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In order to study the separation characteristics of the aeroengine dynamic pressure oil-air separator, this paper uses the coupling
method of PBM and CFD two-fluid model to study the influencing factors such as cylinder diameter, cylinder length, and other
factors on the separator performance. The flow field structure, velocity, gas volume distribution, separation efficiency, and gas and
liquid holdup rate in the separator under different operating conditions are analyzed. Combined with the analysis results of the
cylinder diameter and the cylinder length, the influence law of length-diameter ratio on separation efficiency is summarized. The
optimum length-to-diameter ratio that maximizes the separation performance of the separator is obtained in this research, which
provides a reference for the design and improvement of the separator. The results show that, as the diameter of the cylinder
increases, the separation efficiency increases first and then decreases. When dg, = 16 mm and dq., = 18 mm, the separator reaches
its maximum efficiency, which is about 93%. With the increase of the cylinder length, the separation efficiency first increases and
reaches the maximum when [, = 90 mm and then decreases slowly. When the separator cylinder is either too long or too short, it
will cause the separation performance to decrease. There is an optimal aspect ratio. There is an optimal aspect ratio, and the

separation performance of the separator is the best when the aspect ratio is between 5 and 6.

1. Introduction

In a high temperature, high pressure, and high-speed oper-
ating environment, the engine requires a high-performance
lubrication system to ensure its safe and smooth operation.
Due to the overall requirements of the engine’s small size and
lightweight, the design requirements for the various com-
ponents of the lubricating oil system have become more strict.
After years of hard work, great progress has been made in
engine lubrication system research, but it is generally limited
to the general theoretical description of the lubrication system
or specific failure analysis, and the experimental research is
usually limited to the overall performance testing of a certain
part in the lubrication system. There is a lack of research on
heat exchange, friction, resistance components, and so on.
One cannot build their own design models of a component.

During the operation of the engine, clean and low-
temperature lubricating oil is transferred to the rotating

parts of the engine, thus reducing friction and taking away
the heat generated by friction. Air will enter the lubrication
system due to the difference in pressure between the inside
and outside. Under the action of high-speed rotating parts,
the lubricating oil is mixed with air to become lubricating oil
emulsion, which is transported to the oil return system by
the oil return pump, which will increase the pipeline re-
sistance, reduce the performance of the oil-fueled radiator,
and affect the lubrication conditions of the opposite surface,
thereby seriously affecting the safety of the engine. There-
fore, an oil and gas separation device is required in the oil
return subsystem. Due to the advantages of its simple
structure and lightweight structure, the dynamic pressure oil
separator has been widely used in small aeroengines [1]. But
its flow field is more complicated, involving anisotropic
three-dimensional rotating flow, and there are a large
number of local secondary flows, such as central return flow,
local circulation flow, local short-circuit flow, and other flow
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phenomena. At the same time, due to the existence of the
two-phase mixture of oil and gas, the flow field also has a
complex change of the two-phase interface. All these factors
increase the difficulty of the separator design and optimi-
zation process. There are limitations to research on dynamic
pressure oil and gas separators in the aviation field. In recent
years, the research on dynamic pressure separation of oil and
gas has mainly focused on the Gas-Liquid Cylindrical Cy-
clone (GLCC), discussing the flow characteristics and me-
chanical behavior of the separator.

In terms of experimental research, Gomez et al. [2] tested
the distribution of the subvelocity field in the separator and
the changes of the turbulence-related quantities at different
positions of the separator. Hreiz [3, 4] conducted in-depth
experiments on the swirling characteristics of the internal
flow field of the tubular gas-liquid separator, discussed the
influence of the inlet shape on the flow field and working
performance, and proved that the rectangular tapered inlet
could effectively improve the performance of the separation.
Hsiao [5] discussed the influence of the inlet form on the
flow field of the separator and found that the change of the
inlet form directly affected the internal flow pattern of the
separator, thus affecting the separation efficiency of the
separator. Fan et al. [6] used PIV to measure the internal
flow field of the separator. By comparing the axial velocity,
radial velocity, and separation efficiency, they discussed the
influence of different inlet angles on the separator.

