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1. Droplet Break-Up

2. Arnold-Stewart

3. Monnery-Svrcek

4. Volume Of Fluid (VOF)

5. Discrete Phase Model (DPM)
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1. Gambit

2. Fluent

3. Quad

4. Mass Flow Inlet Boundary
5. Out Flow Boundary

6. Interior

7. Volume Of Fluid (VOF)
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Introduction

The fluid produced from oil and gas reservoirs is a
combination of various hydrocarbons which could form
a liquid-gas two-phase fluid when reaching the surface
via the well. Separation of produced fluid phases at the
surface requires the necessary equipment including
multiphase separators. Separator design is generally
categorized into the process and mechanical design.
Process design is the determination of proportional
length and diameter for the separation process. Thus,
having access to a pilot separation unit to study
separator efficiency at different operating conditions
is essential. However, it is impossible to construct a
separate unit with a practical size in the laboratory;
that is why dimensional analysis is employed. Hence,
a pilot two-phase separation unit was constructed
to examine the accuracy of semi-empirical design
methods and develop a new design method using
dimensional analysis. The first correlations to design
surface multiphase separators were presented by
Souders and Brown [ 1].

Gas superficial velocity was could be calculated using
their correlations. Others used an alteration of the semi-
empirical method presented by Souders and Brown. In
1987, Chilingarian et al. [2] presented a design method
that was more of an empirical and operational method.
This method was based on a principle implying how
much the separator volume should be to be able to
contain gas and liquid flow rates, not whether or not
the best separation occurs.

In 1993, Monnery and Svrcek [3] proposed a semi-
empirical design method for various types of horizontal
and vertical multiphase separators. One of the most
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important deficiencies in their work is that they did
not present optimal dimensions for the separator.
In 2007, Guo et al. [4] presented a selection (not
design) method for surface separators. This method
selects the suitable separator using tables of standard
separators and a few simple equations. This method
did not provide standard dimensions either. Wilkinson
et al. [5] studied separator design using computational
fluid dynamics and experimentation. They initially
constructed a laboratory model of a small-scale
separator and ultimately evaluated the efficiency and
design method of large-scale multiphase separators
using computational fluid dynamics. They showed that
in order for the separation to be as efficient as possible,
the liquid re-entrainment phenomenon should not
occur and in the gravitational separation stage, and
the flow in the gravitational separation stage should
be fully laminar. PHOENICS 1.5 software, which
does not include the multiphase flow turbulence and
uses simple multiphase models such as the Mixture
model, was used in that work. To compensate for this,
ANSYS Fluent software is used to precisely model
the laboratory separator. It employs newer multiphase
models such as the volume of fluid (VOF) model
which can model every multiphase flow parameter
including vortexes, liquid droplets, turbulence, and the
effects of turbulence near the wall, and liquid breakup
and coalescence.

Hansen [6] used CFD to simulate the multiphase flow
inside a horizontal separator. He proved that CFD is
capable of predicting better than the other simulation
methods. In addition to droplet coalescence, droplet
breakup also occurs in multiphase separators due
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to the movement of liquid droplets, which should
be taken into account. Hansen [6] only considered
droplet coalescence and ignored droplet breakup.
In 2011, Pour Ahmadi Laleh et al. [7] simulated
four laboratory separators using CFD. He used the
k-epsilon turbulence model, the Discrete Phase model
to track oil droplets within the continuous gas phase,
and a frictionless wall to simulate the oil-gas interface.
The oil droplets which reach this wall get trapped
and lose their energy to the continuous gas phase and
the gas re-entrainment phenomenon is not observed.
The results from the simulation match the laboratory
results when determining the appropriate operational
flow rate desired. Although they have a very large error
compared to the experimental results, which is most
likely caused by the modeling method. The frictionless
wall assumed at the gas-liquid interface causes the
absorption of liquid droplets into the liquid phase as
they reach the interface; thus, this model is unable
to simulate the liquid re-entrainment phenomenon
and that may be the reason behind the significant
difference observed between the experimental and
CFD results. The present work assumes no frictionless
wall at the liquid-gas interface, and the liquid droplet
re-entrainment phenomenon is simulated through the
CFD simulation process. This makes the results from
the CFD simulation much closer to the experimental
results. In 2014, Arnold and Stewart [8] presented
a semi-empirical method for separator design.
According to the acquired results from the surface
separator design and the comparison with the actual
dimensions, this method proved to be better than the
previous semi-empirical design methods. They used
simplifying assumptions to derive the correlations
such as:

* All of the liquid droplets fall with a constant terminal
velocity

¢ All of the liquid droplets fall from the highest point
in the separator

¢ Liquid re-entrainment is not considered

* The effect of the inlet diverter on separator
performance is ignored

* The effect of turbulent flow at the separator inlet and
near the wall is ignored

