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Summary

Knowing the mass flow rute is important in relation Lo production
contral in the oil and gas industry. IT the change in pressure and
temperature scross o choke can be correlated with the mass flow
rate, the actuator position, and the properties of the well stream,
this muy constitute o mass Mow rate meter that is both simple and

inexpensive compared 1o other designs. However, knowledge of

the predictive ability and sccuracy of availuble mass Mlow rate
models is required o gualily such a solution, Predictions from
several mass Mow rate models are compared with data from a
crude oil/nalural pasiwater system al pressures varying from 8 to
16 bara. The fluids used were recombined oil from the Njord ficld
in the North Sca, natwral gas from the Kaarsioe lenminal in Nor-
way, and water with added salts 1o give typical produced-water
properties. Two different choke geomelries {orifice and cuge type)
were tested for three different opening areas. The experimental
results are compared wilh cight mass flow tate models for mul-
tiphase flow through chokes. These are the two Hydro models
originally developed by Selmer-Olsen, the Sachdeva er ol. model,
the Perkins' model. and four two-phasc multiplier models—the
Maorris, the Chisholm, the Simpson, and the homogeneous equi-
librium model (HEM), respectively. For the orifice-type peometry.
the Hydro short model predicted the results most accurately. For
the cage-type geometry, the Hydro long model, which includes
losses in the choke geometry, predicted ihe results most accurately.
A modification 1o the slip model improves the results of the Hydro
models, predicting all the 367 test points with a standard deviation
of 7.8%. The average crror of absolute values was 5.8%.

Introduction

The Mow of multiphase Mow systems {s imporiant in the process
industry in relation to both the control of process condilions and 10
safiety in relation 1 the overpressure control by relief valves. In the
oil and gas indusiry, the Now characteristics of the choke centrol
the production of vil/gas/water coming from the wells. For reser-
voirs with advanced well systems, including more than onc flow
branch tied back to a common manifold, it is essential 1o control
the individual well streams by individual chokes. Managing this
production contrel becomes even more critical when producing
from horizonlal wells and thin oil zones.

In recent years, 1ools for well allocation and control have been
developed with the intention of determining the mass flow rate
from 2 minimum of data about the multiphase conditions in the
upstream bing, the Muid properties, und the choke characteristics.
Such choke characteristics range through both subcritical and criti-
cal flow conditions, These 100ls use both traditional flow moedels
from the literalure as well as new models developed specifically
for choke control in the hydrocarbon production indusiry.

The objective of the present work was 1o develop a unique dala
set for validation of such flow models and to use it in a bench-
marking exercise (o evaluate the suitability of some typical models
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in use. The presem paper focuses on the subcritical part of the data
set obtained under controlled laboratory condilions with hydrocar-
bens from North Sea oil ficlds

The main difference belween hydrocarbon well sireams and
single-component systems are that well fluids include a large num-
ber of components, from light 1o heavy hydrocarbons. The kinetics
caused by Mashing of the light components through a choke are
expected to be different than single-component systems. Further-
mare, reservoir NMuids often include a separate water phase in ad-
dition 1o 1he gas and oil phases.

Depending on the upstream geomelry and flow rates, several
different Mow pallemns exist thar will influence the choke condi-
tions {such as liquid slugs, phasc inversion phenomena, ctc.).
Moreover, the choke geometry influences choke flow patterns,

Literature

The literature survey focused on fairly simple models that provide
a relationship between the multiphase mass flow rate, i, the choke
pressure drop, Ap, the model purameters, daty for upsiream and
downstream pressure and temperature, upstream composition of
the well stream {oi}, waler, and gas), and the choke setting (open-
ing). Model imperfections or simplifications would typically be
corrected by introducing a calibralion factor.

Choke manufacturers have ways of sizing and sclecting well-
head chokes normally based on a flow coelficient Cy often deter-
mined in a lest bench with water flow.' The flow cocfficient for
valve sizing, C,, has, by definition, the dimension of the flow rate
of water in gal/fmin for a pressure drop of 1 psi.? Using SI units for
the right side, we obtain the following expression for C,.

36000 [fp. 10"

Cy= 086 F, P Ap ap=p, = ps
in which = volumelric flow rale, p=density, F,.=choked [low
factor, and Ap = pressure difference. The subscripts v and W de-
note multiphase mixture and water, respectively. The subscripts |
and 3 denote inlel and oullet positions, respectively. F.=1 for
subcritical Mow. If Eg. | is used for single-phase water flow, use
p..=p... Normally, the homogeneous mixture density, p,,, is vsed,
which can be found with Eq. 15.

Several mass Mow rate models are based on the classical single-
phase approach. The basic idea is 10 comect for the impact of
two-phase Mow on the pressure drop by troducing a correction
factor—two-phase multiplier.” The iwo-phase multiplier, . is the
ratio between the actual two-phase pressure drop and the single-
phase liquid pressure drop, subscript LO, with similar iwo-phase
and single-phase mass flow rates. Compressible flow is nol ac-
counted for. The cxpression is given as:

Ap
Apio

Recasting Eq. 1 to the form of Eq. 2 shows that the approach is
the same.

To account for compressibility effects and critical flow in mul-
tiphase (low, several approaches are found, such as:

» Homogencous flow models assuming no flashing of gas from
the oil through the choke (“frozen” flow).*

» Homogencous flow models™® that assume thermodynamic
cquilibrium.