With the rapid development of computer technology,
numerical simulation methods have been widely used in the
research of separators. Miguel A Reyes-Gutiérrez [7, 8]
analyzed the single-phase and two-phase flow fields in the
separator and discussed the influence of flow and structure
parameters on the separation performance. The results
showed that the separation efficiency was greatly affected by
the behavior of the separator gas core. The installation of an
annular membrane device could effectively improve the
separation efficiency of GLCC. Saidi et al. [9, 10] used the
LES model and Lagrangian particle tracking method to study
the flow field and separation efficiency of the separator and
further discussed the influence of the cone angle on the
separation performance and droplet residence time. Meng
et al. [11] used the RNG x-¢ model and DPM model to
calculate the flow field and oil droplet trajectory of the
cyclone separator and studied the velocity distribution,
pressure distribution, and separation efficiency of the cy-
clone separator. Guizani et al. [12] simulated the flow field
distribution and pressure drop distribution in the separator
through the RSM model and analyzed the influence of the
rotor speed on the pressure drop. The results showed that
increasing the speed would increase the speed in the
countercurrent zone and reduce the separation perfor-
mance. Yang et al. [13] established the bubble motion tra-
jectory equation from a theoretical perspective and studied
the mechanical behavior of the bubble in the separator. In
addition, Lu et al. [14] used the DPM model to study the
movement of oil droplets in the cyclone separator and
calculated the oil droplet size distribution using a semi-
empirical formula. The results showed that the splashing
phenomenon of oil droplets in the separator would cause the
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decline of the separation performance decline. Guizani et al.
[15] simulated the velocity field distribution in the separator
by combining the RSM model and the DPM model, and the
simulation results better reflected the flow field distribution
law. Van et al. [16] used RSM to discuss the effect of inlet
angle on single-phase flow field in the separator and pre-
sented the differences in the distribution of the flow field
under different situations and the improved design of the
separator structure. Wang et al. [17] also used RSM to
simulate the cyclone field in the separator and obtained the
pressure drop and velocity distribution rules of the flow field
in the separator, and the simulation results were basically
consistent with the experimental results. On this basis, Zhu
et al. [18] studied the outlet forms at the bottom of the
separator by using RSM, discussed the influence of different
outlet forms on the flow field distribution, and believed that
the single tangential outlet is more conducive to improving
the separation efficiency. Ghasemi et al. [19] conducted a
numerical simulation of the separator using the Eulerian
model, discussed the influence of structural factors such as
inlet width, inlet angle, inlet height, cylinder diameter, and
outlet pipe diameter on the separation efliciency, and
proposed a structural optimization scheme. Li et al. [20]
used the PBM model to conduct numerical simulation of the
flow field in the agitator and compared the simulation results
of five different droplet breaking models on the droplet
breaking process. Siadaty and Huang et al. [21, 22] used the
Eulerian-Lagrangian method to conduct a comprehensive
study on the effects of airflow and structure on the per-
formance of cyclones. The analysis results showed that the
higher the temperature, the weaker the swirling flow, and the
flow pressure drop and particle separation efficiency were
significantly reduced. At the same time, increasing the air
gap width and reducing the exhaust angle of the guide vane
could improve separation efficiency. Li et al. [23] took the
axial cyclone separator with an inner diameter of 150 mm as
the research object and studied the influence of material
humidity on its inlet particle size distribution, overall effi-
ciency, classification efficiency, and cutting particle size. It
was found that when the inlet velocity and the particle
humidity were constant, due to the aggregation of the
particles, as the particle concentration increases, the effi-
ciency of both the collection and classification was signifi-
cantly improved. Yue et al. [24] used experiments and
numerical simulations to explain the flow state and flow
behavior of the upper spinning liquid film (USLF) in the gas-
liquid cylindrical cyclone. According to the experiment, the
four flow patterns were determined: swirling flow, stirring
flow, annular flow, and ribbon flow. Their flow pattern
diagrams were also established. Yang et al. [25] also com-
bined experiments and numerical analysis in the study of the
separation characteristics of the gas-liquid cylindrical cy-
clone. The results showed that a separator with a strong
swirling flow might not be able to achieve a better separation
effect. Finally, based on the force of the droplet and the
swirling dynamics, a droplet migration model was estab-
lished and accurately predicted the separation performance
of the droplet. Based on the aeroengine lubricating oil
system test bench, Zhang [26] used a dimensional analysis
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method to establish a mathematical model for predicting the
separation efficiency and resistance of a dynamic pressure
oil-air separator suitable for engineering. The analysis of the
multivariate nonlinear fitting error and the experimental
data showed that the established separation efficiency and
resistance model could accurately predict the separation and
resistance performance of the dynamic pressure oil-air
separator within a certain range.

Generally speaking, most of the previous researches were
mainly focused on hydrocyclone separators in industrial
fields such as petrochemicals and bioengineering. However,
due to factors such as small inlet flow and limited installation
space, the structural dimensions of aeroengine hydrocyclone
separators are quite different. This results in differences in
the flow field of the separator, and the influence of the
structure on the flow field will also change. Therefore, the
research results on hydrocyclones are difficult to be applied
directly to the aerospace field. In speaking of aeroengine
special separator, although numerical simulation can clearly
express the flow situation inside the separator, the physical
model proposed by most current researches is still not
perfect. Therefore, in order to study the performance of the
aeroengine dynamic pressure oil-air separator, this paper
adopts the method of coupling the PBM and CFD two-fluid
model. First, the accuracy of the method is verified by
comparing with the experimental results, and then the
cylinder diameter, cylinder length, and other factors are
studied. The impact on the performance of the separator, the
flow field structure, velocity, gas volume distribution, sep-
aration efficiency, and gas-liquid content of the separator
under different working conditions is analyzed. Finally, the
two influencing factors are combined and obtained within
the scope of this paper. An optimal length-to-diameter ratio
that optimizes the separation performance of the separator
provides a reference for the design and improvement of the
separator.

