WO 01/ 31298 PCT/ USOM1222 MUILTI PHASE FLOW MEASUREMENT SYSTEM BACKGROUND OF
THE INVENTION 1. Field of the Invention This invention relates to the
field of,.f tering technol ogy including systems 5 _for use in neasuring
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mass flow rates in a combined multiphase flow stream. Specifically, the flowmeter
20 is designed to provide a direct measurement of the combined flow stream, but this -
measurement cannot be directly resoived into individual measurements of the
respective phases. This problem is particularly acute in the petroleum industry where
producing oil and gas wells provide a multiphase flow stream including unprocessed
oil, gas, and saltwater.
25 It is a common practice in the petroleum industry to install equipment that is
. used to separate respective oil, gas, and water phases of flow from oil and gas wells.
* The producing wells in a field or a p_c')rtidn'of afield often shé_ré_ a production facility for RN
" this purpose, including a main production separator, a well test separator, pipeline )
transportation access, saltwater disposal wells, and safety control features. Proper
30 management of producing oil or gas fields demands knowledge of the respective
volumes of oil, gas and water that are produced from the fields and individual wells in
the fields. This knowledge is used to improve the producing efficiency of the field, as
well as in allocating ownership of revenues from commercial sales of bulk production.
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well as in allocating ownership of revenues fromcomercial sales of bulk
production. 1 WO 01/31298 PCT/ US00/ 41222 Early instal I ations of
separation equi pnent have included the installation of ul ky
vessel -t‘j}'ﬁ’é’l Bﬁ rati on devices. These devices have a hor| zongf al {jzzP
vertical obl ong pressure vessel together with internal valve and weir

assenbl [ es. | RN istalidiols 17 s8guralih Acipriert hévwnabaé@’thssmsmnaﬁm ofis one
that is used t par at e a gas phase froma liq ase inc)ud gr oi |

and wat er .laffhanddwikyfvessekivpp Reparatiengayiees Ia%dqyéqes Rid hajiz PB
vol umet ri G, f%ﬁ?ﬁgﬂﬁr@sé&e%sggtﬁb%@r WiPNinteTREIN @404 BFld Wdir asebnislies!

conponent s u produci ng conditions because the conbined 0|I and
wat er f r adhdaste tarminology pefats to@stwonphaser seraiater s Ppe fhatisusediBsaeate i qui d

streans A o bt BRBLRRR 4 GHR Al haudRE il PREREATRG! e SRE N BRg T O

es an SO separat es |qU| phase into an oil phase
and wat er gypasator dées Jotyrered direct woluprete nseaqwr%m@m@ tot b obtainrd from
separators_r r ddi I |y
have | ar ge? g,%; ﬁig"fl%d %é&%@{:mpéﬁ%ﬁﬁuﬁcﬁ'%s 8 f @doﬁ? nwﬁ%g%%%gé?rgét erials
for gravi tgoraisined afl iand vmftertﬂ'az:tlpnsdte;un practlne).trmtlbmksnl Outtﬁ'onh%\ercmfpﬁi:t ive

| d t t
bul ky and Beiageam, &ERROERSy spepetel i L0 eBratE e bas SRR | C
ver?/ gomt i sysldrﬂdas@mratles tr? Itquhi/ph?elmtg ammtwhaselam_sltveatemhaslas
nci udi n roduct at for s, and_subsea ¢ tes
ISo?ne devgl 6§r?EH‘tpaé?‘$6‘? lt‘§°’l'?h g??ﬂ' %a‘hﬁ?'Bﬁ?ﬁﬁ ﬁ%p%g{g?% g‘%}d&@’g aérf'gtams?' ufement
capabi liti ggyé %nﬂOWBﬁlCéssﬁﬁfbhégeénd oypicsg have rgér eslamekdbepermit lkmgef0 ar ea

Lo obt ai niasHerEBHIERS O GIPHARSL MBIRTRS TorcaRvEY | SPRrRe0 bhe irguRial” °%

f'OWTEterSn{aff@rIalé?ﬁ{bﬁJeﬁrQe@&cW@bmtg%@ aﬁdwetérav‘ommnehtsbe densi torreters The
density of eac ase may be used to convert the r.at

parti ¢l ar phas@ﬁﬁﬁt%e%ﬁ%l"ﬁﬁiﬁ | separators arentky aﬂaﬂn‘é‘fCH% adfq'?tf"@ﬁl {af% exi st
25 in using, ﬁ?c@éﬂegl '13h|£ 'sawa@é BFed 18 Ve hifnitbd atnhequ"t@smswe togBovide in
0

per cent ages water in a tqotal conbine oW Str Uni ted
rpigtion

States Pat eettaingnstal 999 H’S’Q@Qﬂa@ﬁ%’@"@ Reodugtion, plafippns Ag ISP ‘??e?q
correl ati oggn bRk, arpadidivBRBndnt IR NHakd Hiehpledas mrovde muméhééeow

streams having known mass percentages of the respective as and Ilgewd
conponent s measuleerd capalilitiesoini comAack packages danuse ilopgtions Whaty surfa

correlsy i ong ALGnilRAN HRRY JRKkaGeCHbRERY Ftire the use of nuclear technology to
obtain multiphase flow measurements.

Coriolis flowmeters are mass flowmeters that can aiso be operated as vibrating
tube densitometers. The density of each phase may be used to convert the mass flow
rate for a particular phase into a volumetric measurement. Numerous difficulties exist

25 inusing a Coriolis flowmeter to identify the respective mass percentages of oil, gas,
and water in a total combined flow stream.

United States Patent No. 5,029,482 teaches the use of empirically-derived
correlations that are obtained by flowing combined gas and liquid flow streams having
known mass percentages of the respective gas and liquid components through a

30 Coriolis meter. The empirically-derived correlations are then used to calculate the
percentage of gas and the percentage of liquid in a combined gas and liquid flow
stream of unknown gas and liquid percentages based upon a direct Coriolis
measurement of the total mass flow rate. The composition of the fluid mixture from
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percentage of gas and the percentage of liquid in a conbined gas and |iquid
flow stream of unknown gas and |iquid percentages based upon a direct
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necessari |y prYnitett Siatep| Ratent dop£.654,602 lescrikesorl sgihealibratingnCorielisnat er

phase. 0"1% r, tHal? aéesé'éé?gtotroto %B%?Hﬂ%sﬁ\?&tﬁé BP’Erﬁﬁtwéth 48Rsi

segregate | phase ecause resi dual water content of to aBBut ten
per cehdt t yEasutementanas mpppaed He labetatdry dangity gneasuremenisonfdhdensity25 The

er m YR S b rort ! SREch i il BSyUf, RhichR'idksyPlo By BlkicPBaS®

m xture, S Tost orten a toaratiot represents a
rel at i ons imignitoeongrebe. aTbe)lwﬁmamntmllesmm avseparametomlmmatergasﬁrmtt@u | and -

T A R A
mu!tlphase flow measurements when gas is a part of the flow stream that is applied .
20  to the Coriolis flowmeter.
Eventhree phase separation equipment does not necessarily provide complete
separation of the oil phase from the water phase. Water cut probes are used to
measure water content in the segregated oil phase because a residual water content
of up to about ten percent typically remains in the visibly segregated oil component.
25  Theterm 'water cut' is used to describe the water content of a muitiphase mixture, and
is most often applied to a ratio that represents a relationship between a volume of oil
and a volume of water in an oil and water mixture. According to the most conventional
usage of the term 'water cut', well production fluids would have a 95% water cut when
water comprises 95 out of a total 100 barrels of oil and water liquids. The term ‘water
30 cut'is sometimes also used to indicate a ratio of the total volume of oil produced to the
total volume of water produced. A term 'oil cut' could imply the oil volume divided by
the combined oil and water volume. As defined herein, the term ‘water cut’
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determ nation node that avoids need to obtain d sanmpl es “of the
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obt ai ned %ng;elagcwb}%sgggs. systemare nore accurate than |aboratory
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pr oduct i omolumenef respective components that are separated from a component mixture,
20 namely, a wellhead production material inciuding oil, gas, and water phases. The well
test system also has a special density determination mode that avoids the need to
obtain hand samples of the production fluids for density measurements. On site
density measurements obtained from the well test system are more accurate than
laboratory measurements because the material is measured at line conditions.
25 The well test system also includes devices that separate a combined
flowstream including muitiphase wellhead production fluids into separate components.
A valve manifold is used to selectively fill a vortex separator with the production from
a single well. A gravity separator is used to retain a mixture of oil, gas, and water
phases from multiple wells while the forces of gravity segregate these components
30 from the production mixture. A dump valve is opened to at least partially drain the
liquid components of the production component mixture from the gravity separator

after separation of the respective components.



