
coq4ht C 2(.l, soo.y ol Potddm E.Crso

ftL r.F lsPE ua6 D [. trrbad Li Dulla.tfr
*.9 r.drrd r.{ r.nd 16 Asl 2ol. Rat d 2@3
P.pr 0-r.pord O Aorl 2Gt

l?0

iI us.. Thc p]csenl paper f(rcuses on lhc subcrilical pan oflhe dala

icr oblaincd undcrconlrolled laboralory coDditions wilh hyd(rcar_

bons frcm Nonh Sea oil ficlds
The main di[ferencc belweefl hydfi,catbon wcll slrcams and

a large num-
Thc kinelics
a chokc are

,ns. Furlhrr-
phasc in ad.

dition to rhe gas and oil phascs.

D€perdifiB on lhe upslream Seolnelry lnd flow ralc$, scveral

diffcrenl now pallems cxist lhal u/ill influence lhe chokc condi'
rions (sucb as liquid slu8s, Phasc inYcrsion Phcnomena, ctc )

Moreovcr, lhc choke Scomclry influcnces chokc flow pallem$

Lltor.tura
Thc rovide

a rel chokc

prcs m and

d.* ion of
thc wcll rlrearn (oil, walcr, 6nd 8as). and lhc chokc se(in8 (open'

ing). Model imperfealion\ or simpliticatiorrs \tould lypically bc

correcled by inlrcducing a calihralion faclor.
Choke mrnufactorErs have ways of sizirg and sclcclirtg well

h€ad chokcs nomallv ba$d orr ! flow coclficicnl Cv oflerl dctcr_

mincd in a test bcnc; wilh watcr flow.rThe flow cocfficienl for
valvc sizing, Cy has, by dcnoiron. thc dirnension of lhe florv ra(e

of water in-gaUmin for a prEssurE drop of I psi.' UsinS SI unils for
(he ri8hr side. we oblaiD lhc followrng cxPression for Cr

3600 O lp- to'c,-.r.i 1/;r+=n,-n. (r)

in which d=volumclric flow mle, p=densily. r"=chokcd oow
factor, and lp = prtssutc ditfcrcncc. The subscnpls D arld w de-

rcrc mukiphase mirlure and walcr, rEspcctiv€ly. The subscripls I

alld 3 denole inlel a d oullct posilions, resp€clively. F.= I for
subcrilical flow. If Eq. I is used for singlc'phale wttler flow use

p,,,=p" Normally, lhe homo8encous rllirturt dcnsity. p,, is used,

which can be fourd with Eq 15

Scvcral mass flow mlc trlodels arc bascd on lheclassicalsntgb_
lo correcl lor lhc impftl of
P by tnl(xlucinS a corcclion
wo'Phasc mukiPlrcr' (D is lhe

Prcssurc droP and lhc single_

phrs€ liquid prEssurc drop, subscriPl aO, $rlh sinrilar lwo'Phas€
afld sin8le-phasc mass flow dles. ComPrcssible flow is nol oc-

counlcd for Thc crprEssion ts given as:

,Aaa: - --1 ............. .(2)-L'- b,,; "

RecaslirS Eq. I to lhc form of Eq. 2 shows lhat thc rppr(nch is

lhc sanrc.
To account for compressibilily cflecls afld critical oorv in mul-

riphasc now, sev€rnl approachcs arc fout|d, such os.

' Homogcnmus flow modeh assumirlg rro flashinB ol 8as fronl
rhc oil rhrough lhe chokc ( frozen flow).r

. Homogcncous flow models5u lhrl a(\umc ihcrmodynamic
cq'rilibrium.

Evoluotion of Multiphose Flow Rote
Models for Chokes Under Subcriticol

Oil/Gos/Woter Flow Conditions
R.B. Sch0ll€r, Agriculturol U. of Norwoy; T. Solbqkkon, SPE, Norsk-Hydro ASA; ond

S. Solme.-Ol5en' Det No6ke Verltos AS

3ummrry
KnowirB fic mass flow r,rle is ,mtxriant io rcla(ion lo Foduction
control in the oil and 8as ifiluslry lf lhe chlngc in Pressure and

crudc oil,/nalural SavwaEr sysl€nr al prcssures vlrying fmm 8 to

l6 ban. The fluids uscd werE rEicombimd oil from lh€ N.iord ficld
in rhc Nonh Sca, natural gas frum lhe K[arsl(rc tcnnrnal in NoF
way, and waler wilh addcd saks lo Sivc lypi
propcflics. Two diffcrcnt chok€ geomerries (or
wcrc reslcd for lhrec diffcrcnl opcnillg ar€as

resutts arc compared wilh cighl nrass flow rdl€ modcls for mul_

riphasc flow through chokcs These are lhe lwo Hydro modcls
oiigrnally dcvcloped by sclmcrolsen. rhe Sachdevo ?r.rr' model,

rlrc Per*ins' rnodcl, and four lwo_pha$ multiplicr models-thc
Morris, the Chisholm, lhc Simpson, ond lhc homoEencous equi'
libriurr model (HEM), rcspcctively For lhe oofice-lyp€ Eeomctry.
rh ls rnosl accumtclY. For
(h mod€|, which includcs

lo tcsulls mosl irccurately

A thc resuhs ofthc HYdru

models. prEdictint all lhc 367 lesl poinls wilh a slandard dcvialron

of 7.8%. The avetagc crror of absolule valucs was 5 8%.