2. Numerical Model

2.1. Turbulence Model Selection and Verification. The dy-
namic pressure oil and gas separator has a two-phase strong
turbulence field inside, so the research should determine the
turbulence model first. Then, the two-phase flow model can
be determined before carrying out any relevant research
work. However, since the author did not have any separate
experimental data of the turbulence, the scholars in litera-
ture [27] carried out experimental and numerical research
on the gas-liquid cyclone separator and obtained the ex-
perimental data. Thus, after the experimental data in liter-
ature [27] were selected to compare and analyze the three
turbulence models, the turbulence model was selected.
Based on the physical modeling of the cyclone separator
provided in literature [27], this paper uses different tur-
bulence models to calculate its internal single-phase flow
field and compares the calculated cross-sectional velocity
with the experimental data in the literature. For comparison,
the most suitable turbulence model is selected. The physical
model in the literature is shown in Figure 1. In addition, due
to the length limit, the three turbulence models are not

described in this paper. For the details of the three models,
please refer to literature [28].

The dimensionless axial velocity distribution on different
sections is shown in Figure 2. U, represents the axial velocity,
r is the position from any position to the center, and R is the
radius of the separator. It can be seen from the figure that the
calculation results of different turbulence models are different.
In Section 1, the area on the left of the coordinate axis, the
Realizable k — ¢ calculated values of the three turbulence
models are in good agreement with the experimental values;
the area on the right of the coordinate axis is calculated by the
Realizable model. The calculated axial velocity value is closer
to the experimental value, with the smallest error. Similarly, in
Section 2, the Realizable k — ¢ calculation result of the Re-
alizable k — ¢ model is also the closest to the experimental
value. Figure 3 shows the dimensionless tangential velocity
distribution in each section, and u, represents the tangential
velocity. In Section 1, the tangential velocity values Realizable
k — € calculated by the three turbulence models all present a
center-symmetric distribution, and the tangential velocity
values Realizable k — ¢ calculated by the Realizable model are
closer to the experimental values Realizable k — ¢ with the
smallest error. In Section 2, it can also be seen that the
calculation results of the Realizable model are closer to the
experimental values, followed by the RNG k — ¢ model, and
the standard turbulence model has the largest error. In
summary, the Realizable k — ¢ model has a better predictive
effect on the gas-liquid cyclone flow field in the separator and
can more accurately obtain the axial and tangential velocity
distributions on different sections. The results are consistent
with those obtained in literature [27]. The results are the same,
which provides a guarantee for the study of flow field dis-
tribution and its separation mechanism.

2.2. Two-Phase Flow Model. In order to calculate the two-
phase flow state in the separator, the two-phase flow model
shall be determined after selecting the appropriate turbu-
lence model in the previous section. In this paper, the
coupling method of CFD and PBM dual-fluid model is
adopted to study the variation of the separator’s perfor-
mance under different working conditions. Therefore, this
section mainly verified the accuracy of the two-phase flow
model by combining the experimental data. The Euler-Euler
two-fluid model can consider comprehensively the turbulent
transport of particle phase, and the particle phase (gas phase)
and continuous phase (liquid phase) can be treated rea-
sonably. Compared with the Euler-Lagrange method, the
Euler-Euler model assumes that the bubble discrete phase is
quasifluid, which has a lower computation capacity. PBM
model takes into account the influence of bubble poly-
merization and crushing behavior on the bubble size dis-
tribution and is able to predict the flow field distribution of
gas-liquid separation well, which has been widely used in the
study of gas-liquid separation. Therefore, this paper com-
bines CFD and PBM two-phase flow model to conduct
numerical simulation of the internal flow field of the dy-
namic pressure oil and gas separator to ensure the accuracy
of the calculation results.
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2.2.1. Two-Fluid Equation. In this paper, the Euler-Euler
method is used to solve and analyze its swirling flow field,
and both phases are used as continuous fluids to solve its
motion equations. In the calculation process, the bubble is
considered a uniform sphere, and there is mutual pene-
tration between the oil and gas phases, filling the entire
separator space and neglecting the mass and energy transfer
between each other.
Continuity equation is as follows:

V- (ap;) =0,
V- (aypu,) =0, (1)
o +a, =1

In the formula, a; and «, represent the liquid and gas
volume fractions; p; and p, represent the liquid and gas
density, kg/m’; u; and u, represent the liquid and gas ve-
locity, m/s.
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Momentum equation is as follows:
V- (pouu); = —a;VP +V - [ayeff(Vu + VuT)]j +(pa);g +Fg,
(2)

In the formula, j represents j-th phase fluid type; u
represents the speed of each phase, m/s; P represents the
pressure, Pa; p ¢ represents the effective viscosity coefficient
of the j-th phase, Pas; F,, represents the interaction force
between the two phases, N.

