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A B S T R A C T

Accurate analysis of the thermal equilibrium characteristics of high-speed train gearboxes can aid in preventing
high-temperature malfunctions and ensuring the safe and efficient operation of trains. Owing to the complex heat
transfer routes and interdependencies within the gearbox, establishing a precise thermal analysis model is
essential. In this work, a finite element thermal network model is proposed to predict the temperature distri-
bution of a gearbox. The moving particle semi-implicit method is used to determine the flow state of the lubricant
and the convective heat transfer coefficients on the surfaces of the components. Power loss, which contributes to
heat generation, is categorized into gear meshing, oil churning, and bearing friction. A thermal network model
and finite element model for thermal analysis are subsequently developed based on heat transfer relationship,
and data exchange between the two models is achieved through the BoundaryToFEM unit. The effects of the gear
rotation speed, convective heat transfer coefficient between the components and lubricant, and heat transfer
coefficient between the outer surface of the gearbox and ambient air on the thermal equilibrium are analyzed.
The results indicate that when the input gear speed increases from 2104 rpm to 5259 rpm, the total power loss
increases by 2159 W, and the heat balance temperature increases by approximately 53 ◦C. When the convective
heat transfer coefficient between the components and lubricant varies from a 50 % reduction to a 50 %
magnification, the thermal equilibrium temperature only changes by 1–2 ◦C. However, when t between the outer
surface of the gearbox and ambient air undergoes the same variation process, the thermal equilibrium tem-
perature decreases by approximately 82 ◦C. The full-scale gearbox running-in experiment shows that the pre-
dicted temperatures of the bearing cups remained within a deviation range of 2–5 % from the experimental
values, and the maximum error of the lubricant temperature was 3.18 ◦C, which further verifies the accuracy and
reliability of the proposed model.

1. Introduction

The electric transmission system, known for its efficiency, stability,
and controllability, is widely used in modern high-speed trains (HSTs)
[1,2]. The system is composed of a traction motor, elastic coupling,
gearbox, and wheelset, which guarantees precise and efficient power
transmission [3]. The gearbox transmits the torque of the traction motor
to the wheelset through gear meshing to drive the train. However, as the
train speed increases, the working conditions of the transmission system
become more complex and harsh. As a critical component, the gearbox
operates in a high-temperature, high-speed and high-load environment
and faces problems of heat accumulation and efficiency degradation [4,

5]. These factors not only affect the reliability of the transmission system
but also pose a potential threat to the safety of train operations.
Therefore, studying the thermal equilibrium of a gearbox, particularly
the temperature distribution and thermal management, is valuable for
improving transmission efficiency, optimizing heat dissipation structure
design and extending service life.

The precise calculation of power loss serves as the basis for analyzing
the thermal equilibrium of the gearbox. The gearbox power loss can be
divided into load-related power loss and nonload-related power loss [6].
Among them, gear meshing power loss and bearing friction power loss
are functions of the load, friction coefficient, and rotational speed,
whereas gear churning loss is related to factors such as the rotational
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speed and lubricant viscosity [7–11]. The current power loss calculation
analyzes the working mechanisms of various friction pairs and estab-
lishes a numerical model to solve for power loss during the friction
process. Based on gear contact analysis, the meshing principle and
tribology theory, the influence of gear geometric parameters and
working conditions on meshing power loss was discussed in [7,12–20].
Numerous calculation models are summarized on the basis of extensive
experiments, such as the Anderson model [13], Coy & Townsend model
[15], ISO/TR 14179 model [17,18] and Seetharaman model [20].
However, these models must adhere strictly to their application condi-
tions; otherwise, significant errors may result. In existing studies on
bearing friction power loss, the integral method and the local method
are usually used. The integral methods [21–25] are based on empirical
formulas, which are simple and widely used in engineering. Local
methods [9,10,26,27] provide more detailed analyses of bearing com-
ponents, including rollers, cone and cup assemblies, and lubricants.
Although these methods offer higher accuracy, they are more complex,
have a narrower application range, and are less efficient than the overall
methods in engineering applications. In addition, research on oil
churning loss is continuously progressing. Experimental methods are
commonly used to acquire data on churning loss, and empirical formulas
such as those by Terekhov [28], Boness [29], and Luke [30] have been
developed. Changenet and colleagues [31–33] refined experimental
techniques, thoroughly explored the factors affecting churning loss and
developed more accurate predictive models. In addition, computational
fluid dynamics (CFD) simulations are widely used to analyze the hy-
drodynamic behavior and churning loss mechanism [6,34–36].
Although CFD simulation can provide high-precision results, its calcu-
lation is very expensive and resource intensive, especially in complex
systems, and the simulation time is very long.

The heat in the gearbox comes mainly from the friction between the
components. If heat cannot be dissipated in time, it will lead to an in-
crease in oil temperature, a decrease in lubrication performance and
aggravation of component wear, which will ultimately affect working
performance and operation stability. Consequently, heat transfer anal-
ysis and thermal management of gearboxes have become important
research fields. At present, methods for analyzing the thermal charac-
teristics of gearboxes include experimental techniques, finite element
analysis and the thermal network method. Researchers have built test
rigs and employed thermocouples and infrared imaging to directly
measure the temperatures of bearings, gears, lubricants and casings
[37–41]. Nonetheless, experimental methods incur high labor costs and
face some limitations when applied under complex conditions. The finite
element method has emerged as an important research technique
because it can simulate the complex temperature distribution within a
gearbox. Shi et al. [42] used the finite element method to simulate the
tooth surface temperature distribution of a locomotive drive spur gear.
Li et al. [43] investigated the effect of the helix angle on the temperature
distribution of gears. Refs. [44–46] systematically analyzed the factors
influencing the gear temperature field. In these studies, the large-scale
flow behavior of the lubricant is decoupled from the gear motion, and
an estimated convective heat transfer coefficient (HTC) is used to
represent the heat dissipation behavior of the gear. Lu et al. [47,48]
established a thermal–fluid coupling model of an intermediate gearbox
and evaluated the correlation between the convective HTC and the tooth
surface temperature. Bashal et al. [49] studied the oil flow and the
temperature distribution on the rotor surface of a multinozzle screw
compressor. Owing to differences in mesh types, CFD models for the
flow field and temperature field must be established individually for
thermal–fluid coupling analysis, and data exchange between models is
achieved through specific scripting programs. In addition, finite element
simulations of thermal–fluid coupling require considerable resources
and time. The simulation quality is subject to the user experience, and
the postprocessing process is cumbersome. The thermal network method
is an alternative approach for analyzing thermal characteristics.
Compared with finite element analysis, the thermal network method

only needs to establish a one-dimensional thermal network model
(TNM), which simplifies the solution process to the solution of linear
equations. Scholars have applied the thermal network method to FZG
gearbox [50], four-stage transmission [51], automobile drive axle [52],
six-speed manual gearbox [53] and planetary gearbox [54] and verified
the accuracy of the TNM through experiments. This shows that the
thermal network method is very suitable for analyzing the thermal
equilibrium characteristics of the gearbox from the perspective of the
entire transmission system rather than focusing on an individual
component. However, to obtain the temperature distribution of the
gearbox, many measuring points need to be set on the parts, which
weakens the convenience of the thermal network method. Even with
sufficient temperature measuring points installed, it is difficult to visu-
ally present the temperature distribution of the gearbox.

