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ABSTRACT: Gas—liquid separators are one type of surface facility Analytical
among those used in oil fields. In this paper, the study of gas—liquid
separation in a cylindrical cyclone separator (GLCC) using computa- -
tional fluids dynamics was carried out. The multiphase mixture model /"\
and the k—e turbulence model in an air—water mixture with different
geometries of the separator varying the inlet angle from 27° to 36° and
45° were used. Later, variables for the volumetric fraction, velocity, /77 %}
and pressure drop in the separator were studied. Finally, a natural gas Licjuiid
mixture from a Colombian oil field was simulated using a species
transport model. The results showed that a 36° inlet is the most
suitable for the separation process due to its capacity to form a high-
intensity swirl without produced liquid carry over. Also, it was found
that the centrifugal separator could be a suitable alternative compared with conventional gravitational gas—liquid separators.

Numerical

B INTRODUCTION

residence time decreases with the increasing of droplets
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To make natural gas suitable for merchandising, it is necessary
to separate some components that can generate problems
during its transport and use. One of the processes applied is
the separation of the heavier components or condensates with
the purpose to have the gas satisfy the regulations of marketing
and transportation. Actually, the removal of condensates from
natural gas is typically carried out in gravitational separators
which have disadvantages in that they are heavy, are big, and
have relatively high maintenance costs." An alternative to this
problem may be the use of the gas—liquid cylindrical cyclone
(GLCC) separator, which is compact and has a simple
geometry and economical maintenance.” The GLCC uses, in
addition to the gravitational force, centrifugal forces which
separate the heavier phase from the lighter one. For generating
the centrifugal forces, a stream enters tangentially to the
GLCC walls, forming a swirl which gives the energy for the
separation process.” Compact cyclonic separators have been
used in primary separation, in well test metering systems, for
control of the gas—liquid ratio for multiphase meters, pumps,
and desanders, in gas scrubbing for flare gas, and for external
preseparation upstream of existing conventional separators.
Currently, GLCC separators are being considered for a variety
of subsea applications and will soon be installed as part of a
subsea multiphase pumping system.*

The GLCC separators were developed by the Tulsa
University Separation Technology Projects team in 1995,
and since then, different studies have been developed around
the relevant parameters of design and operation.”® For
instance, Yang et al.” studied the residence time of the liquid
phase in a cyclonic separator, obtaining that the liquid
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loading, while the decrease is smaller when the inlet velocity
increases. On the other hand, the liquid residence time
increases with the cylinder diameter. Geometric parameters
such as shape, size, angle, and number of inlets were analyzed
using computational fluid dynamics (CFD) to evaluate the
geometry effects on the liquid carry-over and gas carry-under.
The results of the simulation showed that the inlets of the gas—
liquid mixture must be placed 10 cm above half the axial length
of the separator, with inclination angles between 27° and 40°.
Also, it was found that multiple inlets are convenient for
systems where the density difference between the phases is
considerably high, as is the case of air—water or air—glycerin
mixtures and that a single entry was convenient for blends in
which the density of the gas phase increases.*”

Recently, Yue et al.'” developed an experimental and
numerical study about the upper swirling liquid film (USLF)
in GLCC separators for mixtures of water, glycerin, and
therminol-SS at four flow regimes, ie., swirling flow, churn
flow, annular flow, and ribbon flow. The authors found that the
action of the USLF on the liquid carry-over phenomenon can
be divided into three stages, namely, safety stage, the
deteriorating stage, and the stable stage; they correspond to
the flow regimes of swirl flow, churn flow, and annular flow,
respectively. Alternative uses of the GLCC separator have also
recently been studied, such as the cyclone adaptation to the
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gravitational separator inlet, operating as pre-separation
devices,"" and the gas—liquid mixtures analysis with a high
content of solid contaminants. In the last case, the multiphase
flow, as well as the erosion produced by the solid particles
(sand), were studied."”

