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Abstract: To investigate the lubrication characteristics in high-speed train gearboxes, a two-stage
herringbone gearbox with an idle gear was analyzed. The lubricant flow and distribution were shown
using the moving particle semi-implicit (MPS) method. A liquid film flow model was brought in to
enhance the non-slip wall boundary conditions, enabling MPS to predict the film flow characteristics.
This study investigates the influence of gear rotating speed, lubricant volume, and temperature on
lubricant flow, liquid film distribution, lubrication state in the meshing zone, and churning power
loss. The results indicate that lubrication characteristics depend on the splashing effect of rotating
gears and lubricant fluidity. Increasing gear rotating speed and lubricant temperature can improve
liquid film distribution on the inner wall, increase lubricant volume, and thus enhance film thickness.
The lubricant particles in the meshing zone correlate positively with the gear rotating speed and
lubricant volume, correlate negatively with a temperature above 20 °C, and decrease notably at low
temperatures. Churning power loss mainly comes from the output gear. As lubricant volume and gear
rotating speed increase, churning torque and power loss increase. Above 20 °C, viscosity decreases,
reducing power loss; low temperatures lessen lubricant fluidity, reducing churning power loss.

Keywords: gearbox; MPS; churning power loss; film flow; lubrication characteristics

1. Introduction

High-speed train gearboxes serve in extreme environments for long durations, so
it is particularly important to evaluate the lubrication state during their service. The
temperature of bearings and lubricant is typically a key indicator for monitoring the
operational state of the gearbox. When the temperature surpasses the predetermined safety
threshold, the safety warning mechanism of the high-speed train will be triggered, and
the train will have to slow down or stop. Effective lubrication minimizes friction and
wear between components, absorbs shocks and vibrations, reduces noise, and dissipates
heat, maintaining the gearbox at optimal temperatures. In contrast, inadequate lubrication
increases friction and raises bearing temperatures sharply, potentially causing burnouts,
gear pitting [1], and scoring, as shown in Figure 1, and significantly reducing gearbox
lifespan and reliability. In order to ensure good lubrication of the gearbox and improve the
reliability of the train operation, it is necessary to accurately evaluate the lubrication state
of each component of the gearbox [2,3]. Hence, studying the lubrication characteristics and
influencing factors of high-speed train gearboxes is highly significant.

Many scholars have applied numerical simulation methods to study the splash lu-
brication characteristics of gearboxes, and the finite volume method (FVM) is commonly
adopted [4]. Liu and colleagues established a computational fluid dynamics (CFD) model
for the splash lubrication of FZG gearboxes based on the FVM and investigated the rela-
tionships between fluid distribution, churning power loss, gear rotating speed, and oil
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level [5,6]. Hildebrand et al. studied the interaction relationship between lubricant flow and
power loss by introducing a guide plate [7]. Mastrone et al. improved the mesh generation
process of the FVM, and the proposed mesh partitioning algorithm can significantly reduce
computational costs. The flow field structure of the CFD numerical model was validated
by particle image velocimetry, and good consistency was achieved [8]. Hu et al. [9] and
Jiang et al. [10] conducted an array of investigations regarding the splash lubrication char-
acteristics of bevel gear trains for helicopters. Nevertheless, there are many simplifications
of the housing structure in their CFD models, all in order to ensure mesh quality. Mastrone
et al. [11] proposed a grid reconstruction method, which is believed to be applicable to
multi-stage transmission systems. In CFD models based on the FVM, the moving grid
technique is needed to generate the grid surrounding the gears to simulate rotational
motion [12-14]. If the clearance is too small, it is easy to cause severe mesh distortion in the
meshing area, which can lead to non-convergence of the calculation. Excessive clearance
will weaken the gear meshing effect and increase the calculation error. The moving grid
used in helical gear transmission is more likely to diverge due to mesh distortion than that
of spur gear transmission. The moving grid used in herringbone gear transmission needs to
ensure the coordination and consistency of the two sets of meshes. However, for continuous
transmission with the idle gear, many meshing techniques are no longer applicable.

(@) (b)

Figure 1. Failure modes of gearbox: (a) gear pitting; (b) bearing high-temperature burnouts.

Compared to the grid-based CFD method, there is no fixed topology between the nodes
in the particle-based CFD method, which avoids the complex process of grid distortion
and old-new grid conversion in large deformation problems. It has obvious advantages
in dealing with severe deformation issues such as free-surface flow. Liu et al. applied
the smoothed particle hydrodynamics (SPH) approach to simulate and analyze the oil
distribution of an FZG gearbox. The oil distribution captured by a fast frame camera
showed that the SPH has a strong ability to predict oil distribution [15]. Ji et al. employed
this method to discretize air and oil in a gearbox and studied the aeration behavior during
the churning process [16]. Legrady et al. studied the churning loss in spiral bevel gear
trains and found that the difference in churning loss was up to 30% using a 98% scaled
gear geometry [17]. One other widely available particle-based CFD method is the moving
particle semi-implicit (MPS) approach. Liu et al. [18] used MPS to simulate the CFD model
established in reference [14] and pointed out that MPS is more accurate than SPH in the
prediction of churning torque. Guo et al. [19] used an orthogonal experimental method
to study the influence of geometric dimensions and working conditions on the churning
power loss of a gear system and pointed out gear rotating speed as the mostly important
influential parameter. Deng and others [20-22] visualized the internal flow field of the
single-stage transmission gearbox and screw reducer with MPS. Shao et al. [23] further
carried out a study on the impact of oil adjustment devices on the lubrication mechanism of
high-speed train gearboxes. The CFD simulation models established in references [20-23]
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highly replicate the actual structure of the gearbox, demonstrating the significant superiority
of MPS in visualizing the internal flow field of transmission systems with complex surfaces.
However, their research focuses only on oil circulation, flow patterns, and churning losses,
without studying the coverage of lubricants on component surfaces or the distribution
characteristics of oil films on these surfaces.

