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Abstract: During the excavation process of tunnel boring machines (TBMs), the manufacturing precision and assembly accuracy
of components affect the sealing performance of the main drive lubrication system and the service life of the main bearings.
Simulating grease injection and pressure distributions in the lubrication chamber helps improve sealing performance and extend
the lifespan of the main drive system. This study integrates volume of fluid multiphase flow simulations and experimental
investigations to systematically analyze the effects of different eccentricities, the number of grease injection ports, and the
inner wall rotation speed on EP2 grease distribution. When the eccentricity between the inner and outer seal axes is within
0.75 mm, the number of external grease injection ports is increased, and the inner wall rotation speed decreases, the grease
is evenly distributed in the flow channels. An injection optimization strategy based on pressure monitoring is proposed. In the
design of the main drive sealing structure, controlling the eccentricity below 0.75 mm and arranging 12 injection ports along a
single chamber while setting the inner wall rotation speed to 5 r/min can effectively improve the sealing performance of the
main drive system.

Key words: Tunnel boring machine (TBM); Main drive seal lubrication structure; EP2 injection; Experimental analysis on
grease optimization

1 Introduction

With the continuous development of railway and
subway construction throughout China, the expansion
and improvement of the national railway network have
led to an increasing demand for large excavation equip-
ment, particularly tunnel boring machines (TBMs)
(Kang et al., 2023; Lin et al., 2024; Zhang et al., 2024;
Zhao et al., 2026). The key component of TBM is its
main drive system (Fig. 1), which provides significant
operational torque to the front cutter head. The main
drive system (Joudaki et al., 2026) bears most of the
Earth pressure generated during the tunneling process
(Nilot et al., 2024) to ensure that the entire machine
can advance normally.
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The performance of this system, often referred
to as the “heart” of the TBM, directly impacts the
machine’s lifespan. If severe wear (Fang et al., 2023;
Fu et al., 2024) occurs in this system during operation,
it is difficult to perform quick inspections, and can lead
to serious construction delays and substantial economic
losses. During operation, the TBM operates in a rela-
tively harsh underground environment (Barzegari
et al., 2021; Agrawal et al., 2022; Zhou et al., 2025).
Common failure modes include seal ring fracture, ex-
cessive wear of the lip, wear of the sealing bushing,
and flipping of the sealing lip (Stakenborg et al., 1990;
van Leeuwen and Stakenborg, 1990; Vishwakarma
et al., 2017; Huo et al., 2021, 2022). To prevent failure
of the main drive system and ensure its proper opera-
tion while minimizing heat generation during tunnel-
ing, researchers have studied the sealing and lubrication
devices installed at the front end of the main drive to
enhance sealing performance and tunneling efficiency.

The sealing performance of the shield machine’s
main drive can be studied based on practical engineering
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Fig. 1 Main drive system of tunnel boring machine

applications. The structure of sealing rings is discussed
first. Currently, single-lip seals and multi-lip (finger-
type) seals are widely adopted. Multi-lip seals offer a
more intuitive indication of assembly status and pro-
vide stable and reliable operations. However, due to
their large contact area with the rotating raceway, they
generate significant heat during operation, requiring an
additional cooling water chamber for timely cooling.
In contrast, single-lip seals do not need a separate cool-
ing device and have a more compact overall structure.
In this study, we focus on the analysis of the single-
lip sealing structure (Tasora et al., 2013). The configu-
ration of this type of sealing and lubrication system is
shown in Fig. 2. The various lip seals within the main
drive sealing and lubrication structure can form multi-
ple sealing chambers with different functions. The seal-
ing structure consists of three lip seals and several
spacer rings. The first- and second-stage lip seals are
oriented towards the tunneling side of the main drive
to prevent external impurities from entering and dam-
aging the main bearing area. The third-stage lip seal,
located at the far right, faces the internal gear oil tank,
preventing leakage from the tank. The material char-
acteristic of the main drive seal ring is also a key focus
of research. Li et al. (2024) analyzed the wear failure
characteristics of polyurethane elastomers (Naheed
et al., 2021) under different dry friction conditions, using
this as a basis for monitoring temperature-induced fail-
ure of the main drive seal. Through analysis of the
chain extension coefficient of polyurethane materials
(Ariati et al., 2021) used in the main drive seal of the
tunneling machine, Wu and Zhang (2022) selected a
polyurethane elastomer sealing material with excellent
heat and aging resistance. Wang et al. (2023) conducted
research on the cooling system, investigating the heat
generation and water-cooling efficiency of a polyure-
thane sealing system under high linear velocity condi-
tions in shield machines. They aimed to optimize the