2.2.2. Group Balance Equation. In order to calculate the two-
phase flow state in the separator, this paper selects the group
balance model (PBM model) for calculation. The PBM model
considers the influence of bubble aggregation and breaking
behavior on bubble size distribution and can better predict the
distribution of gas-liquid separation flow field, and it has been
widely used in the study of gas-liquid separation problems. Its
specific expression form is shown in formula (3):

% (V)] + V(4n(V,t)) = BS + B =D° - D?,  (3)
where i represents the i-th group of bubbles, n (V,t) is the
distribution function of the volume of V bubbles in unit time
and unit space; u; is the movement speed of the i-th group of
bubbles; B¢ and B? represent the amount of bubble gen-
eration caused by bubble aggregation and fragmentation; D¢
and D? represent the amount of bubble extinction caused by
bubble aggregation and breaking.

(1) The amount of formation caused by bubble breakage
is as follows:

B = pavip0vmiav. @

In the formula, p represents the number of sub-
bubbles generated by bubble breaking; g(V')

represents the bubble breaking frequency with vol-
ume V', m’/s; B(VIV') represents the probability
density function of subbubbles formed by the
breaking of bubbles with volume in V'~V; n(V',t)
represents the distribution function of bubbles with
volume V.

(2) The amount of extinction caused by bubble break is
as follows:

DY = g(V)n(V,1). (5)

In the formula, g(V) represents the breaking fre-
quency of bubble with volume V, m’/s.

(3) The amount of formation caused by bubble aggre-
gation is as follows:

Ja(V -V, Vn(V -V t)n(V',t)dV'. (6)
0

1
C
Bi:z

In the formula, a(V - V', V') represents the fre-
quency at which bubbles of volume V — V' and V'the
coalesce, m*/s; n(V = V', 1) represents the distribu-
tion function of bubbles with volume V - V",

(4) The amount of extinction caused by bubble aggre-
gation is as follows:
D; = Ja(V, Vn(V,Hn(V',t)dv’ (7)
0

In the formula, a (V, V') represents the volume V at
which bubbles of volume V and V' coalesce, m>/s.

In addition, the bubble breaking and aggregation
model proposed in literature [29, 30] are used to
solve equations (4)~(7), which will not be repeated
here.



2.3. Meshing. According to literature [31], the corre-
sponding physical model of the dynamic pressure oil-gas
separator is established, as shown in Figure 4. Its specific
structure parameter definition and size are shown in Table 1.

The physical model in Figure 4 is meshed, and the en-
trance and exit faces of the separator are meshed and refined.
The results are shown in Figure 5. In order to clearly show
the flow field inside the separator, cross-section Y3 is taken at
50 mm in the axial direction.

In order to verify the independence of the grid, this paper
uses seven grid numbers to calculate the flow field of the
separator and obtains the law of the influence of different
grid numbers on the separation efficiency of the separator.
The results are shown in Figure 6. It can be seen from
Figure 6 that when the number of grids is greater than
550,000, the separation efficiency and pressure distribution
calculated at each flow rate basically remain unchanged. The
specific calculation form of separator efficiency is shown in
equations (10)~(12). Therefore, in order to save resources
and shorten the calculation time as much as possible, the
grids used for all the subsequent calculations are about
550,000.

2.4. The Boundary Conditions and Solution. The end of the
separator inlet pipe is used as the velocity inlet, and the gas
and liquid outlets are pressure outlets and are set as at-
mospheric, as shown in Figure 5. The density and viscosity of
the lubricating oil used in the simulation are 972.2 kg/m’
and 0.036134 Pa-s, respectively. The inlet velocity is 1.27 m/s,
and the corresponding flow rate is 6 L/min. The air physical
property parameter is the constant physical property under
constant temperature, and the oil-air ratio is 1. At this point,
the Reynolds number at the inlet is 8357. Turbulence in-
tensity I, turbulence kinetic energy k, and turbulence dis-
sipation were also set for calculation, which are calculated
using equations (8) and (9). They were 0.052, 0.007, and 0.03,
respectively.