a single well. A gravity separator is used to retain a mxture of oil, gas,
and water phases fromnultiple wells while the forces of gravity segregate
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aut omat ed wel | est S em acco d| n resent invention; 20 FIG 2
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FIG 3 is a pl ootmrsamfeaﬁtres:@b;e@ﬁst andimtége@wu&é&&r@mmﬁm@ehkma ects

of gas _danping on the fre uency response of fl owt ubes
Cori ol 15, f Ib\ihet @ ; “R%'daFT ding jof tﬁepﬁ'§9uﬂ°%ybﬁ!ﬂ“hét'r%‘ﬁﬂb'aﬁtﬂ‘2{‘ ibunihey t he
rel atronshraacaﬁg,ymrg@i@m@sgal n 25 and tinme for an event where a transient

bubbl e enters a Coriolis_flo DETAI LED DESCRI PTI ON OF THE PREFERRED
ENVBODI VENT BRIEF DESCRIPTION OF THE DRAWINGS .

FIG.1 depicts a schematic layout of an automated well test system according

to the present invention;
20 FiG. 2 depicts a flow chart diagram governing the operation of the FIG. 1
system;
FIG. 3 is a plot of hypothetical data demonstrating the practical effects of gas
damping on the frequency response of flowtubes in a Coriolis flowmeter; and
FIG. 4 is a plot of hypothetical data showing the relationship between drive gain
25 and time for an event where a transient bubble enters a Coriolis flowmeter.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
FIG. 1 depicts a schematic diagram of a compact multiphase flow
measurement system 100 for use in the petroleum industry. System 100 inciudes an
incoming multiphase flow line 102 that discharges into a vertical two phase vortex
30 separator 104. in turn, the vortex separator 104 discharges gas into an upper gas
measurement flow line 106 and discharges liquids into a lower liquid measurement
flow line 108. The gas measurement flow line 106 and the liquid measurement flow
line 108 recombine into discharge line 110 after flow measurements have been
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FIG | depicts a schematic diagram of a conpact mnultiphase fl ow

measur enent system 100°for use in the petrol eumindustry. System 100

i ncludes an incomng nultiphase flow line 102 that discharges into a
vertical VOMY3BMhse vortex 30 separator-104. In turn, thePGRVSOMIZSpar at or
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An incline/decline section 124 facilitates gravity segregation In the gas
and | i qui PressyEliberatesor flgghen gas fprm dhe multinhgse fluids avithin fow line 102xAn
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operably RRshéntan8deddy thedRRBRsbRAratdii1dgharge into the cylindrical interior
separation section of vortex separator 104. This 20 manner of discharge
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of multiphase fluids within vortex separator 104.

The liquid portion 128 is a majority liquid phase including discrete water, oil,
and entrained gas phases. Centrifugal forces arising from the cyclone effect cause
additional separation of the entrained gas phase from the liquid portion 128, but it is

25  not possible to completely eliminate the entrained gas phase except at relatively low
flow rates permitting additional gravity segregation of the entrained gas phase. The
liquid portion 128 discharges from vortex separator 104 into the liquid measurement
flowline 108. A water trap 130 is installed in the lower portion of vortex separator 104.
This trap may be bled to obtain periodic water density measurements, or a water

30  density meter (not depicted in FiG. 1) may be installed in combination with the trap
130 to provide water density information to controller 112.

A gas portion 132 of the multiphase fluids within vortex separator is a majority

gas phase including gas together with mists of oil and water. A mist collecting screen
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25 not possible to conpletely elimnate the entrai ned gas phase except at
relatively low flowrates permtting additional gravity segregation of the
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f | owmret er 1QEer?H|Y§8§"?R§&§ﬁNWéM2 it {he W&ﬂ'n@tsa'm%iﬁ%yi 174, which may, for
20 example, be purchased as Model V2001066-ASCO valves from Fisher of Marshall

Town, lowa.

A Coriolis mass flowmeter 154 in gas measurement flow line 106 provides
mass fiow rate and density measurements from gas portion 132 of a multiphase fluid
within gas measurement flow line 106. The Coriolis mass flowmeter 154 is coupled

25  with a flow transmitter 156 for providing signals representing these measurements to
Controller 112. Coriolis flowmeter 154 is electronically configured for operations
including measurements of mass flow rates, densities, and temperatures of materiais
passing through gas measurement flow line 106. Exemplary forms of Coriolis
flowmeter 154 include the ELITE Models CMF300356NU and Model

30 CMF300H551NU, which are available from Micro Motion of Boulder, Colorado.

Path 158 operably couples flow transmitter 156 with controller 112 for
transmission of these signals. A check valve 160 in gas measurement flow line 106

This Sheet Has Been Replaced

[T




mass flow rate and density neasurenents fromgas portion 132 of a
mul tiphase fluid wthin gas neasurenent .fl ow |ine 106 The Coriolis mass

fl owret gr 4 is coupled 25 with a flow transnitter 4 ding
51 gnal sPAIBLRR R or RagtB

signal s nting these neasurenents to Controller rrolis
flowreter 154 is electronically configured for operations including

measur enmeggsur@s posigve fldve i ﬂhétdﬂ‘éctl&EGfSart'cbv@?oSZ ands praveatiag intesiopfof lighidr i al s

-passing thr h gas neasurenent f 06. Exenplary forns of Coriolis
T ownret er POBION 1 'u@@weﬁw@en}oﬁc&vﬁ 00356NU and Mbdel 30 CMF300H551

NU, which are aaqaidlra@ésmérhemﬂ&mrr@ 1Matdoﬂtam:§‘aaaﬂédmremwmddmrbmateb 158

oper ably couRI es flow transmtter 6 with coatrojle 2 for transm ssion

Pl hoss SiayRaiia postion, 428 vt i dressussme LA lnse 108 0 ivent ey 5
T 5 SCkoatafie by T30 ragsubiie biLbior! bhblenlied s ol AIGHGR0

PCT/ USOH 41 assures positive Flow i n di rection arrow 162, thus
prevent i n@OWﬁ'ﬁths1 &6 prevides qass flaverate gad msmwaga@mﬁ;ﬁ% af iqHichPORIoB\ | i ne

106. Li quwést wf&maaédremehtmM&g@%awéo@eaeﬁmowwénﬂt%1 gghi ch

tur bul ates ortiron 128 wt urd measurenent flow |line 108
to pr eventforgmsnut’;SM ofslggatgrrqygserdmgéheaermeassmgnﬁsw rath 17Q¢ercentroligsd
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total liq
20  observed from many producing wells. For example, the total liquid production volume

of an oil well can be 99% water. Capacitatance or resistivity based water cut monitors,
therefore, are relegated to determining the water cut in an oil component that has a
relatively low water content. '
Commercially available devices that are used to measure water cut include
25 nearinfrared sensors, capacitancef/inductance sensors, microwave sensors, and radio
frequency sensors. Each type of device is associated with operational limits. Thus,
a water cut probe can measure the volumetric percentage of water in a combined oil
and water flow stream.
Water cut monitoring devices including microwave devices are capable of
30 detecting water in amount up to about one hundred percent of the flow mixture, but
in environments including three phase flow are subject to interpreting gas content as
oil. This interpretation occurs because microwave detection devices operate on the
principle that water in the spectrum of interest absorbs sixty times more microwave
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intrusion of gag an?roh op 121150’ %n Iamo?ngﬂ%g sys tﬂapgﬁggé o”Eé‘Jen‘il %Vgplelra |%nlo 8. The.
system 100. On a basic level, controller 112 includes a computer 84 that is
programmed with data acquisition and programming software together with driver
20  circuitry and interfaces for operation of remote devices. A preferred form of controiler
112 is the Fisher Model ROC364.