seal system structure to meet the application require-
ments of polyurethane in the tunneling process. To ad-
dress the issue of seal failure caused by wear between
the seal lip and the rotating raceway, Zeng (2021)
used the high hardness and excellent wear resistance
of SKS5 steel to replace the traditional quenched steel
wear strip with an SK5 wear-resistant strip. By weld-
ing it onto the support ring, they effectively reduced
the manufacturing cost while ensuring the overall reli-
ability of the sealing structure. In addition, to improve
the overall performance of the main drive sealing sys-
tem and extend its service life, various enhancement
measures have been adopted. Zhang et al. (2022) used
the theory of the solution of inventive problems (TRIZ)
to analyze the shortcomings of the traditional assem-
bly methods used for components within the main drive
sealing structure. After comparing multiple assembly
schemes, they designed a type of seal ring installation
device that not only ensures sufficient fit of the lip
seal but also effectively improves assembly efficiency.
Other measures, such as using wear-resistant sealing
materials, fastening adjacent lip seals with annular
pressure plates, and installing spacer rings with sup-
port structures behind the lip seals, can also effectively
improve sealing performance and extend the service
life of the shield machine.
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Fig. 2 Single-lip seal internal sealing and lubrication
structure. 1: labyrinth chamber; 2: first-stage seal; 3: sealing
and lubrication chamber; 4: seal retaining ring; 5: second-
stage seal; 6: sealing detection chamber; 7: third-stage seal;
8: gear oil chamber

To gain deeper insights into the effects of the struc-
tural parameters of the shield machine’s main drive
seal, scholars have begun studying the whole process
through numerical simulations and experiments, aim-
ing to better understand the internal mechanisms (Tong
et al., 2023). Borras et al. (2020) considered that the
contact region of the lip seal operated under full-film
lubrication and proposed an elastic-hydrodynamic
model. However, the model lacks a microscopic analy-
sis of contact. Zhang et al. (2021) conducted finite



element analysis on lip seals and found that, compared
to unsupported seal structures, lip seals with support
structures have smaller contact areas and exhibit greater
stability under high-pressure conditions. This design
alleviates overheating caused by wear and can effec-
tively prevent leakage incidents. Through numerical
simulations, Pinedo et al. (2017) found that eccentricity
leads to an increase in friction, resulting in severe seal
wear. To address the significant deformation of lip
seals during pressurization, Xiang et al. (2023) devel-
oped a bidirectional fluid-structure interaction compu-
tational method. This approach enables the simulation
of dimensional deformation of lip seals and the trans-
fer of pressure data at various points, allowing for the
estimation of grease leakage under simulated condi-
tions. Using bench tests, Hand et al. (2022) found that
the seal exhibited more severe friction and a wider
wear profile at the lip region under eccentric condi-
tions. Tan et al. (2022) designed an orthogonal experi-
mental scheme and used finite element analysis to
simulate the opening pressure differential and contact
width of lip seals with different structural parameters,
aiming to obtain an optimized structure that meets op-
erational requirements. Zhang and Zhu (2023) studied
the sealing performance of lip seals under various
compression levels and different oil pressures applied
to the front and back sides. They found that as the
compression of the seal ring increases within a certain
range, the maximum von Mises stress on the contact
surface between the lip seal and the inner wall also in-
creases accordingly. However, the maximum contact
stress at that location tends to decrease overall. Ji et al.
(2023) focused on the contact area between the seal-
ing ring and the rotating inner cylinder, using the Hertz
contact model to calculate the contact pressure of the
surface asperities at that location. They also conducted
fluid-structure-thermal coupling studies to investigate
the local heating characteristics of the sealing ring
during operations. Some researchers have conducted
experimental analyses on other flow field parameters
of the main drive sealing system, in addition to the sim-
ulation optimization of structural parameters related
to lip seals. In response to issues observed on construc-
tion sites, such as excessive levels of Pb, Cr, and mois-
ture in gear oil, Wang and Zhong (2021) dismantled
and modified the original labyrinth structure of the
TBM main drive seal. This structural modification
took only 24 h and met the operational requirements,
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significantly reducing the construction time of the
project.