Given that the swirling flow will be in contact with the walls
of the mechanism, the geometry and dimensions of the GLCC
are critical factors to take into account in the design of these
separators.”> Among the design aspects, variables include the
diameter to length ratio of the cylindrical vessel, the
dimensions, and the angle of the inlet; further, the outlets
have to be placed correctly."*'> A proper design of these
aspects can lead to avoiding the liquid carry-over and the gas
carry-under, two operational problems that can generate a poor
separation of the phases.'* The sizing of the inlet is highly
important owing to that it controls the vortex intensity. The
inlet must be placed just above the liquid level. In the studies it
was found that the inlet has to have an angle of at least 27°7 so
that the fluids can stratify; added to that, a rectangular shape
inlet is recommended when the gas is the continuum phase.
Additionally, when the quantity of liquid is low, a non-
convergent inlet shows better results.'®

Despite the advances in the study of GLCC separators, most
of the mixtures used were air—water at high purity conditions.
However, there is a potential opportunity to use GLCC in the
separation of the phases present in small deposits of natural gas
where compact equipment is required because it generates low
maintenance costs. The understanding of the fluid dynamics
inside the separator is accomplished by the use of mechanical
models found in specialized literature.>'>'” Furthermore, due
to the complexity of the mathematical models of swirling flows,
the solution of this must be obtained using computational fluid
dynamics (CFD)."®

The objective of this study was to determine the feasibility of
using a GLCC separator to separate the heavy components of
natural gas as an alternative to the use of gravitational
separators. The technique used to solve physical models was
CFED, specifically through the tool ANSYS Fluent 18.0. First,
an air—water mixture was used in different geometries of the
separator (obtained varying the inlet angle from 27° to 36° and
45°) to select the one which has a vortex with favorable
characteristics for phase separation. Therefore, variables such
as the volumetric fraction, velocity fields, and pressure drop
were determined. The results of these variables were compared
with the work of Hreiz et al,”> which performed the fluid
dynamics analysis of different turbulence models for different
fluid mixtures in a GLCC separator and compared them with
the experimental data obtained by Erdal.”* Next, a natural gas
mixture from a Colombian oil field called Cusiana was
simulated to have a grasp of the fluid-dynamic behavior of
the gas in the separator and to evaluate this device as an
alternative for the primary treatment of natural gas.

B MATHEMATICAL MODEL

Transport Equations. The transport equations of
continuity and momentum for an incompressible and multi-
phase flow in the GLCC are provided in eqs 1 and 2. This
mathematical model does not include mechanisms of mass and
energy transfer, only phase separation.

Vo 5.p5) =0
— 4+ . v =
ot PV

(1)

opn) -
” (8, TinTin)
. .2 = o &
-Vp+ VT + pm§ +F-V. z akpka:ir,kadr,k
k=1 ()

In eq 1 v, is the average mass velocity vector and p,, is the
average specific mass which are defined as
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with @, representing the volumetric fraction. On the other side

N
in eq 2, p is the static pressure and T is the viscous stress
tensor for a Newtonian fluid:

g (s)

where p, ¢ is the gravitational body force, and F represents
additional external body forces that could interact with the

fluid. In eq S, p is the dynamic viscosity and T is the identity
tensor.

For validation purposes of the air—water mixture with the
experimental data, the multiphase flow in the GLCC was
modeled using the Euler—Euler approach which is taken into
account by the fifth term on the right side of eq 2. Eulerian
description of fluid flow is based on the notion of
pseudocontinuum, i.e., the approach defines a point volume
fraction for each phase which represents the probability of a
particular phase to be present at that point in multiple
realizations of flow. The same pressure field is shared between
all of the phases. The force interaction between phases is
incorporated through various effective “volumetric” force
functions, such as drag force, lift force, virtual mass effect,
among others (defined as net force between phases per unit
volume).'”*® This model considers that the phases have
different velocities and that a local equilibrium between them
should be reached over a short spatial length scale. The slip
velocity (7,,) is defined as the velocity of a secondary phase
(p) relative to the velocity of the primary phase (q)

