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Abstract: The oil-gas separator of the gas storage compressor serves as crucial equipment in a natural
gas storage system to improve gas storage purity and efficiency. Its optimization is also essential to
improve the separation efficiency and lifespan. Collision and centrifugal separation are two widely
used optimized structures for oil-gas separators, and the enhancement in separation efficiency, as well
as the decrease in pressure loss of optimized separators, has been thoroughly discussed. However, the
velocity uniformity in the filter inlet has not been considered, which affects the filtration performance.
Thus, the overall efficiency of the separator is reduced. Accordingly, optimization of an oil-gas
separator with the consideration of velocity uniformity in filter inlets is introduced in this study. The
effects of critical dimension parameters of optimized equipment on separator performance were
analyzed. The results show that b, = 0.4, I, =3, h, = 1.5, and k;, = 0.5 and l¢ = 0.9 and h, = 4.11, as well
as I = 0.5 and d, = 0.52, are suitable for the case of placing baffles, adjusting the separator height and
inlet position, as well as adding an inner cylinder, respectively. Subsequently, the analytic hierarchy
process was employed to compare different optimized cases. It is observed that the overall rating
for adding an inner cylinder reaches 88.46, which is the more suitable optimized method for the
oil-gas separator. This work is relevant for oil-gas systems to improve their separation efficiency and
enhance the gas storage performance.

Keywords: optimization; collision separation; centrifugal separation; velocity uniformity; analytic
hierarchy process

1. Introduction

In recent years, there has been a progressive increase in the global energy structure,
notably within China, with natural gas assuming a more prominent role. This shift can
be attributed to its favorable economic and environmental advantages when contrasted
with coal and oil. According to statistical data, in 2021, China’s aggregate natural gas con-
sumption amounted to 369 billion cubic meters, indicating an 85.42% increase compared
to the levels observed in 2012 [1]. Nonetheless, the distribution of natural gas resources
in China is characterized by inequality [2], and natural gas consumption demonstrates
pronounced seasonality. To secure a dependable energy supply, the development of ex-
tensive natural gas storage facilities with temporal and spatial transfer capabilities is of
utmost significance [3], wherein natural gas is compressed and filtered for storage. Hence,
high-precision oil-gas separators assume a crucial role within the realm of natural gas
storage. Their function encompasses the separation of oil from compressor discharges [4],
thereby preventing oil blockages in pipelines and, in turn, augmenting the overall efficiency
of gas storage systems.

Advanced oil-gas separators typically comprise a dual-stage mechanism. In the initial
stage, mechanical means, i.e., gravity, inertia, and centrifugal forces, have been utilized for
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the separation of oil droplets exceeding 10 um in diameter. The subsequent stage involves
the separation of smaller-diameter oil droplets through the utilization of porous filters. It is
noteworthy that the efficiency of the first separation stage exerts a substantial influence on the
overall separator efficiency because the performance of the filter core is related to the outlet
of the first stage. Therefore, the enhancement of the effect of mechanical separators is highly
important. Numerous optimized mechanical separators, as well as filters, have been extensively
introduced and discussed in the literature, which are reviewed in the following subsections.

The mechanical oil-gas separator incorporates two main structures, namely, the gravity
separation and centrifugal one [5]. The former primarily depends on structures like inlet
baffles or deflector plates to alter the airflow direction, harnessing the inertia of liquid
droplets for separation. The latter, on the other hand, is attributed to the disparity in density
between gas and liquid, with liquid being notably influenced by centrifugal force, resulting
in its adhesion to the wall for separation.

The planar designs have been employed for conventional deflectors. It can be found
that the flow stability was improved [6,7], and the time for phase separation was de-
creased [8]. Solov’eva et al. [9] conducted experimental research on the process of water—oil
emulsion separation in a gravity-dynamic separator, employing three distinct usage modes:
without baffles, with baffles in the form of inserts made of open-cell foam material, and
with plate baffles. It is demonstrated that separators with open-cell foam material baffles
and plate baffles are more effective at lower and higher flow rates, respectively. Xu et al. [10]
performed experiments to investigate the impact of eight distinct parameters of deflector
plates on the flow field and separation efficiency. The findings suggested that reducing
the gap width, increasing the number of bends, and raising the number of channels can
improve separation efficiency, albeit at the cost of increased pressure drops. In the research
carried out by Zhang et al. [5], the impact of radial baffle curvature on the jet flow within
the separator was examined using experiments and numerical simulations. The results
revealed that the concave baffle jet was confined to a narrow region near the concave
baffle, leading to reduced flow disturbances in the center of the separator. In essence, it is
suggested that concave baffles are a more suitable choice for the separator’s inlet compared
to convex baffles.