Many structural designs for the main drive seal
lubrication system have been proposed. However, most
of these improvements focused on individual compo-
nents within the main drive seal structure. As a result,
there is an absence of a comprehensive analysis of the
sealing and lubrication performance of the entire sys-
tem under various complex working conditions. In this
study, we integrate the volume of fluid (VOF) model
for numerical simulations to analyze the grease flow
process and compare the results with laboratory exper-
iments, thereby fully validating the effects of sealing
parameters under dynamic operating conditions. Our
model provides guidance for the optimization of the
TBM main drive sealing system and overcomes the
limitations of traditional models that focus on indi-
vidual parameters. Simulating the process of grease
injection into the main drive sealing and lubrication
structure under different conditions and analyzing the
distribution of grease within the cavity, as well as the
internal pressure distribution, is crucial to enhancing
the structure’s ability to prevent the intrusion of exter-
nal impurities and prolonging its operational life. We
aim to address these aspects through dynamic simula-
tions and optimization techniques. This study focuses
on the influence of parameter selection during grease
injection in the main drive lubrication system of the
TBM and its impact on lubrication performance.

2 Methodology
2.1 Computational model selection

For the case of grease injection into the main
drive sealing and lubrication structure, the injected
grease is almost immiscible with air, resulting in a dis-
tinct phase interface between the grease and air phases.
Compared with other interface-capturing approaches
such as the level-set method, the VOF model (Guerrero
et al., 2017; Akhlaghi et al., 2019; Zhu et al., 2022;
Di Giorgio et al., 2024) has distinct advantages in en-
suring mass conservation and handling complex topo-
logical changes, including interface rupture, coales-
cence, and cavity entrapment. These features (Tang
et al., 2024; Dai et al., 2025) are critical for grease
lubrication problems, where the conservation of the
injected lubricant volume and the accurate prediction
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of its spatial distribution are most important. Although
the level-set method offers a smoother interface rep-
resentation, it suffers from non-conservation of mass,
which may lead to spurious loss of lubricant in long-
term simulations. Therefore, VOF is adopted in this
work to achieve reliable predictions of grease distribu-
tion under different operating conditions. The VOF
model is an interface-tracking method commonly used
for computations involving immiscible fluids. It can
be used to determine the steady-state or transient liquid-
gas interface within the computational domain. The
flow chart of the whole process is shown in Fig. S1 of
the electronic supplementary materials (ESM).

The gas-liquid interface is determined by intro-
ducing a volume fraction function a within each com-
putational cell (Wang and Zhong, 2021). Let a [0, 1]
denote the volume fraction of the primary phase in a
computational cell. The transport of « is governed by
the following advection equation, where u is the ve-
locity vector field and g, is an artificial compression
velocity introduced to sharpen the interface:

da

py +V(ou) +V(a(l—a)u,) =0. O]

In the absence of the compression term, the equa-
tion reduces to a standard advection equation:

da

o +u-Vo=0. 2)

For incompressible flow, the continuity equation
takes the following form:

Vu=0. 3)

The parameters of the mixed fluid within a com-
putational cell are calculated by Egs. (4) and (5),
where p,, p,, and p,, are densities of gas, liquid and
the mixed fluid, respectively. u,, u,, and u,, represent
the viscosities of gas, liquid, and the mixed fluid, re-
spectively. a is the volume fraction function above.

pa=0p+ (1=a)p,, (4)
=0+ (1 —a) u,. (%)

The momentum equation for the mixture is writ-
ten as Eq. (6), where F, is the surface tension force

while g is the gravitational acceleration vector. The
superscript T represents the transpose, while p is the
fluid pressure.

pm(%’; +ﬂVﬂ) :—VP+V[ﬂm(Vﬂ+ (Vﬂ)T” + ©)
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2.2 Characteristics of the main drive seal grease

The grease used in this study is EP2, which is an
extreme pressure lubricant that has advantages such as
the ability to block external dust and strong adhesion
(Wang et al., 2020). EP2 grease parameters obtained
through experimentation are shown in Table S1 of the
ESM. Its detailed feature description is provided in
Section S1 of the ESM.

