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The gearbox seal system is a critical component of the electrical multiple units drive system, with a direct impact on the safety and
reliability of train operations. This study intends to analyze how structural parameters of the gearbox seal system influence the seal
performance from the viewpoint of “oil–air separation and scavenge oil” by using a discrete phase model and volume of fluid. The
results show that the oil–air separation performance is mainly affected by the oil droplets’ inertia force and the airflow traction
force, and the scavenge oil performance is decided by the oil–air separation performance of each seal chamber. The relationships
between seal chamber size, axial seal clearance width, height difference, scavenge oil hole diameter, and seal performance are
analyzed, and the study also found that optimizing the stator chamber depth–width ratio of the seal system studied in this paper at
2.5, reducing the rotor chamber depth–width ratio and axial seal clearance width, and increasing the relative height difference can
improve the seal performance. And increasing the scavenge oil hole diameter also enhances the seal system’s performance. The
simulation results can be used as design references for gearbox seal systems.

1. Introduction

The gearbox of electrical multiple units (EMU) often oper-
ates under severe working conditions such as frigidity, high
temperature, and humidity. The reliability of its seal system
is the premise of the safe operation of the gearbox. Com-
monly used seal forms of EMU gearbox can be divided into
contact seal, noncontact seal, and combined seal. The contact
seal and the combined seal need to use rubber seal rings.
Rubber seal rings are indispensable for contact seal and com-
bination seal. However, during subsequent use of seals, the
rubber seal ring may cause fretting corrosion due to wear or
heat cracking due to high friction. Therefore, compared with
contact seals and combined seals, the noncontact seals have
better durability.

The noncontact seal used in the EMU gearbox is com-
prised of a labyrinth seal located at the shaft end and a
scavenge oil structure. Scholars around the world have con-
ducted extensive research on the sealing and leakage mecha-
nism of labyrinth seals. Zhang et al. [1, 2], Wu and San

Andrés [3], and Andrés et al. [4] studied the seal mechanism,
leakage characteristics, and influencing factors of straight-
through labyrinth seal, stepped labyrinth seal, and inter-
locked labyrinth seal. The results demonstrated that the
interlocked labyrinth seal is the most effective at sealing.
Under working conditions with an inlet pressure of 6.9 bar,
outlet pressure of 5.5 bar, and rotor speed of 10,000 rpm, its
sealing effectiveness is approximately 21% higher than that
of a stepped seal with a similar-sized structure. Decreasing
the gap between the rotor and the stator can enhance the
effectiveness of the seal; however, excessive clearance reduc-
tion can cause seal tooth bending and mushroom deforma-
tion. Yan et al. [5] conducted a study on the leakage
characteristics of the labyrinth seal, examining the impact
of the bending angle of the seal teeth and the mushroom
radius on the seal’s performance. From the viewpoint of
energy dissipation, Haghiabi et al. [6] and Wang et al. [7]
studied the energy variation of the fluid medium before and
after flowing through the labyrinth weir. Through the above
literature, we can see that when the sealing medium flows
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through the seal chamber and the seal clearance, its kinetic
energy will be converted at the throttling clearance and dis-
sipated in the expansion cavity, so the leakage can be
reduced.

The sealing mediums used in [1–7] are all ideal gas, but it
is quite different from the actual situation inside the gearbox.
As a gearbox rotates at high speeds, it is filled with a combi-
nation of lubricant and air, which helps to maintain the
smooth rotation of gears. Using a single-phase air that obeys
the ideal gas law to analyze the seal characteristic of the seal
system is obviously unable to meet the requirements. To
address this issue, He et al. [8] explored the effect of the
seal tooth clearance on the leakage of staggered labyrinth
seals, using a gas–fluid two-phase mixture as the working
medium. The findings revealed that the labyrinth seal leaked
the least when the seal clearance was between 0.5 and 1mm.
Zhang and Childs [9] used an annular seal test system to see
how much a long labyrinth seal leaked when it was working
in a wet gas environment. The findings demonstrated that
there was a correlation between the volume fraction of the
liquid phase in the inlet mixed medium and the rate of
leakage, which showed a steady increase. According to
research by Li et al. [10], who looked at how wet gas condi-
tions affected the seal performance of the annular seal of the
turbomachinery, overall leakage of the mixed medium rose
with an increase in the volume percentage of the liquid phase
in the wet gas, while leakage of the gas phase decreased.
These results also demonstrated that using an ideal gas as
the working medium is inappropriate for investigating the
gearbox seal system’s seal characteristics.

Although reducing leakage flow is the main function of
the gearbox seal system, the scavenge oil performance of the
gearbox seal system should also receive more attention.
Farall et al. [11, 12] mixed lubricating oil in the form of
discrete phase droplets in the airflow, thought about how
oil droplets and oil film interact and how oil film moves,
and then numerically simulated the flow law of oil film in
the bearing chamber. The findings indicated that the oil film
thickness and motion law on the bearing chamber wall
would be affected by modifying the boundary conditions of
the scavenge port and vent port. In addition, Zhang et al.
[13, 14] analyzed the oil–gas separation characteristics of the
gearbox seal system under various operating conditions (oil
droplet diameter, outlet pressure) and geometric parameters
(axial gap width, axial gap height difference, radial seal tooth
angle, radial seal meshing ratio) using the discrete phase
model (DPM) and the oil droplet–wall collision model. How-
ever, the scavenge oil process after the separation of the
mixed medium was not investigated in their research. There-
fore, it is unclear how the structural features of the seal
system impact oil–gas separation and scavenge oil character-
istics and mechanisms.

This paper presented a numerical method for analyzing
the oil–air separation and scavenge oil performance of the
EMU gearbox seal system. In the established numerical
model, it is considered that the seal performance of the gear-
box seal system is jointly determined by the oil–air separation
performance and scavenge oil performance after separation.