P = (D)
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* Mode!s assuming empirical or semi-empirical relations de-
scribing the kinctics of flashing of gas from the liquid and/or
entrainment of one phase in the other based on single-component
steam-water systems.”

* Heterogeneous flow models of a gas and a liquid phase flow-
ing separately and without one phase being entrained in the
other.>®
Most of these models can also be used for subcritical flow with
minor modifications, but this is seldom done.

Sachdeva et al.® presented a model developed 1o solve the mass
flow rate through a choke for both subcritical and critical condi-
tions. This model has also been verified against multiphase ex-
periments. The model assumes the flow is 1D, the phase velocities
are equal at the throat, the predominant pressure term is accelera-
tion, the quality is constant for high-speed processes, and the liquid
phase is incompressible.

Robertson' observed up to 30% discrepancies between the
manufacturer’s published values for C, and those determined for
nonflashing flows of water/nitrogen and kerosene/methane. With
flashing flows, the discrepancies were even larger. They found no
better results with other methods from the literature, so they curve-
fit correlations for an improved flow coefficient, C,. BP plc pre-
sented an improved version of these models.'®

The Perkins models'' presented an approach for finding the
critical pressure ratio and the mass flow rate in much the same way
as the model by Sachdeva et al. Perkins included the three-phase
effects for the polytropic expansion exponent, i, and also found
the mixture average velocity at the throat. The model solves the
conservation equations for total energy and mass and applies a
classical thermodynamics approach for the gas properties, which
leads 10 an implicit expression to find the critical pressure ratio.

Osman and Dokla'? presented a literature overview of choke
models and a set of new empirical correlations for upsiream pres-
sure or choke pressure drop vs. choke size, flow rate, and gas/
liquid ratio (GLR). They used field data for surface chokes of a
Middle East gas-condensate reservoir.

Selmer-Olsen developed a set of new choke models'™>'* based
on their own works.'® The model versions and software in use
originate from projects for Norsk Hydro ASA that studied the
feasibility of using wellhead chokes as simple multiphase 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 Methods

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 mixtures built with complete control of system chemistry so
that tests can be performed with the addition of production chemi-
cals at ppm levels. The MPFL has a total volume of approximately
9 m® including a 77.9-mm internal diameter (ID) test loop that is
120 m long.

Gas accumulator
Choke test section

=y

Gas circul

Flow loop
Separator

Oil pump

Fig. 1—The MPFL.
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A test section designed geometrically as a choke was installed
at the middle of the test loop, as shown in Figs. 1 and 2. The test
conditions chosen had a downstream separator pressure of 8 bara.
‘The gas circulator could operate at this condition with a maximum
8-bar pressure rise, giving a maximum choke upstream pressure of
16 bara. The accuracy of the pressure transmitters was better than
0.1% of full-scale reading.

Two different choke geometries were tested—an orifice and a
simplified cage-type with (wo opposing holes. They were both
designed and installed with the same reference position in the pipe.
Both geomelries were tested at three different flow areas. Because
the cage-type geometry had two holes, these holes were sized to
give the same total flow area compared to the equivalent orifice-
type choke. The orientation of the holes was in the same horizontal
plane.

Onfice and cage geometry represent two different flow behav-
iors for an obstruction in a pipe. The pressure over an orifice choke
will reach 2 minimum immediately after the obstruction, whereas
for a cage choke, 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
through internal dissipation, whereas for orifice geometry, the tur-
bulent flow separation after the orifice creates pressure losses. The
choke geometries are shown in Fig. 3. The three orifice diameters
tested were 11, 14, and 18 mm, which represent 2.0, 3.5, and 5%
choke opening areas, respectively, in a 77.9-mm ID tubing.

The test program included single-phase tests with gas, water,
and oil. Further, two-phase gas/water and gas/oil tests were carried
out, and three-phase gas/oil/water tests were performed last.

The fluids used were recombined oil from the Njord field in the
North Sea, natural gas from the Kaarstoe terminal 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 10 bara and
50°C are shown in Table 1. All components heavier than Pentane
are denoted C6+.

The separator conditions were kept constant at 8 bara and 50°C
during all tests. The independent lest variables were the volumetric
flow ratcs of each phase at separator conditions, and the response
was the pressure difference and temperature over the choke.
Hence, the upstream choke pressure varied from one test to an-
other, whereas the downstream choke pressure was close to the
constant separator pressure.

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

The oil/gas/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 the separator
pressure, resulting in a different GLR and WC at the choke inlet.
The values upstream of the choke were calculated with the ther-
modynamic property program NEW*S'!7 based on thermody-
namic equilibrium using the SRK equation of state. Because the
temperature was constant, a pressure increase would normally
cause more gas to be dissolved in the oil phase.

Experimental Results

A total of 367 tests were performed on six different test-section
geometries. A selection of the complete results for one of these
geometries, the 11-mm orifice, is included in Table 2. However,
results from all 367 tests are included in the model comparisons
presented in this paper.

Table 3 shows the C, values for two different chokes and for
three different opening areas. These values were oblained for
single-phase water flow with Eq. 1 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—Details of test section showing the positions of the choke and pressure tappings.

specific choke setting. Values of the regression coefficient, r?, are
also given in Table 3.

Models

Several mass flow models were lested against the experimental
results from the MPFL. These were the Hydro models,'* the mod-
els of Sachdeva er al.® and Perkins,!! and four two-phase multi-
plier models.>'®'? Note that the Hydro model may be regarded as
several models, as described in Ref. 14. Different slip assumptions
were evaluated for this model. Only one of the possible assump-
tions regarding thermodynamic equilibrium was tested.

