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Abstract: Recently, as the industry develops, global energy consumption has been increasing. Power
generation using various energy sources is used to meet energy consumption. The demand for
renewable energy resources is increasing as well as the demand for fossil fuels. However, fossil fuel
reserves offshore are limited, and the continued resource development is causing the depletion of
fossil fuels. Accordingly, there is a demand for resource development not only offshore but also in
the deep sea. In order to efficiently separate water and oil, it is necessary to study a compact in-line
oil separator. In this study, the oil–water separation characteristics according to various airfoil vane
configurations of the in-line type oil separator are numerically calculated. The maximum camber
and location of the maximum camber of the NACA(National Advisory Committee for Aeronautics)
airfoil model were selected as design parameters. As a result, the maximum separation efficiency
of 63.9% was predicted when the maximum camber value was 13.51% and the maximum camber
position was 50%.

Keywords: in-line oil separator; internal swirl element; NACA airfoil

1. Introduction

Recently, the demand for energy has been increasing due to global industrial devel-
opment. In order to meet this energy demand, power generation using fossil fuels (e.g.,
oil, gas) is used. Fossil fuels are being developed offshore and in the deep sea. However,
fossil fuel reserves offshore are limited, and the continued resource development is causing
the depletion of fossil fuels. Accordingly, efforts are being made to develop resources
offshore and in the deep sea. In the early 1990s, resource development was conducted at
a depth of 200 m, but recently, the development of exploration and plant technology has
made it possible to develop resources at a depth of more than 3000 m. Mined crude oil is
separated into solid, liquid, and gas phases through multi-phase separators, traditionally
using gravity to separate the phases. In deep-sea resource development, traditional gravity
separators have a relatively large volume, which limits their deep-sea use. Therefore, an
in-line separator with a relatively small volume and compact design is being studied.

In this study, numerical calculations were performed for liquid–liquid phase separation
using an in-line oil separator with an axial-flow swirl generator. As the working fluid
passes through the internal swirl element, a swirl flow is created, and water and oil with
different densities are separated. Multi-phase separation studies using swirl flow are being
actively conducted.

In the solid-gas phase, Wang et al. [1] conducted experiments and numerical calcula-
tions using the RSM (Reynolds stress model) for particle behavior in the Lapple cyclone,
and Zhou et al. [2] conducted the particle behavior in the cyclone separator. Chu et al. [3]
used the discrete element method (DEM) to numerically calculate the effect of various mass
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flow rates on particle behavior. Mikulcic et al. [4] calculated flow and particle behaviors
using the LES (large eddy simulation). Klujszo et al. [5] performed the effects of various
configurations of single-cell swirler separators on dust collection performance; Hoekstra [6]
conducted the optimization of the cyclone separator to improve separation performance.
In the gas–liquid phase, Swanborn [7] analyzed the effects of various separators used in
the plant industry. Liu and Bai [8] and Yue et al. [9] performed numerical calculations and
experiments on flow characteristics in a straight pipe. Rocha et al. [10] conducted the effects
of various Reynolds numbers on flow characteristics.

Hung et al. [11] conducted numerical calculations and experiments on the effects of
the various configurations of the swirler on the flow characteristics, and Wang et al. [12] per-
formed experiments for the separation characteristics with a multi-stage separator. In addi-
tion, studies on flow visualization for swirl flow in separators have been performed [13–15].
In the liquid–liquid phase, Delfos et al. [16] compared the commercial code (Fluent) and
HAAS (hydrocyclone axial averaged slice) model results. Amini et al. [17] analyzed the ef-
fects of various configurations of separators on flow characteristics. Huang [18] and Yaojun
et al. [19] conducted numerical calculations using the RSM for the flow characteristics of
hydrocyclone. Experiments were performed to validate the oil–water separator numerical
calculation results [20–23]. The effects of various boundary conditions and configurations
of separators on the flow characteristics were analyzed [24–28]. In addition, using the
optimization method, a study was conducted to improve separation performance [29,30].
The effect of various separator chamber configurations on separation performance was
numerically calculated by Zeng et al. [31], and the conical chamber was found to be more
effective in separation performance than the straight chamber.

In this study, a numerical study was performed on the liquid–liquid phase separation
of mixtures with different densities. A study was conducted on an in-line type separator
with the advantage of a compact design. Numerical calculations were conducted on the
effects of airfoil vane configurations on the performance of the in-line oil separator.

2. Numerical Analysis
2.1. Model Description

Figure 1 shows a schematic of the in-line oil separator used in this study, referring
to Slot’s internal swirl element (ISE) [21]. The total length (Lt) of the oil separator was
2550 mm, and the internal swirl element was installed 200 mm away from the inlet. The
outer diameter (Ds) of the internal swirl element was 100 mm, and the total length (Lise)
was 287 mm. Additionally, the internal swirl element consisted of nose, vane, and tail
sections, and they were 80 mm (Lnose), 86 mm (Lvane), and 121 mm (Ltail), respectively.