Correspondingly, the leakage of the seal system is also com-
posed of lubricating oil that has not achieved oil–air separa-
tion and lubricating oil that has achieved separation but fails
to achieve effective scavenge oil. The DPM is used to analyze
the oil–air separation performance, and the volume of fluid
(VOF) is used to analyze the scavenge oil performance after
separation. To improve the calculation accuracy, the interac-
tion between oil droplets and the seal chamber’s wall is con-
sidered in the DPM. Additionally, based on the established
numerical model, numerical simulations were conducted to
investigate the impact of structural parameters on the seal per-
formance of the gearbox seal system. The oil–air separation
performance mainly depends on the inertial force on the dro-
plets and the drag force of the airflow, while the scavenge oil
performance depends on the oil–air separation effectiveness of
each seal chamber. The optimal depth–width ratio of the stator
chamber seal system studied in this paper is 2.5. Decreasing the
depth–width ratio of the rotor chamber and the axial seal clear-
ance, and increasing the relative height difference can enhance
the seal performance of the seal system.

2. Numerical Methods

2.1. Two-Phase Flow Model. While the EMU is running at
high speed, the oil at the bottom of the box is stirred up by
the gear, broken into tiny droplets by the action of the tooth
surface and the box wall, and combined with the air to pro-
duce an oil–air mixture. Because of this, the performance of
the seal system has to be assessed using a two-phase flow
model. The oil–airmixture needs to satisfy the basic equations
of fluid motion during the flow process, namely, the continu-
ity equation, momentum conservation equation, and energy
conservation equation. Its general form is [15] as follows:

∂ ρϕð Þ
∂t

þr ρuϕð Þ ¼ r Γϕrϕ
À Áþ Sϕ; ð1Þ

where ϕ is a general variable; t is the time; u is the velocity
vector; Γϕ is the diffusion coefficient; ρ is the fluid density; Sϕ
is the source term.

One of the steps in analyzing the oil–air mixture in the
gearbox seal system is to trace the trajectory of the tiny
droplets of lubricating oil. This mixture medium typically
enters the seal chamber through the inlet of the seal system.
The volume fraction of lubricating oil in the air is usually less
than 10%, making it suitable for analysis using the DPM. To
assess the oil–air separation characteristics, the DPM is used
to derive the trajectory of discrete phase particles in the flow
field. This is achieved by solving the differential equation of
particle force in the Lagrangian coordinate system. When
taking into consideration a single particle, the force balance
equation may be written as follows [16]:

dud
dt

¼ FD uc − udð Þ þ g ρd − ρcð Þ
ρd

þ Fx; ð2Þ

FD ¼ 18μc
ρdd2d

CDRed
24

; ð3Þ
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Red ¼
ρdd uc − udj j

uc
; ð4Þ

CD ¼ α1 þ
α2
Red

þ α3
Re

0
d

; ð5Þ

where FD is the drag force per unit discrete phase mass; uc is
the continuous phase velocity; ud is the discrete phase veloc-
ity; µc is the continuous phase hydrodynamic viscosity; ρc is
the continuous phase density; ρd is the discrete phase density;
dd is the discrete phase diameter; CD is the drag coefficient;
Red is the discrete phase Reynolds number; α1, α2 and α3 are
the constants; g is the acceleration of gravity; Fx is the addi-
tional force on a single particle.

After the oil–air separation is realized, the oil droplets
will no longer be mixed with air and will instead create a film
on the seal chamber wall. Simultaneously, it is assumed that
the lubricating oil and air have the same velocity and pres-
sure field and that the oil–air two-phase flow can be charac-
terized using the same equations as a single-phase flow. To
evaluate the scavenge oil process, the VOF model is applied,
which can simulate two or more nonmiscible fluids by solv-
ing an independent momentum equation and calculating the
volume fraction of each fluid as it flows through the domain.
The cross-sectional area between phases is tracked in the
VOF model by solving the continuity equation for the vol-
ume fraction of a single or multiphase, and the equation for
the qth phase can be expressed as follows:

∂αq
∂t

þ vq ⋅ rαq ¼
Sαq
ρq

; ð6Þ

where αq is the volume fraction of the qth phase, vq is the
velocity of the qth phase, and Sαq is the source term of the qth
phase, which defaults to 0. ρq is the density of the qth phase.

Since the gearbox seal system only involves two phases,
lubricating oil and air, the sum of volume fractions of all
phases in each control unit of the VOF model equals 1;
that is, Equation (6) is simplified as follows:

αair þ αoil ¼ 1; ð7Þ

where αair is the volume fraction of air; αoil is the volume
fraction of lubricating oil. When αair= 0, the control volume
is filled with lubricating oil; when αair= 1, there is no lubri-
cating oil in the control volume; when 0< αair< 1, there is air
and lubricating oil in the control volume.

2.2. Droplet–Wall Interaction Model. The pressure differen-
tial between the inlet and outlet forces the mixing medium to

flow in the seal chamber. The state and energy of the oil
droplets will be altered before and after collision with the
wall surface. As illustrated in Figure 1, the states of oil dro-
plets after collision with a wall may be classified as stick,
rebound, spread, and splash, depending on the incidence
angle and velocity of the oil droplets. Stick and spread may
be thought of as oil droplets that achieve oil–air separation
because they are considered to be caught by the seal cham-
ber’s wall surface. The rebound and splash oil droplets are oil
droplets that continue to participate in subsequent motions
until they are separated by the seal chamber’s wall surface or
escape via the outlet.

The collision of oil droplets with the wall in the gearbox
seal system can be classified as either drywall or humid wall
collisions, depending on the wall’s condition. When an oil
droplet collides with the wall surface of the seal chamber, it
causes the previously drywall to become humid. For this
reason, all of the seal chamber’s walls can be considered
humid walls for evaluating the seal system’s performance.
It is almost unlikely for an oil droplet to splash after impact-
ing a wall in the gearbox seal system [13]. Consequently,
when an oil droplet impacts the wall of the seal chamber,
it can be in one of three states: stick, rebound, or spread. The
states of the droplet in the high-speed airflow after collision
with the wall are strongly connected to the Weber number
We and the Laplace number La [17]. The We and La are
usually used to evaluate the state of the droplet after the
collision, which are determined by Equations (8) and (9),
respectively. The relationship between We and the droplet
state after collision is shown in Table 1.