1=0.16-R""%,

8
Dy ®)

U

R

e

where Dy, represents the inlet hydraulic diameter, m; u
represents the inlet velocity, m/s; p represents the density,
kg/m®; and u represents the dynamic viscosity, Pa-s.

k=2
9)
k3/2
_ 34
=G

where u represents the inlet velocity, m/s; I represents the
turbulence characteristic size, m; and C, represents the
empirical constant, 0.09.

In the calculation, the wall surface adopts the nonslip
boundary condition. Because the near-wall area is affected
by the viscous effect, the fluid velocity is low, the turbulent
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diffusion is weak, and the turbulent transport equation is not
strictly valid. Therefore, the standard wall function is used to
solve the flow field near the wall. At the same time, bubbles
in the range of 0.001 mm to 1 mm are divided into 10 groups
by their sizes to determine the calculation conditions of the
numerical simulation [31].

2.5. Model Validation. In order to evaluate the accuracy of
the calculation results obtained by solving the PBM model in
the unsteady state, the calculated separation efficiency is
compared with the experimental values in literature [31].
The numerical simulation uses the same working conditions
and structural parameters as the experiment, and the
comparison result is shown in Figure 7. It can be seen that,
for different separators, the variation trend of the separation
efficiency measured by the numerical calculation and the
experiment at each flow rate is consistent, and the average
relative error under each working condition is less than 15%.
Therefore, it is believed that the PBM model can be used for
the calculation of the gas-liquid cyclone separation problem.

3. Results and Discussion

In the process of studying the influence of the length-di-
ameter ratio on separation performance, it is particularly
important to evaluate the performance of the separator. For
the gas-liquid cyclone separator, its performance is often
measured by two parameters: gas holdup rate and liquid
holdup rate. The liquid holdup rate represents oil entrap-
ment at the gas outlet. The gas holdup rate represents gas
entrainment at the oil outlet [4]. Therefore, a good separator
should not only have a reasonable flow field structure but
also have lower gas and liquid holdup rate. The liquid holdup
rate is determined by equation (10), and the gas holdup rate
is shown in equation (11).

k, =30

‘11’ (10)

where g; represents the volume flow rate of lubricating oil at
the air outlet, L/min; q; represents the volume flow rate of
lubricating oil at the inlet, L/min.

qgl

k, =, 11
2 4, (11)

where g, represents the volume flow rate of air at oil outlet,
L/min; q,, represents the volume flow rate of air at the inlet of
separator, L/min. Although K, can reflect the separation
performance of the separator, it is not intuitive, so the
separation efficiency of the separator is defined, as shown in
equation (12).

n=1-k, (12)
where, 7 represents the separation efficiency of the separator.
3.1. Flow Field Analysis of Separator. In order to analyze the

flow field structure of the separator in detail, the plane is
intercepted along its central position, and its internal flow is
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TaBLE 1: Structure parameters of separator.

Name Parameter value
Length of air outlet /; (mm) 15
Length of cylinder [, (mm) 90
Outlet pipe diameter d; (mm) 3
Cylinder diameter d,., (mm) 16
Angle of entrance « (°) 15
Inlet length (mm) 19
Outlet length (mm) 16

Pressure outlet

Velocity inlet

Section Y3

Pressure outlet ©

FIGURE 5: Mesh division.

shown in Figure 8. As can be seen from Figure 8, the flow
field structure in the separator can be divided into two
regions: the downward outer cyclone region near the wall
and the upward inner cyclone region in the center (also

known as backflow). The radial size of the inner cyclone
indicates the separation location of bubbles during opera-
tion, which will directly affect the separation performance of
the separator. At the same time, it can be seen that the central
backflow area has a slight left-right oscillation relative to the
axis. Through local amplification, it can be seen that there are
many localized, secondary flow phenomena in a small-scaled
dynamic pressure type oil and gas separator.

A is the circulation flow at the top of the separator. The
two-phase fluid spreads along the wall at the entrance of
separator causing part of the fluid to flow directly upwards. It
reaches the top of the separator and bounces back. It flows
down along the center of the separator, thus forming the
circulation flow. B is the short-circuit flow near the gas
outlet. Most of the fluid at the inlet moves along the tan-
gential motion towards the bottom of the separator at the
same time. The separated lubricating oil travels down the
wall and the gas converges in the central region, forming a
gas core column. Under the pressure, the gas gets close to the
air outlet, which moves in the opposite direction to the
lubricating oil in the axial, so the gas core column rolls part
of the fluid from the air inlet to the outlet, thus forming a
short-circuit flow near the air outlet. (C) is a circular flow at
the bottom of the separator, which forms a dual vortex
structure with (D). This area increases with the increase of
the flow, which is because of the tangential gas outlet
structure used in the oil-air separator studied in this paper
The downward-flowing fluid hits the wall at the bottom of
the cylinder and rebounds upward, forming a local circu-
lation flow. (C) and (D) rotate in opposite directions. On one
hand, the gas near the wall of the cylinder is brought into the
air core column to enhance the separation effect. On the
other hand, some of the gas in the air core column is rolled to
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Ficure 7: Comparison of calculated value of separator with experimental data.

the bottom of the cylinder to reduce the separation
performance.