The thermal equilibrium characteristics of an HST gearbox are
typical of thermal multiphase flow coupling, involving multiscale
complex physical phenomena such as fluid flow and conjugate heat
transfer. A literature review revealed that a single thermal analysis
method is insufficient for comprehensively predicting and character-
izing the temperature distribution of a gearbox. In this study, a multi-
physical field coupling model integrating a finite element model (FEM)
and a TNM model is developed. The BoundaryToFEM unit is used to
realize data exchange between the FEM and TNM, and the heat transfer
and heat dissipation mechanisms of the gearbox are systematically
analyzed. The purpose is to accurately predict the temperature distri-
bution of the gearbox and provide a theoretical basis for optimizing the
thermal management strategy. The reliability and accuracy of the pro-
posed model are verified via a full-scale running-in experiment of an
HST gearbox. In addition, numerical simulations were carried out to
analyze the mechanism of thermal equilibrium of the gearbox from the
perspective of heat generation and dissipation. The effects of the gear
speed and convective HTC of the inner and outer walls of the gearbox on
the thermal equilibrium characteristics are systematically studied. In the
future, the influences of different environmental conditions, such as the
external air flow speed and temperature, on the heat dissipation per-
formance of the gearbox should be considered, and the thermal con-
ductivity of the gearbox should be optimized to further reduce the
thermal equilibrium temperature.

2. Methodology

2.1. MPS method and governing equations

The moving particle semi-particle (MPS) method is a CFD modeling
technique in which moving particles are used instead of meshing to
discretize fluid media. The rapid rotation of the gears causes the lubri-
cant to exhibit substantial splashing, crushing, merging, and other flow
behaviors. Traditional mesh-based CFD methods require specific mesh-
ing techniques to capture these small and complex oil flow behaviors. In
contrast, only the fluid medium needs to be discretized in the MPS
method rather than the entire fluid domain through which the fluid may
flow. Therefore, the MPS is widely applied to address flow problems
involving large deformations and strong nonlinearity in free liquid
surfaces.

For a continuous, isothermal, and incompressible Newtonian fluid,
the specific forms of the mass and momentum conservation equations in
the MPS are as follows [55]:

∂ρ
∂t +∇ • (ρu) = 0 (1)

Du
Dt

= −
1
ρ∇p+ ν∇2u+ g (2)

where ρ is the fluid density, t is time, u is the velocity vector, p is
pressure, ν is the fluid viscosity coefficient, and g is the acceleration due
to gravity.
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The positional coordinates for fluid particles change continuously in
the MPS, and the mutual effects among the particles are evaluated by a
kernel function. A model of the kernel function is illustrated in Fig. 1.
When r < re, an interaction force exists between two particles. When
r ≥ re, no interaction force occurs between two particles. An expression
for the kernel function is given as follows [56]:

w(r) =

⎧
⎨

⎩

r
re
− 1, (r < re)

0, (r ≥ re)
(3)

where r represents the distance between two particles and re denotes the
particle influence radius.

The particle number density reflects a localized density character-
istic of the fluid medium. The incompressibility of the fluid is main-
tained by ensuring that the particle number density ni is constant. ni is a
summation of the kernel function weights in the particle action range
and is expressed as follows [57]:

ni =
∑

j∕=i
w
( ⃒
⃒ r→j − r→i

⃒
⃒
)

(4)

where ri(?)?ri and rj(?)?rj are the position coordinate vectors of the
particles.

For the thermal characteristics analysis model of the gearbox, the
MPS is used to analyze the fluid flow, and the TNM is employed to
calculate the average temperature of the gearbox components when they
reach thermal equilibrium. The FEM is utilized to further solve for the
temperature characteristics of the gearbox. The controlling equation of
the transient thermal conduction in solid components is expressed as
follows [58]:

ρsC
∂T
∂t = λ

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)

+Q (5)

where ρs is the solid density, C is the specific heat capacity, λ is the
thermal conductivity, t is time, T is temperature, and Q is the interior

heat source, which is the source term.

2.2. Heat generation

The HST gearbox is a fixed-axis gear transmission device. The heat
generated during operation primarily arises from friction power loss in
different friction pairs, including gear meshing, oil churning, and
bearing friction.

2.2.1. Gear meshing power loss
During engagement, a gear tooth periodically enters the gap at the

root of the opposing gear tooth. This action leads to a rapid reduction in
the volume between the teeth, forcing the lubricant from the gap. Fig. 2
shows a schematic illustration depicting a pair of gears at different
meshing positions. Spij denotes the squeezing side area of gear i in
squeezing region j at meshing position p. The shape is determined by the
involute gear profile and root profile, and the quantity depends on the
engagement ratio of the mated gears.

A 3D model of the gear pair is built, and the correct meshing is
detected by the center distance. A Boolean operation is used to separate
the gap between the gear teeth and to quantify the area of the extrusion
side. The lubricant in the extrusion region is assumed to be incom-
pressible, and the gap between the tooth faces in the axial direction is
ignored; that is, the lubricant only flows out of the side gaps. The ve-
locity at which the lubricant is extruded is expressed as follows [59]:

vpij =
ΔV
SΔt

=

(
Vp
ij − Vp− 1

ij

)

2SpijΔθ
(6)

where Vpij represents the lubricant velocity, ΔV represents the change in
volume, Δt represents the change in time, and Δθ represents the change
in angle.

After the velocity of lubricant extrusion is determined, the Bernoulli
principle is used to calculate the pressure. The loss in extrusion power
equals the product of the lubricant pressure and the volume change rate:

ppij = pp− 1
ij +

1
2

ρ
((

vpij
)2

−
(
vp− 1
ij

)2)
(7)

Ppij =
ppijΔV

Δt
=
ppij
(
Spij − Sp− 1

ij

)
bωi

Δθ
(8)

where Ppij is the squeezing power loss produced by the jth squeezing side
area of gear i at meshing position p and ωi is the angular velocity of gear
i. Applying the identical calculation procedure to the remaining extru-
sion side regions of the mated gear yields the total extrusion power loss.
By dividing this value by the number of rotation positions m, the mean
meshing power loss Pm can be calculated as follows:

Pm =
1
m

∑p

0
Ppij (9)

Given the assumption that the entire heat produced by the meshing
power loss is passed to the gears, the heat to be applied to the input gear

Fig. 1. Kernel function model.

Fig. 2. Schematic diagram of the gear pairs at different meshing positions. (a) p = 0, 0◦; (b) p = 1, 7.2◦ and (c) p = 0, 14.4◦.
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and the output gear are Pmi and Pmo, respectively. Heat is dissipated to
the casing via the processes of thermal convection and conduction. The
gear pair heat distribution coefficient β is introduced to distribute Pm as
follows [60]:

β =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λiρicivi

√ /( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λiρicivi

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
λoρocovo

√ )
(10)

Pmi = βPm (11)

Pmo = (1 − β)Pm (12)

2.2.2. Gear oil churning power loss
Splash lubrication is typically implemented in HST gearboxes, and

some of the gears need to be immersed in lubricant. When the gears
undergo rapid rotation, the lubricant splashes onto the surfaces of the
components to achieve lubrication and cooling. The gear oil churning
power loss is the energy dissipated in overcoming the oil churning
resistance. This power loss mainly depends on the physical character-
istics of the lubricant, the volume of the lubricant and the geometric
dimensions of the gear. In the MPS, the oil churning resistance is typi-
cally considered to include a vertical pressure on the gear tooth face, a
lubricant viscous force and a turbulence shearing stress. The pressure
gradient calculator for determining the vertical pressure on the gear
tooth face is expressed as follows [61]:

∇pi =
d
n0

[
∑

j∕=i

pj + pi − 2pe
⃒
⃒ r→j − r→i

⃒
⃒2

(
r→j − r→i

)
w
( ⃒
⃒ r→j − r→i

⃒
⃒
)

+
∑

j́ ∈mirror

j́ ∈node

pj́ + pi − pe
⃒
⃒ r→j́ − r→i

⃒
⃒2

(
r→j́ − r→i

)
w
( ⃒
⃒ r→j́ − r→i

⃒
⃒
)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(13)

where d represents the spatial dimensionality, n0 denotes the particle
number density constant, pe represents the environmental pressure, and
pi and pj represent the pressures of Particles i and j, respectively.

