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Abstract: This study investigates the transient lubrication dynamics of subway gearboxes
during acceleration phases through computational fluid dynamics (CFD) modeling. A
simplified gearbox model with helical gears, bearings, and oil-guide channels was devel-
oped using STAR-CCM+®. Simulations evaluated the effects of three acceleration levels
(7.4 m/s2, 4.4 m/s2, and 3.2 m/s2) and three different oil temperatures (−10 ◦C, 10 ◦C, and
70 ◦C) on pressure distribution, churning torque, and oil supply dynamics. The results show
that higher acceleration levels intensify transient pressure fluctuations in gear meshing
regions and expedite oil supply initiation to bearings. However, the steady-state lubrication
performance remains consistent across acceleration magnitudes. Elevated oil temperatures
significantly decrease the initial churning torque of a gearbox but increase the steady-state
churning torque. There exists an optimal temperature that maximizes the oil supply in
the gear meshing zone. In addition, the initial oil supply times for bearings are slightly
reduced under lower temperatures. These findings highlight the critical role of transient
acceleration and temperature effects in gearbox lubrication optimization, providing insights
for enhancing reliability under dynamic operating conditions.

Keywords: subway gearbox; computational fluid dynamics (CFD); start-up; churning
torque; volume fraction

1. Introduction
As the core transmission component connecting the traction motor and wheel set, the

gearbox’s operational reliability critically determines the safe performance of rail vehi-
cles [1,2]. In current rail transit systems, the predominant cause of gearbox failures lies in the
insufficient lubrication of internal transmission components. Specifically, under frequent
vehicle acceleration, starting, and stopping conditions, gears, bearings, and other critical
parts often fail to receive timely oil supply. This deficiency impedes the formation of stable
oil films between meshing gears and bearing surfaces, subsequently triggering mechanical
failures such as tooth surface wear and bearing seizure [3,4]. Consequently, investigating
the dynamic lubrication characteristics of gearbox components under subway acceleration
conditions is of significant engineering significance. Optimized lubrication system designs
prevent transmission failures and enhance operational maintenance protocols.

Recent research on gearbox splash lubrication characteristics has primarily employed
two methodologies—experimental testing and computational simulation. Zhang et al. [5]
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developed a novel gearbox oil agitation test platform by modifying the internal geometry
of the housing. Through systematic investigations into oil immersion depth, gear speed,
and diaphragm configuration, they demonstrated that strategically positioned separators
could significantly reduce oil agitation losses and enhance lubrication efficiency. Similarly,
Laruelle et al. [6] conducted bench tests on spiral bevel gears, identifying oil immersion
depth as the predominant factor influencing agitation losses under varying operational
parameters (speed, lubricant properties, and gear geometry). Zhu et al. [7] established
a specialized test rig to analyze lubricant flow distribution and bearing–gear lubrication
states. By simulating gradient operations (e.g., uphill/downhill) and directional turns via
a wedge mechanism, they characterized lubrication performance through temperature
monitoring under controlled oil immersion depths and rotational speeds. However, con-
ventional experimental approaches are inherently limited to macroscopic oil distribution
analysis, failing to capture high-speed or microscale lubricant flow dynamics, which are
essential for the quantitative assessment of gear-bearing lubrication states. To address
these limitations, Liu et al. [8] pioneered CFD-based investigations of oil flow patterns in
single-stage gearboxes, validating simulation accuracy through experimental comparisons.
Liu et al. [9] studied the lubricating oil distribution and agitation loss of the gearbox based
on the SPH method, and the oil distribution in the simulation was in good agreement
with the test results; however, the agitation loss was quite different from the test results.
Stavytskyi et al. [10] analyzed the agitation loss of gears under different working conditions
using the CFD method, concluding that the power loss caused by the hydromechanical
resistance of gear rotation was consistent with the test data and was used for the actual
calculation of high-speed gears. Shao et al. [11] applied the Moving Particle Semi-implicit
(MPS) method to evaluate initial oil volume effects on lubrication characteristics, while Shen
et al. [12] developed a 3D CFD model for EMU spiral bevel gears, determining that initial
oil volume exerted a greater influence on lubricant distribution than speed or temperature
variations. Wang et al. [13] and Ma et al. [14] further extended CFD and Smoothed Particle
Hydrodynamics (SPH) techniques, respectively, with Ma’s team identifying lubrication-
risk bearings through flow monitoring surfaces and proposing structural optimizations to
mitigate risks. Although these studies employing Finite Volume Method (FVM) and MPS
approaches have systematically examined factors such as gearbox geometry, operating
speeds, oil temperature, and initial oil volume, their scope remains confined to steady-
state operating conditions. Recent efforts by Hu et al. [15,16] on helicopter intermediate
gearboxes investigated the tilt angle and directional movement effects on oil distribution
and torque, while Liu et al. [17] and Hildebrand et al. [18] explored vibration-induced
flow field variations and slope-induced acceleration effects. Nevertheless, existing research
predominantly focuses on global gearbox motion analysis, with limited attention being
paid to the transient dynamics of internal components—notably, the accelerated rotational
behaviors of gears and bearings, which constitute a critical knowledge gap in gearbox
lubrication studies under dynamic operational regimes.