Centrifugal separators featuring tangential inlets are also commonly known as cyclone
separators [11]. Furthermore, altering the structural configuration of cyclone separators is
a frequently employed optimization approach. Comparative investigations indicated that
cylindrical height has a substantial impact on pressure drop and separation performance.
Lengthening the cylindrical length in a uniflow hydrocyclone can improve separation effi-
ciency while maintaining a specific pressure drop threshold [12]. In addition, it is claimed
that the separation efficiency was increased by 11%, and the pressure losses were reduced
by approximately 29% when the cylinder length exceeded 6.5 times the cylinder diame-
ter [13]. Elsayed [14] determined that the foremost factors influencing separator pressure
drop are the geometric dimensions of the cyclone and the size of the inlet cross-sectional
area according to the Co-Kriging model. Subsequently, they devised an innovative cyclone
separator, resulting in a reduction of pressure losses by more than 20% compared to the
Stairmand design at the same volume flow rate. Moreover, it is revealed that the pressure
drop is quadratic, i.e., first decreases and then increases, with the enhancement of the outlet
duct length [15]. Misiulia et al. [16] discovered that utilizing a deswirler can effectively
decrease pressure losses with a relatively modest effect on velocity and separation efficiency
based on neural network optimization. It is shown that the separation efficiency has been
improved by 21% with the utilization of a tangential chamber. Additionally, increasing the
tangential inlet of the cyclone separator can enhance its separation efficiency [17] while
maintaining a relatively lower pressure drop [18]. Another form of centrifugal separator is
the axial flow separator, designed for space-constrained systems, with its central component
being the guide blades. Valdez et al. [19] conducted experimental assessments on curved
guide blades at different inclination angles to evaluate their separation performance. The
findings revealed that the maximum separation performance can surpass 0.98. However, it
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is demonstrated that there is no significant change in the oil content at the separator outlet
by reducing the stator diameter and the number of blades [20].

Filter performance is affected by many parameters, including operating conditions,
the properties of the liquid, the properties of the filter material, and filter structures [21].
Many studies have focused on the single-fiber level. The forces acting on droplets and their
shapes on fibers have been thoroughly investigated, and it is found that the droplets are
predominantly observed in the Reynolds transition flow region [22,23]. Dawar et al. [24,25]
developed an empirical correlation to calculate the average drag coefficient for drops de-
taching from a fiber, as well as a second correlation for predicting the fractional number.
These correlations facilitate the study of the coalescence and motion of droplets along fibers.
Moreover, it is observed that droplet interception and Brownian diffusion contribute to
the growth of droplets on nanofibers within the range of droplet diameters from 100 to
1000 nm [26]. Some attention has been paid to the research regarding the level of the entire
filter. It is revealed that the efficiency of wet filtration can be increased by increasing the
angle of inclination of the filter and selecting the orientation [27]. Contal et al. [28] pointed
out that high filtration velocities are beneficial to minimize the resistance of the deposit
and the penetration of the filter. Similar conclusions have been obtained by the experiment
in reference [29]. Frising et al. [30] established a single phenomenological model that can
be utilized to predict the pressure drop and the penetration of a filter over the whole
filtration span. Charvet et al. [31] indicated that, as the filter clogs, the medium’s perfor-
mance for particles with diameters less than 100 nm diminishes, while that for particles
with diameters greater than 200 nm improves. Additionally, the efficiency was enhanced
significantly when the drainage layer was assembled outside of the coalescing layer [21].
Experimental results exhibited that non-uniform liquid distribution characteristics exist at
various heights in the filter cartridge during the different stages of the filtration process,
and the outlet concentration increases from the top to the bottom of the filter cartridge [32].
Innocentini et al. [33] investigated the permeation behavior of four industrial-grade media
used for natural gas filtration under high pressure. The results indicated that considering
the combined effect of the thickness and permeability coefficient of each filtering medium,
a minimal pressure drop has been obtained when employing polyester.

Oil-gas separators have been extensively investigated in previous studies in terms of
mechanical separators or filters. Furthermore, the discussion involved improving the over-
all separator performance through enhancements in their respective capabilities. However,
most of the research has focused on reducing the oil content in the outlet and lowering the
pressure loss, while neglecting the velocity uniformity that affects the performance of the
filter, thereby indirectly reducing separation efficiency. Moreover, each optimization struc-
ture yields different improvement effects, which makes choosing the optimal optimization
method challenging. Consequently, it is necessary to further study the oil-gas separators to
understand the optimized method characteristics.