Different types of lubricants are used in gearboxes, each with distinct advantages and
disadvantages. Mineral oil is cost-effective and widely available but lacks thermal stability
and longevity [24]. Synthetic oil offers superior performance and durability but is expen-
sive [25]. High-viscosity-index oil ensures stable viscosity across temperature variations
but is costly [26]. Specialty oils provide enhanced protection for specific applications but
may have compatibility issues and higher costs. Semi-synthetic oil, often considered the
best option, balances cost and effectiveness, offering good performance at a reasonable
price, and is therefore widely used in gear transmission systems [27]. Additionally, adding
suitable additives to lubricating oils can improve their frictional properties [28].

The unique structural design of herringbone gears ensures more uniform interaction
between the teeth, thereby reducing noise and vibration. The two helices of the herringbone
gear are arranged on the opposite side, which can withstand both radial and axial forces
simultaneously, while reducing load on the bearings and having stronger carrying capac-
ity [29-31]. The increasing speed of the high-speed train has led to higher requirements for
the power that can be transmitted by the transmission system. And, at the same time, the
continuous improvement in passenger comfort also puts forward higher requirements for
noise control of the transmission system. Transmission systems with herringbone gears
can better meet these requirements. The space under the high-speed train is very limited,
and the structure of the bogies is very compact [32,33]. With a fixed transmission ratio, the
fixed platform height limits the use of large gears in the transmission system. To ensure
the power transmission distance, gearboxes with idle gears have been widely used. In this
kind of transmission system, in order to meet the lubrication requirements, multiple gears
are immersed in the lubricant, and the lubricant splash behavior is more complicated. The
lubrication characteristics of gearboxes with an idle gear remain largely unstudied.

This study focuses on the herringbone gearbox used in high-speed trains, introducing
a liquid film flow model to enhance the non-slip wall boundary conditions of MPS, so
that MPS possesses the capability to forecast surface liquid film flow. The distribution
characteristics of the liquid film on the inner wall of the casing are analyzed, and the
influence of gear rotating speed, lubricant volume, and temperature on the lubrication
performance of the gearbox are studied. The research findings offer a theoretical basis for
optimizing the casing structure and improving the sealing effect and transmission efficiency
of the gearbox.

2. Numerical Approach
2.1. Discrete Principle

MPS is primarily used for solving incompressible flows and has been widely applied
in various specialized engineering and scientific research fields [34-37]. This method uses
the point collocation method to arrange a series of discrete particles on the solution region
and its boundary to represent the macroscopic fluid. The kernel function determines a
weighting relationship of the mutual actions between adjacent particles. Various differential
operators in the motion-controlling equations and the interactions between particles are
discretely solved based on the kernel function. By tracking the kinematic and dynamic
properties of each tracking particle in the Lagrange coordinate system, the flow information
of the macroscopic fluid is obtained.



Lubricants 2024, 12, 270

4 0f 20

2.2. Controlling Equations and Particle Action Models

Assuming that the lubricant is an incompressible fluid, the MPS-controlling equations
involve the mass equation and the momentum equation [38]:

Dp _
Dui_l M2

where u denotes the fluid velocity vector, p denotes the fluid density, p denotes the fluid
pressure, y denotes the fluid dynamic viscosity coefficient, and g denotes the gravity vector.

A continuous fluid is made up of discrete particles whose motion can be used to
characterize the motion of the fluid. Each particle carries its own physical properties,
including position, velocity, pressure, and so on. The motion of each particle has an effect
on its surrounding particles. The interactions between particles are achieved by the kernel

function w(r) [39]: .
w-{70" LS ®

where r = |r; — r;| represents the particle distance and 7. represents the action radius
of the particles. Every particle only interacts with a specific amount of particles that are
located inside 7e. The particle density is determined by a weight sum of the particle number
within e, and the particle number density n; of particle i located at r; can be expressed as

follows [40]:
=) (=), )

For incompressible fluids, it is necessary for the fluid density to remain unchanged.
Due to the proportional relationship between p and n; [34], n; will also be maintained at
a constant n°. Furthermore, according to the kernel function, the gradient operator of
particle i is available by weighting the gradient vectors of other particles, while the Laplace
operator is expressed as the physical quantity transfer from the particle and surrounding
particles [41]:

d i — $i
(Vo); = @ZjaéiL(Pz(fj —ri)w(|r—ril), )
|1 = il
) 2d
(V29) = =53 (9 — ¢ w(|r; —ri]), (6)
a2 Zigllr=nil)lr —nf* )

Lz —il)

where d is the space dimensionality of the issue.

2.3. Algorithms and Boundary Conditions

MPS adopts a semi-implicit time step advancement algorithm, which means that the
momentum equation is solved explicitly and the mass equation is solved implicitly. At
each time step, the estimations of particle velocity and position are obtained by solving
the viscosity and source terms in the momentum equation based on the initial conditions.
Then, the modified values are solved according to the mass conservation equation, and the
velocity and location of the particle for the following time step are calculated based on the
corresponding modified values. By tracing the particles’ movement pattern at every time
step, flow information can be obtained for the flow field.