The Hydro, Sachdeva et al., and Perkins models are all in use
concurrently by the petroleun industry to control multiphase flow
through chokes. The two-phase multiplier models were chosen
merely as references. Because the Sachdeva et al. and Perkins
models are accessible in SPE publications, the Hydro models are
described in more detail here.>!'

Two-Phase Multiplier Models. Homogencous equilibrium mode]
(HEM):

v
d)ia=1+xc[v—6— l:l.
3

in which x = mass fraction and v = specific volume. The subscripts
(1- XG)]

G and L denote gas and liquid, respectively.
Simpson er al.':
Vg vg ]
¢io=[xcv—’_+k(1"xu):||:16+ 3 k=|:~‘-':] , @
here k= the slip correlation (see also Table 4).

: 3. B2 Yo 2
Chisholm’: &, =1+ S 1 |[Bxs(1 —xg) + x5}
L

The coefficient B is determined by choke geometry and installa-
tion. B=0.5 was chosen for our setup.

Cage (Top View)

'////I_I//'f f/ifllll/}?,

Orifice/Willis

A

Fig. 3—Choke geometries.
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Morris'®:
v -x (k—1)
(bia=|:xa—r+k(] —xG)] x6+(-——6) 1 +——) .
7 k Ve
Vi

in which Morris used the slip correlation of Chisholm for k.

VG 172
k=[xGV—L+(1-xG)] TP %)

The single-phase water tests were used as input into the two-phase
multiplier models. Note that neither two-phase multiplier model
accounts for compressibility effects because upstream conditions
were used as data to calculate the multiplier value.

Sachdeva et al. Model. The model of Sachdeva ef al.” is devel-
oped from the 1D balance equations of mass, momentum, and
energy for a two-phase mixture of gas and liquid. The gas quality
is constant (frozen flow), and the liquid is incompressible. The
phase velocities move homogeneously, whereas the phase tem-
peratures could differ with the heat transfer process controlled by
a polytropic expansion of the gas. The flow is adiabatic and fric-
tionless. The model can handle both subcritical and critical flow.
The model uses a discharge coefficient Cp, in the range 0.75 to
0.85 to calibrate for model imperfections and irreversible losses.

Perkins Model. The Perkins model'! is developed from the 1D
balance equations of mass and energy. Contrary to the Sachdeva et
al. model, Perkins uses the gas-phase energy equation instead of
the mixture momentum equation. As for the Sachdeva et al. model,
the phase velocities move homogeneously, whereas the gas phase
is assumed to expand polytropically. The flow is adiabatic and
frictionless, and the model can handle both suberitical and critical
flow. Perkins found the best fit between prediction and experimen-
tal data by giving the discharge coefficient the value Cp= 0.826 to
calibrate for model imperfections and irreversible losses.

Hydro Long Model. Contrary to the models of Sachdeva er al.®
and Perkins,'! this model'* uses a control-volume approach for the
choke orifice and downstream. This features a more mechanistic
description of the irreversible loss process than a discharge coef-
ficient only. If needed, a final fine-tuning could be done with a
discharge or calibration coefficient. A control-volume approach
also features a simple approach to a complex flow with heat and
mass transfer phenomena. The approach assumes no loss of stag-
nation pressure and mixture enthalpy (temperature) up to the flow
throat (vena contracta®), and this gives the inlet conditions to the
downstream control volume part of the model. The flow path
may change direction before it enters the control volume but not
within them.

The model is derived from the local cross-sectional averaged
balance equations for steady-state flow of a multiphase mixture.

* Where the boundary streamlines form a minimum ¢ross section.
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TABLE 1—MOLAR COMPOSITIONS, VISCOSITY, AND DENSITY AT 10 BARA AND 50°C
Gas Phase Oll Phase Water Phase
Nitrogen 0.0156 0.0002 0.0000
Carbon dioxide 0.0079 0.0006 0.0000
Methane 0.8304 0.0333 0.0001
Ethane 0.0763 0.0147 0.0000
Propane 0.0238 0.0140 0.0000
Iso-butane 0.0052 0.0066 0.0000
Butane 0.0141 0.0254 0.0000
Iso-pentane 0.0041 0.0163 0.0000
Pentane 0.0048 0.0251 0.0000
Ccé+ 0.0044 0.8624 0.0000
Water 0.0134 0.0014 0.9999
TOTAL 1.0000 1.0000 1.0000
Viscosity (mPas) 0.012 1.31 0.55
Density (kg/m®) 7.7 796 988
d 1 [xs (l=x5) (1-x5)
Mass balance: —(m) =0, .........c.iiiiriiiiiiiannn.. ®) i [_G..,. k G :’ % s e 14)
dz "o Lo PL c B (

in which mi=the mass flow rate of the multiphase mixture and
z=the axial coordinate.

M d (o ) Adp A in 0 9
=l |+A—= , = S
omentum T \pA oo -, 7, —A p,g sin ®
in which p=pressure, g = gravitational acceleration, A = the area
of a flow cross section, ¢,,=the wall perimeter, 7,,= wall shear
stress, p,,=mixture density, p, = momentum density, and 6= (he
angle of the flow path with the horizontal. The mechanical energy
balance is obtained by integrating the momentum balance and the
mass balance from conditions at Points 1 to 2 in Fig. 4.