Ty (6)
The drift velocity (vV4,) for any phase (k) is defined as
Udr,k = Uk - 1_;m (7)
The drift and slip velocity are connected as follows:
- - o BT
Vip = Vg — 2y T

oL, (®)

To describe the relative velocity, the model developed by
Manninen et al.”' was used. The form of the slip velocity is
given by

T, P =Py
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where 7, is the droplet relaxation time:
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2
4,

T, S
1o (10)
In this equation, d is the diameter of the droplets of secondary
phase p, and 4 is the secondary—phase droplet’s acceleration.

The drag function fy,, is taken from Schiller and Naumann.””

_ {1 + 0.15Re”¥ Re < 1000
¢ 0,0183Re Re > 1000 (11)
and the acceleration 4 is defined as
o7,
ot (12)

Species Transport. Unlike the air—water mixture in which
there are two components in clearly differentiated phases,
natural gas is a multi-component mixture, whose transport
phenomena can vary for each species. In this case, the species
transport model is used, which predicts the local mass fractions
of each species, y, through the solution of a convection—
diffusion equation for the i species. This equation has the
general form of eq 13.

i=g- @GV, -

(13)

An equation of this form is solved for N — 1 species, where
N is the total number of species present in the system. Since
the mass fraction of the species must sum to unity, the Nth
mass fraction is determined as one (1) minus the sum of the N
— 1 solved mass fractions. J; is the diffusion flux of species i,
which arises due to gradients of concentration. Equation 14
shows the calculation of the mass diffusion.

> oo
Sc, (14)
where
Sc, = i
) (15)
and where i, is the turbulent viscosity and D; is the turbulent
diffusivity.

Turbulence Model. Turbulence is the unstable and
irregular movement of the fluid in which the transported
quantities as the mass and momentum fluctuate through space
and time. Additionally, the mixture properties, represented as
the specific mass and velocity, show random changes where
eddies can be recognized. Theoretically, turbulent flows can be
simulated with the numerical solution of the Navier—Stokes
equations; however, this requires a huge computational cost
which is not practical for industrial flows. To reduce the
computational cost, the equations can be averaged. For solving
this system, the addition of the turbulence models is necessary.
The k—¢ Realizable turbulence model was used in this work.
This turbulence model is robust and has reasonable precision.
Hreiz et al.”’ developed a work in which they compared the
Reynolds averaged Navier—Stokes (RANS), unsteady Rey-
nolds averaged Navier—Stokes (URANS), and large eddy
simulation (LES) turbulence models in the two-phase flow
inside a GLCC separator. These turbulence models were
validated with the experimental data presented by Erdal.>* The
results showed that although the LES methodology was closer

to the experimental behavior, as expected, the k—¢ Realizable
turbulence model also represented the experimental data
adequately and has a lower computational cost, compared with
LES. Additionally, it is the most common model for industrial
applications including for flows with rotating fluids which are
present in the GLCC. The turbulence model is described by
eqs 16 and 17 which represent the balance of turbulent kinetic
energy (k) and dissipation of turbulent energy (&),
respectively.
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(17)
where G, represents the generation of turbulence kinetic
energy due to the mean velocity gradients. Gy, is the generation
of turbulence kinetic energy due to buoyancy. Yy is the
contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate. C,,, C,,, and Cs, are
constants. 0 and o, are the turbulent Prandtl number for k and
g, respectively. S; and S, are user—defined source terms; in this
case, the two terms are zero. The turbulent viscosity p, is
computed by combining k and e.

h=rGe; (18)

where C;, = 1.44, C,, = 1.92, C, = 0.09, 6, = 1.0, and 6, = 1.3.
These values were suggested by Versteeg and Malalasekera.”
Equation 16 shows the first variable, the turbulence kinetic
energy, k, and eq 17 shows the dissipation of the turbulence
kinetic energy, e. An advantage of the realizable k—e¢
turbulence model is that it provides improved predictions for
the spreading rate of both planar and round jets. It also exhibits
high performance for flows involving rotation, boundary layers
under stron% adverse pressure gradients, separation, and
recirculation.”® For solving the region near the wall, standard
wall functions were used, based on the work of Launder and
Spalding.”” The law-of-the-wall for mean velocity is

w_ 1 s
U* = p In(Ey™) (19)

where U* is the dimensionless velocity (eq 20) and y* is the
dimensionless distance from the wall (eq 21).

