important for engineers working with steam to recognize the mismatch in terminology here, because if
the steam is of low quality, many stated wet gas flowmetering techniques will not be appropriate.
However, most practical working wet steam flows have high qualities, a fact that reduces this problem
somewtat:

Stohie in his discussion of wet gas flowmetering industrial trials at a wet gas seminar in Paris inn2001
stated| that “...it is generally true to say that all the rules that apply to dry gas with respect to developed
flow pfofiles and swirl are equally applicable to wet gas.” There is nothing in the literature stating’that the
singletphase meter standards are not relevant for wet gas flow, but there are many incidenees of extra
requirements when wet gas flowmetering is to be carried out. These are discussed below.

(&) Hydrates. Many physiochemical phenomena influence the performance of wet\gas and multiphase
meter$ in the oil and gas industry. Certain chemical components in the flow ‘stream can react|or
encounter phase transitions within the operational envelope of the flow line.and measurement system.
Thesg components include water, hydrocarbons, diluents, and salts, which' lead to the formation|of
hydrates, waxes, and scale. Their presence at particular operating conditions alters the chemistry, flliid
propetties, flow geometries, and fluid dynamics of the system.

Hydfates are solid, ice-like inclusion compounds. However, hydrates differ from ice in their crydtal
structdres, phase boundaries, and fluid properties. When hydratesform in a flow line they can creat¢ a
number of problems, the foremost being flow line blockages-that reduce production and create saf¢ty
issueq. In addition to blockages, hydrates cause many méasurement errors. The causes of the errgrs
include changes to the flow geometry, fluid properties,.fluid amounts, sensor performance, and flpw
conditloner among others.

Fig. 9.1-1 Hydrate Blockage in a Section of Pipe
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Figure 9.1-1 shows a section of pipe extracted from the field in order to determine the cause of the
loss of gas production. It shows a hydrate mass plugging the gas flow line. The image demonstrates the
severity of the problems that could potentially occur when hydrates are present.

Hydrates form when the light hydrocarbon components contact liquid water at a temperature and
pressure condition that cause the formation of a new crystalline phase. At the phase transition condition,
water and dissolved gas molecules rearrange themselves in the liquid phase and initiate the nucleation
of nascent hydrate crystals. The rearrangement produces a cage-like framework of water molecules that
surround small gas molecules. Once hydrate formation begins, the hydrate phase acts as a mass
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The hydrate phase diagram dees not provide a complete picture of the physical behavior of hy

to an extent, the reverse of the formation process. It occurs when stabilized hydrate

compose and release trapped gas components.

Hydrates occur in two common crystalline forms, Type | and Type Il. The stability of a given h
istal depends on the temperature, pressure, and gas composition. Much is knownyabout the)
emistry and equilibrium properties of hydrates. Pressure—temperature graphs are used to defi
proximate operating conditions at which hydrate crystals form. Figure 9.1-2 provides an exan
e P-T hydrate phase boundary for the formation of pure methane hydrate.\To the left of the

resent in the flow.

Natural gas, gas condensate, and oil mixtures form hydrates at higher temperature and lower pré¢
hditions than pure methane. They form both Type | and Typé)ll hydrate crystals. For opé
hditions at or below the ice point, e.g., surface flow lines in-Cald climates, both hydrates and i
exist in the flow line. The hydrate phase diagram provides an approximate guide that identifi
erating conditions necessary to support hydrate control and remediation methods.

Hydrates form on the surface of free liquid water, on condensed water droplets on the pipe wall,
y hydrocarbon liquid-water-gas interface. They areZreadily transported downstream by the g3
lid phase under steady and unsteady state flow:conditions. Fluid flow causes hydrate crys
posit and agglomerate into larger hydrate masses that become the precursors to the developn
w line blockages. The presence of condensate in the flow appears to accelerate the formatid
tribution of hydrates. Methanol is the moSt common chemical treatment applied for hydrate cor
Is by inhibiting water’s ability to form.stable hydrate cages and causes a shift in the hydrate
\gram to lower temperatures. Hydrate’ control chemicals also include ethylene glycol and prop
ti-agglomerate or kinetic based inhibitors.

a flow line. It describes neither the complex transport behavior of hydrates nor importan
pendent issues including hydrate formation/dissolution rates, hydrate blockage formation prop
d other considerations.
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Fig. 9.1-2 Pressure—Temperature Phase Boundary Conditions for Methane Hydrate
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Fig. 9.1-3 Cross-Sectional View of Hydrates in@a Flow Stream

Figure 9.1-3 is a cross-sectional view through a high-pressure viewing window into a test line that
contains three phases; a natural gas phase, a liquid water phase, and a crystalline hydrate phase. A
light source illuminates the bottom of the image through the liquid water phase. The middle portion of the
image shows a mass of hydrate crystals that are flowing on the surface of the liquid water phase.
Hydrates have agglomerated on the liquid flow stream in the middle of the image against the view glass.
The top portion of the image shows hydrate crystals that have washed onto the upper third of the view
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port window. Figure 9.1-3 illustrates one of the mechanisms that may occur in the early development of
a hydrate blockage at low flow-rate conditions.

Safety concerns are paramount when dealing with hydrates. Removing or decomposing hydrates in
the flow line is a time-consuming process and is particularly difficult when access to the flow line is
restricted, e.g., hydrate constrictions and blockages in well bores and sub-sea flow lines. It is common
for multiple hydrate blockages to occur. The presence of hydrate constrictions and blockages can cause
large differential pressures to build up in a flow line. This can cause hydrate masses to act as projectiles,
WhICh are capable of damaglng flow control and measurement equipment. Poor control of hydrate

d ¢ plate
after three months of service in a sour wet coal bed methane flow. Clearly such buildup has the pdtential
to [adversely affect many meter designs (e.g., by changing meter factors, damaging turbine bearings,
blgcking pressure ports, depositing on ultrasonic transducer faces or vortex bluff bodies, etc.)

Fig. 9.1-4 Orifice Plate Removed From a Coal Bed Methane Wet Gas Flow After Three Months’ Service
(Reproduced with the permission ofMcCrometer, 3255 West Stetson Ave, Hemet, CA 92545)
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Fig. 9.1-5 Sample of Scale Taken From a Wet Gas Meter

Fig. 9.1-6 Wet Gas Flow Scale Buildup Around a DP-Based Wet Gas Meter
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Fig. 9.1-7 Wet Gas Flowmeter After Scale Removed

A similar problem is that of scaling. Scale is\usually a mineral compound consisting mainly of calcium
or(magnesium carbonates or calcium sulfate, The most common problem reported is calcium carlponate
deposits. In many cases it is mixed with, other substances such as iron or sand grains. The relepse of
carbon dioxide from water can trigger.@ chemical reaction, which can lead to the deposition of gcaling
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meter
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meter
device due to scale buildup is not the fault of any meter manufacturer If a meter fails due to scale
buildup, in all probability the competitor's meter would also fail under the same adverse conditions.

Salts building up in pipelines causes similar problems to that of scale buildup. Figure 9.1-8 shows salt
buildup in a natural gas production pipeline.

(c) Flow Conditioners. Although it is common practice when space is limited with single-phase flows to
apply a flow conditioner to reduce the upstream lengths required to comply with various gas meter
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standards, there are reported problems with applying flow conditioners to wet gas flows. Liquids may
build up in front of the devices producing a skewed flow profile that will result in measurement error.
Stobie [55] reports a wet natural gas flowmeter giving gross errors when a flow conditioner was
applied far greater than when it was not installed. The reason was found to be that the conditioner was
partially blocked. In this case hydrates had gathered at the flow conditioner and/or formed due to the
pressure drop across the conditioner plate and blocked several of the flow conditioner orifices meaning
that the flow was more asymmetrical leaving the conditioner than it was entering it. Stobie claimed the

Frg—9-1=8—Saits Buitt UpimNaturat Gas Production time

problgm could be alleviated by a combination of different solutions. These are
(1) operate above the hydrate point on the pressure—temperature curve (which admittedly is not alwgys
possiljle)
(2) suppress, the: hydrate formation with injection of suitable chemicals (e.g., methanol or glycol) and
heat tface thelinstrumentation components that contain cavities for hydrates to settle in stagnant flyid
(such jps DRP~meter impulse lines). Heat tracing is not yet possible at sub-sea metering locations.

It is|clear that such actions are considerably easier if the problem is addressed at the system’s initial
design stage, as retrofitting is nearly always more expensive and troublesome.

Stobie [55] states, “It is not advocated that flow conditioners be installed in a wet gas
environment...unless it is absolutely sure that hydrates cannot be formed or hydrate inhibitors are to be
used as a matter of course.”

Unfortunately, hydrates forming “ice plugs” during the meter service with wet gas flow is not the only
cause of meter failure due to ice plugs in and around the meter. Meters are often hydro-tested with high-
pressure water before going into service. It should be thoroughly checked on pressure let down that the
meter is completely dried. Meters such as DP meters have components such as impulse lines where
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capillarity effects can keep water in the line. If this is not removed before installation and the service flow
conditions are suitable for ice or hydrate formation, the impulse line could be blocked by an ice or
hydrate plug and the meter will fail to operate.

Also note that this flow conditioner problem is not restricted to the hydrate and natural gas production.
Scale, salts, and ice would block flow conditioners in natural gas pipelines, and in other wet gas flows
such as geothermal steam, the flow often has particulates that can lodge in flow conditioners and this
will clearly have the same effect on the meter downstream of the conditioner plate as hydrate blockage
in natural gas metering situations.
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Fig. 9.1-9 Orifice Plate Buckled by a Slug Strike While in Wet Gas Service

It is falso a fact that some wet gas meters, regardless of where they are installed, can on occasion pe
flooded. It is the responsibility of the system deSign engineers to choose a wet gas meter that|is
considered to be capable of surviving a slug strike“and starting up operation after flooding. If the meter is
required to be installed in a remote locationit should be capable of start up with no maintenarnce
persomnel intervention.

(e parator Inefficiency. It is a_known fact that in operation many two-phase and multiphase tgst
separators are not correctly sized-<and suitably maintained or operated to give the lowest measurement
uncertainties achievable. Many-ofthe best practice requirements are regularly compromised. Some| of
the mgre common problems with’the meter installations are outlined below.

Separators can be incorrectly sized for the application (e.g., the two-phase flow has changed over tifne
and n@ longer matches the-design criteria for the separator). The flow rates can be too high

Fig} 9.1-10 Example of Poor Level Control in Three-Phase Separator, Leading to Water in Oil Leg

for the separator’'s volume to separate the gas and liquid with 100% efficiency. In such conditions, the
gas outlet receives wet gas flow and the liquid outlet's bubbly liquid flow. For multiphase separators,
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poor level control on the liquid separation section can cause the oil phase to contain water. (This is
shown in Fig. 9.1-10).

In addition, there are a number of other cautions to the use of test separators. For many years, the test
separator has been the only method for conducting well tests in the oil and gas industry. As such, it has
been the benchmark for well rate determination, and in many areas of the world, test separator design
and its use have been legislated. However, this commonality of use may have tended to hide areas
where test separators may not in fact perform as desired, and where measurements made by the single-
phase meters on the separator outlets are not as good as declared on the respective meter “nameplate.”

(H| Separator Gas Outlet Flowmetering Problems With Orifice Plate Meters. Orifice plate meters_are the
m@st popular meter used to meter outlet gas flow from a separator. There are several practical prgblems
with orifice plate meters in gas outlet separator service. The plate geometry can be worn.'"That |s, the
sharp edge required by the orifice plate meter can be worn away over time due to lack’of inspgction,
capsing noncompliance with the single-phase orifice plate meter standards. The orifice diametdr (i.e.,
the “beta ratio”) can be different from the optimum size for the flow in question. There can be instgllation
effects such as short metering runs downstream of pipe components such as\90-deg bends (i.€., less
than required for orifice plate meter standards), infrequent calibration of ,secondary instrumentation
(pressure, differential pressure, and temperature), and high errors when.funning at the low ¢nd of
differential pressure transmitters’ range. Maintenance crews have been‘known to reinstall the |orifice
plate back to front after inspections. Furthermore, often only spot.samples are taken to find the gas
composition in order to determine density, and the presence of anydiquid carryover could bias the fesult.

In general terms, it would be expected that the best measurement uncertainty that could be expected
onf the gas leg of a test separator would be in the region of £2% to 3%. However, it is more likely to be
thg¢ case that an average uncertainty might be in the region®of +3% to 6% with contributions fram the
some of the above sources. In extreme cases where ‘most or all of the above sources contriute to
unicertainties, it has been suggested by some industry sources that it is possible to encpunter
uncertainties up to £15%.

his all assumes the gas flow out a separatoris dry (i.e., that the separator is 100% efficient). When it
is hot the flow will be a wet gas flow. With_inefficient separators any liquid carryover is often intermittent
and so correction for liquid can be difficult to perform accurately. Separators should therefgre be
designed and operated optimally to aveid significant liquid carryover.

NOTE: When the orifice plate meter does encounter wet gas flows, it is common to install orifice plates in these
sitpations with drain holes located:af'the base of the orifice plate. Any additional uncertainty incurred as a r¢sult of
thg use of drain holes is usually not accounted for.

Athough the orifice plate meter is the most common meter used at the outlet of a separator, many of
thése problems are/not’specific to the orifice plate meter and would affect other DP meters and other
gas meter performances as well. Therefore, separation is not necessarily the ideal method to meter the
gals phase of a.wet gas flow.

(g] Sepafator Liquid Outlet Flowmetering Problems With Turbine Meters. Liquid turbine meters are
blems
of the
Le can
change with erosion, corrosion, and contaminate deposits. The calibration of secondary mstrumentatlon
(i.e., pressure and temperature transmitters) can be infrequent. Water cut measurement instrumentation
performance (in two-phase separator liquid leg) can lead to uncertainties. Often only spot samples are
taken of the fluid in order to determine liquid density and viscosity. Inefficient separators can have gas
carryunder, and poor separation performance (emulsions, foaming, etc.) can lead to contamination of
phases and changing fluid viscosities outside the meter’s calibrated range. Although the turbine meter is
a common meter used at the liquid outlet of a separator, many of these problems are not specific to the
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turbine meter and would affect other meters as well. Therefore, separation is not necessarily the ideal
method to meter the liquid phase of a wet gas flow.

On the liquid side it might be expected that the best measurement uncertainty achievable is 2%. In
extreme cases liquid measurement uncertainty could be above +5%, perhaps as high as +10%. In the
case of a two-phase separator, the performance of the water cut monitor could be a significant source of
error, possibly leading to errors of 20% or more on calculated individual oil and water flow rates.

Engineers in the oil and gas industry claim that a correctly sized separator with well maintained meters
running in good flow conditions may be metered at best to about +2% for all phases. However, once
outsid i

et Gas Flow Issues With Differential Pressure Meters. DP meters are one of the mostpapular
technglogies for metering wet gas flows, whether they are stand-alone devices or a component]in a wet
etering system. It must be noted that DP meters have a flow rate output that has a(sguare root
relatiopship with differential pressure. For example, if the liquid-induced flow rate overreading of a DP
meter|is 1.4 times the dry gas flow rate, then the square root of the ratio of theractual differential
re read with the wet gas flow to the differential pressure if the gas phase flowed-alone would also
be approximately 1.4. (The approximation is due to the second order effect of the' expansibility factor
being dependent on the differential pressure.) When sizing a wet gas DP metefi¢the DP transmitter mist
be chgsen such as it will be capable of reading the actual differential pressure*produced by the wet gas
and n¢t just the theoretical DP if the gas phase flowed alone. The following,example highlights the issue.
For ar arbitrary chosen overreading of 1.4 (i.e., 40%) the actual wet gas:differential pressure read would
be nearly double (i.e., 1.96) than if the gas phase flowed alone. An explanation of this statement is [as
follows. The standard generic DP meter mass flow rate equation is;

mg = EAYC,,[2p,AP, (42)

Whgn a stand-alone DP meter is used with a wet gas flew, the liquid induces an error in the differential
press:ljre read (i.e.,ARp). This is almost always a pasitive error, and the use of this read differential

pressyre in the generic DP meter mass flow rate‘equation leads to a gas flow rate positive error|or
“overreading” of the DP meter. That is:

EAthpCdtp \ 2/09 APtp > (mg = EAtYCd v 2109 APg j (43)
Thefefore we have:

EAY, C 20, AP, Y. C AP AP
Over — Reading = Wota, 20488 _YoCo, AR, ~ |[—" (44)
EAYC, \2p,AP, ~ YC, \AP, | AP,

Note that the for singlesphase gas flow, the discharge coefficient for DP meters (C,) is sometimes a

functign of the Reynelds number, and the expansibility factor (Y ) is a function of the read differential
pressyre (APg). AS. single-phase flow DP meters need to know the flow rate to find the Reynolds

numbgr the flow rate prediction [i.e., eq. (42)] is iterative. In the case of wet gas flow the incorrgct

tp ~d,
—=1 45
Ye, (45)

In our example, therefore, we see we have eq. (46), which can be rewritten as eq. (47):
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- AF)tp

Over — Reading ~ =14 (46)
AP,

AP, z(1.4)2APg =1.96 AP, (47)

Therefore, we see that a DP meter wet gas overreading of 1.4 actually corresponds to a differential
pressure wet gas overreading of approximately 1.96.

Failure to take into account the significantly higher DPs that can be caused by liquid presence in the
gals flow rate can cause saturation of the DP transmitter and failure of the metering system.
hen a DP meter is used in a heavy wet gas (i.e., close to the Lockhart—Martinelli parameterof'p.3) or
into the general two-phase flow regime (i.e., X,y > 0.3) the possibility of severe slugging-incre¢ases.
vere slugging can be a problem not only due to potential damage to the primary etement off a DP
meter but also due to potential damage to the DP transmitters. Passage of slugs cancause sudden
ge pressure spikes, and this can cause the DP transmitters to drift or even fail,.Severe slugging is a

hen using a DP meter with a horizontal wet gas flow the common single phase method of [taking
préssure readings from the averaging of four evenly spaced pressure ports4adially around the pernmeter
of the pipe cross section should not be used. Such a set up would cause:flooding of the lower préssure
ts and possible errors in the DP read. It is advisable to read the pressure in a horizontal wet gas flow
sitpiation from pressure ports located at top dead center of a horizontally mounted DP meter. Thig gives
the best chance for any liquid in the impulse line to overcome. any capillary effects and drain ¢ue to
gravity. If top dead center is not possible for any installation the\closest position to this around the top
half of the pipe is the appropriate pressure port location.
For situations where the fluid temperature is not as damaging to the DP transmitters, the impulsg lines
connecting the pressure ports to the differential or static’pressure transmitters should be as short as
possible in this horizontal mounting. It is also importaht to have straight impulse lines, or if that|is not
possible, to have at least no low points in the impulse tubing such as U-bends where liquid could follect
and affect the pressure reading. To minimize cegling and local phase changes within impulse lings, it is
often beneficial to place the pressure transmitters in a (heated) enclosure.
hen the temperature of the fluid is tdo high for direct contact with the DP transmitter's yetted
supfaces (as is typically the case with steam flows) it is usually necessary to insulate the transmittgr from
the flow by use of liquid insulation. Here the impulse lines are required to vertically drop, so the impulse
lings can be filled with a liquid column’ of a known height. This reduces the temperature of the flow|at the
DR transmitter. It is important.to.know the precise height of these liquid columns, because if the two
cojJumns are different heights, ‘a correction factor on the DP reading is required. Without this cortfection
gress errors can occur in the DP measurement and therefore the flow rate prediction. A common way for
the¢ steam industry to ensure even liquid columns is to use a condensate pot. Nonmandatory Appendix
piscusses these issties in more detail.
()| Differences Amgng Theory, Laboratory, and Real World Wet Gas Flows. It should be notgd that
there can be differences between idealized and simplified theories on wet gas flowmeter performance,
oratory wet gas meter performance, and performance of meters used with real world wet gas|flows.
Theories enwet gas meter performance usually make assumptions and approximations that gre not
always appropriate in some real world situations. Laboratory tests are by their nature strictly controlled
and therefore no unexpected extra variable is (knowingly at least) added. In real wet gas [flows,
unexpected or untested phenomena can exist to make the situation more complex.

An example of this is thermodynamic effects and phase change throughout a wet gas metering
system. Most theoretical discussions of wet gas meter performance assume that there are no significant
thermodynamic effects and hence the gas-to-liquid mass flow rate ratio stays approximately constant
and the process is effectively isothermal. Most meters tested with wet gas flows in laboratories have
stable gas and liquid components, and significant changes in phase through the meter due to pressure
and temperature fluctuations do not then generally occur. In real industrial flows this is not always the
case. For example, wet steam flows will change dryness fraction/quality if an intrusive meter causes a
change in pressure and/or temperature. In the case of a wet natural gas production flow where natural
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gas, light hydrocarbon liquids (condensates), and water flow together, fluctuations in the thermodynamic
conditions throughout the metering system could cause phase change and hence increase the
complexity of metering the flow considerably.

Evidence of the importance of thermodynamic effects in a real-world situation is given in Fig. 9.1-11.
Here a Venturi meter is metering a wet gas production flow. The picture is taken in a desert shortly after
dawn during the winter. The pipe is painted brown. The white substance covering large sections of the
pipe is frost that has formed during the colder temperatures at night. The frost has melted (or perhaps
never formed in the first place) on sections of the metering system. This suggests that these frost clear
Bipe . . — : . at
the flow is not isothermal and phase change may be significant. The conclusion from this findingcistthat
wet ghs meter users should be aware of the limitations of both the theory and the wet.gas test
laboratories when faced with these difficult real-world conditions. Gas meter users should therefgre
anticigate higher uncertainties in the wet gas meter’s output in real-world flows than at testdaboratories.
() Miscellaneous Comments. Wet gas flowmetering systems are relatively new on the ‘market, with
most [systems in service sized and built to order. The installation should be_ designed with the
requirements of the wet gas flowmeter in mind. The flowmeter could be installed Wwith suitable isolatijon
valveq so that the meter can be removed and inspected as required. Because industry has relatively
little experience with these systems, there is often a need for reverification of.metering systems operated
at lowpr uncertainties. This may necessitate the scheduling of maintenanceisits with the express aim
of revprifying the wet gas measurement system. As with other routine maintenance programs, scope
may exist for the relaxation of calibration frequencies, subject tO 'satisfactory operation of the
instrunentation.

Fig. 9.1-11 PDO Wet Gas Venturi Meter With Frost and Frost Clear Sections Showing
Thermodynamic Effects as<Significant

10 UNCERTAINTY OF A WET GAS METERING SYSTEM

Megsurement uncertainty is the estimate of the interval width within which the true value lies{ It
repregents-the lack of complete knowledge regarding the measurement process. The lack of knowledge
is asstmed to be normalty distributedand therefore characterized Dy a mean and standard deviation.
The mean is the best estimate of the true value while the standard deviation represents the uncertainty.
A confidence level is associated with the final statement of uncertainty. Most measurement uncertainties
are stated at 95% confidence, which corresponds to two standard deviations. The relationship between
different confidence levels is discussed further at the end of this Section.
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Uncertainty analyses for many measurement processes have been well developed for quite some time
[56, 57, and 58]. These measurements include mass, length, temperature, and voltage. The uncertainty
associated with most typical applications can be estimated based on well-documented methods.

The measurement of flow rate is less straightforward than the measurements discussed above. The
calibration process and facilities are generally more complex. Often the meter will exhibit variations in
performance and uncertainty over the operating range. A variety of installation effects might affect how a
meter performance can change. Finally, the meter might exhibit sensitivity to variations in the
thermodynamlc propertles of the fluid belng measured
e flow
d flow
n with
relatively straightforward measurement processes, estimating the effect of correlation on-the uncertainty
is problematic.

Currently there is no generally accepted method to estimate the uncertainty of a wat gas

In this Report, we recommend that uncertainty levels be provided at 95% confidence intervalgs. The
relationship between percentage confidence interval and uncertainty levelNs shown in Table 10/ If the
specified uncertainty for a measurement is stated as 0.5%, 1.0%, 1.5%, and 2% at 68% conf{dence
interval, this means that in a large number of measurements the yalue of the measured item will fall
within this range of accuracy 68% of the time. However, if oné requires higher confidence fin the
measured values (i.e., higher confidence intervals) the stated uncertainty will change as shown in| Table
10. As was earlier stated, wet gas literature and equipment¢specifications can describe uncertainties at

copfidence intervals. Table 10 is supplied to allow convétsions so a fairer comparison between prpducts
EXAMPLE: The specification of a wet gas metéris quoted as “+4% uncertainty in gas floyw rate
measurement at 90% confidence interval.” The same meter specification will become £5% uncertginty if
the required confidence is 95%. The user should be aware that the value of uncertainty of a meter will
bel higher) as the level of confidence intervalincreases.

Table 10 Conversion Eaetor for Uncertainty at Different Confidence Levels

Coverage
Stated Factor for Uncertainty at Confidence Interval (%) = Coverage
Canfidence Normal Factor*Standard Deviation
Interval, % Distribution
68 1 +0.5 +1 1.5 12 2.5 15 +10
90 1.6 0.8 | 1.6 2.4 3.2 4 +8 16
95 2 +1 12 13 4 15 +10 +20
99 2.6 +1.3 | +2.6 3.9 5.2 6.5 +13 +26

The techhical issues regarding wet gas flowmetering uncertainty are discussed in Nonmandatory
Apgpendix:N-
Finally; one last uncertainty related subject should be commented on here. It should be undefstood
that \there is as yet no guideline available to industry that addresses the best way to present wet
gas/two-phase/multiphase flowmeter test results. There are many different methods in the available
literature. It is important to understand that any one set of data that indicates a meter’s performance can
be plotted in many different ways. Different data plot methods can make the same data set look quite
different. Some methods can give a meter the superficial appearance of having either a better or worse
performance than if the data were plotted using other methods. Scheers [114], who gives an excellent
overview of similar issues for multiphase flowmeters, emphasizes some points that are also relevant for
the case of wet gas flowmeters.
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A good way to show wet gas meter test data is to produce several different graph types of the same
data set. This allows the data to be seen from different perspectives allowing a more rounded view of
the result to be obtained. However, in some of the literature, lack of space or the aim to show a product
in only the best light means it is common for data to be presented in one convenient graphical form only.
The reader of wet gas meter technical literature is therefore encouraged to take an independent critical
view of any plotted data.

74


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

A-

ASME MFC-19G-2008

NONMANDATORY APPENDIX A'
DETAILS INVOLVING THE DEFINITION OF TERMS

1 THE ORIGINS OF THE LOCKHART-MARTINELLI PARAMETER

The Lockhart—Martinelli parameter (X.y) used in this Report to define wet gas flow as any two-phase
or multiphase flow with a Lockhart—Martinelli parameter value equal to or less than 0.3 has a protracted
origin. R. W. Lockhart and R. C. Martinelli were engineers investigating two-phase flow in pipes. In 1949
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ry-publishedapaper {7 discussing the pressurefosses mvotvedwithtwo-ptasefrow ot
pipes. The pressure loss prediction was described by a parameter denoted as “X” and defir
ckhart and Martinelli as the square root of the ratio of the liquid flow rate friction pressure drop

Iinit length of pipe if the liquid phase flowed alone to the gas flow rate friction pressure drop ac
it length of pipe if the gas phase flowed alone [see eq. (A-1)].
AP
X = (A-1)
AP

g

nere subscript f means friction pressure drop and Ang and AR arethe unit length friction pr

pp of the gas and liquid phases if they flowed alone in the pipe, respectively. That is, the origine
pckhart—Martinelli parameter” was not developed as a wet gas,metering tool but rather a pressu
bdictor for unit lengths of pipe with two-phase flow. The pressure drop along a unit length of
hstant pipe area is traditionally called the head loss. Therhead loss for a unit length of pipe in

ase flow is calculated by the product of the fluid density’and a factor called the major losses (d¢
re by the symbol “hjess”). For horizontal flow this major loss is defined by eq. (A-2):
P - P, &AP
: A= - = hloss (A-2)
0
ere AP is the friction pressure drop for either phase’s single-phase flow along a unit length o
r turbulent single-phase pipe flows, hiss is calculated by the eq. (A-3):
2
LU
hloss = fr BT (A-3)

nere L and D are-the unit length of pipe and pipe diameter respectively, L] is the average flow v
d f, the “friction factor” that is traditionally found with the “Moody diagram.” For the case of w
W it is reasonable to say the liquid velocity if the liquid flowed alone is significantly smaller th

s velocity if the gas flowed alone, i.e., U| <<Ug. It is also true that the liquid viscosity is an o
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ds eq.

1 In this Appendix, equations from other parts of the book are sometimes repeated for reference. These equations
retain their original numbering when cited in this Appendix.
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Inertia Forces J :
Re _ pUD _ 4m

Vi (A-4)
Viscous Forces  u 7uD

these facts combine to make the Reynolds number of the liquid if the liquid flowed alone to be
significantly smaller than the Reynolds number of the gas if it flowed alone, i.e.,:

Re << Re, (A5)

he friction factor is, for a given pipe roughness, solely a function of the flow’s Reynolds humber. In
this case we are always considering the same pipe with two different flows (i.e., that of theliquid and the
gas phases of the wet gas flow flowing alone in that pipe) and therefore the relative\pipe roughrjess is
copstant. Therefore, from the Moody diagram for any given pipe roughness it Cah be seen that the
difference in Reynolds numbers between the gas and liquid flows means differént friction factor Jalues,

fo example, f, and fg for the liquid and gas friction factors, respectively. . In\fact, for wet gas flpw the

condition f, >> fg exists. Now, from egs. (A-2) and (A-3) we see that the:single-phase major pressure
logs in a pipe is

_2

LU
AP; = = pf ——=% A-6
f phloss P! D -2 ( )

The Lockhart—Martinelli parameter was defined by R’W. Lockhart and R. C. Martinelli as squafe root
of [the ratio of the liquid flow rate friction pressure drop across a unit length of pipe if the liquid jphase
flowed alone to the gas flow rate friction presstire drop across a unit length of pipe if the gas [phase
flowed alone. Therefore, X is actually calculated-in the following way:

Frpm conservation of-mass:

U=— (A-8)

Therefore,"we have eq. (A-9):

—

T L ™
Apgf fg Ug 'Og fg My P pg fg My P
w_ AP _ /Lﬂ Ps. (A-10)
AP, f, P P
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Equation (A-10) is the mathematical expression for the original meaning of the Lockhart—Martinelli

parameter as published by the engineers R. W. Lockhart and R. C. Martinelli in 1949.

NOTE: In the original paper [71] Lockhart and Martinelli did not use the Moody diagram as discussed above but rather took the Blasius

equation form for a friction factor for turbulent flow in smooth pipes (Re < 10°):

0316

f= % (A-11)

TYC

and stated:

f, = (A-12)

f =3 (A-13)
g m
Re o

where C,, Cg , M, and nwere unknowns and the superscript gp means.gas Reynolds numbe

gals flowed alone in the pipe. Superscript Ip means “liquid Reynolds number” if the liquid flowed al
the pipe. Hence the actual Lockhart—Martinelli parameter was given dn [71] as:

X2 = Re?p & ﬂ & (A-14)
Rep C, (W, ) o

Where W indicates weight flow so the ratio is the safe as the mass ratio. Hence, from egs. (A-1
(At13), eq. (A-14) is equivalent to eq. (A-10).

o .
% _ | &(ﬂ}& _ [l e s
n .
ReIp Cg Wg pl fg mg pl

\ widely circulated two-phase flow metering paper was published by Murdock [5] in 1962. In this
Muirdock used a parameter,(which has since been denoted by uppercase “X” by engineers af
Muirdock’s work (although (Murdock himself never used this symbol). This parameter was used
the discussion for the behavior of orifice plate meters in general two-phase flow. (In more recent
regearchers used this.same uppercase “X” to define other parameters, so for clarity in this dogj
“Khurdock” Will denote this “Murdock” parameter.) Murdock described the relative amount of liquid ar
in ja given pipe set gas flow by using the square root of the ratio of the differential pressure that

bel read by a given orifice plate meter if the liquid flowed alone to the differential pressure that wo|
read by the'same given orifice plate meter if the gas flowed alone [see eq. (A-16)].