The viscous force of the lubricant may be obtained bymultiplying the
fluid viscosity by the Laplace velocity term, which is the second term of
the momentum equation.

ν∇2ui = ν 2d
κn0

[
∑

j∕=i

(
u→j − u→i

)
ω
( ⃒
⃒ r→j − r→i

⃒
⃒
)

+
∑

j́ ∈mirror

j́ ∈node

(
u→j́ − u→i

)
ω
( ⃒
⃒ r→j́ − r→i

⃒
⃒
)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(14)

κ =

∑

j∕=i
w
( ⃒
⃒ r→j − r→i

⃒
⃒
)⃒
⃒ r→j − r→

⃒
⃒2

∑

j∕=i
w
( ⃒
⃒ r→j − r→i

⃒
⃒
) (15)

where κ represents the Laplace model constant, and ui(?)?uiand
uj(?)?ujare the velocity vectors of Particles i and j, respectively.

The turbulence mixing length l is employed to calculate the turbu-
lence shearing stress τ.

τ = ρl2
⃒
⃒
⃒
⃒
∂u
∂y

⃒
⃒
⃒
⃒
∂u
∂y (16)

The sum of the three values is used as the counteracting force on the
gear face during churning, and the product of this force and its lever arm
represents the resisting moment of the gear. The churning power loss is

determined by multiplying the churning resistance moment by the
rotation speed. The overall churning power loss of the gearbox can be
estimated as the sum of the churning power losses from each gear. The
formula is as follows:

Pch =

∑n
i Ti × ni
9550

(17)

where Ti is the oil churning resistance moment of gear i, ni is the rotation
speed, and Pch is the overall oil churning power loss.

2.2.3. Bearing friction power loss
Rapid rotations of the bearing cause friction between the bearing

rollers and the cone and cup, producing heat and leading to a rapid
increase in the local temperature. In this study, the bearing friction
power loss is calculated by employing the international standard ISO/TR
14179. The bearing friction moment may be categorized into the
following two components: the friction moment originating from the
lubricant viscous effect Tvlo and the friction moment arising from the
bearing load Tvlp [17,18].

Tvlo =

{
1.6× 10− 8f0d3m, (νoilnb < 2000)

10− 10f0(νoilnb)2/3d3m, (νoilnb ≥ 2000)
(18)

where f0 is the bearing lubrication coefficient, which is determined by
the bearing category and lubrication type. nb represents the speed of the
bearing cone, which is equal to the speed of the main shaft. νoil repre-
sents the kinematic viscosity of the lubricant, and dm denotes the bearing
nominal diameter.

The friction moment arising from the bearing load Tvlp is:

Tvlp = 10− 3f1P1dm (19)

P1 = fc(X⋅Fr +Y⋅Fa) (20)

where f1 represents the friction factor, P1 denotes the bearing dynamic
load, fc represents the dynamic load coefficient, Fr denotes the bearing
radial load, Fa denotes the bearing axial load, X represents the radial
dynamic load factor, and Y represents the axial dynamic load factor.

The bearing friction power loss Pb is expressed as follows:

Pb =

(
Tvlo + Tvlp

)
nb

9549
(21)

2.3. Heat dissipation

Friction heat from the bearings and gears can be transmitted to the
gear shaft and the casing through thermal conduction. Additionally,
heat can also be transferred to the lubricant through convection. Pre-
cision in calculating the thermal resistance related to the thermal con-
duction among different components and the thermal resistance related
to the thermal convection between the lubricant and components is
essential for thermal equilibrium analysis of the gearbox. The thermal
conduction process can be calculated and analyzed via the Fourier law.
The thermal resistance of the thermal conduction is affected by the
specific length of the components, the material thermoconductivity and
the cross-sectional area for thermal conductivity. The thermal resistance
is computed via the following equation:

Rcond =
δ
ksA

(22)

where Rcond is the thermal conduction resistance, δ is the heat transfer
length in the heat transmission direction, A denotes the heat trans-
mission area perpendicular to the heat transmission direction, and ks
denotes the material thermoconductivity.

Owing to machining limitations, a small air gap consistently exists
between the two contacting surfaces. Therefore, the interfacial thermal
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conductivity hs must be incorporated into the thermal resistance of the
two components at the contact surface. Therefore, the thermal resistance
Rm between the two contact components is given by the following
equation:

Rm =
δ1

k1A1
+

1
hsA1

+
δ2

k2A2
(23)

The convective heat transmission resistance Rconv depends on the
heat exchange area A and the convective HTC hconv. In addition, hconv is
determined by the Nusselt number Nu, the fluid thermoconductivity kf
and the specific length l:

Rconv =
1

Ahconv
=

1
A

(
l

kfNu

)

(24)

2.3.1. Convective HTC of the gear surfaces
Accurately calculating the convective HTCs at critical locations, such

as the casing surfaces, tooth face, gear sides and bearing surfaces, is
essential for thermal equilibrium analysis of the gearbox. The gear is
regarded as a rotating cylinder to calculate the convective HTC on the
gear surface, and the Reynolds number Re can be used to determine
whether the flow condition is laminar, transitional, or turbulent. The
tooth face is regarded as the circumferential surface of the cylinder, and
its convective HTC is calculated according to the rotating cylinder
approach [50]:

Nu =

⎧
⎨

⎩

0.4Gr0.25, (Re < 2500)
0.095

(
0.5Re2 + Gr

)0.35
, (2500 ≤ Re < 15000)

0.073Re0.7, (Re ≥ 15000)
(25)

Re =
μl
v

(26)

Gr =
ρgΔTl3

voil2
(27)

where μ represents the lubricant dynamic viscosity, l denotes the specific
length, Gr denotes the Grashof number and v is the flow velocity of the
lubricant.

The lubricant flow on the gear ends is simplified to mimic the flow
over the surface of a disk. The surface convective HTC is then calculated
according to the rotating disk method [62,63]:

Nu =

⎧
⎨

⎩

0.4Re0.5Pr1/3, (Re < 250000)
0.2Re0.5Pr1/3 + 0.119Re0.8Pr0.6, (250000 ≤ Re < 320000)

0.238Re0.8Pr0.6, (Re ≥ 320000)
(28)

Pr =
ρcv
λ

(29)

where Pr is the Prandtl number, c denotes the lubricant specific heat

capacity and λ represents the lubricant thermoconductivity.

2.3.2. Convective HTC on the surface of the casings
The convective HTCs on the internal surfaces of the casings are

calculated via the following formula for forced convection heat trans-
mission between an incompressible fluid and a flat plate [64]:

If Re ≤ 1000,

Nu = 0.023Re0.8Pr1/3 (30)

If 1000 < Re ≤ 3000,

Nu =
f
8

(Re − 1000)Pr

1+ 12.7
(

f
8

)0.5(
Pr2/3 − 1

)
(31)

f = 0.316Re− 0.25 (32)

If Re > 3000,

Nu =
f
8

(Re − 1000)Pr

1+ 12.7
(

f
8

)0.5(
Pr2/3 − 1

)
(33)

f = (0.79logRe − 1.64)− 2 (34)

The convective HTC of the external surface of the casing relies upon
the airflow characteristics surrounding the gearbox. The International
Standard ISO/TR 14179 provides a range of convective heat dissipation
coefficients for large indoor spaces without forced cooling, ranging from
17 to 20 W/(m2•℃). Under air-cooling conditions, the convective HTC
of the external surface of the casing is a function of the fan design, cover
plate design and wind speed. It is influenced primarily by the fan power
and air-cooled surface area. For the numerical simulation, the convec-
tive HTC between the outer surface of the gearbox and the air was set to
18.5 W/(m2•℃).