1/41.1/2
UGk

z,/p (20)

U*

1/411/2
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u (21)

K is the von Karman constant, E is an ernpirical constant, Up
is the mean velocity of the fluid at the wall—adjacent cell
centroid (P), k, is the turbulence kinetic energy at the wall—
adjacent cell centroid (P), and yp is the distance from the
centroid of the wall—adjacent cell to the wall (P).

y
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The law-of-the-wall for species can be expressed for constant
property flow with no viscous dissipation:
Sc * (y* < *)
1/4,1/2 Y A
Y&E@M—mﬂ;& _
Jine Sct[l In(Ey™) + Pc] o* > yc*)
K

(22)

where ], is the diffusion flux of species i at the wall. P, and y *
are in function of the Schmidt number.

Problem Description. The GLCC dimensions were taken
from the geometry proposed by Hreiz et al."® shown in Figure
la. Additionally, two variations are made to the inlet,
increasing its angle from 27° to 36° and 45° (Figure 1b).

F5-00712m

[ @ L)
&
&
%A ] s 3
%
27° W 36° j 45°
s € 0 & &
a) b)

Figure 1. (a) GLCC dimensions taken from Hreiz et al."® and (b) the
proposed geometries for this work.

The numerical calculations are divided into two stages. The
first uses the multiphase model to validate the separation of the
air—water phases, and the second is the species monitoring of a
natural gas mixture from a Colombian field called Cusiana. Its
composition and principal properties as density and viscosity
of each component are shown in the Table 1.*°

Table 1. Natural Gas Inlet Composition

component molar percent (%) density (kg/m’)  viscosity (cP)
methane 82.19 0.7541 9.97 x 1073
ethane 10.43 1.426 8.209 X 107°
propane 3.59 2.116 7.103 X 107
butane 1.02 615.4 0.2346
pentane 0.12 658 0.3154
hexane 0.02 691.3 0.4463
nitrogen 0.65 1.314 0.01648
carbon dioxide 1.97 2.079 0.01258

The boundary conditions were established for every surface
in the domain, namely, the inlet, the bottom and superior
outlets, and the wall. The used values for the air—water mixture
were taken from the study of Hreiz et al.'"® These conditions
are specified in the Table 2.

For solving the steady convection—diffusion equation, the
Quadratic Upstream Interpolation for Convective Kinematics

Table 2. Boundary Conditions

substance surface condition value units
air—water inlet velocity air 3.46 m/s
water 0.69

outlets pressure (static) 0 Pa
walls no slip

natural gas inlet velocity 3.46 m/s
outlets pressure (static) 0 Pa
walls no slip

(QUICK), presented by Patankar,” was used. This is a higher-
order differencing scheme that considers a three-point
upstream weighted quadratic interpolation for the cell face
values. This scheme is used to solve convection—diftusion
equations using second-order central difference for the
diffusion term, and for the convection term, the scheme is
third-order accurate in space and first-order accurate in time.
The pressure discretization was performed with the PRESTO
(PREssure STaggering Option) scheme, which, unlike the
standard discretization method that interpolates the pressure
on the faces using the cell center values, calculates pressure on
each face. This is possible using staggered grids where velocity
and pressure variables are not “co-located”.”’

B RESULTS AND DISCUSSION

The results are divided into three parts, namely, (i) the
numerical tests of mesh independence; (ii) the validation of
the models that represent the physical phenomenon by means
the comparison with experimental data; and (iii) the flow
analysis of GLCC separator by numerical simulations for the
air—water and natural gas mixtures.