Motivated by the aforementioned research gaps, the present work aims to evaluate the
optimized performance of an existing oil-gas separator of a natural gas storage compressor.
Analysis of the existing separators, as well as optimized ones (placing baffles, adjusting the
separator height and inlet position, and adding an inner cylinder), is conducted to introduce
the selection of critical parameters regarding improved structures with the consideration of
velocity uniformity in filter inlets. Moreover, the optimized separators are compared based
on the analytic hierarchy process to introduce the choice of the more suitable separator
optimization method. The novelty of this paper lies in considering the impact of separation
chamber structure on the flow field at the filter inlet, as well as providing guidance for
selecting optimized separators. This work is relevant for oil-gas separators to improve
their separation efficiency and enhance the gas storage performance.
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2. Models and Methods
2.1. Physical Model

The physical illustration and model schematic of the existing oil-gas separator used
in this study are shown in Figure 1. Note that the model has been subject to reasonable
simplifications, i.e., structures with minimal influence on the overall flow have been omitted.
The tank is divided into two parts by a baffle placed in the middle. The lower part forms a
cylindrical cavity, while the upper structure, as shown on the right in Figure 1a, includes
six filter cores arranged on the baffle, and another baffle is placed at the outlet. The oil-gas
mixture enters the mechanical separation chamber from the lower inlet of the separator.
After separating the larger liquid droplets, the mixture flows into the filters on the baffle.
Support short pipes on the baffle are connected to the filter cores, and the gas exits from
the side of the filter cores, ultimately leaving from the outlet of the separator. The main
dimensions of the physical model are given in Table 1.

g Outlet baffle

Outlet baffle Filter
Baffle Support pipe Baffle
Mechanical Inlet

separation chamber

(a) (b)

Figure 1. Physical model: (a) physical illustration and (b) model schematic diagram.

Table 1. Characteristic dimensions of the separator.

Geometrical Properties Dimension
Inlet diameter, d; /mm 100
Outlet diameter, d,/mm 100
Separator radius, sep /mm 462
Mechanical separation chamber height, fims./mm 1300
Filtration chamber height, h¢./mm 1600
Filter height, i/ mm 910
Filter radius, r¢/mm 80

2.2. Numerical Model

For viscous and incompressible fluids, the governing equations are given as follows:
s . auk

Continuity equation : e 0 1)
k

. . aui aui N 1 ap azuj
Momentum equation : a3 + uja—xj = —Ea—xz + UW + fi (2)

Note that the heat transfer between fluids and walls has not been considered. There-
fore, the energy equation is unnecessary.

The turbulence model can be divided into two forms, i.e., the eddy viscosity model
and the Reynolds stress model. In the turbulence eddy viscosity model, it is postulated that
the eddy viscosity coefficient, v, exhibits isotropy, and notable correspondences emerge
between impacts of Reynolds stress and the time-averaged flow and viscous stress. This
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circumstance facilitates the application of a dedicated numerical computation approach for
ascertaining the Reynolds stress:

7 2 _
—uu; = —géi]‘k-i-Zl/tSij (3)

This paper employs the k — € model for solving the collision separation structure
model. Thus, v; can be obtained as follows:

2
=0l @

where Cy, is the model coefficient and is typically taken as 0.09. k and ¢ are solved by their
respective transport equations:

dk __ ok d k2 ok
ngu,-a—xi axl[(c"”)axi] +P—e )
de __ 0¢ d k2 de €2
35 + uiaixi axi |:(Cs ) ox :| +Ca kP Csl k (6)
B ou;  Juy \ Ju;
P=wu <8xk + ox; > dxy @
The values of Cy, C¢, C¢1, and Cgp are 0.09-0.11, 0.07-0.09, 1.41-1.45, and 1.91-1.92,

respectively.

It is noteworthy that the eddy viscosity model is based on the assumption of isotropy
for the eddy viscosity coefficient. The Reynolds stress model is more suitable for centrifugal
separation structures, owing to the consideration of the effects of swirl, buoyancy, and
curvature. Moreover, it does not rely on the definition of the eddy viscosity coefficient. The
Reynolds stress is obtained directly by solving the transport equations:

) k2 o 2 e 2 2
i i 77
an [(Ck + 1/) oy + Pl']' — §5ij£ — Clp% (uiu]. — 35ijk> -G <Pi]' — 351']'13) (8)
de de d k2 de €2
8t + u; zaxl axl |:(C£ ) axl:| +Ca kP Cal k (9)
ou;  Juy \ Ju;
P=w (8 i + ox; > o, (10)

The values of C; and C; are 1.5-2.2 and 0.4-0.5, respectively.
The filter is considered a porous medium. Hence, the porous medium model should
be taken into account. For a simple, uniform porous medium, the model can be simplified:

U 1
S, = Eu,‘ + §C1p|u]|u] (11)

where « is the permeability, and C; is the inertial resistance factor.
In order to simulate the motion of oil droplets, the discrete phase model is utilized.

The model utilizes the Euler method to solve for the continuous phase (gas phase) and

employs the Lagrange method to solve for the discrete phase. The force balance equation

of a droplet is given as follows:
duty (ep —p)
P Ey(u— Mr B

18y  CpRe

ppdz 24

g+Fa (12)

Fp =

(13)
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coefficient, Cp = a1 + & + & Fa is the additional force, such as Saffman lift and virtual
mass force.