AR

if the
one in

P) and

paper
plying
during
times
ument
d gas
would
uld be

X Murdack — | ———— (A-l6)

V AR,

Note that APg and AP, are the differential pressure (DP) meter-induced pressure drops if the gas and

liquid phases flowed alone, and they are each the sum of the individual phases’ momentum and friction

pressure drops between the meter pressure tappings for a horizontal flow. Physically, then, this

is the

square root of the ratio of the sum of the momentum and friction pressure drop read by the orifice plate
meter for when the liquid flows alone and the sum of the momentum and friction pressure drop read by
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the orifice plate meter for when the gas flows alone. As the standard DP meter equations for gas and
liquid are egs. (A-17) and (A-18), respectively, then eq. (A-16) can also be written as eq. (A-19):

for gas: rhg = EAtYqu/ZpgAPg (A-17)
for liquid: mi = EA,C,+/2p,AP, (A-18)

N

Rg
ap

Th
re

W(

parameter [see eq. (4)] contained in this\Report.
Chisholm [6,7,8] later published a genéral two phase flow correlation for orifice plate meters ang used

a
wh

wh

AP Cy aSY m p
XMurdock = |—= g—._ — (A-19)
Apg c:dliquld mg pl
te here that Cdgas and Cdl.qmd are the particular orifice plate meter discharge coefficients f

ynolds numbers of the gas and liquid phases flowing alone, respectively,«and E is the velg
proach that is a DP meter geometric constant defined by eq. (A-20):

1
Ny

erefore, if (and only if) the phases flowing alone through-the orifice plate meter would produ
Sult

E= (A-20)

c, Y
= X1 (A-21)

yigui

uld this Murdock parameter (Xwurdock). (D€ equivalent to the definition of the Lockhart—Ma

Gimilar (but not identical) parameter denoted again by uppercase “X.” This is shown as eq.
ere here we use the subscript.*Chisholm.”

1-x / P
X chisholm = —X 79 (A-22)
|

ere x is the flow "quality” as described by eq. (16).
m
X=—— (16)
mg+ m

Or the
city of

ce the

rtinelli

A-22),

Te, Then, that ChiSholm's eq. (A-22) can be Tewriten as eq. (A-23)

m |p
X chisholm = _I =2 (A-23)
My P
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Chisholm derived eq. (A-22)_similarly to the way Murdock derived eq. (A-16). In fact, eq. (A-22) is
essentially the same as eq. (A-16) with the added assumptions that gas expansibility is negligible (i.e., Y
= 1) and the ratio of the gas and liquid discharge coefficients (for when these phases flow alone) is
approximately unity. This in practical terms gives the same result as if it were assumed the superficial

single phase flows of gas and liquid had no losses [i.e., the superficial discharge coefficients (Cdgas

and

thqmd ) are both unity]. X in Chisholm’s eq. (A-22) / (A-23) is then simply the square root of the ratio of

the liquid inertia if the liquid flowed alone to the gas inertia if the gas flowed alone. Unlike Murdock’s eq.

(Ar19), Chisholm’s eq. (A-23) is independent of a DP meter’s characteristics, as no discharge
cogfficients or expansibility terms are required. In fact, this parameter is independent of any meter
prpperties and can be used to describe the liquid to gas content of any wet gas flow regardless of
whether a meter is present or not.

This parameter is therefore a very useful nondimensional way of describing the relative’amount o
inla gas flow. Murdock never called his parameter the Lockhart—Martinelli parameter. Chisho
however, did. This is, in fact, an error by Chisholm as it should be noted that whien-considering e
10), (A-19), and (A-23) they are not the same. That is:

f CgY
—_— %
fg Cdliquid

%1 (A-24)

Fdr a wet gas flow condition the square root of the ratio of the\friction factors of the gas and liquig
if these phases flowed alone in a straight unit length of pipe ih place of a DP meter is not equal tg
THe ratio of a DP meter’s product of gas discharge coefficient and expansibility of the gas flow f
algne to the liquid discharge coefficient of the liquid flew flowing alone is not equal to unity. Also,
twp parameters are not equal to each other (except for by coincidence). Therefore, the Loc
Martinelli, Murdock, and Chisholm definitions of the.parameter X are all different.

uring the 1990s, two-phase flow researchpapers began erroneously to call X in eq. (A-2
Lockhart—Martinelli parameter. Some researchers attempted to register this error (e.g., Steve
called the parameter derived as eq. (A-23)-the “modified Lockhart—Martinelli parameter” to indica
difference from the original parameter) but their efforts were futile. The term “Lockhart—-M3
parameter” is now entrenched in thé natural gas production industry as meaning eq. (A-23). The
Chisholm’s simplification of Murdock’s eq. (A-19) — shown as eq. A-23 — has become
universally known now as thestockhart—Martinelli parameter, and this therefore is how the “Lod
Martinelli parameter” is now-defined. That is:

Stperficial Liquid Inertia Force m, [p, Q, [p
Ko :\/ Superficial Gas Inertia Force - = :._I — (A-25)
p Mg P Qg pg

AP THE\GAS DENSIOMETRIC FROUDE NUMBER
The-gas densiometric Froude number (Frg) is a wet gas flow modification of the standard R
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m [7],
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gravity

\y

forces. The gas densiometric Froude number is defined as the square root of the gas inertial force if the

gas phase flowed alone to the liquid gravity force ratio. The standard Froude number is calculated
(5). The gas densiometric Froude number is calculated by eq. (6).

(5)

Er = Inertia Force
| Gravity Force
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. Superficial Gas Inertia Force U s Py ©)
r = =
’ Liquid Gravity Force JaD \ o — o,
Where USg is the superficial gas flow's average velocity, which is calculated by eq. (3).
U Sg — Illg (3)

Py A

Equation (6) is now derived for the case of wet gas mist, although the same result can_be obtaingd with
other flow patterns.

The gas inertia force if gas flows alone:

2 2
FGas Inertia — ngsgD (A'26)
The liquid gravity force
I:Liquid Gravity = (pl - pg )\/Ig (A'27)
where V) is the volume of a droplet of liquid in a wet gas mist\flow (that is, the cubic length dimgnsion,
V| =2D?%).
6

Figure A-1 shows a diagram of the forces on a drgplet.

Fig. A-1 lllustration of the Average' Forces on a Droplet (Assuming the Average
Gas Velocity Is That Which Would Flow if the Gas Flowed Alone)
Gas Flow Inertia Force

p U D’
> (O

Liquid Droplet, Gravity Force

of Volume, V (p} _ pg ) Vfg

Therefore:
_— \/Superficial Gas Inertia Force p,UZD’

Po (a-28)

6
Liquid Gravity Force (o —p ( j \/7\/9D P~ Pg

g =
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In dimensional analysis theory all constants can be dropped and lengths are required to be defined. For
example, single-phase pipe flow Reynolds number is defined with the inside bore of the pipe. Likewise
here, D is the inside bore of the pipe. Therefore, eq. (A-28) reduces to eq. (6).

A-3 A MODIFIED WEBER NUMBER (Wetp)

The standard Weber number is shown as eq. (10). A modified Weber number for wet gas metering is
shown in eq. (11)

Inertia Forces

General definition: e= - (10)
Surface Tension Forces
o2
. _— Mg
Ppssible wet gas definition: We, =——— (@1)
o,p,D
Equation (11) is derived below.
The gas inertia force if gas flows alone:
2 2
FGas Inertia — ngsgD (A-29)
The superficial gas velocity is given by eq. (3).
-m
U sg — 4 (3)
PA
Liquid surface tension force: Feitace Tension = 1 D (A-30)

A modified Weber number for wet gas flow metering is given below as egs. (A-31) and (A-32):

_ Superficial Gas Inertia Force

e =—— : (A-31)
Liquid Surface Tension Forces
2
2 2 2 ) 2

u,D D
We, = Py~ g™ _ Py Mg _ (1_621&3 (A-32)

oD o,D p(”Dzj 7°)op,D

g

4

As in dimensional analysis theory, all constants can be dropped and D is chosen as the inside bore of
the pipe. Therefore eq. (A-32) reduces to eq. (11).

Note that surface tension values for stationary common liquids with an air interface are relatively well
known (at atmospheric pressure) compared to interfacial tensions between flowing liquids and assorted
gases and hence surface tension is the parameter used here for practical reasons (thereby implicitly
making the unproven assumption that the static surface and dynamic interfacial tension values are
similar). As yet little wet gas meter research is known to be published that discusses the effects of liquid
properties. Steven [15] discusses preliminary DP meter research but much is unknown regarding the
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liquid effects on wet gas meters and at the time of writing there are proposed research tests by different
organizations that include investigating the effect interfacial tension and other liquid property

pa

rameters.

A-4 A WORKED EXAMPLE OF THE EFFECT OF USING DIFFERENT LOCKHART-MARTINELLI
PARAMETER DEFINITIONS

The following numerical example is reproduction of the example given by Steven [21]. Let us consider
a wet natural gas flow in a 4 in. Schedule 80 plpe (| e., an |nS|de bore dlameter of 0.09718 m) of a

Re

fag

F
of

plc

wh
ga
pr

ap
(A

Moody diagram for a relative roughness of 0.001 the gas friction factor fg i150.021 and the liquid

Therefore, the original Lockhart—Martinelli parameter is:

ameter [eq. (A-10)], the Murdock parameter [eq. (A-19)] and the Chisholm parameter [eq.
ues and how do they compare to each other?
The Reynolds number of the gas phase if it flowed alone in the pipe is approximately 4.93e

ynolds number of the liquid phase if it flowed alone in the pipe is approximately 1.32e*. Frd

tor f,is 0.032.

AP fm

= e e R 20103 (A-10)
AP, f, mg

-rom ASME MFC-3M, we see that the orifice plate meter's dlscharge coefficient at a Reynolds n

4.9€e° is approximately 0.608 and at a Reynolds number of 1.32e” is approximately 0.639. The
ite expansibility equation given is shown as eq. (A-33) here:

Py

%
—(0'351+0.2568* + 0.938° | 1- [&J (A-33)

p

—2 s the ratio of the downstream-to-upstream pressure tapping. The approximate thrg
Py
pssure ( P,)ccan be found by taking the difference between the upstream pressure ar

proximated\differential pressure found by assuming the expansibility to be unity and rearrangi
17):

s), and

K, the
rate is
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grtinelli
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ere fis the orifice plate beta ratio, «x is the isentropic exponent (which is approximately 1.3 for patural

at tap

d the
ng eq.

1 ( m, \2
AP

A-1/a
0~ 2p, LEAC ( )

This approximate differential pressure value is 36,653 Pa. The throat pressure is therefore

P, = P, — AP, = 4,963,347 Pa
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P,

Py
Therefore, Murdock’s parameter from eq. (A-19) is

as m [Py
Murdock : O 0949
d|IC|UId m g pl

Chisholm’s parameter is calculated from eq. (A-23). That is,

So we have as 0.993. The corresponding expansibility factor from eq. (A-33) is therefore 0.9974.

XLM _._ =01
P|

Therefore, for the same wet gas flow conditions we have

X =0.123, X,y =0.0949, X, =01

Aq we promote X ,, as the appropriate value (due to the argument above) we see that the griginal

Lockhart—Martinelli parameter is 23% higher and the MurdoCk ‘parameter for this particular DP meter is
5.1% lower. Hence the difference is not trivial.

A-p CORRELATION SENSITIVITY TO LOCKHART~MARTINELLI PARAMETER ERRORS
It should be noted that the error in the gas flow rate-prediction when using a gas DP meter wet gas
cofrelation when there is an error in the Lockhart=Martinelli parameter definition is, while still signif|cant,
not as serious as the errors in the Lockhart—Martinelli parameter itself due to the sensitivity of the
cofrelations to the Lockhart—Martinelli parameter. To show this point let us continue the above worked
expmple by applying Chisholm’s orifice plate wet gas correlation [8]. Nonmandatory Appendix G
explains that Chisholm stated that foran’orifice plate meter the over-reading of the gas flow rate when
the flow is wet gas can be computed-by the following equation:

. L !
Over —Reading = g"*$= 1+ (&j +[ﬂJ X t+ (X F (A-33)
mg pl pg

where mgAppm is the gas flow rate prediction that is not corrected for the liquid induced error. [Equation

(At33) is obtained from eq. (G-13) of Nonmandatory Appendix G.] With a gas-to-liquid density ratio of
0.0475 theassociated over-reading predictions are

X =0.123 gives OR = 15.6%,
Xuurdoek = 0-0949 gives OR = 12.1%,

X.m =0.1 gives OR = 12.7%

In this example Chisholm, of course, used X,,, =0.1so the Chisholm correlation is saying the over-

reading (or gas flow rate predictions positive error) is 12.7%. However, an incorrect choice of definition
can cause an error. In this case a -0.6% underestimation (and a corresponding undercorrection) for
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Xuurdosk = 0-0949 and a 2.9% overestimation (and a corresponding overcorrection) for X =0.123. This

is a bias, not an uncertainty.

The prediction of a DP meter’'s wet gas correlation is therefore affected by which parameter is being
used. Different meters and correlations will have different sensitivities to varying Lockhart—Martinelli
parameter values. (A DP meter designs sensitivity to errors in Lockhart—Martinelli parameter are
described by Steven [13] for cases where the Lockhart—Martinelli parameter is in error due to incorrect
liquid mass flow estimates. However, the description of the effect generic errors on the Lockhart—
Martinelli parameter have on DP meter wet gas correlations is also valid for this argument.) For
Chisholm’s equation, used for the example above, the gas flow rate prediction gets more sensitive to
erfors in the Lockhart—Martinelli parameter as the gas-to-liquid density ratio reduces. It should also be
noted that the Venturi meter has significantly greater sensitivity than the orifice plate, so’ a similar
expmple with a Venturi would cause larger gas flow rate prediction errors. It should also)be noted that
th¢se are errors and not uncertainties. Chisholm’s correlation is said to give thejoverreading[to an
unicertainty of 2% so small differences may not be noticeable, but the added/error in this cpse is
avpidable. In many real wet gas flowmetering cases the error could be above 2%.
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NONMANDATORY APPENDIX B!

DIFFERENCE BETWEEN THE GAS VOLUME FRACTION AND THE GAS TO TOTAL VOLUME

RATIO PER UNIT LENGTH OF PIPE IN STEADY FLOW

Fig. B-1 Stratified Flow Pattern in a Pipe
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Cross Sectional Area of Pipe, A

oss Sectional Area of Gas Phase, Ag

Unit Length

////7

oss Sectional Area of Liquid Phase, A

1 GENERAL
The gas volume fraction (GVF) is defined ‘as the ratio of the gas volume flow rate to the total
W rate [see eq. (12)]. That is:

Q,
Q,+Q,

GVF = (12)

Unfortunately, the name““gas volume fraction” has led to some confusion in the industry as

it section of pipednytwo-phase flow. Calling this term the “gas to pipe volume ratio” this is sh
. (B-1).

g AGL Ag
= = (B-1)
V,+V, AL+AL A +A

g

Gas to Pipe Volume Ratio =

olume

this is

metimes mistakenly,thought to be the actual ratio of the volume of the gas to the pipe volume ajong a

DWN in

ere

wh

Ay = gas cross sectional area

A
L
Vg

= liquid cross sectional area
= unit length of constant area
= gas volume in a unit volume of constant area pipe

! In this Appendix, equations from other parts of the book are sometimes repeated for reference. These

€q

uations retain their original numbering when cited in this Appendix.
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= liquid volume in a unit volume of constant area pipe

The gas volume fraction is not the same parameter as the gas-to-pipe volume ratio unless the average
gas velocity and average liquid velocity are the same. That is, the “slip ratio” denoted by “Sg” here,
which is defined as the ratio of the average gas and liquid velocities [see eq. (21)] must be unity for the
GVF, and the gas-to-pipe volume ratio parameters to be equal.

An explanation of this statement is as follows:

wh
W

wh

Th
Ur
m¢

majority of cases not valid. This,is the technical reason devices that estimate the phase fractiong

VO
ph
sin
mi
o)
de

Sp =— (21)

Q=AU (B-2)

ere eq. (B-2) is the general volume flow rate equation for any phase. Therefore, eq. (12) @
tten as eq. (B-3):

' A, U A
GvF= o D R (B-3)
Q,+Q  AUg+AU, A, + g A Ag+(SjA|
R
Uy
ereas

. ) \ A L A

Gas to Pipe Volume Ratio = — g =% (B-1)

Vg +V, AgL+A,L Ag + A
erefore, the GVF is equal to the_ gas-to-pipe volume ratio only when the slip ratio is
fortunately, in most two-phase flows this is not the case. In fact, the slip value, while very diff
pasure in practice, is known to oftén be considerable, so an approximation of unity is in th

ume-to-pipe volume ratios(Such as capacitance meters) cannot be used in conjunction with a
ase meter to make a wet-gas meter system (i.e., a meter that can meter both liquid and gas p
nultaneously) withoutsophisticated flow modeling to predict the slip. That is, there is a c0
sconception that such-devices measure the GVF. If the GVF could be independently measu
me way the valué would be available for input into eq. (22) and hence for known gas and
nsities the Lockhart—Martinelli parameter would be known.

_1-(GVF) |p

TGV o, ®

an be

unity.
cult to
b vast
/liquid
5ingle-
hases
mmon
red in
liquid

his, in _turn, would allow the use of any single-phase meter wet gas correlation based on the

Lockhart—-Martinelli parameter to predict the gas and liquid flow rates. However, capacitance meters
estimate the gas-to-pipe volume ratio — not the GVF. Hence, the simple combination of a single-phase
meter with a wet gas correlation and device that estimates the gas-to-pipe volume ratio does not
produce a wet gas meter. There are systems on the market that use combinations of phase fraction
devices and DP meters to produce multiphase meters that work in the wet gas flow region but these use

SO

phisticated proprietary flow modeling techniques and multiple data sets to predict slip.
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It is also noteworthy that there is a very rarely used parameter in existence that indicates the
difference between GVF and void fraction. It was quoted by Chisholm in his derivation of eq. (G-12) and
it is called the Armand coefficient (C,). This is shown in eq. (B-4).

(04
C,=—2 B-4
A GVF (B-4)

te that bv substitutina eas. (B-3) (18) _and (190)
7J ~ -1 \ 77\ 77 \ 77

int

f
TH

SO

is,

In
be
to
G
Wi

Ch
st

A
a, :Tg (18) a =1l-a :% (19)

D eq. (B-4) we get:
a
C,=gqa, +S—' (B-5)
R
-or wet gas flows, it is typically correct to say «,>>¢, and Si >1yespecially at higher GVF
erefore, a reasonable approximation for many high GVF wet gas flows is C, = a,. Therefo
me lower loading wet gas flows C, = ay = 1.

Chisholm approximated the Armand coefficient to unity.from his available experimental evidence
Chisholm effectively stated

GVE~a, ~1 (B-6)

some practical cases this is a reasonable-assumption as the difference in GVF and void fraction
small. However, it cannot be guaranteed to be an appropriate assumption in all cases. It is of in
continue the worked example stafted in Nonmandatory Appendix H here to show the difference
F and void fraction values. This work was originally produced by Steven [20] and reproduced h¢
h permission.

isholm created a slip model [8] (which is derived in Nonmandatory Appendix H) which stated for
atified flow the slip efa-wet gas flow was

. 1
4
S, = ﬁ _ [ﬂj (H-202)

natad-—th h | dala chardd-be

(It

alues.

re, in

. That

can
terest
n the
bre

chardd - be o that thavra ava cavaral ol aaa nothao Liavatiivn oA dhh ot 4l Ay 1
SHOUTU— Pt TIoOtCttat trierc—arC—sSCvCrar—stp—ThotCrsT e meratoreant—ttat iy —shoourt—ot

pplied

according to the limits of the models assumptions and the suitability of the model to the application in
guestion. We make no claim on the validity of any particular slip model in this Report.) As in the
example, the gas density is 38 kg/m® and the liquid density is 800 kg/m>. The slip is according to
Chisholm’s slip model:
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- 1
Sy = Ye = (@T =214

U, 38

That is, according to Chisholm, the average gas velocity is 2.14 times that of the average liquid velocity.
Taking egs. (18), (B-4), and (B-5), we can derive eq. (B-7):

o, = ! (B-7)

Th
liq

Ar

He

Th

Th
the
Af

e

erefore, according to Chisholm’s slip model in our example, with 400 m*/hr of gas and\8.72 m®/H

id, we have a GVF of 0.979,
GVF = : Qg - = 40040(; - =0.979
d the void fraction is:
o, = ! = X =0.956

; 1+{SR[G\1/F_J} 1+{2-14*(0_9179_j}

nce the hold up is from eq. (19):

o =1-0.956 = 0.0439
e Armand coefficient (C,) is:

ay _0.956 _ 0.977

AT GVE 0979

e Armand coefficientris“unity when there is no slip, i.e., Sk = 1. The GVF and the void fraction g
b same parameter, This particular example uses the flow conditions as the example in Nonman
pendix A andsa‘“small difference in GVF and void fraction is noticeable. This then provg

difference in the{parameters. In this particular example the difference is in fact relatively small b
important to_note that other flow conditions and other slip models can have greater differences bd
the paranieter values.

r of

Ire not
datory
bs the
ut it is
tween
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NONMANDATORY APPENDIX C!
INCOMPATIBILITY OF DIFFERENT SUGGESTED WET GAS DEFINITIONS

C-1 GENERAL
There has historically been several wet gas definitions across different industries. The best
known of these have been a Lockhart—Martinelli parameter (X_y) limit of no greater than

0.5 and a gas volume fraction (GVF) of 0.9 or above. The most common of these appears-o

be X\y = 0.3,x =2 0.5and a GVF = 0.9. It is important to understand that these definitions
are not equivalent. In fact they can be very different. For example, consider egs. (22).throeugh

(24).
X, = GVF po_1-x ,0g 22)
GVF Py

GVF = 1 L (23)
X + 2 LA + [1 — Xj
pg pg X
1 1

X= = (24)
1+ X 10 14+ (1_(6\”:))*"'
Py (GVF) o
If we were to assume equivalence and set the maximum liquid loading at both X, = 0.3
and x = 0.5, then egs. (22) through (24) dictate that only one gas-to-liquid density ratio and
one GVF can exist for both'these maximum wet gas limits to be met simultaneously. In fact,
setting any two of these three different definitions automatically sets the third and the gas-to-

liquid density ratio. That is:
For setting X, m_£ 0.3 and x = 0.5 then the GVF and density ratio are then fixed:

X, =0.3
x=0,5
GVE=0.917
F/GDR=1111

For setting GVF = 0.9 and x = 0.5 then the Lockhart—Martinelli parameter and density ratio
are then fixed:

! In this Appendix, equations from other parts of the book are sometimes repeated for reference. These
equations retain their original numbering when cited in this Appendix.
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X =0.333
x=0.5

GVF =0.9
L/GDR=90

For setting X = 0.3 and GVF = 0.9 then the quality and density ratio are then fixed:

X,y =0.3
X = 0.552

GVF =0.9

L/G DR=7.29

Figure C-1 graphically shows the differences between the Lockhart=Martinelli parameter
wet gas definition (i.e., X u < 0.3), quality wet gas definition (i.e., x >.0:5), and the GVF wet
gas definition (i.e., GVF > 0.9). The graph shows the relationship-between X,y and x at
different gas-to-liquid density ratios. (Note “Dense Phase Conditions” is when the pressure is
such that the gas-to-liquid density ratio is unity. In industry it is@n extremely rare occurrence
for dense phase conditions to be approached. An applicationdo the right of this line indicating
gas-to-liquid density ratios greater than unity is not realistic./A Lockhart—Martinelli parameter
of less than 0.3 is seen as below the red horizontal linex A quality of greater than 0.5 is to the
right of the green vertical line. GVFs greater than 0.9are below the blue curve. Hence the
three different well-known definitions for a bordefZbetween wet gas flow and general two-
phase flow are marked on the graph and it is clearly seen in Fig. A-1, which magnifies these
borders that each definition can call certain.flow conditions wet gas flow that the other two
definitions call general two-phase flow. Therg is only a relatively small area in Fig. C-2 under
which all three definitions agree the flow is a wet gas flow. Hence we only accept one
definition for wet gas flow (i.e., X,y £0.3).
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Quality (x) vs. Lockhart Martinelli (XIm)
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NONMANDATORY APPENDIX D!
EQUATIONS AND GRAPHS FOR CONVERSIONS OF WET GAS FLOW PARAMETERS

D-1 GENERAL

In real-world situations, engineers seldom know the Lockhart—Martinelli parameter directly. The
information on what quantlty of I|qU|d is flowmg with a gas flow comes in many different Ways It is

n caodly IUI dll UIIQIIIUUI LU IUIcllU llllb IIIIUIIIIalIUII LU LI I LULKI Idl l—IVIdI lIIIUIII palalllULbl allu uS fUI tO
refate it to the other well-known parameters for comparison. These calculations are done with~egs. (22)
to|(27). That is:
x. \/E Q, P _1-(GVF) [p, _1-x [py _ (LVF) _, =)
Py GVF Py o} LVF
. (”'J
GVF = ! = _1 =1-(LVF)= Po__ _ P (23)
1+ ﬂ*& Q X LM + P ﬂ + []'_Xj
mg P ) ! +1 pg pg X
Q,
L l, _ 1 _ 1 _ ( 1 9 _ ( 1F) (24)
m Q 14X I3 1 = (GV « P 1 LV «P
14— | 14| P2 LM\/7 +U Y iy
mg pg Qg pg ( 9 pg ( 9 pg
E“l__x P _ P Q 2 1-(GVF)p _ LVF p _1-X -
1 — " - J — - - 25
. Py Py Q, GVF  p, 1-LVF p, X
Q, o5 Py m 1-(GVF)  LVF 1-x) P,
B R <V 7=a N TRV . (26)
qQ, P Pim, ~(LVF) X )P

1 In this Appendix, equations from other parts of the book are sometimes repeated for reference. These equations
retain their original numbering when cited in this Appendix.
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< [Pe (l—xj P2
LM - -
LVF =1—(GVF)= - . XX -~ . Q? (27)
lpy (1-X), A
1+ Xy |22 ( " j+p Po My . Q1
P P m, Q
¢}

Nqgte that all gas volume flows are at flow conditions.
he application of these equations [(22) to (27)] will for any given two-phase flow definitionreld
giyen condition and gas-to-liquid density ratio to the other common terms (i.e., one of the Six co
methods of describing the two-phase flow). However, it can be preferable to use graphs-for reas
speed and convenience. The graphical representation of this data is now discussed.

igure D-1 shows the quality relationship with the gas-to-liquid density ratio and the Lockhart—
Martinelli parameter.

igure D-2 shows the GVF relationship with the gas-to-liquid density ratie’and the Lockhart—Mg
parameter.
igure D-3 shows the LVF relationship with the gas-to-liquid density ‘ratio and the Lockhart—Mg

copstant lines. The only difference is Fig. D-2 shows these linesas constant GVF lines whereas F

ite the
Immon
ons of

rtinelli

rtinelli

ameter. It should be noted that LVF =1— (GVF) and thereforeiFigs. D-2 and D-3 have overlapping

g. D-3

shpws these lines as constant LVF lines. The relative values_6f the constant parameters are dictated by

the LVF =1—(GVF) relationship.

Figure D-4 shows constant liquid mass flow rate to gasrmass flow rate ratio lines plotted on ¢
liguid density ratio to the Lockhart—Martinelli parameter:

Fig. D-1 Constant Quality (x) Lines Plotted on Gas-to-Liquid Density Ratio

to the Lockhart-Martinelli Parameter
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Fig. D-2 Constant GVF Lines Plotted on Gas-to-Liquid Density Ratio
to the Lockhart—Martinelli Parameter
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Fig. D-3 Constant LVF Lines Plotted en Gas-to-Liquid Density Ratio
to the Lockhart—Martinelli Parameter
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Fig. D-4 Constant Liquid Mass Flow Rate to Gas Mass Flow Rate Ratio Lines Plotted
on Gas-to-Liquid Density Ratio to the Lockhart—Martinelli Parameter

(where M l/g indicates the liquid-to-gas mass flow ratio, i.e. rﬁ|/rhg )
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IFigure D-5 shows lines of constant liquid volume flowrate to gas volume flow rate ratio plotted on gas-

todliquid density ratio to the Lockhart—Martinelli parameter.
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Fig. D-5 Constant Liquid Volume Flow Rate to Gas Volume Flow Rate Ratio Lines Plotted

on Gas-to-Liquid Density Ratio to the Lockhart—Martinelli Parameter

(where Q I/g indicates the liquid-to-gas mass flow ratio, i.e., Ql/Qg )
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-rom the graphs represented in Figs. D-1cthrough D-5 for any given value of gas-to-liquid densit
d one description of the liquid content_of a wet gas [i.e., one value from the list of quality (
ume fraction (GVF), liquid volume-fraction (LVF), liquid-to-gas mass flow rate or liquid-to-gas v
w rate] the Lockhart—Martinelli parameter, Xy, can be found from the relevant graph and th

aining parameters can be found from the other graphs. In fact, except to maintain clarity therg
need for separate graphs as these individual graphs can be combined into one graph that shows
relationships. For example('Fig. D-6 shows both the constant quality (x) and constant GVF lines
e gas-to-liquid density,ratio versus Lockhart—Matrtinelli parameter graph.

y ratio
), gas
olume
en the
b iS no
direct
on the
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Fig. D-6 Both the Quality (x), and the Gas Volume Fraction (GVF), on the Gas-to-Liquid
Density Ratio Vs. Lockhart—Martinelli Parameter
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D-p WORKED EXAMPLE
A wet natural gas flow is known to have a gas, density of 70 kg/m® and a liquid (condensate) density
of [700 kg/m®. The gas-to-liquid density ratio is therefore 0.1. If the gas volume fraction is stated to be
0.95, then from eq. (14):

X _1-(GVF) [p _1-095 /70020_1664
M (GVF) \p, 095 V70

X= 1 = L =0.655

(FEE ) (o5

N T ! ~0.655

1+ X, |2 1+ o.1eses4*:/7—()O
Py 70

This result can also be found with no calculation required, if not to four decimal places, by use of Fig.
D-6. (Note that due to flow condition prediction and wet gas meter uncertainties it is rare in real world
applications that these parameters have meaningful numbers after the second decimal place.) Figure D-

and from eq. (16):

(0]

=

from eq. (14):
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7 shows the crossing point of the gas-to-liquid density ratio of 0.1 and the GVF of 0.95 is seen to be at
the y-axis (i.e., Lockhart—Martinelli parameter) value of 0.1644 and on the constant quality line of 0.655.
Figure D-6 shows just the GVF and quality on the graph but all of the parameters can be plotted
together. The first full graph shown (Fig. D-8) is for a considerably wider two-phase range than wet gas
flow. This is shown because an initial investigation required by meter users will be to check if the flow is
a two-phase or a wet gas flow. Only if it is found that the Lockhart—Martinelli parameter is less or equal
to 0.3 will the more detailed wet gas graph shown as Fig. D-9 be required. In fact this plot is further
magnified in Fig. D-10 as the vast majority of industrial applications do not have gas-to-liquid densities
5 ~to= ssure
urated steam. For example at 210 bar (with a saturation temperature of 369.8°C) the steam-density is
approximately 201 kg/m®. At that condition water has a density of approximately 469 kg/m>) That is a
gals-to-liquid density of approximately 0.43.) Most applications have gas-to-liquid density,fatios legs than
0.15. Figure D-11 shows the graph magnified to a gas-to-liquid density ratio less than Q:2:
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D-7 Worked Example of Using the Gas-to-liquid Density Ratio Vs. Lockhart—Martinelli
Parameter to Predict the Different Wet Gas Flow Liquid Loading Parameters
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Fig D-8 Graph to Check If Flow Is Wet Gas Flow or General Two Phase Flow
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Fig. D-9 General Wet Gas Flow Liquid-to-Gas Flow Ratio Parameter Relationships
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Fig. D-10 Magnified Graph of Wet Gas Flow Liquid-to-Gas Flow Ratio Parameter Relationships
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Fig. D-11 Magnified Graph of Wet Gas Flow Liquid-to-Gas Flow Ratio Parameter Relationships
at the More Common Lower Gas-to-Liquid Density Ratios
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NONMANDATORY APPENDIX E*
API WET GAS DEFINITIONS

E-1 GENERAL

The American Petroleum Institute (API) released a report [2] in 2004 where wet gas flow
was defined and characterized. This wet gas flow definition used the Lockhart—Martinelli
parameter as the primary parameter but was referenced to the gas volume fraction (GVF). It
is understood to be the case, that although the API report [2] states the definition, it is not as

on the practical experience of the oil and gas industry with regard to meter selection fot
different scenarios. As this Report is a generic industry publication (and therefore not solely
based on the oil and gas industry) and no one wishes to link the definition of wet gas flow to
meter technology limitations, this API definition is not promoted by ASME. Nevertheless, this
API definition is common knowledge within the industry and as a review of wet gas flow
meter technology, this Report needs to address it.