Ghaffarkhah et al. [9] used Arnold-Stewart and
Monnery-Svrcek semi-empirical methods to design
separators. They then conducted a CFD simulation
of the two designed separators with the Volume of
Fluid and Discrete Phase Models, along with the
k-epsilon turbulence model to study the fluid behavior
and separation efficiency in each design. In order
to simulate the fluid velocity in the other phase,
they used Discrete Random Walk (DRW) model.
The CFD simulation results showed higher values
of velocity, kinetic energy, and liquid handling in
Monnery-Svrcek method than Arnold-Stewart. The
results also showed proved that the Arnold-Stewart

separator has higher efficiency in the oil-water section.
furthermore, the kinetic energy of particles in the gas
phase was analyzed using Discrete Particle Model
and it was concluded that the best way to determine
separator dimensions is the comparison of the semi-
empirical methods and CFD simulation. Acharya et
al. [10] used CFD simulations to determine “mean
residence time” and “residence time distribution”, two
parameters they defined, as functions of water volume
fraction at inlet flow, and compared the results with
experimental results with the same geometry from
previous research. By evaluating oil mean residence
time based on residence time distribution, they proved
that mean residence time increases with water volume
fraction and therefore, separator efficiency improves
with higher water volume fractions and additionally,
higher values of mean residence time for each water
volume fraction in the inlet flow rate are obtained
for the higher weir. They simulated separators in
two dimensions and did not examine particle size
distribution. Ahmed et al. [11] used CFD to simulate
two existing pilot separators with high and low gas
volumetric quality. The first separator was simulated
to study the effect of liquid flow rate (oil and water)
and weir height on separation efficiency. The effect
of inlet flow rate on separation efficiency was the
purpose of the second separator simulation. Two of the
Eulerian and Volume of Fluid multiphase models were
used to simulate flow patterns and fluid phase behavior
within each separator. They chose a mean value for the
discrete phase droplet diameters, which fully neglects
the effect of droplet size distribution on the simulation.
Separation efficiency in the simulations with each
multiphase model had an error of up to 30% compared
to the experimental data. Frank et al. [12] aimed on
identifying influential aspects of optimizing two-
phase separator performance using CFD simulation.
They simulated a specific design and proposed most
of their suggestions for that design qualitatively. The
simulation results were not validated with experimental
data; instead, they were compared with the results from
Schlumberger OLGA software. Ghaffarkhah et al. [ 13]
simulated an existing separator from one of Iran’s gas
condensate fields using CFD and according to the fluid
properties of the field. By comparing the simulation
results with experimental data, they showed that
increasing the separator slenderness ratio decreases
separator performance. In their work, the experimental
data used for comparison was not actual separator
efficiency data; instead, they examined a fluid sample
from the field and assumed that the separator is ideal
and can extract all the associated gas from the fluid.

Oshinowo and Vilagines [14] combined CFD
simulation and the Population Balance model to
predict the separation behavior of gas, oil, water,
and the thickness of the emulsion layer at the oil-
water interface in a high-pressure high-temperature



pilot horizontal three-phase separator. They used the
Eulerian multiphase model to simulate the flow and
population balance model to estimate droplet size. The
results were then compared with the experimental data
from the present separator. The CFD simulation was
two-dimensional and droplet sizes were not compared
with experimental data.

This work presents the following innovations:

* Designing and constructing a laboratory pilot two-
phase separation unit

* Obtaining and validating the optimal procedure for
the CFD simulation of multiphase separators in the oil
and gas industry

* Scaling up the experimental separator dimensions
to practical surface separator dimensions using
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dimensional analysis for one of the production wells at
the South Pars gas field in Iran

* Determining the optimal slenderness ratio for the
designed separator, which is a major factor in the
multiphase separator designing process.

Materials and Methods

Figure | shows the actual dimensions of the liquid-
gas two-phase separator. As shown in Figure 1, the
inlet of the separator is a 90° elbow and there are
gas and liquid outlets at the end of the separator. An
altimeter was used to control the liquid level. Pressure
and temperature gauges were also used to monitor
the separator pressure and temperature during the
experiment.
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Fig. 1 The designed liquid-gas two-phase separator.