We¼ ρoV2
ndo

σo
; ð8Þ

La¼ ρoσodo
μ2o

; ð9Þ

where ρo is the oil droplet density, do is the oil droplet diam-
eter, μo is the oil droplet viscosity, σo is the oil droplet surface
tension, and Vn is the normal collision velocity of the oil
droplet.

ðaÞ
θ

ðbÞ ðcÞ ðdÞ
FIGURE 1: Schematic diagram of collision between oil droplets and wall surface: (a) stick; (b) rebound; (c) spread; (d) splash.

TABLE 1: The droplet state after collision with a humid wall [13, 14].

Oil droplet state Critical Weber number Wec

Stick→ rebound Wec≈ 1
Rebound→ spread Wec≈ 5
Spread→ splash Wec= 1,320× La−0.18
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2.3. Turbulence Model. During gearbox operation, the oil–air
mixture medium is characterized by obvious turbulent flow
due to the high-speed rotating seal ring. The renormalization
group (RNG) k–ε turbulence model is better equipped to
handle high strain rates and large streamline bend flows,
taking into account the rotation and rotational flow in the
average flow and the effect of the separated flow vortex. As a
result, it is more suitable for numerical flow field analysis of
seal systems with high-speed rotating seal rings. Given these
considerations, the RNG k–ε turbulence model was selected
to simulate the flow field of the gearbox seal system, and its
governing equation is as follows [18]:

∂ ρkð Þ
∂t

þ ∂ ρεuið Þ
∂xi

¼ ∂
∂xj

αkμeff
∂k
∂xj

" #
þ Gk þ ρε; ð10Þ

∂ ρεð Þ
∂t

þ ∂ ρεuið Þ
∂xi

¼ ∂
∂xj

αεμeff
∂ε
∂xj

" #
þ C∗

1εε

k
Gk − C2ερ

ε2

k
;

ð11Þ

where ρ is the fluid density, k is turbulent kinetic energy, ε is
dissipation rate, t is time, i and j are tensor indexes, xi and ui
are displacement and velocity respectively, ak and aε are the
reciprocal of the effective turbulent Prandtl number of tur-
bulent kinetic energy k and dissipation rate ε, respectively,
μeff is the correction term of turbulence model to turbulent
viscosity, which is the turbulent kinetic energy term gener-
ated by average velocity gradient, C∗

1ε is the correction coef-
ficient of RNG k–ε turbulence model constant C1ε, and the
remaining terms are model constants.

3. Model and Simulation Conditions

3.1. Geometric Model. The seal system of the EMU gearbox
includes an annular labyrinth seal, and a two-stage scavenge
oil structure, as illustrated in Figure 2. The annular labyrinth
seal consists of an axial bilateral straight-through labyrinth
seal and a radial plug-in labyrinth seal. By setting seal teeth
on the rotating seal ring and shaft end bushing from the inlet
to the outlet, three groups of seal chambers are set in the axial
seal, which are respectively marked as chamber I, chamber II,
and chamber III, respectively. Each group of chambers includes a
stator chamber and a rotor chamber. In order to raise the flow
resistance within the limited space and improve the oil–air sepa-
ration effectiveness, a radial plug-in labyrinth seal is set between
chamber III and the outlet.

The two-stage scavenge oil structure is located below the
annular labyrinth seal. The scavenge oil structure has two
purposes. First, it creates a difference in pressure between the
scavenge port and the labyrinth seal, which affects how the
pressure is distributed in the labyrinth seal. Second, the oil
droplets collide with the seal chamber’s wall, separating a
portion of the oil droplets from the oil–air mixture and
this separated oil is directed back to the gearbox via the
scavenge oil port, facilitated by the force of gravity and the
pressure gradient between the labyrinth seal and scavenge

port. This process ensures effective scavenge oil. However,
some oil droplets that do not collide with the chamber wall,
or those that are trapped but fail to achieve effective scavenge
oil, eventually leak out through the outlet.

3.2. Boundary Conditions. When the seal system is running
stably, the flow in the seal chamber can be regarded as fully
developed turbulence, which is calculated according to the
3D steady flow model. To define the seal system’s inlet pres-
sure and scavenge port pressure, the numerical outcomes of
the gearbox’s flow field within the gearbox are adopted and
set as 580 and 240 Pa, respectively. Meanwhile, the outlet
pressure is taken as an environment back pressure value of
−600 Pa [13, 14]. The operating pressure during the simula-
tion process is defined as 101,325 Pa. Lubricating oil 75−90W
is used to define the physical properties of oil droplets.

When analyzing the separation effectiveness of the seal sys-
tem, the DPM is adopted, with air as the continuous phase and
lubricating oil droplets as the discrete phase. The escape bound-
ary is used for the seal system’s inlet, outlet, and scavenge port,
whereby oil droplets that reach the boundary are considered to
escape from the system and are no longer included in the subse-
quent calculations. To define the seal chamber wall, a user-
defined program called DEFINE_DPM_BC is developed in
Ansys Fluent 17.0 (ANSYS, Inc., Canonsburg, PA, USA), follow-
ing the guidelines provided in Table 1. When the We of an oil
droplet falls within the range of 1<We< 5, it collides against the
wall and rebounds, with the trajectory thereafter determined by
Equations (12) and (13) [19].When theWe of oil droplets isWe
< 1 or We> 5, the oil droplets will collide with the wall and
adhere to the wall. These oil droplets are recorded as traps and
no longer participate in subsequent calculations.

en ¼ 0:993 − 0:176θ − 1:56θ2 − 0:49θ3; ð12Þ

eτ ¼ 0:988 − 0:166θ þ 2:11θ2 − 0:67θ3; ð13Þ

where en and eτ represent the normal and tangential rebound
coefficients, respectively, θ represents the angle of incidence.