In MPS, particles are rearranged at each time step, so quickly identifying free surface
particles is key to accurately solving the pressure field. Fluid particles inherently rely on the
free-surface; hence, the n; at the free surface is relatively low. The condition for identifying
the free surface is as follows [42]:

ni < pn’, (8)
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where f is the free-surface judgment coefficient, generally taken as 0.97.

In addition to free-surface boundary conditions, MPS also requires accurate identifica-
tion of solid boundaries. Solid walls generally use polygon boundaries, and the pressure
inside the fluid is balanced by setting up virtual particles [43]. In general, three layers of
solid boundary particles are arranged, as depicted in Figure 2. The first layer of boundary
particles adjacent to the fluid is called interface particles, which participate in pressure
calculations but do not make corrections to flow velocity and position vectors. The other
two layers are solid particles and only participate in particle density calculations.

-
/ \
Flwd particle
/ / \ - !
' \
1 1 -

o R U Interface particle

~O--6 Solid particles

Figure 2. Schematic diagram of fluid—solid boundary particles.

2.4. Liquid Film Flow Modeling

The liquid film on a rotating disk is driven solely by centrifugal force and is often
used as a typical physical model for thin film flow. The liquid film itself is very thin. It is
assumed that the pressure of the film in the thickness direction is constant, and the shear
stress between the air and liquid on the film surface is neglected. In the analysis process,
the liquid is regarded as an incompressible Newtonian fluid, and the momentum equation
and continuity equation followed by the liquid film during the flow process are as follows:

p(?;l%—v-(uu)) =—-Vp+pg+VT+f, 9)

Vu=0, (10)

where T is the shearing force tensor and f is the extraneous force.

Vita et al. proposed the thin film estimation method, which can transform the three-
dimension thin film flow issue into a two-dimension approximate model issue [44], signifi-
cantly improving the solution efficiency. The two-dimensional approximate thin film flow
model is shown in Figure 3.

1L
S 1

U gisk

Ug

Figure 3. Two-dimensional approximate thin film flow model.

By integrating the momentum in Equation (9) in the thickness direction, the integrated
shape of the momentum equation for liquid film flow can be obtained:

a .
po; (hit) +p/hV'(uu)dz = —hV(plgld + ox) — Taisk + F, (11)
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where u(_) denotes the mean velocity of liquid film flow, ¢ is the thickness of the film, ¢ is
the surface tensile force coefficient, « is the surface curvity, F is the extraneous force, and
Tgisk 1S the shearing stress of the liquid film on the surface of the disk:

ou
Taisk = M- o (12)
z=0

By incorporating the velocity profile function and vertical velocity fluctuations, the
final form of the control equation for a 2D thin film flow approximation model can be
obtained:

] 1 1
9 (hit) + V-(hiiii + C) = —~hVp — ~ Ty + Sy 13
at( ) ( ) oV Taisk (13)
oh _
I -0) = Q. 1)

where the momentum source term Sy, and the mass source term Qp, represent the moving
jet. The differential convection term C, pressure p, and shear stress Tg4;s are given by the
following equation:

213 . _
C= %h(u — Ugisk) (# — Ugisk), (15)
p=oplglh+oV:(Vh), (16)
12
Tdisk = %g(u — Ugisk), (17)

3. Model and Simulation
3.1. CAD Model of a High-Speed Train Gearbox

A high-fidelity CAD model of a parallel axis herringbone gear transmission gearbox
for high-speed trains is established for the first time, according to the author’s knowledge.
Figure 4 illustrates the components of the herringbone gear transmission gearbox, which
include an input pinion, an idle gear, an output gear, an upper casing, a lower casing, and
a series of shaft end attachments.

27 126 125 |24 \23 22 21N\ 20 \JIN\ 18

Figure 4. Exploded view of a herringbone gearbox. 1 —GW seal ring, 2—GW end cup, 3—GW bush,
4—GW bearing, 5—casing up, 6—elastic node, 7—output gear, 8—GM bearing, 9—GM seal ring A,
10—GM seal ring B, 11—GM bush, 12—GM end cup, 13—output axis, 14—PM end cup, 15—PM
bush, 16—PM retaining ring, 17—idle axis, 18—PM seal ring, 19—IM inner retaining ring, 20—IM
outer retaining ring, 21—IM bearing, 22—PM bearing, 23—idle gear, 24—input pinion, 25—PW axis
retaining ring, 26—input axis, 27—casing down, 28—hanger rod, 29—PW bearing, 30—PW retaining
ring, 31—PW bush, 32—PW end cup A, 33—PW end cup B, 34—IW end cup, 35—IW bush, 36—IW
retaining ring, 37—IW bearing.
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The gearbox is lubricated by splash lubrication, and the idle gear and the output gear
are partially immersed in the lubricant as the churning gear. The main design parameters
of the herringbone transmission gears are presented in Table 1. This transmission system
consists of two stages with fixed ratios: the first stage has a ratio of 29:35, and the second
stage has a ratio of 35:73. The geometric characteristics of the transmission gears and the
inner wall of the casing are crucial factors affecting the lubrication characteristics and are
fully preserved in the established model. Removing the holes, chamfers, and other features
on the outer surface of the casing is beneficial to improving the computational efficiency
and has no effect on the lubrication characteristics.

Table 1. Main design parameters of a herringbone gearbox.