!ntroduction
he proccss
ions and lo
lvcs.In lhc
rke control

rhc production ot oil/gavwatc. coming lrom lh€ w€lls. For rcscr'
voirs with advanccd well syslems. ircludin8 more lhan onc flow
branch ried bacl lo a common m nifold, il is csscrtial lo control

rhc irdividual well strcams by individurl chokcs. MmaBing this
productror conlrol bccomes cvcn morc crilical when Prcducin8
from horizonral wells aM thin oil zones

In rcccnt ycars, tools for wcll allocnlion and cotllrol have hecll

develotEd with thc intention of detcrmining lhc mass flow mtc

from milimum of daln rboul lhe mulliphasc condiliont in lhe

upsrrcam rubrng, thc lluid propcflies, and the choke chamclerislics
Such choke charactcrislics rangc lhroush bolh sukritical and crili_
crl flow colditn,ns Thesc rcols usc bolh lradilional flow modcls

from rhe litcmlure as well as new modcls devcloPed specifically
for chokc conlrol in lhc hydrocartmn production iDduslry.

The objcclive of lhe presenl work was lo dcvelop a uniqrc dala

scr for v:rlidalion of such flovr models [nd to usc il in a bench'

marking cxercise toe!alu e lhe sutlabilily o[some lypical modcl$
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. Models assuming empirical or semi-€mpirical relations de-
scribing thc kinetics of flashing of gas from the liquid andi/or
entrainment of one phase in the other based on single-component
steam-water systems.T

. Hetemgeneous flow models of a gas and a liquid phase flow-
ing sep^arately and without one phase being entrained in the
olher.s't
Most of these models can also be used for subcritical flow with
minor modifications, but this is seldom done.

Sachdeva et aLe presented a model developed to solve the mass
flow ratc through a choke for both subcritical and critical condi-
tions. This model has also bcen verified against multiphase ex-
periments. The model assumes the flow is lD, the phase velocities
are equal at the rhroat, thc prcdominant pressurc term is accelera-
tion, the quality is constant for high-speed processes, and the liquid
phase is incomprcssible.

Robertsonr observed up to 30% discrepancies between the
manufacturer's published values for Cy and those determined for
nonflashing flows of water/nitrogen and kerosendmethane. With
flashing flows, the discrepancies were even larger. They found no
better results with other methods from the literaturc, so thcy curve-
fit correlations for an improved flow coefficient, C* BP plc pre-
sented an improved version of tlcsc modcls.ro

The Perkins modelsrr presented an approach for finding the
criiical prcssurc ratio and the mass flow rate in much the same way
as lhe model by Sachdeva et aL Perkins included the three-phase
effects for thc polytropic expansion exponent, n, and also found
the mixture average velociry at the thro&t. The mcdel solves the
conservation equations for total energy and mass and applies a
classical thermodynamics approach for the gas properties, which
leads lo an implicit expression to find the critical pressure ratio.

Osman and Doklal2 presented a literaturc overvicw of choke
models and a set of new empirical corrclations for upstream pres-
sure or choke pressure drop vs. chokc size, flow rate, and gas/
liquid ratio (GLR). They used field data for surface chokes of a
Middle East gas-condcnsatc reservoir.

Selmer-Olsen developed a set ofnew choke modelsr3'la based
on their own works.ts The model versions and software in use
originate from projects for Norsk Hydro ASA lhat studied thc
feasibility of using wellhead chokes as simple rnulliphase flow
meters for production control of oil and gas. These models, now
referred to as the Hydro models, use a conlrol volume approach
and cover both subcritical and critical conditions.

Test Facility and llethods
The experiments were performed in the multiphase flow loop
(MPFL) (see Fig. 1) of Norsk Hydro ASA, located in Porsgrunn,
Norway. The MPFL is a recirculating test facility for hydrocarbon/
water mixl.ures built with complete control of system chemistry so
that tests can be performed with the addition of production chemi-
sals at ppm levels. The MPFL has a total volumc of approximately
9 m3, including a'1'1.9-mm intemal diameter (ID) te;t toop that is
I 20 m long.

Flg. l-The MPFL.
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A tesl section designed geometrically as a choke was installed
at the middle of the test loop, as shown in flgs t and 2. The test
conditions chosen had a downstrcam separator pressure of 8 bara.
'[he gas circulator could operate at this condition with a maximum
8-bar pressure rise, giving a rnaximum choke upstream pressure of
16 bara. The accuracy of the pressure lransmitters was better lhan
0. I % of full-scale rcading.

Two different chokc geomctries werc lested-an orifice and a
simplified cage-type with two opposing holes. They were both
designed and installed with the same reference position in the pipe.
Both geometries were tesled at three different flow areas. Because
the cage-type geometry had two holes, these holes were sizcd to
give the same total flow area comparEd to the equivalenl orifice-
type choke. The orientation of the holes was in the same horizonal
plane.

Orifice and cage geometry represent two different flow behav-
iors for an obstruction in a pipe. The pressure over an orillce choke
will reach a minimum immediately after the obstniction, whereas
for a cage chokc, the minimum pressure will be inside the obstruc-
tion. For cage chokes, a radial inflow through the cage causes flow
impingement of two opposing jets in the cage center. In the cage
geometry, this turbulent impingement creates pressure losses
thmugh internal dissipation, whereas for orifice geometry, the tur-
bulent flow separation after lhe orifice creates prcssure losses. Thc
choke geometries are shour in Fig. 3. The three orifice diameters
tested were I I, 14, and 18 mm, which represent 2.O,3.5, and 5%
choke opening areas, respcctively, in a 77.9-mm ID tubing.

The test program included single-phase tests with gas, water,
and oil. Fu(her, two-phase gas/water and gayoil tests were carried
out, and three-phase gas/oiywater lests were performed last.

The fluids used were recombined oil from the Njord field in the
North Sea, natural gas from the Ka'arstoe tenninal in Norway, and
fresh water with added salts to give typical produced-water prop-
erties. The composition of the gas and the oil phase at l0 bara and
50'C are shown in Table l. All componenB heavier lhan Pentane
are denoted C6+.