The adopted droplet collision model was developed by O’Rourke [34]. The algorithm
operates under the assumption that two droplets can only collide if they reside in the
same continuous-phase cell. While this simplification reduces the computational cost of
droplet collision, it does limit the possibility of collisions between droplets that are close
but situated in different cells. To mitigate this limitation, the algorithm allows collisions
between droplets that are somewhat further apart. The Taylor Analogy Breakup (TAB)
model, introduced by Taylor in 1987 [35], was employed for simulating droplet breakup
due to its suitability for low Weber number flow conditions.

where Re is the relative Reynolds number of droplets, Re = Cp is the drag

2.3. Computational Methods

We use ANSYS Fluent software 2021 to solve the model. In order to achieve faster
convergence and ensure higher reliability of the results, the PISO coupling method, suitable
for unsteady calculations, is chosen. The specific discretization schemes for each equation
are detailed in Table 2.

Table 2. Discrete format for physical quantities.

Parameter Discrete Format
Pressure PRESTO
Momentum QUICK
Turbulence energy Second Order Upwind
Turbulent dissipation rate Second Order Upwind

The inlet boundary condition is defined as a velocity inlet. The velocity is 10.3 m/s,
according to the existing oil-gas separator. The outlet boundary condition is set as a
pressure outlet. The pressure in the outlet is 30 MPa (identical to the inlet pressure) because
of the extremely low pressure loss. The turbulence intensity and hydraulic diameter are
employed to define the turbulent flow. The wall boundary condition is a no-slip boundary.
The trap type is considered as the discrete phase model boundary condition. That is, a
droplet is separated from the gas phase as it comes into contact with the wall, and its
motion is ceased.

Table 3 lists the corresponding properties of lubricating oil. Note that the oil droplets
are assumed to be evenly distributed within the gas. It is obtained that the daily oil injection
volume for the compressor lubrication system is 50 L. In addition, the velocity of droplets
is also 10.3 m/s, which is the same as that of the separator inlet. Consequently, the oil flow
rate is 0.0005 kg/s in this situation.

Table 3. Properties of lubricating oil.

Parameter Typical Value
Boiling point (°C) >315
Flash point (°C) 250
Density (kg/m?) 877-928
Viscosity at 40 °C (mm?/s) 198

3. Validation
3.1. Grid Independence Validation

The grid partitioning results for the separator are shown in Figure 2. As can be seen in
Figure 2c, local refinement has been applied for the filter due to the significant variations in
parameters. In order to prevent calculation errors regarding low grid density and to avoid
excessive computational time caused by overly dense grids, grid independence verification
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is necessary. The relationship between the outlet mass flow rate of the separator and the
mesh cells is exhibited in Figure 3. Four different numbers of grids, i.e., 1.79, 2.82, 4.83, and
9.48 million cells, have been thoroughly calculated. It is displayed that the discrepancy
between the simulated and actual values of the outlet flow rate is around 6.79% when the
number of grids improves from 4.83 million to 9.48 million. Accordingly, a grid density of
4.83 million is selected to save computational time in our work.

(@) (b)

A

©
Figure 2. Grids for separator: (a) inlet, (b) support pipes, and (c) filters.
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Figure 3. Grid independence validation of separator model.

3.2. Model Validation

The numerical simulation results are validated by experimental data in the litera-
ture [36]. Corresponding comparison results are exhibited in Figure 4. It can be observed
that the separation efficiency of both approaches is quite close, with a maximum error of
less than 15%. Moreover, the higher the velocity is, the lower the error becomes. Note that
the separation efficiency for the experiment is less than that for the simulation. It is because
oil droplets collide with the oil film on the inner wall, even at relatively low impact speeds.
It can lead to more small-diameter oil droplets.
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Figure 4. Model validation for oil-gas separator [34].

4. Results and Discussion
4.1. Analysis of Existing Oil-Gas Separator

The simulation results regarding the axial cross-section and inlet for the existing oil—
gas separator are shown in Figures 5 and 6, respectively. As can be seen in Figure 5, the
oil-gas mixture exhibits a slight upward shift in its velocity direction when it initially
enters the mechanical separator. Subsequently, it impacts the wall on the side far from the
inlet, with the primary gas stream moving directly upward, exiting the separation chamber.
There is no doubt that the mechanical separation efficiency is affected by the inadequate
flow distribution, which is attributed to the absence of a guiding device. Figure 6a displays
that the velocity of the mixture continually decreases after entering the chamber, and it has
notably reduced upon reaching the wall. It is because the airflow disperses in all directions
caused by the enhancement in the flow area. Furthermore, it is exhibited in Figure 6b
that a small part of the lubricating oil carried by the gas dissipates with the airflow before
impacting the wall, which is difficult to separate in the initial separator. Accordingly,
improvements to the mechanical separation chamber structure are necessary.