Mesh Independence Test. Seven computational meshes
were generated using ANSYS—Meshing software: starting from
a coarse mesh (A) and progressively increasing the number of
elements according to Table 3. The refining ratio of the
meshes was based on the decrease in the size of the mesh
elements, approximately 1.5 times each time and also as a
function of the inflation in the regions near the wall.

The tetrahedrons that composed the mesh were generated
with the best characteristics in the main cylinder, and
hexahedrons were generated in the inlet. The mesh has a
refinement of three layers in the walls. Figure 2, left, shows the
overall velocity profile at 1, 1.5, and 1.3 m from the bottom of
the GLCC separator as a function of mesh elements. It is
observed that, from the mesh E (265251 elements), an
asymptotic behavior is observed in all the points. Subsequently,
the mesh E was refined near to the wall, resulting in the final
number of elements of Figure 2, right.

Model Validation. The validation was made by comparing
the results obtained from the simulation with the experimental
study data obtained by Hreiz et al,'"® who developed a
complete experimental study that allowed them to evaluate the
performance of the GLCC through the visualization of the flow
patterns produced at different operating conditions and by
changes made in the geometry of the equipment. The
experimental separator consisted of translucent equipment
built of poly(methyl methacrylate) (Plexiglas) with 72 mm of
internal diameter and 2.5 m of height. The authors used air as
the gas phase and three different fluids for the liquid phase, i.e.,
tap water, a 30% aqueous solution of carboxymethyl cellulose
sodium salt which acts as a viscosifier, and a 0.05% aqueous
solution of polyethylene glycol sorbital monooleate, a
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Table 3. Elements of the Meshes Used in the Numerical Independence Test

mesh A B C D E F G
elements 53312 93054 127184 180090 265251 416406 721364
] Case Number of elements
7 7 1 289424
36° 288316
45" 287106
6
—_ —-1lm
) ~13m
_5'5 —=1.15m
5 -
2
) |
- /
4 -
3
0 100000 200000 300000 400000 500000 600000 700000 B00000

Number of elements

Transversal cut

Figure 2. Mesh independence test (left) and effect of the mesh refinement in the walls.
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Figure 3. Tangential and axial velocity. Comparison between simulations and experimental data by Erdal.>>**

surfactant foam that decreases the surface tension of the tap
water. The maximum relative pressure was 0.8 bar (close to
atmospheric pressure), and the maximum flow rate was 550
m®/h. The experiments showed the effect of the flow patterns
and the geometric factors of the device on the liquid carry-over
and the gas carry-under. On the other hand, the experimental
data of radial and tangential velocity were confirmed by
comparison with the study carried out by Erdal.”* The
experimental measurements were the axial and tangential
velocity in the cyclone at 0.6 m below the inlet. According to
Figure 3, the chosen mathematical models reproduce the fluid-
dynamic properly owing to that the experimental data and the
simulation results have the same behavior and their values
show a standard deviation average of 0.26 m/s. Further, a
comparison between the simulations results of the mesh with
and without refinement is made in Figure 4. The values of the
nonrefined mesh differ broadly from the experimental data,
showing the importance of a proper meshing in order to have
more accurate results.

14327

Air—Water Mixture. The phase separation is caused by the
centrifugal forces which depend on the swirl intensity
generated in the GLCC. Thus, the swirl intensity was related
to the angular velocity measured at 0.6 m above the inlet.
Figure Sa shows the angular velocity as a function of the radial
position for each geometry. From this plot, it is possible to
appreciate that when the inlet angle increases, the angular
velocity decreases, leading to a poor swirl intensity. Hence, the
separation capacity of a cyclone with a more significant inlet
angle would be smaller; in this case, the geometry with an
angle of 27° can make a swirl intensity up to 17% and 66%
higher than the other two geometries, respectively. Figure Sb
shows the velocity contours which exhibit the swirl formation
with a higher velocity at the inlet due to the fact that it is
designed with a tapered area which increases the velocity.