2.4. Heat transfer route

Fig. 3 shows the heat generation, dissipation, and transfer routes of
the gearbox. The heat sources in the gearbox include bearing friction
loss, gear churning loss, and meshing loss. It is generally understood that
these power losses are completely converted into heat [27,65,66]. The
bearing friction loss is applied to the bearing as a body heat source,
whereas the gear churning loss and meshing loss are applied to the tooth
surface as a surface heat source in the form of heat flux. Some of the heat
generated from these sources increases the temperature of the gearbox,
whereas the remainder is dissipated to the external air through con-
vection, conduction, and radiation. Taking gear meshing loss as an
example, part of the heat accumulates in the meshing area, leading to a
temperature increase, while the rest is transferred to the lubricant
through convection. The heat in the lubricant is transferred to the cas-
ings through convection and eventually dissipates to the external air
through convection and radiation. Additionally, heat is conducted to the
axles and dissipates in the same manner to the external air. The heat
transfer route of other types of power loss is essentially consistent with
that of gear meshing loss. Once the gearbox runs stably, heat generation
and dissipation reach dynamic equilibrium, and the temperature of each
component remains stable. Furthermore, owing to the small tempera-
ture differences between components in the gearbox, thermal radiation
can be neglected in the simulation [53,65].

3. Model formulations

3.1. Geometric model of the gearbox

The HST gearbox investigated in this study has a maximum operating
speed of 250 km/h. The HST gearbox is a single-stage parallel shaft

Fig. 3. Gearbox heat transfer route.
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transmission system, and splash lubrication is implemented. The com-
ponents of the gearbox include the casing, transmission gear pair,
bearings, axles, and axle end accessories. Fig. 4 shows the high-fidelity
3D geometry of the gearbox. The gearbox features an integral casing
consisting of a casing body and a casing cover. The output gear serves as
the oil churning gear. Table 1 lists the primary characteristics of the
transmission gear pair. The gearbox bearings are labeled pinion motor
(PM) bearings, pinion wheel (PW) bearings, gear motor (GM) bearings,
and gear wheel (GW) bearings based on their locations. The bearing
models and parameters are presented in Table 2.

3.2. Simulation conditions

Twelve simulation models are developed and used to explore the
thermal equilibrium characteristics of the HST gearbox, with a focus on
the impact of the gear rotation speed, the convective HTC between the
components and lubricant hi, and the convective HTC between the outer
surface of the gearbox and the air ho on the gearbox thermal equilibrium.
The parameters of the developed simulation models of gearbox thermal
equilibrium are shown in Table 3. Models 01–04 are used to investigate
the thermal equilibrium of the gearbox at different gear rotating speeds.
hi and ho are scaled by various multiples to further analyze the heat
dissipation properties of the gearbox. Models 05–08 are used to scale the
nonuniform hi of Model 03 by factors of 0.5, 0.75, 1.25 and 1.5. Models
09–12 are used to scale the ho of Model 03 by different multiples.

3.3. Flow field model in the gearbox

The high-fidelity 3D geometry model of the gearbox is imported into
shonDy 2.5.0. The lubricant is discretized with tiny particles. The
established flow field model is illustrated in Fig. 5. Lubrication and
cooling of the HST gearbox are accomplished using 75W-90 lubricant.
Table 4 displays the physical properties of the 75W-90 lubricant.

To more accurately capture the flow field characteristics of the
gearbox, the bearing motion is considered in the flow field model of the
gearbox. The inner ring rotation of the bearing drives the rollers and
cage to rotate. To simplify the computational model and reduce the
complexity of the boundary conditions, the self-rotation of the bearing is
neglected. The rolls and cage of the bearing are treated as a whole, and
the calculation formula for their revolution speed is [69]:

nm =
1
2
nb
(

1 −
Db cos α

dm

)

(35)

Fig. 4. Disassembled view of the HST gearbox. 1-output axle, 2-GW sealing
ring A, 3-GW bushing, 4-GW sealing ring B, 5-GW bearing, 6-casing cover, 7-
exhaust assembly, 8-output gear, 9-GM bearing, 10-GM sealing ring B, 11-GM
sealing ring A, 12-GM bushing, 13-GM end cover, 14-PM end cover, 15-PM
bushing, 16-PM sealing ring A, 17-PM sealing ring B, 18-PM bearing, 19-
input gear, 20-oil level gauge, 21-magnetic bolt assembly, 22-casing body,
23-PW bearing, 24-PW end cover.

Table 1
Parameters of the transmission gear pair of the HST gearbox.

Parameter Input gear Output gear

Number of teeth 22 75
Modification coefficient 0.261 − 0.149
Tooth width [mm] 70
Normal module [mm] 7
Center-to-center distance [mm] 362
Helix angle [◦] 20
Pressure angle [◦] 26

Table 2
Parameters of the HST gearbox bearings.

Location Model Outer diameter
[mm]

Inner diameter
[mm]

Width
[mm]

PM
bearing

NSK-SHA/
R70

150 70 38

PW
bearing

NSK-SHA/
R70

150 70 38

GM
bearing

NSK-SHA/
R205

310 205 60

GW
bearing

NSK-SHA/
R205

310 205 60

Table 3
Parameters of the HST gearbox bearings.

Simulation
model

Velocity
of the HST
[km/h]

Input gear
rotation
speed
[rpm]

Output
gear
rotation
speed
[rpm]

hi [W/
(m²•◦C)]

ho [W/
(m²•◦C)]

Model 01 100 − 2104.07 617.19 h* 18.5
Model 02 150 − 3156.10 925.79 h* 18.5
Model 03 200 − 4208.13 1234.39 h* 18.5
Model 04 250 − 5259.83 1542.98 h* 18.5
Model 05 200 − 4208.13 1234.39 0.5 *h* 18.5
Model 06 200 − 4208.13 1234.39 0.75 * h* 18.5
Model 07 200 − 4208.13 1234.39 1.25 * h* 18.5
Model 08 200 − 4208.13 1234.39 1.5 * h* 18.5
Model 09 200 − 4208.13 1234.39 h* 9.25
Model 10 200 − 4208.13 1234.39 h* 13.875
Model 11 200 − 4208.13 1234.39 h* 23.125
Model 12 200 − 4208.13 1234.39 h* 27.75

Note: h* represents the convective HTC of the nonuniform distribution inside the
gearbox.

Fig. 5. Flow field model of the HST gearbox.

Table 4
The parameters of the 75W-90 lubricant [67,68].

Parameter Value Test method

Density at 15◦C [kg•m− 3] 867 DIN 51757
Kinematic viscosity at 40◦C [mm2•s− 1] 116 ASTM D445
Kinematic viscosity at 100◦C [mm2•s− 1] 16.6 ASTM D445
Thermal conductivity [W/(m•◦C)] 0.1253 DB61-T
Specific heat capacity [J/(kg•◦C)] 1943 DSC
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where nb is the rotational speed of the bearing cone, Db represents the
diameter of the rolling element, α is the contact angle of the bearing, and
dm denotes the pitch diameter.

