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Abstract

The characterization of the multiphase flow through valves and orifices is a problem yet to be solved in engineering design,
and there is a need for a prediction model able to simulate the complexity of this kind of flow in relation to fluid thermo-
dynamic behaviour, and applicable to different incoming stream conditions and compositions. The present paper describes
the development of a global model for the calculation of the discharge coefficient of orifices and choke valves operating
under two- and three-phase flow as well as critical and subcritical conditions. The model generalizes the hydrovalve model
developed by Selmer-Olsen et al. (in: Wilson (ed) Proceedings of 7th international conference on Multiphase Production,
BHR Group, pp 441-446, 1995) and the Henry—Fauske (J Heat Transfer 93: 179-187, 1971. https://doi.org/10.1115/1.34497
82) non-equilibrium model on the basis of an updated definition of the discharge coefficient. The model has been adapted to
real choke valve geometries, by fitting the discharge coefficient and model parameters using field data from three production
wells. The model developed is a global quartic function with different constants for the different valve geometries. The new
discharge coefficient allows to simulate field data with high accuracy.
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List of symbols

Discharge coefficient (dimensionless)
Mass flow rate (kg/s)

Velocity ratio (dimensionless)

Length of sections (m)

Expansion exponent (dimensionless)
Henry and Fauske experimental parameter
(dimensionless)

Pressure (bara)

Ratio between the model mass flow rate and the
experimental one (dimensionless)

Entropy (J/K)

Temperature (°C)

X Gas mass fraction (dimensionless)
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Greek letters
p Density (kg/m?)
14 Isentropic coefficient (dimensionless)
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n Pressure ratio (dimensionless)

v Specific volume (m?*/kg)
Subscripts

0 Inlet conditions

c Critical (choked) flow conditions
Ch Obtained by Chisholm’s model
Cr Obtained by Giacchetta et al.’s (2014) model
d Discharge conditions

E Equilibrium conditions

exp Experimental

g Relative to the gas phase

1 Relative to the liquid phase

New Relative to new model developed
OLGA Obtained by OLGA simulator
t Throat

Introduction

Despite the energy transition from fossil fuels to renewable
energy is started in the last decades, fossil fuels will continue
to play an important role in a mix energy scenario; the opti-
mization of the exploitation of old and new wells, including
the transport of the operating fluids, became a vital issue for
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the whole oil and gas industry. A common problem to be
faced in order to optimize the production is a proper design
of equipment with restrictions operating under multiphase
flows, such as flow metering systems, choke valves, orifices,
etc. (Dehkordi et al. 2017). In the present paper, the mul-
tiphase flow through orifices and wellhead chokes is studied.

Wellhead chokes are widely used in the oil and gas to
control the production flow rate from wells, to maintain
stable pressure downstream the choke, and to provide the
necessary backpressure to a reservoir to avoid formation
damage from excessive drawdown (Sachdeva et al. 1986).
Consequently, it is extremely important for petroleum engi-
neers to be able to select the correct choke size for a given
application (Richardson et al. 2006). This is only possible
through accurate modelling of choke performance (Al-Attar
2008).

The multiphase flow through chokes is a complex process
characterized by fluid properties, flow conditions, proper-
ties of the restriction, etc. From a practical point of view,
this complex system could be simplified: for the purpose of
modelling, a wellhead choke can be treated as an orifice in a
pipe characterized by a coefficient which takes into account
differences between real and theoretic discharge (Sachdeva
et al. 1986).

Different methods and approaches for a proper design of
a multiphase choke can be found in the literature. A lot of
experiments have been carried out in order to understand
the complex thermodynamics of the fluid in restrictions.
For example, Fossa and Guglielmini (2002) experimentally
investigated the two-phase flow pressure drop through sin-
gularities such as thin and thick orifices. Balakhrisna et al.
(2010) conducted experiments to study the change of flow
patterns during the simultaneous flow of high viscous oil
and water through the sudden contraction, such as Colombo
et al. (2013). Another recent approach to proper design mul-
tiphase valves is to conduct computational fluid dynamic
(CFD) simulations: in particular, these types of simulations
can be used to gain confidence and verify the performance
of equipment (Malavasi and Messa 2014). However, these
are simulations very onerous from a computational time
point of view. In the flow assurance sector, there is need to
be competitive in addressing sizing problems with simpli-
fied numerical approaches and this can be obtained through
analytical models. In fact, in the last 40 years, several tens
of models related to the calculation of a multiphase mix-
ture flow rate flowing across orifices have been published
(Chisholm 1983; Leung 1986, 1990, 1995, 1996; Darby
2000; Darby et al. 2001), each of which is based on spe-
cific set of assumptions that may be valid for certain specific
conditions, but may not be accurate for others. However, it
seems that no model exists, able to accurately predict the
relevant flow characteristics for the whole possible operating
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envelope of typical oil and gas industry working conditions
(Boccardi et al. 2005). An inaccurate model could lead to
undersizing the valve (the valve would have insufficient
capacity) or to its oversizing (the flow rate and the pressure
drop through the valve would be higher than expected). Both
these situations can negatively affect the stable operation of
the valve, with possible damages.

The sizing of multiphase choke valves is quite complex
because of:

e phase change due to pressure drop. In particular, the
liquid can evaporate and the vapour quality increment
brings to a further increase of the pressure drop; on the
other side, a dry gas can condensate due to the cooling
across the valve (Joule-Thomson effect);

e slip between gas and liquid phases;

e possible marked non-equilibrium conditions between
phases;

e the velocity of sound does not follow a linear trend (in
particular the sonic velocity in multiphase mixtures can
be very much smaller than that of either of its compo-
nents).