Two-phase Flow Loop

To evaluate the performance of the two-phase liquid-
gas separator, a two-phase (liquid-gas) flow loop was
designed and constructed (Figure 2). The single-phase
water flow is pumped from the water tank to the flow
loop by a pump, and after measuring its flow rate with
a water rotameter and determining its temperature and
pressure, it is mixed with the gas flow from the air
compressor at the mixing point by a static mixer to
form a two-phase flow. This two-phase flow travels a
distance equal to 160 times the diameter of the pipeline
to form a developed two-phase flow. The airflow
is also supplied by an air compressor and before
entering the mixing point, its flow rate, temperature,
and pressure are measured by the airflow indicator,
temperature gage, and pressure gage, respectively.
The two-phase flow of gas and liquid is separated
into the original phases after entering the two-phase
separator. The separation is performed by gravity.
The two-phase gas-liquid separator was examined in
different gas-liquid interface levels (10,50, and 90%
of total separator height) and in different liquid and
gas flow rates. A filter, which according to its catalog
can absorb liquid droplets with diameters as low as 20

microns, was installed at the gas outlet. To evaluate
the performance of the filter, it was installed on the gas
flow line and water droplets were injected into the gas
flow using a syringe. After three tests and measuring
the weight of the filter, its operating efficiency was
determined to be 90% and it was observed that it
traps at least 90% of the water droplets in the gas
flow. The water droplet diameter measurement in the
air flow was conducted using a photography system
and the filter was photographed from three different
directions to minimize the effects of light refraction.
Then, the diameter of liquid droplets which did not
coalesce while moving was determined according to
the scales on the scaled ruler using Digimizer image
processing software, and maximum, minimum,
and mean values for liquid droplet diameter were
measured. Furthermore, the volume fraction of water
droplets in the airflow was determined by weighing.
The photography was performed at the rate of 30
frames per second using a 25 MP camera capable of
up to 10 times zooming and the weighing of trapped
liquid droplets was conducted using a scale with an
accuracy of 0.01 grams. Figure 2 shows the gas-liquid
two-phase flow loop schematic.
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Fig. 2 The designed and constructed two-phase flow loop schematic.

As shown in Figure 2, the gas-liquid two-phase flow
is separated into liquid and gas flows after entering the
two-phase separator. The water outflow is returned to
the water tank and the gas outlet flow is directed into
the filter to measure the volume fraction of water and
the diameters of liquid droplets present in it.

Results and Discussion

After determining the required parameters at
laboratory conditions, it was found that the effective
length was significantly negligible; in other words, if
the correlations are correct, to separate liquid droplets
with a certain diameter from the two-phase inlet flow
to the separator, if the gas outlet distance from the input
of the separator is greater than the obtained effective
length in different cases of liquid level in the separator,
liquid droplets larger than the amount substituted in
the correlations should not be observed at the separator
gas outlet. In contrast, the experimental results
showed that the effective length obtained using these
correlations is not sufficient to separate liquid droplets
with a specified diameter from the inlet two-phase flow
of the separator and the calculated effective length is

less than required. The reason for this observed error
can be traced to the method of deriving semi-empirical
correlations, and the simplifying assumptions used to
derive them, including:

» Assuming that the liquid droplets fall at a constant
velocity

» Assuming that the liquid droplets are at the highest
point inside the separator and start falling from there

* Ignoring the liquid re-entrainment phenomenon by
gas flow

* Ignoring the effects of turbulent flow

* Ignoring the effect of the inlet diverter, its shape, and
distance from the separator inlet.

As shown in Table 1, the lower the liquid level in the
separator, the longer the effective separation length for
droplets with a diameter of 100 microns; It means that
the traveled distance for a droplet at the highest point
in the separa-tor to reach the liquid level increases
and it certainly needs more length to be separated.
According to Table 1, reduc-ing the liquid level in the
separator and increasing the gas flow increases the
effective length for the separation of liquid droplets
with a diameter of 100 microns.

Table 1 Experimental results used to determine correction factors.
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As shown in Table 1, for the case where the liquid level
is 10% of the total height of the separator, at 101,225
Pa and the flow rate of 1 and 19m*/hr. respectively for
water and gas, the calculated effective length for the
separation of water droplets by diameter 100 microns
equals 18 cm, and considering that the gas outlet is
located at a distance of 90 cm from the two-phase

flow inlet, therefore water droplets with a diameter of
more than 100 microns (315 microns) are observed in
the gas outlet (Figure 3. a). Similarly, when the gas
outlet is installed at a distance of 40 cm from the inlet,
droplets with a diameter greater than 315 microns (470
microns) are observed in the gas outlet (Figure 3. b).
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Fig. 3 Images of the liquid droplets in separator gas outflow.