Thc separator conditions were kept constant at 8 bara and 50oC
during all tests. The independent lest variables were the volumeuic
flow ratcs of each phase al separator conditions, and the response
was the pressure difference and temperaturc over the choke.
Hence, the upstream choke prcssure varied from one test to an-
olher, whereas the downstream choke pressure was close to the
constant separator pre.ssurc.

The densities of gas, oil, and water were known from the le
cation where the volumetric flow rates werc measured. The mass
flow rate was constant during each test. The mass fractions of each
phase, however, changed as lhe pressure decrcased from the up-
stream choke condition to the separator condirion because more
gas dissolves at the higher pressure in the oil phase and because
some liquid flashed.

The oiVgas/water slream was in equilibrium at a condition of
GLR and water cut (WC) corresponding to the inlet of the sepa-
rator. The upstream choke pressure was higher than lhe separator
pressure, rcsulting in a different GLR and WC at the choke inlet.
The values upstream of the choke were calculated wilh the ther-
modynamic property prcgram NEW*Sr6'r7 based on thermody-
namic equilibrium using the SRK equation of state. Because the
temperature was constant, a prcssure increase would normally
cause morc gas to be dissolved in the oil phase.

Experlmental Be3ult.
A tolal of 367 tcsts were performed on six different test-section
geometries. A selection of the complete resuls for one of these
geometries, the I l-mm orifice, is included in Table 2. However,
results from all 367 tests arc included in thc model comparisons
presented in this paper.

Table 3 shows the C, values for two diffcrcnt chokcs and for
three different opening areas. These values were obtained for
single-phase water flow with Eq. I and then used as input to the
two-phase multiplier models Eq. 2. The values are based on linear
regression curves for all the multiphase-water data points for the

\-/

\-/
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Fig. 2-Detalls of test sectlon showing the Positions ot lhe chok6 and pressure tappings'

Values of the regression coefficient, y', are MorrisIE:specific choke setting.

also given in Table 3.

Models
Several mass flow models were tested aSainst the experimenlal

results from the MPFL. Thcse were the Hydro models,'t the mod-

els of Sachdeva et al.e and Perkins,ll and four two-phase multi-
plier models.-3'18're Note that the Hydro model may.be regarded as

several models, as described in Ref. !4' Different slip assumptions

were evaluated for this model. Only one of the possible assump-

described in more detail here.e'rl

Two-Phase Muldplier Models. Homogencous equilibrium model

(HEM):

in which x : mass fraction and v = sPecific volume. The subscripts

G and L denote 8as and liquid' rcspectively.

Simpson er a/.re:

o',o=l,o\u + rt, -,,t][,".!f] o = [;]"', ... r*,

here k= the slip corelation (see also Table 4)-

chisholm3: oi,= I + (t- , 
)rrr"r, -xo) +:orl. ..... . (s)

The coefficient B is determined by choke geometry and installa-

tion. B:0.5 was chosen for our setup.

in which Morris used the slip conelation of Chisholm for t.

r= [,"&*tr -*.r)" 
. ..... (7)

The single-phase water tcsts werc uscd as input into the two-phase

multiplGr models. Nole Gat neither two-phase multiplier model

u""ounls for compressibility effects because upstream conditions

were used as dala to calculale the multiplier value.

Sachdeva af aL Model. The model of Sachdeva el ll.e is devel'

oped from the lD balance equations of mass, momentum' and

cnergy for a two-phase mixture ofgas and liquid. The gas quality

is couslant (frozen flow), and the liquid is incompressible' The
the Phase tem-

ss controlled bY

iabatic and fric-
nd critical flow.

The model uses a discharge coefficient C, in the rauge 0'75 to
0.85 to calibrate for model imperfections arrd imeversible losses'

Perkins Modet.The Pcrkins modelrr is developed from the lD

flow. Pelkins found the best fit between prediction and experimett-

tal data by giving the discharge coefficient the value Cn:O'826to
calibralc for model imperfections and ineversible Iosses.

Hydro Long Model. Contrary to lhe models of Sachdeva et nl'e

and Perkins.'l this modelra uses a control-volume approach for the

choke orifice and downstream. This features a more mechanistic

rnay change direction before it entcrs the control volume but not

within them.
The model is derived from the local cross-sational avcraged

balancc cquations for steady-state flow of a multiphase mixture.

o,," =1,"v * or, - *r] [*. 5A
L

(6)

ol,= r.,,[;- r],

'Where tho boundery sltemlines lorm a minimum doss soclidFig. Hhoke goometrles.
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TABLE .I_]TIOLAR COIIPOSMONS, YISCOSITY, ANO DENSITY AT tO BARA AND sll'C

Gas Phase Oll Phase Water Phase

oSooo
0.0000
0.000,
0.0000
0.0000
0.0000
0,0000
0.0000
0.0000
0.0000
0.9999

Nltogen
Carbon dioxide
MethanE
Elhane
Propane
lso-butana
Bulane
lsopenhne
Penlane
C6+
Water

0.0156
0.0079
0.8304
0.0763
0.0238
0.0052
0.0141
0.0041
0.0,048
0,00,14
0.0134

1.0000

0.0t2
7.7

0.qxr2
0.0006
0.039!
0.0147
0.01l()
0.@66
0.0254
0.0163
0.0251
0.8624
0.0014

1.0000
'1.31

796

I
Viscosity (mPas)
Density (kg/m!)