The quality of lubricating oil that leaks from the gearbox
seal system me consists of two components: lubricating oil
quality that leaked without oil–air separation me1 and lubri-
cating oil quality that achieved oil–air separation but lacked
adequate scavenging oilme2. The seal characteristic of the seal
system depends on the separation characteristic of the oil–air
mixture and the scavenge oil performance after separation.

The effectiveness of oil–air separation of the seal system
ηsep can be evaluated using Equation (14):

ηsep ¼ 1 −
me1

min

� �
× 100%; ð14Þ

wheremin denotes the total mass of oil droplets that enter the
seal system.

The effectiveness of scavenge oil of the seal system ηsca
can be evaluated using Equation (15):
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ηsca ¼ 1 −
me2

min −me1

� �
× 100%: ð15Þ

The amount of lubricating oil that leaks from the gearbox
seal system me is calculated by Equation (16):

me ¼me1 þme2: ð16Þ

The sealing effectiveness of seal system ηseal is calculated
by Equation (17):

ηseal ¼ 1 −
me

min

� �
× 100%: ð17Þ

3.3. Mesh Sensitivity Analysis. The density and quality of
mesh have an important influence on the accuracy and effec-
tiveness of numerical simulation. The gearbox seal system is
divided into unstructured grids, with internal nodes selected
as the node type. The wall surface adopts standard wall func-
tions, and key areas such as seal clearances are locally refined.
To test mesh sensitivity, six different meshes were analyzed

ðaÞ
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FIGURE 2: Schematic diagram of seal system: (a) 3D schematic diagram; (b) half-cutaway view; (c) labyrinth seal; (d) scavenge oil structure.
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under rated gearbox conditions, with oil–air separation effec-
tiveness, scavenge oil effectiveness, and sealing effectiveness
serving as parameters. Select a tetrahedral grid with a mesh
size of 2–4mm to partition the computational domain, with
a corresponding number of grid elements ranging from 0.773
to 1.596 million. As shown in Figure 3, reducing the volume
mesh size resulted in decreasing oil–air separation effective-
ness and increasing scavenge oil effectiveness. However, the
volume mesh size had little effect on sealing effectiveness,
which tended to stabilize at smaller mesh sizes. After balanc-
ing simulation accuracy and computational time, a tetrahe-
dral mesh with a size of 2.5mm was chosen to discretize the
computational domain. A tetrahedral mesh with a size of
1mm was used for local refinement in the inlet, seal clear-
ances, and scavenge oil structure. The resulting number of
mesh cells was 1,016,682, with 245,389 nodes. This mesh was
then used for subsequent numerical simulations.

4. Experimental Validations

The structural model of the oil–gas separator, as well as the
physical parameters of the lubricating oil, can be found in
[20], which was applied to compare and prove the accurate-
ness and applicability of the simulation method for the seal
characteristics of the gearbox seal system presented in this
paper. The experimental process of the gas engine labyrinth
oil–gas separator is illustrated in Figure 4, where blow-by gas
directly enters the separator after coming out of the crank-
case. The oil that is not separated is collected by oil–gas
collection tooling I and recorded as m1, while the separated
oil is collected by oil–gas collection tooling II and recorded as
m2. The mass difference between oil–gas collection tooling I
and oil–gas collection tooling II before and after the experi-
ment represents the up oil quantity and return oil quantity,
respectively. The oil–gas separation effectiveness is defined as

the ratio of oil return quantity to the total oil quantity, where
the total oil quantity is the sum of up oil quantity and return
oil quantity, and the separation effectiveness of oil–gas sepa-
rator is calculated according to Equation (18).

η¼ m2

m1 þm2

� �
: ð18Þ

By keeping the throttle fully open, which means operat-
ing the engine under full load, and the blow-by gas during
the experimental process is kept constant. Then, the up oil
quantity and the return oil quantity in the oil–gas collection
tooling I and II are, respectively, measured and recorded
every 10min for a duration of 1 hr. The measured values
are then weighted averaged. Table 2 compares the separation
effectiveness of oil–gas separator obtained by numerical sim-
ulation and experimental bench at different blow-by flows.
From Table 2, it can be observed that with an increase in the
crankcase blow-by gas, the up oil quantity changes mini-
mally, while the return oil quantity increases significantly,
resulting in a continuous increase in the separation effective-
ness. Both numerical simulation results and experiment
bench results show that the separation effectiveness reaches
over 80% at different blow-by gas, indicating that the oil–gas
separator effectively separates oil and gas in the blow-by gas.
Although the numerical simulation values are slightly higher
than the experimental values at each blow-by gas, the overall
trend is consistent, and the error range is less than 5%, indi-
cating that the numerical method used is reliable. The higher
simulation values compared to experiment values may be
due to the simplification of the force acting on oil droplets
in the simulation without considering factors such as colli-
sion, fusion, and breakup among oil droplets.

5. Results and Discussion

5.1. Analysis of Seal Mechanism. The continuous phase air
affects how the lubricating oil droplets move inside the seal
system, and the distribution of lubricating oil after separa-
tion, in turn, affects the airflow field. Seal system boundary
conditions are defined according to the research results of
Zhang et al. [13, 14]. With pressure boundary conditions, the
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inlet, outlet, and scavenge ports are defined as 580, −600, and
240 Pa, respectively. The rotor chamber operates at a speed
of 2,000 rpm, and the oil–air mixture medium contains a
volume fraction of lubricating oil of 7.72%. By analyzing
the oil–air separation process and scavenge oil process of
the seal system on the oil–air mixture composed of 5 µm
diameter oil droplets, the sealing mechanism of the seal sys-
tem is further revealed, as shown in Figures 5 and 6.

It can be seen from Figures 5(a) and 5(b) that during the
oil–air separation process, the oil–air mixture enters at a high
speed from the inlet, and the pressure of each seal chamber
gradually decreases along the flow direction. After passing
through the seal clearance, the flow direction of the mixed
medium changes, and an obvious vortex is formed in the seal
chamber. Due to the inevitable frictional resistance between
the oil–air mixture and the wall of the seal chamber, the
kinetic energy of the oil–air mixture is finally converted
into frictional heat energy, which realizes the sealing and
reduces the leakage.