Input Pinion Idle Gear Output Gear
Normal model [mm] 4 4 4
Number of teeth 29 35 73
Tooth width [mm] 70 70 70
Pressure angle [°] 20 20 20
Center distance [mm] 242 405
Helical angle [°] 38 38 38

3.2. CFD Model of a High-Speed Train Gearbox

The gearbox CAD model is imported into the shonDy [45,46] based on MPS to create
the CFD model, which reflects the flow field of the gearbox. The simulation duration is
configured as 3 s in the CFD model, where 0~1 s represents the tilt accelerating phase
and 1~3 s represents the steady running phase. The inclined acceleration stage is used
to eliminate errors in the flow field results caused by severe lubricant fluctuations due to
sudden gear rotation. Based on the transmission ratio of the drive gears and the movement
relationship of the bearings [47], the motion of each gear and bearing is defined, ignoring
the self-rotation of the bearing rollers.

1 Dycosa
T 2ni<1 - bdm ) (18)

where 1y, denotes the revolution speed of the roller, ; denotes the rotating speed of the
bearing cone, D}, denotes the diameter of the roller, « denotes the contact angle of the
bearing, and dy, denotes the pitch diameter of the bearing.

The lubricant type is 75W-90, and the material characteristics of this lubricant can be
found in Table 2. By taking into account the viscosity—temperature characteristics of the
lubricant, the algorithm provided in AGMA 925 A(03 can be used to estimate the viscosity
and density of the lubricant at various temperatures [48]. These values are presented in
Table 3.

Igllg(v+0.7)] = A — B x1g(0 +273.15), (19)

p=876—0.6x0, (20)

where v is the kinematic viscosity of the lubricant, mm?2-s~!; A and B are the lubricant

constants, A ~ 8.04 and B ~ 3.10; and 6 is the lubricant temperature, °C.

Table 2. Basic material characteristics of 75W-90.

Kinematic Kinematic
. o . . . .
Density at 1}3 C Flash oI’omt o Pour Eomt 0p Viscosity at 40 °C  Viscosity at 100 °C Viscosity Grade
p15 [kg-m™] [°Cl [°C] 2 1 5 1 Index
vgo [mm?.s71] V100 [Mm*“-s7]

867 220 -50 116 16.6 160 APIGL5
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Table 3. The viscosity and density of 75W-90 at different temperatures.
Temperature 6 [°C] Kinematic Viscosity v [mm2.s~1] Density p [kg-m™3]
—-10 3480.97 882
20 342.55 864
50 74.36 846
80 25.85 828

The continuous phase lubricant is discretized using lubricant particles, as shown in
Figure 5. As an important parameter in the CFD model, theoretically, the smaller the size
of the lubricant particle, the more accurate and realistic the flow field results obtained.
The diameter of the lubricant particles is defined as 1 mm, taking into account the current
computing time and cost.

Figure 5. Schematic diagram of initial lubricant particles.

CFD simulations consume a considerable amount of resources, including not only
computational power but also a large amount of time and manpower. Setting an appropriate
time step may dramatically reduce the amount of time it takes to compute and boost
the convergence. The appropriate time step At is determined based on the following
formula [49]:

Klp 1 d;2 ) 2

At = min (Ati, _— =

Umax 2V + Vmax

where At is the time step, At; is the initialization time step, K is the courant number, Iy

denotes the particle diameter, #max denotes the maximum velocity of the particle, d; denotes

the diffusion coefficient, v denotes the dynamic viscosity of the fluid, and vmax represents
its maximum value.

The running speed of a high-speed train, its initial lubricant volume, and its lubricant
temperature are crucial operating parameters of a gearbox. To delve into the relationship
between these operating parameters and lubrication characteristics, several CFD simulation
models of the gearbox were established, as shown in Table 4. Models 1~4 investigate the
influence of gear rotating speed, which is the running speed of the high-speed train, on
the lubrication characteristics. In the numerical simulation process, the rotation directions
of each gear are shown in Figure 5. Models 5~7 and Model 3 examine how lubricant
temperature affects the lubrication characteristics. Models 8~10 along with Model 3 explore
the influence of initial lubricant volume on the lubrication characteristics. In Models 8,
3,9, and 10, the oil levels are adjusted to immerse the output gear at different heights: 1
ht in Model 8, 1.5 k¢ in Model 3, 2 h; in Model 9, and 2.5 h; in Model 10. The quantity of
lubricant particles needed to discretize the lubricant at different levels using 1 mm particles
are 697,674, 818,323, 909,672 and 1,027,081, respectively. i represents the tooth height of
the output gear, with i; = 13.7 mm.
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Table 4. CFD model parameters of the herringbone gearbox.

Research Variables

Rotating Speed of Input Pinion Submerged Teeth Height Lubricant Temperature

[rpm] (7] [°Cl
1 1000 15 80
2 . 2000 1.5 80
3 Gear rotating speed 3000 15 80
4 4000 1.5 80
5 3000 1.5 -10
6 . 3000 1.5 20
7 Lubricant temperature 3000 15 50
3 3000 1.5 80
8 3000 1 80
3 Lubri | 3000 15 80
9 ubricant volume 3000 2 80
10 3000 2.5 80
All numerical simulation models are executed on a Dell workstation (graphics card:
NVIDA RTX A4000; CPU: Intel Gold 9258R; RAM: 1.75 TB). The simulation time for each
model is approximately 5~6 days. And, the simulation time is determined by the quantity
of lubricant particles, lubricant physical properties, and gear rotating speeds.
4. Experiment Verification
Due to the limitation of the experimental conditions, the same geometric model as
the gearbox in reference [5] is established. The geometry dimensions of the gear pair are
displayed in Table 5. The gearbox dimensions are 274 x 56 x 175 mm. The CFD simulation
model was created using the shonDy, with the lubricant physical properties and gear speeds
set the same as in reference [5], as detailed in Table 6. Condition 1 is used to verify the oil
distribution, while conditions 2~7 are used to verify the churning torque. A comparison of
the experiment and simulation results is depicted in Figures 6 and 7.
Table 5. The geometry dimensions of the gear pair in the FZG gearbox.
Gear Center Tooth Module Pressure Modification Gear Face Tip Diameter
Distance [mm] Number [mm] Angle [°] Coefficient Width [mm] [mm]
Pinion 16 0.182 82.46
Gear 915 24 45 20 0.171 14 118.36
Table 6. FZG gearbox operating conditions.
Lubricant Temperature 8  Distance between the Oil Level and the Gear Rotating Speed Pitch Line Velocity
[°C] Midpoint of the Gear [mm] [rpm] [m/s]
1 40 36.7 407 23
2 60 21.6 348 2.0
3 60 21.6 1444 8.3
4 60 21.6 3474 20.0
5 90 20.0 348 2.0
6 90 20.0 1444 8.3
7 90 20.0 3474 20.0