As reported by Giacchetta et al. (2014), the models avail-
able in the literature can be classified as homogeneous and
non-homogeneous models. In the homogeneous models, the
mixture is considered as a single fluid with thermodynamic
and physical properties obtained by averaging different
phase characteristics and considering the same speed for all
phases. In the non-homogeneous approach, these assump-
tions are not valid. The homogeneous class can be further
divided into equilibrium and non-equilibrium models. In the
first one, a thermodynamic equilibrium between the phases
during the passage through the orifice is considered. In the
second, the non-equilibrium effects derive from the possible
phase change delay with respect to the fast fluid transition
time across the orifice, where pressure and temperature can
exhibit huge variations in a short distance. In the oil and gas
field, where the operating fluids are characterized by very
different thermodynamic properties, it is normal practice to
use non-equilibrium models.

The 1D thermo-hydraulic simulation tool OLGA (by
Schlumberger) includes a multiphase flow choke model
developed by Selmer-Olsen et al. (1995). The choke model
in OLGA calculates the pressure drop and the critical flow
rate, considering a circular-symmetric flow geometry.
The pressure drop model is called hydrovalve. The choke
model uses mixture balance equations for mass, momen-
tum, and energy. Compression of gas into the narrow throat
is accounted for in the model. Two thermodynamic non-
equilibrium models are available in OLGA to calculate the
phase fractions in the choke:
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e Frozen flow model
e Henry-Fauske model

In the Frozen model, it is assumed that there is no mass
transfer between two phases during the efflux, i.e. the title
is "frozen" to the valve upstream conditions value. This
flow model is based on the following assumptions: equal
velocities of phases, no heat or mass transfer between the
phases and the gas (or vapour) is modelled as a perfect gas
(Chisholm and Watson 1966).

In the Henry and Fauske Model (Henry and Fauske 1971),
a phase change from upstream to throat conditions is con-
sidered, by assuming a partial thermodynamic equilibrium.

This paper presents a new numerical model addressing
the hydrocarbon two-phase choked flow through orifices and
its extension to three-phase flows (including water) and sub-
critical conditions. It is based on a previous model developed
in the past by some of the authors (Giacchetta et al. 2014),
the Henry—Fauske model and the hydrovalve model. The
new model is based on an algorithm presented below and
it allows to establish multiphase valve sizing criteria on the
basis of simplified numerical approaches.

Flow equations

Henry and Fauske proposed that during two-phase critical
flow through nozzles, orifices and short tubes, there is no
time for a complete change in quality to equilibrium during
the acceleration to the throat, so that the gas fraction at the
throat x, is expressed as a function of stagnation gas fraction
X, (corresponding to upstream restriction) by:

.xt = 'x() + Ax (1)
where
Ar=NEEA

X = a p 2)

with xg[—] =equilibrium void fraction, % [é] =change in
equilibrium gas fraction with pressure, N[-] =equilibrium
parameter, Ap[Pa] = pressure drop from upstream conditions
to the throat.

If N=1, the model corresponds to the homogeneous equi-
librium model (HEM), while if N=0, it coincides with the
homogeneous frozen model (El1-Wakil 1971). Therefore, the
quantity N describes the partial phase change occurring at
the throat. In the low-quality region (1 —x, & 1) for which
this formulation was intended, it can be shown numerically
that the mass transfer is dominated by the behaviour of the
liquid phase and the correlation essentially describes the
flashing of the liquid. The experimental results indicated that
the critical flow rates are in relatively good agreement with

the homogeneous equilibrium model for stagnation qualities
greater than 0.1, so that N is set equal to unity when x,>0.1.
A stagnation quality of 0.1 corresponds to throat equilibrium
qualities ranging from 0.125 to 0.155 depending on the pres-
sure. An average value of 0.14 was chosen, thus:

{N: o for xg < 0.14

N=1 forxy>0.14 )

Evaluating the liquid as incompressible and the vapour as
an ideal gas and considering the flow to be homogeneous,
Henry and Fauske obtained Eq. 4 for the specific flow rate:

2[(1 _xo)vl<p0 —p,) + [ﬁ]xo(povg() _ptvgt)]
G? =

2
[(1 - xO)Vl + x()vgt]

“
where n is the expansion exponent that, if the phases maintain
equal temperatures, can be expressed by (Tangren et al. 1949):

(1 =x)Cp; +xCp,
n= )
(1 -=x)Cv, + XCVg

where Cp and Cv represent the specific heat capacity at con-
stant pressure and at constant volume, respectively.

For what concerns the throat pressure p,, it can be evalu-
ated starting from the inlet pressure p, (Henry and Fauske
1971):

_ D
= 5 6)
where
1-a, y %1
— d=m+-3
n= I y @)
Zﬂalz + yTl
with
. XoVe0
0= 8
(1 —xo)Vzo + XoVeo ®)
. XoVer
- 9
' (1 —xO)V,O + XV, ©)
11
I N R e _ai-?)
n Ver ) \ %o (see = 5i2), 9P ), g0 = 510
(10)
-1
Ver = Vg0<’7 ’) (11)
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The most important feature of the Henry—Fauske model
is that this model requires only the knowledge of the inlet
(stagnation) conditions. This model is used in the present
paper as a background of a new model to properly simulate
choke valves operating in multiphase flow through the 1-D
thermo-hydraulic simulator OLGA by Schlumberger.

Of course, a model for the calculation of the pressure
drops must be coupled to the Henry—Fauske model in order
to completely characterize the flow across the restriction.
This is done by the hydrovalve model implemented in
OLGA and developed by Selmer-Olsen et al. (1995). For a
fluid that flows from position 1 through the throat to position
2 (see Fig. 1), it describes the pressure-drop to throat by the
Bernoulli and continuity equations (Eq. 12).

t t

1
-] i = / ity (12)
m 1

In the above, u,, is the mixture velocity and the momen-
tum density, p,,, is calculated by Eq. 13:

1 1—x\(x  k(l-x
pm_<x+ k ><pg+ n > (13

where k is the slip ratio, u, the gas velocity, u; the lig-
uid velocity, x the gas mass fraction. The recovery after
the throat is described by the momentum and continuity
equations:

—A,dp = Mdu,, (14)