In the case where the liquid level is 50% of the total
height of the separator and the operating pressure is
101,225 Pa and the flow rate for water and gas are 1 and
18.9 m*/hr. respectively, the effective separation length
for droplets with a diameter of 100 microns equals10
cm, and at the gas outlet at a distance of 90 cm from
the two-phase flow inlet, droplets with a diameter of
129 microns was observed (Figure 3. ¢). The presence
of droplets with a diameter greater than 100 microns
is due to the liquid re-entrainment phenomenon by
the gas flow, and when the gas outlet is installed at
a distance of 40 cm from the two-phase flow inlet,
droplets with a diameter of 222 microns were observed
in the gas outlet (Figure 3. d). In the case where the
liquid level is at 90% of the total separator height, the
operating pressure is 101,225 Pa and the flow rate of
water and gas are 1 and 18.9m3/hr. respectively, the
effective length for the separation of droplets with a
diameter of 100 microns is2 cm. It is determined that
droplets with a diameter of less than62 microns were
observed in the gas outlet at a distance of 90 cm from
the two-phase flow inlet and water droplets with a
maximum diameter of 62 microns were observed at
the gas outlet at a distance of 40 cm from the two-
phase flow inlet. In this case, the effective length is
8 cm, so when the distance from the sampler to the
separator inlet is 90 cm, water droplets with a diameter
of 450 microns were observed in the gas outlet (Figure
3. e), while when the distance between the sampler
to the separator inlet was 40 cm, water droplets with
a diameter of 780 microns were observed in the gas
outlet (Figure 3. ). In the first case, the water volume
fraction in the separator gas outlet was 1.8% and in
the second case, it was 2.5%. In the case where the
liquid level is 10% of the total separator height, the
operating pressure is 202,450 Pa and the flow rate for
water and gas is 1 and 23.6 m3/hr. respectively, liquid
volume fraction at the gas outlet was determined to
be 2.1% and 2.8% for the 90 and 40 cm away outlet,
respectively. In the case where the liquid level is 90%
of the total separator height, the operating pressure is
101,225 Pa and the flow rate for water and gas is 1 and
18.9m?/hr. respectively, liquid volume fraction at the
gas outlet was determined to be 0.5% and 0.69% for
the 80 and 40 cm away outlet, respectively.

As shown in Table 1, liquid droplets with a maximum
diameter of 129 microns are observed at the separator
gas outlet at a distance of 90 cm from its inlet.
According to the semi-empirical correlations, droplets

Petroleum Research, 2023(April -May), Vol. 33, No. 128

with this size must be separated at a maximum
distance of 10 cm from the separator inlet. As a result,
the correction factor for the separator effective length
is calculated by dividing the actual effective length
by the effective length from the correlations and is
equal to9. In all laboratory tests, the correction factor
for the separator’s effective length was greater than
1. This means that the semi-empirical correlations
underestimate the separator’s effective length, and
cannot be used in the oil and gas industry without
applying the correction factors presented in this
study, because the built separators would not have a
sufficient separation efficiency, which in addition to
causing operational problems, would waste a lot of
time and cost in the oil and gas industry. As shown
in Table 1, the value of the correction factor depends
on various operational parameters. To investigate
the relationship between the correction factor E and
the operational parameters, sensitivity analysis is
required, considering that all operational parameters
such as gas flow rate, liquid, and gas density, separator
pressure and temperature, gas compressibility factor,
drag coefficient, droplet diameter, calculated effective
length and separator diameter are interdependent, it is
practically impossible to change one parameter and
keep the rest of the parameters constant in laboratory
conditions, and to perform sensitivity analysis and
determine the general relationship to obtain the
correction factor for different operating conditions
and different separation geometries, computational
intelligence methods are required. For this purpose, the
results from a single-layered neural network optimized
by a genetic algorithm will be presented. Two-phase
separator CFD simulation results are presented
in the following section and then validated with
obtained experimental results and the best multiphase
simulation model, turbulence model, and relaxation
factors for the two-phase separator CFD simulation
process were determined and were used to obtain more
data in addition to experimental data in order to use
computational intelligence methods.

Conclusions

In this study, first, a review of semi-experimental
methods for designing surface separators was
performed and then by designing and constructing a
laboratory pilot unit and conducting laboratory studies,
it was observed that these semi-experimental methods
are due to simplifying assumptions. The ones in these
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methods have a significant error. After laboratory
tests, the CFD simulation model was validated using
experimental data with an average relative error of 8%.
Then, dimensional groups in which all the parameters
affecting the separation process are involved and
using them, the surface separation dimensions were
determined for one of the wells produced in the South
Pars condensate gas field, phase 9. Then, using the
CFD simulation model, which was validated using
laboratory data, the designed surface separator was
simulated and predicted with 2.8% accuracy the
distribution of liquid droplets from the gas separator
surface gas output. The following are the most
important achievements of this research.

¢ Investigation of Arnold-Stewart semi-experimental
method for designing surface separators

* Design and construction of laboratory pilot unit for
testing two-phase gas-liquid separators

* Provide the best CFD simulation model to simulate
laboratory and field biphasic separators

* Introduce new dimensionless groups to use laboratory
results to design surface separation dimensions

¢ Introducing a new combined method to design the
dimensions of surface separators with an accuracy of
2.8%
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