3.2. The Influence of Cylinder Diameter on Separator
Performance. Figure 9 shows the structure distribution of
flow field structure in the separator under different cylinder
diameters. It can be seen from the figure that the diameter of
the cylinder directly affects the structure of the flow field.
When d.p, = 10 mm, there is a top circulation flow, an outlet
pipe short-circuit flow, and a bottom circulation flow inside
the separator.

The bottom circulation flow is a single vortex structure,
as shown in (A). With the increase of the diameter of the
cylinder, the vortex in the central region of the cylinder

gradually expands along the axial, and the impact expands
(see the comparison of B, C, and D). The bottom circulating
flow is split from a single vortex structure into a double
vortex structure (see E and F). The separation effect is en-
hanced. The latter double vortex structure is extruded by the
vortex in the central region and recombined into a single
vortex structure (see G and H), and the range is gradually
reduced.

In addition, as the diameter of the cylinder increases, the
top circulating flow is also impacted, which is shifted
downward from the top end of the separator (see I), and
finally splits into double vertex (see L). Under this influence,
a large amount of gas will accumulate at the top of the
separator, resulting in the deterioration of separation per-
formance. In summary, from the flow field structure alone,
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when dp, € [14-16] mm, it is more conducive to gas-liquid
separation.

Figure 10 shows the axial velocity distribution of the Y;
section of the separator under different cylinder diameters. It
can be seen from Figure 10(a) that although the diameter of
the cylinder is different, the axial velocity in the central area
is the largest and gradually decreases with the radial out-
ward; in the area near the wall, the axial velocity gradually
increases first and then decreases with the increase in the
radial position. Comparing Figures 10(a) and 10(b), it can be
seen that the radial range of the air core column gradually

expands due to the influence of the cylinder diameter. In
addition, the separated lubricating oil is in the near-wall area
and flows downward. It can be clearly seen from the figure
that as the cylinder diameter decreases, the lubricating oil in
the near-wall area flows down faster, but the medium in the
center area is in the case of air, the law is different. When the
cylinder diameter increases from 10 mm to 15mm, the gas
axial velocity becomes larger. If the cylinder diameter
continues to increase, the gas axial velocity gradually de-
creases, indicating that, under the condition that other
parameters remain unchanged, there is a certain cylinder
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FI1GURE 10: Axial velocity distribution of Y3 section at different cylinder diameters. (a) Absolute radial quantity. (b) Radial dimensionless.

diameter to optimize the separation performance of the
separator.

Figure 11 shows the tangential velocity distribution of
the Y; section of the separator under different cylinder
diameters. It can be seen from the figure that the tangential
velocity under each cylinder diameter is distributed in an
inverted “S” shape, with opposite directions on both sides of
the center. Due to the influence of the wall boundary layer, it
first increases and then decreases in the radial direction. At
the maximum value, the tangential velocity at the wall is
zero. Enlarging the right side of Figure 11 and combining
with Table 2, it can be clearly seen that the maximum value of
the tangential velocity increases first and then decreases with
the increase of the cylinder diameter. When d., = 16 mm, it
is the peak value; the greater the tangential velocity, the
better the separation performance. Therefore, from this
point of view, d., = 16 mm is more favorable for gas-liquid
separation.

In order to more intuitively describe the influence of the
diameter of the cylinder on the performance of the separator,
a cloud diagram of the gas volume distribution in the
separator is drawn, as shown in Figure 12. It can be seen
from the figure that the diameter of the cylinder has a great
influence on the gas distribution in the separator. An ob-
vious “S” shape gas core column is formed inside, and only a
small amount of gas accumulates at the top, but the bottom
circulating flow is a single vortex structure. The influence of
the vortex brings a large amount of gas at the end of the gas
core column into it, causing the gas volume fraction at the
outlet of the separator to be too high, so the separation
performance of the separator decreases.