M = Ap,u, (15)

where M is overall mass flow through the choke. Unlike
other models, the hydrovalve model does not assume a fric-
tionless and adiabatic flow through the choke and, in order to
take into account the difference between an ideal mass flow

Fig.1 Choke scheme

rate and the real mass flow rate, it introduces a parameter
called discharge coefficient C,. The critical flow through
the choke is found at the maximum of Eq. 12. Differentiat-
ing Eq. 12 with respect to the pressure and combining with
Eq. 15 yields the following relation for the critical flow M,
where the throat area, A,, is corrected with the choke dis-
charge coefficient, Cy, to find the minimum flow area

(At -C )2
L)

Material and methods

The innovative approach developed to simulate the hydro-
carbon multiphase flow through orifices and choke valves
is based on the combination of flow equations as per "Flow
equations" section, and on a new correlation for the calcu-
lation of the discharge flow coefficient, required as input
by OLGA, developed by the authors. In particular, the new
correlation is an extension of the orifice model developed by
Giacchetta et al. (2014), for the simulation of hydrocarbon
two-phase choked flow through orifices, to three-phase flows
(including water) and subcritical conditions. The extension
of the previous orifice model has been carried out by using
experimental data presented in Schiiller’s papers (2003,
2006), and through comparison with numerical calculations
performed by OLGA. As a final step, the model has been
fitted to obtain real choke valves flow performance predic-
tion, by introducing appropriate adjustments and corrections
in order to obtain a new general mathematical model for
the complete characterization of multiphase flow through
valves and orifices. The new model is based on an algorithm
presented below.

The work has been divided into two phases: Phase A and
Phase B. During the first phase of the work, Phase A, the

Throat Section t
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orifice discharge flow coefficient, to be used in the hydrov-
alve model, has been calculated at first by Chisholm’s model
(1983) and then corrected by the model developed by Giac-
chetta et al. (2014). It was found that the model developed
by Giacchetta et al. (2014) for choked two-phase flow across
orifices is not able to simulate also subcritical and three-
phase flows. Thus, a new discharge flow coefficient model,
suitable also for subcritical and three-phase flows across
orifices, has been determined starting from the previously
calculated Chisholm’s value; the new discharge coefficient
allows to simulate three-phase flow with higher accuracy,
obtaining an average error in the flow rate prediction of 6%.

At the end of this first stage, a second part of the work
(Phase B) has been accomplished where the new Phase A
model has been tested against field data relevant to operat-
ing choke valves, provided by an oil company, and a further
development has been carried out to obtain a new general
model suitable for multiphase flow through different valve
geometries.

Concerning the reference database for Phase A, by Schiil-
ler et al. (2003, 2006), the fluids used were recombined oil
from the Njord field in the North Sea, natural gas from the

However, only the results related to the 11-mm diameter
orifice were presented. The gas/oil/water mixtures com-
position shown in Table 1 (Schiiller et al. 2003) has been
used in this study. The fluid has been characterized using
Soave—Redlich—-Kwong (SRK) EoS (Equation of State) with
the Peneloux correction factor (Table 2).

During Phase B, the data relevant to three production
wells belonging to an oil production field located in the
South of Europe, named W1 (Well 1), W2 (Well 2) and
W3 (Well 3) were used. The relevant hydrocarbon gas and
oil phase compositions are shown in Tables 3, 4 and 5. The
fluids have been thermodynamically characterized using the
PR (Peng—Robinson) EoS.

Table 2 Well 1 hydrocarbon fluid composition

Kaarstoe terminal in Norway, and water with added salts to ~ Components Mole%
give typical produced-water properties. The reference work Gas phase Oil phase
consists of two parts. In the first part (Schiiller et al. 2003),
- Nitrogen 3.54 0.2
a total number of 367 single-, two-, and three-phase tests
. . . Carbon dioxide 4.47 1.52
were performed. Two different flow geometries resembling Hvd Sulopid 029 095
an orifice and cage choke and three different choke diam- My :)gen wpde 72'52 10.46
eters were tested (11, 14, and 18 mm). To extend these data cthane ’ :
. .. . . . Ethane 11.13 6.15
into the critical flow region, after the installation of a par-
. . . Propane 4.47 6.58
ticular multiphase flow pump, 142 new single-, two-, and
. " Iso-butane 0.6 1.79
three-phase tests were performed in the second part (Schiil- B L7 676
ler et al. 2006), making a total data set of 509 data points. utane ' ’
Iso-pentane 0.3 2.37
Pentane 0.25 2.43
Table 1 Fluids composition used in Phase A C6+ 0.71 61.49
Components Mole fraction
Gas phase Oil phase Water phase Table 3 Well 2 hydrocarbon fluid composition
Nitrogen 0.0156 0.0002 0.0000 Components Mole%
Carbon dioxid 0.0079 0.0006 0.0000
arbon qroxide Gas phase Oil phase
Methane 0.8304 0.0333 0.0001
Ethane 0.0763 0.0147 0.0000 Nitrogen 5.89 0.4
Propane 0.0238 0.0140 0.0000 Carbon dioxide 9.76 4.34
Iso-butane 0.0052 0.0066 0.0000 Hydrogen Sulphide 0.33 0.37
Butane 0.0141 0.0254 0.0000 Methane 68.13 12.17
Iso-pentane 0.0041 0.0163 0.0000 Ethane 9.35 6.78
Pentane 0.0048 0.0251 0.0000 Propane 4.34 8.71
Co6+ 0.0044 0.8624 0.0000 Iso-butane 0.47 1.93
Water 0.0134 0.0014 0.9999 Butane 0.97 5.39
Total 1.0000 1.0000 1.0000 Iso-pentane 0.19 2.18
Viscosity (mPa s) 0.012 1.31 0.55 Pentane 0.11 1.65
Density (kg/m’) 7.7 796 988 C6+ 0.46 56.08
aﬁ#m;ﬁ @ Springer
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Table 4 Well 3 hydrocarbon fluid composition

Components Mole%
Gas phase Oil phase

Nitrogen 292 0.15
Carbon dioxide 7.44 2.6
Hydrogen Sulphide 0.28 0.26
Methane 73.12 9.83
Ethane 10.42 6.01
Propane 3.58 5.98
Iso-butane 0.44 1.56
Butane 0.85 4.1
Iso-pentane 0.22 2.22
Pentane 0.26 3.45
Co+ 0.47 63.84

Table 5 Constants for Eq. 17—Giacchetta et al. (2014) model

a b c d e

- 15,079 38,502 - 36,831 15,645 —2489.6

Model development

The development procedure of the general model splitted
in two work phases is described in the following "Phase A"
and "Phase B" sections.