The particle size is an important parameter in simulating the flow
field. In theory, a smaller particle size enhances the discretization effect
of the lubricant, enabling better simulation of its flow characteristics.
However, excessively small particle sizes result in countless particles,
demanding a very long computational time. Notably, halving the par-
ticle size requires more than 8 times the quantity of particles to fill the
same amount of lubricant. A lubricant with a medium liquid level was
discretized using four particles of different sizes. A numerical simulation
was subsequently conducted to analyze the internal flow field. Taking
the output gear churning loss as the characteristic parameter, the
churning loss and the simulation time obtained for different sizes of
particles are shown in Table 5. The power loss difference between par-
ticles with a 1 mm radius and those with a 0.75 mm radius is 2.04 %, but
this difference is associated with a notable increase in the computation
time. Hence, lubricant particles with a 1 mm radius were selected for
subsequent simulations.

3.4. Thermal network model of the gearbox

According to the composition and heat transfer pathway of the
gearbox, the structural connections between the gears, bearings, and
casing, as well as their heat transmission relationships with the lubricant
and air, are shown in Fig. 6. The heat generated by the gears and
bearings is partially transferred to the casing body by thermal conduc-
tion, and the remaining portion is transferred to the lubricant through
thermal convection. The flowing lubricant, which serves as a heat
transfer medium, additionally transfers heat to the casing via thermal
convection. Thermal conduction occurs between the casing body and the
casing cover, leading to the ultimate dissipation of heat to the sur-
rounding atmosphere through thermal convection.

The gears, bearings, casings, lubricant and air are converted into
nodes, and the connection heat resistance is added between them to
construct the TNM, as shown in Fig. 7. The contact surfaces between the
components and the lubricant are transformed by applying Boundar-
yToFEM units, and constant thermal resistances are used to connect with
the lubricant, as shown in Fig. 7(b).

3.5. Finite element model for thermal analysis of the gearbox

The casings are made of an aluminum alloy, the gears are composed
of alloy steel, and the shaft end accessories are composed of C45 steel.
The physical characteristics of the materials are detailed in Table 6. The
internal surfaces of the casings, tooth ends and faces, bearing front faces,
and other surfaces in contact with the lubricant should be mapped to the
convective HTCs from the flow field simulation results. The convective
HTCs mapped by these surfaces exhibit distributions rather than fixed
values. An HTC for natural air convection is applied to the surface of the
gearbox in contact with the air, aligning with the gearbox running-in
experiment.

The geometric model of the gearbox is divided by a tetrahedral mesh
to develop the FEM for thermal analysis. To reduce the influence of the
mesh size on the simulation results, tetrahedral meshes of 9 mm, 7 mm,
5 mm, and 3 mm are used, with the corresponding numbers of elements
in the FEM being approximately 2.1 million, 2.5 million, 3.4 million, and
23.7 million, respectively. The mesh independence test condition is set
as follows: the HST runs at 200 km/h, the input gear speed is
− 4208.13 rpm, and the output gear speed is 1234.39 rpm. To maintain
consistency with the heat dissipation boundary conditions of the
gearbox running-in experiment, the heat dissipation coefficient of the
gearbox surface is set to 18.5 W/(m2•◦C). Multiple simulations were
conducted under these conditions, with the temperatures of the bearing
cups and lubricant as variables. Table 7 shows the statistical data of the
mesh size independence test. When the mesh size is reduced to 5 mm,
the errors between the simulation and running-in experimental results
remain within an acceptable range, and the deviations between the
temperatures of the bearing cups and the lubricant obtained through
simulation and the experimental values are less than 5 %. Accounting
for both accuracy and calculation efficiency, a 5 mm mesh was finally
selected to establish the FEM for thermal analysis, with a total of
approximately 3.4 million elements, as shown in Fig. 8.

In this study, the governing equation for heat transfer in gearbox
components is based on the heat diffusion equation:

∇ • (k∇T)+Q = 0 (36)

where k is the thermal conductivity of the material, T is the temperature
distribution, and Q represents internal heat generation. The strong form
of this equation requires the solution T to have continuous second-order
derivatives, which is not always feasible in numerical computation.
Therefore, the equation is transformed into a weak formulation, which
reduces the order of the derivatives and allows for easier numerical
treatment.

The weak formulation is obtained by multiplying the governing
equation by a test function ϕ, integrating over the domain Ω, and
applying Green’s theorem to reduce the order of differentiation:
∫

Ω
ϕ(∇ • (k∇T)+Q)dΩ = 0 (37)

This results in the weak form:
∫

Ω
k∇ϕ • ∇TdΩ =

∫

Ω
ϕQdΩ+

∫

Γ
ϕk∇T • ndΓ (38)

where Γ is the boundary of the domain and n is the outward unit normal
on Γ. This weak formulation reduces the required smoothness of the
solution, making it suitable for finite element discretization.

In the finite element method, the domain Ω is discretized into

Table 5
Particle size independence statistics.

Particle radius
[mm]

Particle
quantity

Output gear
churning loss [W]

Error Simulation
time [h]

1.5 87,463 1390.45 6.19 % 28.86
1.25 154,245 1551.20 4.65 % 61.52
1 304,796 1451.96 2.04 % 129.38
0.75 730,053 1482.23 – 372.77

Fig. 6. Schematic diagram of the structural connection and heat transmission
relationship between the gears, bearings, and casings.
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tetrahedral elements, and the temperature T is approximated as a linear
combination of basis functions Ni associated with the mesh nodes:

T(x) =
∑

i
Ni(x)Ti (39)

Substituting this approximation into the weak formulation results in
a system of algebraic equations for the nodal temperatures Ti, which is
solved numerically. The resulting temperature distribution across the
gearbox components is then used to analyze the thermal equilibrium
characteristics.

3.6. Coupling process of the finite element thermal network model

In this study, the CFDmodel of the flow field in the gearbox, the FEM
for thermal analysis, and the TNM of the gearbox are separately estab-
lished. The model coupling process is shown in Fig. 9. The MPS is used
for numerical simulation of the internal flow field, obtaining the
churning loss and lubricant flow state. In shonDy, the hi is calculated
based on the flow velocity of the lubricant at the surface. The power
losses are calculated based on the gearbox operating conditions via
evaluation methods for bearing friction and gear meshing. Typically,
these power losses are assumed to be entirely converted into heat, acting
as heat sources in the FEM for thermal analysis. Gear meshing and
churning loss are considered together, distributed based on the β, and
applied to the tooth surfaces as a surface heat flux. The Qb calculated
according to the standard ISO 14179–1 is distributed among the cone,
cup, rollers and cage based on their respective volumes and is applied as
a body heat source in the FEM for thermal analysis. The surface mesh
from the volumemesh group of the FEM for thermal analysis is extracted
and used as the 2D surface mesh in the CFD model of the gearbox flow
field. Therefore, there is no tolerance between the meshes on the surface
of the CFD model and the FEM. The convective HTC obtained via the
CFDmodel can be directly mapped to the FEM for thermal analysis in the

Fig. 7. Gearbox thermal network model. (a) Overall thermal network of the gearbox and (b) thermal network between the lubricant and its components.

Table 6
Physical parameters of the gearbox materials.

Name Type Density
[kg/
m3]

Specific heat
capacity [J/(kg⋅K)]

HTC [W/
(m⋅K)]

Gears 18CrNiMo7–6 7850 440 52.2
Casing AlSi7Mg0.3 2250 210 231
Shaft end
accessories

C45 7850 460 42.7
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form of a physical field to define the convective heat transfer boundary
conditions. The nonrotating surface can directly map the quasi-steady
state results of the CFD model. For the rotating surface, it is necessary
to map the distribution of hi in the initial time step and the quasi-steady

state time step to ensure that the corresponding relationships of the
nodes in the mapping process are consistent. The convective heat
transfer boundary conditions between the gearbox surface and the air
can be set in the FEM by defining the heat dissipation coefficients of the
casing and axle surfaces.