The production manifold 116 contains a plurality of electronically operable three
way valves, e.g., valves 182 and 184, which each have corresponding production
sources such as an oil well 186 or a gas well 188. A particularly preferred three way

25  valve for use in this application is the Xomox TUFFLINE 037AX WCB/316 well
switching vaive with a MATRYX MX200 actuator. The valves are preferably
configured to each receive production fluids from a corresponding individual well, but
may also receive production from a group of wells. Controller 112 selectively
configures these vaives by transmitting signals over path 190. The valves are

30 selectively conﬁgur_e_d to flow multiphase fluids from a well 186 or combinations of
wells (e.g. wells 186 and 188) into rail 192 for delivery of fluids into incoming
multiphase flow line 102 while other valves are selectively configured to bypass

system 100 by flowing through bypass flow line 194.
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controller 112. Instructions that e 0 can be stored on

process P2
any 10 naéng 482 higdetermination s usyallyder %@Vﬂ‘ﬂ onithe bags of atimmdelaw S&ecut i on

by controkd fist ddch well at least once per week. The test mode may also be performed on
a continuous basis with the respective valves of production manifold 116 always being
20 selectively configured to flow into system 100 while other valves are configured to
bypass system 100 through bypass line 194. These types of well test measurements
are conventionally used in allocating, on a deliverablity basis, the percentages of the
total flow stream that pass through production separator 118 to specific production
sources, e.g., sources 186 and 188.
25 Manually actuated valves 196 and 187 can be opened and closed for selective
isolation of system 100, i.e., valves 196 and 197 can both be closed for the removal
of all components that are mounted on skid 114. An electrically actuated valve 199
is normally closed. A second or redundant bypass line 198 interior to valves 196 and
197 permits flow to bypass system 100 when valve 199 is open and valves 150 and
30 174 are closed.
Testing begins in step P204 with controller 112 constricting or opening vaives
150 and 174 to reduce or increase the total flow rate through vortex separator 104 for
the purpose of separating gas from liquid phases in the multiphase fluid. The total
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or simlar devices that are connected to system 100 i n any operabl e manner.
Process P200 begins with step P202 in which controller 112 determ nes that
i's pro&er to enter a production test node. Wth regard to FIG 1, this
rreans that'C 8Kt ol 1 er 112 sel ectively configures the vaPCIUseuta 4 154 of -
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separator a | r enent 0 i n e anpunt o
Frona t nat SeeFidetf o ARaTS Siimsmissilyin Pt dne RindPn ot He BTG 100
alternatlng voltage applied to the drive coil of Coriolis flowmeter 166, e.g., at

frequencies f,, f,, and f,. The transmissivity ratio T, equats the output of meter pickoff
20  coils divided by the drive input, i.e., T, is the drive gain:

T OUTPUT Ve PICKOFF COIL
(1) r = “INPUT = “VaDRIVE COIL

A first curve 300 corresponds to the undamped system of Equation (1), i.e., no
gas is present in the fluid being measured. A second curve 302 corresponds to a
damped system where gas is present. Both curves 300 and 302 have an optimal

25 value 304 and 304", respectively, at the natural frequency f..
FIG. 4 is a plot of hypothetical data showing the relationship between drive gain
and time for an event 400 where a transient bubble enters the Coriolis flowmeter 166
as a bubble entrained in a multiphase fluid. The bubble enters at time 402 and exits
at time 404. Drive gain is expressed as a percentage in FIG. 4, and plotted as a
30 function of time at intervals, eg., t,, t,, and t;. Controlier 112 (see also FIG. 1) is
programmed to monitor drive gain or transmissivity by comparing the same against
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entrai ned bubbl es fromliquid neasurement flow |line 108 through the use of
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t han t hr e@R8) Qfl WB nQ ENaINEEseas Factign., AB @, altemative to performing direct

20 measurements on the muitiphase fluid in liqguid measurement line 108, it is also
possible to obtain samples of the muitiphase fluid for laboratory analysis or to
approximate density measurements by the use of empirically derived fluid correlations
to obtain less preferred approximations of p,.

in step P208, controller 112 selectively adjusts valves 150 and 174 in amanner

25 that optimizes separation resuits in vortex separator 104 according to manufacturer’s
specifications based upon the gross rates of flow through Coriolis flowmeters 154 and
166 together with pressure signals received from pressure transmitter 135 and
differential pressure gauge 140. In this step, production manifold 116 is configured
to flow for active producing well test measurements. Vortex separator 104 functions

30 differently in this step, as compared to step P204, because controller 112 does not
adjust valves 150 and 174 in a manner that reduces drive gain below the threshold
406 shown in FIG. 4. In this circumstance, the majority liquid phase flowing through
liguid measurement line 108 may include entrained gas bubbles.
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5 The exact |evel of threshold 406 depends upon the specific neter design
togetherwith the intended environnent of use, and is intended to permt
| ess than one to two percent gas by volume in the nulti Luid. In
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manner 250t gaRdenstty ﬁitQQQtaW‘ﬁ‘t'?ﬁgﬁ"? Sl “F'He(}gf‘%’@%gé'gsng%té‘z@f
P L i A iy ity readi
si gnal s r e&alegiiely ?@H?tﬁl"ég’gﬁﬂgaﬁnéﬂgﬁ&?f@?inﬁ% ?fﬁ“’e(ﬂam @%e@r’fﬁY gﬁg"ﬂ? g’ssur e
gauge 140. @, 4. hnSofjestuatits] ites 416 posEilé € sssibfe that therjasglensity remairis ow f or
active producing well test npeasurenents.

Vortex separator 104 functions 30
Tt ortiht | gonstakbacause e APnabiBLBE < ERIEiEl PYOR SyBuaoD BoMETEHIE " 13
does not  adhaifl aHalive Esskibtiicofle/ doristarit gaB RASItY may resultinam abceptablpai n
bel ow the threshold 406 shown in FIG 4. In this circunstance, the
majority | deyelef Fise flowing through 1iquid neasurenent |ine 108 may

i nclude entrai ngrkigae2diRBhESIer 122 daicdlafdaerjasivord fiisstion Xe i the iglid phase

0 tul 222220000011 TT WO 01/ 31298 PCT/ USOQ 41222 Step P210 includes the use
of Corioli Wheréwneter 166 to neasure the total mass .
pcalc—pMeas
20 (2) Xy=—"__ )
pcalc

where X, is the void fraction representing gas void in the multiphase fluid flowing
through Coriolis flowmeter 166, i denotes successive iterations, Pp is the density
measurement obtained in step P210 as described above, and p.,, is a calculated or
estimated density value approximating the density of a multiphase liquid having a void
25  fraction of about X, Equation (2) will be used in an iterative convergence algorithm.
Thus, it is acceptable to begin calculations with a first guess, e.g., a stored value for
P from the preceding cycle of test measurements for a particular production source