2 2
m2(1 l)fid fp,.. in 6dz= b
. -t ip+ [ —gsinodz=D,
2 \pA; paAl) P P

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

d Wt op,
Total energy: = h, + Tiﬁz + P_k gsinbz |=q,, ....... (1)

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

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

A distinction between different densities is required because
Lhe contribution of each phase will be weighed differently depend-
ing on whether the density is based on the mass in a control
volume (body or potential force), giving p,,; the net momentum
flow through a control volume (surface force), giving p,; or the net
kinetic energy flow through a control volume, giving p,. The deri-
vation of the density expressions is fairly straighlforward algebra.
The definitions are consistent with Chisholm.” The mixture den-
sity, p,, (specific volume v), is as follows.

X 1-x
_G_H( *¢)
1 1 Ps Pr

¥,

" py apst(l—alp, xg+k(1 - xg)
where a=void fraction, x;= gas quality, k=slip factor between
gas and liquid phase, p; = gas density, and p, =density of liquid
phase (oil and water mixture). The effective momentum density, p,
(specific volume v,), is as follows.

1 [ ,(l-xc)}[ (l—xc)]
v,_pe_[pcﬂ ol | R Amran] RSPRTRI 13)

The kinetic energy density, p, (specific volume v,), is:
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The homogeneous mixture density, p,, (specific volume vy), is
found from Egs. 12, 13, or 14 for k=1.

For liquid density, p, = the homogeneous liquid mixture of oil and
water used.

PL=Wep, + (1 =W)pos oo i (16)

where p,.=water density, p,=oil density, and W= water cut.

The model is based on the circular-symmetric flow geometry
shown in Fig. 4. The flow separates at Position 2, the abrupt
enlargement after the throat. The choke outlet at Position 3 is
located after the flow reattachment point. The distances between
Positions 1, 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 neglecting gravity.

Upstream of V, there is no loss of stagnation pressure 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 of stagnation pressure is allowed for
in both control volumes. In the throal, internal dissipation and wall
friction dominate, whercas downstream of Position 2, flow sepa-
ration and shock waves dominate. After flow reattachment, wall
friction and heat transfer effects can be present. Position 3 is
chosen such that internal dissipation losses dominate, and the flow
is frictionless and adiabatic from 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 1 and 3, but it is
assumed that the flow pattem is sufficiently dispersed to neglect
temperature differences between the gas and the liquid. The flow
is assumed to be frozen (constant vapor qualily) upstream of Po-
sition 2. All phase changes occur in the control volume between
Positions 2 and 3 such that thermal equilibrium is reassumed at
Position 3. This is justified by observing that if flow components
flash on the passage from Position 1 to 3, this process is associated
with a certain time delay. Moreover, typical compositions from the
North Sea will have flash fractions 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 1 to 2, the mass and mechanical energy
balances give:

2 1

: a2 1-<E) 22
Py, P2/ CyCer 17
p=— 3 b e (an

) Pe 24ip., Pa? 1 (1

+2{—) | =—-1

Pa/ C3\Cc
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TABLE 2—RESULTS FOR THE 11-MM DIAMETER ORIFICE GEOMETRY

Test Point

G-OR-11-01
G-OR-11-02
G-OR-11-03
G-OR-11-04
0-OR-11-01
0-OR-11-02
0-OR-11-03
0-OR-11-04
0-OR-11-05
W-OR-11-01
W-OR-11-02
W-OR-11-03
W-OR-11-04
GOW-OR-11-01
GOW-OR-11-02
GOW-OR-11-03
GOW-OR-11-04
GOW-OR-11-05
GOW-OR-11-06
GOW-0OR-11-07
GOW-OR-11-08
GOW-OR-11-09
GOW-OR-11-10
GOW-OR-11-11
GOW-OR-11-12
GOW-OR-11-13
GOW-OR-11-14
GOW-OR-11-15
GOW-OR-11-16
GOW-OR-11-17
GOW-OR-11-18
GOW-OR-11-19
GOW-OR-11-20
GOW-OR-11-21
GOW-OR-11-22
GOW-OR-11-23
GOW-OR-11-24
GOW-OR-11-25
GOW-OR-11-26
GOW-OR-11-27
GOW-OR-11-28
GOW-OR-11-29
GOW-OR-11-30
GOW-OR-11-31
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-11-38
GOW-OR-11-39
GOW-OR-11-40
GOW-OR-11-41
GOW-OR-11-42
GOW-OR-11-43
GOW-OR-11-44
GOW-OR-1145

]
(bara)

8.47
10.00
12.20
13.90

8.37

9.18
10.60
12.50
14.90

8.36

9.74
12.40
15.80

8.41

9.50
11.40
13.10
14.00

8.74
10.10
11.50
13.80

8.87

9.84
11.70
13.80
10.80
12.00
14.00
14.80
10.60
12.10
14.40
15.50
11.60
14.40
14.80
12.50
14.20
13.40
14.30
14.10
14.70
14.20
14.00
14.50

9.50
11.80
13.20
15.00
11.50
11.70
14.00
15.00

9.73
11.30
14.70
15.30

T
£
52.9
51.9
52.9
51.9
499
49.9
50.9
49.9
50.9
499
50.9
50.9
50.9
50.9
49.9
49.9
50.9
50.9
49.9
49.9
50.9
50.9
50.9
52.9
52.9
49.9
50.9
49.9
50.9
51.9
50.9
50.9
49.9
50.9
50.9
50.9
50.9
50.9
50.9
50.9
50.9
50.9
50.9
50.9
45.9
44.9
49.9
49.9
51.9
51.9
50.9
49.9
51.9
50.9
49.9
50.9
50.9
51.9