The TNM can quickly obtain the average temperature of each
component of the gearbox, whereas the FEM is used to calculate the
temperature distribution. The FEM is solved, and the average tempera-
ture of each component is used as the temperature of the nodes in the
TNM. The hi is used to solve the thermal resistance between the
component and the lubricant. The solution process of the TNM is
equivalent to solving a set of linear equations. The whole calculation
process is very efficient, and the results can be obtained quickly. The
temperatures of the component nodes obtained from the TNM are
mapped to the FEM through the BoundaryToFEM unit, and the FEM is
solved again after updating the boundary conditions. The process is
iterated multiple times until the residual of the thermal equilibrium
equation is less than 10− 6, at which point the calculation is terminated.

Table 7
Mesh size independence statistics.

Element size/mm Element quantity Location PM bearing PW bearing GM bearing GW bearing Lubricant

Simulation 9 2055,827 Temperature [◦C] 111.815 116.261 108.962 110.715 108.329
Error [%] 10.38 11.13 12.53 11.86 13.97

7 2500,114 Temperature [◦C] 108.311 111.256 102.118 104.262 101.059
Error [%] 6.92 6.34 5.46 5.34 6.32

5 3364,407 Temperature [◦C] 104.198 107.789 99.582 101.184 98.134
Error [%] 2.78 2.94 2.76 2.18 3.14

3 23,733,107 Temperature [◦C] 103.737 107.194 98.977 100.732 97.69
Error [%] 2.41 2.46 2.22 1.77 2.78

Experiment – – Temperature [◦C] 101.3 104.62 96.83 98.98 95.05

Fig. 8. FEM for the thermal analysis of a gearbox.

Fig. 9. Calculation flowchart of the FETNM.

Fig. 10. Running-in test system for an HST gearbox.

Table 8
HST gearbox running-in test system components.

No. Description No. Description

1 GM-bearing temperature sensor 8 PW-bearing temperature sensor
2 Lubricant temperature sensor 9 GW-bearing temperature sensor
3 Tested gearbox 10 Infrared thermography K20
4 High-speed motor 11 Temperature acquisition system
5 Belt drive 12 Infrared thermography H13
6 Cooling fan A 13 Cooling fan B
7 PM-bearing temperature sensor 

Table 9
Technical parameters of the infrared thermography system.

Parameter HIKMICRO H13 HIKMICRO K20

Infrared resolution [pixel] 192 * 144 256 * 192
Temperature measurement range [℃] − 20–550 − 20–400
Measurement precision [℃] ±2 ±2
Frame frequency [Hz] 25 25

Fig. 11. Distribution and flow characteristics of the lubricant in Model 03. (a)
Isosurface of the lubricant and (b) velocity of the lubricant particles.
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4. Experimental apparatus

To evaluate the performance of the FETNM, temperature rise
running-in experiments were performed for an HST gearbox via a
specialized test system, as depicted in Fig. 10. The running-in experi-
mental system for the HST gearbox includes the tested gearbox, a high-
speed motor, a belt drive, and a control system, which are all designed to
replicate real operating conditions. The tested gearbox is supported in a
3-point manner: the two ends of the axle are fixed on the installation

base through the process axle box. The lower part of the gearbox is
secured by a fixed support rod. The high-speed motor transmits power
through the belt drive, which drives the input gear, allowing the system
to run as intended under test conditions. Table 8 provides a compre-
hensive component list of the gearbox running-in test system, numbered
to match their corresponding elements in Fig. 10, ensuring clarity and
completeness in the experimental configuration.

Temperature sensors are strategically placed to monitor the tem-
peratures of the bearing cups and lubricant, whereas infrared thermo-
graphs are used to capture the surface temperature field. A PT100
industrial thermocouple, with a precision class of 0.15 and a measure-
ment range of − 200–200 ◦C, is used for accurate temperature mea-
surement. The technical specifications of the infrared thermography
equipment utilized in the system are detailed in Table 9.

To simulate natural convection and minimize the influence of
external factors on the thermal dissipation characteristics of the
gearbox, cooling fans are deactivated throughout the experiment. The
sampling frequency of the temperature sensors is set to once per minute.
According to the HST gearbox running-in experimental outline, if the
temperature variation of the lubricant remains within 3 ◦C over a 20-min
period, the gearbox is considered to have achieved thermal equilibrium,
and the test is concluded [70]. Once the lubricant temperature cools to
room temperature, the subsequent running-in experiment can proceed.

5. Results and discussion

5.1. Analysis of the thermal equilibrium mechanism of the gearbox

The thermal equilibrium of the gearbox is the state of dynamic bal-
ance during operation, where the heat generated from gear meshing,
bearing friction, and oil churning is balanced with the heat dissipated
through heat dissipation of casings, oil circulation, and other cooling
mechanisms. The power losses of gears and bearings, as well as the
convective HTCs on the surfaces of components, depend on the flow
characteristics of the lubricant. Model 03 is chosen for the analysis of the
thermal equilibrium mechanisms. The input gear speed is set to
− 4208.13 rpm, the output gear speed is set to 1234.39 rpm, and ho is set
to 18.5 W/(m2•◦C). Fig. 11 shows the lubricant distribution and flow
characteristics of Model 03. The lubricant at the bottom of the gearbox is
churned up by the output gear, covering the surfaces of the components
to achieve lubrication. Owing to the throttling effect of the through-
hole, most of the lubricant accumulates in the oil chamber beneath
the input gear.

The convective heat transfer in the gearbox is driven mainly by the
lubricant circulation flow caused by the rotation of the gear, which
promotes heat exchange between the heating components and the
lubricant. The high-speed rotation of the gear violently agitates the
lubricant, which significantly increases the flow speed and causes it to
be thrown onto the inner wall of the casing, parallel to the gear axis.
After impact, the lubricant adheres to these walls and continues to flow
at a high speed, resulting in significantly higher convective HTCs on
these walls, as shown in Fig. 12. When the lubricant level in the gearbox
reaches the midline of the oil level gauge, only a small portion of the
output gear is in direct contact with the lubricant, and an oil film is
formed. Owing to the rapid rotation of the gear, the convective HTC on
the submerged surface is significantly improved. Because of the retrac-
tion of the middle of the casing cover, the flow of lubricant is limited,
which promotes its flow to the bearing along the inner wall of the casing
to achieve lubrication. On the sidewalls of the casing body, the flow of
lubricant is driven mainly by gravity, resulting in low speed and
convective HTC on these surfaces.

In Model 03, the power loss is contributed mainly by bearing friction,
accounting for 62.49 %, followed by gear churning loss and meshing
loss. Fig. 13 shows the power losses and their proportions. The bearing
friction losses on the input shaft are 325.7 W and 326.1 W, respectively,
whereas the bearing friction losses on the output shaft are 633.5 W and

Fig. 12. Cloud map of the convective HTC inside Model 03.

Fig. 13. Power loss and proportion of each part of Model 03.

Fig. 14. Surface temperature distribution of the gearbox for Model 03: simu-
lation results.
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633.0 W. Overall, the losses of the output axis bearings are slightly
greater than those of the input gear axis bearings.