Three different ranges of the Lockhart—Martinelli parameter were identified with regard to
wet gas metering systems by the API [2]. Figure E-1 shows an APl map for classifying wet
gas flows, on the basis of superficial velocities for gas and liquid and.the’Lockhart—Martinelli
parameter. The three types of wet gas regions defined by API aretshown on this map. The
examples plotted on the map were for 200 bar and 10 bar (toYindicate the gas-to-liquid
density ratio effect).

E-2 APITYPE 1 WET GAS

Type 1 is seen as a wet gas flow where X, < 0.02 indicates a relatively small amount of
liquid. This type is a typical liquid-to-gas flow ratio limit-for which single-phase gas differential
pressure meters are operated without malfunctioning or giving substantial errors that would
require correlations to correct. That is, the range“could cause a relatively small and possibly
acceptable gas flow rate error. It is the responsibility of any meter user to judge whether the
liquid-induced error is acceptable for their-application. It should be noted however, that non-
DP gas flow meters do not necessarily.have the same reaction to wet gas flow as a DP
meter and therefore the range may bé-less appropriate in other meter cases.

It is not common for wet gas flow~meters (that is, a system that meters both gas and liquid
flows) to be used for type 1 flows-due to the limited amount of liquid present in the flow. The
small quantity of liquid causes, the liquid flow rate estimation to have a high uncertainty and
in many (but not all) caseS'if\the liquid is not a substantial quantity of the total flow there is no
imperative to meter it.

It should be noted that the boundary between types of wet gas flow in Fig. E-1 is
dependent on the composition of the liquid and the pressure (which affects the density of the
gas). The dotted and solid lines in Fig. E-1 illustrate these effects when two alternative Type
1 boundaries)are produced by a set gas and liquid at pressures of 150 psi (10 bar) and then
3,000 psi (200 bar). As the density of the gas changes with pressure the set Lockhart—
Martinelliparameter line representing a constant 0.02 value shifts.

Fofithé majority of industrial situations, Type 1 wet gas corresponds to a typical range of
GVE299.8%. This type of wet gas typically consists of less than 0.2% liquid by volume. The
primary interest in this type of wet gas metering is often to measure the gas content of the

flow and the liquid content of the flow is often of less importance, although accurate
knowledge of the liquid content may be desirable to develop more accurate gas readings,
especially in fiscal metering applications. There are cases however, where the liquid flow
rate is desired to be known accurately as the primary production fluid.

! In this Appendix, equations from other parts of the book are sometimes repeated for
reference. These equations retain their original numbering when cited in this Appendix.
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E-3 API TYPE 2 WET GAS

Type 2 is seen by API [2] as wet gas flow in the range 0.02 < X, < 0.3. This type of wet
gas has liquid flow rates higher than Type 1. API states this range was chosen as wet gas
flow meters typically suit this range. It is a common range at (nhatural gas) production
wellheads, commingled pipelines, and well testing applications. With these API Type 2 wet
gas flows it is often required to meter both phase flow rates. Single phase flow meters can be
used to meter these API Type 2 wet gas flow but in order to use these meters an
understanding of the meter’s response to liquid loading is usually required (i.e., a wet gas

correlation) along with the ability to obtain liquid low rates from an independent Source.
Otherwise a wet gas meter design is required (i.e., a system that meters simultaneously batf]
gas and liquid flows).

API Type 2 wet gas flow is defined as the region above API Type 1 in Fig. E-1 and
constrained to the liquid content limited by X,y < 0.3. The position of the X\, < 0.3, bouhdary
in Fig. E-1 is dependent for a given gas and liquid type on the pressure (i.e., it is dependent
on the gas-to-liquid density ratio).

E-4 API TYPE 3 WET GAS

Type 3 is seen by API [2] as wet gas flow in the range X v > 0.3. ARLType 3 is not
considered in this Report to be wet gas flow. This region is beyond-that which most single-
phase gas meters (with wet gas correlations) or wet gas meters usually operate. APl Type 3
is considered in this Report to be a general two-phase flow. Fypically if a flow requires
metering that is an API Type 3 flow a “multiphase meter” isTequired as there is too high a
liquid loading for most wet gas metering technologies (altholgh individual technologies have
different stated maximum liquid loading limits).

It should be noted that the API Type 3 has no upperboundary of liquid content and is
therefore not a precise definition. This is similar toxthe Norwegian Society for Oil and Gas
Measurement’s “Handbook of Multiphase Metering” [1] where they state “... generally wet
gas is defined as gas/liquid systems with a lcackhart—Martinelli parameter smaller than
approximately 0.3 in. The reason for the ARI'and the Norwegian Society for Oil and Gas
Measurement’s imprecise definition is that, in the particular problem of oil and gas production
measurement, the definition is aimed:at the various wet gas and multiphase products where
the limits of their working range eatrvary around the Lockhart—Martinelli parameter value of
0.3.
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Fig. E-1 API Map for Classifying Wet Gas Streams

(Reproduced with the permission of the American Petroleum Institute. All rights reserved.)
Note: Three types of “wet gas” regions are defined on the basis of gas/liquid superficial
velocity, GVF, and Lockhart—Martinelli parameter.

This Report is aimed at general industry and-therefore mentions the API types for reference
only. The wet gas definition in this Report.is'simply X,y < 0.3. It is not technically possible to
give direct equivalent limits in terms of.ather wet gas parameters such as GVF, LVF, flow
quality (x), etc. as they are all relatedtby the gas-to-liquid density ratio as indicated by egs.
(22) through (27) and the figures-innNonmandatory Appendix D. (As the definition of wet gas
flow is a foundation on which this-Report relies Nonmandatory Appendices C and D discuss
this point in detail.)
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NONMANDATORY APPENDIX F!
WET GAS FLOW CONDITION SAMPLE CALCULATIONS

F-1 GENERAL

Most wet gas meter manufacturers describe the specifications and performance of the meters in
of the Lockhart—Martinelli parameter. Occasionally the gas volume flow rate, the quality, the
volume flow rate, the liquid-to-gas mass flow rate, or the liquid-to-gas volume flow rate are also

terms
Liquid
used.

Most engineers in general industry have little experience with wet gas flows and describe wet gas (or

gererattwo phase)conditions i many different ways:

industries, there are however common ways of giving this information. In the oil and gas industry
flow condition specifications are expressed as gas (mass or volume) flow and liquid (mass’or v(
flow. Either the gas and liquid flow densities are supplied or the pressure, temperature, and th
molecular weight are offered with the types of liquid flowing. In the steam industry quality (i.e., d
frgction) is usually quoted.

In order to examine the possible metering methods it is necessary to convertithese data sets in
w@t gas terms such as the Lockhart—Martinelli parameter and then the gas-to-liquid density rati
dejnsiometric Froude number, etc. to verify that any wet gas flow correlation-for a particular meter
ctly applicable or require significant extrapolations.
he following are examples of real wet gas flow enquiries received \by meter manufacturers an

allow comments on the different situations. All names of companies and locations of the flow
n removed.

EXAMPLE 1: A WET NATURAL GAS PRODUCHON FLOW WET GAS METERING INQUIR
he information supplied to the meter manufacturer was

4-in. meter, extra thick wall, internal diameter, (ID) 2.884 in.

Gas Flow Rate: 7 MMSCEFD (i.e., 7 million,standard cubic feet per day)
Pressure: 650 psig (i.e., 45.8 bara)

Temperature: 70°F (i.e., 294.3 K)

Gas Molecular Weight: 19.7 mW

Liquid Flow Rate Information:

Water: 5 barrels / MMSCFD at-a tensity of 996 kg/m?

Hydrocarbon Liquid: 10 barfels/ MMSCFD at a density of 780 kg/m®

THe calculation procedure for wet gas flow condition analysis was:

At|a pressure 0f45:8 bara and a temperature of 294.3 K a natural gas with a molecular weight of 1
an approximate density of 40.2 kg/m®.

The densityof the liquid mixture is the total combined liquid mass per unit volume occupied by the
phasezltis assumed that the two liquid components are fully mixed and a homogenous liquid phas

or the industries that deal most with wet gas flows, i.e., the oil and gas industry and the steam-rlelated

often
blume)
e gas
yness

to the
D, gas
will be

d how
red to

blems
5 have

Y

9.7

liquid
eis

flowing. The density of this homogeneous liquid phase can be calculated in the following way:

Yn this Appendix, equations from other parts of the book are sometimes repeated for reference. T
equations retain their original numbering when cited in this Appendix.

107

hese


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

PP,
Pt P, (1_ X )

pl hom ogenous

where

m
X, = ———
mi, +m,

(Fpr proof of this statement see Nonmandatory Appendix J, para. J-3.)
therefore:

1 1.S. barrel = 42 U.S. gallons = 0.1589873 m®

THe volume flow rate of water is 5 barrelssMMSCFD. Therefore volume flow rateof\water is
0.7949 m*MMSCFD. Therefore for a gas flow rate of 7 MMSCFD the volume flow rate of water is
5.564 m®day. Therefore, with a water density of 996 kg/m® the water mass flow rate is 5 542.3 kg

THe volume flow rate of liquid hydrocarbon is 10 barrels / MMSCFD. Therefore volume flow rate of

hydrocarbon is 1.589873 m*/MMSCFD. Therefore, for a gas flow rate of 7 MMSCFD the volume flq
rafe of liquid hydrocarbon is 11.129 m®day. Thus, with a liquid hydfecarbon density of 780 kg/m* t
liguid hydrocarbon mass flow rate is 8 680.7 kg /day.
m 5542.3
therefore: X =- Iwéter = =0.39
mlwaler + mlhydrocarhon 5542.3 + 8680.7
p \{ ph drocarbon 996*780
s0 2, = e = =852.1 kg/m°
e Xt e, [@9x)  (780%0.39)+(996*(1-0.39))
Hence, the total liquid flow rate is 5642.3 kg/day of water and 8 680.7 kg/day of liquid, which is a t

liq
2.3
At

difference of 1 kg is rounding errors).

TH

Liid flow of 14 223 kg /day. (Also note that the total volume flow is 15 barrels/MMSCFD, i.e.,
885 M /MMSCFD. At a gas flow rate of 7 MMSCFD the total liquid volume flow rate is 16.695 m®
a homogeneous density0f-852.1 kg/m? this is a total liquid mass flow rate of 14 224 kg/day. The

erefore, with a gas density of 40.2 kg/m® the gas-to-liquid density ratio is
40.2
Ps - 202 _0.0472
plhomugenous 852.1

day.
liquid
W

ne

ptal

day.

h

At

the flow conditions 7 MMSCFD is 165 160 kg/day.

Therefore, Lockhart—Martinelli Parameter is

X, _m|p, _ 14223 [ 40.2 _0.0187
~ \ p 165160 \852.1
mg V7
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The superficial gas velocity (i.e., the average velocity of the gas if the gas phase flowed alone in the
pipe) is
- Mg 1.91

pyA  40.2%4.2145 -3

where

m, =165160 kg/day =1.91 kg /s

and

A=%D2 =%(o.07325)2 = 4.2145¢ -3 m’

as|inlet diameter D = 2.884 in. = 0.07325 m.

Therefore, the gas densiometeric Froude number is

el _Us | _ 113 [ 402,
° JoD\p-p, +/9.81%0.07325V852.1-402

Therefore, the wet gas flow can be defined in the following way:
Natural Gas / Liquid Hydrocarbon / Water Flow

Meter inlet area: 2.884 in./0.07325 m

Lockhart—Martinelli parameter: 0.0187

Gas-to-liquid density ratio: 0.0472

Gas densiometric Froude number: 2.97

The other common wet gas parameters are‘not required but for completeness are calculated below:

frgm eq. (23)

A 852.1
GVF=— ¢ 40-2852 - =0.99
X, + (&5 00187+, [ 252
P, 40.2

frgm eq. (24)

1 1
— = =U. 21
X o 7 TR
+X_, 77 1+ 0.0187*\/
e 402

from eq. (25)

M _x., [P =0.0187* 18521 0861
. \ P, 40.2
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from eq. (26)

Q _x,, [P —0.0187% 292 _g 0041
- 852.1

Qg P

from-eg—27

LVF =1—(GVF)=1-0.996 = 0.004

F-p.1 Comments on Example 1
This method of describing gas flow in terms of “MMSCFD” (i.e., millions of cubic feet if the gas pha
flowed at standard atmospheric conditions) and liquid flow in terms of barrels pekMMSCFD is very

common in the oil and gas industry. This information must come with the actual-flow conditions in terms

of pressure and temperature as well as the gas and liquid properties as thisdnformation must be
cohverted to find the actual flow conditions the meter will experience. Thesehange from standard tg
actual gas volume flow rates should be done by a reputable fluid property/calculation method. This
with the scope of this document and in the above example the actualk gas density and mass flow rg
simply stated as known from the given information. From this commmen method of describing the tw
phiase flow no further analysis can be done until the actual fluid-property calculations are complete
this type of case, only when this is done, can the two-phase flow parameter graphs be utilized to s

is out
te is
O_

For
now a

quick graphical review of the flow condition. With the calculation of the gas-to-liquid density ratio apd the

Lockhart—Martinelli parameter these graphs could be used’to show predictions of the other wet gag
parameters without having to apply egs. (29), (31), (32)/(42), and (44). Figure D-11 is reproduced
with this gas-to-liquid density ratio to Lockhart—Martinelli parameter indicated by a red circle in Fig.
It is seen that by following the constant parameterlines all the predictions from egs. (29), (31), (32
(44) can be approximated at a glance from.this graph.

It is common for wet natural gas flows tohave water and liquid hydrocarbon flows quoted. At the
riting there is little information in thepublic domain on the effect of different liquid properties on
flows. The only references known\to'us are some of the most recent technical papers at the tin
wrjting and they show that varying.liquid properties can have a moderate effect on a DP meter wet
response (i.e., Reader Harris et al. [17,18] and Steven et al. [19,20]). However, currently when
culating the wet gas flow conditions with more than one liquid component industry tends to assu
full mixing of these liquids and an average of the liquid densities.

here
F-1.
, (42),

time
wet

he of

gas

me
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Figure F-1 Magnified Graph of Wet Gas Flow Liquid-to-Gas Flow Ratio Parameter Relationships With
the Point in Question Highlighted by a Red Circle to Allow the Reading Off of All Wet Gas Parameters
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The Lockhart—-Martinelli parameter (X.u) of 0.0187.is%ery low. This flow is considered a wet gas
her than a general two-phase flow as X < 0.3, However, it is also X,y < 0.02, and some engine

meter technologies with no wet gas correction ability, to get the gas flow reading with only a sn
ingrease in uncertainty caused by the liquid{presence. It is often thought to be not worthwhile corre
liquid-induced error at very low Lockhart—Martinelli parameter levels as this error will be no mg
than the correction uncertainty. In actual’practice users decide from the application requirements a
knpwledge of the wet gas meter perfermance of the particular meter being considered, if a correcti
beneficial or whether the additional uncertainty introduced by the wet gas is acceptable.

he meter size (at 2.884 in(inlet diameter) and the flow conditions of a Lockhart—Martinelli paran
of0.0187, a gas-to-liquid density ratio of 0.0472 and a gas densiometric Froude number of 2.97 ar
wall within the typical wet gas test facility’s capabilities. The only problem to an engineer in this cag
that the liquid is a mix'of' water and hydrocarbon liquid and with the latest research suggesting that
liguid properties can,wunder some conditions at least, influence the response of meters to a wet ga
a glecision will have to be made on whether to test at one liquid property or insist on testing with th
expected liquid mix. This will show any liquid property effect but there are, at the time of writing an
the foreseeable future, few test facilities that can test gas/hydrocarbon liquid/water flows at or clos
real naturalgas production conditions. Testing wet gas flows with various liquid mixes is time cons
expensive. Finally, note that even for many real wet gas flows with gas and single component

flow
ers
hase
nall
cting
re

nd
DN s

heter
e all
eis
the

5 flow,

)

i for
> to
Liming

liguidS there is often one or more parameter out with the test matrix of most or all wet gas flow test

facilities (e.g., meter diameter, pressure, flow rate, etc.) and extrapolation of the test results is an

unavoidable result. The fact that there is currently no easy answer to this dilemma is indicative of the

fact that this technology is still in its infancy.

F-3 EXAMPLE 2: WET NATURAL GAS PRODUCTION METERING INQUIRY

The following information was supplied to a meter manufacturer by an oil company inquiring about the

metering of a 6-in. Schedule 160 two-phase flow that was stated to be a wet gas flow.
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Pressure 166 bara

Temperature 25°C

Gas Density 212.7 kg/m?®

Gas Flow Rate: 26 750 kg/hr
Liquid Density: 1 005 kg/m®
Liquid Flow Rate: 69 008.3 kg/hr

ASME MFC-19G-2008

This data set allowed the direct calculation of the gas-to-liquid density ratio and the Lockhart—Martinelli

parameter—ThatTs:

Py
P

condition.

frgm eq. (23)

Py
P

GV “
0 1005

1187+
X 2127

9

frdgm eq. (24)
1 1

| 3

212.7
1005

Fo 2220 0212

69,008 [212.7
26,750 \ 1005
Clearly here this is not a wet gas flow but a general two-phase flow.as X, >>0.3. Wet gas

te¢hnologies are not appropriate for such flows, and a multiphase meter will need to be used for th

The other common wet gas parameters are not required bat for completeness are calculated bel

/1005

s flow

DW:

1+ Xy |2 14| 1087 % | 200
Py 2127
frdm eq. (25)
+ = / =1. 187*‘/
g
from eq. (26)
0.546

Qi _x, [Po 1187 |22
o P 1005
9

from eq. (27)
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LVF =1-(GVF)=1-0.647 =0.353

F-3.1 Comment on Example 2
This example shows that it is not always obvious to engineers what flow conditions are wet gas flows
and which are general two-phase flows without calculating the wet gas parameters. This two-phase

condition is not close to being categorized as a wet gas flow (as X_ v >> 0.3) and yet the meter

manufacturer was asked if a wet gas meter was appropriate. Use of the two-phase flow parameter

graphs should help users judge if they need a multiphase or wet gas meter technology. Figure F-2

shpws the general two-phase flow parameter map (i.e., Fig. D-8) with the actual flow condition being
icated by the center of the red circle. It is seen in Fig. F-2 that the GVF is approximately 0,65Ya
F value calculated by application of eq. (23) is 0.645] and hence in this two-phase flow there is
gals by volume than liquid. This can cause confusion and lead some engineers to call this wet gas
It is not according to the definition in this Report. The term wet gas flow strictly means.flows with X
0.3.

ing
G

Xlm

10

Fig. F-2 General Two-Phase Flow Parameter Map W
Actual Flow Point Indicated by Red Circle
Two Phase Flow Parameter Relationships
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PR

\ fimal')comment on example 2 is it should be noted that the pressure is so high that the gas-to-li
defnsity ratio is well in excess of the available wet gas test facilities. Therefore, for wet gas flow

ctual
more
flow.
e

Tuid

conditions with such high gas-to-liquid density ratios, caution should be taken when choosing a meter
that has wet gas correlations based on data sets with significantly lower maximum gas-to-liquid density

ratios. The user should check the correlation does not diverge with this gas-to-liquid density ratio

extrapolation. If in doubt the user should seek the advice of the meter manufacturer.

113


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

F-4 EXAMPLE 3: A STEAM QUALITY CHECK INQUIRY
F-4.1 Explanation

A steam flow is injected into an oil well to reduce the oil viscosity and therefore increase oil production.
The steam was produced by an on-site boiler heating a water supply. The boiler was rated to produce a
quality of 65% for the given flow rate. The two-phase flow out of the boiler was separated by a separator
vessel and the water phase was returned to the boiler inlet pipe and the steam was injected into the oil
well (see Fig. F-3). The system designers inquired to a meter manufacturer if it was possible to confirm
the quality of the wet saturated steam exiting the boiler and if it was possible to check if the steam
exftingtheseparatorwas dry stean:

Fig. F-3 Steam Injection System
Steam Metér,

4 —>
Wet Saturated Steam Meter AN
Water Inlet Meter
WET STEAM
= 1 BOILER > 241 SEPARATOR
Water Return Meter Y
. —
< 3 ~

The following is a description.of\the calculation procedure. Four possible metering points are shgwn
numbered in the schematic diagram. Analysis:

The flow through meter @ne'is water (IM1.). This can be metered as a single-phase flow with low
uncertainty. The flowthrough meter two is steam and water mix (M2 ). The flow through meter three is
water (IM,3). This can be metered as a single-phase flow with low uncertainty. The flow through meter

fodrr is either single-phase steam or a flow of steam and water (IM4).

Far steady state flow and from mass continuity:

Miz+ Mz = Myp2 (F-1)
and

Ms = Myp2— M3 (F-2)

Therefore, it can be seen by substitution of eq. (F-1) into eq. (F-2) that we get the obvious steady state
result:
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M =My
As required by mass continuity for a steady state system.

With the water inlet flow and the returning liquid (water) flow from the separator being metered the
total mass flow rate through the boiler is therefore known if not the steam to water mass ratio. Knowing
the total mass flow rate allows a DP meter to give a steam quality/dryness fraction prediction. Note most

Dr\ + + £ L | P tacl t | £ 1 £+l 1 Ll + M4 4y [TH t
LA~ B 'A'A ¥ UG.D PCIIUIIIIG.I ILCo 11 avie UJTTUTI \.IUULCU W UC TUricuvurio Ul uic LUCURATNIarciviararicTn lJG.I Al e er,

gals to density ratio and gas densiometric Froude number. The gas flow rate predictions are in theform:

Muncorrected gas reading

mg = (F-3)

f[XLM ,'Dg,Frg]
P

Mg

Hqwever, note that:

X = - (16)
mi+ mg
that is:
mg = X(ml + mgj = thotal (F-4)
and
1-x |p
Xy ==, — (22)
X \p
and from eq. (7) and mass continuity [eg.. (F-5)]:
mg = p, AU, (F-5)
L] sg pg mg l _ thotal 1

Ft = — -
* oD\ o - py LAYID \ oo - p,)  AJID | £yl - 1)

(F-6)

Therefore, in this_case, as the total mass flow through the meter ( Mtotal ) is known (i.e., M2 in thi

o

examples{terminology) due to eq. (F-1) (with mu and I’h|3 being known from single-phase meters), the

only unknown in eq. (F-3) is the steam quality/dryness fraction (x). That is:

muncorrected gas reading
X Mi+m
1ex 77 0, L
x Voot AJoD \ploi-p)
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Depending on the correlation chosen the quality term may be separated out to allow a direct
calculation, or, if this is not algebraically possible, the quality term could be found by an iterative
procedure. The uncertainty of this prediction is wholly dependent on the uncertainties of the inputs and
the correlation chosen.

In this worked example the given flow conditions are
4 in. schedule 80, i.e., 3.826 in. (i.e., 0.09718 m)

Flowassumetd-tobesteady:
Pressure: 90 bara (saturation temperature is therefore 578.45 K).

Tqtal water flow rate supplied (Mi1): 33 000 kg/hr

Liquid return from separator (IM;3): 19 250 kg/hr

Urcorrected orifice plate meter steam flow rate reading downstream of the exit ef¢he boiler,

0 2upmen =37 919 kg /hr

Uncorrected orifice plate meter steam flow rate reading for steam injection line,
M g4apaen =31 883 kg /hr
The orifice plate meters are applied with the simple two-phase’orifice plate meters’ Chisholm equation.

The total mass through the boiler (mtpz) is found with‘eg: (F-1)

M+ Mis = My = 33,000+19,250 = 52,250 kg /hr

The steam tables state that at a saturationcondition of 90 bara and 578.45 K the steam and water
densities are

p, =488 kg/m® and p, =703.8 kg/m’

The gas-to-liquid density ratia_is therefore 0.069. The orifice plate at the outlet to the boiler is readipg 37
910 kg/hr. That is, the orifice-plate meter that is set up to read a single-phase steam flow rate and [s
actually experiencing a-two-phase flow of total mass 52 252 kg/hr, is reading 37 919 kg/hr of steam. This

vajue is denoted here as I’hgz . Therefore: Mg2,me = 37,919 kg /hr.

apparent

The Chisholmrequation (see Nonmandatory Appendices G and H) can be written as:

’ : M gas apparent M gas apparent
XMYotal = mgas = = (G'll)
J1eCX. . 1+ X2 | 7 —\ 2

S
[2](2)

where
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This equation can be solved for the quality of the two-phase steam exiting the boiler (X, ) by iteration of

eg. (G-13). That is:

. . (m gas apparentj
Xz[m|1+ musj— 2 =0 (F-8)
’ N\ )\

[ ru— !'U_\ //l—x\l,u_
HEEY IS
X, P X, P
where (m gas apparent) is the uncorrected gas (i.e., steam) flow rate from meter 2 at the exit of the b
2

and C is found to be 2.46 from eq. (G-12). Therefore, if the Chisholm equation_is.¢orrect the quality
0.6 (i.e., 60%). This indicates that the boiler is not producing as high a quality, steam as had been
assumed by the system operators.

The steam produced by the boiler (ng ) is:
mz, =x,m,, =0.6*52,250=31350 kg/hr

And the quantity of water out of the boiler (M3, ) is:

me, = (L-x,)m,, =(1-0.6)*52,250 = 20,900°kg / hr

It will be noted that the liquid (or water) flow prediction at the boiler outlet by the Chisholm equati
201900 kg/hr and the meter reading on the recikculating line (meter 3) is quoted as 19 250 kg/hr. Tl
indicates that the separator is not 100% efficient and the flow being injected is not dry steam but a
st¢gam. (The observant may have noticedtat the start of this example that the inlet flow rate read by
meter 1 is not the same as meter 4, which is reading the system’s outlet flow. If the flow is steady t
indicates that one or more of the meters are not metering the flow correctly. In this situation an ob\
reason is that the outlet flow iswet steam flow and not the assumed single-phase steam flow.) Fro
cohtinuity and an assumption of 'steady state flow the mass flow through the steam meter is known
th¢ same as that entering the' system, i.e., 33 000 kg/hr. Therefore, the total mass flow being mete
meter 4 must be 33 000.kg/hr. The steam being produced in the boiler, flown through meter 4 and
injected into the wellis-found to be 31 350 kg/hr. (This statement assumes that the system is well |
and there are short\distances between the components thereby assuring no significant phase char
frdm changes in_thermodynamic conditions between meter 2 and meter 4). The difference betweet
liguid return flow and the calculated liquid flow out of the boiler is therefore 20 900 — 19 250 = 1 65
kgfhr. Thig suggests an injection steam quality (x4) of:

« - 33,000-1,650 32,340 _ 0.95

iler
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39,U0U0 39,000
i.e., a 95% steam quality

This can be checked by applying the Chisholm equation to meter 4 in the steam injection line.

Assuming no significant change of pressure or temperature between the boiler outlet and meter 4 the

phase densities are as before. The single-phase steam meter reads an uncorrected steam flow
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((m gas apparentj ) of 31 883 kg/hr. Equation (F-9) is the Chisholm equation arranged for the steam quality
4

iteration at meter 4. Note from mass continuity the total mass flowing through meter 4 (and therefore out

of the system) is the same as the mass through meter 1 (and into the system), mu.

(m gas apparentj
X (m \ 4 = O (10}

4 ""*) 2
s C(l—xj s |, [Hj [Py
Xy P Xy P

Therefore, this check confirms that the injection steam is not dry and the injection quality is 95%.

F

1.2 Comments on Example 3
This example shows that it is not just the unprocessed natural gas production lines that require wet
gas metering. Other applications and other industries (especially all industries using steam often fgce
the challenge of metering wet gas flows).

It is often not realized that for a known total mass flow (such as inlét water to a boiler) wet gas
cofrelations such as Chisholm'’s orifice plate two-phase correlation can be used to derive a prediction of
the flow quality/dryness fraction. This flow quality/dryness fraction prediction uncertainty is directly
dejpendent on the applicability of the wet gas correlation chosen. As stated in example one there id little
information available on the effects of different liquid properties on wet gas meters. The early research
(1950s to 1970s) into two-phase/wet gas metering was largely concentrated on steam flows. By the late
1970s the steam industry research had ceased. Aftertwo decades of research inactivity the natural gas
prpduction industry started research into wet gas metering in the 1990s and used the archive stea
research as the foundation for further developments. However, whereas originally the natural gas
production industry borrowed ideas and develepments from the steam industries, now the situation has
reyersed and the steam industry has a renewed interest in wet gas metering due to the new
te¢hnologies being developed by the natural gas production industry offering the potential for an
ingrease in efficiency and cost cuttingin steam flow industrial applications. However, the trouble with this
sithiation is nobody is sure of how applicable wet steam data is to natural gas/water/liquid hydrocarpon

laoratories with the ability to hold the reference values to a low uncertainty have been decommisgioned
over the last three decades.ahd so all that is available are the old wet steam data sets and correlations.
It is an open question howmuch confidence should be given to decades-old wet steam data that ig not

he problem todayis a small but still significant amount of natural gas and liquid hydrocarbon data
and correlations_are available, but with no wet steam flow laboratories with good reference data to|check
flow.

highlights the need of a modern wet steam test facility that could conduct research to tackle this
problem.