0.55
908

d
Massbalance:frn)=9,. .....(8)

in which ni:the mass flow rate of the multiphase mixture and
z:the axial coordinate.

a / n2\ dD
Momentum: a\r.^)+efr={"r,.-A p; sin 0, ....(9)

in which p: pressure, g = gravitational acceleration, / = the area
of a flow cross section, d*=the wall perimeter, t*=wall shear
stress, p,n=mixture density, p":momentum density, and 0=the
angle of the flow path with thc horizontal. The mechanical energy
balance is obtained by integrating lhe momentum balance and the
mass balance from conditions at Points 1 to 2 in Fig. 4

where O = irreversible losses from friction or internal viscous dis-
sipation (the rate mechanical energy is converted to thermal en-
ergy). In a reversible flow, O=0.

rotarenergy: i(^,,.#,ffs,r" e.) . ..(rr)

where fi,,,:mixture enthalpy, p*=kinetic energy density, and
q,=heat flux through wall.

Mixture enthalpy, h,^, is found by weighing the enthalpies of
each component or phase with their mass or mole fraction.

A distinction between different densities is rcquired because
the contribution of each phase will be weighed differently depend-
ing on whether the density is based on lhe mass in a control
volume (body or potential force), giving O,,,. the net momentum
flow through a control volume (surface force), giving p"; or the lrct
kinetic energy flow lhrough a control volume, giving p*. The deri-
vation of the density expressions is fairly straightforward algebra.
The definitions are consistent with Chisholm.s The mixturc den-
sity, p,, (specific volunre r,-), is as follows.

The homogeneous mixture density, pr, (specific volume v;,y), is
found from Eqs. 12, 13, or 14 for t= t.

u.=!=\*(t -'d
" Px Pc PL " "' (15)

For liquid density, p.:1hs homogeneous liquid mixture of oil and
water used.

pr=Wrp,,,+(l -W)po, .... .. (16)

where pq.:wa1sr density, p,:oil density, and W.=q,41"1 
"r1.The model is based on the circular-symmetric flow geornetry

shown in Fig. 4. The flow separates at Posirion 2, the abrupt
enlargement after the throat. The choke outlet at Position 3 is
located afaer the flow reattachment point. The distances between
Positions l, V, 2, and 3 are chosen arbitrarily. The mixture balance
equations for mass, momentum, and total energy are applied, as-
suming steady-state flow and neglectirrg gravity.

Upstream of V, there is no loss of stagnation plessure or change
in mixture enthalpy. Downstream of V, there are two control vol-
umes. The first is the dotted box starting at V, and the second is the
dotted box starting at 2. Loss ofstagnation pressure is allowed for
in both control volumes. In the throat, internal dissipation and wall
friction dominate, whercas downstream of Position 2, flow sepa-
ration and shock waves dominate. After flow reattachment, wall
friction and hea! transfer effects can be present. Position 3 is
chosen such that internal dissipation losses dominate, and the flow
is frictionless and adiabatic fiom Position 2 to 3. In Position 3, the
flow has homogeneous phase velocities, whereas velocity slip is
allowed between Positions 1 and 3.

The flow is adiabatic between Positions I and 3, but it is
assumed that the flow pattem is sufficiently dispersed to neglect
temperature differences between ihe gas and the liquid. The flow
is assumed to be frozen (constant vapor quality) upstream of Po-
sition 2. All phase changes occur in the coutrol volume between
Positions 2 and 3 such that rhermal equilibrium is reassumed at
Position 3. This is justified by observing that if flow componenrs
flash on the passage from Position I ro 3, fiis process is associated
with a certain time delay. Moreover, typical compositions from the
North Sea will have flash fraciions of only a few mass percent. The
mixture density is regarded as constant between V and 2. In case
the flow chokes, the critical section (C) is at Position 2.

From cross section I to 2, the mass and mechanical energy
balances give:

(14)

\./

\./

m

T

. . .. (12)

where a=void fracdon, rG=gas quality, t:stip factor between
gas and liquid phase, p6:gas density, and p1:density of liquid
phase (oil and watcr mixture). The effective momentum density, p"
(specific volume v.), is as follows.

I fro .(l -xo)'ll (l -x")l
",=i=L*-* * lL,,* k _J .....(t3)

The kinetic energy density, po (specific volume v*), is:
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TABLE 2_RESULTS FOR THE II.TIM DIAMETER ORIFICE GEOiIETRY

9r

Test Poinl (bara)
;

(kds)ror Xs
Tr

cc) Xe:

Pt-Pt
(ba0

G-OR-11-01

G-OR-1 1-02

c-oR-11-03
G-OR-I144
o-oR-11-01

o-oR-11{2
o-oR-11-03
o-oR-11-04
o-oR-11-05
w-oR-l1{1
w-oR-11-02
w-oR-11{3
w-oR-1144
cow-oR-11-0'l
GOW-OR-11-02