8.57e+00 8.57e+00
I 8.14e+00 l 8.14e+00
7.71e+00 7.71e+00
7.28e+00 7.28e+00
6.85e+00 6.85e+00
6.43e+00 6.43e+00
6.00e+00 6.00e+00
5.57e+00 5.57e+00
5.14e+00 5.14e+00
4.71e+00 4.71e+00
4.28e+00 4.28e+00
3.86e+00 3.86e+00
3.43e+00 3.43e+00
3.00e+00 3.00e+00
| 2.57e+00 257e+00 =
2.14e+00 2.14e+00
1.71e+00 1.71e+00
1.29e+00 1.29e+00
8.57e-01 8.57e-01
4.28e-01 4.28e-01
0.00e+00 0.00e+00
(a) (b)

Figure 5. Axial velocity contour: (a) inlet axial cross-section and (b) outlet axial cross-section.
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Figure 6. Inlet cross-section contour: (a) velocity and (b) oil mass concentration.

0.00e+00
[mss]

In addition to improving initial separation efficiency, it is essential to pay attention to
the variations in velocity uniformity at the filter inlet because the velocity distribution at
the filter inlet significantly influences the performance and service life of the filter element,
thereby affecting the operation of the entire separator. The standard deviation of velocity
(0) is defined as the judgment criterion of velocity non-uniformity:

Y (wy—)

(ij)eC

N_1 (14)

u;; is the velocity at (i, j) of the cross-section, u is the average velocity, and N is the
number of samples. Note that the lower the o, the better the uniformity of the velocity
distribution. The result corresponding to velocity in the filter inlet for the existing separator
is shown in Figure 7. The velocity non-uniformity is 0.48 m/s. Obviously, the non-
uniformity is attributed to the relatively high speed near the wall far from the inlet.

contour-1 \
Velocty Magneuoe
4 %0040
4 05000
3 608400
315400
2 70e+00
2250400
1 350000
900001
00000 O G '

airflow direction at
the separator inlet

Figure 7. Filter inlet velocity contour.

4.2. Optimization Solutions for the Separator

There are two widely used optimization solutions for the separator, i.e., collision and
centrifugal separation structure. For collision separation, a baffle is placed at the inlet,
which serves as case A in this study. For centrifugal separation, adjusting the inlet position
and the cylinder’s height and adding an inner cylinder are considered case B and case C,
respectively. Obviously, structural optimization has the potential to improve the separation
efficiency of the system but may introduce challenges related to the uniformity of the filter
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inlet. Therefore, when optimizing the separator, it is crucial to reduce the non-uniformity
as much as possible.

4.2.1. Case A

The form of the baffle and the definition of structural parameters are illustrated in
Figure 8. The baffle is sealed at both ends and welded to the separator, which constrains
the flow direction of the gas and facilitates the circumferential flow along the wall for
separation. Due to inertia, oil droplets collide with the baffle and, under the influence of
surface tension, coalesce on the surface to form a liquid film. The liquid film gradually
accumulates at the bottom of the baffle caused by gravity and then drips into the liquid
storage space in the lower part of the separator.

2

&

Lb : B oy

Figure 8. Schematic diagram of the baffle.

The distance (B), width (L), and height (H,) are normalized by inlet diameter, and
the curvature of the baffle (K;) is normalized by that of the separator (K = 1/7sep) to make
results generally applicable: b, = B/d;, I, = Ly/d;, hy = Hy/d;, and k, = K, /d;. When
investigating how by, I, hp, and k;, values affect the performance of the primary separation
chamber, employing the controlled variables method would generate a significant number
of combinations. Consequently, an orthogonal experimental design is utilized to select a
representative subset of combinations for research, thereby mitigating the workload. The
factors and their corresponding levels for this study are presented in Table 4. For this
simulation, it is a 4-factor, 4-level study. Hence, an L16 (4*) orthogonal array is selected for
the experiments. The specific experimental parameters are provided in Table 5.

Table 4. Factors and levels for baffle dimensions.

Factors
Level
by ly hy ky
1 0.4 1.5 1.5 0.5
2 0.6 2 2 0.75
3 0.8 2.5 25 1
4 1 3 3 1.25
Table 5. Orthogonal experimental design.
No. bb lh hh kb
1 0.4 1.5 1.5 0.5
2 0.4 2 2 0.75
3 0.4 25 2.5 1
4 0.4 3 3 1.25
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Table 5. Cont.

No bb lb hh kb
5 0.6 15 2 1
6 0.6 2 1.5 1.25
7 0.6 2.5 3 0.5
8 0.6 3 2.5 0.75
9 0.8 15 2.5 1.25
10 0.8 2 3 1
11 0.8 2.5 1.5 0.75
12 0.8 3 2 0.5
13 1 15 3 0.75
14 1 2 2.5 0.5
15 1 2.5 2 1.25
16 1 3 1.5 1

42.2. Case B

In contrast to collision separation, in a cyclone separation structure, the internal airflow
spirals along the inner chamber wall, ascending toward the filter inlet. Augmenting the
height of the initial separation chamber extends the contact duration between the oil-gas
mixture and the chamber wall, thereby heightening droplet separation efficiency. Note that
the relative position of the inlet pipe also changes. Therefore, this approach simultaneously
investigates the tank height and the inlet position, as shown in Figure 9. Additionally, the
cylinder height (H,) and the distance between the inlet of the separator and that of the
filter (L.) are normalized by separator diameter and cylinder height, respectively. That
is, hy = H,/dsep and lo = L./ H,. The effects of h, equals 2.81, 3.46, 4.11, and 4.76, and [,
equals 0.3, 0.5, 0.7, and 0.9, on the separation performance are studied.