As the diameter of the cylinder increases, the phe-
nomenon of gas accumulation at the top of the separator
becomes more serious. When dy,=14mm and
dsep=16mm, a lubricating area (see A) begins to appear
under the gas accumulation area on the top cylinder wall.

sep

The gas is prevented from moving down the cylinder wall,
the oil content near the outlet pipe adjacent to this area is
very low (see B), and the gas can smoothly flow down in the
axial direction and be discharged from the outlet pipe to
enhance the separation effect. Therefore, combined with the
analysis of the flow field structure, it can be considered that
the built-in gas outlet pipe can effectively discharge the gas at
the top of the separator, thereby enhancing the separation
effect of the separator. In addition, as the diameter of the
cylinder increases, the air core column gradually evolves
from the “S” type to the “M” type, and when d,., = 14 mm
and d,., = 16 mm, the shape of the air core column is just
better than that of the “S” and “M” type. In the transition
stage of the type, the bottom circulation flow is a double
vortex structure, and the gas content of the oil outlet is lower.
From the value in the gas volume distribution cloud chart,
dsep = 16 mm is more conducive to gas separation. From the
above analysis, it can be seen that when the diameter of the
separator cylinder changes from 10 mm to 20 mm, the gas
concentration near the oil outlet of the separator increases
first and then becomes smaller. In combination with the
above, it can be seen that the best aspect ratio is present
under the condition determined by the operating condition
parameters, which makes the separator the best separation
performance.

Figure 13 shows the separation efficiency and distribu-
tion of liquid holdup rate distribution of the separator under
different cylinder diameters. As the diameter of the cylinder
increases, the separation efficiency increases. When
dsep =16 mm and d, = 18 mm, the separation efficiency of
the separator is equivalent, and its value is the largest, about
93%; at the same time, there is always a liquid entrainment
phenomenon inside the separator under different cylinder
diameters; the liquid holdup rate is at the lowest when the
separation efficiency is maximized, indicating that there is an
optimal aspect ratio to make the separator the best
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dimensionless.

TaBLE 2: Maximum tangential velocity at different cylinder diameters.
Cylinder diameters (mm) 10 12 14 16 18 20
Maximum tangential velocity (m/s) 0.3105 0.3255 0.3253 0.3499 0.3185 0.3252

separation performance; under the research conditions in
this section, the length of the separator cylinder is 90 mm,
and the aspect ratio is now between 5 and 5.6.

3.3. The Influence of Cylinder Length on Separator
Performance. Through the previous analysis, it is found that
there is the best aspect ratio to make the separation per-
formance of the separator the best. In order to further verify
this conclusion, this section focuses on the influence of the
length of the cylinder on the performance of the separator,
and seven cylinder lengths are selected for research, 60 mm,
70mm, 80 mm, 90 mm, 100 mm, 110 mm, and 120 mm,
respectively. When changing the length of the cylinder, keep

the distance between the inlet, the air outlet, and the top of
the cylinder body unchanged, and keep the distance between
the oil outlet and the bottom of the cylinder unchanged.
Figure 14 shows the structure and distribution of flow
field in the separator in different cylinder lengths. As you can
see from the picture, different cylinder length causes dif-
ferences in the structure of the flow field inside the separator.
When [, =60 mm, there are a top circulation flow (A), a
short-circuit flow of the gas outlet (B), and a bottom cir-
culation flow (C), and the bottom circulation flow is a single
vortex structure. Through the previous analysis, it can be
concluded that the separation performance is not strong at
this time. With the increase of the length of the cylinder, the
bottom circulating flow area is stretched (see the comparison
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of C, D, and E) and the single vortex structure is split into a
double vortex structure (see F and G). Meanwhile, the
separation effect is enhanced. Unlike the effect of cylinder
diameter, with the increase of cylinder length, the double
vortex structure at the bottom of the cylinder does not merge
but gradually separates and finally forms the distribution
form of H and I. The circulation flow near the bottom of the
cylinder is gradually compressed and draws closer to the
bottom of the cylinder (see the comparison of G, K, L, and I).
In this case, the separation effect should be further evaluated

in combination with the gas volume distribution. In addi-
tion, the vortex in the central region of the cylinder gradually
expands along the axial direction, and its impact range
expands, as shown in M. In conclusion, the flow field
structure of I, >90 mm is superior to that of [, <80 mm.
Figure 15 shows the cross-sectional velocity distribution
of separator Y; under different cylinder lengths. From
Figure 15(a), it can be seen that the overall axial velocity
distribution shape is consistent with a “W” shape. When
I, <80 mm, the axial velocity in the central area is flat and the
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radial width is larger. As the length of the cylinder increases,
the radial width in the central area becomes smaller, and the
maximum axial velocity also becomes smaller. At the same
time, by analyzing the axial velocity of the right side of the
wall, it can be seen that the separator with a small cylinder
has a greater downward axial velocity and the residence time
of the gas in the separator becomes shorter. At this time, the
separation performance is not good at this point. When
I, >100mm, the axial speed is close and the separation
performance at this time needs further study. Figure 15(b)
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FIGURE 14: Separator flow field at different cylinder lengths. (a) [, = 60 mm. (b) I, =70 mm. (c) ,, = 80 mm. (d) [, =90 mm. (e) [, =100 mm. (f)
L,=110mm. (g) , =120 mm.