As shown in Figure 5(c), under the action of the rotor
chamber, oil droplets are affected by the airflow and enter the
seal system in a rotating state. A small portion of the oil
droplets, under the entrainment effect of the straight-through
airflow, directly escape from the seal outlet without colliding
with the wall, escape from the outlet without colliding with
the wall under the direct airflow, resulting in the me1 and
reducing the ηsep. Due to the existence of clearance and cavity
vortex flow in the sealing structure, most oil droplets are
injected into the seal chamber at high speed with the airflow.
Under the action of cavity vortices, the oil droplets are sub-
jected to centrifugal force, and their motion state changes,
causing them to detach from the straight-through airflow
and enter the seal chamber, colliding with the wall surface
to achieve oil–air separation. Therefore, the oil droplets in the
seal system are subjected to the drag effect of straight-through
airflow and the centrifugal effect of the vortex. The stronger
the drag effect of the airflow, the easier it is for oil droplets to
be trapped and moved by the airflow. The stronger the vortex
centrifugal effect, the easier it is for oil droplets to achieve
oil–air separation from the oil–air mixture. The combined
effects of airflow drag and vortex centrifugation determine
the motion trajectory of the oil droplets and affect the separa-
tion effectiveness and seal performance of the seal system.

Figure 6 shows the pressure and velocity nephogram
during the scavenge oil process. Compared with the separa-
tion process, the pressure of seal chamber III is the highest,
followed by that of seal chamber II, and the pressure of seal
chamber I is the lowest. Combining with Figure 5(d), it can
be seen that the oil-separation effectiveness of seal chamber

III is the highest. This is mainly because a radial seal is set at
the rear of seal chamber III, which significantly weakens the
straight-through effect of the sealing medium and results in a
large number of oil droplets being separated in chamber III.
Additionally, due to the pressure gradient between the inlet
and outlet, the separated lubricating oil in chambers I and II
will also flow to chamber III through the seal clearance.
Therefore, the pressure of chamber III is the highest, and
the pressure of chamber II is higher than that of chamber I.
Affected by the pressure distribution of the continuous phase
air, the lubricating oil will still form vortices in the seal cham-
bers I and II during the scavenge oil process, and its position is
consistent with the position of the vortex in the oil–air sepa-
ration process. Most of the successfully separated lubricating
oil is directly returned to the gearbox through the scavenge
port. However, there is still a portion of separated lubricating
oil that escapes from the outlet along the radial seal.

The mass flow rate of the scavenge oil port in the scav-
enge oil process of the seal system is taken as the effective
scavenge oil quantity, and the outlet mass flow rate is taken
as me2, and the ηsca can be obtained. Combined with the
oil–air separation process and scavenge oil process, the seal
performance of the seal system is comprehensively analyzed.
Figure 7 shows the sealing effectiveness and lubricating oil
distribution of the seal system. From the diagram, it can be
seen that theηseal is determined by the ηsep and the ηsca, and
the me is composed of me1 and me2.

5.2. Influence of Seal Chamber Size. The space volume of the
vortex formed by the oil–air mixture in the stator cavities of
different structures is different, which will lead to different
ηsep and ηsca. The relation between the depth–width ratio and
ηseal of oil droplets with different diameters is depicted in
Figure 8(a). It is possible to demonstrate that increasing the
depth–width ratio of the stator seal chamber has the same
ηseal change trend for oil droplets of different diameters,
which raises first and then descends. When the depth–width
ratio is 2.5, the ηseal is the highest. The relationship between
the ηsep, ηsca, and ηseal of oil droplets with the medium diam-
eter and the depth–width ratio of the stator chamber is illus-
trated in Figure 8(b). As the depth–width ratio of the stator
chamber rises, the ηsep raises first and then descends; the
change trend of ηsca is not obvious, and when the
depth–width ratio is 2.5, the ηsep is the highest.

The air of the oil–air mixture forms vortexes in the stator
chamber, which makes the movement of the oil droplets
more complicated. The vortex increases the probability of
collision between the oil droplets and the wall and improves
the ηsep. As shown in Figure 9, the depth–width ratio of the

TABLE 2: Separation effectiveness of oil–gas separator.

Blow-by gas (L/min)
Experiment bench Numerical simulation

Up oil
quantity (g)

Return oil
quantity (g)

Separation
effectiveness (%)

Up oil
quantity (g)

Return oil
quantity (g)

Separation
effectiveness (%)

100 2.1 8.3 79.8 1.9 8.82 82.3
122 2.4 12 83.3 2.1 11.4 84.4
179 3.9 25.4 86.7 3.8 26.9 87.6
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stator chamber will affect the formation of the vortex. When
the depth–width ratio of the stator chamber is small, as the
depth–width ratio increases, the volume of the seal chamber
increases, and the airflow gradually forms an effective vortex
in the seal chamber. Under the action of eddy current, the
centrifugal force of the oil droplets entering the seal chamber
increases, so that they can get rid of the drag effect of the
airflow and increase the probability of collision with the wall.
At the same time, the chamber volume increases, which
increases the effective wall area where the oil droplets collide
with the wall surface and also promotes the ηsep. When the
depth–width ratio of the stator chamber is further increased,

the effective eddy current cannot be formed in the upper
region of the chamber due to the chamber width, resulting
in the actual eddy current region in the stator chamber basi-
cally unchanged, as shown in Figure 9(e). Due to the limited
volume of the vortex, when the depth–width ratio of the
stator chamber continues to increase, the vortex does not
contact with the upper end, resulting in a decrease in the
effective collision area, which reduces the ηsep.