To address this critical gap, this study systematically investigates the fluid–structure
interaction characteristics within subway gearboxes under accelerated operating conditions
through an integrated computational approach. The research framework comprises three
key stages. Firstly, a high-fidelity computational model of the subway gearbox was devel-
oped, incorporating precise geometrical configurations and multiphase flow parameters.
Secondly, multiphysics simulations were conducted through sequential fluid–structure
interaction analysis. The oil supply dynamics were quantified by monitoring flow rates
in lubrication conduits, which were subsequently applied as boundary conditions for
bearing lubrication simulations. Thirdly, the interdependent effects of acceleration levels
and oil temperature variations were rigorously evaluated, with particular emphasis on
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their impacts on both macroscopic flow field patterns and microscale bearing lubrication
performance.

2. CFD Model Setup
2.1. Geometry

To enhance simulation efficiency, the gearbox geometry was simplified by omitting
components with negligible effects on lubricant dynamics. As illustrated in Figure 1,
the simplified model comprises a gearbox housing, a pair of helical gears, bearings, and
oil-guide channels. The labeled oil-guide devices (A, B, C, and D) correspond to their
respective bearing positions. During operation, lubricant is entrained by the driven gear’s
rotation to lubricate the gear surfaces. A portion of the oil splashes into the guide channels
and subsequently flows into the bearings.
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Figure 1. Simplified model of a subway gearbox [13].

2.2. Meshing

The fluid domain mesh of the gearbox and bearings, generated using the overset
mesh technique in STAR-CCM+®2019.1 (14.02.010-R8), ensures structural integrity and
computational stability (Figure 2). To address the challenge of excessive grid counts in the
tight gear meshing region, a scaling method [19] was employed to enlarge gear clearances
while preserving flow characteristics. The gearbox domain utilizes a polyhedral mesh
with local refinement (3 mm cell size in critical regions versus 5 mm elsewhere), yielding
a total of 11.69 million cells. For bearings, trimmed meshes were adopted with localized
encryption (1.5 mm cell size in roller-cage gaps versus 3 mm in other regions). Bearing A
and C’s meshes contain 3 million and 14 million cells, respectively, balancing resolution
and computational cost.
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2.3. Boundary Conditions

The gearbox internal flow field was modeled as a two-phase (air and lubricant) sys-
tem. The lubricant (75W–90 grade) exhibits temperature-dependent viscosity, as follows:
1.65 Pa·s at −10 ◦C, 0.391 Pa·s at 10 ◦C, and 0.0286 Pa·s at 70 ◦C. Air properties were de-
fined as a density of 1.225 kg/m3 and a kinematic viscosity of 1.56 mm2/s. The speeds
of the wheels, driving wheels, and driven wheels are represented in Equation (1). The
initial oil fill level was set to three times the gear tooth height, as shown in Figure 3, with
gear/bearing rotational parameters adopted from [13].

v = 2πnr
60

n = n1 = n2 · z2
z1

(1)

Lubricants 2025, 13, x FOR PEER REVIEW 4 of 13 
 

 

2.3. Boundary Conditions 

The gearbox internal flow field was modeled as a two-phase (air and lubricant) sys-
tem. The lubricant (75W–90 grade) exhibits temperature-dependent viscosity, as follows: 
1.65 Pa·s at −10 °C, 0.391 Pa·s at 10 °C, and 0.0286 Pa·s at 70 °C. Air properties were defined 
as a density of 1.225 kg/m3 and a kinematic viscosity of 1.56 mm2/s. The speeds of the 
wheels, driving wheels, and driven wheels are represented in Equation (1).The initial oil 
fill level was set to three times the gear tooth height, as shown in Figure 3, with gear/bear-
ing rotational parameters adopted from [13]. 