For practice the conditions at the boiler exit and steam injection meters are plotted on the wet gas plot
to predict the other wet gas parameters [see Fig. (F-4)]. As before the flow condition points are
highlighted at the center of the red circles. The calculations for the boiler exit meter are also shown
below. Again, it should be noted that the calculation and graph results match each other. The flows are
seen to be well within the wet gas flow region. It is noteworthy that Chisholm [8] states the orifice plate
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wet gas correction eq. (G-11) is formed for Xy <1 and the majority of the data was for 2.5-in. to 4-in.
flows. Therefore, the Chisholm equation is found to be a reasonable choice of correlation in this case.

from eq. (22)

X, _1-06 | 48.8 0176
0.6 V703.8

P Lo Lo\

from (~iv P varey )

(703.8)
_ 48.8 _
CYF = [703.8j+[1—o.6j =096
48.8 0.6
frgm eq. (25)
mu _ 1-0.6 _ 0.667
Mg
frgm eq. (26)
Q, _(1-06)488 _ e
0.6 )703.8
Q,
frgm eq. (27)
(l—O.Gj
LYF = 06 =1-0.956 =0.044
(1—0.6] , 7038
0.6 48.8
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Fig. F-4 Flow Conditions at the Boiler Exit (Meter 2) and at the Injection (Meter 2)

x=0.30 x=0.40 x=0.45

«x=0.50 M l/g=1.00

GVF=0.85
x=0.55

Xim

F-
DA
I
g4
flo
co
fro
lis
W4

Lin
Ga
Lig
Pr
Ga
Lig

gi

x=0.60
x=0.65 GVF=0.90

x=0.70

x=0.75

¥=0.80 GYE=0.95M 1/g=0.25
£ GVF=0.96

=088 &vF=0.97

*=0.90 GVF=0.98

x=0.95 GVF=0.99

0 002 004 006 008 0.1 012 014 016 048 0.2
Gas Density / Liquid Density

ANGER OF SATURATION OF DP TRANSMITTERS

Miany pieces of information are typically supplied to-metering engineers that are irrelevant to the
S flow calculations. However, there are certain pieces of information that must be supplied for w
W metering analysis to be possible. It is also stated by meter manufacturers that there are two
mmon problems related to the supply of data that often occur due to lack of wet gas flow knowle
m the meter user. These problems are shown in this example. The relevant data, taken from a |
of data describing a proposed offshore-platform wet natural gas flow handed to the meter engin
s as follows:

e Size: 6 in. Schedule 80 pipe\work, i.e., 5.761 in./0.1463 m
ls Mass Flow: Minimum 6,950 kg/hr, Maximum 69 500 kg/hr
uid Mass Flow: Minimum_3,125 kg/hr, Maximum 31 250 kg/hr
bssure steady at 100-bara

s Density: 82.4 kghn®

uid Density: 864'Kg/m®

This was an.unusually detailed data set and reduces the work of the engineer analyzing the flow

ing the,mass flows and densities directly. Also, the liquid was quoted as being a mix of water an

Cco

tefms‘ef gas and liquid mass flow rate ranges. A common trait in oil and gas production data sets i
seenchere. The data set gives maximum and minimum mass flow rates but does not declare if the

b EXAMPLE 4: PRESENTATION OF FLOW DATA TOMMETER MANUFACTURERS AND THE

wet
bt gas

dge
bng
eer,

by
d

hdensate’but the average density was given. However, this data set also shows a typical ambiguity in

5
pgas

and liquid maximum and gas and liquid minimum mass flow rates are pairs or if the maximum of one
phase may flow with the minimum of the other. It is not always obvious to the meter engineer which
combinations go together. One common situation is that the maximum gas flow rate is at maximum
production and the high flow rate draws up the maximum liquid flow with it. Due to production demands
the flow may be throttled back to lower gas velocities and the liquid drawn out with it is thereby also
reduced. Hence, in this case the maximum gas and liquid flow rates and the minimum gas and liquid
flow rates are pairs. However, it is also common for natural gas production companies to inquire about
wet gas meters by quoting the expected maximum and minimum of phase flow rates the meter will see
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in the life of the well. Here, it is common for wells to start life producing a relatively dry gas (i.e.,
maximum gas flow rate and minimum liquid flow rate). As the well ages the gas flow reduces and the
water being drawn increases while pressure in the well drops causing the heavier hydrocarbon gases to
convert to light hydrocarbon liquid. Therefore, the minimum gas flow rate and maximum liquid flow rate
of the well occur concurrently. Another common situation is for an existing pipeline with one wet gas flow
to be in service when a later developed reservoir production flow is “tied back” to this older pipeline and
the flows commingled. In this case with out extra information regarding the other wet gas flow it is not
pOSSIb|e to derive WhICh of the stated gas and Ilqwd flow rates are palrs Hence, unless stated Wlth the
g itis
=-d to
hlysis

he actual conditions were found later to be that the maximum phase flow rates and ' minimum phase
flow rates are pairs. (That is, maximum gas and liquid flow rates and minimum gas\and liquid flow fates
ware together.) The actual expected Lockhart—Martinelli parameters were therefare:

Maximum Flow Conditions: X ,, = 31,250 1/82'4 =0.139
69,500 \ 864

Mipimum Flow Conditions: X ,, = %1 /82—4 =0.139
6,950 \ 864

Hawever, if the maximum gas and minimum liquid flow rates were paired:

3125 [824
"™ 69,500 \ 864

=0.0139

If the maximum liquid and minimum\gas flow rates were paired:

31,250 (82.4

Y= <1:389
6,950 \ 864

IHence, the actuahcenditions expected are in the middle of the wet gas flow range where wet gas
meters are applicable. If incorrect (but reasonable) assumptions were made an incorrect Lockhart+
Martinelli parameter range of 0.0139 (i.e., almost dry — where a single-phase meter could be used) to
1.389 (i.e.s Where no wet gas meter will work and a multiphase meter is required) would have beer]
predicted:
\ potentially costly error could be made in these types of cases. Such errors could lead to a flow|being
lalheled multiphase (with the added complexity and cost of multiphase systems then coming into play on
marginal field propositions) or labeled a wet gas where the wet gas systems being specified will in fact
not work in a flow that is actually multiphase.

In this case the actual Lockhart—Martinelli parameter is 0.139 and the gas-to-liquid density, superficial
velocity, and gas densiometeric Froude number were found:

Pa 823 _ 4 0959

p, 864
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(69,500

mg 3600

L]ngax = = j :1395 m/S

pyA  82.3*1.681e—2

where

A

TH

an

we
I

g
us
Hd

mg
ac|

L 5 /i N2 N
:ZUL ZZ(U.lLI-bd) =l.bole—2Z2 M

erefore the maximum gas densiometeric Froude number is

L _ Y, P, 1395 [ 823 _377
o JaD\ p —p, +/9.81%0.1463 864 —82.3

d for the minimum flow case:

(6,950

=M _ 3600) ~1.39 m/s
p,A 82.3%1681c—2

I _Usg Py 1.39 823 =0.377
o JaD\ p-p, +/9.81%0.1463 V864°82.3

A\l these parameters were within the wet‘gas test loop ranges and hence the wet gas correlation
re considered trustworthy.
n this case a DP meter was chosen.:If the gas flowed alone the maximum gas flow was predicte

e a DP reading (APg) of 27.1 kPa (i.e., approximately 109 in. WC). This was the maximum DP

er expected from their preliminary calculations. A DP transmitter of 0-125 in. WC was specified.
wever, the actual DP reading (AF’tp ) was in fact much higher as they had not accounted for thg

id effect. The liquidleading of X ,, =0.139 gave an overreading of approximately 20%. For
ters, the flow rate prediction is directly related to the square root of the read differential pressurg
fual APtp shauld have been predicted by the following equation:

AP,
=12
AP

U7

d to
the

all DP
. The

9

where APg is the predicted differential pressure when the predicted gas flow rate flows alone.

Therefore:

AP, =(1.2) * AP, =1.44*109"WC =157 "WC
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In this case the use of a 0-125 in. WC DP transmitter would have resulted in the saturation of the DP
transmitter and the failure of the metering system to read any flow information.

Engineers should always choose the DP transmitter after considering the maximum expected wet gas
DP.

Again for practice from the known gas-to-liquid density ratio and the known liquid-to-gas mass flow
rate ratio the other wet gas parameters are calculated and read off the wet gas flow map (see Fig. F-5).
As required, the graph and equations are seen to give the same information.

FigF5Example4-Wet Gas Frow Condition
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The initial information gave a gas flow rate of 69 500 kg/hr and a liquid flow rate of 31 250 kg/hr. [The
liguid-to-gas mass ratio (M I/g in Fig.-D-5) is therefore approximately 0.45. At the gas-to-liquid dengity
ra;‘l:o of 0.0953 the flow condition\is shown as the center of the red circle in Fig. D-5. The other
parameters can be read off the)figure and they are seen to match the calculations below:
frgm eq. (22)
31,250 (824
M = —= =0.139
69,500.\.864
frdgm eq. (23)
1 1
GVFE= = =0.959
(m__p. ) ., (31250, 82.3)
I+ - 1T
ng P J 169,500 864 )

123


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

from eq. (24)
1
Xx=———-=0.690
N 31,250
69,500
from eq. (25)
m 31,250
R 69’ 0" 0.4496
My =
frgm eq. (26)
), P, M 82.3*31,250
C_'z s = = —~0.0428
4 Am, 864*69,500
g g
frgm eq. (27)
s (823j
LNF=— A 864 00411
p, My [823j+ 69,500
ot (864) (31,250
Aom
F-6 EXAMPLE 5: APPLICATIONS WITH PARAMETERS OUT WITH THE TEST CENTER LIMIT
F-6.1 Explanation
\ natural gas production company wasretrofitting an offshore platform with the aim of maximizin
gas production rate. The two designs.being considered had different pipe sizes. A 10 in. Schedule
orfa 6 in. Schedule 160 (i.e., the existing infrastructure) were being considered. The meter manufa|
was requested to comment on the wet gas metering conditions of both possibilities.
Predicted maximum flow conditions on a natural gas platform:
Line size: 6 in. Schedule~160 pipe work, i.e., 5.187 in./ 0.1317 m
or 10 in. Schedule 160 pipe work, i.e., 8.500 in. / 0.2159 m
Pressure steady at.53)bara
Temperature stedty at 88 °C.
Gas molecularweight: 19.5 mwW
G4s mass flow:'3.68 Sm®day
Liquid “mass” flow: 3 650 barrels/day (i.e., 3650 x 0.1589872 m*/day = 580.3 m>/day)
G4s density: 40.1 kg/m?®
Liquid-density: 684.1 kg/m*

S

g the
160
Cturer

Analysis for either design (i.e., parameters independent of meter size):

At

the given flow conditions the gas mass flow is found to be 23.3 kg/s.

2 It is common for industry to confuse mass and volume quotes. This is a typical example of a volume flow rate [i.e.,
barrels (which is a volume measurement) per unit time] being erroneously called a mass flow rate.
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The liquid volume flow (quoted as mass flow) was 3 650 barrels/day, which is, when converting to
units from the above quoted information, 4.59 kg/s.

Therefore:

46 (401 o
™M 23.3\684.1

SI

p
ratios of kilograms per second. In the previous example kilograms per hour was used. In
nondimensional number calculations the units chosen are not important as long as the units-chose
remain constant throughout a particular calculation procedure.)

The gas-to-liquid density ratio is:

b _ 401 _ 4 056

£
A 684.1

THerefore, the Lockhart—Martinelli parameter and the gas-to-liquid density ratio are both well withir]

wat gas test loop test envelopes.

Far the 6-in. Schedule 160 meter case, the superficial gas velocity is:

m, 233

= = = 426 m/s
o p, A 40.1*0.01363

Far the 6-in. Schedule 160 meter case, the.gas densiometric Froude number is:

F__Ljsg Py 426 [ 401 08
° JoD\p-p, +/9.81%0.1317V684.1-40.1

THe gas velocity for the existing 6 in. Schedule 160 is extremely high. It is higher than the maximuimn

typically allowed by thé operators. The gas densiometric Froude number is also extremely high. THh
value of 9.35 is far ih.excess of any published data on wet gas meter performance and far in exceg
thé maximum value*reachable by the majority of wet gas test facilities. No published wet gas data
knpwn to existfor such a flow condition and no published wet gas correlation (i.e., correction for a
meter with,a-known liquid mass flow rate) or no wet gas meter was known to be proven at these e
conhditions<Fhere could be no guarantee that any metering method would give the quoted system
uncertainty due to large extrapolation of the correlation data sets being required. Most wet gas
cofrelations are not guaranteed to not diverge at large extrapolations of various parameters.

the

e
s of
vas
jas
treme

For the 10-in. Schedule 160 meter case, the superficial gas velocity is:

Uy=Tlo o 233 459 m/s
p,A 40.1%0.0366

125


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

For the 10-in. Schedule 160 meter case, the gas densiometric Froude number is:

e _Us | po 159 [a01 o
° JeD\p-p, +/9.81%0.2159 \684.1-40.1

For the 10 in. option the gas velocity for the existing 10 in. Schedule 160 was a common value typical
of such a pipe size. The gas densiometri oude number was well within the known test data
envelopes. The major problem was that no data was publicly available to prove that wet gas data-ffom a
snmpaller meter could be applied to a 10 in. meter and that therefore the user could not rely onthese
exjsting correlations or systems to give their quoted uncertainties. Problems with regard to éxirapolating
dafta sets to different diameter meters have been discussed by Wood [44] and Steven [19,/21].

he solution decided upon was that as there was no known publicly available 10-in.n\wet gas meter
data of any sort or no known publicly available 6-in. wet gas data with these extremely high gas
densiometric Froude numbers both meter sizes needed calibrated. This was seefras the only way [to
avpid the situation of an extrapolation of any existing wet gas correlation causing the possibility of
diyergence and gross errors. Therefore, as there was no calibration saving.r’ehoosing one option jover
another to save on retrofit costs, the customer decided to utilize the existing infrastructure. The flow
rajes were finally reduced somewhat to comply with safety regulationsj;and the 6-in. schedule 160|meter
wgs wet gas calibrated.

F-6.2 Comments on Example 5
he problem with wet gas calibration is that no existing testenter can calibrate meters across the
extensive ranges of wet gas conditions encountered by industry. A major restriction in wet gas meter
te¢hnology is therefore the limits of the available wet gas flow test loops. With industry requiring a huge
range of flow conditions metered it is not practical (ex(for that matter possible) for test centers to cqver all
possible ranges. The large flow rates, diameter and pressure ranges, and the varied types of liquid
flowing with gases means that the test centers:chose to design a test system according to their financial
budget and what they predict is the most likely range of interest to the majority of the market. This
restriction, along with the fact that most wet.gas data is not held in the public domain, means that vyery
ofen wet gas metering inquiries received-by meter manufacturers are for flow conditions outside of the
test data available to that manufacturer, often outside of the flow conditions of any test data set held in
copfidence by any organization and it is not uncommon for the flow in question to be beyond the culirrent
test envelope of any existing testicenter. Example 5 describes such a situation.
In this case the calibratiop-still reached a maximum gas densiometric Froude number considerahly
higher than the manufacturer’'or meter the user had experience with. It was found that a difference|in the
gals mass flow prediction-ef greater than 10% existed between actual results and those predicted Ry the
lange extrapolation afthe meter’'s published wet gas correlation.
he conclusionis\for any wet gas meter application, large extrapolations produce large uncertairfties
and for assurardee-of accurate metering, wet gas calibration at the expected wet gas flow condition is
required.
he related wet gas flow conditions to a gas-to-liquid density ratio of 0.0586 and a Lockhart—Matrtinelli
parameter-of 0.048 are calculated below and read from Fig. F-6.
otethat the results of this analysis show that the flow is a wet gas flow. However, note that the

cahnhot be applied-and-expected-to-work with W

anahsisabove claims-that wet ga QAELS

uncertainty without calibration. It should be understood that a flow condition with X,y < 0.3 does not
guarantee any wet gas meter will automatically work without calibration.
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from eq. (23)
684.1

GVF = 401 _9gs5
0.048 +

401

frgm eq. (24)

XE L =0.835

1+0. 048\/ 084.1
40.1

fr

(@)

m eq. (25)

M _0.048 b84.1 =0.198

s 40.1

:J

frdgm eq. (26)

Q0048|291 _g 0116
d 684

g

(@)

|

frgm eq. (27)

0.048,| 401
LVE = 684.1 _ 0115

1+0.048 40.1
6841

H

|_\
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Fig. F-6 Example 5: Wet Gas Flow Parameter Relationships
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F-¥ EXAMPLE 6: FIELD PRODUCTION TRAJECTORY AND ITS IMPACT ON METERING

1
pr

fic
flo
the
co
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flo

A\n important, but often neglected aspect of wet gas-meter selection is the potential impact of the
pduction trajectory, multi-zone production, and future tieback.

The following data shows an example of a production profile at the start-up, mid-life, and end-life

itious field. The subsequent calculations translate the production data into the corresponding w|
w dimensionless parameters for the start@p, mid-life, and end of life. The intent is to show how,
e |ifetime of a sub-sea pipe line, the twa-phase flow conditions at a meter installation can changg
hsiderably due to reservoir depletiony-producing from different levels/layers within the reservoir 3
dition of tie-backs upstream of the-metering point. This production trajectory for a pipeline affect
W pattern and the Lockhart—Martinelli parameter significantly. The expected meter performance

field

of a
bt gas
over

nd

5 the
can
be
liction

theén be ascertained over thefange of conditions it will encounter, and such considerations need tg
taken into account when selecting the most appropriate meter. It is possible that for the full life pre
of the flow, no one metet on the market will work successfully throughout the lifetime of the well.
Line Size: 4-in. Schedule 160 pipe work, i.e., 3.438 in./0.08732 m. Therefore:
A=2D?=2(0.08732)* = 0.00599 m’
4 4
Sdmple’meter condition profile:

Start of Life:

Gas Mass Flow: 4.85 kg/s
Liquid Mass Flow: 0.15 kg/s
Gas Density: 88 kg/m®
Liquid Density: 797 kg/m?®
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Middle of Life:

Gas Mass Flow: 1.43 kg/s
Liquid Mass Flow: 0.463 kg/s
Gas Density: 80.1 kg/m®
Liquid Density: 836 kg/m*

End of Life:
Gas Mass Flow: 0.84 kg/s

Liquid-vtass Flow—166kgrs
G3s Density: 41.3 kg/m®
Liquid Density: 901 kg/m?®

ExXamining each condition in turn:

Start of Life Expected Conditions:

Py 88 _om
p 197

m | 15 |
X :._' Py 015 /88 =0.02
m, p 485\ 797
The superficial gas velocity (i.e., the average velocity of the'gas if the gas phase flowed alone in th
pipe) is:
- mg 485

Usg = = == 92m/S
p, A 88*0.00599

Therefore, the gas densiometeric Froudetnumber is:

e _Us [P _ 92 (88 ..
° JaD\)p -p, +/9.81%0.08732 V797 -88

is therefore found that‘the initial flow expected is a wet gas flow as X_y < 0.3. However, with X||
.01 there is only a_small quantity of liquid and in this situation it may, depending on the applicatic
acgeptable to meterthe gas flow with a single-phase gas meter and accept the liquid induced erro
anlincrease inthé€gas flow rate uncertainty. At this low liquid loading, wet gas meters will give high
uncertainty gstimations of the liquid flow rate. The density ratio and the gas densiometric Froude n
are high for the available test facilities but still within the range of what could be tested.

D

hn, be
as

Limber

Middle-of Life Expected Conditions:

Py _801_ 5006
o 836

X _m [Py _ 046 801 44
M om Ve 1431836
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The superficial gas velocity (i.e., the average velocity of the gas if the gas phase flowed alone in the
pipe) is:
-~ mg 143

Ug = = = 2.99m/s
p.A 80.1%0.00599

Therefore the gas densiometeric Froude number is:

Us | 5, 2.99 80.1
=1.05
~JoD | -p, 9.81%0.087325 | 836-80.1

y the meter’'s mid life the wet gas characteristics of this flow have changed considerably compafed to
the start up flow conditions. The wet gas flow is now much wetter with X = 0.1 indicating that a mote
supstantial quantity of liquid is now flowing. Metering this flow would requiresa wet gas meter or, if the
liquid flow rate or liquid-to-gas flow rate ratio is available, a single-phase gas'meter with a correlatipn
that is useable at these flow conditions. The gas-to-liquid density ratio and the gas densiometeric
Frpude number values are within the available wet gas test facility range.

End of Life Expected Conditions:

Py A3 4046

A 901

m [py 16 [413

M, 1o 0.84 84 901
The superficial gas velocity (i.e., the average velocity of the gas if the gas phase flowed alone in th
pipe) is:

D

- me 0.84

Usg = = = 34m/5
p,A  41.3*0.00599

Therefore, the gas densiometeric Froude number is:

Us | P, 34 41.3
=159
“JiD\Vp-p, +/9.81%0.087325 V901413

Atithe’end of the row s life Xym=0.41. As XLM > 0.3 the flow is now a general two-phase flow and not

weat-aad

cidarad nthic RA t Llo ato ato ath
CG IQIUUIUU U. VVUL uCA.Q III I.IIIQ I\UPUIL T ICIC VVCI. 3(&0 IIICLUIQ \.II OIIIUIC PIIDI.QC 30].0 IIICI.UIQ VVILII VAA>2Y uu.\..

correlations for known liquid information may or may not be capable of metering this flow. A multiphase
meter may be required. Even though the gas-to-liquid density ratio and the gas densiometeric Froude
number values are well within the available wet gas test facility range, the liquid quantity may be too
high for wet gas flow meter technologies.

A point of interest here is that the changes in the flow conditions over the life of the well and the
inclusion of tie-backs not only cause a light liquid load wet gas flow to change to a moderate liquid load
wet gas flow and then to a general two-phase flow but also lead to the flow pattern changing over time.
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Figure F-7 shows the three conditions plotted on the Shell Flow Pattern Map. For clarity the drawings of
the flow patterns are superimposed on the various flow pattern regions.

At startup the Shell Flow Pattern Map predicts the flow will be an annular mist flow (denoted as “mist”
flow on the map). As the well ages towards the mid-life conditions, the map is predicting that the flow
pattern will gradually shift into a transition zone between annular mist flow to stratified flow. At the mid-
life condition the map predicts the flow pattern will be in a transitional area between stratified and
annular mist. As the well continues to age the flow pattern remains in this transition zone of these two
distinct flow patterns and at the end of life condition the flow is also getting close to slug flow conditions.
Cafcutating-theotherwet gas parameters foreachcondition for practice:

Start of well life:

frgm eq. (23)

GVF = _1 = 01; 28 =0.997
mp P 14| —*—
14| —*=2 (4.85 797)
Mg !
frgm eq. (24)
X ! = L =0.97
1+ 0.15
1+ 4.85
Mg
frgm eq. (25)
__rr'_:%:o,os
My 4.85

frgm eq. (26)

Q _pom _88,045_ ...

4 » mg_797 4.85
g
LYF =8P

l
= =B _o003

( : W (88 4.85]
Py My R i
—t— 797 015

o)

frgm eq. (27)
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Middle of well life:

from eq. (23)

GVF = 1 = L =0.97

m ey | [ 048<801
1+ —*— 1.43 836

mg P

fragm eq. (24)
1 1

frgm eq. (25)

M _046_ 393
o, 143

frgm eq. (26)

Q P, m 80.1,0.46

d A m 836 1.43
9
frgm eq. (27)

RIS
LYE=_ A \836). 7 ;03

- [80.1 1.43}
Py Mg | | i@
—+——| \836,70.46

pl m

=0.031

End of well life:

From eq. (23)
GVF = ! = ! =0.92

| 16 413
" p) 1+(*j
1+('*g 0.84 901

(mg A1)
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from eq. (24)
1 1

from eq. (25)

ﬂl=3£<492
M, 0.84

frgm eq. (26)

Q _ Py m _413, 16
Q P m, 901 0.84
g

[41.3)
= = 901 =0.081

| (41.3 0.84j
Py Mg | | oS4m0
—+—| (901 16

=0.088

frgm eq. (27)

aspumed and therefore not precise.

The flow conditions through the life of the (meter are plotted on Fig. F-8. It is seen that the flow st
as|almost dry, becomes wetter, and finally-crosses the boundary of what this Report calls the limit
gass flow into general two-phase flow.“The flow path sketched between the stated flow conditions is

The metering engineers in theSe Situations have a judgment call to make. A relatively inexpensiv
gas meter will operate satisfactorily for the initial flow conditions as the flow is not very wet, but as
flow becomes wetter the dry gas meter will become less accurate and finally give little or no useab
information. A wet gas meter will be considerably more expensive, and for the initial flow condition
not offer much advantage over the single-phase flow meter as the liquid loading is too small for the
prediction to be of arelatively low uncertainty. However, as the mid-life flow condition is reached a
flow is wetter, acqiet gas meter would be the most appropriate system to be in use. Wet gas meters

arts
Df wet

e dry
the

e

5 it will
liquid
nd the

though, typically do not work far into the general two-phase flow region (i.e., X_» > 0.3). For these flow

conditions.general two-phase meters (i.e., the meters generally called multiphase meters) are requ
MuiltiphaSevmeters are typically very expensive compared to single-phase meters and more expen
than mest wet gas meters. For this extra expense no advantage over single-phase or wet gas met

systems would be gained for the initial flow, little advantage would be gained mid life over a less

ired.
sive
Br

expensive wet gas meter and finally a multiphase meter would operate better than the other options at
the end of the meter’s life, but it only shows an advantage at the lowest gas flow (i.e., money) production
at the end of the meter's productive life. Therefore, the problem is in these cases,’ the most expensive
meter is required for the case of the smallest revenue flow. These decisions are as much business

% It should be noted that there are many two-phase flows in industry where the entire life of the flow is a general two-

phase flow and multiphase meters are successfully employed from start up to end of the systems life.
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financial management decisions as technical decisions; therefore, further discussion on this topic is
beyond the scope of this Report.

This example shows that it is often not possible to select one wet gas flow meter for the entire life of a
wet natural gas production metering position as the flow conditions and flow patterns can change
considerably over time and change beyond the operating range of any one wet gas metering
technology. Scheers [72] gives an independent discussion on the types of wet gas/two-

phase/multiphase flow patterns a typical meter installation may experience during the lifetime of a well
trajectory.

Fig. F-7 Changing Flow Patterns During the Meter Vs. Life

Shell Expro Flow Pattern Map
10
1 u
T

0.1 1
0.01 -

0o 0.1 1 10

Frg
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Fig. F-8 Changing Two-Phase Flow Conditions Throughout the
Life of a Natural Gas Production Well
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NONMANDATORY APPENDIX G*
DIFFERENTIAL PRESSURE METER WET GAS CORRELATIONS

1 INTRODUCTION

Differential pressure (DP) meters are at the time of writing generally accepted to be the most
commonly used generic single-phase gas meter type used with wet gas flows. There are several wet
gas reports in the public domain that discuss particular DP meter design performances with wet gas
flow. Several of these papers present wet gas correlations for particular DP meters. That is, many of

the
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A

ing
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ce
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liq
co
We
co
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an
re
dis

means all designs) have published wet gas flow research papers. All DP meters operate usi

pr
g4

wh

A

g

liquid-to-gas flow rate ratio, will correct the liquid-induced error on the gas meters gas flow preg

nference papers, and vendor press releases.

DP meter wet gas correlations are generally created from experimental data that is obtained
m wet gas tests centers and occasionally from field data. There are only a few_industrial grag
hters, and these have relatively limited ranges of wet gas flow conditions in_ ¢0mparison to the
mands of industry. Therefore, many single-phase DP meters when used as wet gas meters (wh
Lid flow rate is known or estimated) have their reaction to the wet gas predicted by extrapolation
frelations found by these limited test centers and field data. The suitability of extrapolating DP

frelations published and their stated performances.
Not enough scientific knowledge yet exists in the subject of wet/gas flow metering to create a sta
d ASME cannot take responsibility for the validity of the“elaims made in the published litg
produced below. ASME does not approve or disapprove of any method. All meter perform
cussed describe their operation with steady wet gas flows with no appreciable phase change.

Df the differential pressure (DP) meter devices regularly used by industry several designs (but

nciples of the conservation of mass and energy. This leads to the universal single-phase DP

s flow eq. (G-1).
mg = EC,Y,A,/2p AP, (G-1)
ere

= area of the minimum cross-sectional area sometimes called the “throat”

= the discharge coefficient due to the gas mass flow rate (rhg) being used to calculate the Re

= geometric constant called the Velocity of Approach [see eq. (A-20)]
) = actual gas'ass flow rate due to the single-phase differential pressure (APg)
= gas_ density

= the“gas expansibility factor when it is predicted by the single-phase gas expansibility facto

W rate

iction.

few of these papers discuss the performance of published wet gas correlations svhen gested
ependently. The information discussed here is available to the public through journal pjapers,

mainly
e test
varied
en the
of the
meter

t gas correlations is an open guestion in industry. The following is & discussion on DP meter wet gas

\ndard
rature
ances

by no

g the
meter

ynolds

mber (only applicableyto DP meters with discharge coefficients versus Reynolds number calibrations)

using

th¢ single-phase differential pressure (APu )

The derivation of eq. (G-1) can be found in most fluid mechanics and flowmetering textbooks.
When the flow is a wet gas the differential pressure read (ARP) is different to that which would have

been read if that quantity of gas flowed alone. The result is an erroneous gas flow rate prediction [see

eq

L (G-2)].

! In this Appendix, equations from other parts of the book are sometimes repeated for reference. These

€q

uations retain their original numbering when cited in this Appendix.
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m 9 apparent — EAthIp CdIp ng Al:)tp (G'Z)
where

Cdm = discharge coefficient due to the apparent gas mass flow rate (mgappamm) being used to ca

lculate

the Reynolds number. (If the discharge coefficient is considered constant this value does not change

between Reynolds numbers or dry and wet gas flow operations.)

(AR)
Y , - gas expansibility factor when it is predicted by the single-phase gas expansibility)factor usi

twp-phase differential pressure (ARp)

A\ positive error is usually called an “overreading.” A negative error is usuallysealled an underrea
is the correction of this liquid induced error that is the basis for all DP meter/wet gas correlations,
the liquid induced error is expressed in terms of the ratio shown in eq. (G=3):

Mg Apparent _ EA[YgtpCdtp \IngAPtp _ Ygtpcdtp AI:>tp ~ AF)tp (G—3)
| EAY,Cy\20,AP,  Y,Cy | ARZ "\ AP,

Mg

as|typically ngCdtp =Y,Cy.

G2 THE HOMOGENEOUS CORRECTION FACTOR FOR ALL DIFFERENTIAL PRESSURE
METERS
The homogeneous flow model is almost certainly the oldest correction factor for two-phase flows
until the 1950s when there were no published wet gas corrections for any flow meter type, engines
often applied the homogeneous flow model assumption due to lack of any alternative. This model i
periodically used in industry for different-meter types. Its use in DP meter wet gas flow applications
decreased since the release of several wet gas correlations in the last few decades, but it is still us
some high flow rate mist flow applications where the assumptions are closer to being correct and i
cages where the engineers are\not up to date with the state-of-the-art of wet gas metering.

he homogeneous modél iS"a simple correction factor traditionally used to correct for any DP
type’s liquid-induced erfor ‘when used with general two-phase flow. The model assumes a ps
single-phase flow by ‘averaging the phase densities. That is, it is assumed the phases are pe
miked (i.e., homogenized) and therefore a single-phase flow eq. (G-1) can be used to predict th
mass flow [i.e., eg:(G-4)].

mtotal = EAYgtpCdmm \/thom ogenouSAPIp (G_4)

rhgapparem = gas mass flow rate prediction due to the two-phase (i.e., wet gas) differential pr¢ssure

ng the

ling. It
Often

FLOW
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rs
s still
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meter
eudo-
rfectly
e total

wrere

Cdtotal = discharge coefficient of the meter at the homogeneous fluids Reynolds number. This is

only relevant for DP meters with discharge coefficients versus Reynolds number calibrations.
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That is:

4 Miotal

ﬂ;uhom ogenous D

= f (Retotal ) = f

dtotal

Yg[p = expansibility prediction of the homogeneous fluid using the two-phase DP value

Promogenous = density of the perfectly mixed phases, i.e., the homogeneous fluid

where Re, is the actual Reynolds number if the two-phase flow is homogeneous and L4,
th¢ homogeneous fluids viscosity (see Nonmandatory Appendix H).

he derivation of the homogeneous density is given in Nonmandatory Appendix-H.For a

Enous

Known

quality or liquid flow rate, the gas mass flow rate is calculated using this homogenebus assumption by

the iteration of eq. (G-5).