GOW-OR-1143

GOW-OR-I1{4
GOW-OR-I1-05

GOW-OR-I t-06

GOW-OR-11{7
GOW-OR-Il-08
GOW-OR-I1-09
GOW-OR-11-10

GOW-OR-I1-11

GOW-OR-11-12

GOW-OR-I1-'13

GOW.oR-r1-14

GOW-OR-I1-15

GOW-OR-I1-16

GOW-OR-11-17

GOW-OR-I1-18

GOW-OR-11-19

GOW-OR-11-20

GOW-OR-I1-21

GOW-OR-11-22

GOW-OR-1'l-23

GOW-OR-11-24

cow-oR-1't-25
GOW-OR-11-26
GOW-OR-11-27

cow-oR-11-28
GOW€R-I1-29
GOW-OR-11-30
GOW-OR-'l'l-31

GOW-OR-11-32

GOW-OR-11-33

GOW-OR-11-34

GOW-OR-11-35

GOW-OR-11-36

GOW-OR-11-37

GOW-OR-l1-38

GOW-OR-11-39

GOWOR-11-40
GOW-OR-11-41

GOW-OR-I1-42
GOW-OR-1143
GOW-OR-1144

GOWOR-I14s

8.47 52.9

10.00 51.9

12.20 52.9

13.90 51 .9

8.37 49.9

9.18 49.9

10.60 50.9

'tz.fi 49.9

14.90 50.s

8.36 49.9

9.74 50.9

12.40 50.9

1s.80 50.9

8.41 50.9

9.50 49.9

1 1.40 49.9

13.10 50.9

14.00 50.9

8.74 49.9

10.10 49.9

1 1.50 50.9

13.80 50.9

8.87 50.9

9.84 52.9

11.70 52.9

13.80 49.9

10.80 s0.9

12.00 49.9

14.00 50.9

14.80 5',1.9

10.60 50.9

12.10 50.9

14.40 49.9

15.50 50.9

11.60 50.9

14.40 50.9

14.80 50.9

12.50 50.9

14.20 50.9
13.40 50.9

14.30 50.9

14.'t0 50.9

'14.70 50.9

14.20 50.9
't4.00 45.9
'f 4.50 44.9

9.50 49.9

I 1.80 49.9

13.20 5',1 .9

1s.00 51.9

1t.50 50.9
't 1.70 49.9

14.00 51.9

15.00 50.9

9.73 49.9

I't.30 50.9

14.70 50.9
'15.30 51.9

1.0000 0.0000 0.0000

1.0000 0.0000 0.0000

1.0000 0.0000 0.0000

1.0000 0.0000 0.0000

0.0000 1.0000 0.0000

0.0000 1.0000 0.0000

0.0000 1.0000 0.0000

0.0000 "1.0000 0.0000

0.0000 1.0000 0.0000

0.0000 0.0000 1.0000

0.0000 0.0000 '1.0000

0.0000 0.0000 1.0000

0.0000 0.0000 1.0000

0.0083 0.8620 0.1300

0.0105 0.8780 0.1'110

0.0086 0.8630 0.1280

0.0039 0.8790 0.'l 170

0.0048 0 8600 0.1350

0.0127 0.4330 0.5s40

0.0111 0.4490 0.5400

0.0041 0.4540 0.il20
0.0048 0.4490 0.5460

0.0097 0.0916 0.8990

0.0078 0.0709 0.9210

0.0040 0.0896 0.9060

0.0042 0.0786 0.9170

0.0879 0.7810 0.1310

0.0455 0.8470 0.1080

0.0361 0.8740 0.1260

0.0274 0.8570 0.1160

0.0802 0.3770 0.5420

0.0440 0 4180 0.s380

0.0334 0.4340 0.5330

0.0217 0.4430 0.5360

0.0825 0,0575 0.8600

0.0585 0.0968 0.8450

0.0347 0 0407 0.9250

0.1380 0.7290 0.1340

0.0845 0.8030 0.1'130

0.'1340 0.3730 0.4930

0.0716 0.4160 0.5130

0.1190 0.0957 0.7850

0.0621 0.1090 0.8290

0.'1640 0.7150 0j210
0.1550 0.3520 0.4940

0.1350 0.1010 0.7630

0.0477 0.8'r90 0.1330

0.0287 0.0704 0.90'10

o.o221 0.8490 0.'.1290

0.019't 0.8740 0.1070

0.0330 0.0706 0.8960

0.0251 0.4860 0.4880

0.0241 0.4390 0.5370

o.o144 0,4420 0.54a0

0.0409 0.0872 0.8720

o.o274 0.0723 0.9000

o.o222 0.0855 0.8920

0.0109 0.0927 0.8960

0.85 0.05

2.43 0.09

4.68 0.13

6.56 0.i6
0.74 0.57

1.U 0.90

3.17 1.27

5.07 1.65

7.59 2.01

0.8s 0.77

227 1.29

4.88 1.91

8.42 2.30

0.98 0.66

2.01 0.95

3.83 1.36

5.60 1.65

6.57 1.86
't.05 0.66

2.60 1.08

4.05 1.49

6.31 1.87

1,03 0.71

LM 1.12

4.31 1.59

6.44 1.99

3.27 0.64

4.41 1.03

6.28 1.37

7.21 1.62

3.11 0.67

4.57 1.09

6.79 1.51

7.97 I 81

3.87 0.75

6.74 1.21

7.21 155
5.16 0.63

6.84 1.01

6,08 0.74

6.S8 1.,l3

6.48 0.82

7.36 1.24

6.8't 0.69

6.&4 0.74

7.19 0.8'l

1.95 0.61

4.17 1,13

5.16 1.36

7.23 1.73

3.90 1.03

4.16 1.20

5.77 1.50

7.32 '1.89

2.15 0.73

3.94 1.14

6.69 1.62

7.55 2.05
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TABLE 3-CYVALUES FOR THE TWO GEOMETRIES AND
THE THREE OPENING AREAS OBTAINEO FROM

UNEAR REGRESSION

Choke Geometry Odfice' Cage

1'l mm 2,55 [0.988] 2.67 [0.982]

14 mm 5.17 [1.000] 5.86 [0.997]

18 mm 8.88 [0 999] I 73 [0.998]

'Values of conalation @flicionts ara shown in bEckels, lr'?l

in which A: the cross-sectional arca, Cz.: a valve throttling co-
efficient (A/Ar), aod Cc=the contraction coefficient (Ay'A). T
and Vdenote throat and ve,u contracto, respectively. The mixture
momentum density p" is given by:

;=[f.ry][,".+] (18)

where the slip ratio is /<, and xc=the gas mass fraction.
Similarly, from cross s€ction 2 to 3:

b,- p) + c{r b, - *, = *ozt- **), .. r,a

where subscript 8:the bsck wall after sudden expansion and
Cx = the inlet to outlet area ratio (A,,/A3). Because pressure rccov-
ery can be low in multiphase flows, the pressure recovery of the
model can be modeled by letting C, deviale from the actual area

A.
ratio within the range: * - CrCr - l.

Ar
The total energy balance in Eq. I I applies from Positions I to 2

and from 2 to 3. It is assumed that heat flux to the wall and
elevation terms can be neglected for stationary flows, giving a
constant stagnation enthalpy of the multiphase rnixture. It simpli-
fies the model to replace the total energy equation with a model of
polytropic gas expansion. If we assume that the gas and liquid
expand in thermal equilibrium without phase change (r = constant)
betwccn Positions I and 2, the derivation of the corresponding
polytro-pic expansion coefficient given by Eq. 20 can be found hr
Henrys and Selmer-Olsen.r5 In Eq. 20, a small term correcting for
nonhomogeneous phase velocities (slip) is neglected.

xoxCro+ xoCro+ xrC,

xoCuo+xoCro+x,xCyy,

Here, x:the specific heat ratio, and Cp and Cv=the specific
heats at constant pressure and volume, respectively. The subscripts
G, O, and W denote gas, oil, and water, respectively. With a little

Frlctlon 
No ros . "[:l'. rnremar ross

Heat transf€r
. Adlabetlc

Flg. 4-9.11. for tho tlydro modols.
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TABLE I-VALUES FOR USE wlTH GROLMES AND LEUNG
EOUATIONS

Model ao Er 4 a3

Homogeneous (no sllp) 1 1 -1 0
Constanl sllp k 1 -1 0

Fauskell-1120
i.r,cody11Jh0
Slmpson et ar. 1 1 -5la 0
Thom11-0.890.18
Baroczy 1 O.74 4.65 0.'13
Lockhart-Martonelli 0.28 0.64 -0.36 0.07

liquid present, Eq. 20 will make n approach l, and thc gas will tcnd
to expand isothernally because oil and water have the same spe-
cific heat at a constant pressure and volume.

A thermodynamic software package can be used to calculate
the expansion from Position 1 to Position 3 based on the assump-
tions that between I and 3, the flow is adiabatic (i.e., constant
stag,nalion enthalpy of the multiphase mixture) and that the kinetic-
energy terms of Eq. I I can be neglected. Flashing is a.ssumed to
happen in the control volume between Positions 2 and 3 first. ln
this study, we used t}e NEW*S package.r6't7 We found that flash-
ing and temperature change between I and 3 would have only a

minor effect on the mixture densities, p", in I aod 3 for the fluids
and test conditions studied; hence, we simply assumed isothermal
flow when calculating p.1 and p6.

In nonchoked (subcritical) flow, the Borda-Carnol hypothesis
for sudden enlargements applies, and we can set the back wall
pressurc pr=p2. For the choked-flow case, ps*p2, and p, is a free
parameter that can be detemined implicitty from the choked mass
flow rate and the pressurc, p3. Dcpending on p3, the flow is ovcr-
or under-expanded when entering the control volume at Position 2.

A criterion for chokcd flow is to maximize the mixturc's mass
flux wit}t respect to the pressure at the chokiog cross section.3
Selmer'-Olsen15 showed that this would give the same expression
as the rigorous mathematical definition of critical flow as a set of
three balance equations. The model gives for the critical mass
flow-raie, subscript c, of the mixture.

,lATlnieit,n:=-l 

-l=-d/fr./1 
v ........(2r)

LoG/J. a\a) \a-'l +'

The critical pressure .otio, ".=fi can be found by solving the

system of equations simultaneously.

Hydro Short Model. The Hydro long model described previously
may be converted to what is called the Hydro short model by
removing the first control volume and relocating Position V to 2,
thus removing dissipation losses in the throat. The idea was that
the Hydro long model should be better suited for r long-throated

Beometry (e.9., bean, needle, and cage chokes) and the Hydro short
model for short-throated geometry (e.g., orifices and "Willis"
chokes).

Por short throats, the contraction of the boundary streamlines
increases the flow blookage (throtlling), thereby reducing lhe mass
flow rate; however, the stagnation pressure remains constant. The
contraction coefficient corrects for geometric effects only for short
throats. For long throats, the contraction coefficient corects for
both geometric and loss effects. Hence, C" has two differeot in-
terpretations depending on the model. From cross section I to 2,
Eq. I7 is replaced by:

\-/

\-/

o@o

i"'*=#,1'-
A'\2 I Ii) ecJ (22)

From cross section 2 lo 3, Eq. 19 is replaced by:

\-/



bt - p,) + c{,C fu , - p* #,&X r',';)

For critical mass flow rate, Eq. ,, ,, *0,^""0 O; 
' ' ' ' (23\

., Alc'zrci
rnf =----:----:- '. ""(24)

_t _ I

ap\p,,)

Slip Models for use in the Hydro Modcls' FIow through a choke

involves strong acceleration. If the continuous phase is gas' the

liquid droplets in the gas will lag behind the gas phase from the

inlet position to the point of maximum velocity. Several slip mod-
els bascd on work in connection with flows in pipes :rnd valves
exist. For flow in chokes, however, it is nol evident that the same

slip models can be applied. The Chisholm slip correlation3 given

by Eq. 7 was used in ihe- original Hydro modeiby Selmer-Olsen.ra
Crolmes and Leungu suggcsted that common slip conelations

could be generalized by:

k=,.(.!--'")"'-" (*o)''." (#)", . ......(2s)

in which applicahle values of the constants oo, ar azr and a3 are

given in Table 4. Dynamic viscosity is denoted by p.