186 or an arbitrary value such as 0.8 g/cc.
A particularly preferred manner of providing a first guess for the value of pey,
30 is to obtain a water cut measurement from water cut monitor 172. Then it is possible
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flowrate QIL of the majority |liquid phase including entrained gas within
liquid mneasurenent line 108, as well as the density of the mgjority liquid
phase. This density nmeasurenent is referred to as p,,,@s in the

di scussivAoM3® foll ows. 5 I'n step P212, control ler 112 riavusossmzs the dry
gas density pgas of the gas in the nultiphase fluid. Gas density may be

cal cul atedq_fr I re . and tenperature. informtion using well kpown
correl ati gﬂésg%glﬂi%} %%?'Wées&ﬁgﬂ 3@%&8“?@3@ qxtyre a%g%lﬁe é’ﬂHﬁt’%s
gravity, dB)fomlpgratory anal ysis may provide other enpirical correlations
for gas density determ ned from agtual neasurenents of produced gas 10 from

the mul ti phase @) owastre ¥ AnotAdr+ @kt er nati ve t echni que for the
determ nati.on Wé,%as de sit}/ is to obtain an actual density neasurenent

from Cori dYhee RigF cutexpressad es 2 eastian gomprsing thgamount ¢fwater iathespar at e
step PR10 iRy @penBtdiadés by 2 totaeldisrhe \G e E@h&&%@ﬁtu}‘%‘ r.‘sfvgﬁgi‘\é%eﬂ% g4 to

mnimze the drive gain intensity shown in situatl ons, it

i s al so pdéaiehinethediquids miduien andimeis Jhe deasity of ol dmdhtediquid mixtiwrearhebecause
t he densit i iv I j ri | QL nsity,
and the asrlsélsﬁ?n?g%t g?egaseﬂgﬁﬁflf ?nt%ﬁeég%&rg{g%ag ??@ar?g%q@gfsd&ln | ﬁHggﬂgghoe%q%abl e

| evel of efoichiraction. skhepneasured densityolp,.gr Wil Be dedsthantoeg. wheaneX, is grehtér act i on

the vol d ratee, BRAREd HOGGeL BCaRa AR cotita The PIFREE 1 Bu Sk ng
t hr outfh Cobitainedfremdabesatory messuremeatsshatsrepearformetiva satmplet ofthemajpritys | S
b CTs, dud S Eo RbENE DN Ao IER: b 3e B SRRR A MRS dehdensi ¢ y
of a mul t ivahiesvay bejabtdinediomya hydromét@Tohneated twatkr rlap 180 Xthedeahigson ( 2)
Yo begin direaRaRR apbRifhatd § BRGHIRRIE R Spcctemey yvalknareeRicals ac .
from the moeetationy thay ateeputilished by treasmiesiosm Petrbleumaingstutd.cul ar producti on
rof off ed nanndf SePATe, Binleis: 172 pefionisa galeuubii o defeiwns viahettheo 15 1o
obtai n a Wsstguessror ppakas providedfar caltulationrof XitacEBringto Egttion (Bfwhdreins
possi bl e t%g vaite of X; has converged within an acceptable range of error. The next guess for

Pea IS calculated as:

(4) Pealci = (pgasXLi) + (1 - XLi)pL

20  where p,, is the next guess for p, calculated using the value X, from Equation (2),
p. is the density of the liquid mixture, and the remaining variables are defined above.
Step P218 is a test for convergence wherein convergence exists if the
expression:
(5) D < | Peacs = Peac |
25  istrue where D is the absolute value of a delimiter representing a negligible error, e.g.,
0.01 glcc, or approximating the limits of precision that is available from Coriolis
flowmeter 166, p., is the present value calculated according to Equation (4), and
Peas-1 IS the old value of p.,,; from the prior iteration of Equation (2) that produced the
X,; value corresponding to p,.
30 Where controller 112 in step P218 determines that there is no convergence,
the new guess value p,; is substituted for the old guess value Peac in step P220, and
steps P214 through P218 are repeated until convergence exists.
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WO 01/31298 PCTI USO0/ 41222 to assune that no gas is present in the

mul ti phase fl ow m xture and sol ve Equation (3) for p,,,0: (3) part = W(p-
- po) + po where WC is water cut expressed as a fraction conprising the
anmount B%%ﬁ!@? inthe 5 liquid mxture divided by th&CTHSHAIEZ| une of the
liquid mxture, pwis the density of water in the liquid m xture, and po

is the densi t“ﬁ%‘er%&niapﬂveg%lédlé’c?agsm xture. The. resultant first guess for

p,,,0 is the theoretica ue of a liquid nixture having no gas void
fraction. The ne edpdernsaty p,,1e83 will be less than p,,,, when X is
greater than Berks pr w_a”;g t he val ues pw and po are correct. The val ues
pw and po nmay be 10 obtained from | aboratory neasurenents that are
performed on sanples of the majority |iquid phase including respective oil
and wat er whereireW/.C isavatencatyg, s a density of oitliartbe majorityliquid cempenasthiandmd from-a

hydr onet ey, ¢ WAl . . . \Y% S .
_appr oxi ma{seadé) %ﬁg%ﬁ@é@ﬁgﬁ@@éﬁ@?g&uﬁgggaﬁgégntb?l h\l/tlx"/gr Yva%ﬁ%umﬂhét%ﬁ?ﬁ Eal

cor r ebat i sorpewhatiredurelantiib thesd ischdgastphaséinghe owdtipbaise ibwuand may theatbe. 15 1 n
step P216, controller 2 perfar | cul at,i to determ ne whet her the
ast guesepielpi Simiaielecafbs RidRor ERl G Pl Ros s A8IR sDielgencs
Equati on feghnigberein the value of--X, has converged within an acceptable
range of error,. The uess_.for .. C is.calcul ated - (4 rcr =
(pgasxt) 5 (1-ngtep BEFA, dlerargbes Baontsrsiveofitodis pufiapl: phoviied b oo
using t hethugiﬂeﬁné%suréd ﬁl_@té?-@ua%jl@% lstﬁ;ﬂ:)ned H?lalva;t_ér dd; cmb{emz'z 3 élmfhirt éFl) garisg'eq uid
m xture, apd the r ini.ng varia are defin abqve. t e 8 is a
Lest 1Por WRRRPARGmIRIRS TuRIPES Witk ackroble aeeuBARYand Preckior, TherpriesierdRe (s) b <
Pciq - Pcpi# fubtibs ldf &h%lﬂmheécmtéhti, and hmsqdwﬁitsnufe $hRINBbuS seiRtibrTof ar ]
[T o of SYSRIB OBz CIHAIONS KufraVii e doh st o pbiSs BT DE AUt pe. , o
is the prggent val ue cal cul ated-according to Equation (4), and p,,,p.1is
the old value of p,k, fromthe prior iteration of Equation (2) that
produced the (K ; \xHud P’ RedpGrtisng to p,,,. 30 Wiere controller 112 in
step P218 determ nes that there is no convergence, the new guess val ue

.., ¥5 is subd®itutktsqtd= Me ol d guess value p. -, in step P220, and steps

P214 through P218 are repeat efl until convergence exists.
(9) gw+qotgs= -

where p,, is the density of water in the flow stream, p, is the density of oil in the flow
stream, p, is the density of gas.in the flow stream, p,y,, is the density of the combined =~ __
flow stream, q,, is the fractional flow rate-of water by volume (i.e., a water cut), g, is the
20 fractional flow rate of oil by volume, q, is the fractional flow rate of gas by volume; and
fsat) is a function of flow stream content that is unique to a particular type of watercut -
meter providing a total meter reading M.
Where the water cut meter is a microwave meter, the function f{sat) =M may
be approximated as:

25 (10) mwgw+mogo+megge=M,

where m,, is the meter reading in pure water, m, is the meter reading in pure oil, m,
is the meter reading in pure gas, and the remaining terms are described above.
Where, in a typical meter, m,, = 60;-m, = 1, and mg = 2, Equations-(8) through (11)
can be solved for g,, as:

30
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14 WO 01/ 31298 PCTNSO0/ 41222 - - - \Water cut may be calculated as: - - (6)
WC= PL-PO - pw po wherein WC is water cut, p, is adensity of oil in the
majority-liguid conmponent, and p, - ---- is a density of ter in said

maj or i t)y?"(PP P conmponent. Thus, water -cut-neter 172 is@%&ﬁ% t
redundant if there is no gas phase in the nultiphase flow, and may then be
optionally elim nated bgcausg it i §, not required value forthis iterative
conver gence - --11iechn_i &T@TPS‘(Mﬁﬁgqgérpf’gZMA, a nore rigorous or
noniterative sdtlkiofis vai | 6%9? _3{ vided that the neasured water cut
val ue supplied by water cut' det Pe7Pol's within a range - --- 10 where the
nmeter functions with acceptable accuracy and precision. The neterreadi ng -

- - is a function of the fluid content, and this permts the sinultaneous
sol uti on owheredhe termsaAredefinrd abene: i V88 t o provi de answers for three

vari abl es wher gqbh1e equgtiong -~ are: (7) p-wgw+ pogo+ pggg = P. 15 (8) f
(sat) = M _ 3)1 ic}w—lr%ofgrg:1 ?§iw’%%re p,, is the density of water in the
flow stream po (tg) t he-dgpsi jp, #f oil in the flow stream p9 is the density
of gas-in the flow stream pmx is the density of the conbined flow stream

d, N i sst he fracOhesednvetgqence & schidvedah etepoy218) stipeP222 éntailfuding Goribls ) . J0
is the -- - 20 frg“}ﬁﬂal flow rate_of oil bg vol urre, qQﬂ's the fractional
flowrate ?ﬂw'ﬁﬁ?r § a?ﬂfeﬁf?d"?f%f&qurﬁt%% REHERRSHY Poges P tBW‘?’_Eﬁ_ﬂ?%ont ent
that is unpiise fiowisy thRsligh! CoHoRE flbWRfRtel 154aimer thélflow condRtfoRs oP&tepiPPoBy a

total neter reading M ere the water cut neter is a mcrowave neter, the

function f(sat) =-Mmay be approxi mated as: 25 (10) mwgw+nogo+nmggg= M

where nw is t_hEStQEtFiZZJ RdHEY sbRindUfoP tNEh8S ’vo@fréﬁiohrb@s iR maRRt) g4 | N

pure oii,.nP is the neter reading’in puré gas, and the remaining térns are

descrilBed Bitpsgdlowing throygh-gas measyremgst ling 10&tascordinaHothgequatiani= 1, and ny

= 2, Equations-((1§f) throp,ggl;s_(él) - - can be solved for g was: - -
G=rr——

) X
Pgas— PL

where XG is a fraction corresponding to a volume of gas taken with respect to the total
volume of the majority gas phase, png,, is a value obtained in step P222, p_ is a
value obtained in step P212, and p, is a value obtained in step P206.

15 In step P224, the value of water cut obtained from water cut monitor 172 is
adjusted, as needed, to compensate for the presence of gas in the majority liquid
phase. For example, where the gas void fraction X, is known, itis possible to use this
value to correct water cut readings for microwave absorption based upon the
assumption that only oil and water are present.

20 Step P226 includes using the data thus acquired to solve for the flow rates of
the three respective phases in each of the majority liquid phase and the majority gas
phase. These equations are useful for this purpose:

(15) QL=Q1L*(1- Xi)+QTG*(1-XG);

(16) QG=Q7TL* Xi0OTG*XG;
25 (17)  Qo=QL¥(1-WC);
(18) Ow=01*WC;

_2
(19) = -
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30 15 -- WD 01/31298 PCT/ US00/ 41222 (11) qW (PnL-po)- (M 1)(Pg-po) (Pw
po) - 59(pg- po) where the terns are defined above. Also, (12) qg=

M 1-59gw, and (13) q.=58qg.-M+2. 5 Once convergence is achieved in step P218,
step P22VQHHU?9s using Coriolis flowreter 154 to measufPe"Pif4H&Es flow -
rate QTG and density pngas of the majority gas phase flow ng through
Coriolis flowreter 154 unger the flow conditions of step P208. Step P224

i ncl udes sol vi n{20)or Pohe 3 void fraction XGin the majority gas 10 phase
fl owi ng through gas nmeasuf@ment |ine 106, according to the equation: (14)
XG= Pngas-PL PgwPL where XGis a fraction corresponding to a volune of
gas taken with respect togahe total volume of the nejority gas phase,

pngas is a val u@1dbt deedn; sa@q) P222, pgas is a value obtained in step
P212, and PL's a val ue obf%ff ned in step P206. 15 In step P224, the val ue of
water cut obtained fromwater cut nonitor 172 is adjusted, as needed, to
conpensate for the presen of gas in the majority liquid phase. For

exanpl e, where 9FBy fraction XLI is known, it is possible to use
this value to Cofrect wat® cut readi ngs for mcrowave absorption based
upon the assurrptlon that only oil and water are present. 20 Step P226

i ncl udes usi ng .t he, ta t hu ' t f th
three respdhe "U%ap %Qot?lﬁ“%é A {%ﬁ@ﬁﬁf" ‘}?/'%Segﬂam'ﬁ tb'f?g\évg sgﬁt{arsngﬁb'
maj or | t5' 936is tlﬁ@?@v oid rraéﬁarﬁﬁwém dpinise determinéd fromusterBR14 4rib)

?ig;jr I(_g’:\,—(lg_v)r(qlngltmg( lgggon\ygrgen upEtephP% * ?T tcggégla%gﬁsa%aﬂ’até on‘@

majority gas phase measured in step P222; X; is the gas void fraction in the majority
gas phase determined in step P224; Qg is the total gas mass flow rate through system
100; Q,, is the total oil mass flow rate through system 100; Q,y is the total water mass
10  flow rate through system 100; Q, is ;che total oil mass flow rate through system 100;
WC is the water cut provided from water cut monitor 172 with corrections as needed
in step P224; V,_ is the total volumetric flow rate of the liquid phases flowing through
system 100; p, is the liquid phase density determined in step P206; V,, is the total oil
volumetric flow rate through system 100; p, is oil density at flow conditions; Vj; is the
16  total gas volumetric flow rate through system 100; p, is gas density at flow
conditions; V,, is the total water volumetric fiow rate through system 100; and py is

water density at flow conditions.
Controller 112 in step P228 provides system outputs including direct
temperature, density, and mass flow rate measurements together with calculation
20 resuits for volumetric and mass flow rates for the respective phases. These flow rates
may be integrated over time to provide cumulative production volumes for the test

interval.

Controller 112 in step P230 interacts with system components including
production manifold 116 to optimize field efficiency. For example, in an oilfield having
25  drive energy that is predominated by a gas cap, production efficiency is optimized
when the gas cap is depleted after the oil is recovered. It is desirable to produce oil
referentially before the gas, and the gas-oil contact may move downward into the
former oil zone as the oil is depleted. This movement of the gas-oil contact can result

17
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16 111 11121 111 1 11 | WO 01/31298 PCT/ US00/ 41222 (20) Vo = T (21) VG =
QGand 8. (22) Vw= Qv Pw wherein QL is the total nass flowrate of the
qui d phases flow ng through system 100; 5 X, is the gas void fraction in
'the maj‘gﬁ?ﬂ@“?q qui d phase determined fromstep P214 and T8 2¢hg in
convergence in step P218; QIGis the total gas mass flow rate of the
mej ority t |Qéésp C nin
‘the ngj or?ﬁelgggéﬁoﬁﬁse de'gi g?%la Eg@apﬁ%ﬁ%haﬁ@fﬁ ° d?@d e topéﬁ ﬁg-gg nmass
flow rat epmeownoe%toetms drastically inceeasgd gagmdtmhpn ﬂmge Oﬂ well/is aerealliir ough

system 10 00; QO
|g t he to{ta \erélgf;ﬁ érq%gvuciégt?%&;oﬁrough Syg%%@’n%gﬁdé%@:{g@{iﬁzéag%ﬁ cut
pr ovVi ded ofﬂamms@mmrcand eantiolier 112 cambe ipregramened tmitake dhinactien Similast ep
P224; v t Rat}?&e

t hr ough gbngeélg%?lb& I %\rééﬁqlféﬂuﬁ' vin a(gle‘ﬁétgxr‘l?? P Hc%u{)er m neda?trﬁ‘ S