It can be seen that the liquid mass flow rate or the flow quality is required as aniinput. The desir¢
mass flow rate is derived by iteration. The initial gas mass flow rate input of the uncorrected
reqding usually ensures a close enough initial estimation for a quick conveftgence of the iteration.

EAIYC V g apparent
1+ /’Dg P X + X2, 1+ /’Dg P Xy + X2,
P P

In 1975 Smith (R.V.) and Leang [59] discussed the performance of the homogeneous modg
orifice meters, but in 1977 Smith (L.T.) and Murdock [60] cast doubt on some of the data use
therefore the conclusions drawn. In 1986, Lin [40] discussed the homogeneous model’s performan
reports that the homogeneous model.gave better predictions of orifice plate meter overreadings
the¢ two-phase flow had a relatively jlow liquid loading. Lin also shows the homogeneous cort

(G5

bd gas
meter

2| with
d and
ce. Lin
when
ection
s the
better
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bdeled
sets to

bcome
LIssing
et gas

tions.

The flrst published two -phase lwet gas row orifice plate meter Work known to us was by Schuster [4] in
1958. This paper discusses 3-in. and 4-in. orifice meter tests of an unknown beta ratio and unknown
gas flow rate. The liquid content was stated as up to 700 barrels per million standard cubic feet of gas,

2 Many wet gas flows are metered as dry flows due to operator ignorance of the liquids’ presence or lack of kno

wledge

on what corrective action needs to be taken. Hence, the popular simple orifice plate meter is often installed in wet gas

flow applications.
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the fluids were natural gas with water and distillate, and tests were carried out at 1,000 psi, 600 psi, and
185 psi. The orifice plate meters had both pipe and flange taps. Schuster reported the effect of different
liquids on the meter was the same and that there was no difference between the pipe and flange
pressure tapping results. Schuster stated that the orifice plate gas meter gives an increasing
overreading with increasing liquid loading. It also states, however, that the relationship of the
overreading to pressure (or gas-to-liquid density ratio) was in reverse to that described in all later DP
meter papers. With Schuster not presenting a wet gas correlation, field data being relatively high
uncertalnty data, and Wlth the data now belng untraceable Schuster S paper is noted simply as the first

he DP meter two- phase research paper by Murdock [5] drscussed orifice plate meters and gave a
twp-phase correction factor (that encompassed wet gas flow). Murdock’s correlation effectively® felated
the¢ Lockhart—Martinelli parameter to the liquid-induced error. Chisholm [7, 8] later released a wgt gas
flow orifice plate meter correlation that includes a pressure effect as well as the Lockhart—Ma3rtinelli
parameter effect for predicting the liquid-induced error. Other two-phase orifice plate meter correlations
that were created with data sets that included wet gas flows are the James [62], Smith and Leanf [59],

Bince the publication of the Murdock and Chisholm correlations, orifice plate meters have become less
popular for wet gas metering than other DP meters for several reasons. These include reported byckling
of [plates (see Fig. 9.1-7) in adverse flow conditions such as pressire" pulses or slugging) and the
trgpping of liquid and dirt around the plate (see Fig. 9.1-7). Nevertheless, the orifice plate |[meter
continues to be used with wet gas flows, and the Murdock correlation' appears to be the best known and
the¢refore most popular correction factor. Furthermore, Murdock<was the first to plot the square foot of
the ratio of the actual read DP with two-phase flow to the DPthat should have been read if that gliantity
of [gas flowed alone in the pipe versus a parameter that iseféctively the Lockhart—Martinelli parameter.”*
This has since been used by most DP meter wet gas flow metering researchers and is now generally
described as a “Murdock plot.” Note, with just a slight @pproximation to allow for second order dis¢harge
cogfficient and expansibility shifts, from eq. (G-3) the ordinate in the Murdock plot can also be called the
rafio of the apparent gas flow rate (for the uncorrected gas flow prediction) to the actual gas flow rate.

G{3.1 The Murdock Correlation
Murdock’s analysis [5] has more scientific reasoning than the homogeneous model. The data [points
ware from the U.S. Navy’s steam research facilities (now decommissioned) and from various data sets
frgm the oil and gas industry. The 'data is therefore for a variety of fluid combinations (wet steam, air/
water, gas/ salt water and gas/liquid hydrocarbon combinations) and a wide scope of wet gas conditions.
The reported data ranges are-shown in Table G-3.1.
The Murdock correlation”is"shown as eq. (G-6). The mathematical model it is based on has the
assumption that the flow pattern is separated flow only (as is described in Nonmandatory Appengix H).
Hgwever, the data set used to fit the constant gradient (M = 1.26) is not necessarily limited to sepprated
flow. It should be ngted that ASME orifice plate meter 1D and Y2 D pressure tapping locations were used
atfall times.

EA[Cdegtp V ng Aptp EAthngtp V ng Aptp m 9 apparent

My = ~ ~ (G-6)

oy 1+ MX e 1+1.26X
1+ M m'(df 0| [P
My k Ld. )V P

* See Nonmandatory Appendix A.

* Murdock [5] never used the term “Lockhart—Martinelli parameter.” This term came into use at a later period. The
parameter Murdock used is very similar but not identical to the Lockhart—Martinelli parameter. (See Nonmandatory
Appendix A for details.)
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It can be seen that the liquid mass flow rate or the liquid-to-gas flow rate ratio is required as an input.
In fact Murdock states that one of the uses of the correlation is to find the quality (or “dryness fraction”)
for a known total mass flow rate (a common problem in boiler systems). The desired gas mass flow rate
is derived by iteration of eq. (G-7).

L EAC, Yy, 298P,
? 1+1.26X,,,

m
gAp;lJarem (G'?)
m Lo
1+ 1.26.—'\/i
mg pl

INote that the Murdock correlation shown in eq. (G-7) is in fact the uncorrected orifice plate |meter
reading (i.e., the numerator term) corrected by dividing this uncorrected value by a correction factor.
The initial gas mass flow rate input of the uncorrected meter reading usually ensures| quick
cohvergence of the iteration. The limits of the data that was used in the corrglation constructipn are
shpwn in Table G-1 (where subscripts sg and sl denote values at superficial*gas and liquid velgcities,
regpectively).

Table G-1 The Murdock Data Range

1.01 bar < P <63 bar 13,000 < Reg <1,270,000
0.025 bar < AP < 1.25 bar 54 < Rey < 46,600
0.11 < x < 0.98 0.2602 < B < 05
63.35mm <D <101.6 mm 254mm <d < 31.8 mm

Murdock claimed that the correlation fitted all the orifice plate meter data used in the corrg¢lation
development to £1.5% for a known quality. No independent check on the validity of the Muirdock
adient being 1.26 is known to have been puhlished, although Chisholm [8] and then Lin [9] have
icated that the gradient is actually a function of the gas-to-liquid density ratio.
Due to lack of alternatives, it is known to have been applied to other DP meters and to applications
with conditions outside of the Murdock data'set. It should also be noted that in recent years Murdogk’s
ation has become the most widely known of the DP meter wet gas correlations. As a result of this
and its simple final form, there have/been cases in industry where the Murdock equation form has peen
aplplied to data fits of different DP meters to find a simple wet gas correction factor for that particular DP
meter in a particular range of wet'gas flow conditions. Examples are Conoco Phillips are known to fhave
fitted Venturi meter wet gas data (obtained from a well in the North Sea while it had a dedicated
separator) to the Murdock equation form, Steven [11] fitted the eq. (G-6) form to Venturi data and
Emerson Process Management utilized Murdock’s equation to describe the conditioning plate meter’s
response to wet gas{61].

G{3.2 The James Correlation
In 1965 James [62] looked at the response of orifice plate meters to wet steam flows. It was duly| noted

frgm Murdock’s paper [5] that the DP read (AR,) was higher than when the vapor/steam phase flowed

ne (APg ), and James found this to be true from independent experimental results on wet stean) flows

thiaugh 79 in_o o meters of verv high hetas (0. 707 and 0.8 ames indi ed that b mi

homogeneous density at the meter inlet, the homogeneous model did not give the correct results when
tested on his data set. Therefore, it was concluded that the homogeneous model needed to be modified.
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The resulting equation (derived in Nonmandatory Appendix H) is shown here as eq. (G-8).

wh

. sz
mg = EAtYCd,IZpgAPtp\/Xl_Sp +(l—IX1'5)p (G-8)
I 9

(x

madification of the quality/dryness fraction is presented in the form:

wh

chpsen value of n) before that equation is substituted into eq. (G-10). The desired gas mass flow
theén derived by iterating eq. (G-10). It is normal;procedure to use the DP meter’'s uncorrected g3

ra

gi

tw
be
as

X =X" (G-9)

ere n is found by experiment.

. 2
My = EAYC,/2p,AR, \/ X O (G-10)

X"p, + (l— X" )pg
can be seen that the liquid mass flow rate is required as an input to eq. (G-9) (which will h

e prediction as the initial input to ensure a short iteration procedure.

D-phase flow and not wet gas flow."However, like Murdock’s model the James model is known t
en chosen by engineers with realwet gas flow industrial problems. The same (or a similar) proc
described in NonmandatorytAppendix H to create the James correlation is known to have

m
ere X = —g (16)
LLLUSSILLLE]
The mathematical model it is based on is the homogeneous flow with the quality/dryness-fractiop term
empirically modified to account for the fact that the flow is not perfectly homogénized. The

James worked with general two-phase flow data and not specifically,wet gas flow data. Hoyever,
engineers working with wet steam flows are known to have utilized the;ZJames method with wet ga
and produce in-house unpublished versions of the form shown in eg:(G-10).

s data

ave a

rate is

s flow

James [62] gave some uncertainties for {wo pressures and a varying (conventional) quality. These are
en in Table G-2. It will be immediately. evident from Table G-2 that James was considering general
b have

edure
been

cafried out on two-phase and™wet gas flow orifice plate meter data to create a usable orifice plate wet

2. (We

gals correlation for saturated steam. Therefore, we have duly mentioned the correlation form herg
dg not know of any litérature in the public domain describing details of these updated James style
cofrelations.)
Table G-2 Quoted Uncertainties of the James Correlation

Pressure (psia) Quality, x % Variation in Total Mass Flow

100 0.5 +45

100 0.22 +12

100 0.05 + 8.6

400 0.5 4.2

400 0.22 +10.5

400 0.05 4.4

Note that the James correlation can only predict the gas mass flow rate if the information about the
liquid mass flow rate or liquid-to-gas flow rate ratio is initially known. We do not know of any published
work that discusses independent wet gas flow test analysis on the James correlation. Smith and Leang
[59] do discuss the standard James correlation performance with general two-phase flow (although few
points in the data sets considered by Smith and Leang cover wet gas flows). For the 87 orifice meter
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points, Smith and Leang had for flows with qualities (x) greater than 0.2, the root mean squared
fractional deviation was reported at 0.063. For the 53 Venturi nozzle meter points Smith and Leang had
for flows with qualities (x) greater than 0.2, the root mean squared fractional deviation was reported at
0.43.

Finally, it should be noted that the data James used was for larger orifice meters than most other
available data. The two beta ratios were large, and the 0.837 beta meter was seen by many researchers
as excessive and not within the common industrial range. There is currently little in the literature
describing the effect diameter has on the wet gas response of otherwise identical meters.

G{3.3 The Chisholm Correlation
In 1967 Chisholm [7] published a general two-phase flow correlation for orifice plate -meter$. The
Chisholm correlation is shown as eq. (G-11).

EAC Y 2p AP _ mgApparEnt (G-ll)

¢1+chM +X2, 1+CXy, + X2,

Mg =

X is the Lockhart—Martinelli parameter, and C is a function where the numerical value is foynd by
experiment. In 1967 Chisholm [7] originally gave different values for-C (2.66 < C<4.76) when| using
different general two-phase data sets. In 1977, Chisholm [8] refined C for two-phase flows with
Lockhart—Martinelli parameter values less than unity (i.e., including wet gas) to eq. (G-12).

1 1
4 4
C= P + (p_gJ (G-12)
pg pl
Chisholm’s model, assumes there is no liquid entrainment in the gas but it includes the effect of
préssure [note that eq. (G-12) is a function of theé gas density which is directly related to pressurg]. The

data sets Chisholm used is not necessarily limited to separated flow. The desired gas mass flow frate is
defrived by iteration of eq. (G-13).

. m 9 Apparerit m 9 Apparent
Mg \/ " = 2 _ (G-13)
1+CXuy+ X{ :
LM LM pg m pg
1+C| — + — |2
mg P mg P

INote that the numerator of eq. (G-11) is the apparent gas flow rate if no correction for wet jgas is
applied. The denominator is the correction factor. Chisholm’s equation is the first DP meter wgt gas
cofrection faetor that indicates that the density ratio of the wet gas flow has an effect on the overr¢ading
that is independent to the Lockhart—Martinelli parameter. However, with the use of the Lockhart—

: ation

uncorrected meter readlng usuaIIy ensures qurck convergence of the iteration.

The Chisholm correction factor indicates that the phase density ratio (i.e., the pressure for a given fluid
combination) of a wet gas flow can directly affect the error induced by a given amount of liquid.
However, although the Chisholm correlation is an advance in knowledge, it appears to be less well
known and therefore used less than the Murdock correlation. The main interest of Chisholm’s equation
in modern day wet gas flow metering technology seems to be that de Leeuw’s wet gas Venturi meter
correlation is based on Chisholm’s equation.
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Chisholm [8] compares the C value found by experiment for X, < 1 to that found by eq. (G-12). For
the various data sets with a wide range of flow conditions (many of which are not wet gas flows) and
orifice plate geometries, the results range from very good to poor. We do not know of any published
independent orifice plate meter wet gas flow check on the Chisholm equation. However, it is known that
orifice meter research has recently occurred and results are due for release in 2007, which indicate that
Chisholm’s correlation works reasonably well within the limits of the data sets used to create the
correlation.

Steven [11] discusses the results of using the Chisholm equation with a 6 in. 0.55 beta ratio Venturi
meter: ; n was
fol a different DP meter and Chisholm’s data sets were for inlet diameters of 4 in. and less. Fhis| result
ingicates that it is unwise to use wet gas DP meter correlations for one meter type with anather. (When
thjough necessity this is required, it should be done with extreme caution and acceptanee of higher
ertainties.)
0 uncertainty prediction on the gas mass flow rate prediction was given by Chisholm. Most|of the
a set used by Chisholm was Murdock’s data. The derivation of the Chisholm 'correlation is given in
Ngnmandatory Appendix H.

G{3.4 The Smith and Leang Correlation
The Smith and Leang correlation [59] is created from a collection of ‘@rifice plate meter wet satjrated
steam data sets. Most of the data is considered general two-phase data(as it is of the range x = 0|1) but
some of the data extends into the wet gas flow region. Smith and_L.eang were the first researchers to
state directly that the flow pattern would have an influence on-a{DP meter’'s wet gas flow perfornpance.
Aq such, when they added a correction factor [which they called’a “blockage factor” (& )] for wet ggs flow

to [the standard DP meter equation [eq. (G-14)] they choose a form that they considered approprjate to
express this fact [eq. (G-15)].

Mg = EEA, ¥C,[2p, AP, (G-14)

0.00183

X2

where §=0,637+0.4211x — (G-15)

Bmith and Leang do not state ‘a performance uncertainty in terms of the maximum percg¢ntage
difference from the reference/meter. However, they do give the root mean squared fractional deviation of
the results as 0.087 for flows with qualities, x = 0.2. Unfortunately, the technical paper discugsions
puplished at the end of(the paper state that a significant amount of the data came from nonstandard
orifice plate arrangements. Smith and Leang also had Venturi nozzle data and for the 53 points where
th¢ qualities were x:2.0.2, the root mean squared fractional deviation was 0.198.

his research)is discussed here for completion and to show the earliest known mention pf the
understanding of the importance of flow patterns. (However, it is noteworthy that Murdock used two
types of oyifice pressure tapping configurations and the wet gas flow performance results appear to have
been thetsame for both configurations. This could suggest that the Smith and Leang nonstandard |orifice
plate @rrangement data may still give useful information as some changes in the configuration |of the
orifice-plate are seen to be irrelevant to the wet gas performance.)

It will be noticed that the liquid mass flow rate or the flow quality is required as an input to eq. (G-15)
before that equation is substituted into eq. (G-14) for the iteration on the gas mass flow to be carried out.
Use of the DP meter's uncorrected gas flow rate prediction as the initial input would ensure a short
iteration procedure.

Equation (G-15) is formed with orifice plate data only but for the first time in wet gas/two-phase flow
metering research literature a recognition is made by Smith and Leang that such correlations may be in
practice applied to different types of DP meters. They therefore checked the correlation’s performance
with the limited nozzle and Venturi meter two-phase data available to them. These data set ranges are
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listed in the Smith and Leang paper [59]. The results showed not surprisingly, that the correlation did not
work as well with the nozzle and Venturi meters as it did with the orifice plate meters.

The Smith and Leang correlation does not have the modeling detail of Murdock or Chisholm and does
not account for any gas-to-liquid density ratio effect like Chisholm. However, for the first time it does
register the possibility that the flow pattern may affect the liquid-induced meter error. It also registers for
the first time the fact that in industry, engineers are sometimes, through lack of alternatives, forced to
apply one DP meter type’s wet gas correction factor to another DP meter type on the assumption that
some correction is better than none.

i mass
flow rate or liquid-to-gas flow rate ratio is initially known.

G{.5 The Lin Correlation
In 1982 Lin [9] published a two-phase flow correlation for orifice plate meters.

EAC,./2p,AP,
_ A\ d pg tp (G-16)

Mg
1+6X
where
2 3 4 5
0=1.48625— 9.2654{“‘} + 44.6954(‘)9J _ 60.165[‘)9j _ 5.12966(%] A 26.5743(‘)9j (G-17)
Py P P P Py

The Lin correlation is created from a collection of orifice plate’ meter saturated steam data sets|and a
a set from tests with the two-phase flow of the refrigerant R-113. Most of the data is general two-
phase data but some of the data extends into the wet‘gas flow region. Lin considered separated flow
thijough orifice plate meters and considered the metél’'s wet gas error to be dependent on the|shear
between the separated phases and this shear to be‘solely dependent on pressure (i.e., the gas-tg-liquid
delnsity ratio). This paper effectively updates the:Murdock correlation to include the Chisholm statement
that orifice plate meter wet gas errors are dependent on the gas-to-liquid density ratio. This correldtion is
legser known than Murdock and Chisholm!sccorrelations.

ote that the Lin correlation shown in.eq. (G-16) is in fact the uncorrected orifice plate meter r¢ading
(i.¢., the numerator term) corrected:«by dividing the uncorrected value by a correction factof. The
cofrelation can only predict the gas.mass flow rate if the information about the liquid mass flow fate or
liquid-to-gas flow rate ratio is initially known. The gas mass flow rate will be found by substituting €q. (G-
into eq. (G-16) and iterating:1t is common practice to start the iteration with the uncorrected gas flow
rafe prediction to assure quickConvergence of the iteration.
s with the Murdock @nd Chisholm models, it should be noted that with the Lin model therd is an
aspumption of stratified two-phase flow through the orifice. However, with the various data sets Lin used
likely differentflow patterns existed. Lin claims that the correlation was found to predict the total
mass flow rate to & root mean squared error (8) of 0.012. No independent check on the correldtion is
knpwn for orifice plate meters. Steven [11] applied Lin's equation to a 6 in., Schedule 80, 0.55 betga ratio
standard Venturi meter with wet gas flows. A root mean squared error (&) of the order of 0.0462 was
reported.

G+{2.6"Chevron Independent Wet Gas Orifice Plate Meter Tests

An independent investigation into orifice plate meter performance was presented by Ting [3, 22]. A
single 200 mm orifice plate meter of 0.7 beta ratio was tested with air and water at 41.7 bar, 15.6°C
between gas Reynolds numbers of 4 to 9 million and with very low Lockhart—Martinelli parameters (4.5e’
® < X, < 4.5e). This single test is of interest as it reports an orifice plate meter’'s response to a smaller
Lockhart—-Martinelli parameter value than tested in any of the existing correlation data sets and it does
not perform as is predicted by these correlations. Ting reports that the orifice plate meter has a negative
error (or “underreading”) induced by the presence of the liquid rather than a positive error (or
“overreading”) predicted by all other researchers who tested higher Lockhart—Martinelli parameter
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values. Ting found that with an increasing Lockhart—Martinelli parameter from 4.5e™ to 4.5e the gas
mass flow rate underreading increased from approximately 0 to -1.7%.

The conclusion drawn from this is that orifice plate meter users should be wary of applying published
correction factors when the Lockhart—Martinelli parameter is less than 0.02. Below this value, the
correlations tend to show an overreading of no more than 2% and the data stops at approximately a
Lockhart—Martinelli parameter of 0.01. Therefore, at a Lockhart—Martinelli parameter of 0.02 or less, an
uncertainty of £2% could be assumed with no correlation applied.

LATIUIN
nly one paper is known to still exist® discussing nozzle meters with general two-phase flow~Ch|sholm
Leishman [6] discuss nozzles’ metering wet steam. The same equation as Chisholm uséd, for|orifice
plate meters with wet gas [eq. (G-11)] was fitted with a nozzle meter value for “C” fourd frgm the
ilable nozzle general two-phase and wet gas flow data. However, Chisholm indicates,that therd is not
ugh data for the analysis to have any real accuracy. The data used was air and water at atmogpheric
cohditions, and Chisholm states it was assumed this data matched wet steam(at 0.365 MN/m?, the
préssure where the wet steam density ratio matched that of air/water at atmospheric conditions] From
lysis of this data set a value of Cp,ze = 14 was found that was considerably higher than the range of
ues found for orifice plate meters. Therefore, the only existing nozzle meter wet gas correlation is eq.
(G-18).

_ EAC, Y, {2p,AR,
TS

m 9 Appafent

m =
Xow + X2 L1+14X0, + X4,

(G-18)

nozzle

INo uncertainty in the gas flow prediction is given, but'if forced to meter wet gas flow with a phozzle
¢ter, it is the only known correlation in the literature. It is therefore (as it is with all the |stated
cofrelations) the meter operator’s discretion whether to use this correction factor. Again, the liquid mass
rate is required as an input. The desired:gas mass flow rate is derived by iteration. The initial gas
iss flow rate input of the uncorrected meter reading usually ensures quick convergence pf the

THE VENTURI METER WET GAS CORRELATIONS
he Venturi meter is a popular ‘wet gas flowmeter in the oil and gas production industry. Thefre are
sejeral well known papers.-insthe literature regarding a classical Venturi meter's wet ga$ flow
formance, notably Neverdeen and Washington [25, 26], de Leeuw [10], Stewart [16], and Britton [69].
ME knows of no published wet gas research with Venturi nozzle meter designs.)
he earliest three papers known on Venturi meter performance with wet gas flows werg from
hshington [25] and Neverdeen [26], who presented the joint work of Shell, and the Dutch gas company
M and Jamiesen [70], who presented the work of Shell Exploration & Production U.K. The papers of
gderveen and,\Washington et. al. are largely duplicate papers with Washington named on each and,
Jamieson,-they do not offer any new correlations but investigate the possibility of extendipg the

In 1989:Nederveen and Washington et al. discussed the results of testing a wet gas flow with reported
conditiens of natural gas and water flow through a 4 in. Venturi meter (of unst tween

5> . e N e Xy <
0.14). The orifice plate meter correlations of Murdock and Chisholm were applied, and it was reported
that they gave similar predictions to the experimentally found overreadings.

N

® The literature references a NEL report that has since been lost by NEL: Graham E.J., "The Flow of Air/Water
Mixtures Through Nozzles" National Engineering Laboratory Report No. 308, East Kilbride, Glasgow, Scotland, 1967.
(unknown if any copies of this paper survive).
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In 1993 Jamieson [70] reviews the earlier work of Nederveen and Washington et al. and comments:
“Although there were differences between the field measurements and Murdock’s and Chisholm’s
expressions, the errors involved were acceptable for NAM's applications. However, these differences
are too large to be generally acceptable for fiscal and custody transfer purposes.” Jamieson went on to

state, “In the field measurements made for NAM the slope of the graph of overreading versus

liquid

content for Venturi meters was some 5% higher than that predicted by Murdock’s equation.” It was then
suggested that as the Murdock gradient value of 1.26 was found empirically, this value could be

replaced by a value found from a wet gas flow data set taken from any meter in question. That

is, eq.

(GFcamhave theconstant gradient vatue of- 126 changedtoany empiricatty found-vatoe; v

: _ mgApparent -
My = e (G-19)
1+ MX,,,

is generally accepted that this procedure has since been done in-house_ ty different oil ar
companies. No research regarding these projects is known to have been released. One oil arn

d gas
d gas

company operating in the North Sea has verbally told researchers that a 4.4a,-Venturi at 45 bara gave a

Muirdock gradient of 1.5. No further knowledge of the research is publicly-known.

In 1997 de Leeuw [10] stated that the results of the analysis of the €oevorden field data discus
Washington et al. [25] did not tell the complete story. It was reported.that the fact that both the M
Chisholm equations give good results at 90 bar, with up f0 4% by volume liquid fraction,
cojncidence as extrapolation shows that for other line pressures) Murdock's and Chisholm's meth
agree. However, de Leeuw does state that the Venturiimeter has a higher overreading th

ited. That is, although natural gas at high pressure was used there was little variation in the pre
the flow conditions were all located in a small part’of the Shell Expro flow pattern map (see

rreading increases with increasing Lockhart—Martinelli parameter, and for increasing gas-td
density ratio with all other flow parameters constant, the overreading decreases. These are the
treands as noted for orifice plate\meters. However, de Leeuw also went on to state the discove

copstant, de Leeuw found“that an increasing gas densiometric Froude number corresponded w

sed by
irdock
was a
bds do
hn the
atively
ssure,
-ig. 5-

FF wet
ke the
nitude
s, the
-liquid
same
y that

rreading is also dependent)on the gas densiometric Froude number. For all other flow parameters

ith an

ingreasing overreading-~Steven [11] independently verified these findings with 6 in. 0.55 beta ratio

Vgnturi meter data. Fig-"G-1 supplements the Figs. 6.1.1-3 through 6.1.1-5 in showing sample “M
plat” results from NEL wet gas tests with a 6 in., Schedule 80, 0.55 beta ratio Venturi meter.

irdock
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Fig. G-1 NEL/DTI 6 in., 0.55 Beta Venturi Meter Wet Gas Data Set With
Fixed Pressure / Gas-to-Liquid Density Ratios (DR g/l), and Separate
Gas Densiometric Froude Numbers

g

g
th

tr
T
ra
6.
I

meter types with the same beta raties as the meters used to obtain the correlations data. Failurg
this could result in an increased uncertainty of the correlation results.

GH

INote that whereas a pressure effect is noticeable in Fig. 6/4:1-4 a gas densiometric Froude n

The de Leeuw correlation’[10] is given as egs. (G-11), (G-20), (G-21), and (G-22).
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ct is noticeable in the set pressure data plotted in Fig. 6.1.1-5 and here with Fig. G-1.

tewart [16] discusses later Venturi meter wet gasitests carried out on behalf of the
ernment’s Department of Trade and Industry (DTH-at NEL for several different Venturi
metries. The findings of de Leeuw are again independently verified, and Stewart also indicats
beta ratio of a Venturi meter has an influence on'the magnitude of a wet gas flow overreadin
nd found was as the beta ratio increases, the-overreading decreases for a set wet gas flow con
is then matched the earlier findings of Stewart et al. [12], where it was stated that the larger th
io of a cone type DP meter the smallerithe wet gas overreading for a set wet gas flow conditio
.1-6 shows the beta ratio overreading.influence Stewart reported.
is evident then that wet gas correlations for particular DP meter types should be applied to the

5.1 The de Leeuw Correlation

EAC, Yo, 2PAR, — mg,,.. (G-11)

Lmber

British
meter
s that
. The
dition.
e beta
n. Fig.

same
to do

Mg = 2 2
¢1+cxLM + X2, J1+CXy, + X2,
( W ( ) (G-20)
Pe ) (P
n=0.606{—e ") ForFr, >15 (G-21)
n=0.41 For 0.5<Fr, <1.5 (G-22)
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This correlation was created from data taken from two test matrices, one from a wet natural gas
production field (Coevorden) and one from the SINTEF Multiphase Flow Laboratory test center at
Trondhiem in Norway. The Coevorden test meter was a 4 in. Venturi, but no Schedule or beta ratio is
recorded [25, 26]. The fluids were natural gas and water, and the pressure was between 78 and 98 bar.
The Coevorden Lockhart—Matrtinelli parameter and gas densiometric Froude number ranges were not
given, but an approximate Lockhart—Martinelli parameter range of 0.12 to 0.34 and a gas densiometric
Froude number range of 0.5 to 1.5 is deducible from information given by de Leeuw [10].

The SINTEF meter was a Schedule 80, 0.401 beta ratio meter and the fluids were nltrogen and diesel

oil -liquid
d a gas
de

centre
with a combination of nitrogen and diesel oil, a pressure range of between 15 and-90 bar, [a gas
De grtinelli
p G-11).
Hqwever, like for Chisholm’s data set, the data was not limited to a separated flow pattern. This led to de

d that

the border of two flow patterns was where the data set happened to be showing a shift in Venturi meters’

fant in
Chisholm’s wet gas flow correlation to a function of the gas densiometric Froude number. Due [to the
i br this
parameter n depending on the gas densiometric Froude number[as shown by egs. (G-21) and (G+{22)].
A\gain the liquid mass flow rate is required as an input.<Fhe desired gas mass flow rate is deriyed by
iteration. The initial gas mass flow rate input of the uncerrected meter reading usually ensureg quick

he uncertainty claimed by de Leeuw was 2% uncertainty with a few outliers within the scope |of the
data set. In 2003 de Leeuw [48] gave an update;to'the Venturi meter wet gas development and claimed
that the de Leeuw correlation had been proven'to extend up to 6 in. Venturi meters at the K-Lab wlet gas
fagility in Norway. A more detailed discussian of the de Leeuw correlation is given in Appendix H.

In 2001 Steven [11] applied de Leéuw’'s equation to a 6 in., Schedule 80, 0.55 beta ratio stgndard
Venturi meter with wet gas flows\A‘root mean squared error (0 ) of the order of 0.0211 was reported.

In 2003 Stewart et al. [16] compared the performance of the de Leeuw correlation with a $teven
Venturi correlation® [11] by(use of new NEL wet gas data. The de Leeuw correlation worked well for the
4 |n. 0.4 beta Venturi within the range of test data used by de Leeuw. However, a distinct betfa ratio
efflect was noticeable.as would be expected as Stewart had shown Fig. 6.1.1-6 in this same papg¢r and
de] Leeuw’s correlation is for a set beta of 0.4 only.