Figure 1. Schematic of the modeled in-line oil separator.
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In this study, the shapes of the vane were determined using the following NACA
4-digit formula [32]:

Calculate the curve of the mean camber line:

yc =


m

pair f oil
2

(
2pair f oil x− x2

)
, 0 ≤ x ≤ pair f oil

m
(1−pair f oil)

2

((
1− 2pair f oil

)
+ 2pair f oil x− x2

)
, pair f oil ≤ x ≤ 1

(1)

Calculate the gradient of the mean camber line:

dyc

dx
=


2m

pair f oil
2

(
pair f oil − x

)
, 0 ≤ x ≤ pair f oil

2m
(1−pair f oil)

2

(
pair f oil − x

)
, pair f oil ≤ x ≤ 1

(2)

Calculate the upper and lower surface:

yt = (5t)(c0x0.5 + c1x + c2x2 + c3x3 + c4x4)

c0 = 0.2969,
c1 = −0.1260,
c2 = −0.3516,
c3 = 0.2843,

c4 = −0.1015

(3)

(Upper sur f ace) xU = x− yt sin θ, yU = yc + yt cos θ

(Lower sur f ace) xL = x + yt sin θ, yL = yc − yt cos θ
(4)

θ = arctan
(

dyc

dx

)
(5)

where m is the maximum camber, pair f oil is the location of the maximum camber, and t is
the maximum thickness, respectively (see Figure 2).

Figure 2. Parameters of the NACA 4-digit airfoil.

Table 1 describes the configuration of the vane used in the study. The maximum
thickness tmax, scaled with the cord length (c), is 4.8%. Figure 3 shows the shapes of the
vane used in the study.
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Table 1. Design parameters of the numerical analysis.

Maximum Camber (m) [%] Location of Maximum
Camber (p) [%]

Case 1 17.51 50
Case 2 17.51 40
Case 3 17.51 45
Case 4 17.51 55
Case 5 17.51 60
Case 6 19.51 50
Case 7 15.51 50
Case 8 13.51 50

Figure 3. Various NACA airfoil models applied in this study.

The oil separator has one inlet and two exits for oil and water discharge. Velocity in-
flow, mass flow rate outlet, and pressure outlet were established as the numerical boundary
conditions. For water, the volume fraction flowing into the separator was set to 0.75; for oil,
it was set at 0.25. All walls were set up with a no-slip boundary condition. The physical
parameters of the mixtures used in this study and the boundary conditions for numerical
calculations are listed in Table 2. The droplet size of the oil, defined as the dispersed phase,
was set to 100 µm. The Schiller–Naumann model [33] was used to calculate the drag law
in the momentum conservation equation. The governing equations used for numerical
calculation are the continuity equation and the momentum equation, and these equations
are coupled by the interfacial momentum transfer term M. For each phase k, the equations
for conservation of mass and momentum can be written as follows:

∇·(αkuk) = 0 (6)

− αk∇p +∇·(αkσ) + αkρkg + ρk∇·
(
αk
(
u′ku′k

))
+ Mk = 0 (7)

where αk is the volume fraction of phase k. The viscous stress tensor can be written
as follows:

σ = µk(∇uk + (∇uk)
T) (8)

Mk is the interfacial momentum transfer. Here, the surface tension effects are ne-
glected, and, therefore, Mw = −Mo, where the subscripts w and o indicate water and oil,
respectively. For the water phase, the expression for Mw can be written as follows:

Mw =
3
4

CD
D

ρwαo|uo − uw|(uo − uk) (9)

where CD is the drag coefficient and D is the diameter of the oil droplets. The correlation of
Schiller and Naumann is defined by

CD =
24

ReD

(
1 + 0.15Re0.687

D

)
(10)
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where ReD is defined by

ReD =
ρw|uo − uw|D

µw
(11)

However, Equation (10) does not take into account the effect of impeding movement
between droplets. The turbulence model used for calculation was applied to the SSG RSM
(Speziale-Sarkar-Gatski Reynolds stress model) [34], which is known to be suitable for
swirl flow calculations. The Reynolds stress transport equation for incompressible and
isothermal flow is given by