The lubricating oil that realizes oil–air separation flows
back to the bottom of the seal system along the stator cham-
ber wall surface, and the effective scavenge oil is realized. The
ηsca depends on the ηsep. Figure 10 shows the oil–air
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Stator chamber

–604.8
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Leakage me1 

ðdÞ
FIGURE 5: Flow field characteristics of the separation process in seal systems: (a) the pressure cloud nephogram of the separation process; (b) the
velocity cloud nephogram of the separation process; (c) the oil droplet trajectory; (d) oil–air separation effectiveness of each seal chamber.
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separation effectiveness of each seal chamber corresponding
to different depth–width ratios of the stator chamber. With
the increase of the depth–width ratio of the stator chamber,
the oil–air separation effectiveness of the chamber I and III
first increases and then decreases, the oil–air separation
effectiveness of the chamber II first decreases and then
increases, and the amount of lubricating oil separated in

the chamber III first increases and then decreases. The lubri-
cating oil accumulated in chamber III is more likely to leak
from the outlet along the radial seal, which makes the ηsca
decrease first and then increase.

The movement of the mixture medium in the seal system
is influenced by the structure of the rotor chamber, which
alters the incidence angle and velocity of oil droplets entering
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ðbÞ
FIGURE 6: Flow field characteristics of scavenge oil process in seal systems: (a) the pressure cloud nephogram of the scavenge oil process; (b)
the velocity cloud nephogram of the scavenge oil process.
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FIGURE 7: Sealing effectiveness and lubricating oil distribution of seal system: (a) the sealing effectiveness of seal system; (b) the lubricating oil
distribution of seal system.

Mathematical Problems in Engineering 9



the stator chamber, leading to different ηsep and accumulated
lubricating oil among the chambers. The ηseal for different oil
droplet diameters is depicted in Figure 11(a), which shows a
decreasing and then increasing trend as the depth–width ratio
of the rotor chamber decreases. To further analyze this trend,
Figure 11(b) illustrates the impact of rotor chamber depth–width
ratio on ηsep, ηsca, and ηseal of medium-diameter oil droplets. As
the depth–width ratio of the rotor chamber goes down, the ηsep
goes down, the ηsca goes up, and the ηseal goes down first, then up
by the two effects work together.

The wall surface of the rotor chamber rotates at high speed,
and its internal flow field is more complex than that of the
stator chamber. Changing the structural parameters of the
chamber will change the trajectory of the oil droplets and affect
the separation effectiveness of each seal chamber. As shown in
Figure 12, as the depth–width ratio of the rotor chamber grad-
ually decreases, the complete vortex inside the rotor chamber
will be destroyed, the centrifugal force on the oil droplets will be
weakened, and the drag effect of the direct airflow will be
dominated. Therefore, oil droplets are more likely to pass
directly through the axial seal clearance without colliding
with the wall, and the ηsep has been reduced. The high-speed
rotation of the rotor chamber generates strong centrifugal force
on the lubricating oil adhering to the wall surface of the rotor
chamber, causing them to enter the stator chamber and achieve
effective reflux. Reducing the depth–width ratio of the rotor
chamber will increase the centrifugal force acting on the lubri-
cating oil, making it easier for separated lubricating oil to flow
back effectively, resulting in a significant improvement in ηsca.
The ηseal exhibits a nonmonotonic trend, initially decreasing
and then increasing, as a result of the combined influence of the
ηsep and ηsca.

5.3. Influence of Axial Seal Clearance. The clearance width of
the axial seal determines the flow rate of the oil–air mixture
medium entering the seal chamber, thereby affecting the
distribution of the internal flow field and the trajectory of
the oil droplets, which ultimately affects the ηseal and me. In
Figure 13(a), the relationship between the width of the axial
seal clearance and the ηseal for oil droplets of different dia-
meters is shown. It is observed that as the axial seal clearance
width widens, the ηseal decreases. Figure 13(b) shows the
relationship between the axial clearance width and the ηsep,
ηsca, and ηseal for medium-diameter oil droplets. As the axial
clearance width widens, the ηsep and ηsca decrease, leading to
a reduction in ηseal.

As the axial seal clearance widens, the straight-through
effect of the airflow is enhanced, making it easier for oil
droplets to be entrained by the airflow and pass through
the seal chamber without colliding with the wall surface, as
shown in Figure 14. This reduces the ηsep and increases me1.
As the straight-through effect of the seal system is enhanced,
oil droplets from chambers I and II are more likely to enter
chamber III. However, due to the radial seal set at the tail of
the seal system, the oil–air separation effectiveness of cham-
ber III is increased, leading to an increased accumulation of
lubricating oil in chamber III. Under the pressure difference
between the seal chamber and the outlet, the lubricating oil
accumulated in chamber III is more likely to leak from the
outlet along the radial seal, resulting in a decrease in ηsca and
an increase in me2. Therefore, an increase in axial seal clear-
ance width leads to a decrease in ηsep and ηsca, ultimately
reducing the ηseal. To avoid insufficient seal clearance caused
by thermal expansion and wear of seal teeth, it is important
to ensure a small axial seal clearance width in seal system
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FIGURE 8: The relation between the depth–width ratio of stator chamber and ηseal: (a) oil droplets with different diameters; (b) oil droplets with
medium diameter.
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design and consider the influence of temperature-induced
expansion and deformation of seal teeth on seal clear-
ance [21].

The variation in the relative height of the axial seal clear-
ance alters the flow path of the oil–air mixture, leading to

changes in oil droplet trajectories and, in turn, affects the
ηsep, ηsca, and ηseal. Figure 15(a) illustrates the relationship
between radial seal height difference and ηseal for oil droplets
with different diameters, while Figure 15(b) displays the cor-
relation between radial seal height difference and ηsep, ηsca,
and ηseal for 5 μm diameter oil droplets. The lowest ηseal of
the seal system occurs when the axial clearance height is 0. A
larger radial height difference leads to an increase in ηsep and
ηsca, thereby enhancing the ηseal.

When the axial clearance height is zero, the seal system
exhibits a significant straight-through effect, as shown in
Figure 16(c). At this point, the oil droplets are more easily
entrained by the airflow and directly pass through seal cham-
bers I and II to reach chamber III. Therefore, the separation
effectiveness of seal chamber III is higher, and more lubri-
cating oil accumulates in this chamber, which is more likely
to leak from the outlet, resulting in the lowest ηsca. When the
seal clearance moves toward the rotor chamber, it weakens
the straight-through effect and enhances the eddy current
intensity in the rotor chamber, as shown in Figures 16(a)
and 16(b). In contrast, when the seal clearance moves toward
the stator chamber, the vortex in the stator chamber will be
strengthened, as shown in Figures 16(d) and 16(e).