Btewart showed> that the de Leeuw correlation was reasonably accurate when applied to the flow
conditions of the'NEL 4-in. 0.4 beta ratio Venturi wet gas data set (the same geometry as de Leeuw’s
test meter).<However, Stewart also reported that the de Leeuw correlation did not predict the 0.7b beta
ratio Venturi data well, which is likely to be due to the beta effect. Fig. G-2 shows a sample of Stgwart’s
results:

¢ By 2002 an update to the Steven Venturi correlation had been given by Stewart and Steven [12] where the data was re-
fitted and the pressure term polynomials replaced with gas-to-liquid density ratio terms that did not diverge on
extrapolation to higher values. Nevertheless, the later paper by Stewart [16] and the current NEL wet gas flow metering
training course still reproduce the earlier Steven Venturi correlation. Due to the fact that no significant improvement was
seen in the new data fit compared to de Leeuw’s correlation the Steven Venturi correlation has been largely disregarded
— including by Steven. Hence, no further details are given.
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The x-axis shows the overreading (and note increasing overreading indicates increasing Lockhart—
Martinelli parameter) and the y-axis shows the percentage deviation predicted from the actual (i.e.,
reference) gas flow rate. The 4 in. 0.40 beta ratio Venturi meter (i.e., the same geometry as de Leeuw’s
Venturi meter) had the overreading corrected to within 4%. The 4 in. 0.60 beta ratio Venturi meter had
the overreading corrected to within 4%.

The 4 in. 0.75 beta ratio Venturi meter had differences of up to 12%. The trends were the same for all
three pressures tested 15, 30, and 60 bar(g), but the higher the pressure the better de Leeuw’s
correlation performed for all beta ratio Venturi meters.

shpuld be applied to other diameters than 4 in. with caution. The latest work by NEL [17;~18] also
suggests that if the liquid properties are significantly different between the diesel oil used byde Leeuw
and the field application (e.g. water is present) this may affect the overreading magnitude; and evgn if all
otler parameters are constant and within the data range of de Leeuw’s work, biases can.eccur.

Fig. G-2 NEL 4 in. Venturi Meter Wet Gas Data for 30 bar(g)
Corrected by the de Leeuw Correlation
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G-6.3 The Cone Style DP Meter
Four majortechnical papers are known that discuss cone type DP meters’ performance with wet gas
flowws [12,23, 14, 15]. Steven [15] summarizes most of the known knowledge for cone type meter wet
gas flow-performance.
l-|gures G-3 and G-4 reproduce published results [15] in the form of Murdock plots from the NE:L wet

type DP meter has the same trends with Wet gas flow as Venturl meters That is, the Ilqwd mduced gas
flow rate overreading is dependent on the Lockhart—Martinelli parameter, the gas-to-liquid density ratio,
and the gas densiometric Froude number. A pressure (i.e., gas-to-liquid density ratio) effect is noticeable
in Fig. G-3 (Note that for set fluid types gas-to-liquid density and pressure are directly related). A gas
densiometric Froude number effect is noticeable in the set gas pressure data plotted in Fig. G-4.
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Fig. G-3 AllNEL DTI 6 in. 0.75 Beta Ratio V-Cone Meter Data

NEL DTI 2001 6" Schedule 80 0.75 Beta Ratio V-Cone Meter
Wet Gas Test Results
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Fig. G-4 The 30 Bar NEL DTI 6 in. 0.75 Betd Ratio V-Cone Meter
Data With the Separated.krg Values
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Although the trends are the same, it has been reported by Stewart et al [12] that the cone type DP
meter has a smaller overreading than the Venturi meter for the same flow conditions. Figure G-5 shows
a reproduction of a graph from Ting [68] that compares 4 in. 0.75 beta ratio Venturi and V-Cone meters
wet gas responses. (The third data set in Fig. G-5 shows the result of another wet gas meter design and
is not relevant to this paragraph’s discussion.)
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Figure G-6 shows the original graph from Stewart et al. [12] that first indicated that the beta ratio of a
generic DP meter may influence the magnitude of a liquid induced gas flow rate overreading. As was
later reported for Venturi meters, the larger the beta ratio the lesser the overreading for a given wet gas
flow condition.

In 2002 two beta ratio correlations were released. The majority of the later work published has been
concentrated on the 0.75 beta ratio meter and in 2005, Steven [15] summarized the published work on
the 0.75 beta ratio cone type DP meter. Here it was stated that at gas-to-liquid density ratios less than
0.027, the gas-to-liquid density ratio effect on the overreading disappeared (probably due to flow pattern

co
the
is

bse gas-to-liquid density ratio considerations. The final 0.75 beta ratio cone-type DP meter eQtp

herefore given by eqs. (G-23) and (G-24) through (G-26).

Fig. G-5 Published CEESI Results of the Comparison of Data Between
a Venturi and Cone Type DP Meter by a Joint Industry Project (JIP)
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Fig. G-6 Published NEL Results of the Comparison of Cone-Type DP Meter Beta Ratios

(Reproduced with the permission of TUV NEL Ltd, East Kilbride, Glasgow, G75 0QF, United Kingdom)
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5.4 Steven 0.75 Beta Ratio Cone-Type DP Meter Correlation
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For Py <0.027, then A=2.431,B=-0.151, C=1.

P

Note that at the gas-to-liquid density ratio value of 0.027, egs. (G-24) through (G-26) gives the

Cco

nstants A = 2.431, B =-0.151, and C =1.

Figure G-7 (from Steven [15]) shows the 0.75 beta ratio correlation applied to two NEL 6 in., Schedule
80, 0.75 beta ratio data sets and four CEESI 4 in. Schedule 80, 0.75 beta ratio sets. This paper also
showed this correlation correcting a 6 in., Schedule 160, 0.75 beta ratio data set from K-Lab and a 2 in.

Sghedule 80, 0.75 beta ratio data set from CEESI for a known liquid flow rate to a gas flo
uncertainty of £2% with a few outliers. However, it must be understood that all check data (j.€:\d3
usgd in the creation of the correlation) had data ranges within the range of the data that'was u

Cr

us|
Fr
0C

re
re
an

G

The 0.55 beta ratio cone-type DP meter correlation has not been further discussed since the initi

ate the correlation. Therefore, extreme caution must be used when extrapolating thisS-correlat
e out with the data sets, e.g. for use with higher gas to liquid density ratios or‘gas densio
bude numbers or different liquids, for, as with any “blind fit” correlation gross .errors can pote
Cur in this situation.”

ease in 2002, except that the 0.55 beta ratio cone-type DP meter correfation was tested for
peatability [14]. It was generally considered repeatable, but there were-some outliers at lower pre
d higher Lockhart—Martinelli parameters.

-27) through (G-29).

Fig. G-7 NEL and CEESI 0.75 Beta Ratio.Cone-Type DP Meter Data
Corrected by Eq. (G-23) with Egs. (G-24) to (G-26)
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The 0.55 beta ratio cone type DP meter wet gas flow correlation ‘published [12] is eq. (G-23) with egs.

(Reproduced with the permission of TUV NEL Ltd,-East/Kilbride, Glasgow, G75 0QF, United Kingdom)
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0.141
A=1.224+ (G-27)
[pg]
P
0.00139
=-0.0334 - ——— (G-28)
(2]
LA )
0.0109
C = ]0.0805 > (G-29)
('Dg}
P

INo low pressure 0.55 beta ratio cone-type DP meter data is known te.be in the public domain, @nd no
low-pressure modification to this correlation is known to have been issued. Like all correlations, this data
fit js useable and valuable within the data range of the data that was’used to create it. However, again, it
is not advisable to extrapolate this blind fit correlation.

The liquid mass flow rate is required as an input. The desired gas mass flow rate is deriyed by
iteration. The initial gas mass flow rate input of the uncorrected meter reading usually ensures quick
cohvergence of the iteration.

$teven claimed 2% uncertainty within the scopelof the data set. No independent testing on this|meter
is known to have been published except for FigZG-7. This Joint Industry Project (JIP) is known t¢ have
cafried out substantial research into several meters’ performance with wet gas flows including the¢ cone
type DP meter but as yet the bulk of this information is not in the public domain.

G+6 FOUR-HOLE ORIFICE PLATE'METER WET GAS RESEARCH

\ recent entry into the flow metering market is a patented modified orifice plate type DP meter where
the plate has four small holes, on an x-y axis through the center of the plate (i.e., flow centerline) all
equidistant from the center,~in place of the conventional one larger central hole. The meter operatds in
th¢ same way as all DP-meters (that is, the single-phase flow rate is found from eq. G-1)

In 2005 a paper diseussing this four-hole orifice plate meter’s response to wet gas flow tests at CEESI
was released by<Evdns [61]. The orientation of the holes during the tests were 45 deg rotated from
normal dry gas‘eperation to allow one hole to be as low in the pipe work as possible in order to fleduce

the liquid dam effect orifice plates are commonly thought to have with wet gas flows.

positions for the four-hole orifice plate. Therefore, the wall and flange pressure tap results for eac
are grouped together here as one meter result. The gas densiometric Froude number range was not
discussed.

The general effect of the gas being wet was the same as for all DP meters in that the greater the

Lockhart—-Martinelli the greater the overreading. For a given set of wet gas flow condition

h beta

s, the

overreading to Lockhart—Martinelli parameter gradient was reported to be low compared to all other DP
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meters with recorded wet gas performance data. An unexpected reported finding with the four-hole
orifice plate is that the higher beta ratio had the higher overreading. This is in reverse to all other publicly
known DP meter wet gas flow results. Even though two separate pressures (or gas-to-liquid density

Fig. G-8 The Four-Hole Orifice Plate Meter Wet Gas Flow Results

Rosemount Conditioning Orifice
Wet Gas Characteristic

1.50

1.40 y= 11764 41

1.30

y=1.235x+1
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+200psi /06568 ||
+ T00psi/0.65 B

Over-reading [sqrt(DPtp/DPgas]]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Lockhart-IMartinelli Param eter (X)

rafios) were tested, no clear gas-to-liquid~density ratio effect was reported. The differences

pressure results are so small they could.be ‘accounted for by normal experimental data set scatter.
Figure G-8 shows the data reported: ‘Phis figure shows original data presented in several graphss [61],

in the

but for this Report, the work has beenupdated to show all the relevant data on one graph, and the linear
fit3 have been recalculated to adhere to the theoretical requirement of no liquid induced overreadirjg with

dry gas flow.
Therefore, the reported faur=holed orifice plate meter wet gas correlations were as follows:

Fdr a 0.40 beta ratio nmeter at 200 psi
B EAC%Ygtp 2,ogAPtp

mg = (G-30)
1+1.125X,,
Fdr a 0.40 beta ratio meter at 700 psi
EAC,Y, ./2p,AP,
Mg = AC4, Yo, V2P0 (G-31)
1+1.176 X,
For a 0.65 beta ratio meter at 200 psi
EAC,Y, ./2p,AP,
my = A dg "Gy 9=t (G-32)

1+1.259X,,,
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For a 0.40 beta ratio meter at 700 psi

 EAC, Y, 20,AR,
1+1.235X,,,

Mg (G-33)

Note that in effect this data has been developed into a wet gas flow correlation for the individual beta
ratio four-hole orifice plate meters by analyzing and fitting the data to eq. (G-19) as Jamieson [70]
supgested for different geometry Venturi meters in 1993.

Fig. G-9 The Performance of the Four-Hole Orifice Plate Murdock Type Correlations
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fFigure G-9 shows the performance of applying egs. (G-30) through (G-33) for the known (ref¢rence
meter supplied) liquid flowrate. The linear fits have a 4% uncertainty.
INote that the liquid-mass flow rate or Lockhart—Martinelli parameter is required as an inpuft. The
desired gas mass.flow rate is derived by iteration. The initial gas mass flow rate input of the uncoryected
meter reading dsually ensures quick convergence of the iteration. Evans [61] showed graphs|of “%
Offset” vs. Lockhart—Martinelli parameter and these indicate that the correction uncertainties are 3%
within the/secope of the data set with a few outliers. No independent testing on this meter is kngwn to
halve been'published.

G{7 \COMMENTS ON THE INDUSTRIAL USE OF DP METER WET GAS CORRELATIONS

Wet gas flow metering technology is a developing technology. Research on this topic is continuing,
and knowledge on this topic is being gained at a steady rate, but much remains to be discovered and
understood. Wet gas flow meters are developed and tested at wet gas flow test facilities or in field tests
whenever an opportunity arises where the liquid and gas phases can be metered at some other location
to a given uncertainty. This leaves the problem of whether these correlations can be extrapolated for use
in any given situation. Very little information (e.g. Steven [20]) is given in the literature on whether
individual DP meter wet gas correlations can be extrapolated. If so, to what range?
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Currently, when an orifice plate meter is being used with a wet gas flow, the operator has a limited
choice of wet gas orifice plate meter correlations. These are generally created from limited and often
untraceable data sets, and little or no independent analysis on these wet gas correlations is available.
The repeatability of these correlations is therefore largely unknown, as is the effect of extrapolating them
to different flow conditions such as meter diameter, beta ratio, fluid types, gas and liquid flow rates, etc.

Repeatability and suitability for extrapolation of various parameters when using orifice plate met
gas correlations is therefore an ongoing research topic.

er wet

For Venturi meters, the de Leeuw correlation for a 4 in. 0.40 beta ratio meter is reported by de Leeuw

[481-Stewart {231 and-Steverr {26t to bereasonabty repeatabtew e paraneters o e uata

et that

cre¢ated it. However, Stewart’s work suggests extrapolations away from the beta ratio leads tocsighificant

erfors if the 0.4 beta correlation is applied. Stewart showed that outside of the limited data‘set u
foim the Steven 6 in. 0.55 beta ratio Venturi meter wet gas correlation, the correlation-stopped

sed to
being

reliable. Steven [20] showed that when the same 4 in. 0.4 beta ratio Venturi meter was.tested across a

sirpilar wet gas flow condition range in a different test facility, the wet gas results were the sa
folind by de Leeuw [10]. Steven went on to express concerns with the extrapolation of some w
cofrelations and gave theoretical reasons for the concern. Steven [19] discusSed the possibilit
diameter effect on the wet gas response of a Venturi meter. That is, from a limited data set,
shpwn that as the size of the Venturi meter being considered decreases-for set values of Loc
Martinelli parameter, the gas-to-liquid density ratio, the gas densiometsic Froude number, and
properties the magnitude of the overreading decreases. If this is «confirmed, then DP meter w
cofrelations will be applicable to only set diameter meters just as they are currently known to be
beta ratios. Also, it has been stated independently by Reader-Harris [17, 18] and Steven [19, 2
Vanturi meters show a dependence on the liquid propertiesdorpredicting the overreading for oth
sel flow conditions. Repeatability and suitability for extrapolation of various parameters when
Vgnturi wet gas correlations is therefore an ongoing reséarch topic.

For cone-type DP meters, the Steven 0.75 beta rati@icone-type correlation is shown to be repe
and some extrapolation of parameters can be permitted. However, the extrapolations are not ex
The diameter range discussed was 2 in. to 6 in:y"and different liquids were used (which were
hydrocarbon liquids with some low pressure\'water test data points). The gas densiometric R

me as
et gas
y of a
it was
khart—
liquid
bt gas
for set
D] that
Brwise
using

atable
[reme.
mainly
roude

number and maximum gas-to-liquid density(ratio were not significantly extrapolated beyond the data set

that created the correlation. The 0.55 beta ratio cone-type DP meter is said to be less repeatabl
the¢ repeatable 0.75 beta ratio cone-type DP meter. Repeatability and suitability for extrapola
vafious parameters when using cene-type DP meter wet gas correlations is therefore an ol
research topic.

\ major problem in industry~is the relatively common situation of real industrial wet gas flows
flow parameters outside af the available test facility capabilities. Higher gas-to-liquid density
higher gas flow rates, and-larger pipe diameters than any available test center can replicate ar
common problems to thé engineers trying to choose a wet gas metering system. It should be nots

e than
ion of

hgoing

having
ratios,
P very
ed that

there is no reason any user could not fit a unique wet gas correlation to any in situ meter if the sijuation

arpse where there-was reliable reference data. This is occasionally done in the natural gas prod
industry when'ayDP meter in wet gas has a separator that allows for a given uncertainty of single
flows at the-separator outlet. For DP meters that have flow conditions considerably outside th
fagility’s limits, this is a good way of reducing the uncertainty associated with an individual wet g3
meter;

uction
phase
e test
s flow
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NONMANDATORY APPENDIX H!
ORIGINS OF THE EXISTING WET GAS FLOW DP METER CORRELATIONS

H-1 INTRODUCTION

There are several DP meter wet gas correlations used for wet gas metering and most users treat
these correlations as black box technologies. However, the literature in the public domain does describe
the development of many of these correlations including the assumptions made in any mathematical
modeling and the limits of the data sets that were used. This appendix describes the development of

the
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The homogeneous model correction factor for DP meters’isvunique in the following list of DP
frection factors in as much as it is based purely onna set of assumptions and theory and no

The homogeneous flow model concept is to treat thé’two-phase flow as if it were a single-phas

The algebraic steps required to implement the homogeneous model are as follows:

frelation so an informed choice can be made on which correlation to use with which DP~m

rticular wet gas flow metering applications.

Research papers on the effect on gas meters of any entrained liquid started appearing”in t
50s. Papers such as Schuster [4] discuss the scale of the liquid induced error on orifieé plate

d do state that a positive error is found that increases with the liquid loading. HoweVver, no corre
re given. At this time the only correction available was to assume the wet gas to)be a homoge
w and carry out a homogeneous flow correction to predict the gas for a knowniliquid content. Fr(
60s onwards correction factors were published to predict the scale of the ‘overreading for a

Lid flow rate. There are also papers that discuss DP meter’s performance’with wet gas flows {
t offer correlations but do offer important findings (such as the beta-ratio effect with wet gas

e correlations and then the other findings on DP meter wet gas perfarmance are now discussed

P THE HOMOGENEOUS FLOW MODEL CORRELATION FOR GENERIC DP METERS

perimental data is involved.

order to do this, the assumption must be made“that the liquid and gas phases are perfectly
., that the liquid droplets are infinitely small and dispersed evenly throughout the gas phase
sumption allows the two-phase flow to be treated as acting like a single-phase fluid with an ave
d density. This then allows the application of the single-phase DP meter equation with the avd
d density.

! (H-1)

Vhom ogenous
hom ogeneous

ere Viomogeneous AN\ Phomogeneous 1€ the specific volume and the density of the homogeneous m
Epectively. Then:
v — Viota Vi +Vg — \ 49 (H-2)
hom ogeneous M M M M

wh

each
er for

e late

eters
ations
neous
m the
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hat do
lows).

meter

b flow.
mixed
. This
raged
raged

ixture,

ara \/ d M ara tha valiimao and macc nf tha
ere 1 amas) SSS-OtHe

are

an a
Viotal oot Vo[ o o eV OTehTe

9

the liquid and gas volumes per unit time, respectively. As we have the flow quality/dryness fraction

de

finition [see eq. (16)] we have:

Yn this Appendix, equations from other parts of the book are sometimes repeated for reference. These

€q

uations retain their original numbering when cited in this Appendix.

158


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

m m
X=—-=>—=—"1 ©)
Mg+ M Miotal

and

flo

m m
l-X=———=— (H-3)
Mg+ M, Miotal

For a unit time a set mass of liquid and gas flows (that is, rhg =M ¢ and rh| = M,). Therefo

therefore gives:

VI Vg VI Vg
Vhom ogeneous = + = + (H'4)
M total M total M | &
1-x X
that is,
Vv
Vhomogeneous — X—+ (1_ X) VI = ¢ (H-5)
M s} M | ,0 hom ogeneous
or
1 x X o
,0 hom ogeneous ,0 g ,0 |
that is,
pl pg
= H-7
phom 0geneous ,0| X + ,Og (l— X) ( )

This density value should be applied to the single-phase DP meter equation along with the actu

phiase DP read. That is,

; m ;
Miotal = 7 = EA[YCd \/zphomogeneousAP

tp

(H-8)

It should be notedin eq. (H-8) that the expansibility term Y and the discharge coefficient (C,)

digcharge coefficient is a function of the homogeneous Reynolds number, are calculated f
homogeneous flows fluid properties. On rearranging eq. (H-8) and substituting in eq. (H-7):

(EAthCd 20,AP, 1

e, the

W rate symbol can be dropped here. Substitution of egs. (9) and (H-3) into eq. (H-2)-far a unit ¢f time

al two-

if the
Or the

My = X (H-9)

pux{l_pgj
P P
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From egs. (4) and (16) we can express the quality (X) in terms of the Lockhart—Martinelli parameter

(X ) Thatis,
X, =M [Py _1-x |p @
My P X P

(24)

th&ts,

$Pubstituting eq. (24) into eq. (H-9) gives the homogeneous model inCterms of the Lockhart—Martinelli
parameter

EAYG,,[2p,AR, (4-10)

Rgarranging gives

EAYCy2p M g

1+CX ,p\ + X2
/p \/ LM LM
1+{ I } LM EM
c= Py |2 (H-11)
pl pg

C=(&] A2 H12) and n=i.
A Py 2

(G-5)

where

that is,
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That is,

m

to

flu

(a

(b

(c

H-8 THE MURDOCK CORRELATION FOR ORIFICE PLATE METERS

bylan orifice plate_meter due to the presence of liquid in the gas flow.
The Murdock correlation is given as eq. (H-15).

Equation (H-13) is the homogeneous model for all DP meters. Note that in order for the,,gas mag
be derived by iteration of this equation information on the liquid mass flow rate must'be knowp from
an external source. Note that

The viscosity term in the Reynolds number equation represents. the viscosity of the homoge

I
homogeneous two-phase flow there-issno slip (s = 1) and the GVF is therefore here equivalent
actual ratio of gas to pipe volume (i-e., the “Gas Void Fraction”) at any instant in time. Also no
when the gas is dry [i.e., the quality (x) is unity] the homogeneous equations reduce to the single-
equations.

m g, Apparent

g:
2
1+ &4_ ﬂ ﬂ& + ﬂ&
\ \ 2 Py mq \ 2 mq \ 2
| — =T

(H-13)

4 mtotal
C, =flRe =f|l ——M— H-14
d ( hom ogenous ) ”ﬂhom ogenous D ( )

d. There is no generally agreed method for predicting this but common methods are
1 X T X
McAdams = &
:uhom ogeneous :ugas luliquid
Cicchitti /uhomogeneous = X:ugas + (1_ X)zuliquid
Duckler et al. ﬂhomogeneous = (GVF ):ugas + (1_ GVF):uliquid

In 1962 Murdock [5]published a correlation for correcting the error in a gas flow measurement gi

 EAC, Y [2p,AP,

Mg =
1+1.26X,,,

(G-6)

s flow

Neous

Note for the Duckler et al. homogeneous viscosity prediction method that by the definijon of

to the
e that
phase

ven

The derivation of the Murdock equation is now given:

Murdock [5] presented the derivation in English units. Murdock considered the horizontal two-phase
flow to be always in a separated flow pattern. Each phase was treated separately. The standard DP
meter equation in English unit terms is:

w = EA,YC,+/29APy (H-15)
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where

an

Y =pY (H-16)

d Y is unity for liquids (as liquids are considered in practical terms to be incompressible).

Murdock considered the equations required if each phase flowed alone through the meter. Murdock

us

ed the following standard gas weight flow equation if the gas flowed alone:

wh

an

the following standard liquid weight flow equation if the gas flowed alone:

whH

an
I
an

that the orifice plate gas expansibility valué_would also be altered with two-phase flow. Therefor

S€|

. A _NLO [a} AD
W= LA T Oy 208 Ty — g aTg =

ere Yq =Pg0 (H-18)
K, =EC,, (H:19)

dCdg is the discharge coefficient at the gas Reynolds number if the gas flowed alone. Murdock

wi = EA C,20APy, = A K,|/20APy, (H-20)
ere Yi=pP9 (H-21)
K, =EC, (H-22)

dC, is the discharge coefficient at the liquid Reyneld$ number if the liquid flowed alone.
Miurdock assumed for the stratified flow modelboth phases have the same pressure drop (i.e.
d that the two phases could have individual flow equations with unique discharge coefficients

wi =EACqy 200P, 1, = A, (K,),/294P, 7, (H-23)

ws SEA, (YC,), 298Py, = A, (KgY)uﬂ/ZgAPtpyg (H-24)

parated flow Murdock assumed there‘ceuld be equations [i.e., (H-23) and (H-24)] for each phase:

used

| AP,,)

. Note
b, with

p

where (K, )tp =ECy, (H-25)
and (KgY)tp =EYC,, (H-26)
Cdltp and Cdgm are the discharge coefficients for the liquid and gas phases in stratified two-phase flow.

Note that the total cross-sectional area of the orifice plate throat is the sum of the phase throat cross-
sectional areas:

A=A, +A, (H-27)
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Therefore, substituting egs. (H-23) and (H-24) into eq. (H-27) gives eq. (H-28).

Wl Wg

A = + (H-28)
(K, ),py/207,4P,, (KgY)tp J297,AP,
Substituting egs. (H-17) and (H-20) into eq. (H-28) gives eq. (H-29):
A = AK\/207,AP, N AK,Y207,AP, (H-29)

U (K)pa2018P, (K, Y), (f207,4P,

Equation (H-29) can be reduced to eq. (H-30):
K AP K,Y AP
1= S L] d (H-30)
(K)y VAP, [ (KoY), [V 4P,
Eduation (H-30) further reduces to eq. (H-31).
APtp K, AP, KgY
= + (H-31)
AP, ((K)), NP, 1K, Y)tp

AP,
AP, = (H-32)

’ KO) (AP [ K,Y
[(m)w N; {(ng)m}

which when considering egs. (H-17)"and (H-20) can be written as:

or [by rearranging:

APtp
AP, = (H-33)

g .
( K, J Wi At(KgY Zgyg n KgY
(KI )tp AtKI 2gYI Wg (KQY)tp

M)

( K,Y

(H-34)

(Ko L, VT
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Equation (H-30) can be expressed as eq. (H-35):

1- K, AP, N KgY APg (H-30)
(K VAP, [ (KeY) [\ AP,

AP, K, K,Y AP,
= + (H-35)
AP, (K| )tp (Kg Y)tp AP,
or [by rearranging to eq. (H-36):
AP,
JAP, = (H-36)
K, K,Y AP,
+
(KI )tp (KQY)tp AI:)I
Which can be expressed as eq. (H-37):
AP,
AP, = (H-37)
K, 4 KyY Wy AK,y2097,
Ky ) (KY), LAY 207, |y,
or fin another form as eq. (H-38):
AP,
AP, = . (H-38)
K|, Kiows [n
(Kl)tp (KgY)tp W| yg
Tqtal weight flow is W= W| + Wg (H-29)
Therefore, substituting egs. (H-17) and (H-20) into eq. (H-29):
w = A K /2g7,AP, + A K, Y,[2gy,AP, (H-39)
or [byrrearranging

v’v:At\/E(K,q/y,API +K,Y ygAPg) (H-40)
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Substituting egs. (H-34) and (H-38) into eq. (H-40) gives eq. (H-41):

. K.Y
w=A,,[20AP, Kifn + . \/E (H-41)

K, + K, &ﬁ KyY +K9Yﬂh
£(K')tp] (KQY)tp w; VYo ((KQY)J [(Kl)thwa\/;

or [by rearranging

- Kifn KoY 7, (B-42)
wWE A, 20AR, - : + : :
Ky wa 7 (K + K KGY ) wifrg (KoY i (g (KoY ), + (KoY XK, ), ws 7
(KgY )tp(KI )tp Wl \/Z (KI )tp Wg 7/| (KQY )tp

And with further rearranging

: \/7|(K9Y)tp(K| )tp w \/Z \/Z(K' )tp Wg 7 (KgY)tP
wi= A lngRp . . +- : (H-43)
Wq 7 (KI )tp +(KgY)tp Wi \/Z Wi \/Z(KQY)tp +(Kl )tp W1
i.el,
\)v:A(KgY)tp 20AR, 7| - (K)o w , +- (K )y s 37 _ (H-44)
Wq /7 (K| )tp +(K9Y)tp Wi \/Z Wi \/Z(KQY)ID +(K| )tp Wg /7

W=A, (KgY)tpm .\/YT(KI)tp WI+\/YT(KI).“J e (H-45)
Wy \/’Y7|(K|)tp + (KQY)tp W \/E

Diyiding the numerator and denominator by \/W(Kl )tp W| gives eq. (H-46).

w=A(K,Y) [20AP 7, _‘/Z(K' ol ')"p (H-46)
Wy \/Y_I(KI )tp " (KQY)tp Wi \/E
\/YT(Kl)tle \/yT(K, )tp Wi
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This reduces to

1+ﬂ
w=A (K. Y) .[2gAP L (H-47)
t( 0 )tp wYg M (Kg )tp\/g
W, \/W(Kl)tp

w
Muiltiplying the numerator and denominator by —I then gives

Wy
1+ﬂ
: W
W:At(KgY)tpV 29APyYq (K Y) . (H-48)
149 e W (g
(Kl)tp w7

Muirdock defined the ratio of the liquid weight flow rate to the\total weight flow rate as y. That is

y= ; (H-49)
Wg+ Wi
y Wi
Therefore ——=— (H-50)
l1-y
Wy

Equation (H-48) can be rewrittenvas

: 1
w=A)K,Y)_[204P, 7, Ry T (H-51)
(L-y)+ (Kg ) Py L
I /tp YI

With eg.\\(H-51) the values of (Kl)tp

experimental data to eq. (H-31). That is:

and (KgY)tpare experimental unknowns. Murdock fittg

ed the

8Py (K, ) [AR [ KgY 3
AP, ((K)), )\ AP, (KgY)tp
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AP AP
A reproduction of the linear line drawn by Murdock on a P ys., [—L plot is given in Fig. 6.1.1-2.
AP, AP,
: AP, . .
Note from Nonmandatory Appendix A that _P ~ Xy for cases where the discharge coefficient and
g
expansibility product for when the gas flows alone and the discharge coefficient for when the liquid flows

alane are similar. The linear line is
AP
0 _m (AP c
APg APg

(AP, [aP
where M is the gradient of the linear line fitted to the Aptp VS. A_PI plot and" C is the line cgnstant
9 g

(i.¢., where it cuts the ordinate). Murdock found from experiment that eg.-(H-31) could be written a$
AP, AP,

P %126 |—-+1 (H-52)
AP, AP,

Therefore [ K, J= M ~2.26

(K)),

and

K, Y
=C=1
iKgYi
tp

K, ~1.26(K,) and K,Y = (K,Y),

In jother words,

S

Q

eg. (H-51) becomes eq.(H-53):

w=A,(K,Y)294P, v, 1K S (H-53)

In [mass.terms

me =A, (K, Y )/24P o, 1K v (H-54)

167


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

Noting that
w m
Wg+ W, g(mg+ m.j
and
“ Wq a mq
Wg+ W, g(mg+ m|j
where x is quality/dryness fraction [see eq.(16)] then eq. (H-54) can be rearranged to give

On

m, = A(K,Y)/20,AP, - (H-55)

K.Y
x+1.26- 2 (1-x) Py

K| A

rearranging to express the gas mass flow rate

m, =mg+m = A (K,Y /29 AR, | — L (H-56)

Mo 1geiel M [P

mg-£m Ki mg+m VA

1
1= A (KgY K2, AR, _ Y (H-57)
mg+1.26-—2>—m |~%
K P

mg =A (KQY)\/ 2p AP, Kl v (H-58)
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A(K Y )\20,4P,

mg = (H-59)

KY
141260 ™ |Po
K, mg VP

Equation (H-59) is the SI version of Murdock’s final equation. However, note that a simplifying

approximation—catbemade-ifitis—assumed-that =<g\'/ o I/\I —Fherefore (a:thuugh Murdock—didnot state
this), the equation could be (and usually is in recent times) approximated to eq. (H-60).
A (K,Y).[2p,AP
mg m— N ® (H-60)
m
1+1.26™ [P0
mg pl
NQqting eq. (4):
m (P
Xy =—— 4)
mg pl
and that Ky =ECy (H-19)
the Murdock correlation can be written as considered'to be eq. (H-61):
M. = EACdYV 2logAPtp _ mg,Apparent _ mg,Apparent (H 61)
P 1+126X,,  1+1.26X,, o
1+1.26 — |22
mg P
H-4 THE JAMES CORRELATION FOR ORIFICE PLATE METERS
From experiment, the totaFmass flow of the saturated wet steam and the actual produced diffgrential
préssure were known.Jdames then expressed these results in terms of a new density term denotefd here
as| p, where the sulsseript J (for James) indicates that this is a derived equivalent density that gives the
cofrect total mass<flow rate when applied to the standard DP meter equation for that flow cordition.
Therefore the(Standard equation is:
Moa = EAYC, /29, AP, (H-62)
which'lets the one unknown in the experimental data be found:

2
Miotal

EAYC, /24P,

py = (H-63)
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2
EAYC, /24P,
ATCq 28R, (H-64)

Vy = :
Miotal

this value of density (p,), James defined a new quality term by modifying eq. (H-6).