∂ρuiuj

∂t
+

∂

∂xk

(
Ukρuiuj

)
=

∂

∂xk

(
µ +

2
3

Csρ
k2

ε

)
∂uiuj

∂xk
−ρuiuk

∂Uj

∂xk
− ρujuk

∂Ui
∂xk︸ ︷︷ ︸

Production Pij

− 2
3

δijρε + Φij (12)

where the constant Cs is 0.22, and k is turbulence kinetic energy, respectively. Pij is the
production term that gives the Reynolds stresses generated by the mean flow velocity
gradients. Φij is the pressure strain correlation term. It describes the energy redistribution
among the Reynolds stresses, the interaction of the mean velocity gradient field, the
fluctuating velocity field, and the return to the isotropy mechanism of the Reynolds stresses
due to energy redistribution. Although pressure strain correlation expressions are extremely
complex non-linear equations, these equations provide increased accuracy. However, it also
leads to numerical instability during iterative calculations. The pressure strain correlation
term of the SSG RSM is given by

Φij = −ρε
[
Cs1aij + Cs2

(
aikakj − 1

3 amnamnδij

)]
−Cr1Paij + Cr2ρkSij −Cr3ρkSij

√
amnamn

+Cr4ρk
(

aikSjk + ajkSik − 2
3 aklSklδij

)
+ Cr5ρk

(
aikΩjk + ajkΩik

) (13)

where aij is the normalized anisotropy tensor, defined by

aij =
uiuj

k
− 2

3
δij (14)

P is the production of turbulent kinetic energy, defined by

P = uluk
∂Ul
∂xk

(15)

Furthermore, Sij is the mean strain rate tensor, defined by

Sij =
1
2

(
∂Ui
∂xj

+
∂Uj

∂xi

)
(16)

and Ωij is the mean vorticity tensor, defined by

Ωij =
1
2

(
∂Ui
∂xj
−

∂Uj

∂xi

)
(17)

The constants of the pressure strain correlation term Φij in the SSG RSM are given in
Table 3. The turbulence model equation, SSG RSM, was calculated using the commercial
code ANSYS CFX 2020R1.
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Table 2. Boundary conditions applied in this study.

Value

Calculation type Steady state
Turbulence model SSG Reynolds stress model [34]

Working
fluid

Water Density
[
kg/m3] 1068.7

Viscosity [kg/(m·s)] 1.183 × 10−3

Oil
Density

[
kg/m3] 867

Viscosity [kg/(m·s)] 8.69 × 10−3

Droplet size [µm] 100
Gravity (z-axis)

[
m/s2] −9.81

Inlet Velocity [m/s] 2

Volume of fraction 0.75
0.25

(water)
(oil)

Outlet Pressure outlet [kPa] 101.325
Mass flow outlet [kg/s] 5.03

Wall No-slip wall
Drag law Schiller–Naumann model [33]

Table 3. Constants of pressure strain correlation term Φij in SSG RSM.

Cs1 Cs1 Cr1 Cr2 Cr3 Cr4 Cr5

1.7 −1.05 0.9 0.8 0.65 0.625 0.2

2.2. Grid Systems and Validation

Figure 4 and Table 4 show the grid system of the oil separator; the grid system was
composed of triangular prism and hexahedron using ANSYS meshing and turbo grid. The
vane was axisymmetric, and a hexahedron grid was constructed using the turbo grid in
Figure 4b. The inflation layer was composed of a triangular prism grid, and a scalable
wall function was used. In order to minimize the effect of the grid size on the numerical
calculation results, a grid dependency test was performed using the results of the separation
efficiency. The separation efficiency is defined as the ratio of the oil mass flow rate through
the inner outlet to the oil mass flow rate at the inlet. The separation efficiency (η) can be
calculated by the following equation:

η =
Qinner outlet. Oil

Qinlet. Oil
(18)

The number of grid elements was calculated by changing from 70,000 to 250,000, and,
as a result, the change in separation efficiency was insignificant from about 208,000 (see
Figure 5). Figure 6 shows the comparison of the numerical analysis results and experimental
values of Slot et al. [21] with the calculation results of the present study.

Table 4. Grid systems of the in-line oil separator in this study.

Stage Program Method No. of Grid

a ANSYS meshing Triangular prism,
hexahedron 18,000

b Turbo grid Hexahedron 47,000

c, d ANSYS meshing Triangular prism,
hexahedron 143,000
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Figure 4. Grid systems: (a) stage a, (b) stage b, (c) stage c, (d) stage d.

Figure 5. Grid dependency test.