P206; Vo pees'ehtaedombmlc petformanice i ac at:¢mmt|nglstartdppmmghpmﬂslcmmohe(bwpo is

oi | densi ti I svolunetrlcflowrate
t hr ough s%é?tﬁﬁ" Q?Sweﬁ’g@fé’ cgg{@gllsdgﬁlzi){r@?ﬁc??r%a%? eSﬁ%‘d. tions; V., is the
total water voThossskilledfihthe araurddrstand ditatihes ptafmté@enﬂodmmnts desonibedr
density at fl.ow condit, on roI er 112 i.n step P22 rovi des stem
output s | heteimtegS Aravie StiegigdId fopatentiaRdnferra bl eShaning Famahs
meas ure e séspd ae spiit of\thelineenitionl addéoordingly, thesibVéritofsOiereby smé theh' fand nmass
flow rates forthe res These flow rates r.at ed

ctiv ase e
over tine ’It%“tlﬂ“cﬁ?lrﬁ%” H'&"%’SP&Q“%PE@HW?'SHWBP[Q%@ Pﬁ?te‘ftxlée'ffé'b h%rﬁ' erval .
Cont r ol | ethelikgentibnst ep P230 interacts with system conponents including
production manifold 116 to optim ze field efficiency. For exanple, in an
oilfield having 25 drive energy that is predom nated by a gas cap,
production efficiency is optimzed when the gas cap is depleted after the

oil is recovered. It is desirable to produce oil referentially before the
gas, and the gas-o0il contact may nove downward into the forner oil zone as
the oil is depleted. This novenent of the gas-o0il contact can result 17
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FEEErErerr rererrerer 1 rrrl W 01/ 31298 PCT/ US00/ 41222 in wel I's that
formerly produced primarily oil changing to.produce primarily gas. The
proper response to this drastically increased gas production in an oil well
i s normal WQOL313%shyt the well in or reduce its producti oRCFEEWALE2,s not to
deplete the drive energy of the reservoir, and controller 112 can be

pr ogr ammed e this action. Simlar 5 responses can be progranmmed for
novi ng oil -water contacts .or even to optim ze present econom ¢ perfornance-
from an account itng sAamiltiphase bflowr measunemenhesystam (189) foel Usddhoflewhi gher

t [ 1 if. ; I (1) '

onder t and VB als dif B b AUR pratddBfig 3idds Sfhckinkficlbbs 2,
subj ect ed tsepamber 04) thadisepatatésnas indanhiog tmultipheasei oy intora miajorityl Giquid ope

d irit of j A . ' LDV . t hei
Futt Pt endse AV S sy a8 RoMeR? ed MERMPIERA Bb8 4t & oo gBis, 0F ..
their &l | phagbhavinga mdjerity gasoontent ariha fovinetsr (166) tBemedtrpésa o rdte! | | |
IIII_II Peer ), LT .18.V\¢%01/3%298 PCT/ US00/,41222  CLAI MB: 1 A
mul ti phase qPﬁWﬂ@&QﬂW’@H&R a§§s\" ﬁ'ietnﬁﬁi SYBPMIRBUEEE f | ow envi ronnent s
i ncl udit ng alghuhfdr?"%m"af”h??madim- garedntd melatsareﬁbaawfrlhtmbf sald Imejority a "
separ at or (.10: at separ .an i ncop | se w.info a ori
TPl a phdgalptiass ysBORAR o o ARt SrwEes T Aierere, fiid PhRYEARGAC and
a maj ority distete gaBphase ivsdid niajorty iGuid phgse content and a flowreter (166)

that nmeasures a flowrate of said magjority liquid phase, wherein said
systemincludes: a controller (112) that is configured to neasure a flow

rate of said nmaporitYhe mufliphdseiied Medsurdthent 3tetH | FI0) BNclaitn fiwhBIdin said
flowates of a discrete liquid phase and a I screte gas phase in said
maj ority | iflowmeten(8g) inoludesa "ﬂ%stﬂ%‘éétﬁr-f | ow measur ement system (100) of
claim1l wherein said flownmeter (166) includes a nass floweter. 3. The

mul ti phase fl ow nmeasurenent system (100) of claim2 wherein said, .
3 The muitiphase flow measurement system (100) of claim 2 wherein said

mass flowmeter (166) is a Coriolis mass flowmeter.

4. The multiphase flow measurement system (100) of claim 1 wherein said
calculation of said flow rate of said majority liquid phase is free of empirically derived
correlations excepting empirically derived correlations used to determine fluid
properties selected from the group consisting of density and viscosity.

5. The multiphase flow measurement system (100) of claim 4 further
comprising:
aliquid measurement flow line (108) that flows a first liquid from said separator
(104) in a manner providing essentiaily no entrained gas bubbies in said first liquid;
5 and
a densimeter (166) that determines a density p, of said first liquid in said liquid
measurement line (108).

6. The muitiphase flow measurement system (100) of claim 5 further
comprising:
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mass flowneter (166) is a Coriolis nmass floweter. 4. The nultiphase flow
nmeasur enent system (100) of claim | wherein.said calculation of said flow
rate of said nmpjority liquid phase is free of enpirically derived

“correl a¥PIN3128& cepting enpirical ly derived correl ati ons"i/g‘é‘??"’t”&zﬁet ermi ne
fluid properties selected fromthe group consisting of density and

i ity. 5. Th t..ph f t tem. [ m.4
Turther  comprd SPROT BoPTASfRr hELolRRRR S P 108 vl fdl
first |iqgphabe aoch sai d separator (104) in a manner providing essentially

i ned bubbl ' i.d £ipst liguid. .5 densi . 166

o r e 85 RARRLRP o B0 Y chuoily o B Rl X2
nFas ur gnfba?éhd updn(dl@tionship Bb’gr_vquui Sagmhawt fdm%g\aMSRaid lﬂenﬁgt pl,_sémﬂtt? Iaylaplﬁlly??) of
claim urther . c i ng: i S e s Been Repl ace .

AT | S Y0 5EOR X, o 8 i st iy of SHid RO AR CFRament a RISy 2og
PCT/ U_StOO/ fb_@aetgm ﬂﬁﬁ%tésiaﬁsaénmq;(rj réé}ﬁétcti*??l?,s ub?gslp%rﬂ&rgsb ptd ﬁ?ﬁ&iﬁ&ﬁ gas said
maj or i i qui se; and.5 sai.d controller ei ng further

canf i gu¥e8°’880'&%ﬂtgt9?§§i€ "&arll%}'ﬂq‘?ipé’@??ﬁn XL based upon agr el ati onship

bet ween said density pneas and said density PL and to apply said void
fraction XL to_a taqotal flowrate QIL of said major_liquid conponent to

provi de respebt i velhamyltiphasedlow measurement systn(1QQ o) claim b wherRimeaidg t o

l'iquid andogiasiier Qﬁ’mqaefﬂ&ﬁeroéorﬁ?hﬁéd@ @hlcliate il vhiiRtlion X, Utthg'lhti phase
fl ow measurenment system (100) of claim®6 wherein said controller (112) is

further ciemEtiyecaavergencs clguiationsai d void fraction XL using an iterative
convergence cal cul ation. 8. The nultiphase fl ow neasurenent system (100) of
claim7 wherein said controller (112) is further configured to converge
sai d iterative8convEreyadiiiphasg flow meagiremeateysten (100) oficlaine? wheeeimsdideen a

nmeasur ed ] j ' : id void
ract] on SErlet (h2) fuiHercohriglRANe bhiitrad £ ibibvd SomRrisatlsion | &
wher ei n s hiasged upon a difference between a measured density value and a theoretical density

value based on said void fraction X, .