From

L =L+1;—Xv +(1 X)vI (H-6)

phom ogeneous pg pl

where the specific gravity terms (v ) are the reciprocal of the density terms (o). Thatlis
1 1
v| =— and v, =— . We now have
| pg pl
1
Vhomogeneous = — XVg + (1_ X)VI (H-65)
phom 0geneous
where the specific gravity of the homogeneous flow (V) ogeneans. IS the reciprocal of the homoge
density ( Pnomogeneous ). TaKiNg the reciprocal of eq. (H-65):
1 1
= (H-66)
Vhom ogeneous X Vg + (1_ X)VI
James modified the combination of egs. (H-6) and (H-66) to:
1 1 PgPi
pJ = —_—= = g (H'67)
\Z Xng+(1—Xm)V| mel+(1_xm)pg

where xn, is a modified quality-parameter. In other words:

V; =V

Xy =——+ (H-68)
Vg~V

erefore, James could find the value of this modified X for each of the data points as

neous

all the

ametérs’needed to produce the right hand side of the equation terms are known from the expe]
a. James now plotted the conventlonal dryness fractlon/quallty value [eq (16)] known from t

James found by curve fitting

Equation (H-62) leads to eq. (H-63).

Mow = EAYC,,[20,AP, (H-62)
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Mg = XMom = XEAYC, /20, AR, (H-63)
Substituting eq. (H-67) into eq. (H-63) gives:
Mg = XM = XEAYC, (2 Pof AP, (H-70)
mP T (l_ Xm)pg
and now substituting eq. (H-69) into eq. (H-70) gives:
: ; Py P
Mg = XM = XEAYC, |2 ; AP H-71
g total A d [Xl,spl + (1_ X1_5 ),Og j tp ( )
and rearranging gives:
. sz
— |
mgy = EA,YC, ZpQJAPtIEJ\/XL5p| +(1—x1'5 g (G-8)
THat is:
. 2
m
| A
. : m,+m,
Mg = Mg, Apparent s s (H-72)
. mg . pl + 1_ mg pg
mi+m m| + mg
H-p THE CHISHOLM CORRELATION-FOR ORIFICE PLATE METERS

In 1967, Chisholm [7] published ageneral two-phase flow correlation for orifice plate meters. Chi
aspumed separated flow only and incfuded the shear between the phases with such a flow pattern
that he did not state that the separated flow had to be stratified flow. Separated and stratified flow

sholm
Note
hre

often thought of as the same(flow pattern but technically an annular flow with no mist (i.e., no entrgined

drpplets) is also a separated.flow. This point is of importance during the derivation of the Chisholm
cofrelation.

In 1977 Chisholm published a research note [8] in which the general two-phase flow orifice plate
cofrelation from 1967 was split into two sections. One correlation was for use at Lockhart—-Ma
parameters of Iéssthan unity and this therefore includes wet gas flow according to the ASME defir

he Chishelm’ correlation development is considerably more detailed than Murdock developme
the¢ original\paper [7] takes large algebraic steps that are not simple to follow. Furthermo

meter
rtinelli
ition.
ht and
re, an
eneral
to be

Chisholm starts by discussing the work of Jobson [63]. This work discusses compreSS|bIe flow through
orifices for fluid discharging from large vessels. Hence the upstream kinetic energy/velocity can be
assumed negligible. Chisholm assumes that this is true for orifice plate meters in pipelines. This not
appropriate in all industrial wet gas metering cases. As a consequence of this assumption, Chisholm

defines the contraction coefficient, denoted as C., as
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A A
C,=| =& =2 (H-73)
¢ A A
N/ chisholm Notation t / ASME Notation

where

where

i

wh

I
ap
r
Sin
se

g

that is

Ay = cross-sectional area at orifice
Ayc = cross-sectional area at the vena contracta

orce balance then gave the equation:

(P,—P,)A, +F= % u (H-74)

Ay = orifice area (denoted as A;)

F =*“force applied due to variation of pressure over upstream face of grifice”
g = gravitational constant

P1 = pressure at the orifice

P2 = pressure in the vena contracta

U = velocity at the vena contracta

W = weight flow

2
F= w (H-75)
gpAN
ere
1 1
foom H-76
C. 2C: (H-70)

Here it was decided to remove the assumption of negligible upstream kinetic energy, as it
propriate for all industrial applications and reevaluate the model accordingly?.

Figure H-1 shows the single-phase model where the upstream kinetic energy is assumed releva
nplicity, the upstream) cross-sectional area is denoted by subscript 1 and the vena contracta

Ctional area is from now denoted by subscript 2. A one-dimensional force balance along the
es eq. (C-5).
>F =m(U,-U,) (H-77)
PA,+F,—P,A, =m(U, -U,) (H-78)

INote that Chisholm worked in U.S. Customary units. With the assumptions of negligible upgtream
netic energy Jobson had derived from dimensional considerations an expression for F. This was

is not

nt. For
Cross
X-axis

2 Dr. A. Gilchrist (retired) of Strathclyde University, Glasgow, UK is acknowledged as the original author of
this updated derivation.
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Fig H-1 Schematic Diagram of Flow Through Orifice Plate

N

where F, is the force applied on the flowing fluid by the strfaces it has contact with (with a ranldomly
askigned sign). Rearranging we get

(P, —P,)A, +F, +P,(A;—A,)=m(U, -U,) (H-79)
or [if we let F=F, +P(& -A,) (H-80)
we get (P, -RIA, +F=m(U, -U,) (H-81)

F in eq. (H-80) is the F defined.by.Chisholm in reference [7].
AZ
Nqw as F, = IA PdA (H-82)

an expression for-pressure, P, in terms of the area, A is required. Chisholm assumed the flow| to be
effectively ineompressible, as it was assumed that P, —P, <<P,. Therefore applying the

Bgrnoulli/conservation of energy equation (for horizontal flow and energy losses due to shear [forces
assumed.negligible) gives

p U? p_ 2
—+7:—‘+7‘ (H-83)
P P
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where the parameters with no subscript are conditions at arbitrary areas. Developing eq. (H-83), still for
incompressible flow, gives

2 2
P:P2+E(U§—U2):P2+puz 1| Y (H-84)
2 U,
From mass continuity m = pAU =p. AU, =pA.U, (H-85)
u A,
Therefore, we have —=— (H-86)
u, A
m
and U, = (H-87)
’ PA,
) 2
, 1] m
THerefore U, =—1|— (H-88)
P A,
Therefore, substituting egs. (H-86) and (H-88) into eq. (H-84) gives
U2 uY P V(A
P=p,+P22[1| 2| |=p, +5 ] L 1—(—2j (H-89)
U, 2p| A, A
NQw, substituting egs. (H-89) into eq. (H-82) gives
2 A
P O R L | T A (H-90)
& 2p| A, A
Dgveloping this equation gives
2 2
A, A, . 2
F, _szdA+i m jdA—i m | azfoA (H-91)
A, Pl A2 | A 2p| A, AA
i.el,
. 2
A, 1| m A 1 2{—1% A,
FW = P2 A|A1 z—p{/_\—z} A|A1 —z—pm LX} |A1 | (H'92)
ie.,
) 2
2
Fo=P (A, —A)+—| ™ (A, —A)+—~m {21l (g
2p| A, 2p A, A

174


https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

Therefore, substituting eq. (H-93) into eq. (H-80) we get
2
1| m 1 %1 1
F=P(A, -A,)+P,(A, —Al)+2—p A, (A, —Al)+2—pm {—A . } (H-94)

and now substituting eq. (H-89) into eq. (H-94) we get

2 2
1| m A, 1| m 1:%/1 1
FEIP+—|— || 1] =2 | [(A-A)+P(A-A)+—| — (AZ—A1)+—m{———} (H-95)
C oA, [AJ 2 2| A, 2 (A A
whjich reduces to
2 —_
: 2
1 -1 1) 1|m
F=—m (———J—— — (i] (A - A (H-96)
2p A, A 2p| A A
which reduces further to
2 ) 2 T
Folm 1_2i+(i] _m_ Lig(&} (H-97)
20 A0 TA LA | A2 A 2(A )
If e let C; :i, then we have
1
o2 o2
F= |i1—Ci+1Ci2}=f m (H-98)
pA, 2 2 pA,
where f = {E—Ci +£Ci2} (H-99)
2 2
2
Nqte that C, =i:d—22 (H-100)
Al Dl
where
d, = diameter of the cross section at the vena contracta
D} =diameter at the inlet to the meter

In single-phase DP meter theory, the square root of the ratio of the upstream to throat area is defined
as the beta ratio, 3. With orifice plate meters the minimum flows cross sectional area is known as the

vena contracta and its location downstream of the orifice is not precisely known due to it being
dependent on the flow conditions. Therefore, as Chisholm was primarily discussing orifice plate meters
but A, is the cross-sectional area at the vena contract and hence different to the orifice plate area it

should be noted that 3 # ,/C, . In fact, one of the factors that dictate the orifice plate meter discharge
coefficient found from tables (derived from experimental data) is the correction for the known orifice
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cross sectional area being used in orifice plate meter flow equations instead of the actual unknown
downstream cross sectional area. The reason for why this apparently irrelevant issue is discussed here
will be evident later in the discussion of the Chisholm correlation derivation.

Note that this force balance derivation from first principles, which accounts for the upstream kinetic
energy of the flow, has resulted in similar but different expressions than those obtained by Jobson [63],

i.e

., €q. (H-99) compared to eq. (H-76).

Now eg. (H-81) becomes eq. (H-101) with the substitution of eq. (H-98):

o2

He
Wi

fofce, S, at the interface in the individual phase force balance equations. These are

Fa

Fa

Th
ve

ap
de

fodind to be the same.

De

an

meter), mass continuity-gives

PA,

(P, —P,)A, +f =m(U, -U,) (H-101)

re Chisholm assumed the flow pattern was separated flow. Each phase can therefore’now be
h separately. The only indication of the existence of the other phase is the inclusion of the

2

mg :
r gas (P, —P,)A,, +f ~s=my(U,, -U,) (H-102)

pgAgZ

2

. . nﬂ|| §
r liquid (P,—P,)A, +f +S=mi(U, -Up) (H-103)
PR

e shear force S sign is arbitrarily designated. In Chisholm'’s derivation it is assumed the upg

ocities are negligible (i.e., Ugl and U are assumed to be zero). This cannot be cons

propriate for all industrial wet gas flow metering=applications. The following derivation is Chis
rivation with the exception that the upstream kinetic energy has not been ignored. The end rg

veloping eq. (H-102)
o2
My

pgAQZ

—f

(P, =P, )A;2S=mg U, -mgU, (H-104)

d if the flow is considered-effectively incompressible (i.e., the gas density change is small throu

dealt
shear

tream
dered

nolm'’s
sult is

gh the

mg = pgAglugl = pgAQZUQZ (H'105)
and therefore we get
22 2
p.ALU
(P, —P,)A,, -S=p,A,UZ, —p A U2 —f L 202 (H-106)
pg/\QZ
Canceling terms and diving both sides of the equation by p A, gives
P —P A
(P, 2)— S =U? - Y2 —fu? (H-107)
g2 gl g2
Py PgAg2 Ag
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Again from continuity, for an incompressible flow we know that

2
A
U2 =U2% = (H-108)
Agl
Therefore we have

P-P) S 2 [ £ _uz[l A .J (269
Pq pgAgZ * 92 ZkAgl) " gZL Agl J

2
P=P) S _Us|, ,Aw (H10)
Py PgAg2 2 Ag

Chisholm makes the assumption that the ratio of upstream to vena contracta atea is the same for single-
phase and separated phase flows. Hence

A
C, A _Pe A (H-111)
Al Agl All
Therefore
_ u?
Pi=P,) S _Yep 56 o (H-112)
pg pgA92 2

and with substitution of eq. (H-99) we get:

2
(P.=P,).O S _Ye [1—02] (H-113)
pg pgAgZ 2 I
Letting
2
Q=1-C? =1—(i) (H-114)
Al
we get
(P-F) s _Us Q (H-115)
pg pgAQZ 2
or
2
(P-P), S _ Y (H-116)
P2 AgZ(Pl - Pz) 2

Chisholm now defines a parameter called the shear force ratio. He used Sg to denote this which has the
potential to be very confusing as ASME defines Sg as the slip ratio [see eq. (21)]. Therefore, here
Chisholm’s shear force ratio will be denoted by Sgr.

S

° AP P,)

(H-117)
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Therefore, we now have:
(Pl — Pz)
P2

2
[1- SFR]z% (H-118)

Taking the same approach with the liquid phase, we can develop a similar expression.
2

(B _pIA +f ™M L o_m(u U (H-103)
Ul ) 1Z A "\ 1Z L7 \ 7
P12
Dgveloping eq. (H-103)
o2
- - mi
(P,-P,)A, +S=miU, -m U, —f (H-119)
1722
and for incompressible flow, mass continuity is given by
m =p AUy =p AU, (H-120)
we get
2 2 P|2A|22U|22
(Pl_Pz)Am +S=pA,Uj, —p AUy —f=—— (H-121)
A,
Canceling terms and dividing both sides of the equation by p ,A,, gives
P,-P A
(P 2)+ > = Up, ——+Uj - U}, (H-122)
P PR, A
Adain from continuity for an incomptessible flow we know that
A 2
Ui = Ufz[ij (H-123)
All
THerefore we have
2
(P, _P2)+ S _ Uz —iufz[ij —fU, = U,ZZ[ —h—f} (H-124)
P PIAL, A I Ay
or in_othéer words
P} —s Ul A ]
12/ =L MZ—ZJ—ZfJ (H-125)
Py A, 2 n
From eq. (H-111) we can say then that
2
G F)2)+ 5 _Y [2-2C, - 2f] (H-126)

P PiAL
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and again, as with the gas phase case, eq. (H-99) can be substituted in to give

or

(Pl_P2)+ S :U|22
(o PiA L, 2

h-c?] (H-127)

with eq. (H-114) we get
(Pp-P,) S U’

12 41 190\

(0]

Fr

Sd

CH
wh

po

tentially confusing if reading Chisholm’s paper [7]; as there Chisholm denotes Sr as the shea
rafio that is denoted here as Sgr) Let
S Y, (H-131)
R — U|

Th
ve

Ch
13

T - \ll J.LU}
P AL 2

(Pl_Pz){l_i_ S }:Ulzz
p<2 AIZ(Pl - Pz) 2

bm eqg. (H-117) it is found that
A A
L S = S (H-129)
A|2 AIZ AgZ(Pl_PZ) AIZ(Pl_PZ)
we now have
_ 2
(R PZ){lJr Az SFR} _Ye (H-130)
21 A, 2

isholm denoted a slip ratio as K. This does not match the denotation in this Report for a slig
ich is Sg [see eq. (21)]. The definition in thisReport is therefore used here. (Note this

erefore, by substituting eqgs. (H-148) and (H-130) into eq. (H-131) for the case of the slip ratio
ha contracta, we get

(Pl — PZ)(]-_ SFR)

U Q -
Sh= 6 e 'O; S - B TR T)
A L 2)(1+ AQZSFRJ Py (1+A928FR]
1o A Az
isholm defined a parameter called the Shear Force Function denoted by Z. It is given here as ¢
3).

ratio,
an be
force

at the

(. (H_

(H-133)
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Therefore, substituting eq. (H-133) into eq. (H-132) gives

SR:E:

UI2

1A
Z\ p,

(H-134)

Now again taking mass continuity egs. (H-105) and (H-120) and rearranging we get

A

TH

Nd

Ch

WS

NG
the

wh
ph
no
CH

A, = — and A, =
’ nggZ <12
erefore,
AgZ _ mg Uy, :ﬂﬂi
AIZ nggz ml pg ml UgZ

ting that rhg =Xxm and m| = (1 X m and substituting in eq. (H-134) to’eq. (H-136) gives:

Ag _ /pg
AIZ 1 X P 1 X pg

isholm defined the parameter Y3 as

have:

12

w Chisholm introduced “the basic relationship for flow of liquid alone through a sharp-edged or

2L 7Y

(H-135)

(H-136)

(H-137)

(H-138)

(H-139)

b upstream velocity is neglected.” The-equation was given in U.S. Customary units as

Wls = Cc'A‘N

29p, (Pl - Pz)

(H-140)

fice, if

ere Wys is said by Chisholm to be the “Liquid flow rate by weight during single-phase flow with two-

ase pressure drop.” Nate here that eq. (H-140) assumes no energy losses and Ay is Chis
tation for the orifice_or “throat” area (which is denoted here as A;). The parameter C. is defir

C — Avc — A2
¢ A A
N/ Chisholm Notation t / ASME Notation

isholm as

(H-73)

nolm’s
ed by

Note that thetermr €AY (H-140) s the venacontracta cross-sectiomatarea (denotedas Az ), which is in
practice unknown. Switching to using the known orifice area (denoted as A;) requires a correction for the
fact that this is larger than the unknown vena contracta cross sectional area. This is usually done by
including this correction with the energy loss corrections (i.e., the discharge coefficient, which is found in
tables derived from experiment). Therefore, the Sl version of eq. (H-140) using notation in this Report

¥ Care must be taken to note that this parameter is not the expansion factor term in standard single-phase DP meter
calculations that is also denoted in the US as “Y” (but & in Europe).
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includes the discharge coefficient and the orifice area as well as the velocity of approach term E as
upstream kinetic energy is not always negligible.

No

mi = EAC,y/20(R — P,) = E'A,29, (R - P,) (H-141)

te that the traditionally used velocity of approach, E, is

and the velocity of approach where the upstream to vena contracta is

NG

aspuming unlike Chisholm that upstream gas velocity is not negligible, the single-phase gas flo

NG
ad

an

Chisholm (who was dealing with general two-phase flow) ‘developed the equations in terms of
flow and then simply gave the final result if the same procedure was done for gas. Here th
equation is developed with the assumption of negligiblerupstream kinetic energy removed.

(mgs) that would produce the differential pressure (P, — P,) of an arbitrary wet gas flow is

Taking eq. (H-118): M[1— Ser|= (H-118)

E=—r— (H-142)

E'e——— (H-143)

te that eq. (H-141) is a standard single-phase equation fordiquid flows through orifice plate metg

\ssuming like Chisholm that the gas is effectively incompressible and there are no losse

Mo = EAC,,[20,(R — P,) = E"A,\[2p, (R - P)) (H-144)

te that eq. (H-144) is actually the single-phase eq. (G-1) with the gas mass flow subscript haVv

ded s to indicate single-ghase flow in this two-phase derivation.
U 2

_ 92

£,Q 2

9

d rearranging gives: U, = M[l— SFR] (H-145)
Py

Tgking the mass continuity eq. (H-105): mg = P ALY, =pALUL (H-105)

IS.
liquid
e gas

s, but
W rate

ng an

an

d substituting eq. (H-145) into eq. (H-105):

: 2(P,-P
My ngAgz\/—(; o 2)(1—SFR) (H-146)

g
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mg = %2\/@@-_8#{) (H-147)

Dividing the gas mass flow prediction if the wet gas differential pressure was read with a single-phase

ga

N¢
lig

Sy

Nd

an

Th
an

Th
ne
for

s flow] i.e., eq. (H-144)] by the separated gas mass flow equation [i.e., eq. (H-147)] gives
Mes E*AMVIZDJR ~P,) EJQA

v = (H.-148)
Mg Agz\/Zpg(Pl_PZ)(l—SFR) Agz\/l_SFR

Q

w, at the downstream flow’s cross sectional area (A), the area is made up of a gas-area (Agy)
Lid area (Ap,). That is

A, =A,+A, (H-149)

bstituting eq. (H-149) into eq. (H-148) gives

me _ E'VO [1+ A‘ZJ (H-150)

mg \/1_ SFR Agz
2 AZ ’
te that Q=1-C; =1-|== (H-114)
Al
d
E = ;2 (H-143)
1— A
Al
erefore E'VQ =1 (H-151)
d
me 1 ( Az]
= 1+ (H-152)
rhg \/1_ SFR A92
e reduction-of the term E*\/ﬁto unity has in fact made Chisholm’s hugely limiting assump

gligible‘dpstream velocity/kinetic energy superfluous. That is, it has been shown that there is nq
suehta limiting assumption and, in fact, the Chisholm equation in reality has no such restriction.

Naw;-Carrying on with the Chisholm derivation, we bring back eq. (H-133)

(H-133)
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and rearranging gives

Z? -1
Sep = A (H-153)
VA 2 + 792
Az
which can be substituted into eq. (H-152)
(1"‘ Az)
Te _ Y (H-154)
Mg
2
1- Z° -1
22 + 92
2
Ay
Nating that =ZY (H-139)
AI2
We have from eq. (H-154):
m (“ x j
= = (H-155)
mg (2l
rASAL
i.el,:
ZY +1
Mogs ZY (zY +1)(Z% + V)
= = (H-156)
rhg / ZY +1 ZYNZY +1
2°+7ZY
i.el,
g V(ZY +1jw/iz2 +Zv) \/ (zY +1)(22 + 2Y) (157)
e (ZY)
i.el,
me |Z°Y+2Z2Y2+Z22+2Y [z 1
— = > =Jotl+—s+—C (H-158)
M, (zv) Y Y
i.el,
M _ iz+ Z+t|211 (H-159)
' Y Z)Y
My
At this point Chisholm denoted C as
C=2Z+ 1 (H-160)
Z
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Therefore, we have

=,z tC+1 (H-161)
' Y Y
My
Now, from Y = %\ P (H-138)
—x\p
|
and
1-x [P
X = — 79 (4)
|
weg have
Mo _ irCX,, + X2, (H-162)
Mg
or
Mg = Mes (H-163)
JL+CXy + X2
where

Mg = EAC,,[20,AP, (H.144)

as (Pl - P2)= AP, by definition. That is, mgs < rthpparem . So finally we have the Chisholm corr
fom

m g Apparent

g =
JL+CXy, + X2,

m (G-11)

It is common in actual use to include the gas expansion factor in the uncorrected or appare
mass flow calculation (even though Chisholm assumed incompressible flow).

It should be noted.that the Chisholm model, like the Murdock model is based on the assump
separated two-phase.flow only. However again like Murdock, Chisholm used various data sets tha
than likely had flow patterns that included in practice some liquid entrainment. In 1967 Chishol
new data [7] asywell as Murdock’s data and the data sets of James [62], Bizon [64] and Thom [
the data sets-except some of Murdock’s were for water/steam flows. All data except Murdock’s sp
general two‘phase flow conditions and many orifice plate geometries; of these, only Bizon and J
data sets included wet gas flow conditions as defined in this document, and these two data set

blation

nt gas

tion of
I more
m had
5]. All
anned
ames’
s also

ingluded many data points far outside the wet gas limit. The experimental values of C for the w|

et gas

relevant data sets where reported to be Bizon 2.34, James 2.41, and Murdock 2.66. (In general, for two-
phase flow with higher Lockhart—Martinelli parameters the C values were much higher.) No independent

check on these values is known to have been published.

In 1977, Chisholm published a research note [8] in which he derived an expression for his parameter
C [see eg. (H-160)], which was solely a function of the gas-to-liquid density ratio. This function is now

derived.
The homogeneous model gives eq. (H-8):
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: m
Miotal = Tg = EA[‘ng \/thom ogeneousAPtp (H_8)

If it is imagined that the total wet gas mass flowing flows as liquid, it can be said that:

Miowl = Mg+ Mi = EAC,1/29,AP, (H-164)

wh

e
Cco

as|

ere AP, is the differential pressure that would be measured under the assumption of all the)W

mass flow being liquid. Note that the expansibility term, &, has dropped out of eq. (H-164) as liqui
er gliq p y pp q q

ctively incompressible. Also note that Chisholm assumed that the orifice meter's disc
efficient would be the same for when the gas phase flowed alone and when the wet\gas phase

a homogeneous mixture: C = C, . Therefore, by dividing eq. (H-8) by ed. (H-164) we ge

dhom ogeneous

EAI‘C‘Cd \/thomogeneousAPtp
EACy+2p,APR,

=1 (H-165)

et gas

ds are
harge
lowed
t

s flow

and as Chisholm assumed the expansibility factor to be approximately unity for the homogeneou
the following equation was derived:
A A (H-166)
AI:)Io phom ogeneous
Cagnsidering eqg. (19)
A
a, =1 = X' (19)
and continuity egs. (H-167) and (H-168)
My =xm=p A U, (H-167)
mi =(1-x)m=p,A,U, (H-168)
then from eq. (19) and centinuity eqgs. (H-167) and (H-168)
1-x)m  xm U
1-x) + ~9 Py (1—x)+x
1_A_AHA_ eU pY, U p (H-169)
o A A (1-x)m i&g(l_x)
p,U, U, p
or lby-rearrangingfand-using-eq—{H-131)
1-x X
. Sy ( )+ —
I N (H-170)
o S (1—X)
R
P
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Now the gas volume fraction is defined as
Q,
Q+Q,

GVF =

(12)

which, with substitution of the continuity egs. (H-167) and (H-168) in the form of egs. (H-171) and (H-
172),

Q,=——=A,U, (H-171)
Py
Q, =—(1_X)m =AU, (H1172)
[of
canh be written as
X
GVF=, 8 (H-173)
1-X X
+7
P pg

Chisholm now stated that as the square root of the differential pressure that would be produced

lighid phase flowed alone (AP,) would be
1— X)mtotal
VAR =(— (H-174)
EAC,+2p
theén as from eq. (H-164)
mtotal
VAR, = ——7— (H-175)
| EAC.+2p,
it gan be said that
AP, 2
— 1l —(1-x H-176
AP, ( ) ( )
Dgveloping eq. (H-170).further gives
{SR (1—x)+xJ(x+1—xJ
_ pl pg pg pl (H-177)
7 s L-x)[ x  1-x
"o \p, p
therefore
X, 1-x X]
£ :i(l—a,): Po 2 NP (H-178)
a a 1- X) X 1-x
Sy +
PPy A
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N s
Y s X)[X+1_XJ

pg pl

(H-179)

lr‘tow Chisholm introduced a parameter called the Armand constant, Ca, which was a parameter.flamed
a

VO

Sq

an

ap
de
re

r a Russian two-phase flow research engineer in the late 1940s. The Armand constant is-the T
d fraction to the gas volume flow ratio. That is

- a
c,-l-a_ % (H-180)
GVF GVF
now substituting eq. (H-173) into eq. (H-180) we get
1— —
C,= il i+1—X (H-181)
L pg pl
Py
d therefore eq. (H-179) becomes
( X 1—x]
— N + -
1.¢ pgl_xp. (H-182)
al SR CA
P

-rom analysis of the available two-phase flow data Chisholm stated that the Armand constant co
proximated to unity. This is indeed a reasonable approximation for wet gas flows. The reaso
scribed in Nonmandatory~Appendix B. Chisholm then introduces “a well known appro
ationship for friction”:

—Pr = (H-183)

atio of

uld be
Ns are
imate

should, hesnoted here that eq. (H-183) is well known among two-phase flow researchers for

nular

flow. Thats; Chisholm is using an annular flow pattern equation. Note that Chisholm claimed the [nodel
to |be farseparated flow, but did not say it was for stratified flow as could be falsely presumed by re¢aders
of [his~paper that do not follow each step of the equation’s development carefully. Equation (H-183) is

derived*as foltows:

* This derivation was supplied by Dr. Dempster of Strathclyde University, Glasgow, UK.
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Fig. H-2 Schematic Diagram of a Horizontal Annular Flow Pattern

Wall Shear Stress, 7,

Fo

wh

TH

| |
- liquid flow l
o as flow By
: g > D |
|
A A
|
|
|
|
dz
Force balance on whole pipe section for two-phase steady‘horizontal flow:
~dP, A-17,(zD)dz=0 (H-184)
rce balance on whole pipe section if the liquid phase flowed alone through the pipe section:
—(dR)A —7,(7D)dz = 0 (H-185)
ere
= shear stress on the control velume surface (i.e., the pipe wall) for if the liquid phase flowed al
= shear stress on the contrelvolume surface (i.e., the pipe wall) for the actual two-phase flow
erefore, we know that — (dP)I A=r, (ﬂD)dZ . Dividing eq. (H-184) by eq. (H-185) gives

- (dPtp )A _Tw (7D )dz

pne

= H-186
“@RIA () e
That is
AP,
oot (H-187)
AR 1
NQw;,by definition
Ty = tpL—p'lZJ' J (H-188)
and
2
7 = (—p'gs'] (H-189)
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where

fi

f,

= friction factor if the liquid flowed alone in the pipe

= two-phase friction factor

U, = actual average liquid velocity in the annular ring

U

Sy

Fr

Th

sl

= average liquid velocity if the liquid flowed alone in the pipe

stitatimgegs. (H-188)amd(H=-189) Mo eq. (H-187)gives

f ('O'U'ZJ
AP L2 f, (U2
L2 ) g
AI:)I 7 f pIUsI fI Usl
"2
bm continuity
AU, =AU, (H-191)
erefore, substituting eq. (H-191) into eq. (H-190) gives:
AP, f (A*) f
e =ii2 (H-192)
AR fi LA fiva

fFor annular flow, often researchers assume that there is not a great difference in the friction factors of
the actual two-phase flow and that which existstif the liquid flows alone. Hence, the ratio of friction
fagtors in eq. (H-192) is often approximated o Unity ftp/fI ~ 1. Hence, eq. (H-192) reduces to €q. (H-
183) as required
AP, 1
L= (H-183)
AR«
Chisholm applied this appraximation to the model. Now, letting Cs = 1, squaring eq. (H-182), and
combining the result with eg.(H-183) gives
r T2
(X 1- XJ
1 P P AP,
— = ! L (H-193)
a S (1—X) API
: R
P
and as from egs. (H-166) and (H-176) we have
Aptp _ Aptp AI:)|0 _ p| 1 (H‘194)

AP, APy AP Piomogencous (L= X)°
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We also have from egs. (H-193) and (H-194):
r T2
( X 1- x]
- + -
% P 1
Lt =—2 . (H-195)
SR ( _X) phomogeneous (1_ X)
P
which rearranges to
-x)|
X —X
SF% =P phomogeneous (_4_—] (H-196)
pg pl
and as by definition
1 X 1-x
_— (H-6)
phom ogeneous pg pl
weg have
Xpo, +(1—x
Sp = L:\/E M: 14X ﬂ_l (H-197)
phom ogeneous pg pl pg
Chisholm now stated that analysis of experimental resultssshow that eq. (H-197) is valid at Lockhart—

Martinelli parameters above unity (i.e., X.v >1) and at*Ceckhart—Martinelli parameters of unity ¢

(X
no
no

[
fo
co
is
or
I

or

v < 1), the slip ratio, Sg, becomes independent of the quality/dryness fraction, x. Chisholm state
discontinuity of slip ratio at the Lockhart—Martinghiparameter of unity should be assumed. The
ting that, from eq. (4) we now have

X = ; =1 (H-198)

med purely from theoretical considerations and is therefore a theoretical equation and
Frelation. The use of eq. (H-198) is based solely on experimental results and therefore, although
considerable theoretical reasoning in the development of the correction factor, the Chisholm w
fice meter correction-factor is not a theoretical model but a data fitted correlation.
Fquation (H-198)\can be rearranged to give eq. (H-199):

Jon

X=—9° (H-199)

Vpo 4Py

r less
bs that
refore,

is worth noting here that there is an assumption by some in industry that the Chisholm equgtion is

not a
there
et gas

P 1-x\’
g
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Substituting eq. (H-200) into eq. (H-197) gives

2 1-xY 1
Sp= |—HF— = fl+x{|—=| -1} =,/=-1 (H-201)
,0 hom ogeneous X X

Substituting eq. (H-199) into eq. (H-201) gives

NG

W6

an

Th
ph

Cco

Py

sR:\/E_lz 1 _1\/\/’7“*/’)_'—@ */;[ﬂf (H-202)

N S N A A WY
Joo+ia

w noting eq. (H-134) and eq. (H-160)
U
Sy=—92= 1A (H-134)
UI2 Z pg
1
C=2Z+= (H-160)

can say that

z
c-L |A,s s (H-203)
Se | 2 P

d substituting eq. (H-202) into eq. (H-203).gives

1 1 1 1
4 4 4 4
C = (p_gj & + & p_g = & + (p_gJ (G-lZ)
pl pg pg pl pg pl
erefore, instead of an empirically found value for C in eq. (G-11) Chisholm had now updated th

ase orifice plate meter_correlation for use in high-quality/dryness fraction two-phase flows (i.e.,

function of the.gas-to-liquid density ratio. The final Chisholm wet gas flow orifice plate
[relation is théerefore

EA&Cy+[20,AP,

@3_
Il

(H-204)

1
4

e two-
Xum <

which includes the~ASME wet gas flow region) to an equation that had the parameter C calculated by

meter

(o5 ()

s, | .
\jl+1LP?J +LP9J ijM Xy
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or
- m
mg — gApparem (H-205)
1 1 : . 2
L (P) +{p|}“ ms s
P Py mi+my mi+my
H-6 THE SMITH AND LEANG CORRELATION FOR ORIFICE PLATE METERS
The Smith and Leang equation [59] uses the concept of the blockage factor. The single-phase
orifice plate flow equation for gas is
mg = EC,Y,A[2p,AP, (G-1)
This was modified by Smith and Leang to take account of the blockage by the,liquid in a wet gas f
introducing a blockage factor & :
my = E§A1YHDCd 1/2pgAF>tp (G-14)
The blockage factor effectively corrects the meters throat area to the effective throat area as s¢
thg¢ gas phase due to the liquid's presence. Smith and Lieang state that the assumed primary influ

on| the blockage factor are

(a] the volume of liquid in the gas flow and the assaciated phenomena of wakes behind drops (i.
correlation does take some account of entrainmenit) and in between waves on liquid films.