Figure 6. Comparison of the present study and literature data of numerical and experimental
results [21].
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3. Results and Discussion

The working fluid passing through the ISE forms a strong swirl flow. Figure 7a shows
the axial water velocity at a distance of 4Ds from the ISE, and Figure 7b shows the tangential
water velocity for each case. A W-shaped axial water velocity distribution, with relatively
slow axial water velocity between the pipe wall and the pipe center, is formed; this W-
shaped velocity distribution has been observed by Mattner et al. [35]. The axial water
velocity near the pipe wall was faster than the pipe center, and the axial water velocity at
the pipe center increased downstream. It was calculated that the smaller the maximum
camber value, the slower the tangential water velocity. As the maximum camber value
decreases, the vane angle (see Figure 8) decreases, which is considered to decrease the
tangential water velocity. Additionally, as the location of the maximum camber of the
vane is closer to the inlet, the tangential water velocity tends to increase. The maximum
tangential velocity is divided into the forced vortex and the free vortex, which is similar
to the Rankine vortex structure [36]. The tangential velocity in the forced vortex region
was proportionate to the radius, while the tangential velocity in the free vortex region
decreased. In addition, due to wall friction, the tangential velocity rapidly decreased near
the wall. Figure 9 shows the distribution of wall shear stress for Case 6 and Case 8. The
larger the maximum camber and the closer the location of the maximum camber to the
inlet, the greater the wall shear stress.

Figure 7. CFD (Computational fluid dynamics) results at 4Ds downstream of the ISE: (a) axial water
velocity, (b) tangential water velocity.

Figure 8. Schematic of the modeled vane angle.

Figure 10 shows the pressure distribution in the cross-section(A-A’) at a distance of
4Ds from the ISE. The pressure was increased from the center to the wall of the pipe, and
the tangential water velocity was higher near the wall. In Case 6, where the maximum
tangential water velocity was relatively fast and the minimum axial water velocity was
slow, the pressure was high near the wall, and a relatively low-pressure distribution area
was wide in the center of the pipe. Figure 11 shows the results of calculating the pressure
difference using the averaged pressure values in the cross-sectional planes upstream and
downstream of the ISE. As a result, it could be noted that the larger the pressure difference,
the larger the maximum magnitude of the axial water velocity.
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Figure 9. Distribution of wall shear stress: (a) Case 6, (b) Case 8.

Figure 10. Distribution of pressure at 4 Ds(A-A’) downstream of the ISE: (a) case 1, (b) case 2,
(c) case 3, (d) case 4, (e) case 5, (f) case 6, (g) case 7, (h) case8.

Figure 11. Area-averaged pressure difference between the front and rear of the ISE.

Table 5 shows the separation efficiency calculation results. As a result of calculating
the separation efficiency by changing the location of the maximum camber value from 40%
to 60%, it was calculated that the separation efficiency was relatively high at the location of
maximum camber 50%. Results also show that the separation efficiency was calculated to
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be relatively high in Case 9 (at maximum camber 13.51), which had the lowest maximum
camber value. In the case where the maximum camber value is larger, the vane angle
becomes large. As a result, the axial water velocity was slowed, and the tangential water
velocity was increased downstream of ISE. It was calculated that as the maximum camber
value was increased, the tangential water velocity increased, and a strong swirl flow was
formed. However, the separation efficiency was calculated to be increased in the case where
a relatively weak swirl flow was formed.

Table 5. Separation efficiency.

Case Maximum Camber
[%]

Location of Maximum Camber
[%]

Separation
Efficiency

1 17.51 50 0.617
2 17.51 40 0.601
3 17.51 45 0.606
4 17.51 55 0.610
5 17.51 60 0.609
6 19.51 50 0.595
7 15.51 50 0.625
8 13.51 50 0.639

4. Conclusions

In this study, a numerical analysis was performed on the separation characteristics
of an in-line type oil–water separator according to various vane airfoil configurations. In
particular, numerical analysis was conducted using the maximum camber value and the
location of the maximum camber of the ISE. When the maximum camber value was 13.51%,
it was calculated as the highest separation efficiency of 63.9%, and when the location of
the maximum camber was 50%, it was confirmed that oil–water separation was performed
relatively well. In other words, when the angle of the vane is relatively large, it is considered
that the separation is not effectively achieved downstream of ISE due to the formation of a
strong swirling flow. In addition, it was confirmed that the pressure difference between the
front and rear of the ISE was relatively large due to a strong swirling flow.

In a future study, the optimal design of the airfoil and piping of the in-line oil separator
will be conducted, and a separation performance prediction model using AI (artificial intel-
ligence) technology will be studied for various boundary conditions and configurations.
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Nomenclature

Symbols Description
α Volume faction
µ Dynamic viscosity
ρ Density
σ Viscous stress tensor
η Separation efficiency
CD Drag coefficient
D Droplet diameter
Mo Interfacial momentum transfer of oil
Mw Interfacial momentum transfer of water
p Static pressure
pair f oil Location of maximum camber
Q Mass flow rate
ReD Reynold number
M Maximum camber
t Thickness of airfoil
U Instantaneous velocity
u Mean velocity
u′ Turbulent velocity fluctuations
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