Phase A

During Phase A, a total of 51 steady-state experimental data
have been simulated according to the computational proce-
dure described here below. All data are relevant to the above-
mentioned critical and subcritical two- or three-phase (gas,
oil, water) flow collected by Schiiller et al. (2003, 2006).

The purpose of the computational procedure is to deter-
mine the mass rate flowing through the orifice operating in
two- or three-phase critical or subcritical conditions, in order
to match the measured values. The algorithm is composed
by an iterative calculation procedure, as shown in Fig. 2. The
calculation of the discharge coefficient is started from the
Chisholm’s value (C, ¢,), as indicated by Giacchetta et al.
(2014); then this is iteratively adjusted to match the cal-
culated mass flow rates with the experimental values. The
steps of the procedure represented in the diagram of Fig. 2,
as previously defined by Giacchetta et al. (2014), are the
following:

1. input data needed to define the problem are the orifice
inlet pressure and temperature, P, and T, respectively,
the discharge pressure, P,, the pipe diameter, the orifice
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diameter, fluid properties, pipe spatial discretization,
pipe material properties, time integration parameters;

2. on the basis of upstream temperature, T, pressure, P,
and mass fractions, x,, determine gas and liquid specific
volumes, v, and v}, heat capacities, Cp, and Cp, through
the Equation of State, and then the fluid expansion expo-
nent, n, and the velocity ratio, K;

3. calculate the orifice discharge coefficient by using
Chisholm’s model;

4. setthe calculated Cy ¢, value in OLGA and run the simu-
lation;

5. the simulator calculates the mass flow rate on the basis
of hydrovalve and Henry—Fauske models;

6. compare the mass flow rate estimated by OLGA against
the experimental results;

7. if Mopga# My adjust the discharge coefficient with
further simulations in such a way to match the calculated
mass flow rates with the experimental values;

8. if Mo ga=Meyp, then Cy e, is found.

The orifice discharge coefficient determined in the previ-
ous study by Giacchetta et al. (2014), as depicted by Eq. 17
and Table 5, has been modified in this study to include the
extended flow conditions as said above.

+c-C?

3
+b-C 4.Ch

_ 4
Cd,New =a-C d,Ch

d,Ch + d N Cd,Ch + e

)
Phase B

In the second part of the model development, the Phase B,
a new general discharge flow coefficient model, suitable for
subcritical and critical two- and three-phase flow across
chokes valves, has been developed.

Initially, data provided by the oil company have been used
to assess if the model proposed at the end of Phase A is
suitable to simulate real choke geometries. It was found that
the above model is not able to properly simulate the hydro-
carbon multiphase flow through real choke valves. Thus,
the same numerical procedure implemented in Phase A has
been adopted to develop a new model suitable for real choke
geometries. Two different flow geometries of choke valves
were tested: the first one is a cage type geometry and it is
installed on well W1, while the second one is a duse choke
geometry and is installed on wells W2 and W3.

Field operating data, relevant to the above-mentioned
oil production gathering system located in the South of
Europe, are summarized in Table 6 and they are related to
21 measurements. Measurements are given as follows: choke
upstream and downstream fluid pressure (P1 and P2), choke
upstream and downstream fluid temperature (T1 and T2),
gas, oil and water flow rates. The choke upstream pipe size
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Fig.2 Flow diagram of the
computational procedure for
discharge coefficient of flow
through orifices, Giacchetta
et al. (2014)

Input data to define the problem: geometry,
thermodynamic properties, pressure and
temperature boundary conditions.

y

Set P,/ P, and T,

Calculate C, ¢y

Set C, as OLGA
input

A4

Calculate mass flow rate, Mg, ga

using Henry —Fauske model

no Does My, g4 match

M. ?

exp ¢

A

Modify C,

Cy new IS determined

1s 3.12" for W1, 4.56" for W2 and 2.12" for W3. The choke
downstream pipe sizes are 4" for W1 and W2 and 6" for W3.

The input variables to be provided to the developed model
are given as follows:

incoming fluid mixture molar composition;
choke upstream fluid pressure and temperature;
choke downstream fluid pressure;

choke equivalent orifice size;

choke upstream and downstream pipe sizes.
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Table 6 Choke valves operating data

Test point Choke equivalent

Choke downstream/

GOR (-) WC (%) Gas

Choke upstream

Choke downstream/

orifice diameter upstream pipe size ratio flow rate  fluid temperature upstream fluid pressure ratio
(in) (in) (Sm’/h) (°C) (barg)
W1
1 1.47 1.28 320 0.00 11,767 56.3 0.53
2 1.47 1.28 316 0.17 12,565 56.7 0.55
3 1.56 1.28 316 0.03 12,666 57.3 0.57
4 1.56 1.28 307 0.03 12,303 56.2 0.50
5 1.88 1.28 292 0.12 13,416 57.0 0.55
6 1.84 1.28 357 0.30 12,675 58.0 0.74
7 1.84 1.28 285 0.38 13,443 58.0 0.78
8 0.92 1.28 273 0.10 13,684 59.0 0.85
w2
1 2.00 0.88 420 6.90 11,256 48.5 0.93
2 2.00 0.88 350 6.30 9991 48.8 0.93
3 2.00 0.88 414 6.10 10,444 48.6 0.88
4 1.60 0.88 407 8.20 10,691 49.1 0.87
5 1.60 0.88 379 2.50 11,235 48.5 0.83
w3
1 2.00 2.83 168 0.10 14,469 52.7 0.81
2 2.00 2.83 200 0.00 16,898 52.4 0.80
3 2.00 2.83 200 0.00 17,500 52.0 0.76
4 0.87 2.83 200 0.00 6948 40.1 0.44
5 1.00 2.83 200 0.00 9118 45.2 0.47
6 1.12 2.83 200 0.05 12,698 50.1 0.53
7 1.37 2.83 200 0.03 13,930 48.4 0.62
8 1.44 2.83 200 0.02 14,166 48.5 0.63

The new choke model has the following characteristics:

e itis able to simulate two- and three-phase flows;

e itis able to simulate critical and subcritical flow condi-
tions;

e it provides the discharge flow rate as main output result,
given upstream and downstream pressure.