As seen in Figure 6, when the pinion rotates 50°, the teeth initially immersed in the
lubricant rotate three teeth. Due to the oil viscosity, a clear oil trail is formed. The gear
rotates at a low speed and turns about two teeth. The lubricant churned up by the gear
accumulates in the lower left of the gear, without forming a clear oil path. When the
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pinion rotates 100°, four oil trails form on the tooth side, with the outermost two almost
overlapping. The centrifugal force acting on the lubricant churned up by the gear is about
2/3 that on the pinion. Due to the viscosity, the lubricant still accumulates in the lower left

of the gear. The amount of lubricant churned up is also much more than when the pinion
gear is rotated by 50°.

(b)

Figure 6. Oil distribution comparison at startup after 50° and 100° pinion rotations: (a) after 50°;
(b) after 100°.

0.8
—@— Experiment -] —@— Experiment
- @ -MPS , -9 -MPS
08|
0.6
E E
Z Z
2 0.6 >
= =
g 204t
2oar 2
5 g
S5 502}
02}
0.0 | 0.0
| | 1 1 1
0 5 10 15 20
Pitch line velocity (m/s) Pitch line velocity (m/s)
(a) (b)

Figure 7. Comparison between the churning torque predicted by MPS and the experiment results:

(a) oil level = 21.6 mm beneath the midpoint, 8 = 60 °C; (b) oil level = 20.0 mm beneath the midpoint,
6 =90 °C.

Figure 7 presents the simulated churning torque values predicted by MPS and the
experiment churning torque values reported in reference [5]. Overall, the churning torque
predicted by MPS and the experiment values both indicate an increase in churning torque as
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the pitch line velocity of the gear rises. Although there is a numerical deviation of about 30%
between the results predicted by MPS and the experiment data, the overall trend displayed
by both is consistent. This may be due to differences in the material characteristics of
the lubricant or numerical errors caused by using discrete lubricant particles instead of a
continuous phase. At both high and low pitch line velocities, the churning torque estimated
through MPS demonstrates satisfactory concurrence with the experimental results. The
comparison shows a strong agreement between the oil distribution and churning torque
predicted by MPS and the experimental measurements. This demonstrates the capability of
MPS to accurately forecast the oil distribution and churning torque in a gearbox.

5. Results and Discussions
5.1. Flow Field Simulation Results

By post-processing the simulation results of the CFD models in Table 4, the motion
morphology and physical characteristics of the lubricant particles under different working
conditions were obtained. Figure 8 displays the particle velocity field of various models.
All particles near the casing inner wall have relatively low velocities, while those near the
gear surface have higher velocities. As can been seen from Models 1~4, as the gear rotating
speed increases, the quantity of agitated lubricant particles increases and so does their initial
velocity, leading to greater inertial forces on the lubricant particles. Under the agitation of
the rapidly rotating gears, a greater number of lubricant particles reach the top of the casing
and continue to splash onto the upper parts of the input pinion and idle gear. Models 5~7
and Model 3 reflect the impact of lubricant temperature on the splashing characteristics.
Compared to Model 3 with the highest lubricant temperature, the quantity of lubricant
particles in the casing upper part of Model 5 is significantly reduced, while Model 7
shows no particularly noticeable difference. The lubricant is approximately 163 times
more viscous at —10 °C than it is at 80 °C, whereas the lubricant is approximately three
times more viscous at 60 °C than it is at 80 °C. When the lubricant temperature decreases,
the viscosity increases, and the lower the temperature, the more significant this increase
trend becomes. When the low-temperature lubricant flows, the viscous forces between
the lubricant molecules are dominant, and the fluidity of the lubricant is weakened, so the
splash action of the lubricant particles becomes undermined. From Models 8~10 and Model
3, it can be seen that as the initial lubricant volume increases, the submergence deepness
of the churning gear increases, the amount of lubricant churned by the churning gears
also increases, and the lubricant particles in the casing upper part significantly increase.
However, since the gear rotating speed and lubricant temperature remain constant, it can
be roughly assumed that the inertial and viscous forces on the lubricant particles do not
change. At this time, the increase in lubricant particles in the casing upper part depends
primarily on the quantity of lubricant particles that are churned up, which will allow more
lubricant to participate in lubrication.

Figure 8 further shows that there is no notable disparity in the distribution of lubricant
particles at the bottom of the casing. This is mainly because the baffle at the base of the
lower casing and on both sides of the gears can separate the gear churning area from the
oil storage backflow area. The lubricant flowing down from the upper part of the casing
along the side wall of the casing and the lubricant entering the oil storage chamber under
the gear can always make the oil storage backflow area on both sides of the baffle be filled
with lubricant.