3 Indoor experiments
3.1 Experiment condition

The experiment’s testbed is shown in Fig. S2,
the statistical dimensions of the experimental design
are summarized in Table S2, and the experimental
procedure is detailed in Section S2 of the ESM.

3.2 Experimental results

The diffusion trajectories of EP2 grease are il-
lustrated in Fig. S3, experiment result analysis is de-
tailed in Section S3, and the leakage of EP2 grease
on the non-motor side is shown in Fig. S4 of the
ESM.

4 Simulation analysis
4.1 Simulation model establishment

To better understand the internal mechanism of
the main drive seal condition, a numerical model was
established (Fig. 3) to observe the passage of the lip
seal with various parameters, as described in detail in
Section S4 of the ESM.

4.2 Flow field mesh division

Hybrid mesh (Zhu et al., 2017) combines the ad-
vantages of both structured and unstructured meshes.
The grid structure of the original flow field is shown
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Fig. 3 Numerical model: (a) the original fluid passage structure; (b) upper cross-sectional chamber distribution of the
lip seal; (¢) internal structure. 1: sealing motor-side end cover; 2: outer cylinder labyrinth; 3: main drive seal (reverse
lip); 4: outer cylinder; 5: inner cylinder; 6: main drive seal (forward lip); 7: outer cylinder labyrinth (non-motor side

seal): 8: sealing non-motor side end cover

in Table S3 of the ESM. The generated mesh was veri-
fied for independence (Fig. S5 of the ESM). From the
line chart, when the number of meshes in the model
reaches 5.0x10° the grease pressure value in the lubri-
cation chamber gradually stabilizes. Therefore, in this
study, a mesh configuration with 5.0x10° elements
were chosen to discretize the flow channel model.

4.3 Results and discussion

4.3.1 Grease injection process under the original
operating condition

The boundary conditions for EP2 grease under
the original working conditions are shown in Table 1.
During the grease injection process into the main drive
sealing chamber, as the amount of injected grease in-
creases, the distribution of grease within the chamber
generally exhibits a certain regularity. Six time points
were selected for analysis using corresponding grease
volume fraction contour plots and the average grease
volume fraction line chart (Fig. 4). The detailed analy-
sis of the time-dependent distribution of the lubricant is
shown in Section S5 of the ESM. The volume-averaged
grease distribution during the 0—9000 s injection pro-
cess is shown in Fig. S6 of the ESM.

Table 1 Boundary conditions under the original working

conditions
Number of Number of Single-pipe  Inner wall
injection injection ports  flow rate rotational
ports per chamber (mm/s) speed (1r/min)
40 8 0.64 5

Volume
X fraction of EP2

05

@ //
(d)

(e)

Fig. 4 Grease volume distribution at different time points
during the injection process: (a) =1400 s; (b) =2800 s;
(¢) =4200 s; (d) =5600 s; (e) =7000 s; (f) =9000 s

4.3.2 Simulation model verification

To verify the feasibility of the simulation model
established in Section 4.1, the experimental measure-
ments of pressure distribution under the original oper-
ating condition were compared with the numerical sim-
ulation results. A total of eight pressure monitoring
points were selected on both the motor side and non-
motor side, corresponding one-to-one with the actual
pressure sensor locations on the test bench in Fig. 5.
Monitoring points 1-4 were located near the outlet
on the motor side, while points 5-8 were positioned
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Fig. 5 Distribution of pressure points within the fluid
domain: (a) motor side; (b) sealing non-motor side

near the outlet on the non-motor side. The monitoring
points on each side were arranged circumferentially
at 90° intervals. The data obtained from experiments
and numerical simulations at the pressure monitoring
points after the EP2 grease injection process under dif-
ferent eccentricity conditions were compared (Fig. S7
of the ESM). The numerical simulation results closely
agreed with the experimental data, thereby confirm-
ing the feasibility and validity of the simulation model.