Whether the seal clearance moves toward the rotor
chamber or stator chamber, it will weaken the straight-
through effect and increase the centrifugal force on the oil
droplets. Therefore, more oil droplets will be separated by
chambers I and II, reducing the accumulation of lubricating
oil in seal chamber III, which will significantly improve the

(a) (b) (c)

(d) (e)

Velocity (m/s)
0.00 3.12 6.25 9.37 12.49 15.61 18.74 20.82

FIGURE 9: The velocity vector diagram of seal system with different depth–width ratios of stator chamber: (a) the depth–width ratio of stator
chamber is 1.0; (b) the depth–width ratio of stator chamber is 1.5; (c) the depth–width ratio of stator chamber is 2.0; (d) the depth–width ratio
of stator chamber is 2.5; (e) the depth–width ratio of stator chamber is 3.0.
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FIGURE 11: The relation between the depth–width ratio of rotor chamber and ηseal: (a) oil droplets with different diameters; (b) oil droplets
with medium diameter.
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Velocity (m/s)
0.00 3.66 7.31 10.97 14.63 18.28 21.94 24.38

FIGURE 12: The velocity vector diagram of seal system with different depth–width ratios of rotor chamber: (a) the depth–width ratio of rotor
chamber is 1.0; (b) the depth–width ratio of rotor chamber is 0.8; (c) the depth–width ratio of rotor chamber is 0.6; (d) the depth–width ratio
of rotor chamber is 0.4; (e) the depth–width ratio of rotor chamber is 0.2.
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ηsca. In addition, when the seal clearance moves toward the
stator chamber, it will increase the surface area of the rotor
chamber wall. The oil droplets adhering to seal chamber
walls are easier to achieve scavenge oil, and the ηsca is higher.

5.4. Influence of Scavenge Oil Structure. The scavenge oil
structure of the seal system not only impacts scavenge oil
performance but also affects the pressure distribution in each
seal chamber. As a result, the trajectory of oil droplets and
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FIGURE 13: The relation between the axial seal clearance width and ηseal: (a) oil droplets with different diameters; (b) oil droplets with medium
diameter.
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Velocity (m/s)
0.00 4.31 8.62 12.93 17.24 21.55 25.86 28.73

FIGURE 14: The velocity vector diagram of seal system with different axial seal clearance: (a) the axial seal clearance is 0.5mm; (b) the axial seal
clearance is 0.75mm; (c) the axial seal clearance is 1.00mm; (d) the axial seal clearance is 1.25mm; (e) the axial seal clearance is 1.50mm.
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the ηsep are influenced. Figures 17(a) and 18(a) give the rela-
tionship curves between the diameter of the primary scav-
enge oil hole, the diameter of the secondary scavenge oil hole,
and the ηseal, respectively. The medium-diameter oil droplets

are selected to analyze the influence of the diameter of the
primary scavenge oil hole and the diameter of the secondary
scavenge oil hole on the ηsep and ηsca, as illustrated in
Figures 17(b) and 18(b). It is possible to see that as the
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FIGURE 15: The relation between the axial seal height difference and ηseal: (a) oil droplets with different diameters; (b) oil droplets with medium
diameter.
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Velocity (m/s)
0.00 3.20 6.39 9.59 12.79 15.98 19.18 21.31

FIGURE 16: The velocity vector diagram of seal system with different axial seal height differences: (a) the axial seal height difference is −6mm;
(b) the axial seal height difference is −3mm; (c) the axial seal height difference is 0mm; (d) the axial seal height difference is 3mm; (e) the
axial seal height difference is 6mm.
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diameters of the primary and secondary scavenge oil holes
increase, the ηsep and ηsca are improved, which improves the
ηseal.

Expanding the diameter of the scavenge oil hole helps to
improve the flowability of the oil–air mixture between the
labyrinth seal and the scavenge oil port, as shown in
Figures 19 and 20. Driven by the pressure difference between

the labyrinth seal and the scavenge oil port, the mixed
medium flows from the high-pressure side of the labyrinth
seal to the low-pressure side of the scavenge oil port. Some
lubricating oil droplets are entrained by the airflow and flow
directly back to the gearbox through the scavenge oil port.
Expanding the diameter of the scavenge oil hole increases the
surface area of the scavenge oil structure, which also
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FIGURE 17: The relation between the primary scavenge oil hole diameter and ηseal: (a) oil droplets with different diameters; (b) oil droplets with
medium diameter.
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FIGURE 18: The relation between the secondary scavenge oil hole diameter and ηseal: (a) oil droplets with different diameters; (b) oil droplets
with medium diameter.
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facilitates collision and separation of oil droplets, improving
the ηsep. In addition, expanding the diameter of the scavenge
oil hole significantly enhances the reflux characteristics of the
separated lubricating oil, improving the ηsca.

As the diameter of the scavenge oil hole raises, the ηsep is
slightly increased, and the ηsca is significantly improved,
resulting in a considerable improvement in the ηseal and a
significant reduction in me. Due to the larger number of
primary scavenge oil holes and the presence of a collection
and buffer structure at the bottom, in comparison, the sec-
ondary scavenge oil holes are fewer. Therefore, increasing the

diameter of the primary scavenge oil holes will significantly
improve ηseal. Consequently, in the structural design of a
gearbox seal system, selecting a larger diameter for the scav-
enge oil hole, if space permits, is conducive to improving the
seal system’s performance and reducing leakage.

6. Conclusions

The sealing effectiveness of seal system ηseal relies on the
effectiveness of oil–air separation of the seal system ηsep
and the effectiveness of scavenge oil of the seal system ηsca.