Results and discussion

Phase A

Table 7 provides the comparison between the first iteration
mass flow rate estimated by OLGA, M g4, and the experi-
mental results, Mexp, as well as pressures, temperature, mass
fractions and mass flow rates for each analysed flow case
of Phase A. M, g, is calculated by using Cy c, as input for
the simulator. From Table 7, it can be seen that, under the
conditions investigated, the discharged mass from the ori-

fice is underestimated for some cases and overestimated for
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other ones. The maximum error in the flow rate prediction
is equal to 18.5%.

In order to evaluate the discrepancy between experi-
mental and numerical results, a parameter R, defined as the
ratio between the first iteration mass flow rate provided by
OLGA when using C, ¢, and the experimental mass flow
rate, has been introduced and analysed as function of the
main operating parameters. In Figs. 3, 4, 5 and 6, this ratio
is represented as a function of the pressure drop across
the choke (AP), the inlet gas mass fraction (xgl), the inlet
oil mass fraction (x,;) and the inlet water mass fraction
(xy1), respectively, for all the runs. It can be concluded
that the ratio R is almost independent from the operating
conditions. This means that a correlation on the discharge
coefficient can be determined and applied within a typi-
cal orifice operating envelope, disregarding the particu-
lar operation characteristics. Then, the solving procedure
described in "Phase A" section has been implemented and
the discharge coefficient providing the best matching with
experimental data, Cy .y, has been found. These new val-
ues are presented in Table 8.
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Table 7 Phase A
Run P, (bara) T,(°C) AP (bara) P;(bara) X1 G X O xa ) Cian M.y, (kg/s)  Mpiga (kgls) A (%)
S11_1 8.41 50.9 0.98 7.43 0.0083  0.862 0.13 0.622 0.66 0.598 9.4
S11_2 9.5 49.9 2.01 7.49 0.0105 0.878 0.111 0.635 0.95 0.854 10.1
S11_3 114 49.9 3.83 7.57 0.0086  0.863 0.128 0.647 1.36 1.253 7.9
S11_4 13.1 50.9 5.6 7.5 0.0039  0.879 0.117 0.638 1.65 1.675 -15
S11_5 14 50.9 6.57 7.43 0.0048  0.86 0.135 0.645 1.86 1.899 -2.1
S11_6 8.74 49.9 1.05 7.69 0.0127 0433 0.554 0.623 0.66 0.612 7.3
S11_7 10.1 49.9 2.6 7.5 0.0111  0.449 0.54 0.639 1.08 1.005 6.9
S11_8 11.5 50.9 4.05 7.45 0.0041 0.454 0.542 0.633 1.49 1.420 4.7
S11_9 13.8 50.9 6.31 7.49 0.0048  0.449 0.546 0.643 1.87 1.794 4.1
S11_10 8.87 50.9 1.03 7.84 0.0097 0.0916  0.899 0.621 0.71 0.651 8.3
S11_11 9.84 52.9 2.44 7.4 0.0078  0.0709 0.921 0.633 1.12 1.044 6.8
S11_12 11.7 529 4.31 7.39 0.004 0.0896  0.906 0.633 1.59 1.506 53
S11_13 13.8 49.9 6.44 7.36 0.0042 0.0786 0.917 0.640 1.99 1.860 6.5
S11_14 10.8 50.9 3.27 7.53 0.0879  0.781 0.131 0.678 0.64 0.688 -15
S11_15 12 49.9 441 7.59 0.0455 0.847 0.108 0.688 1.03 1.026 0.4
S11_16 14 50.9 6.28 7.72 0.0361 0.874 0.126 0.705 1.37 1.36 0.9
S11_17 14.8 51.9 7.27 7.53 0.0274  0.857 0.116 0.709 1.62 1.55 4.5
S11_18 10.6 50.9 3.11 7.49 0.0802 0.377 0.542 0.667 0.67 0.70 —43
S11_19 12.1 50.9 4.57 7.53 0.044 0418 0.538 0.682 1.09 1.07 2.2
S11_20 144 49.9 6.79 7.61 0.0334 0.434 0.533 0.700 1.51 1.44 44
S11_21 15.5 50.9 7.97 7.53 0.0217 0.443 0.536 0.697 1.81 1.69 6.9
S11_22 11.6 50.9 3.87 7.73 0.0825 0.0575 0.86 0.675 0.75 0.80 - 6.8
S11_23 144 50.9 6.74 7.66 0.0585 0.0968 0.845 0.709 1.21 1.25 -3.1
S11_24 14.8 50.9 7.21 7.59 0.0347  0.0407 0.925 0.701 1.55 1.50 34
S11_25 12.5 50.9 5.16 7.34 0.138 0.729 0.134 0.721 0.63 0.73 -16.2
S11_26 14.2 50.9 6.84 7.36 0.0845  0.803 0.113 0.742 1.01 1.10 -9.0
S11_27 13.4 50.9 6.08 7.32 0.134 0.373 0.493 0.726 0.74 0.82 -10.9
S11_28 14.3 50.9 6.88 7.42 0.0716 0416 0.513 0.724 1.13 1.17 - 3.7
S11_29 14.1 50.9 6.48 7.62 0.119 0.0957 0.785 0.720 0.82 0.92 -11.7
S11_30 14.7 50.9 7.36 7.34 0.0621  0.109 0.829 0.722 1.24 1.29 -3.8
S11_31 14.2 50.9 6.81 7.39 0.164 0.715 0.121 0.754 0.69 0.80 - 155
S11_32 14 459 6.84 7.16 0.155 0.352 0.494 0.743 0.74 0.82 -10.9
S11_33 14.5 449 7.19 7.31 0.135 0.101 0.763 0.738 0.81 0.92 -133
S11_34 9.5 49.9 1.95 7.55 0.0477  0.819 0.133 0.648 0.61 0.63 -34
S11_35 11.8 49.9 4.17 7.63 0.0287  0.0704  0.901 0.666 1.13 1.14 -1.0
S11_36 13.2 51.9 5.16 8.04 0.0221  0.849 0.129 0.676 1.36 1.31 34
S11_37 15 51.9 7.23 7.77 0.0191 0.874 0.107 0.692 1.73 1.64 53
S11_38 11.5 50.9 39 7.6 0.033 0.0706  0.896 0.666 1.03 1.07 -34
S11_39 11.7 49.9 4.16 7.54 0.0251 0.486 0.488 0.668 1.2 1.14 4.7
S11_40 14 51.9 5.77 8.23 0.0241 0439 0.537 0.676 1.5 1.41 6.3
S11_41 15 50.9 7.32 7.68 0.0144 0442 0.543 0.677 1.89 1.74 8.2
S11_42 9.73 49.9 2.15 7.58 0.0409  0.0872 0.872 0.645 0.73 0.73 0.5
S11_43 11.3 50.9 3.94 7.36 0.0274  0.0723 0.9 0.665 1.14 1.11 2.6
S11_44 14.7 50.9 6.69 8.01 0.0222  0.0855 0.892 0.681 1.62 1.57 29
S11_45 15.3 51.9 7.55 7.75 0.0109  0.0927 0.896 0.667 2.05 1.85 9.7
S11_162  23.85 77.9 10.43 13.42 0.296 0.6403  0.0637 0.737 0.67 0.79 - 18.5
S11_165 19.86 69.9 8.45 11.41 0.2601  0.0576 0.6824 0.712 0.65 0.73 -11.7
S11_166  24.34 69.9 12.97 11.37 0.2517  0.0489 0.6994 0.758 0.84 0.96 - 14.8
S11_168  37.13 92.9 22.01 15.12 0.2461 0.0604 0.6935 0.781 1.27 1.41 -113
S11_174  23.03 48.9 10.12 12.91 0.0628 0.0834 0.8538 0.692 1.59 1.69 -6
ﬁf&ﬁmﬁﬁw @ Springer
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Table 7 (continued)