4.3.3 Influence of the concentricity error

The testbed was modified by rotating the inner
cylinder along the positive Y-axis direction with dis-
placements of 0.75, 1.50, 2.50, and 3.50 mm, generat-
ing corresponding eccentricities between the station-
ary outer cylinder and the rotating inner cylinder. The
EP2 distribution on the YOZ cross-section is present-
ed in Table S4 of the ESM. Under the original work-
ing condition, the motor side had a relatively nar-
row radial structure, allowing for a higher grease
filled rate on that side. In contrast, the non-motor side
chamber had a larger radial gap, resulting in areas
where grease did not adhere to the rotating wall sur-
face, leading to a lower grease volume fraction.
When the eccentricity between the axes of the inner
and outer cylinders increased to 1.50 mm, the grease
volume fraction in both the motor side and non-motor
side chambers decreases. In particular, regions within
the motor-side PO and P2 chambers of the flow field
showed no grease adhering to the inner wall, forming
partial cavity areas. When the eccentricity exceeded
2.50 mm, comparison of grease distribution in the PO
chambers on both sides revealed a significant imbal-
ance, with severe grease distribution asymmetry. Due

to the eccentricity, grease tended to accumulate in
the lower part of the fluid domain.

In the labyrinth chamber, the amount of grease
in the lower half was consistently greater than that in
the upper half (Fig. 6). Most of the grease on the lower
side of the flow path adhered to the stationary outer
wall under the combined effects of gravity and inner
wall agitation. These observations indicate that, com-
pared to the original condition, increasing the eccen-
tricity between the inner and outer cylinders leads to a
general decrease in grease distribution throughout the
chamber. Therefore, to ensure uniform grease distribu-
tion within the chamber, large eccentricities between
the inner and outer cylinders should be avoided.

To quantify the uniformity of EP2 grease distri-
bution, the volume fraction values under different ec-
centricity conditions were collected. The data in Table 2
were processed according to Eq. (7), yielding a stan-
dard deviation o, (e) of 0.70205% and a mean value
1 of 53.476%. N is the number of concentricity errors
and 4, is a simple EP2 grease volume fraction value
with its corresponding concentricity value in Table 2.
When the concentricity error o was 0.75 mm, the cor-
responding volume fraction fell between the values
aoa(€) and z+20,,,,(e), thereby confirming its
validity as a threshold.

1 N
Hn= N;ﬂiv

e
Ug]obal(e): NZ(%‘_#) .

A comprehensive analysis of the pressure varia-
tion at each point under different conditions revealed
that significant fluctuations began to occur around
2500 s (Fig. 7). Therefore, pressure variation curves
after 2500 s were extracted for detailed analysis.

Due to the stirring effect of the forward-rotating
inner cylinder and the tendency of grease to accumu-
late in the lower part of the flow field, the pressure at
points 1, 2, and 5 showed various degrees of decrease
during injection, whereas the pressure at points 3, 4,
7, and 8 increased significantly. Additionally, analyz-
ing each monitoring point individually revealed that
the amplitude of pressure fluctuations increased with
greater eccentricity. When the eccentricity was less
than 0.75 mm, the grease distribution inside the flow
channel remained relatively uniform, maintaining a
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Fig. 6 EP2 grease distribution under different eccentricities of fluid domain

Table 2 Uniformity of the EP2 grease distribution

Concentricity error (mm) Volume fraction of EP2 grease (%)

0.00 54.27
0.75 54.21
1.50 53.09
2.50 52.93
3.50 52.88

certain degree of sealing performance. However, when
eccentricity exceeded 1.50 mm, an uneven grease dis-
tribution was observed between the motor side and the
non-motor side. As the eccentricity increased, grease
tended to accumulate more prominently at the lower
end of the lubrication chamber. Under such conditions,
the main drive sealing structure may fail to ensure
proper sealing and lubrication.