P1—P3

XG1 Xon Xw (bar)
1.0000 0.0000  0.0000 0.85
1.0000 0.0000 0.0000 243
1.0000 0.0000 0.0000 4.68
1.0000 0.0000  0.0000 6.56
0.0000 1.0000 0.0000 0.74
0.0000 1.0000  0.0000 1.64
0.0000 1.0000  0.0000 3.17
0.0000 1.0000  0.0000 5.07
0.0000 1.0000  0.0000 7.59
0.0000 0.0000 1.0000 0.85
0.0000 0.0000  1.0000 227
0.0000 0.0000  1.0000 4.88
0.0000 0.0000  1.0000 8.42
0.0083 0.8620 0.1300 0.98
0.0105 0.8780 0.1110 2.01
0.0086 0.8630 0.1280 3.83
0.0039 0.8790 0.1170 5.60
0.0048 0.8600 0.1350 6.57
0.0127 0.4330 0.5540 1.0
0.0111 0.4490  0.5400 2.60
0.0041 0.4540  0.5420 4.05
0.0048 0.4490 0.5460 6.1
0.0097 0.0916  0.8990 1.03
0.0078 0.0709  0.9210 2.44
0.0040 0.0896  0.9060 431
0.0042 0.0786 0.9170 6.44
0.0879 0.7810  0.1310 3.27
0.0455 0.8470  0.1080 4.41
0.0361 0.8740 0.1260 6.28
0.0274 0.8570 0.1160 7.27
0.0802 0.3770  0.5420 an
0.0440 04180 0.5380 4.57
0.0334 0.4340  0.5330 6.79
0.0217 0.4430 0.5360 7.97
0.0825 0.0575  0.8600 3.87
0.0585 0.0968  0.8450 6.74
0.0347 0.0407  0.9250 721
0.1380 0.7290  0.1340 5.16
0.0845 0.8030 0.1130 6.84
0.1340 0.3730  0.4930 6.08
0.0716 0.4160 0.5130 6.88
0.1190 0.0957 0.7850 6.48
0.0621 0.1090 0.8290 7.36
0.1640 0.7150 0.1210 6.81
0.1550 0.3520  0.4940 6.84
0.1350 0.1010  0.7630 7.19
0.0477 0.8190 0.1330 1.95
0.0287 0.0704  0.9010 417
0.0221 0.8490 0.1290 5.16
0.0191 0.8740  0.1070 7.23
0.0330 0.0706  0.8960 3.90
0.0251 0.4860  0.4880 4.16
0.0241 0.4390  0.5370 5.77
0.0144 0.4420 0.5430 7.32
0.0409 0.0872 0.8720 215
0.0274 0.0723  0.9000 3.94
0.0222 0.0856  0.8920 6.69
0.0109 0.0927  0.8960 7.55

m
(kgls)
0.05
0.09
0.13
0.16
0.57
0.80
1.27
1.65
2.01
0.77

1.29
1.91
2.30
0.66
0.95
1.36
1.65
1.86
0.66
1.08
1.49
1.87
0.71
1.12
1.59
1.99
0.64
1.03
1.37
1.62
0.67
1.09
1.51
1.81
0.75
1.21
155
0.63
1.01
0.74
1.13
0.82
124
0.69
0.74
0.81
0.61
1.13
1.36
1.73
1.03
1.20
1.50
1.89
0.73
1.14
1.62
2.05
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TABLE 3—Cy VALUES FOR THE TWO GEOMETRIES AND
THE THREE OPENING AREAS OBTAINED FROM

LINEAR REGRESSION
Choke Geometry Orifice* Cage
11 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] 8.73 [0.998)

*Values of correlation coefficients are shown in brackets, (r?].

in which A =the cross-sectional area, C;=a valve throttling co-
efficient (A/A)), and C=the contraction coefficient (A,/A;). T
and V denote throat and vena contracta, respectively. The mixture
momentum density p, is given by:

i_ Xs ,(l -XG)JI: (1_-\'5)]
p'—[p6+n e Xo+ P RN (18)

where the slip ratio is &, and x;=the gas mass fraction.
Similarly, from cross section 2 to 3:

it C (4 (4
(P:‘Pa)*’CTCX(PB‘Pz):%(_X‘Q—Ci%), ..... 19)

1Pel

where subscript B=the back wall after sudden expansion and
Cx=the inlet 1o outlet area ratio (A,/A,). Because pressure recov-
ery can be low in multiphase flows, the pressure recovery of the
model can be modeled by letting C,, deviate from the actual area

A
ratio within the range: A—r =C/x=1.
3

The total energy balance in Eq. 11 applies from Positions 1 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 mixture. 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 (x = constant)
between Positions 1 and 2, the derivation of the corresponding
polytropic expansion coefficient given by Eq. 20 can be found in
Henry® and Selmer-Olsen. > In Eq. 20, a small term correcting for
nonhomogeneous phase velocilies (slip) is neglected.