8. The multiphase flow measurement system (100) of claim 8 wherein said
transmitter (112) is further configured to calculate a void fraction X, using a
noniterative calculation.

10.  The multiphase flow measurement system (100) of claim 9 wherein said
transmitter (112) is further configured to calculate said void fraction X, includes by
comparing results from said iterative calculation against results from said noniterative
calculation.

11.  The multiphase flow measurement system (100) of claim 6 further
comprising:
agas densimeter (154) a gas density p,,, at temperature and pressure in said
multiphase flow measurement system; and
5 said transmitter (112) being further configured to calculate a density p,,. based
upon said gas density p,,, and said liquid density p_ and said void fraction X,.
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transmtter (112) is further configured to calculate a void fraction XL
using a noniterative calculation. 10. The nultiphase fl ow neasurenent
system (100) of claim9 wherein said transmtter (112) is further

confi gur eWOY328Y cul ate said void fraction XL includes byCTRSH#AIZRNg
results from sai d iterative cal cuI ation agai nst results fromsaid

noni terative calculgtion. e nul ti ase fl ow 6§$8¥ enent system (100)

of claim6 furth ﬁﬂ?‘l"ﬁ? Vggf?aa!é ?Pélséﬁ‘te("l gaun ddherging gas
at tenper at sgi¢transhmittecea2) i funhérewihfgmehtto ehleGatd :kaiquleaﬁs?lfthfcT e Nibrdingtoe M

and 5 said tr nsm fer hei ng further conf j gur to calculate a
density pCe?! re P ?]‘p%ﬂjlé%(f bring eayal ig said m‘g%smppaqm%ﬂr&sﬁgvt y PL
and sai d voddid f,é:a%m X_Ladd'éhltﬁoﬁbﬁﬁhué‘@éid%iemra ﬁhdlt fled by daid lighid ! !
[T TTTLETTLINLEL M S{{*1 IIIIEIIV\DOl/31298P US00/ 41222 12. The

nul ti ph@se 98M8HY Reasur enent system (100) of claim 11 wherein said
transmtter (112) is further configured to calcul ate sai d densi ty pCa,,

according to a relationship of said density p,,,c being e%g to said gas
density pgag nult3 pl Tea it 'P'ﬁﬁedﬂ%m?asﬁ'&!f'WBrFYﬂ?"h@ﬁé@'md whergimgaidsai d

voi d fract | {ahefiit Hz)ﬁéwﬁgmédﬁieuetehhmwsd.d ﬁoﬂgaﬁébféé.fh afofity i ﬁiﬂzﬂéké' phase

fl ow nmeasurement system of &l aim 12 wherel n sai transm
confi gur ed usingian gerativecalayiation byiterating valuesiptPgeihmughsuctessive valuesof usi ng

an iteratiw ul s?ié@ﬁ ive

val ues of >g&L"ﬁﬁiIn &wﬁ%gg*\'}gﬁ%{e@d&aﬁpﬁlrgﬁ&%gieéﬁt?gvgh% angg of errgfwith
respect 5t o \ahrohisﬂetprmmed aymdcmeans foe measuningia dgnsltylm,ggeans for measuring
a density pR ea8. 14. The multiphase fl ow nmeasurenent system (100) of claim
13 wherein said transmtter (112) is configured to iterate values of said
density p,,,, addordiThg mutiphasedlon measwiement systemgd60) oi daifr 43 whereiix.

I e : . Vided : it
oo % whor oY GateniBEQ12) SeBiiural to RS ey 3R dokh B HodBid g "' 1Y
appr oxi nat i a)relatfonphip that algas vidid fractian X equal$ said dessityup gmminussait densitg 00) of
claimill f U;S %ﬁwdé:ooﬂgpéélé 'd@ﬂsﬂy P Wherein X, is the gas void fraction based upon an

5 iterative approximation of p ..

15. The multiphase flow measurement system (100) of claim 11 further
comprising:
a water cut monitor (172) that measures a water cut WC in said majority liquid
phase based upon said density p.,,. when said majority liquid phase contains an oil
5 phase and a water phase in an intended environment of use.

16. The multiphase flow measurement system (100) of claim 15 wherein
said water cut monitor (172) operates according to a relationship that said water cut
WC equals said density p_,,. minus an oil density divided by a water density - said oil
density wherein said oil density is a density of oil in said majority liquid phase, and
5 said water density is a density of water in said majority liquid phase.

17.  The muitiphase flow measurement system (100) of claim 1 further
comprising:

oo s IWEWWE
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a water cut nonitor (172) that nmeasures a water cut WC in said nmajority

| iquid phase based upon said density poa,a when said najorlty i qui d phase
contains an oil 5 phase and a water phase in an |nten% nment of
“use. 16YO¥HM2M| ti phase fl ow neasurement system (100) 4%%5 wher ei n
said water cut nonitor (172) operates according to a relationship that said

vt or densi ty 2CRteBF S4HER rifellns; ol Rmepfd ek TRTGAHPIERE, ) O

oil in sadeiwe:qdcfromysaidsgpiathtphase and 5 said water density is a density

of water in said_majorit e, T, ur ement
syst et (100) & 9BPd (?H’Te%ﬁrﬁﬁg q“%oﬁ’ﬁ??‘éreﬁg %gfg@né’z?saﬁéé“%%{n%% aced
21 11111166rﬁﬂdn‘e'h1.111111111111 INCLMS 111111111 I~1111 WO 01/31298
PCT/ USO0/ 41222 a densinmeter (154) that neasures a denS|ty pnvas of a
majority gas conponent delivered fromsaid separator; 5 a gas fl owreter

(1|54) L hat ][TFafBJFeSI'h% ﬁ!hlﬂﬂhéﬁﬁowammuﬁerﬁﬂ?t@ystemgﬂm) ofcummrrmWherbaw The
mul ti phase fl ow ure S of ¢ rei.n

[F anshi ¢ SR FraneTEr 8 it st s alciath PPl HRGYEN Kol SEU MAPREIE sai o
mejority gﬁés w%@a%pbawbmynsmg%wénsny $.ng said density pngas. 19. A
nmet hod (P200) of perform ng nmul tiphase f1 ow fieasur enents in flow
environnments including a liquid phase and a gas phase, said nethod

conpri sing theyg, Stﬁﬁpﬁmeﬂfod (meogéﬁdérmn ﬂﬁlpﬁé’séﬂwme’é@uféﬂﬁédﬁ)mﬂow
into a mpjority Iiqui hase having a majority |liquid content with

entr ai nede@\el@nmt%mﬁ@pmq 'gﬂ'-'ghehiﬁ%ﬁi@ hES n@asea saﬁj retheg cgmprisipg thent ;
measuri ng @B d4P) a flowrate of said majority |liquid phase; and cal cul ating
(P226) to quantify flowates of a discrete |iquid phase and a discrete gas

phase in said sRBaGting/(R204)ra iptemiag nrdtiphase flaw indel a(mapoly kguid phase 19
wher eign Sﬂéﬂnik%n?geﬁtxﬁahﬁl&oﬁ{érﬂgnth% traffed (Q%JC Oaﬁ@é? a‘iﬁlﬁg ﬁagggéétégﬁavmg

correlations &xce g enpiricall er|ve
a majority gas content;

measuring (P210) a flow rate of said majority liquid phase; and
calculating (P226) to quantify flowrates of a discrete liquid phase and a discrete
gas phase in said majority liquid phase.

20. The method (P200) of claim 19 wherein said step of calculating is free
of empirically derived correlations excepting empirically derived correlations used to
determine fluid properties selected from the group consisting of density, viscosity, and
no empirically derived correlations.

21.  The method (P200) of claim 20 wherein said step of measuring said
flowrate of said majority liquid phase comprises the step of:
flowing a first liquid from said separating means in a manner providing
essentially no entrained gas bubbles in said first majority liquid; and
5 measuring (P206) a density p, of said first liquid.