The presence of eccentricity between the inner
and outer cylinders had a significant impact on grease
pressure near the outlet area, with greater eccentricity
leading to larger fluctuations in pressure. Due to struc-
tural differences caused by the variable radial width
of the flow paths on the motor side and the non-motor
side, the corresponding pressure values at the same po-
sitions on both sides differed considerably, although
the overall trends remained consistent. An increase in
eccentricity further amplified the range of pressure
variation between the two sides.

4.3.4 Impact of the number of injection points on
the sealing performance

The number of injection ports arranged around
the periphery of the main drive sealing lubrication
structure may affect the uniformity of grease distribu-
tion within the chamber. To investigate this, models
were created with 4 or 12 evenly distributed injec-
tion ports per chamber. The inner cylinder was as-
signed a rotational boundary condition of 5 r/min, ro-
tating positively around the X-axis for simulation. The
results will later be compared with those from the
original fluid domain model, in which eight injection
ports were distributed around each lubrication cham-
ber in the same position as shown in Section 4.3.2, to
analyze the influence of the number of injection ports
on grease flow behavior.

For working conditions with different numbers
of injection ports (Table 3), the flow rate of grease
through each port varied accordingly to ensure a con-
sistent total grease flow within the chamber. In this
study, we assumed that all injection ports had equal
cross-sectional areas and that the inlet and outlet
grease flow rates were identical.

Fig. 8 illustrates the grease distribution within
the XOY cross-section of the chamber under two
conditions: with four or 12 evenly distributed injec-
tion ports around a single chamber. When only four
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injection ports were arranged around each chamber, the injected grease to adhere to the outer wall near the
the limited number of peripheral inlets caused most of  injection points. During the steady outflow of grease
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Fig. 7 EP2 pressure variation curves at eight monitoring points under different eccentricities: (a) point 1; (b) point 2;
(¢) point 3; (d) point 4; (e) point 5; (f) point 6; (g) point 7; (h) point 8

Table 3 Boundary conditions with different numbers of injection ports

Number of injection ports Number of injection ports per chamber Single-pipe flow rate (mm/s) Inner wall rotational speed (r/min)
20 4 1.280 5
40 8 0.640 5
60 12 0.427 5
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Fig. 8 EP2 grease distribution under different numbers of injection ports of fluid domain

from both outlets, only a small portion of the grease
adhered to the inner wall, resulting in clearly visible
unfilled cavity regions within the chamber. The amount
of grease in such cases was insufficient to meet sealing
requirements. In contrast, when more injection points
were provided, the grease volume fraction on the sealed
motor side increased significantly, and the grease dis-
tribution within each chamber became more uniform.
Similarly, a series of cross-sections parallel to the YOZ
plane was extracted from the volume fraction diagrams
under both conditions for grease distribution analysis,
with the results shown in Table S5 of the ESM.

The cavity filled rates of EP2 grease under three
configurations with 4, 8, or 12 injection ports per
chamber were compared (Table 4). With an increasing
number of injection ports per chamber, the grease
filled ratio at dynamic equilibrium in the main drive
sealing system increased accordingly, leading to im-
proved circumferential continuity. Therefore, the con-
figuration with 12 injection ports per chamber is rec-
ommended for practical application.

Table 4 Cavity filled rate of EP2 grease

Number of injection ports per chamber EP2 grease filled rate

4 48.71%
8 54.27%
12 60.79%

When four injection ports were arranged around
each chamber, only a small lower portion of the flow
path between the inner and outer cylinders was filled
with grease in each lubrication chamber, and most of
the EP2 grease still failed to adhere to the inner wall.
In contrast, with 12 injection ports arranged around
each chamber, the grease filling within each chamber
improved significantly. However, due to the wider
gap on the non-motor side, regions without grease ad-
hesion to the inner wall persisted on that side.