2
1 2

1

2
60
nrv

zn n n
z

π=

= = ⋅
 (1)

v is the running speed of the subway; n is the rotation speed of the subway wheels; 
n1 and n2 are the rotation speeds of the driven wheel and the driving wheel, respectively; 
and z1 and z2 are the number of teeth of the driven wheel and the driving wheel, respec-
tively. 

 

Figure 3. Initial interface of lubricating oil. 

2.4. Solving Process and Algorithm Optimization 

Figure 4 shows the flow diagram and the fluid domain model of the transmission 
bearing, which is divided into the following two steps: 

(1) Gearbox Simulation: Determine the flow field characteristics, agitation torque, and 
flow rates through the oil-guide channels. 

(2) Bearing Simulation: Apply the calculated channel flow rates as inlet boundary con-
ditions to analyze the lubricant volume fraction within the bearings. 

It should be noted that in order to reduce computational time, the acceleration values 
were set to 7.4 m/s2, 4.4 m/s2, and 3.2 m/s2. Consequently, for a target steady-state velocity 
of 80 km/h, the corresponding acceleration times are theoretically determined as 3, 5, and 
7 s, respectively. The numerical models for the gearbox and bearing were executed in par-
allel using 20 processes on a 13th Gen Intel® Core™ i7-13700KF processor (3.40 GHz) with 
128 GB RAM. The computational results under modified acceleration conditions are as 
follows: 3 s acceleration to 80 km/h: ~1100 h for the gearbox and ~400 h for the bearing; 5 
s acceleration to 80 km/h: ~1600 h for the gearbox and ~700 h for the bearing; 7 s accelera-
tion to 80 km/h: ~2000 h for the gearbox and ~1000 h for the bearing. 

Figure 3. Initial interface of lubricating oil.

v is the running speed of the subway; n is the rotation speed of the subway wheels; n1

and n2 are the rotation speeds of the driven wheel and the driving wheel, respectively; and
z1 and z2 are the number of teeth of the driven wheel and the driving wheel, respectively.

2.4. Solving Process and Algorithm Optimization

Figure 4 shows the flow diagram and the fluid domain model of the transmission
bearing, which is divided into the following two steps:

(1) Gearbox Simulation: Determine the flow field characteristics, agitation torque, and
flow rates through the oil-guide channels.

(2) Bearing Simulation: Apply the calculated channel flow rates as inlet boundary condi-
tions to analyze the lubricant volume fraction within the bearings.

It should be noted that in order to reduce computational time, the acceleration values
were set to 7.4 m/s2, 4.4 m/s2, and 3.2 m/s2. Consequently, for a target steady-state velocity
of 80 km/h, the corresponding acceleration times are theoretically determined as 3, 5, and
7 s, respectively. The numerical models for the gearbox and bearing were executed in
parallel using 20 processes on a 13th Gen Intel® Core™ i7-13700KF processor (3.40 GHz)
with 128 GB RAM. The computational results under modified acceleration conditions are as
follows: 3 s acceleration to 80 km/h: ~1100 h for the gearbox and ~400 h for the bearing; 5 s
acceleration to 80 km/h: ~1600 h for the gearbox and ~700 h for the bearing; 7 s acceleration
to 80 km/h: ~2000 h for the gearbox and ~1000 h for the bearing.
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3. Results and Discussion
3.1. Effect of Gear Acceleration