A new slip model was developed for the Hydro models based

on the experimental results of this work.

This represents an adjustment to the Chisholm expressionl of in-
creasing the slip, especially at low gas qualities' Based on thc dala

in this work, suitable values for the consiants were found to be

€:0.6 and F=5.0.
The behavior of lhc various slip models are presented in Fig. 5

with the slip ratio plotted as function of mass fraction of gas, x".
The new slip model (as welt as the original Chisholm expression)
has the following features.

. As the gas density inct'eases with pressure, the flow becomes

more homogeneous ([ess slip), which is qualitatively conect be-

cause the intedacial forces increase with the gas density.
. As the gas quality, rc, goes to zero (liquid flow only), the slip

ratio, k, go€s to l+(>l (€=0.6)' which is qualitatively correct

becausc bubblc flow will prevail for low qualities, with some slip

still present. Fully homogeneous flow will exhibit t= I'
. As the gas quality, -rc, goes to I (gas flow only), the slip

rdtio, k, goes to a value that depends on the density ratio. This is
qualitatively correct for separated flows, like annular film flow,
but less correct for dispersed droplet flow. For dispersed droplet
flow, the slip ratio, & should approach I for high gas qualitics.

However, in a complex flow geometry, sotne flow separation will
always be present lor high gas qualities, wilh some liquid attached

to the wall region and some cntraincd in the gas phase.

n*ote that the effects described previously will be weighted by

the balance equations for mass, momenlum, and energy. It can be

verified mathematically that provided the slip nrodel gives a k
value that satisfies 0<l*l<o for 0<16< l, the original Hydro modcl
will always approach the model for pure Iiquid flow lbrr"=0 as

well as the model for pure gas flow for.ro: l. This means that the

Hydro modcl bccomes exactly the single-phase gas model for
,ro= I and the siugle-phase liquid rnodel for xo=9.

Calibration of the Hydro Models. Normally, the use of a dis-

charge coefficient (C2) is not rcquired with the Hydro models;

hence Co: l. The value of the col)traction coeffic.ient, C.' is

determined for single-phase water flow and also is used for mul-
tiphase flow.

In cases in which only the valve coefficient, C, for watcr flow
is known from the choke manufacturer and no calibration tests car

be made, a proper value for the contraction coefficient,^Co should

be selected-from the literature (e.g., Weisbach values2ol. Then a
value for a discharge coefficient, Co should be chosen by equating

the mass flow ratcs of water given by the Hydro model and Eq. l.

Discussion
The mass flow rate predicted by the various modcls was calculaled
bascd on knowledge of the upstrcam condition attd the measured

pressure drop across the choke. To compare the models, plots were

made showing predicted mass flow rate vs. the measurcd mass

flow rate.
When comparing the differcnl modcls, we find that the orifice-

type choke is best predic(ed by the Hydro short model, with
t.--O.Oz, which conesponds to classical Wcisbach values.'o The

cage-type choke with internal dissipation and losses is best pre-

dicted by the Hydro long model, with Cc:0.45 based on the

sin glc-phase water experiments.
Fig. 6 shows the petformance of the Hydno models using the

Chisholm slip conelation. The ratio of predicted to measured mass

k

Slip Models

J

a
!o 10
o.
=at,

o.oo o.1o o.2o 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

Gas Ouallty, xo

Fig, s-Results ftom varlous sllp correlalions with a liquid'to'gas density ratlo o, l0o.

L-')u

-l- Henry and FauskeT

---t- BaroczY 6

--x- MoodY6

-€-Thorno
-a- Lakhsrt-Maltnelli6
--A- New [4odsl
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Fig. FProdlcted vs. measured mass flow rats tor the origlnal Hydro model with Chisholm slip correlation.

flow rate, with slip predicted by the Chisholm conelalion, is plor
tcd as a function ofgas quality in Fig.7, It is seen that the flow rale
is under-predicted, with maximum under-prediction occurring at a

gas quality of approximately 0.02. Increasing the gas/liquid slip
can increase the ratio. Fig.8 shows the improved prediction when
the new slip correlation given by Eq. 26 is used.

The flow through a choke undergoes large acceleration from
the upstream condition to the location of the throat. Acceleration
will generally incrcase the slip between gas and liquid because thc
gas phase quickly accelerates while the liquid phase lags. Hence,
accelcratiou will affcct the system in the dircction of higher slip.
(fhe opposite is obviously the case in retarding flow downstream
of the choke.)

We see from plots of different slip models that $ere is a large
difference among their predictions. The Chisholm model often is
used in calculations, but, as we have seen in this work, mass flow
rates are under-predicted iu the lowauality region. By modifying
the slip so that it is largcr than what the Chisholm correlation gives

in the low-quality region, we obtain a better agreement between
experimental and predicted rcsults.

The results of lhe Sachdeva et al. model are shown in Flg.9,
and the results of Perkins' model appear in Fig. 10. Both rnod-
els show a much larger spread than the Hydro models. Thc Sach-
deva nrodel uses a CD of 0.85, while Perkins uses CD:0.826.
Changing the value of Co will only rotate the data set about the
origin. The single-phase data are localed on the line of maxi-
mum overprediction.