The impact of the number of evenly distributed
injection ports around the flow field on pressure varia-
tions at monitoring points on both sides of the fluid
domain is shown in Fig. 9. Since the overall structure
of the fluid domain remained largely unchanged, the
pressure trends at each point were generally consis-
tent across the three configurations. As grease was in-
jected, pressure fluctuations at the four monitoring
points on the motor side gradually stabilized. In con-
trast, the structure on the non-motor side had a more
pronounced influence on the pressure fluctuations at
points 5, 6, 7, and 8. Notably, when 12 injection ports
were evenly arranged around each chamber, the pres-
sure variations on the non-motor side became signifi-
cantly more intense. Additionally, pressure values at
the four non-motor side points began to fluctuate more
noticeably around 3800 s, indicating a difference in
grease filling efficiency between the two sides due to
the structural differences in their flow paths. Grease
began to diffuse and fill the motor side first.

4.3.5 Effect of the inner wall rotational speed

Fig. 10 illustrates the grease distribution within the
XOY cross-section of the chamber under two conditions:
with 5 or 10 r/min. With increasing inner wall rota-
tional speed, the annular distribution of grease was
markedly reduced, and the grease tended to overflow
more easily from the outlet, leading to a decrease in
the volume fraction of EP2 grease.

Similarly, a series of cross-sections parallel to the
YOZ plane were extracted from the volume fraction
diagrams under both conditions for grease distribution
analysis, with the results shown in Table S6 of the ESM.
The effect of the inner wall rotational speed on the
pressure variation at monitoring points on both sides
of the fluid domain is shown in Fig. 11. Comparing
the pressure variations at each point, with grease
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injection, increasing the motor-side rotational speed
caused more pronounced pressure fluctuations at
points 1, 2, 3, and 4, while the grease distribution on
the non-motor side tended to become more uniform.
Moreover, under the 10 r/min condition, the mean pressure

fluctuations were significantly higher than those at
5 r/min, indicating a deterioration in sealing perfor-
mance. Therefore, reducing the rotational speed within
a certain range can enhance the sealing characteristics

of the main drive system.
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Fig. 11 Pressure variation at eight monitoring points for two inner wall rotational speeds

5 Conclusions

In this study, we used the VOF multiphase flow
model and finite element simulation software to analyze
the simulation results of the grease injection process
into the lubrication cavity of the main drive seal under
different coaxial errors between the inner and outer
cylinders. Additionally, we investigated the distribu-
tion of grease in the flow field and pressure character-
istics under various numbers of injection ports and

inner wall rotation speeds. The impact of these dif-
ferent operating conditions on the overall sealing and
lubrication effectiveness of the structure was thoroughly
examined, leading to the following conclusions:

1. When other conditions are constant, for the ex-
perimental workstation involved in this study, when
there was a small range of variation in the eccentricity
between the inner and outer sleeves (eccentricity vari-
ation not exceeding 0.75 mm), the distribution of grease
in the channels remained relatively uniform, ensuring
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a certain level of sealing. However, with a larger ec-
centricity, the grease distribution in the channel became
uneven, and as the eccentricity increased, the positive
and negative pressure zones formed by the grease in
the cavity became more pronounced, making it diffi-
cult to maintain normal sealing lubrication. Therefore,
efforts should be made to avoid significant variation
in coaxial errors.

2. Under the condition of maintaining a constant
total grease flow into the chamber, configurations with
fewer injection ports arranged around each chamber
resulted in poor grease distribution uniformity and
limited diffusion toward both sides, making it difficult
to meet the actual sealing requirements. Increasing the
number of peripheral injection ports effectively im-
proved the uniformity of grease distribution within the
chamber. However, compared to modifying the origi-
nal flow channel structure, increasing the number of in-
jection ports offered only a limited improvement in over-
all grease distribution. Since the number of injection
ports significantly affected grease distribution, the pres-
sure values at monitoring points near both outlets also
varied accordingly. In particular, the increase in the
number of injection ports had a more pronounced im-
pact on pressure fluctuations at various locations on
the non-motor sealing side.

3. Changes in the inner wall rotational speed sig-
nificantly affected grease distribution and sealing per-
formance in the main drive system. Higher speeds re-
duced adhesion and annularity, leading to poorer seal-
ing, with the motor side being more sensitive than the
non-motor side. Hence, maintaining a lower rotational
speed within a suitable range is advisable to improve
sealing reliability.
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