1y

1

H,

Figure 9. Schematic diagram of the inlet position and cylinder height.

4.2.3. Case C

In a cyclone structure separator, the flow path extends by incorporating an inner
cylinder. It is realized that welding the inner cylinder directly onto the middle baffle would
disrupt the existing structure of the separator, i.e., the filter arrangement and the oil guide
pipe position should be changed. Consequently, the welding position of the inner cylinder
was adjusted downward to prevent interference with the oil guide pipe, as depicted in
Figure 10. Moreover, the impact of the length (L;) and diameter (D,) of the inner cylinder
on the separation efficiency needs to be investigated. The length is normalized by the
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separator height: [ = L¢/hsep. The diameter is normalized by the separator diameter:
dc = D¢/ dsep- The effects of I equals 0.5, 0.6, 0.7, and 0.8, and d equals 0.35, 0.43, 0.52, and
0.61, on the separation performance are discussed.

Figure 10. Schematic diagram of the position and dimensions of the inner cylinder.

4.3. Analysis of Optimized Oil-Gas Separators
4.3.1. Effect of the Baffle Parameters

The effect of the baffle on the flow field is demonstrated in Figure 11. Upon entering
the separator, the gas immediately impacts the baffle without undergoing any diffusion and
subsequently flows out from both sides of the baffle while following the wall. In addition,
on the opposite side of the inlet, two streams of gas collide and then reach the central area of
the tank at lower velocities. Simultaneously, velocity fluctuations primarily occur between
the separator inlet and the baffle, with the velocity distribution in the center chamber area
becoming more uniform. As shown in Figure 11b, pressure drop occurs predominantly
in the region where the gas collides with the baffle. Figure 12 displays the comparative
results of oil mass concentration within the separation chamber. Although the separation
efficiency is improved for case A, the oil that passes through the baffle without effective
separation is nearly impossible for further separation because the velocity is near the lower
limit required for separation.

contour-1
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Figure 11. Flow field for case A in inlet cross-section: (a) velocity and (b) pressure.
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Figure 12. Oil mass concentration in separation chamber: (a) existing separator and (b) case A.

Orthogonal experimental designs typically use the range analysis method to analyze
data. Range analysis determines the optimal levels for each factor by evaluating the
average value of the experimental results for each factor at each level. It also assesses the
impact of factors on the results by calculating the range value (R) for the average values
at different levels of each factor, resulting in the final combination. The effect of baffle
parameters on separation efficiency is shown in Figure 13. As displayed in Figure 13a,
to achieve the highest separation efficiency, the ideal combination of the four parameters
should be b,1, I4, hy1, and k;1. Based on R values in Figure 13b, the order of the factors’
influence on separation efficiency is as follows: b, > I, > h; > k. The effect of baffle
parameters on pressure drop and velocity non-uniformity is exhibited in Figures 14 and 15,
respectively. The situation has undergone a complete transformation. For pressure loss,
the best combination is b,3, I1, k1, and k1, and the order of impact for each factor is
by > ky > I, > hy. For velocity non-uniformity, the best combination is b,3, [,4, 1,3, and k2,
and the order of impact for each factor is by, = hy, > I, > k.
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Figure 13. Effect of baffle parameters on separation efficiency: (a) separation efficiency and (b) range
for separation efficiency.
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Figure 14. Effect of baffle parameters on pressure drop: (a) pressure drop and (b) range for pressure drop.
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Figure 15. Effect of baffle parameters on velocity non-uniformity: (a) velocity non-uniformity and
(b) range for velocity non-uniformity.

The optimal combinations obtained from the three criteria are all different. Considering
the high precision requirements of the oil-gas separator in the natural gas storage facility
and its allowance for higher pressure drop, the primary focus is on achieving the highest
separation efficiency. It corresponds to the parameter combination of b, =0.4, [ =3, h;, = 1.5,
and k; = 0.5, excluded from the 16 results in the orthogonal experimental design. Thus,
further discussion is necessary.

The results indicate that the separation efficiency of this combination reaches 98.64%,
surpassing all the results obtained from the orthogonal experiments. As seen in Figure 16,
upon gas impact with the baffle wall, its velocity decreases. However, as the exit area
of the baffle is smaller than the inlet area of the separator, the gas flow velocity swiftly
increases on both sides of the baffle, occasionally surpassing the separator inlet velocity.
This phenomenon also leads to considerable localized pressure losses. At the same time,
the overall velocity fluctuation within the separation chamber grows (see Figure 17b).
Accordingly, the velocity non-uniformity at the filter inlet has increased, reaching a value
of 0.7 m/s.
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Figure 16. Flow field for optimal case A in inlet cross-section: (a) velocity and (b) pressure.
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Figure 17. Velocity distribution: (a) existing separator, (b) optimal case A, and (c) filter inlet for
optimal case A.