To further analyze the characteristics of backflow and resplash in the gearbox, the
simulation results were post-processed to obtain the lubricant particle pathlines, clearly
depicted in Figure 9. From Models 1~4, it is evident that the pathline density of the lubricant
particles in the oil storage chamber and backflow areas increases significantly as the gear
rotating speed goes up, and the pathlines in the oil storage backflow areas become more
continuous. The increased pathline density of lubricant particles in the oil storage chamber
indicates an increase in the amount of lubricant entering the oil storage chamber. In this
herringbone gearbox of a high-speed train, both the output gear and the idle gear act as
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churning gears. The increase in input pinion rotating speed simultaneously enhances the
splashing effect of these two gears on the lubricant. Due to the oil guide plate, most of the
lubricant churned up by the idle gear flows into the oil storage chamber. Additionally, some
of the lubricant particles churned up by the output gear splash directly into the oil storage
chamber. Figure 9e-h show the lubricant particle pathlines at different oil temperatures.
Figure 9e shows the lubricant particle pathlines at a temperature of —10 °C. Compared
to models at other temperatures, the lubricant fluidity at —10 °C is very weak, forming
dense lubricant pathlines in the revolution direction of the output gear. As the temperature
increases, the fluidity improves, and these dense lubricant pathlines disappear. Some of
them flow back to the oil storage backflow areas, and the lubricant pathlines in the oil
storage chamber are significantly denser. The fluidity of the lubricant in the oil storage
backflow areas significantly increases, allowing the lubricant to re-participate in lubrication
through the oil return holes underneath the output gear. From Figure 9i-], it is clear that as
the lubricant volume grows, the amount of lubricant in the oil storage chamber gradually
increases. The increase in lubricant in the oil storage chamber enhances the fluidity of
lubricant in the oil storage backflow areas, resulting in a noticeable recirculation at the
bottom of the output gear.

(b) (c) (d)

(e)

(i)

(f) (8) (h)

() (k)

Lubricant particle velocity [m/s]
! .
0 02 04 0.6 08 1

Figure 8. Lubricant particles’ velocity field of different models: (a) Model 1; (b) Model 2; (c) Model 3;
(d) Model 4; (e) Model 5; (f) Model 6; (g) Model 7; (h) Model 3; (i) Model 8; (j) Model 3; (k) Model 9;
(1) Model 10.
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Figure 9. Lubricant particle pathlines of different models: (a) Model 1; (b) Model 2; (c) Model 3;
(d) Model 4; (e) Model 5; (f) Model 6; (g) Model 7; (h) Model 3; (i) Model 8; (j) Model 3; (k) Model 9;
(1) Model 10.

5.2. Lubricant Film Distribution Results

Figure 10 illustrates the lubricant film distribution contours on the inner wall of the
casing for different models. The lubricant film thickness on the inner wall surface along the
gear circumference is noticeably higher than on the side surfaces. Models 1~4 demonstrate
that when the gear rotating speed rises, both the thickness and coverage of the lubricant film
on the inner wall of the casing increase. The reason for that is primarily that the lubricant
particles splash faster at higher rotating speeds. As the gear rotating speed goes up, the
kinetic energy of the lubricant particles rises, leading to a more pronounced splashing
effect. The fluidity of the lubricant film on the inner wall of the casing also enhances.
The lubricant film thickness and coverage in Model 4 are significantly higher than those
in Models 1 and 2. When the input pinion rotating speed increases from 1000 rpm to
4000 rpm, the coverage of the lubricant on the inner wall of the box increases from 37.7%
to 47.8%. Figure 10e-h present the distribution contours of the lubricant film at various
oil temperatures. A low-temperature lubricant has poor fluidity, and the lubricant film on
the inner walls of Models 5 and 6 shows a thick and uneven characteristic. The fluidity
of the lubricant is substantially enhanced as the lubricant temperature goes up. This not
only makes the lubricant particles more easily reach the inner wall surface of the casing
but also significantly improves the fluidity of the lubricant film. Therefore, the lubricant
on the inner wall of the casings becomes more uniform, and the cumulative effect of the
lubricant is significantly improved. From Figure 10i-l, it is observed that the distribution
characteristics of the lubricant film are nearly consistent with the rise in lubricant volume,
but the thickness of the lubricant film generally increases. When the submerged tooth
amount of the output gear increases from 1 ki to 2.5 k, the average thickness of the lubricant
film rises from 0.07 mm to 0.18 mm, but the lubricant film coverage only increases by 9.9%.
It is worth noting that although both the idle gear and the output gear act as churning
gears, the distribution of the lubricant film mainly depends on the splashing effect of the
output gear.
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Figure 10. Lubricant film distribution contours under different working conditions: (a) Model 1;
(b) Model 2; (c) Model 3; (d) Model 4; (e) Model 5; (f) Model 6; (g) Model 7; (h) Model 3; (i) Model 8;
(j) Model 3; (k) Model 9; (1) Model 10.

5.3. Analysis of Lubrication in the Meshing Zone

To further analyze the lubrication in the meshing zone, two meshing monitoring zones
are set up between the input pinion and the idle gear, and the output gear and the idle gear
to detect the quantity of lubricant particles in the meshing area, labeled as meshing zone 1
and meshing zone 2, respectively. The length of the meshing monitoring area is 70 mm,

and the radius is 23 mm, precisely covering all the teeth involved in the meshing, as shown
in Figure 11.