_ xKCyg + xgCpo + XyCpy
x6Cyc + %0Cvo + xwCri

......................... (20)

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

Choking?
Yes: p, #p;
No: py=p,

Internal
loss
I ) ) |

No loss 1 internal loss 1

Heat transfer
1 Adlabatic 1

Fig. 4—Basis for the Hydro models.
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TABLE 4—VALUES FOR USE WITH GROLMES AND LEUNG
EQUATIONS

Modesl a a4 a as
Homogeneous (no slip) 1 1 -1 0
Constant slip k 1 -1 0
Fauske 1 1 —1yz 0
Moody 1 1 23 0
Slimpson et al, 1 1 —Sis 0
Thom 1 1 -089 0.18
Baroczy 1 074 065 0.13
Lockhart-Martenelli 0.28 064 -0.36 0.07

liquid present, Eq. 20 will make » approach 1, and the gas will tend
to expand isotherrnally 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 1 and 3, the flow is adiabatic (i.e., constant
stagnation enthalpy of the multiphase mixture) and that the kinetic-
energy terms of Eq. 11 can be neglected. Flashing is assumed to
happen in the contro] volume between Positions 2 and 3 first. In
this study, we used the NEW*S package.m'” We found that flash-
ing and temperature change between 1 and 3 would have only a
minor effect on the mixture densities, p,, in 1 and 3 for the fluids
and test conditions studied; hence, we simply assumed isolhermal
flow when calculating p,, and p,,.

In nonchoked (subcritical) flow, the Borda-Camot hypothesis
for sudden enlargements applies, and we can set the back wall
pressure pg=p,. For the choked-flow case, py#p,, and pg is a free
parameter that can be determined implicitly from the choked mass
flow rate and the pressure, p;. Depending on p,, the flow is over-
or under-expanded when entering the control volume at Position 2.

A criterion for choked flow is to maximize the mixture's mass
flux with res,i)ect to the pressure at the choking cross section.?
Selmer-Olsen'® 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-rate, subscript ¢, of the mixture.

Al AlAL 1
= . A 21

02 =
— - -—| = - - +
dp P. & dp Pe CC

.. . Pc .
The critical pressure ratio, e,=,7. can be found by solving the
1

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

For short throats, the contraction of the boundary streamlines
increases the flow blockage (throttling), thereby reducing the mass
flow rate; however, the stagnation pressure remains constant. The
contraction coefficient corrects for geomeltric effects only for short
throats. For long throats, the contraction coefficient cormrects for
both geometric and loss effects. Hence, C. has two different in-
terpretations depending on the model. From cross section 1 to 2,
Eq. 17 is replaced by:

2 .2 2
P m P 1
—dp= ==} == - eeeeeenns 22
J: P 0P " 24tp, [ (mz) c%C’c] -

From cross section 2 10 3, Eq. 19 is replaced by:
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Py =pa) + CrCCxps—P)=—— | =~~~

rilg ( Cx P Qﬁ)
Alp, \CCe P Xpa)

For critical mass flow rate, Eq. 21 is replaced by:

2,2 ~2
.2 AICTCC
me=—

d( 1 )
dp Pe2

Slip Models for use in the Hydro Models. Flow 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 based on work in connection with flows in pipes and valves
exist. For flow in chokes, however, it is not evident that the same
slip models can be applied. The Chisholm slip correlation® given
by Eq. 7 was used in the original Hydro model by Selmer-Olsen. '

Grolmes and Leung® suggested that common slip correlations
could be generalized by:

1 —xg {a)-1) P (aa+]) e a3
2 ) )
X6 Pc Ko
in which applicable values of the constants a,, a,, a,, and as 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.

..................................... (24)

k= I+xs(&—]) [1+&™C] i (26)
Pc

This represents an adjustment to the Chisholm expression” of in-
creasing the slip, especially at low gas qualities. Based on the data
in this work, suitable values for the constants were found lo be
£=0.6 and B=35.0.

The behavior of the various slip models are presented in Fig. 5
with the slip ratio plotied as function of mass fraction of gas, xc.
The new slip model (as well as the original Chisholm expression)
has the following features.

* As the gas density increases with pressure, the flow becomes
more homogeneous (less slip), which is qualitatively correct be-
cause the interfacial forces increase with the gas density.

o As the gas quality, x, goes to zero (liquid flow only), the slip
ratio, k, goes lo 1+£=1 (£=0.6), which is qualitatively correct

becausc bubble flow will prevail for low qualities, with some slip
still present. Fully homogeneous flow will exhibit k=1.

o As the gas quality, xg goes to 1 (gas flow only), the slip
ratio, 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 1 for high gas qualitics.
However, in a complex flow geometry, some flow separation will
always be present for high gas qualities, with some liquid attached
to the wall region and some entrained in the gas phase.

Note that the effects described previously will be weighted by
the balance equations for mass, momentum, and energy. It can be
verified mathematically that provided the slip model gives a k
value that satisfies O<lkl<oo for 0<xg=<1, the original Hydro model
will always approach the model for pure liquid flow for x5 =0 as
well as the model for pure gas flow for x; = |. This means that the
Hydro model becomes exactly the single-phase gas model for
xg=1 and the single-phase liquid model for x5=0.

Calibration of the Hydro Models. Normally, the use of a dis-
charge coefficient (Cp,) is not required with the Hydro models;
hence Cp=1. The value of the contraction coefficient, 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 water flow
is known from the choke manufacturer and no calibration tests can
be made, a proper value for the contraction coefficient, C should
be selected from the literature (e.g., Weisbach values®®). Then a
value for a discharge coefficient, C,, should be chosen by equating
the mass flow rates of water given by the Hydro model and Eq. 1.