4.3.2. Effect of the Cylinder Height and Entrance Position

As shown in Figure 18, after the oil-gas mixture enters the separator, it flows approxi-
mately a quarter around the tank’s circumference. One of the streams spirals upward to
reach the filter inlet. Moreover, another stream spirals downward to reach the bottom of
the separation chamber, and then it exits the tank’s surface, converging toward the center.
Figure 19 exhibits the flow field for case B. It is evident that both gas velocity and pressure
drop exhibit a decreasing trend from the wall toward the center along the radial direction.
Simultaneously, due to the rotation and high overall velocity of the gas, oil that has not
separated promptly will continue to move alongside the gas near the wall, resulting in
a further separation of droplets by centrifugal forces. However, the increase in velocity
non-uniformity is observed at the filter inlet, as depicted in Figure 19d. The filter inlets
distributed around the periphery display significantly higher velocities than the central
filter inlet. Additionally, if the gas spiral rises to the baffle with the velocity direction
precisely aligned with a filter inlet, the speed at that location will be significantly higher
than at the others, approaching the level at the separator inlet.
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Figure 18. Path line diagram for case B.
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inlet velocity.

The effect of the cylinder height and entrance position on separation efficiency, pres-
sure drop, and velocity non-uniformity is demonstrated in Figure 20. For cyclone structures,
once the gas enters the separator, the flow becomes complex, and the interaction between
the upper and lower streams leads to a lack of evident regularity. For separation efficiency
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(Figure 20a), its maximum value is achieved at [ = 0.9 and h, = 4.11. Furthermore, the
optimal h, varies for different .. It is found that the pressure drop (Figure 20b) exhibits
minimal fluctuation, i.e., the difference between the maximum and minimum values is
2386.1 Pa. Accordingly, the influence of pressure drop is almost disregarded in Case B.
For velocity non-uniformity in Case B (Figure 20c), it is displayed that the uniformity
(maximum value reaches 2.8 m/s) is significantly larger than in Case A, which is caused
by the high-speed rotation near the wall. Moreover, velocity non-uniformity is lower and
decreases with the enhancement of /. when h, is 4.11 and 4.76. The optimal parameters
for case B should be lo = 0.9 and h, = 4.11 because the separation efficiency is highest, and
velocity non-uniformity is relatively less in this case.
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Figure 20. Effect of the cylinder height and entrance position on (a) separation efficiency, (b) pressure
drop, and (c) velocity non-uniformity.

4.3.3. Effect of the Inner Cylinder Parameters

The path line and the flow field for case C are shown in Figures 21 and 22, respectively.
It is observed that the flow is prevented from moving upwards due to the obstruction of
the welding plate, which results in a more regular flow path. Additionally, owing to the
space between the welding plate and the middle baffle, when the gas flows out of the inner
cylinder, there is a sudden expansion in the flow area, causing turbulence that prevents
the gas from rotationally entering the filter. It helps improve the velocity distribution at
the filter inlet. Note that the pressure drop is increased when the inner cylinder is added,
which is attributed to the long flow path, high velocity, and complex structures.
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Figure 21. Path line diagram for case C.
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Figure 22. Flow field for case C: (a) velocity and (b) pressure.

The effect of inner cylinder parameters on separation efficiency, pressure drop, and
velocity non-uniformity is demonstrated in Figure 23. Note that the performance is not
sensitive to changes in length. As can be seen in Figure 23a, the addition of an inner
cylinder further enhances separation efficiency, almost reaching 100%. Moreover, separation
efficiency decreases with an increase in inner cylinder length and diameter. Therefore,
smaller inner cylinder diameters and heights should be prioritized when considering
separation efficiency. For pressure drop (Figure 23b), the situation has changed; namely, the
pressure loss average decreases by 51.3% with an increase in inner cylinder diameter. As
to velocity non-uniformity ((Figure 23c), it decreases initially with an increase in diameter
and then increases. The optimal dimensionless diameter falls within the range of 0.43-0.53.
Given the slight change in separation efficiency, I = 0.5 and d. = 0.52 are appropriate for
case C, as both pressure drop and velocity non-uniformity are sufficiently low.

di
Velocity non-uniformity [m/s]

——1=08

L
0.52

L L L
0.61 0.35 043 0.52 0.61 0.35 0.43 0.52 0.61

Figure 23. Effect of inner cylinder parameters on (a) separation efficiency, (b) pressure drop, and
(c) velocity non-uniformity.