Meshing zone 1
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Figure 11. Schematic diagram of meshing monitoring zones.
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The average quantity of lubricant particles in the meshing monitoring zones from 2.5
to 3 s is used as the evaluation index of lubrication performance in the gear meshing zone,
and the average lubricant particles in the meshing zones of different models is shown in
Figure 12. The lubricant particles in meshing zones 1 and 2 decrease when the gear rotating
speed goes up. This is mainly because in this herringbone gearbox with an idle gear, the
churning effect of the output gear on the lubricant is dominant. As the gear rotates faster,
the splashing effect of the gear becomes more pronounced. Although the fluidity of the
lubricant is enhanced, the centrifugal force on the lubricant particles due to the high-speed
rotating gears is also significant, causing them to splash onto the casing wall and form
lubricant film, thereby reducing lubricant particles in the meshing zones.

35 30 80
—— Meshing zonc 1 —— Meshing zone 1 —— Meshing zone 1

~—@— Meshing zone 2 ~—@— Meshing zone 2 —@— Meshing zone 2
70

w
S
T

25
60

25+ sl

40+
20}

Quantity of lubricant particles

S

S5 ST FSSF O £E5Rs
Sy sy Fys§s s sy

Figure 12. Quantity of lubricant particles in meshing zones of different models.

From Model 5~7 and Model 3, it is evident that the lubrication state in the meshing
zone is poor at lower temperatures. When the lubricant temperature rises to 20 °C and
continues to increase, the lubricant particles in the gear meshing zones further reduce.
At temperatures below 0 °C, the lubricant exhibits a high viscosity and low fluidity. To
maintain a consistent splashing effect on the lubricant, the gear speeds are kept relatively
high. In Model 5, the splashing effect of the lubricant is very strong, but the viscosity
effect is also significant, making it very easy to condense on the inner wall of the casing.
Therefore, there are fewer lubricant particles in the meshing zones. At a temperature of
20 °C, the lubricant viscosity decreases significantly, leading to an increase in fluidity. This
causes certain lubricant particles to stick to the gear surface, facilitating their entry into
the gear meshing zones. When the lubricant temperature further goes up, the fluidity is
improved, and the lubricant particles are prone to form a film on the inner wall of the
casing, increasing the coverage rate of the lubricant film and reducing the lubricant particles
reaching the meshing zones.

The gear rotating speed and lubricant temperature of Models 8~10 and Model 3 are
the same, but the volume of lubricant is different. That is, keeping the lubricant viscosity
and the splashing effect constant, increasing the volume of lubricant will result in more
lubricant particles to be churned by the gears. As a result, as lubricant volume grows, so
do the lubricant particles in the gear meshing zones. It is worth noting that in Models 9
and 10, the initial lubricant level surpasses the oil baffle at the base of the lower casing, so
some of the lubricant will leap over the oil baffle into the churning area instead of the oil
return holes below the output gear. This portion of lubricant is more easily churned up by
the idle gear into meshing zone 2 to participate in the lubrication of the idle gear and the
input pinion.

5.4. Analysis of Churning Power Loss

The lubrication performance, transmission stability, and financial efficiency of energy-
savings from the transmission system are all significantly impacted by gear churning power
loss. Investigating the prediction and control methods of gear churning power loss is vital
for optimizing the design, saving on energy, and reducing emissions. By post-processing
the numerical results, the force exerted by the lubricant on the gear surface is regarded as
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Churning torque/Nm

Input pinion
Idegear

resistance during the gear churning process, with the product of this force and the lever
arm representing the gear churning torque. The churning power loss of the 10 models
shown in Table 4 is analyzed, and the churning torque of each gear is recorded every 0.01 s,
as shown in Figure 13.

Inputgear
Idlegear
Output gear’,

Output W

Time/s

(a)

Input gear
Tdle gear
—— Output gear

Churning torque/Nm
3
Churning torque/Nm

N N RS

Time/s

(b) (c)

Time/s

Figure 13. Churning torque of different models: (a) Models 1-4 with different gear rotating speeds;
(b) Models 5-7 and Model 3 with different lubricant temperatures; (c) Models 8-10 and Model 3 with
different lubricant volumes.

A gradual ramp-up acceleration method is employed in the CFD model to mitigate the
lubricant oscillation instability resulting from sudden gear acceleration. During the startup
phase, the gear rotates slowly, and the resistance to oil churning is correspondingly modest.
Then, as the lubricant enters a phase of intense change, the churning torque increases
rapidly. Following an interval of oscillation, the flow field gradually stabilizes, and the gear
churning torque also gradually stabilizes with slight oscillations. As shown in Figure 13a,
the churning torque goes up with increasing gear rotating speeds, with this trend becoming
more pronounced. Figure 13b shows the relationship between lubricant temperature and
churning torque. In Model 5, the lubricant temperature is low, the lubricant fluidity is poor,
and most of the churned lubricant adheres to the casing walls. Additionally, the flow of
lubricant from the oil storage backflow area to the churning area is not smooth, resulting in
less churned lubricant and minimal churning power loss. When the lubricant temperature
rises above 20 °C, the change in viscosity is much smaller compared to the change from
—10 to 20 °C. Therefore, the differences in churning torque among Models 6, 7, and 3 are
not significant. From Figure 13¢, it is evident that the churning torque goes up slightly with
the growth in the immersion depth of the gear.