Typically, gearbox power loss is assumed to be fully converted into
heat. During gearbox operation, some of the heat generated by bearing
friction is transmitted to the axles and the casing body through heat
conduction, and the rest is transmitted to the lubricant through con-
vection. In addition, gear churning loss and meshing loss are important
heat sources. Part of the heat is transferred to the lubricant through
convection, and the remaining part is transferred to the axles through
heat conduction. The circulating lubricant transfers heat to the casing
through convection and then dissipates it through heat exchange with
the ambient air. As bearing power loss represents the largest proportion,
the temperature of the bearings is notably higher than that of the other
components. During the test and simulation, the gearbox is under nat-
ural cooling conditions, and the aluminum alloy casing has good thermal
conductivity, resulting in a more uniform surface temperature distri-
bution, whereas the temperature of the output axle away from the
gearbox is lower. The running-in experimental results of the HST
gearbox further confirmed this, showing a very uniform temperature
distribution on the gearbox surface, as shown in Fig. 15. The red ‘cross’
indicates the highest temperature point, which continuously fluctuates
near the circumferential area of the bearing.

The simulation and experimental temperatures of the bearing cups
and lubricant in Model 03 are depicted in Fig. 16. Over the course of the
experiment, the temperatures of the bearing cups and the lubricant
steadily increased. During the period from 120 to 140 min, the lubricant
temperature increases by only 2.47 ◦C, whereas the maximum temper-
ature change in the bearings is 2.54 ◦C, as shown in Table 10. The
temperature changes of the bearings and lubricant within 20 min are
both less than 3 ◦C, indicating that the gearbox reached thermal equi-
librium at the 140th minute. The simulation values exhibit a similar
trend to the experimental data, with only a small difference between the
simulation and experimental results at thermal equilibrium. Therefore,
the FETNM for the HST gearbox established in this study is deemed

Fig. 15. Surface temperature distribution in the thermal equilibrium state for Model 03: experimental results. (a) PM and GM sides and (b) PW and GW sides.

Fig. 16. Temperature rise curves of the bearings and lubricant for Model 03.

Table 10
Temperature changes in the bearings and lubricant during the final 20 min of the
running test for Model 03.

Time [min] PM
bearing
[◦C]

PW
bearing
[◦C]

GM
bearing
[◦C]

GW
bearing
[◦C]

Lubricant
[◦C]

120 97.43 100.91 93.07 95.23 91.35
140 99.91 103.39 95.61 97.76 93.82
Temperature
difference

2.48 2.48 2.54 2.53 2.47

Fig. 17. Velocity contour plots of lubricant particles at different speeds. (a) Model 01, (b) Model 02, (c) Model 03 and (d) Model 04.
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accurate and dependable.

5.2. Effect of the gear rotation speed on the thermal equilibrium of a
gearbox

The thermal equilibrium of the gearbox is significantly influenced by
the power loss and heat dissipation boundary, both of which are gov-
erned by the flow characteristics of the lubricant. To study the impact of
the gear rotation speed on the thermal equilibrium, it is assumed that ho
remains constant. This assumption is made to replicate the thermal
balance state under natural convective cooling conditions. The velocity

cloud images of the lubricant during gear operation at various rotating
speeds are depicted in Fig. 17.

At higher rotating speeds, the increased splashing of the lubricant by
the output gear results in a more uniform distribution of convective
HTCs on the surfaces of the casings, as shown in Fig. 18. At higher
rotating speeds, the splashing effect of the lubricant intensifies, causing
more lubricant particles to be directly dispersed around the input gear,
PM bearing, and PW bearing. This phenomenon increases the volume of
lubricant in the chamber beneath the input gear while also enhancing
the convective HTC around the PM and PW bearing areas. The high-
speed rotation of the gear increases the centrifugal force acting on the

Fig. 18. Cloud map of convective heat transfer currents inside the box under different simulation speed conditions. (a) Model 01, (b) Model 02, (c) Model 03 and (d)
Model 04.
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surface lubricant, causing the lubricant to gradually be displaced from
the gear teeth, thereby reducing the lubricant coverage in these surfaces
and the convective HTC.

As the gear speed increases, the power loss in various components

increases, and at higher speeds, gear churning loss becomes the pre-
dominant factor. Table 11 displays the power loss of Models 01–04.
When the input gear speed increased from 2104 rpm to 5259 rpm, the
total power loss in the gearbox rose by 2159 W. During this process, the

Fig. 18. (continued).

Table 11
Power loss of the models with different gear rotating speeds.

Model PM bearing [W] PW bearing [W] GM bearing [W] GW bearing [W] Gear meshing [W] Gear churning [W] Total power loss [W]

Model 01 219.6 219.8 427.7 426.4 97.5 178.4 1569.4
Model 02 251.2 251.5 585.5 585.0 146.3 442.1 2261.6
Model 03 325.7 326.1 633.5 633.0 195.0 846.5 2959.8
Model 04 351.5 352.0 664.8 664.1 243.8 1452.0 3728.2
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gear churning loss increased by 1273.6 W, accounting for approximately
59 % of the total increase in power loss. Moreover, when the input gear
speed exceeds 4208 rpm, churning loss surpasses the power loss
generated by any single bearing, becoming a major source of power loss.
Based on the findings from Otto [71], churning power loss exhibits an
almost exponential relationship with speed. Therefore, at high rotation
speeds, careful consideration must be given to mitigating churning loss.

The thermal equilibrium temperature of the gearbox increases with
increasing gear rotation speed, mainly because of the increase in power
loss. Table 12 presents the temperatures of the bearing cups and the

lubricant at various rotating speeds. When the input gear speed
increased from 2104 rpm to 5259 rpm, the temperature of the bearing
cups rose by an average of 53.5 ◦C, with a more pronounced temperature
rise on the input gear axle bearings than on the output axle bearings.
During this process, the average temperature of the lubricant increased
from 61.84 ◦C to 109.87 ◦C. Fig. 19 shows the temperature fields at
thermal equilibrium for the gearbox. To facilitate comparison, the
temperature fields are displayed within the range of 20–112 ◦C. The
surface temperature of the gearbox increased from approximately 50 ◦C
to over 110 ◦C, with the average temperature rising by more than 50 ◦C.

Table 12 further provides a comparison between the predicted and
experimental temperatures for the bearings and lubricant. In Model 01,
the discrepancy between the simulation and experimental results ranged
from 4.12 % to 5.44 %, with the largest deviation observed in the
lubricant temperature. For Models 02 and 03, the error decreased to a
range of 2.14–4.17 %, and for Model 04, the error was further reduced,
ranging from 1.96 % to 2.45 %. Overall, the errors presented in Table 12
remain within a narrow range, reflecting a consistent agreement be-
tween the predicted and experimental data of the established model.
Although hi increases with increasing gear rotation speed, the magni-
tude of this change is relatively small. hi primarily reflects the heat ex-
change capability between the lubricant and components, and an
increase in hi merely strengthens the transfer of frictional heat to the
lubricant. In addition, Models 01–04 simulate the thermal equilibrium
characteristics of the gearbox under natural convection. ho is a constant,
and the heat dissipating ability of the gearbox remains unchanged.
Therefore, the thermal equilibrium temperature of the gearbox gradu-
ally increases with increasing gear rotation speed.

5.3. Effect of the convective heat transfer boundary on the thermal
equilibrium characteristics of the gearbox

Thermal convection in a gearbox is an essential mechanism for
dissipating heat. This process involves heat exchange among the com-
ponents and lubricant, as well as heat exchange between the gearbox
and air. To analyze the role of these thermal convection boundaries in
thermal equilibrium accurately, hi and ho are proportionally adjusted. hi
is provided as a distribution field, and ho is kept constant to simulate the
thermal equilibrium characteristics of the gearbox under natural
convection.