Figure 6 shows the pressure contours for each geometry as a
function of its length. The pressure drop for each case is nearly
the same; however, in the inlet region, it is different. This
region shows an increase in the pressure for the three cases as a
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Figure S. Velocity analysis of air—water mixture. (a) Angular velocity as a funtion of radial position and (b) velocity fields for the three proposed

geometries.

result of the sudden change of velocity experimented with the
inlet stream when it clashes with the walls to form the swirl
flow. This sudden change is more intense when the angle is
lower. As a result of that, for the inlet with an angle of 27°, the
pressure drop is up to 1.6 and 3.5 times higher than those of
the others, respectively.

Figure 7 shows the profile and contour of the liquid
volumetric fraction, as well as the liquid mass flow fields for all
of the inlet angles. The volumetric fraction profile (Figure 7a)

14328

is measured in the radial position at a height of 0.6 m from the
bottom of the separator. It is possible to observe the liquid
adhesion in the GLCC walls, which is the two-dimensional
representation of the vortex formation corresponding to phase
separation by the action of centrifugal force. Apparently, the
three inlet angles have an adequate vortex formation. However,
the water mass flow fields show that for the 27° inlet angle
there is liquid carry-over, which could generate operational
problems downstream.
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Figure 7. (a) Water volumetric fraction vs radial position. (b) Fields of water volumetric fraction and (c) water mass flow.

In addition to the validation of the multiphase model for the
air—water mixture in a GLCC separator, the effect of the
separator geometry was analyzed through the variation of the
inlet nozzle angle, ie, at 27° 36° and 45°. Three flow
variables were analyzed, namely, the mixture angular velocity,
the pressure drop, and the volumetric fraction of liquid.
Considering that it is an air—water mixture at atmospheric
pressure, it would be believed that there is no significant effect
on the geometry of the results. However, the profiles shown in
Figures 5—7 show that an increase in the inlet angle generates
a decrease in the angular velocity, which is the main vortex
generator within the separator. This in turn is what grants the
centrifugal force as a physical principle of separation.
Therefore, with the analysis of the first variable it is possible
to discard the largest inlet angle to the separator. The increase

14329

in angular velocity is accompanied, consequently, by an
increase in the pressure drop inside the device (Figure 6),
which could generate operational problems downstream of the
separator. In the oil and gas industry losing pressure means an
increase in the operating costs because it would be necessary to
have more energy in the compression system to bring the gas
to the transport network conditions.

Finally, the profile and contours of the volumetric fraction
(Figure 7) show the liquid adhesion to the separator walls for
all of the inlet angles. However, the mass flow contours reveal
that for the 27° angle, there is a greater tendency to the liquid
entrainment compared to the 36° and 45° inlet nozzles. In this
sense, in looking for a balance between vortex formation,
pressure drop, and a decrease in entrainment, the geometry
with a 36° inlet nozzle was selected for the numerical
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calculations of the natural gas component behaviors inside the
GLCC separator.

Colombian Natural Gas Mixture. The application of
centrifugal separation to natural gas mixtures was carried out
using natural gas from a Colombian field called Cusiana, which
has a controlled production (December/2018) of 170
MMSCED. The composition and physical properties are
shown in Table 1. Due to the fact that the natural gas does not
have completely differentiated phases depending on the
components present in the mixture, the species transport
model was chosen to represent the behavior of natural gas
inside the GLCC separator. The angular velocity, volumetric
fraction, and composition of the species were analyzed. Figure
8 shows that the swirl intensity of the natural gas can be up to

that the lighter component, the methane, exits the separator
through the upper outlet, which could be due to the amount of
this component compared to the others. The small amounts of
pentane and hexane reveal only a few traces of these
components inside the GLCC separator.