Run Py(bara) T,(°C) AP (bara) Ps(bara) x, (=) X () Xy () Cyen () My, (kgls)  Moiga (kgls) A (%)
S11_181 17.24 56.9 597 11.27 0.0392  0.081 0.8798  0.664 1.43 1.36 5
Orifice flow analysis results using Cy oy,
13
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Fig.3 Phase A results. R as function of the pressure drop, AP
Among the flow scenarios of Table 7, 20 cases with three- Phase B

phase or subcritical flow conditions were selected, and the
relevant flow discharge coefficient determined by the current
study Cynew has been compared with the discharge coef-
ficient Cy ¢, calculated by the correlation as per Giacchetta
et al. (2014). The comparison is shown in Table 9, where it
can be seen that the model developed by Giacchetta et al.
(2014) for choked two-phase flow across orifices is not able
to simulate also subcritical and three-phase flows. Thus, a
new discharge flow coefficient model, suitable also for sub-
critical and three-phase flow across orifices, is necessary.
From Table 8, it can be noticed that a linear dependence
Of Cy New ON Cy ¢y, 18 nOt Observed and a more complex form
of Cy New 1 likely to be expected. To obtain a new correla-
tion for this parameter, a nonlinear regression was applied
to the actual data set. In order to develop a new discharge
flow coefficient Cy e, Suitable also for subcritical and three-
phase flow across orifices, the data have been correlated by
means of the same quartic function reported in Eq. 17, where
the new constants a, b, d, ¢, d and e are reported in Table 10.
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During Phase B, a total of 21 steady-state field data meas-
urements on operating choke valves, have been investigated
according to the computational procedure presented in
Fig. 2.

All data are relevant to two- and three-phase (gas, oil,
water) flow through choke valves.

Table 11 provides the comparison between the first itera-
tion mass flow rate estimated by OLGA, M, g4, and the
experimental results, Mexp, as well as pressures, tempera-
ture, mass fractions and mass flow rates for each analysed
flow case measured by the oil company. M g4 is calculated
by using Cg oy, as input for the simulator. From Table 11,
it can be seen that, under the conditions investigated, the
discharged mass from the choke valve is overestimated for
all cases except for case W1-8 for well W1. For this case,
the flow rate is underestimated also using a discharge flow
coefficient equal to 1. The strange behaviour of the case
W1-8 suggests that measurement errors may be present and
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therefore it has not been considered for the fitting of the
discharge coefficient model.

As done for Schiiller’s data in Phase A, in order to evalu-
ate the discrepancy between experimental and numerical
results, the parameter R has been introduced and analysed
as function of the main operating parameters. In Figs. 7, 8,
9 and 10, this ratio is represented as a function of the pres-
sure drop across the choke (AP), the inlet gas mass fraction
(X41), the inlet oil mass fraction (x,,) and the inlet water mass
fraction (x,,), respectively, for all the runs.

From the above Figures, it can be concluded that the
ratio R is almost independent from the operating con-
ditions. This means that a correlation for the discharge
coefficient can be determined and applied within a typi-
cal choke geometry, disregarding the particular operation
characteristics.