The results from the two-phase multiplier models give fair
estimales despite compressibility effccts not being included. In
fact, for subcritical flow, the two-phase multiplier models give
better predictions than the more physically correct models of
Sachdeva et al. and Perkins. Both are no-slip models, but all the
two-phase multiplier models have built-in slip. However, the Hy-
dro modcl with the new slip corrclation shown in Fig. 8 is by far
the best choice. The differences belween lhe models are given
numerically in Table 5 and graphically in Fig. I1. The Hydro

Error vs. Quallty

'1 6
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Flg. 7+atio o, predlcted to measured mass flow rate ot orlglnal Hydro model as a function of gas qualily with Chlsholm slip
conelatlon.
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model with lhe improvcd slip correlation Sives the lowest standard

deviation, 7.8%, zntl the lowest average enor of absolute values,

5.8%. For comparison, the standard deviation for the Sachdeva ctal.
and the Perkins models are 25.8 and 32.19o, respectively- With
regard to the average enor of absolute valucs, thc Sachdeva el a/.

and Pcrkins models exhibit values of 26.3 and 34.87o, respectively.
(See Table 5 for details.) Perkins specifies standard deviations
varying from 8.53 to 24.48% on his model, depending on the data

set evaluated. Sachdeva el aL give values of standard devialion vary-

ing from 6.4 ro 40.9%, depcnding on the data set used for evaluaaion'

Two choke geometries with several hole sizes were tested. The

effects of choke size were not lested, but this is not expected to

change the results significantly. Different choke orientation and

iulet conditions were nol tested and could requirc modcl calibra-

tion Changes in fluid properties that introduce significant Reyn-

olds-number effects o high amounts of flashing should be checkcd

separaiely. The modcls should also be subject to evaluation for
data frcm critical flow, including checking the transition from
subcritical to critical flow.

lmprov.d Hydro Modct

Conclusions

A total of 367 single-, two-, and three-phase lests have been pet-

formed in the MPFL. Two different geometries, orifice and cage

type, and three different opening areas (2.0,3.5, and 5.0%) were

tested. The conditions downstream of the choke were kepi constant

at 8 bara and 50"C. Upstream conditions were kept al a constant

temperature (50"C), whereas the upstream prcssurcs were obtained
from the given volumetric flow rates.

C, values were calculated for the different geometries and

opening areas based on the single-phase water rcsulls and were

used as inpul to the two-phase multiplier models.

Mass flow mte models arc presenled with the average dis-
crepancy and standard devialion from tneasured values in Table 5.

The Hydro models have been showu to Predict the mass flow
rate with the best accuracy lor the new data sel used in this

model evalualion. C6--0.62 (based on the classical Weissbach

valucs) is valid for orifice geometu, whereas C.: Q.45 (based on

single-phase water tests) gives the best value for cage Seomctry.
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A new slip model that gives higher slip values for low gas

qualities improves the predicted results.
The recommended model approach is the Hydro short model

for orifice choke and the Hydro long model for cage-type choke.
The two-phase multiplier models give a fairly gmd prediction

of the mass flow rales. The sirnplicity of these models makes them
rcadily available as refereocc models. However, the Hydro models
have the best overall predictive ability for subcritical flow. They
also can be used for critical flow, but this has not been verified in
the present work. It is recommended that these verifications are
canied oul.

Nomenclaturc

a : coefficients, dimensionless
A -- area, m2

Ac = uea of vena contracla, m2

I = coefficient in Morris' model, dimensionless
Cc = AdAz, contraction coefficicnt, dimcnsionless
Cp = discharge coefficient, dimensionless
Cp = specific heat capacity, constanl pressure, J/kg K
C7 = Ay'Au valve throttling coefficient, dimensionless
C,, = specific heat capacity, conslant volume, I/kg K
Cv = flow coefficient for valve sizing, gal/min/psi
Cx = AJAr inleUoutlet area ratio, dimensionless

a = exponential function

4 : choked flow factor,2 dimensionless

g = gravitational acceleration, m/s2

,r : enthalpy, Jftg
t = slip ralio uo/uo dimensionless
ni = mass flow rate, kgls
2 = polytropic gas expansion exponent, dimensionless
p = pressure, Pa

Ap : pressure difference,p,-pr, N/m2
q. : heat flux, Wm2
0 = volumetric flow rate, m3/s

f : temperaiure, K
u = velocity, m/s

v : specific volume = ltp, m3lkg
Wc - water cut, dimensionlcss

r = mass fraction, dimensionless

z = lcnSth, dimensionless
a = Ao/A, void fraction, dimensionless
p = parameter in new slip model, dimensionless

ec = critical pressure ratio, py'py dimensionless
0 = angle of flow path, radians

r = ratioof specificheats,C/C. dimensionlcss
p = dynamic viscosity, kg/m s

g = parametcr in new slip model, dimensionless
p = density =llv,kglm3

",.. 
= wall shear stress, Pa

d", = wall perimeter, m

O : lwo phase multiplier b/Lp- dimensionless

TABLE FMOOEL COMPARISON WTH ALL 367 DATA POINTS

Standard Deviadon (%)Modol

Hydro models wlth new slip model

Hydro models wlth Chlsholm sllp model

Sachdeva el ar.

Perkins

Average Enor (%)

{.36
-12.43
{.07

-19.78
-20.82

{.6E

-t'1.05

-16.34

7.76

10.51

25.77
32.13
'15.94

11.59

13.48

13.36

Ar€rag€ Eror of Absdute
Values (oi)

5.78

13.92

26.25

u.82
23.11

11.29

13.52

18.09
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Subscrlpts
B : back wall of sudden enlargement

c : choked

e = momentum density
exp = experimental results

G=gas
H = homogeneous mixture

k = kinetic energy

L = liquid
tO : liquid onlY

,n = mixlure
O:oil

prcd = model prediction
r = position at vena contracta

lV = water
1 = position upslrcam choke
2 = position in the throat (at throBt exit)
3 : position downslream choke (at "recovered conditions")
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S! Metric Conversion Factors
bar x 1.0* E+05

eF-3z)lt I
gal x 3.785 412 E-03
psi x 6.894 757 E+00

'Conversion,actor is exacl.

=Pa:.c
:m3
: kPa
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