(a) (b) (c) (d) (e)

Velocity (m/s)
0.00 3.39 6.79 10.18 13.58 16.97 20.37 22.63

FIGURE 19: The velocity vector diagram of seal system with different primary scavenge oil hole diameter: (a) the primary scavenge oil hole
diameter is 4mm; (b) the primary scavenge oil hole diameter is 5mm; (c) the primary scavenge oil hole diameter is 6mm; (d) the primary
scavenge oil hole diameter is 7mm; (e) the primary scavenge oil hole diameter is 8mm.

(a) (b) (c) (d) (e)

Velocity (m/s)
0.00 3.10 6.20 9.31 12.41 15.51 18.61 20.68

FIGURE 20: The velocity vector diagram of seal system with different secondary scavenge oil hole diameter: (a) the secondary scavenge oil hole
diameter is 6mm; (b) the secondary scavenge oil hole diameter is 7mm; (c) the secondary scavenge oil hole diameter is 8mm; (d) the
secondary scavenge oil hole diameter is 9mm; (e) the secondary scavenge oil hole diameter is 10mm.
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To determine the optimal size parameters during the design
process, an analysis of the seal system performance was con-
ducted through the perspective of oil–air separation and
scavenge oil. The study investigated the influence of the
seal chamber depth–width ratio, axial seal clearance width
and height difference, and scavenge oil hole diameter on the
seal effectiveness. Based on the analysis, the following con-
clusions can be drawn:

(1) The ηsep is influenced by the drag effect of straight-
through airflow and the centrifugal effect of the vor-
tex. The stronger the drag effect of straight-through
airflow or the weaker the centrifugal effect of the
vortex, the lower the ηsep, and the lower the me1.

(2) The ηsca is related to the separation effectiveness of
each seal chamber. The higher the oil–air separation
effectiveness of chamber I, the lower the separation
effectiveness of chamber III, the higher the ηsca and
the less me2.

(3) The seal system studied in this paper achieves opti-
mal sealing effectiveness with a stator chamber
depth–width ratio of 2.5, but effectiveness is the low-
est when the depth–width ratio of the rotor chamber
is 0.2. Increasing axial seal clearance reduces system
sealing effectiveness. When the axial seal clearance
width is increased from 0.5 to 1.5mm, the ηseal
decreases by about 10%. Axial seal clearance height
difference improves the ηseal. Moving axial seal clear-
ance toward the stator chamber by 3mm increases
ηseal by about 3%, while moving toward the rotor
chamber by 3mm results in an increase of about
5%. Moving axial seal clearance toward the stator
chamber by 6mm increases ηseal by about 9%, while
moving toward the rotor chamber by 6mm results in
an increase of about 13% in ηseal.

(4) By increasing the diameter of the scavenge oil holes,
the seal performance of the seal system can be
improved. Moreover, for the improvement of seal
performance in the seal system, increasing the diam-
eter of the primary scavenge oil holes has a more
significant effect. The diameter of the primary scav-
enge oil holes has been increased from 4 to 8mm,
resulting in an approximate 30% improvement in
ηseal. Similarly, the diameter of the secondary scavenge
oil holes has been increased from 6 to 10mm, result-
ing in an approximate 24% improvement in ηseal.

In summary, the seal performance of the gearbox seal
system depends on both oil–air separation performance
and scavenge oil performance. In order to achieve an opti-
mized seal system, it is important to take into account the
depth–width ratio of the stator chamber, axial seal clearance
width and height difference, scavenge oil hole diameter, and
the separation effectiveness of each seal chamber. By select-
ing appropriate parameters, the oil–air separation and scav-
enge oil performance of the seal system can be improved,
resulting in better overall seal performance.

Nomenclature

t: Time
u: Velocity
Γϕ: Diffusion coefficient
Sϕ: Source term
FD: Drag force per unit discrete phase mass
uc: Continuous phase velocity
ud: Discrete phase velocity
µc: Continuous phase hydrodynamic viscosity
ρc: Continuous phase density
ρd: Discrete phase density
dp: Discrete phase diameter
CD: Drag coefficient
Red: Discrete phase Reynolds number
g: Acceleration of gravity
Fx: Additional force on a single particle
αq: Volume fraction of the qth phase
vq: Velocity of the qth phase
Sαq: Source term of the qth phase
ρq: Density of the qth phase
αair: Volume fraction of air
αoil: Volume fraction of lubricating oil
ρo: Oil droplet density
do: Oil droplet diameter
μo: Oil droplet viscosity
σo: Oil droplet surface tension
Vn: Normal collision velocity of the oil droplet
We: Weber number
La: Laplace number
k: Turbulent kinetic energy
i, j: Tensor indexes
x: Displacement
ak: Reciprocal of the effective turbulent Prandtl num-

ber of turbulent kinetic energy
aε: Reciprocal of the effective turbulent Prandtl num-

ber of turbulent dissipation rate
μeff: Correction term of turbulence model to turbulent

viscosity
C∗
1ε: Correction coefficient of RNG k–ε turbulence

model constant C1ε

C1ε, C2εε: RNG k–ε turbulence model constant
en: Normal rebound coefficient
eτ: Tangential rebound coefficient
me: Quality of lubricating oil that leaks from the gear-

box seal system
me1: Lubricating oil quality that leaked without oil–air

separation
me2: Lubricating oil quality that achieved oil–air sepa-

ration but lacked adequate scavenging oil
ηsep: Effectiveness of oil–air separation of the seal

system
min: Total mass of oil droplets that enter the seal

system
ηsca: Effectiveness of scavenge oil of the seal system
ηseal: Sealing effectiveness of seal system
m1: Oil that is not separated is collected by oil–gas

collection tooling I
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m2: Separated oil is collected by oil–gas collection
tooling II

Greek Symbols

ϕ: General variable
ρ: Fluid density
ε: Dissipation rate
η: Separation effectiveness of oil–gas separator
θ: Angle of incidence

Subscripts

sep: Separation
sca: Scavenge
seal: Seal

Abbreviations

EMU: Electrical multiple units
VOF: Volume of fluid
DPM: Discrete phase model
RNG: Renormalization group.
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