Table 4 shows the final composition of the natural gas after
the separation process; it is observed that the designed length

Table 4. Natural Gas Final Composition

molar percent (%)

24% higher compared with the air—water mixture as a result of

the low quantity of liquid.

compound inlet top outlet bottom outlet
methane 82.19 100 37.75
ethane 10.43 0 35.81
propane 3.59 0 1242
butane 1.02 0 1.86
pentane 0.12 0 0.17
hexane 0.02 0 0.07
nitrogen 0.65 0 1.48
carbon dioxide 1.97 0 10.44
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Figure 8. Comparison of angular velocity for air—water and natural
gas mixtures.

The volumetric fraction contours for each substance
presented in the natural gas mixture are shown in Figure 9.
These contours have different scales due to the wide range of
the component concentrations. In these contours, the heavier
components are located at the bottom and in the separator
walls by the action of the centrifugal force. It is also observed

is adequate because there is enough space for the USLF
formation. The liquid species phase descends, and the methane
rises to the top of the GLCC. It is also observed that 87% of
the inlet methane comes out by the gaseous stream.

B CONCLUSIONS

In this work, numerical simulations of a gas—liquid cylindrical
cyclone (GLCC) separator using computational fluid dynamics
(CFD) were developed. Initially an air—water mixture at
atmospheric pressure and the Eulerian mixture model for the
multiphase system were used; these models were validated by
comparison with experimental data from the literature.
Subsequently, the species transport model was used to analyze
the behavior of a natural gas mixture from a Colombian field
called Cusiana. The k—e turbulence model was used with
standard wall functions, according to the recommendation of
previous works that use CFD in GLCC separators. A mesh
independence test with seven computational meshes and
refining in the regions near the wall using the inflation
technique was developed. Three different angles in the inlet
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Figure 9. Volumetric fraction contour for all of the natural gas components. From left to right: methane, ethane, propane, butane, nitrogen, carbon

dioxide, pentane, and hexane.
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nozzle to the separator were tested to obtain a balance between
the formation of the vortex corresponding to the centrifugal
processes and the pressure drop inside the equipment.

The results showed that an angle of 36° at the inlet of the
separator is adequate for the developing process. For the air—
water mixture, the profiles and contours of velocity, pressure,
and volumetric fraction showed the swirl that generates the
centrifugal force to separate the phases, which also showed an
adequate correlation with the experimental data. The results
from applying the natural gas mixture showed that the vortex
intensity was 24% higher compared to the results for the air—
water mixture; the results also showed that the heavy
components such as pentane and hexane are kept in the
lower section of the separator and that the methane comes out
from the top. However, the results make clear the need to have
experimental information on the separation process of natural
gas phases in the GLCC separators.
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B SYMBOLS LIST

Cyp G,y C5, = turbulence model constants

D, = turbulent diffusivity

E = empirical constant

F = additional external body forces

G, = generation of turbulence kinetic energy due to
buoyancy

G, = generation of turbulence kinetic energy due to the
mean velocity gradients

by

= identity tensor
; = diffusion flux of species i

]

Jiw = diftusion flux of species i at the wall
k, = turbulence kinetic energy at the wall-adjacent cell
centroid

N = total number of species

S,y Si = source terms

Sc, = turbulent Schmidt number
5

T = viscous stress tensor

U* = dimensionless velocity

U, = mean velocity of the fluid at the wall-adjacent cell

centroid
Y; = local mass fraction of each species
Yy = contribution of the fluctuating dilatation in

compressible turbulence to the overall dissipation rate
a = secondary phase droplet’s acceleration

d = diameter of the droplets of secondary phase

fareg = drag function

gravitational force

turbulent kinetic energy

static pressure

ar = drift velocity vector

. = average mass velocity vector

= slip velocity vector

= dimensionless distance from the wall
¥, = distance from the centroid of the wall-adjacent cell
centroid

oy = volumetric fraction

€ = dissipation of turbulent energy

k = von Karman constant

u = dynamic viscosity

U, = turbulent viscosity

P, = average specific mass

0, = turbulent Prandtl number for &

o, = turbulent Prandtl number for k

7, = particle relaxation time
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