Discussion

The mass flow rate predicted by the various modcls was calculated
bused on knowledge of the upstream condition and the measured
pressure drop across the choke. To compare the models, plots were
made showing predicted mass flow rate vs. the measured mass
flow rate.

When comparing the different models, we find that the orifice-
type choke is best predicted by the Hydro short model, with
C=0.62, which corresponds to classical Weisbach values.”® The
cage-type choke with internal dissipation and losses is best pre-
dicted by the Hydro long model, with C-=0.45 based on the
single-phase water experiments.

Fig. 6 shows the performance of the Hydro models using the
Chisholm slip correlation. The ratio of predicted to measured mass

Slip Models

100
—8— Chisholm3

—e—Henry and Fauske”
—+— Baroczy®

— Moody®
—8-Thom$

—&- Lockhart-Martinelli 8

Slip, ug/ug

1@
0.00

T

0.10 0.20 0.30 0.40

0.50 0.60 0.70 0.80 0.90 1.00

Gas Quality, xg

Fig. 5—Results from various slip correlations with a liquid-to-gas density ratlo of 100.
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Original Hydro Model, Selmer-Olsen et al. **

7.0
6.0
[
B a
= 50
8 5.
@
_g_ 40
[y
2 o Orifice=11 mm
3.0
g B q ® Cage=11 mm
k: e + Orifice=14 mm
8 20
'§ x Cage=14 mm
. 10 0 Orifice=18 mm
' m Cage=18 mm
00 | !
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0

Measured Mass Flow Rate, kg/s

Fig. 6—Predicted vs. measured mass flow rate for the original Hydro model with Chisholm slip correlation.

flow rate, with slip predicted by the Chisholm correlation, is plot-
ted as a function of gas quality in Fig. 7. It is seen that the flow rale
is under-predicted, with maximum under-prediction occurring at a
gas qualily of approximately 0.02. Increasing the gas/liquid slip
can increase the ratio. Fig. 8 shows the improved prediction when
the new slip comrelation 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 increase the slip between gas and liquid because the
gas phase quickly accelerates while the liquid phase lags. Hence,
acceleration will affect the system in the direction of higher slip.
(The opposile is obviously the case in retarding flow downstream
of the choke.)

We see from plots of different slip models that there 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 in the low-quality region. By modifying
the slip so that it is larger than what the Chisholm correlation gives

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

The results of the Sachdeva et al. model are shown in Fig. 9,
and the results of Perkins’ model appear in Fig. 10. Both mod-
els show a much larger spread than the Hydro models. The Sach-
deva model uses a Cp of 0.85, while Perkins uses C,,=0.826.
Changing the value of C, will only rotate the data set about the
origin. The single-phase dala are localed on the line of maxi-
mum overprediction.

The results from the two-phase mulliplier models give fair
estimates despite compressibility effects not being included. In
fact, for subcritical flow, the two-phase multiplier models give
better predictions than the more physically correct models of
Sachdeva er al. and Perkins. Both are no-slip models, but all the
two-phase multiplier models have built-in slip. However, the Hy-
dro model with the new slip corrclation shown in Fig. 8 is by far
the best choice. The differences between the models are given
numerically in Table 5 and graphically in Fig. 11. The Hydro

Error vs. Quality

1.6
14
O Oriflce=11 mm §
1.2 + Orifice=14 mm
0 Orifice=18 mm |
@ Cage=11mm
e 10 s Cag
E. x Cage=14 mm
\i 0.8 W Cage=18 mm
E
0.6
04
0.2
0.0
0.001 0.010 0.100 1.000

Xa

Fig. 7—Ratio of predicted to measured mass flow rate of original Hydro model as a function of gas quality with Chisholm slip

cormrelation.
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Improved Hydro Model

7.0
6.0 New slip correlation with
X all 367 data polnts /’
o
5.0

S

o Orifice=11 mm

o Cage=11 mm
+ Orifice=14 mm

Predicted Mass Flow Rate, kg/s

x Cage=14 mm
o Orifice=18 mm

= Cage=18 mm

l

0.0 3.0

1.0

20

4.0 5.0 6.0 7.0

Measured Mass Flow Rate, kg/s

Flg. 8—Predicted vs. measured mass flow rate for all 367 tests with new slip carrelation with the Hydro models.

model with the improved slip correlation gives the lowest standard
deviation, 7.8%, and the lowest average error of absolute values,
5.8%. For comparison, the standard deviation for the Sachdeva er al.
and the Perkins models are 25.8 and 32.1%, respectively. With
regard to the average error of absolute values, the Sachdeva et al.
and Perkins models exhibit values of 26.3 and 34.8%, 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 et al. give values of standard deviation vary-
ing from 6.4 to 40.9%, depending on the data set used for evaluation.

Two choke geometries with several hole sizes were tested. The
effects of choke size were not tested, but this is not expected to
change the results significantly. Different choke orientation and
inlet conditions were not tested and could require model calibra-
tion. Changes in fluid properties that introduce significant Reyn-
olds-number effects or high amounts of flashing should be checked
separately. The models should also be subject to evaluation for
data from critical flow, including checking the transition from
subcritical to critical flow.