(b] additional blockage caused by liquid breakup for lower quality/higher liquid-to-gas ratio flows.

fraction, x, may be linear. They alse~acknowledge that the second influencing factor is signific
flows with changing flow patterns, and the flows quality or dryness fraction is a major influence
flow pattern. For these reasons'Smith and Leang postulated a relationship between the quality,
the blockage factor, &, for high ‘quality flow that is close to linear, with the higher the quality the s

th

or
S
diq

The correlation’'chosen by Smith and Leang was of the form:

mith and Leang postulate that the first.influence between the blockage factor, &, and quality/d

blockage effect. However, they postulated the situation would become more complex as the
dryness fraction reduees to below a critical value where a separate correlation may be reg
nith and Leang chose to form a correlation for qualities above 10% (i.e., x = 0.1), evidence tha
not consider the 'second mentioned influence of the blockage factor as significant for wet gas fl

£=C, +C2x+C—22 (H-206)
X

ow by

ben by
ences

e., the

yness

hnt for
bn the
X, and
maller
huality
juired.
it they
DW.

This form was chosen by consideration of the flow phenomena. The first two terms represent the
expected linear relationship between the blockage factor and quality, x at higher quality flows. The third
term represents the increasing influence of an additional blockage caused by a changing flow pattern at
lower qualities. The third term’s exponent was simply an estimate. Using saturated steam orifice plate
meter data (at x = 0.1) from various sources, Smith and Leang fitted the following equation:
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0.00183

XZ

£ =0.637 +0.4211x — (G-15)

The second term shows the linearity of the relationship between the blockage factor, &, and

guality/dryness fraction, x, at high-quality flow conditions. It can be seen that for high-quality flows the
third term has little influence and only becomes significant at lower qualities. A research discussion at
the end of the Smith and Leang paper [59] comments that not all the orifice plate data is from standard

/ cBae ad o an a atorc I oo alidl o A

he Smith and Leang correlation is a general two-phase flow correlation formed from steam_/| water

d

exgcess of unity and at a quality of unity the correlation does not reduce to the gas equation (as rejguired
byltheory) but indicates an over reading of 5.627%, which, of course, is not correct. The quality range of
thg¢ assorted data sets is seen from a data set table given by Smith and Leang [59] to be 0f[< x <
0.9672. Therefore, the Smith and Leang Blockage correlation should (like all correlations) be used only
within the limits stated for the correlation data.

The final equation formed by Smith and Leang for total mass flow of a two<phase flow is

mg = E[o.637+0.4211x—%2183%\%0d 2pAP, (H-207)
X
i.el,
. ) . 2
Mo = E| 0.637+0.4211 — 1 |_0.00183 "M 1Ay C, [2p,AR,  (H-208)
mg + ml mg

H-#7 THE LIN CORRELATION FOR ORIFICE-PLATE METERS

LLin published a two-phase flow correlation-for orifice plate meters in 1982 [9]. Like Murdock and
Chisholm, Lin assumed a separated flow;:through the meter, no thermodynamic effects, incompregsible
flow and that the pressure drop across.the meter is the same for both phases. The correlation
development is similar to that of Murdock’s. Lin derives the same eq. (H-31) as Murdock

AP, ( K, J (AP, [ K,Y

= + (H-31)
APg (KI )tp APQ (KQY)tp
Hgwever, Lin then‘goes on to say that the meter error is dependent on the shear between the sepprated
phases and that the shear is solely dependent on pressure. Although it is not stated by Lin as sug¢h, the
Lin correlation effectively upgrades Murdock’s correlation to a similar modeling detail to that [of the

Chisholm.cerrelation. The derivation is now given.
From-Murdock’s eq. (H-31), Lin assumes that

K, = O(K, )tp (H-209)
and

K,Y, = (K,Y, ), (H-210)

Although it is not stated as so by Lin at this stage, these assumptions expressed as egs. (H-209) and
(H-210) in fact match the findings of Murdock where
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Ko

M = =0 (H-211)
KItp
Lin now expresses eq. (H-213) as eq. (H-212)
AP AP
P_g|—L+1 (H-212)
AP AP

g9 9

From here Lin produces an expression for the parameter 0 that is solely a function of the gas*td-liquid
defnsity ratio and hence Lin can be said to have upgraded the Murdock correlation to include|the effect of
pressure (similar to the Chisholm correlation). The expression is derived as follows:
If the gas phase in the two-phase flow is considered alone:

rhg:EAthgtpCd 2pyAP,  (H-213)

9.tp

or

JAP, = My (H-214)

EA Yy, Co 2Py

If the gas phase is imagined to flow alone through the metet:

Mg = EAY,C57\/20,AP,
JAR, Mg (H-215)

- EAY,C,. |25,

or

If the liquid phase is imagined to-flow alone through the meter:

mi = EAC, y/2p,AP,

or
m
JAR =—— (H-216)
| EAC, 20,

Then substituting egs. (H-214), (H-215), and (H-216) into eq. (H-212) gives:

. ( .
mg m

EA Y, Cq /2 EAC,, /2

A, Yo dg*/ Po |_ A 2 I (H-217)
Mg Mg

EAY,Cqg4/20, EAY,C,. 2,
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Lin makes the following unstated assumptions:

(a) The products of the discharge coefficient and expansibility of the separated gas phase in the two-
phase flow (ngCdg ) and of the gas flowing alone (YgCdg ) are approximately the same.

(b) The product of the expansibility and discharge coefficient of the gas flow if it flowed alone (Cdeg)

is approximately the same as the discharge coefficient of the liquid flow if it flowed alone (Cdl ).

A A
(c) The throat void fraction (o, = i) is equal to the meter inlet void fraction (o = Tg)'

t

Therefore, eq. (H-217) can be expressed as follows [with use of eq. (16)]:

s1=pM [Po g =X 285 (mong)
mg pl X pl

o= ! (H-219)

oo o)

INote that from the definition of the void fraction and mass continuity,

[ =N
_3 .

>
|
| =
Il
()
ERS

> |
=

or [alternatively,

Xm

A A A s _ 1 _ 1 (H-220)
ACA+TA o @-x)m 1-x U, [ p,) 1+, 701X
el B B "X
P Ug  p Ui X Aui \A

Therefore from-egs. (H-219) and (H-220):

9=5, 2" (H-221)
Py

Lin now quotes Thom [65] and says the slip ratio, Sg, is solely a function of the line pressure. [This, it
should be noted is a similar statement to with regard to two-phase slip as made later by Chisholm [8] as
seen in eq. (H-202)]. Equation (H-221) can be written as

9=5, |2 = f[&] (H-221)
pg IOI
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where f is a function found from experiment. Using various data sets of steam / water (from James [62],
Murdock [5], Collins [66], Bizon [64], Ragolin [67]) as well as data from the Harbin Boiler Institute and
Lin’s own data set of R-113 mixtures, Lin produced the following equation:

2 3 4 5
0=1.48625— 9.26541["9j 4 44.6954[‘)9j - 60.165[‘)@') - 5.12966{%J - 26.574{‘)9J (G-17)
P P P P Py

ome of the data used to create this correlation was obtained from nonstandard pressufe tap
positions. Due to this problem, Lin carried out some nonstandard pressure tapping tests and_con¢luded
that the method still gave good results. However, it should be noted that these tests were 'restrigted to
stgam / water flows in small bore pipe at low pressures and with qualities low for wet’'gas metering
copsiderations. (Lin considered general two-phase flow.)
The final expression Lin offered for calculating the mass flow for a known qualityis/derived as follows:

AP
?_9 AR g (H-212)
APg APg

i.el, \/APtp = 0,/AP, + \/APQ (H-222)

Sybstituting in egs. (H-215) and (H-216) and assuming the gas“and liquid phases flowing alone t¢ have
th¢ same discharge coefficient

(1— X)mtotal X mtotal (1— X) X mtotal
JAP, =0 + =0 + (H-223)
? EAC, \/Zpl EAY,C, \/2,09 VA Ygi/pPg |[EACGV2

Lin assumed the gas expansibility ‘term to be negligible (Yg ~1) and then developed & final

expression for total mass flow based on a liquid flow calculation. This is due to the fact that Lin was
cohcerned with general two-phase flow. However, Lin’s data has many points within the ASME definition
of \wet gas flow and hence an expression for total mass flow based on a gas flow calculation is gqually

valid. Such an expression is
EAC,./2p AP
ACoy 2P (H-224)
0(1-x) /& +X
P

EAC,/2p,AP,
A d pg tp_ (H-225)

(1—)(\ 7%
o7 }\/g +1
X VA

Miotal =

which with.€gq. (16) leads to

mg = XMiotal ==

_ EACd VngAPtp _ rhg,Apparent

ie., mg = =
1+6X 1+6X

(G-16)
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H-8 THE DE LEEUW CORRELATION FOR VENTURI METERS

In 1997 de Leeuw [10] presented a wet gas flow Venturi meter correlation. This is the first paper to
specifically discuss Venturi meter performance with wet gas flows. De Leeuw had two data sets, one
from a field location (Coevorden) and one from a test facility (SINTEF at Trondheim). The two test

matrices are plotted on a Shell flow pattern map in Fig. H-3.

Fig. H-3 The Shell Flow Pattern Map With the Coevorden and
Trondheim Test Matrices Superimposed
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induced gas overreading as with orifice' plate meters (see Fig. H-4) important new discoveries we
the¢ gas flow rate itself (or in dimensionless terms the gas densiometric Froude number) and th

ameter and gas-to-liquid density ratiowere as important for a Venturi meter in determining thg

The de Leeuw research was groundbreaking. Along with confirming that the Lockhart—Martinelli

liquid

re that
e flow

tern were also important. De\keeuw stated that for a set Lockhart—Martinelli parameter and gas-to-

Lid-to-gas mass flow rate-ratio) increased, so did the liquid-induced error (see Fig. H-5).

creating the wet gas-Venturi meter correlation, de Leeuw stated that “... the experimental dat

1 L L 1
A ECIEGHE e
pl pg pg pl pg pl
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Fig. H-4 The de Leeuw Wet Gas Venturi Meter Data Showing Lockhart—Martinelli
Parameter and Density Ratio Effect on the Overreading

ponent he denoted as n. That is
n n
c=| gy (p—g] (G-20)
pg pl
ameter n was found. Now, de Leeuw plotted constant gas densiometric Froude number line

que value of de Leeuw’s-parameter, n.

Here de Leeuw tuned the C factor by replacing Chisholm’s constant 1/4 with an experimentally| found

at is, with each experimental combination of density ratio and gas densiometric Froude number a
pa;ticular value for Chisholm’s parameter C was found and then the corresponding value f
r

pr the
5 on a

ameter C vs. gas-to-liquid-density graph (see Fig. H-6). It was stated by de Leeuw that constant gas
nsiometric Froude numbierlines plotted on Fig. H-6 could be represented with eq. (G-20) haying a
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Fig. H-5 The de Leeuw Wet Gas Venturi Meter Correlation Showing the Effect

of Gas Densiometric Froude Number and the Comparison
of the de Leeuw Prediction to the Predictions of Murdock
and Chisholm’s Correlations
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Fig. H-6 The de Leeuw C vs. Gas-to-Liquid Density Ratio Plot
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NOTET For any Independent researcher planning 10 atlempt 10 validate this, It IS not imme
mathematically obvious how to separate n out of eq. (G-20). The following is an explanation:®

Let

Pg

p=-"2 (H-226)

Py

> As supplied by Dr. van Maanen of Shell Global Solutions
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and
q=p" (H-227)
Therefore eq. (G-20) becomes:
C= (p_gj + [p_gj =p" +p™" (H-228)
P Pi
i.ef; pr=CTp =0 (H-229)
Therefore, multiplying by p" gives p>" —Cp" +1=0 (H-230)
or q°-Cgq+1=0 (H-231)
+4/C% -
Therefore the positive root of q is g= % (H-232)
n + 2 _
Hence (&J = M (H-233)
P 2
n + [ 2 _
THerefore In [&j =dn €+vC -4 (H-234)
e 2
+C2 -4 -
Sq finally n= In(C £VC 4) In2 (H-235)

I
ga

(2]}

Having found by experiment.thiat for the available data the parameter n was solely dependent
s densiometric Froude number de Leeuw then plotted n versus Frg. This plot is reproduced h

Fig. H-7.

bn the
bre as
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Fig. H-7 The de Leeuw “n” vs. Gas Densiometric Froude Number Ratio Plot
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Hadre relating Figs. H-3 and H-7 shows the first experimental confirthation of what Smith and Lear]
speculated for DP meters. That is, the flow pattern can directly. affect the liquid-induced overre
This is indicated here by noting that the Coevorden data which’has a gas densiometric Froude n
range of 0.5 to 1.5 and is shown in Fig. H-3 to be almaost, entirely in the stratified flow pattern
appears to have a constant n value of approximately 0.41:

The Trondheim data that has a gas densiometric Efaude number range of 1.5 to 4.8 and is sh
Fig. H-3 to be almost entirely in the annular mist flow pattern region has a varying n value which
overlap of the Coevorden data matched the 0.41-value. It was pointed out by de Leeuw that the 0
gas densiometric Froude number of 1.5 is shown as being at the transition line between stratifig
anjnular mist flow patterns (again see Figs.(h-3 and H-7). Hence, it is postulated by de Leeuw th
chpnge of flow pattern causes the change’in the overreading’s relationship with the gas densio
Frpude number and hence the value ef.the parameter n.

g had
ading.
umber
region

bwn in
at the
verlap
d and
at the
metric

e Leeuw therefore stated a constant “n” value for stratified flow patterns within the experifnental

range (i.e., 0.5 < Fry < 1.5) and an empirical fit to the data for the annular mist flow data (i.e., Frgq
The de Leeuw correlation is shown as egs. (G-20), (G-21), and (G-22), which is used in conjunctig
Chisholm’s eq. (G-11).

> 1.5).
n with

: mgA arent
my = i (G-11)
J1+CX,,, + X2,
wrjere
C =(&j + 2 (G-20)
pl pg
a
n=0.606*{—e " | for Fr, >15 (G-21)
n=0.41 for 0.5< Fr, <1.5 (G-22)

This correlation is designed for an extrapolation of the data set in the direction of increasing gas-to-
liquid density ratio. The correlation is not designed for extrapolation to lower gas-to-liquid density ratios

than the data limit.
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H-9 THE CONE-TYPE DP METER WET GAS FLOW CORRELATION
The Steven correlation was developed in 2000 at the time where industry was beginning to become
more aware of the importance of the flow pattern on influencing a liquid-phase-induced DP meter error.

With the physical modeling of changing flow patterns prohibitively complex and only possible with the
inclusion of many assumptions, Steven followed de Leeuw’s decision of fitting a “blind” data fitted
equation to the data. (Note de Leeuw in fact took Chisholm’s stratified flow orifice plate meter model

€q

uation and upgraded it by including in this a blind equation for the parameter n.) This task was

relatively easy with researchers now having the curve fitting software tools available in the market that

w6§

G
eq

(a

L~

Fa

re unavaitabtetoearty researchers:

The cone-type DP meter 0.55 and 0.75 beta ratio wet gas flow correlations are both based
-23) where A, B, and C are expressed as unique eqgs. (G-24) to (G-26) for the 0.75 beta.ratio
uation sequence (G-27) to (G-29) for the 0.55 beta ratio cone-type DP meter.

EAC, Y, [2p,AP,
m — 9 tp
g [1+ AX +BFr, ]

(6-23)

1+CX+ BFrg

Steven 0.75 Beta Ratio Cone Type DP Meter Correlation for

D
% >0.027, then:

D)

A=—00013+ 2% (G-24)
Py

P

0.0317
Py
£

B =0.0420 -

(G-25)

0.2819
Py
P

C=-0.7157 +

(G-26)

r Py <0.027 ,then A=2.431,B=-0.151,C=1.

P

bn eq.
ind as

Note that at the gas-to-liquid density ratio value of 0.027 egs. (6), (7), and (F-6) gives the constants A =
2.431,B=-0.151and C=1.
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(b) Steven 0.55 Beta Ratio Cone-Type DP Meter Correlation

A=12244 9141 (G-27)

a

0.00139

B=—00334———— (G=28)
(pg]
P

0.0109
2
Py
P

C = [0.0805+ (G-29)
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NONMANDATORY APPENDIX I*
THROTTLING CALORIMETER WORKED EXAMPLE

Let flow conditions be subscript 1 and chamber conditions be subscript 2.
Initial Wet Steam Conditions:

P, =20 bara

T1 = Tsaturated = 212.4°C

Therefore;wecan find-fromSteam Tables theenthatpy vatues assocated withrthissaturated
steam:

Hy1 = 2797.22 kJ/kg
Hi = 908.58 k/kg
Hyi = hv 1- h| 1=1 890 kJ/kg

When a sample is isenthalpically expanded across throttling device such that.it becomes
superheated (as shown in Fig. 6.1.4.2):

P, =5 bar
= 1600C (Wlth TSatura[ed = 151.8 OC)

Note T, > Tsawrated Steam is therefore superheated (as required).

Steam tables give the enthalpy value at the chamber conditions:
hy,= 2767.27 kJ/Kkg.

Therefore, as the expansion is isenthalpic we have h; = h, , = 2767.27 kJ/kg

Applying eq. (31):
h=h  2767.27-908.58

- =0.984
h—h  2797.22-908.58

The wet steam flow has a quality of 0.984. That is:

x=—19  _0983
Mg+ My

The steam.-tables also state at the flow conditions the steam vapor and subcooled water
densities:They are

, =10 kg/m® and p, =846.8 kg/m°®

Therefore, from eq. (22) we can calculate the Lockhart—Martinelli parameter:

1-x [P, _1-0.983

X
Mox Vp 0983 846

~ 0.002 (22)

! In this Appendix, equations from other parts of the book are sometimes repeated for reference. These
equations retain their original numbering when cited in this Appendix.
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It is noticeable that the Lockhart—Martinelli parameter of this example is extremely low. The
main problem with throttling calorimeters is their limitation on the minimum quality (and
therefore maximum Lockhart—-Martinelli parameter) that they can read. This limitation is
directly due to the absolute requirement to expand the saturated steam sample to a
superheated sample in the chamber. This process requires a drop in pressure (see Fig.
6.1.4.2). As the chamber has to have a finite pressure the lower the flow lines pressure the
smaller the available difference in the flow and chamber pressures and the smaller the range

of quatities that canmbemeasured:

Table I-1 shows typical minimum qualities for given saturated steam pressures for which
throttling calorimeters can generally throttle the saturated steam to superheated steam.,This
is a guide only as posted on the internet by a throttling calorimeter supplier, and ASME does
not take responsibility for its accuracy.

Table I-1 Guideline for Minimum Steam Qualities for Throttling Calorimeter Devices

Minimum Steam Mipimum Steam
Steam Pressure, . Steam Pressure, .
psia Quality, x, psia Quality, X,
Measurable Measurable
20 99.385 120 95.45
25 98.93 140 94.09
30 98.55 160 94.8
35 98.23 180 94.65
40 97.93 200 94.31
45 97.67 300 93.53
50 97.43 400 93.18
60 97.03 500 92.85
70 96.68 600 92.78
80 96.37 700 92.84
90 96.1 800 93.01
100 95.86 900 93.27

205



https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

NONMANDATORY APPENDIX J*
DETAILS OF GENERIC WET GAS FLOW METERING CONCEPTS

J-1 SINGLE-PHASE METERS IN SERIES
J-1.1 Differential Pressure Meters in Series

Paragraph 6-2.1 discusses the wet gas flow design of fitting multiple meters in series. The
following is a simple theoretical example for the case of two different geometry DP meters

has a unique gradient “M” on a Murdock plot (see Fig. 10). Fitting a linear line fit to two such
Murdock plots gives two different equations in the Murdock correlation form as shown in.gg.
(J-1). Note that this equation is the same form as the Murdock correlation [eq. (G-6) —
where Murdock stated for orifice meters that M = 1.26].

m g Apparent

= J-1
1+MX,, oD

Mg

The Murdock graph with the two different DP meter data sets fitted would look like Fig. J-1.

Fig. J-1 Two DP Meters With Different Murdock Plots
AN

OR=1+M,X,,,

OR=1+M, X,

Over-Reading

>
Xim

Therefore, for each meter the actual gas mass flow rate can be found if the liquid flow rate is
known by applying egs. (J-2) and (J-3), respectively.

' m
DP Meter 1: Mg _ Mg, Apparentl

= (J-2)
1+ M, X\

m g, Apparent2

—DPivteter 2: My =—— (3-3)

! In this Appendix, equations from other parts of the book are sometimes repeated for reference. These
equations retain their original numbering when cited in this Appendix.
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However, if no significant phase change is assumed, as the meters are in series the actual
gas mass flow rate is the same for both meters. Therefore, the equations can be combined
to give eq. (J-4):

_ mg,Apparentl _ mg,ApparentZ
1+M Xy 1+M, Xy

where the subscripts indicate unique values for each meter. Note that the numerator on each
of these equations is the uncorrected erroneous gas mass flow rate prediction of that

Mg (J-4)

individual meter in question. Rearranging eq. (J-4) to give an expression for the Lockharts
Martinelli parameter, Xy, gives eq. (J-5).

mg,Apparentl - mg , Apparent2
Xim = (J-5)

g,ApparentZMl —-m MZ

Notice that this expression for the Lockhart—Martinelli parameter contains no-unknowns on
the right hand side of the equation (assuming M; and M, are known from_€xperiment) and
hence the value of the Lockhart—Martinelli parameter is estimated. Therefore, eq. (J-5) can
be substituted into either eq. (J-2) or eq. (J-3) and the gas mass flow rate’found.
Aside

In practice it is best to substitute eq. (J-5) into the equation with” the smallest Murdock
gradient as this reduces the knock on effect of the uncertainty associated with the Lockhart—
Martinelli parameter on the gas mass flow rate prediction. That is, the lower Murdock
gradient equation has a lower sensitivity to errors in the l<ockhart—Martinelli parameter. This
is shown graphically in Fig. J-2.

In Fig. J-2 two Murdock-type correction factors are\represented for meters with different
Murdock gradients. If we assume that both corrections for the two different meters give the
same uncertainties regarding the correct answerf the correct Lockhart—Martinelli parameter
value is used, then, we see that when the\Lockhart—Martinelli parameter has an error
(marked in the Figure as +x%), as in reality/it will have due to the correlation uncertainties,
the lower Murdock gradient correlation is fess sensitive to this error than the higher Murdock
gradient correlation and the actual overreading to be corrected (and hence the gas mass
flow rate prediction itself) lies in_acsmaller range OR + AOR . (Steven [13] gives a similar
discussion on the relative sensitivities of DP meter correlations to uncertainties in liquid mass
flow rates for the case where a stand alone DP meter is being used with a liquid mass flow
rate found from sources external to the DP meter system.)

End of Aside

g, Apparentl
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Fig. J-2 Relative Sensitivities of Murdock Fit Equations to
Lockhart—Martinelli Parameter Errors

N OR=1+M, X,

actual OR4

actual OR, |
1
. S x
= \K < ALM
X m-x% error X mtx% error
actual X, .,
Here then we have:
g m ren
my = g,Apparent2 (J-6)

Mg\ apparent1— Mg, Apparent2

1+ M,

m gyApparent2 M 1 mg,Apparentl M 2

The Lockhart—Martinelli parameter and gas mass flow rate predictions will give a liquid flow
rate prediction from eq. (4) rearranged:

P
Pq
This method of wet/gas metering is a relatively simple concept. However, most meters do
not have their wet gas flow response characterized well by a simple linear fit such as the
Murdock fit.

The complexity of this method increases with more complex correlations for each of the
meters, especially if it is not algebraically possible to separate the parameters required in the
correlation mathematical forms. It should be noted here that there are different mathematical

methiods for achieving the measurement of the gas and liquid flow rates with DP meters in
séries. The method described above is a simple procedure. Most complex DP meter

mi = Xy Mg

(4)

correlation pairs require iteration techniques.

The method obviously does not work well at low Lockhart—Martinelli parameters. As the
method is a measurement by difference technique and at dry gas there is no difference
between the meter readings (except that due to the relatively small dry gas metering
uncertainties) the problem is at low liquid loadings there is little difference between the meter
readings, and in such cases, measurement by difference techniques can have very
significant uncertainties. It should also be noted that for the case of dry gas flow, if the
individual meters have dry gas readings that are slightly different due to the existence of

208



https://asmenormdoc.com/api2/?name=ASME MFC-19G 2008.pdf

ASME MFC-19G-2008

their respective meter uncertainties the system could see the difference in reading between
the two meters and falsely claim a small quantity of liquid was present. For these reasons it
is typical for these measurement by difference techniques to be limited to a minimum liquid
loading. Nevertheless, this relatively simple wet gas metering method can give good results
in some wet gas flow metering applications. This method generally has lower uncertainty
gas flow rate measurement than the liquid flow rate measurement.

J-1.2 A Positive Displacement Meter and Differential Pressure Meter in Series

The earliest two-phase metering research works regarding a positive displacement (PD)
meter and a secondary single-phase gas meter in two-phase flow were the works of
Medvejev et al. [46] in 1972 and Chen et al. [47] in 1982. These papers are unavailable at
the time of writing, but both works are summarized by Lin [40]. Lin’s summary of Medvejev’s
research is now reproduced with comments:

Medvejev et al. used a volumetric (i.e., an oval gear PD) flow meter and an «orifice plate
(i.e., DP) meter in series to meter the gas and liquid flow rates of air/water.mixtures. From
experimental data, they found the volumetric flow rate of the mixture (deneted Q+p) could be
determined from the orifice plate equation as follows:

: 2AP,
Qu = Cdm A

_w 3-7)
hom ogenous

where

Qt = the total volume flow of the two-phase flow

Cdm = an orifice plate discharge coefficient for the two:phase mixture

Phomogenous = the homogeneous two-phase density

Medvejev expresses the orifice plate discharge coefficient for two-phase mixture Cdtp as
Cdtp =kC, (J-8)

where
k = a “corrective coefficient and is'a function of quality (x) and the orifice plate meters beta
ratio” found by experiment

C, = the single phase diseharge coefficient

[Notice that eq. (J-8) substituted into eq. (J-7) gives an expression for volumetric flow that is
in effect the same method as expressed by James for orifice plate meters. This is, because
as the corrective-.coefficient k is effectively a function of quality for a set beta ratio that
corrects the .erter inherent in assuming perfectly homogeneous flow in a nonperfect
homogenized-flow as required by James [62].] Medvejev describes the two-phase flow
homogenéeous density by the following expression:

phom ogenous = (GVF )pg + (1 - GVF )pl (‘]'9)

Thistexpression it should be noted is the algebraic result of substituting eq. (24) (with quality
xsin'terms of the GVF), i.e.:

1
X= 24
s (1—(GVF)J* A )
GVA ) py
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into eq. (H-7), i.e.:

— plpg (H-7)

piX+ pg (1 - X)

Medvejev claimed that experiments indicated that for orifice plate meter beta ratios greater
than 0.5 and GVFs less than 50%, the corrective coefficient K is approximately unity.

The total volume flow rate is obtained from the PD meter. Due to PD meter design, the
total volume of the two-phase flow is simply the volume that has passed through the meter

p hom ogenous

cavities. Therefore, Medvejev claims the total volume flow Qt was known to 3% uncertainty.
As we know that for no significant pressure drop or phase change:

Q =Q,+Q, (3:10)

and that eq. (J-7) can be rearranged to be expressed as
2
2cy, A faR,
phomogenous = Qtz (J-ll)

Finally, Medvejev states that as eq. (J-9) can be arranged to express-the GVF:

GVF = phomogenous — P (3-12)

pg - pl

then the gas and liquid volume flows can be found by egs:.(J-13) and (J-14) where the total
volume flow is found by the PD meter and the GVF is.@btained from eq. (J-12), which in turn
has the homogenized density found from eq. (J-11) where it was assumed from experimental
data that the two-phase and single-phase discharge,coefficients are the same:

Q, ={(GVF)Q, (3-13)
Q,'=(1-GVF)Q, (3-14)
The mass flow rates are predicted.by equations:
mg = p, Q, = p,(GVF)Q, (3-15)
m =p,Q, = p,(1-GVF)Q, (3-16)

In Medvejev's experiments, the experimental loop diameter was 50 mm. The orifice plate
meter beta ratio:range was 0.1 to 0.5. The pressure range and the gas flow rate range was no
listed by Lin(J40]. The GVF ranged from 0.2 to 0.98. So Medvejev tested across a wide rangg
of GVFs.and some data points were certainly wet gas flow points. However, Lin does no
mention~what process Medvejev used for cases of GVFs greater than 50% when thg
corrective coefficient Kk was no longer approximated to unity.

Itis, however, intuitive that if the corrective coefficient k was found by experiment to be a
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enough information to predict the flow rates. That is, we know that the two-phase discharge
coefficient Cd[p was a function of quality. That is,

C,, =kC, = f(x)C, (3-17)
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