4.4. Comparative Analysis of Optimized Oil-Gas Separators

Although all the optimized structures have improved the performance of the sepa-
rator, the selection of the best one is still confusing. Accordingly, the analytic hierarchy
process [37] is utilized to conduct a comprehensive evaluation of the three schemes. Thus,
the optimal solution is obtained. Note that the cost is also one of the crucial factors that need
to be considered in oil-gas separation systems. In this study, we quantified the direct costs
of different approaches by evaluating the increase in material volume required compared
to the existing separator. For the cyclone structure, cost variations resulting from changes
in the inlet position have been disregarded.
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For gas storage systems, separation efficiency is the most important. The velocity
distribution at the filter inlet affects the performance and lifespan of the filter. In this
regard, velocity uniformity is considered the second most critical factor. The pressure drop
introduced by the initial separation chamber is relatively small in the overall system and
does not need to be prioritized. However, one of the characteristics of a gas storage facility
is its large working capacity, and the cumulative loss due to pressure drop should not
be underestimated. On the other hand, the direct cost of structural improvements is a
one-time expense, and the design lifespan of the separator is usually 20 years. Therefore,
the importance of direct expenditures should be relatively lower compared to that of the
pressure drop. Following the principle of criticality based on the factors in the order of
separation efficiency > velocity uniformity > pressure drop> cost, we establish a judgment
matrix as shown in Table 6. The normalized matrix and weights are given in Table 7.

Table 6. Importance assessment matrix.

Separation Velocity
Factor Efficiency Uniformity Pressure Drop Cost
Separation efficiency 1 3 6 9
Velocity uniformity 1/3 1 4 5
Pressure drop 1/6 1/4 1 2
Cost 1/9 1/5 1/2 1
Table 7. Normalized matrix and weights.
Separation Velocity Pressure .
Factor Efficiency Uniformity Drop Cost Weight
Separation efficiency 0.62 0.62 0.52 0.53 0.59
Velocity uniformity 0.21 0.22 0.35 0.29 0.27
Pressure drop 0.1 0.06 0.09 0.12 0.09
Cost 0.07 0.04 0.04 0.06 0.05

The maximum eigenvalue (Amax) obtained is 4.066. The consistency index (CI = A“;f%f”,
n is the matrix dimensions) equals 0.022. The consistency ratio (CR = %, RI equals
0.9 when 1 is 4) equals 0.024 and is less than 0.1. The consistency check has passed. The
evaluation criteria for each factor are summarized in Table 8, and the final evaluation results
are presented in Table 9. It can be observed that, although case C has a relatively high
velocity non-uniformity, it has the highest overall score, reaching 88.46, making it the more
optimal choice according to the analytic hierarchy process. Note that the corresponding
optimized dimensionless physical parameters for case C are I; = 0.5 and d, = 0.52.

Table 8. Evaluation criteria for each factor.

Factor Criteria
n=1i
Separation efficiency = ¢ 100
ro—o;
Velocity uniformity a X 100

LAp—Ap;
Pressure drop yap X 100

Cost LI %100

Table 9. Final scores for each factor.

Factor Weight Case A Case B Case C
Separation efficiency 0.58650 82.61 94.25 100.00
Velocity uniformity 0.26839 83.72 51.13 65.16
Pressure drop 0.09106 30.60 90.98 78.42
Cost 0.05405 98.54 5.55 95.91

Final score 1 79.03 77.58 88.46
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5. Conclusions

In this study, an existing oil-gas separator has been investigated to illustrate the
performance of optimized devices with the consideration of velocity uniformity in the
filter inlet. Analysis of existing separators, as well as optimized ones, was conducted to
introduce the selection of critical parameters regarding improved structures. Moreover,
the optimized separators were compared based on the analytic hierarchy process to guide
the choice of the more suitable separator optimization method. The main conclusions are
summarized as follows:

(1) The separation efficiency of the existing separator is lower, owing to the sharp decrease
in gas velocity within the separation chamber. However, the low velocity causes
excellent velocity non-uniformity, i.e., 0.48 m/s.

(2) For optimized collision separation (case A), the selection of the main parameters of
the baffle is difficult based on the orthogonal experimental design due to the totally
different sets of parameters for optimal separation efficiency, pressure drop, and
velocity uniformity. Considering that separation efficiency is the most crucial factor,
by =04,1, =3, hy = 1.5, and k;, = 0.5 have been considered. The separation efficiency is
98.64%, and the velocity non-uniformity is 0.7 m/s.

(3) For optimized centrifugal separation (cases B and C), the separation efficiency has
been effectively improved. Nevertheless, the velocity uniformity in the filter inlet
has been significantly reduced because of the turbulent disturbances caused by the
cyclone effect. The maximal velocity non-uniformity reaches 2.8 m/s for the case
varying the cylinder height and inlet position. Considering the combined effects of
parameter changes on separation efficiency, pressure drop, and velocity uniformity;,
le =09and h, =4.11, as well as [, = 0.5 and d, = 0.52, have been taken into account for
cases B and C, respectively.

(4) Itis observed that the case of adding an inner cylinder is the more suitable optimized
method for the oil-gas separator, according to the analytic hierarchy process. The
overall rating for this situation reaches 88.46.
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