Figure 5 shows the cross-sectional pressure distribution of the gearbox during acceler-
ation to 80 km/h at 7.4 m/s2, 4.4 m/s2, and 3.2 m/s2, followed by 2 s of constant-speed
operation at an oil temperature of 70 ◦C. During the initial start-up phase, the internal pres-
sure distribution remained uniform across all acceleration conditions. However, significant
pressure differences were observed in the gear meshing area—approximately 3500 Pa at
7.4 m/s2, 2000 Pa at 4.4 m/s2, and 1000 Pa at 3.2 m/s2. These differences arise because
higher initial accelerations generate greater gear line velocities, driving rapid lubricant
displacement and increased flow rates in the meshing region. As the gears reached peak
speed, pressure differences in the meshing region diverged inversely with acceleration—
3500 Pa at 7.4 m/s2, 4500 Pa at 4.4 m/s2, and 8000 Pa at 3.2 m/s2. This reversal occurs
because higher accelerations cause centrifugal forces to fling most oil toward the gearbox’s
left wall (Figure 6), reducing oil supply to the meshing area (Figure 7) and thereby lowering
pressure differences. After stabilizing at peak speed for 2 s, both pressure differences and
lubricant distribution in the meshing area converged to similar levels.
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Figure 8 compares the churning torque of the gear under different accelerations. Dur-
ing acceleration, higher accelerations produced larger churning torque values. However,
once the gear transitioned to steady-speed operation, the torque stabilized to nearly identi-
cal levels across all acceleration conditions, indicating that acceleration primarily impacts
transient dynamics rather than steady-state performance.

Figure 9 shows the transition in supply oil behavior under different acceleration
levels. From Figure 9, it can be found that bearings initiate oil supply earlier under greater
acceleration—with acceleration times of 3, 5, and 7 s, oil supply begins at 0.9 s, 1 s, and
1.2 s, respectively. During acceleration, faster growth rates in oil supply are observed
with higher acceleration. For instance, under a 3 s acceleration, Bearing A stabilizes its oil
supply in 2 s and Bearing C in 1.5 s, whereas a 5 s acceleration extends stabilization times
to 4 s for Bearing A and 2.5 s for Bearing C. Further reducing acceleration to 7 s prolongs
stabilization to 6 s for Bearing A and 4 s for Bearing C. Despite these dynamic variations, all
bearings ultimately converge to a consistent steady-state oil supply range, demonstrating
that acceleration impacts transient responsiveness but not final equilibrium.
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Figure 10 illustrates the oil volume fraction within bearings under different accel-
eration levels. A low-volume fraction risks direct contact between bearing components
(e.g., inner/outer rings and rollers), increasing friction and wear. From Figure 10, it can
be revealed that under a 3 s acceleration (highest acceleration), oil volume fractions begin
rising at 1.8 s, stabilizing at 2.64% for Bearing C and 0.91% for Bearing A. With a 5 s acceler-
ation, oil supply initiates at 2.2 s, reaching 2.63% (C) and 0.9% (A), while a 7 s acceleration
delays initiation to 2.6 s, stabilizing at 2.58% (C) and 0.92% (A). These results demonstrate
that higher accelerations shorten oil supply initiation time (e.g., 1.8 s vs. 2.6 s) and enhance
transient lubrication efficiency. However, final oil volume fractions remain nearly identical
across acceleration levels (C: ~2.6%; A: ~0.9%), indicating that steady-state lubrication
depends on oil supply capacity rather than acceleration magnitude. However, it should be
noted that in real-world applications, acceleration is relatively low and the acceleration time
is relatively long, at around 20 s. As a result, the bearing will experience prolonged periods
of oil starvation and frequent start–stops may lead to the wear failure of the bearing.
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3.2. Effect of Oil Temperature