Then, the solving procedure shown in Fig. 2 has been
applied and the discharge coefficient which allows to match
experimental data, Cy Ny, has been found. These new values
are presented in Table 12.

Table 12 shows that the dependence between Cy n.,, and
Cycn is not linear; in fact, the quarter function expressed
by Eq. 17, was found adequate for the relationship being
sought. Different regression parameters are expected for the
two geometries of chokes. In fact, the operating and geo-
metrical characteristics of the first type of choke (cage choke
valve, installed on well W1) are quite different with respect
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xwi1[-]

to the second one (duse choke valve, installed on wells W2
and W3). This agrees with what reported by Schiiller et al.
(2003, 2006): by using the hydrovalve model to simulate two
choke geometries, they found that each type of geometry is
characterized by a specific discharge coefficient. The con-
stants a, b, d, ¢, d and e of Eq. 17 are presented in Table 13
for each type of choke geometry.

In order to establish the accuracy of the new model, it has
been applied to the available set of measurements relevant
to the wells W1, W2 and W3; new choke valves discharge
coefficient values, Cy, have been calculated for inclusion in
the OLGA input of updated simulations.

Table 14 provides the comparison between the new itera-
tion mass flow rate estimated by OLGA, M 40, and the
experimental results, M., also showing the values of the
discharge coefficient calculated by the new model.

In this case also, the results presented are in good agree-
ment with the results obtained by Schiiller et al. (2003,
20006): in fact, for the simulation of the flow through a sim-
plified choke geometry, they found that a discharge coef-
ficient of the order of 0.5 must be used; this is in agreement
with the results shown in Table 14 for wells W2 and W3. For
the valve installed on W1 instead, the correct discharge coef-
ficient is lower; this is probably due to the specific geometry
of the valve, showing a more complicated arrangement.
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Table 8 Phase A results Run Coen ) Cyneow O Table 9 Phase A results Run Conew @ Cace O
S11_1 0.622 0.685 SI1_1  0.685 0.445
sti2 0635 0706 S11.2  0.706 0.449
St.3 0647 0701 SIL3 0701 0.463
SH.4 - 0638 0629 S1_4  0.629 0.452
SIL5 0645 0633 SIL5 0633 0.461
SH.6 0623 0672 SIL6 0672 0.445
o 0639 0686 S11_7 0.686 0.453
S11_8 0.633 0.664
S11.9 0.643 0.670 S11_8 0.664 0.448
S11.10 0621 0677 S11_9 0.670 0.457
S11_11 0.633 0.679 S11_10 0.677 0.445
SI1_12 0.633 0.668 S11_11 0.679 0.448
S11_13 0.640 0.684 S11_12 0.668 0.448
S11_14 0.678 0.631 S11_13  0.684 0.455
S11_15  0.688 0.691 S11_14 0.631 0.509
S11_16  0.705 0.712 S11_15 0.691 0.495
S11_17 0.709 0.742 S11_16 0.712 0.370
SIL_I8  0.667  0.640 S11_17  0.742 0.319
SIL19 - 0.682 0.697 S11_18  0.640 0.500
S1L.20 0700 0732 SIL19 0,697 0.507
Sti2l 0697 0747 S11.20 0732 0.424
S11.22  0.675 0.633
S11_23 0.709 0.687 Values of Cypey and Cyc, for
S11_24 0.701 0.725 flow through orifices
S11.25  0.721 0.621
S11.26  0.742 0.682
S11.27  0.726 0.655
S11.28 0.724 0.698 Table 10 New constants for Eq. 17—Extended orifice model as per
S11.29  0.720 0.645 current study
S11_30 0.722 0.696 a b c d e
S11.31  0.754 0.654
S11.32 0.743 0.670 3427.5 —9530.2 9915.2 —4574.8 790.52
S11.33  0.738 0.652
S11.34  0.648 0.626
S11.35  0.666 0.659
S11.36  0.676 0.699
S11.37  0.692 0.731 C lusi
S11.38  0.666 0.644 onclusions
S11.39  0.668 0.700
SIL 40 0676 0722 In the present study, a model for the calculation of the flow
SIL4l 0677 0737 discharge coefficient of orifices and choke valves operat-
SI1.42 0645 0.648 ing under hydrocarbon multiphase flow conditions has been
SI1. 43 0.665 0.683 developed. In a first phase of the work, a previous model
S11_44  0.681 0.701 for critical two-phase flow through orifices by Giacchetta
S11.45  0.667 0.738 et al. (2014) has been extended to simulate three-phase
S11_162  0.737 0.622 and subcritical flow conditions also. The relevant method
Sti_165  0.712 0.638 is based on the application of the combined Henry—Fauske
S11_166 0758 0.661 and hydrovalve models as implemented in the multiphase
Sli_les 0781 0701 flow simulation tool OLGA, and by determining the flow
SH_174 0692 0.653 discharge coefficient based on matching laboratory data for
S11_181  0.664 0.697

Values of Cyc, and Cyne,, for
flow through orifices

flow through orifices. Then, in the second phase of the work,
the same model has been applied to two different choke
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Table 11 Phase B results