22. The method (P200) of claim 21 wherein said step of measuring said flow
rate of said majority liquid phase further comprising the step of:
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determne fluid properties selected fromthe group consisting of density,
viscosity, and no enpirically derived correlations. 21. The nethod (P200)
of claim 20 wherein said step of nmeasuring said flowate j.d. majority
liqui d pie@eLUEMpri ses the step of. flowing a first quu?‘ff’%“iﬁ"zg%i d
separating nmeans in a nmanner providing essentially no entrained gas

bubbles in said first, Lority Liquid;.and 5 neasuri P ity PL
of said first Ii"&ﬁﬁsﬂ'.r'ng%ﬁfgﬁéd@f'ﬂ'oﬁw(s%?"ﬁo quﬁgqé%%‘ﬁ%f%o@!%gstep '
of neasuri ng rnlnsaai;fhdl ﬂdvD?Osslitﬂy inchidirgpérdraimgdogas hubbilesindajohligiid phasehand
conprising the st f 0 111111111111311111111111111.1 Jhi . Has
Beon Rebl aced + caicbiaing (P214) 4 Yaid Fepton Yo asetidepd et ey g Shia

PCT/ USOO/4%@5@%8&5&@@@2&@?&?'%&9% apd, in |Saidd majority liquid
phase under condit]ons Qf ng . W _pOSSi I nc i entraine S
bubbl es in said app[ymgdsngi.ggtgfpr%q@n to %E‘Ptaﬁ'% F%]‘Pﬁn)é}%é\%gm?’?r?‘égﬂ‘ggn XL
based upon ghdsghapicRitelteshditiveaaBwyaie®, steariligiidiRompondntamid flowirateQgsai d
density PL; and applying said, void,_f ,aq'h n XL to a total flow rate QIL of
sai d maj or i @fya 9aseAraponehheksaid malQsly 'ﬁ’é’gﬁ%%tive a flowrate Q of said
|l i quid conponent and a flowrate QO of a gas conponent of said majority

i qguid phase. 23. The method (P200) of claim 22 wherein sajd ste
caﬁcul a!to ing (P228) Jheaetbed ZOQQ%’T‘EH”X@ WhRisin gaid Sﬁwfﬁkﬂ'ﬂﬁf’gﬁ’eﬂ“arm ng

an iterativie;f0Bu§R80F R, Ethpidealthedtep’d: The method (P200) of claim 23
wherein said iterative cbqvergence cal cul ati on converges based upon a

di f f erence bet wpenforming antesativeesvergenee calculatien.a t heoretical density

val ue based on the void fraction XL. 25. The nethod (P200) of claim 24
wherein said step of calcul ati ng 6P214é. said void fraction XL conprises
the step of perf2 ni Theanetbadt(ERAP) ot claim A3 whersin said iterative ganyerpeNe200) of
claim25 wh l&hé}io?aaécgwé 8 H2Ged Ap6H 'aacfiff@ﬁpéé) BatheenSiiriéa¥ied density valle XL
conprises the step of: conparing resul'ts Tromsalid jterative solution

agai nst r esand 8 teogeticahtiensity yaluedased ¢ theveid f@ctiohXi.o obt ai n a best

answer . :

25. The method (P200) of claim 24 wherein said step of calculating (P214)
said void fraction X, comprises the step of:
performing a noniterative calculation.

26. The method (P200) of ciaim 25 wherein said step of calculating (P214)
said void fraction X, comprises the step of:

comparing results from said iterative solution against results from said
noniterative calculation to obtain a best answer.

27. The method (P200) of claim 22 further comprising the step of:

determining a gas density p,,, at temperature and pressureina multiphase flow
measurement system;

measuring a liquid density p, of said majority liquid phase;

5 calculating (P214) a void fraction X, based upon a relationship between said

density P determined and said density p,;

calculating (P216) a density p.,. from said gas density p,,; , said liquid density
p, and said void fraction X, determined from said step of calculating a void fraction X,.

L]
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27. The nethod (P200) of claim22 further conprising the step of
determning a gas density p 8 at tenperature and pressure in a nultiphase

flow r%@ﬁéﬁggnt system measuring a |liquid density PLKolfnés%%ﬁz{mj ority

liquid cal culating (P214) a void fraction XL baséd upon a
rel ati onship between said density p,,,.$ deternm ned and said density PL;
cal cul ating (P216) a density p,,,, fromsaid gas density pe. , said liquid

density PL and said void fraction XL determned fromsaid step of

cal cul ati ng a 28i d Themsthod (R200) ofxclaim 27 wherein said step aficalcliating1P216) L M S
WO 01/ 31298: 0/ . ) of claim27 wherein said
step of cg’ggﬁﬁsyﬁg’w@@%gegg%@&ﬁ%ﬁ%"?‘g’gtd‘s'? ‘operates according to a

rel ati onshi p: Rate@dgaddX)-AIPLXL)PL, wherein XL is a void fraction of

said mpjority |liquid conponent. 29. The t hod (P200) of claim 28 wherein
sai d st ep YIEMRIA% ¢ &vPILfragiion gf saig ’H@HEWH&”I@C%H"&"W%H sing the steps of:

Iterating val ues of pca,c through successive values of XL until pca,c
converges wthin an accegt abl e S)an e of error with resfpect to a_val ue

p,..,, which i%9et&h d 200 /f daimy28 whprein said stap ¢fitgiciialiogdPeit)y, | | .
30. The nqmwgzo%ngﬁsﬁbqhgg%s\yﬁerei n said step of iterating val ues of
0

pca, a oper at es‘acgﬁrdl ng a relationship: XLi = (Pcalc- Preas)/ Pcalc ,
wherei n XL1 i s iterading yalugsiof Futbfqugh siesessivevaiues of Xepatili R SRYEIBESNRL i ONn
of pca, cC. wi 22 Orro? lwith | réd i L BetefmedP Of :
cal cul at i %%Pag%)ec%ﬁév\gtagarﬂdgut WC Fh?ltﬁsr% cﬁ%%??@%ﬁ“\’ﬁ%ﬁﬁgg basgd upon
a den8i t fromesaid stgpof measyringradensity®a..-of cl ai m 31 wherein said step of
calculating (P224) said water cut operates according to a rel ationship:
WC=( Pcakc- Po) / PWLPOR‘ , Wwherein po is a density of oil in said mgjority

| i qui d phase, &Ad pThemetherk(RA00) obeiaimmBé wherein said:step atiterating valiepofd

phase. Pea OPerates according to a relationship:
XLi=( Pcalc— Pmeas )/ Pcalc ,

wherein X; is the gas void fraction based upon an iterative approximation of p_,.

31. The method (P200) of claim 30 further including a step of:
calculating (P224) a water cut WC in said majority liquid phase based upon a
density Py

32. The method (P200) of claim 31 wherein said step of calculating (P224)
said water cut operates according to a relationship:
WC=( Pcaic—Po)/( Pw—Ps),
wherein p, is a density of oil in said majority liquid phase, and p,, is a density of water
5 in said majority liquid phase.

33. The method (P200) of claim 22 comprises the step of:

measuring (P222) a density p,,,s of @ majority gas phase; and
measuring (P222) a flow rate of said majority gas phase.
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33. The nethod (P200) of claim 22 conprises the step of. measuring (P222)
a density p,s of a mgjority gas phase; and neasuring (P222) a flow rate of
said majority gas phase. 24 CLM5 111111111211211112112111 WD 01/ Sé 98
PCT/ USO0MWQ 0123129834, The net hod of claim 33 further corrpr?%?’“ﬂm’ﬂz of

calculating a void fraction XGin said magjority gas phase based upon a
density wusing said density p,,,ga$_determ ned fromsaid neans for
measuring a denSfty B',‘%."‘.eth‘l;?f‘?\ac{g‘ 84 fyither comprising step of:
calculating a void fraction X, in said majority gas phase based upon a density
using said density p., determined from said means for measuring a density Ppgss-
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