An average churning torque from 2.5 s to 3 s is taken as the churning torque. The
churning power loss for different models is calculated using Equation (22), and the results
are presented in Table 7. The comparison of churning power losses of the different models
is shown in Figure 14.

o Tiny + Tony + Tang
B 9550

where T represents the gear churning torque and n represents the gear rotating speed.
Subscripts 1, 2, and 3 represent the input pinion, idle gear, and output gear, respectively.

Based on the data shown in Figure 14 and Table 7, it is evident that the churning power
loss ascends as the gear rotating speed and initial lubricant volume rise. Once the lubricant
temperature reaches room temperature, further increasing the lubricant temperature will
reduce the churning power loss. Notably, churning power loss becomes more sensitive
to gear rotating speed, particularly under a high-speed gearbox operation. Compared
to medium and low speeds, increasing the gear rotating speed will significantly increase
churning power loss. Because of its high viscosity at low temperatures, the flow state of
the lubricant is different from that at ordinary temperatures, resulting in lower churning
power loss.

P (22)
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Table 7. Churning torque and power loss of different models.

Churning Torque of Input Churning Torque of Idle Churning Torque of Output  Churning Power Loss

Pinion [Nm] Gear [Nm] Gear [Nm] [W]
1 0.0428 0.0415 0.7563 39.54
2 0.1514 0.1617 2.9064 301.57
3 0.3322 0.2821 5.1649 822.33
4 0.5796 0.5650 7.3438 1660.80
5 0.1019 0.1366 1.9799 792.60
6 0.3623 0.3265 5.6146 1067.30
7 0.3949 0.3046 5.2963 1514.59
8 0.3608 0.2819 4.8550 314.65
9 0.3322 0.2821 5.1649 899.47
10 0.9448 0.9426 7.7924 864.26
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Figure 14. Churning power loss of different models.

6. Conclusions and Future Work

In this paper, 10 high-fidelity CFD simulation models of a herringbone gear trans-
mission gearbox with an idle gear for a high-speed train are established. The effects of
gear rotating speed, lubricant volume, and temperature on the lubrication characteristics,
lubrication in the meshing zone, and churning power loss are studied with MPS. The major
conclusions of the present study are the following:

(1) MPS is utilized for investigating the lubrication characteristics of a herringbone
gear transmission gearbox with an idle gear. This offers a novel research approach for the
lubrication study of continuous gear transmission and non-convectional gear transmission.
The combination of a liquid film flow model and MPS expands the capability of MPS to
forecast the distribution of a liquid film on the surface of components and provides new
indicators for the evaluation of gearbox lubrication.

(2) The velocity field and lubricant pathline for CFD models are visualized. The results
indicate that the lubrication characteristics depend on the splashing effect of rotating gears
on the lubricant and the fluidity of the lubricant. Gear rotating speed is the main factor
influencing the splashing effect of the lubricant, while the lubricant fluidity is significantly
affected by temperature. Increasing the initial lubricant volume not only enhances the
splashing effect but also improves the lubricant fluidity.

(3) The distribution of the lubricant film on the inner wall of the casing for each
model was analyzed. The results suggest that fast rotating gears enhance the thickness and
coverage of the lubricant film on the casing inner wall. The higher the lubricant temperature,
the more uniform the lubricant film distribution. Increasing the initial lubricant volume has
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little effect on the distribution characteristics of the lubricant film but significantly increases
its thickness. In this two-stage herringbone transmission gearbox, the distribution of the
lubricant film on the inner wall of the casing primarily depends on the splashing effect of
the output gear on the lubricant.

(4) The quantity of lubricant particles in the meshing zone correlates positively with
gear rotating speed and initial lubricant volume. When the lubricant temperature is
above 20 °C, the lubricant particles in the meshing zone are negatively correlated with
temperature. If the temperature is too low, the quantity of lubricant particles in the meshing
zone will also be minimal.

(5) The gear churning torque of each model is extracted, and the churning power
loss is analyzed. This analysis reveals that most of the churning power loss primarily
comes from the output gear. As the initial lubricant volume and gear rotating speed
increase, the churning torque increases, leading to an increase in churning power loss.
When the lubricant temperature is above 20 °C, with the increase in temperature, the
viscosity decreases, resulting in a reduction in churning torque and churning power loss.
However, low-temperature lubricants have high viscosity and poor fluidity, resulting in
low churning power loss.

The MPS method provides an intuitive method for visualizing the flow field in high-
speed train gearboxes. Reference [50] employed the Taguchi optimization algorithm and
a grey correlation analysis to optimize the parameters of the central gear of a planetary
gearbox and evaluated the influence of modulus, tooth width, and material on the safety
factor. This is very important to carry out parameter optimization of a high-speed train
gearbox transmission system. Next, the State Key Laboratory of Rail Transit Vehicle System
at Southwest Jiaotong University, in collaboration with CRRC Qingdao Sifang Co., Ltd.,
will conduct run-in tests on the high-speed train herringbone gearbox studied in this study.
By opening transparent windows or arranging oil collection pipes at reasonable positions
in the actual gearbox, the flow field characteristics of the gearbox can be analyzed. Torque
sensors will be placed at the shaft ends of the output shaft to measure the resistance torque
during gearbox operation. Run-in tests under multiple conditions will be conducted, and
the simulation model will be corrected based on the measured data. The relationships
between various parameters and churning power loss will be analyzed, and a mathematical
model for directly calculating power loss will be derived using a dimensional analysis. In
addition, long-term reliability experiments can be conducted to collect and analyze the
data on the lubrication performance of gearboxes over time and to study the mechanisms
of gear wear and lubricant degradation. This will help to gain a more comprehensive
understanding of the performance of gearboxes under actual working conditions.
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