Figures 11–13 depict the evolution of pressure contours, flow field distribution, and
lubricating oil volume in a gearbox under oil temperatures of −10 ◦C, 10 ◦C, and 70 ◦C,
with an acceleration time of 3 s. In the initial phase, overall pressure distribution remains
uniform across all temperatures, yet localized pressure differences in the gear meshing
region intensify with temperature (e.g., they are highest at 10 ◦C). This is because more
lubricating oil is entering into the meshing area at 10 ◦C. When the temperature is lower, the
viscosity of the oil is larger and most of the oil is kept at the bottom of gearbox. However, if
the temperature is higher, the viscosity of the oil is smaller and most of the oil is splashed
onto the gearbox wall surface. As time progresses, the same trend is exhibited, as shown in
Figures 11 and 12. Ultimately, at 10 ◦C, the gear meshing area has the highest amount of
lubricant oil.
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Figure 14 reveals the effect of temperature on churning loss. It can be found that
churning torque initially increases and then stabilizes from acceleration to steady state for
all temperatures. However, the lower the temperature, the larger the churning loss during
the start-up phase. This is because, during initial start-up, the lubricant oil is deposited at
the bottom of the gearbox and lower temperatures result in a higher viscosity, leading to
increased agitation torque. Over time, as the oil gradually distributes within the gearbox,
higher temperatures facilitate broader oil dispersion into the gearbox, thereby further
elevating the torque. Consequently, the churning torque is highest under steady-state
conditions at 70 ◦C, which aligns with Liu Hua’s experimental findings [20].

Figure 15 shows the variation in bearing supply oil volume at different temperatures.
It can be found that across all temperature conditions, the oil supply exhibits an initial rapid
increase followed by stabilization. Temperature significantly impacts both the start-up
performance and final stable values of the lubrication system. At −10 ◦C, the oil supply
grows most slowly, with a delayed initial supply time of approximately 2 s and a low
stable value of 0.04–0.05 L/min for Bearing C, due to increased lubricant viscosity and
reduced fluidity under low temperatures. When the temperature rises to 10 ◦C, the initial
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supply time shortens to 1 s and the stable value increases to 0.3–0.4 L/min for Bearing C,
reflecting improved fluidity as viscosity moderates. At 70 ◦C, the system achieves optimal
performance—the initial supply time drops to 0.8 s and the oil supply rapidly climbs
to a high stable value of 1.6–2.0 L/min for Bearing C, benefiting from reduced viscosity
and enhanced flow under elevated temperatures. In addition, Bearing A (red curve) and
Bearing C (gray curve) share similar trends across temperatures, and Bearing A consistently
maintains slightly higher stable oil supply values because of the different structural or
lubrication channel designs. However, as shown in Figure 16, the final lubricant volume
fraction inside Bearing A is higher than that in Bearing C, which is attributed to Bearing
A’s smaller size. Additionally, the initial oil supply times for Bearings A and C are slightly
reduced under varying temperatures. This is because in low-temperature conditions,
although the oil supply at the inlet starts more slowly, once it enters the bearing chamber,
it is rapidly carried into the bearing interior. In contrast, under high temperatures, the
lubricant first flows along the wall to the bottom of the bearing chamber and is only drawn
into the bearing interior after accumulating to a certain volume, as depicted in Figure 17.
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4. Conclusions
In this study, a transient fluid–structure interaction framework was established to

systematically investigate lubrication dynamics in subway gearboxes under accelerated
start-up conditions. The computational model integrated overset meshing techniques
with multiphase flow analysis. The effects of acceleration magnitude and oil temperature
variations on pressure distribution, lubricating oil distribution, and churning torque char-
acteristics were rigorously evaluated through three-phase simulations. The key findings
are summarized as follows:

(a) During acceleration phases, higher gear acceleration (7.4 m/s2 vs. 3.2 m/s2) induces
greater initial pressure differentials (3500 Pa vs. 1000 Pa) in gear meshing regions due
to rapid lubricant displacement. However, this relationship reverses at steady-state
operation, where lower acceleration preserves higher meshing zone pressure (8000 Pa
at 3.2 m/s2 vs. 3500 Pa at 7.4 m/s2) through optimized oil retention.

(b) Higher accelerations enhance transient lubrication efficiency of the gear meshing area
and the bearings. However, the steady-state performance of the gear meshing area
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and the bearings remains consistent across conditions. Therefore, acceleration governs
transient dynamics but not equilibrium lubrication.

(c) Temperature critically modulates lubrication dynamics, whereby lower temperatures
delay oil supply initiation and restrict bearing flow due to high viscosity, while ele-
vated temperatures accelerate distribution but reduce meshing area retention. Optimal
meshing oil accumulation occurs at moderate temperatures, balancing viscosity and
flow efficiency.

(d) Although oil temperature influences the initial time required for a lubricant to reach
bearing lubrication channels, the final arrival time into the bearing interior just slightly
decreases across temperature conditions.
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