Test point (-) T, (°C) P, (barg) Py (barg)  x, (5) Xo1 (5 Xg1 (&) Cocn M., (kg/h) Moy G en (kg/h) A (%)
W1
1 56.3 92.4 48.9 0.220 0.779 0.001 0.697 40,676 106,260 62
2 56.7 90.2 49.5 0.219 0.781 0.000 0.693 43,822 102,484 57
3 57.3 90.1 51.7 0.220 0.780 0.000 0.686 44,106 112,490 61
4 56.2 86.8 43.8 0.216 0.784 0.001 0.705 43,834 125,159 65
5 57.0 81.7 453 0.212 0.787 0.001 0.694 49,604 149,426 67
6 58.0 73.9 54.5 0.259 0.738 0.004 0.654 40,687 98,681 59
7 58.0 74.6 58.1 0.214 0.785 0.000 0.644 50,599 98,412 49
8 59.0 70.9 60.0 0.210 0.790 0.000 0.632 53,176 20,673 - 157
w2
1 48.5 432 40.2 0.328 0.615 0.057 0.621 34,368 36,021 5
2 48.8 43 40 0.291 0.654 0.055 0.621 34,400 37,755 9
3 48.6 46.8 41.1 0.325 0.626 0.050 0.630 31,757 51,107 38
4 49.1 51.6 44.9 0.307 0.623 0.071 0.631 33,835 38,406 12
5 48.5 51.1 42.6 0.296 0.684 0.021 0.639 35,347 42,259 16
W3
1 52.7 68.4 55.5 0.133 0.866 0.001 0.635 83,296 102,641 19
2 52.4 68.2 54.9 0.159 0.841 0.000 0.637 83,974 92,446 9
3 52.0 71.6 54.6 0.156 0.843 0.001 0.644 87,097 106,663 18
4 40.1 91.8 40.6 0.126 0.874 0.000 0.690 34,528 47,599 27
5 452 88.9 41.8 0.134 0.866 0.000 0.691 45,311 58,536 23
6 50.1 83.7 44.6 0.137 0.818 0.046 0.683 66,149 66,237 0
7 484 71.5 48.1 0.143 0.831 0.026 0.668 71,105 82,273 14
8 48.5 77.2 48.5 0.145 0.837 0.018 0.666 71,743 87,701 18
Choke valves mass flow rate comparisons using Cy o,
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Fig. 7 Phase B results. R as function of the pressure drop, AP
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Fig. 8 Phase B results. R as function of the gas mass fraction, x,,
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Fig. 10 Phase B results. R as function of the water mass fraction, x,,,

valve geometries, referred to real operating choke valves
installed in an oil production field in South Europe.

A new flow discharge coefficient has been developed
starting from the orifice model, using field operating data
related to the two above-mentioned choke valve geometries,
duse and cage type, respectively; data are relevant to three
production wells called W1, W2 and W3.

The model developed is a global quartic function with
different constants for the different valve geometries. Similar
results were found by Schiiller et al. (2003, 2006): by using
the hydrovalve model to simulate two choke geometries,

Table 12 Phase B Results. Values of C;, and Cjy, for flow
through choke valves

Test point (-) Cycn & Canew &)
W1
1 0.697 0.263
2 0.693 0.293
3 0.686 0.264
4 0.705 0.263
5 0.694 0.222
6 0.654 0.262
7 0.644 0.322
w2
1 0.621 0.591
2 0.621 0.564
3 0.630 0.386
4 0.631 0.555
5 0.639 0.533
w3
1 0.635 0.483
2 0.637 0.512
3 0.644 0.457
4 0.690 0.498
5 0.691 0.527
6 0.683 0.682
7 0.668 0.570
8 0.666 0.534

they concluded that each type of geometry is characterized
by a particular discharge coefficient. For the simulation of
the flow through a simplified choke geometry, they found
that a discharge coefficient of the order of 0.5 must be used;
this is in agreement with the results shown in Table 14 for
the type of chokes (duse choke valve) installed on wells W2
and W3. On the contrary, a much lower discharge coefficient
has been found appropriate for the simulation of flow per-
formance of cage choke valve installed on well W1, prob-
ably due to a more complex valve internal arrangement and
associated flow path.

The new discharge coefficient allows to simulate field
data with high accuracy, obtaining an average error equal to
6% on predicted flow rate (maximum absolute error equal
to 25% only for one test case).

The new choke model has the following characteristics:

e itis able to simulate two- and three-phase flows;

e it is able to simulate both critical and subcritical flow
conditions;

e it provides the discharge flow rate as main output result,
given upstream and downstream pressure and tempera-
ture.
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Table 13 Phase B results Choke type

a

b c d e

Cage choke valve (W1)
Duse choke valve (W2 and W3)

73,522.74
—160,922.03 416,769.41

—200,034.83 204,034.75  —92,470.50 15,711.72
—404,465.36 174,325.25 —28,154.04

Constants of Eq. 17 for different types of choke valves

Table 14 Phase B results

Test point () Cycp, (=) Cy (=) Mgigan (kg/h) M, (kg/h) A (%)

Xp

Wi
1 0.697 0.258 39,880.4 40,676 -2
2 0.693 0.260 38,696.3 43,822 -13
3 0.686 0.265 44,214.5 44,106 0
4 0.705 0.262 43,652.5 43,834 0
5 0.694 0.259 57,769.6 49,604 14
6 0.654 0.262 40,687 40,687 0
7 0.644 0.321 50,527.4 50,599 0

w2
1 0.621 0.564 32,848.5 34,368 -5
2 0.621 0.565 34,491.2 34,400 0
3 0.630 0.517 42,2489 31,757 25
4 0.631 0512 31,2714 33,835 -8
5 0.639 0473 31,421.6 35,347 - 12

w3
1 0.635 0.492 84,487.4 83,296 1
2 0.637 0.479 79,598.5 83,974 -5
3 0.644 0.461 87,673.3 87,097 1
4 0.690 0.541 37,4558 34,528 8
5 0.691 0.514 43,178.0 45,311 -5
6 0.683 0.626 60,937.6 66,149 -9
7 0.668 0.579 72,154.8 71,105 1
8 0.666 0.570 76,174.6 71,743 6

Calculated mass flow rates after implementing the new C; model,
valid for choke valve three-phase flow

Due to the strong dependency of discharge flow coef-
ficient from the choke valve geometry, it is pointed out that
the new developed correlations are referred to the types of
valves investigated. The following recommendations are pro-
vided for future activities:

a. check the new developed correlations with data on simi-
lar valves;

b. for other different types of valves, an updated analysis
should be carried out.

A spreadsheet associated with the model has been
developed to calculate the discharge coefficient, used as
input value to the OLGA choke valve model. The OLGA
model calculates as output:
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e total mass flow rate;
e mass flow rate for each phase;
e choke outlet temperature.
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