shows the tangential velocity distribution of the Y; section of
the separator in different cylinder lengths. The tangential
velocity of various cylinder lengths is distributed in an
inverted “S” shape, with opposite directions on both sides of
the center. Due to the influence of the boundary layer of the
wall, it first increases and then decreases in the radial di-
rection. Judging from the absolute value of the tangential
velocity, when I, =60 mm, the Y; cross-section tangential
velocity is the largest, and the separation effect is stronger. As
the cylinder length increases, the tangential velocity
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FIGure 15: Axial velocity distribution of Y; sections at different cylinder lengths. (a) Axial speed. (b) Tangential speed.
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decreases and the separation effect weakens, but this does
not indicate that the separation effect of the separator is the
best when [, = 60 mm. Meanwhile, due to the shortness of the
cylinder body, the residence time of the gas is short, and the
separated gas will flow to the oil outlet with the main flow,
thereby reducing the separation performance.

Figure 16 is a cloud diagram of the gas volume distri-
bution in the separator under different cylinder lengths. It
can be seen from the figure that the length of the cylinder has
little effect on the gas volume distribution structure in the
separator. A large amount of gas accumulates in the central
area to form an obvious gas core column with the highest gas
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TaBLE 3: Influence trend of structure parameters on separation
efficiency.

Value
60 70 80 90 100 110 120

Parameter

Length of cylinder /,/(mm)

bdeep 38 44 50 56 63 69 75
Separation efficiency change N NN
trend

Cylinder diameter dyp,/(mm) 10 12 14 16 18 20

b/diep 9.0 7.5 64 56 50 4.5
Separation efficiency change Y R NN,
trend

concentration at the top; when the minimum length of the
cylinder is I, = 60 mm, the internal flow is not stable enough.
The circulation flow at the bottom of the cylinder is a single
vortex structure and is close to the center position, resulting
in an “M”-shaped distribution of the gas core column and
bringing the gas in the central area to the vicinity of the oil
outlet pipe, resulting in higher gas concentration near the oil
outlet pipe, and the separation performance decreases. As
the length of the cylinder increases, when [, =90 mm, the
circulation flow at the bottom of the cylinder changes from a
single vortex structure to a double vortex structure, thereby
enhancing the separation performance, the gas concentra-
tion at the bottom of the separator decreases, and the bottom
circulation flow suffers compression, and the area of the air
core column expands and gradually extends to the bottom of
the cylinder, thereby reducing the separation performance.
In addition, the gas distribution structure near the top outlet
pipe remains unchanged.

Figure 17 shows the separation efficiency of the separator
and distribution of the separator under different cylinder
lengths. As the length of the cylinder increases, the sepa-
ration efficiency first increases, reaches the maximum when
I, =90 mm, and then decreases but remains relatively stable;
when the cylinder length is between 90 mm and 110 mm,

15

gas-liquid-holding rate of the gas outlet maintains a low
level. If the separator cylinder is too long or too short, the
separation performance will decrease. Under the research
conditions in this section, the diameter of the separator
cylinder is 16 mm. When the separation efficiency is at its
maximum and the gas-liquid-holding rate is small
(lL,=90mm), the aspect ratio is 5.6. Combining the above
analysis, it can be considered that the separator shows the
best performance when the ratio of length to diameter is
between 5 and 6.

3.4. The Influence of Cylinder Length-to-Diameter Ratio on the
Performance of Separator. Combining the influence of the
analyzed cylinder diameter and cylinder length on the flow
field and performance of the separator, Table 3 shows the
optimal value of the structural parameters for the separation
efficiency of the separator. Among them, “,#” means that the
changing trend from this parameter to the right parameter is
increasing, “\” means that the trend is decreasing, and “—”
is the extreme point; the optimal value point of each
structural parameter can be clearly seen from the table; that
is, within the scope of this paper, there is an optimal aspect
ratio; that is, when the separator’s aspect ratio is between 5
and 6, the separator has the best separation performance.

4. Conclusion

(1) As the diameter of the cylinder increases, the sep-

aration efficiency increases, and when ds., = 16 mm
and dy, =18 mm, the separation efficiency of the
separator is the largest, about 93%; there is liquid
entrainment inside the separator under different
cylinder diameters, and the liquid holdup rate of the
gas is the lowest when the separation efficiency is
maximum.

(2) Asthelength of the cylinder increases, the separation
efficiency first increases, reaches the maximum when
I, =90 mm, and then decreases. When the cylinder
length is between 90 mm and 110 mm, liquid holdup
rate of the gas at the gas outlet maintains a low level.
If the separator cylinder is too long or too short, the
separation performance will decrease.

(3) There is an optimal length-to-diameter ratio, that is,
the separation performance of the separator is the
best when the length-to-diameter ratio of the sep-
arator is between 5 and 6.
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