Conclusions

A total of 367 single-, two-, and three-phase tests have been per-
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 kept constant
at 8 bara and 50°C. Upstream conditions were kept at a constant
temperature (50°C), whereas the upstream pressures 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 results and were
used as input to the two-phase multiplier models.

Mass flow rate models arc presented with the average dis-
crepancy and standard deviation from measured values in Table 5.
The Hydro models have been shown to predict the mass flow
rate with the best accuracy for the new data set used in this
model evaluation. C-=0.62 (based on the classical Weissbach
values) is valid for orifice geometry, whereas C=0.45 (based on
single-phase water tests) gives the best value for cage geomciry.

Sachdeva et al.’

7.0
s}
o J

6.0 L
]
e q
o 50 X
3 "~
g 40
(™ n ; o © Orlfice=11 mm
4 a® X 1l
8 30 - - © Cage=11 mm
= 4 [] o
§ - - i~ x Cage=14 mm
=§ 20 - o 06 & + Oriflce=14 mm
a 10 nb. o & 1 o Orifice=18 mm

’ N a Cage=18 mm
0.0 ;‘ | |
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0

Measured Mass Flow Rate, kg/s

Fig. 9—Resuits of the Sachdeva et al. model.?
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Perkins"
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[

6.0 L
]
° q
5 50 X
£ :"

¥

£ a0
2 4
T s? © Orifice=11 mm
] ¥ X% x
2 a o Cage=11 mm
s 3.0 r S 5
o e x Cage=14 mm
T 20 3 L L + Orlficen14 mm
o o -
2 =% oFh ?: n T Orifice=18 mm
& 1.0 °=np. ; u Cage=18 mm

0.0 L +

0.0 1.0 20 3.0 4.0 5.0 6.0 70

Measured Mass Flow Rate, kg/s

Fig. 10—Results of the Perkins model.

A new slip model thal gives higher slip values for low gas g = gravitational acceleration, m/s?
qualities improves the predicted results. h = enthalpy, J/kg
The recommended model approach is the Hydro short model k = slip ratio uc/u;, dimensionless
for ’;)‘:;iﬁ;:e chc;]ke and ;ECIHYdm oc:o‘ng 1"node1ff_01]' cage-;ype gh(:}(e. M = mass flow rate, kg/s
e two-phase multiplier models give a fairly good prediction — LoD : : ionl
of the mass flow rates. The simplicity of these models makes them " _ P :Zs;orglcpias expansion exponent; dimensionless
readily available as referencc models. However, the Hydro models Ap B pres ' diff N/m?
have the best overall predictive ability for subcritical flow. They p = pressure dl ere211<:e, Pr=Ps N/M
also can be used for critical flow, but this has not been verified in g = heat ﬂux: W/m 5
the present work. It is recommended that these verifications are Q = volumetric flow rate, m’/s
carried out. T = temperature, K
u = velocity, m/s
= ; - 3
Nomenclature v = specific volt‘nme : 1/p, m°/kg
W, = water cut, dimensionless
a = coefficients, dimensionless x = mass fraction, dimensionless
= area, m? z = length, dimensionless
Ac = area of vena contracta, m? a = Ag/A, void fraction, dimensionless
B = coefTicient in Morris' model, dimensionless B = parameter in new slip model, dimensionless
Ce = AfA,, contraction coefficient, dimensionless & = critical pressure ratio, p,/p,, dimensionless
C,, = discharge coefficient, dimensionless 8 = angle of flow path, radians
Cp = specific heat capacity, constant pressure, J/kg K k = ratio of specific heats, C./C,, dimensionless
Cr = AyA,, valve throttling coefficient, dimensionless p = dynamic viscosity, kg/m s
C, = specific heat capacity, constant volume, J/kg K ¢ = parameter in new slip model, dimensionless
Cy = llow coefficient for valve sizing, gal/min/psi p = density =1/v, kg/m?
Cyx = A|/A,, inlet/outlet area ratio, dimensionless 7, = wall shear stress, Pa
e = exponential function . = wall perimeter, m
F, = choked flow factor,2 dimensionless ® = two phase multiplier Ap/Ap, , dimensionless
TABLE 5—MODEL COMPARISON WITH ALL 387 DATA POINTS
Average Error of Absolute
Model Average Error (%) Standard Deviatlon (%) Values (%)
Hydro models with new slip model -0.36 7.76 5.78
Hydro models with Chisholm slip model -12.43 10.51 13.92
Sachdeva e! al. -6.07 25.77 26.25
Perkins -19.78 32.13 34.82
Homogeneous Equilibrium Model - B2, -20.82 15.94 23.11
Simpson etal. - B2, -8.68 11.59 11.29
Chisholm - &2, -11.05 13.48 13.52
Morris - D2, -16.34 13.36 18.09
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Fig. 11—Prediction accuracy and standard devlatlon of the different mass-flow-rate models.

Subscripts
B = back wall of sudden enlargement
¢ = choked
e = momentum density
exp = experimental results
G = gas
H = homogeneous mixture
k = kinetic energy
L = liquid
LO = liquid only
m = mixture
0 = il
pred = model prediction
T = position at vena contracta
W = water
1 = position upstream choke
2 = position in the throat (at throat exit)
3 = position downstream choke (at “recovered conditions™)
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S1 Metric Conversion Factors

bar x 1.0% E+05 = Pa
°F (°F-32)/1.8 = °C
gal x 3.785 412 E-03 = m®
psi x 6.894 757 E+00 = kPa

*Conversion factor is exact.
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