Based on Model 03, ℎi is scaled by factors of 0.5, 0.75, 1.25, and 1.5,
corresponding to a reduction of 50 %, a reduction of 25 %, an increase of
25 %, and an increase of 50 %, respectively, resulting in Models 05–08.
Fig. 20 presents the steady-state temperatures of the bearings, gears,
casing body, and lubricant for the different models at thermal equilib-
rium. As the convective HTC between the lubricant and the components
increases, the temperature of the gears, bearings and lubricants de-
creases, whereas the temperature of the casing body increases. Specif-
ically, when the scale factor of hi increases from 0.5 to 1.5, the
temperature of the PM bearing decreases from 105.6 ◦C to 104.2 ◦C, the
temperature of the PW bearing decreases from 108.7 ◦C to 107.2 ◦C, and

Table 12
Bearing and lubricant temperatures of the models with different gear rotating speeds.

Model Method PM bearing [◦C] PW bearing [◦C] GM bearing [◦C] GW bearing [◦C] Lubricant [◦C]

Model 01 Simulation 64.85 66.28 62.52 63.71 61.84
Experiment 62.22 63.66 59.94 61.16 58.65
Error 4.23 % 4.12 % 4.30 % 4.17 % 5.44 %

Model 02 Simulation 82.99 85.65 79.44 81.66 79.50
Experiment 80.50 83.02 77.44 79.48 76.32
Error 3.09 % 3.17 % 2.58 % 2.74 % 4.17 %

Model 03 Simulation 102.69 106.67 98.58 101.35 95.83
Experiment 99.91 103.39 95.61 97.76 93.82
Error 2.78 % 3.17 % 3.11 % 3.67 % 2.14 %

Model 04 Simulation 119.32 124.09 112.53 115.31 112.07
Experiment 116.86 121.70 109.84 112.61 109.87
Error 2.11 % 1.96 % 2.45 % 2.40 % 2.00 %

Fig. 19. Surface temperature cloud map of the gearbox under different speed
simulation conditions. (a) Model 01, (b) Model 02, (c) Model 03 and (d)
Model 04.

Fig. 20. Temperatures of the bearings and lubricant under different hi.
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the temperature of the input gear decreases from 104.65 ◦C to 102.6 ◦C.
The temperatures of the output gear, GM bearing, and GW bearing
decrease only slightly, and the decrease is smaller than that of the input
gear and its adjacent bearings. This is because the high-speed rotating
output gear splashes the lubricant to the area near the input gear, which
accelerates the flow speed of the lubricant near the PM and PW bearings,
thereby increasing the convective HTC of the surface. In contrast, the
lubricant near the GM and GW bearings is affected mainly by gravity and
flows slowly along the wall, resulting in a lower convective HTC. When

the convective HTC is adjusted proportionally, the variation in the
surface HTC near the GM and GW bearings is minimal, resulting in a
temperature decrease of only approximately 0.3 ◦C for these bearings.

When ℎi increased from a 50 % reduction to a 50 % magnification,
the heat exchange capacity between the lubricant and the components
gradually improved. Therefore, more heat is transferred from the gear
and bearing to the lubricant, resulting in a decrease in the temperature
of the gear and bearing. Moreover, the increase in hi also enhances the
heat exchange between the lubricant and the casing so that more heat is
transferred from the lubricant to the casing, and the lubricant temper-
ature is reduced from 98.83 ◦C to 97.93 ◦C. However, in Models 05–08,
ho remains unchanged; that is, the heat exchange capacity between the
gearbox and the environment remains unchanged, so the average tem-
perature of the casing body increases from 90.98 ◦C to 93.12 ◦C. Since
the casings are made of aluminum alloy with excellent thermal con-
ductivity, heat can be quickly conducted, resulting in a relatively uni-
form temperature distribution, as shown in Fig. 21. In addition, the
continuous circulation of lubricant and heat transfer effectively reduce
the temperature gradient within the gearbox, prevent local overheating,
and promote a more uniform temperature distribution.

External airflow is the primary mode of heat dissipation for HST
gearboxes. When analyzing the impact of ho on the thermal equilibrium
characteristics while maintaining constant power loss and hi, a
comparative analysis is performed for Models 09–12 and 03. The tem-
perature field of the gearbox and the temperature values of the bearing
cups and lubricant when the gearbox reaches thermal equilibrium are
shown in Figs. 22 and 23. Increasing ho from 9.25 W/(m²•◦C) to
27.75 W/(m²•◦C) results in a decrease in the average temperature of the
gearbox from approximately 153 ◦C to 70 ◦C. The temperatures of the
gears, bearings, and lubricant also decrease with increasing ho.

When ho increases from 50 % reduction to 50 % magnification, the

Fig. 21. Surface temperature cloud map of the gearbox under different hi. (a) Model 05, (b) Model 06, (c) Model 03, (d) Model 07 and (d) Model 08.

Fig. 22. Temperatures of the bearings and lubricant for different ho.

Fig. 23. Surface temperature cloud map of the gearbox under different ho. (a) Model 09, (b) Model 10, (c) Model 03, (d) Model 11 and (d) Model 12.
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heat exchange between the gearbox and the external environment is
significantly enhanced so that the heat is more effectively transferred to
the surrounding atmosphere, and the temperature of the casing body is
reduced from approximately 153.4 ◦C to 70 ◦C. As the temperature of
the casing decreases, the temperature difference between the lubricant
and the casing increases. Although ℎi remained unchanged, the
increased temperature difference caused more heat to be transferred
from the lubricant to the casings, reducing the lubricant temperature
from approximately 157.7 ◦C to 76 ◦C. Additionally, the variation in the
temperature difference facilitates heat exchange between the lubricant
and the gears and bearings, effectively removing heat from these com-
ponents and reducing their temperatures. In addition, the decrease in
the casing temperature further increases the temperature difference
between the bearing and the casing, improves heat conduction, and
accelerates the reduction in the bearing temperature.

A comparison of the effects of hi and ho on the thermal equilibrium
characteristics reveals that an increase in ho can significantly reduce the
thermal equilibrium temperature of a gearbox with the same scale fac-
tor. The primary function of the lubricant inside the gearbox is to
transfer heat through convection rather than directly cooling the com-
ponents. The flow of the lubricant helps to distribute heat evenly and
prevent local overheating, but its cooling effect is limited. To reduce the
overall thermal equilibrium temperature of the gearbox, ho should be
preferentially increased. Improving the design of the casing surface,
such as adding fins or rib structures, can enhance air convection and
further increase the heat dissipation capability of the gearbox. Addi-
tionally, optimizing the arrangement of components beneath the train to
make full use of the airflow during train movement can enhance the heat
transfer efficiency of the gearbox. Similarly, Yazdani et al. [72] indi-
cated that because of the absence of active circulation, the lubricant
serves for convective heat transfer rather than for cooling. The tem-
perature distribution of the gearbox also indicates that the heat is
transferred primarily to the external air through the solid components
rather than being exchanged with the internal environment.

6. Conclusions and future work

Accurately assessing the thermal equilibrium of HST gearboxes is
crucial for improving transmission efficiency and ensuring train safety.
By combining the FEM with the TNM through the BoundaryToFEM unit,
an FETNM that can be used to study the thermal equilibrium of HST
gearboxes was proposed. The model provides an innovative approach
for solving the fluid–solid conjugate heat transfer problem. Research
has investigated the impact of the gear rotation speed and convective
heat transfer boundaries on the thermal equilibrium characteristics of a
gearbox. The main findings are summarized as follows:

(1) A full-scale running-in experiment of the HST gearbox was car-
ried out at various speed levels. The error between the bearing
cup temperature predicted by the FETNM and the running-in
experimental results was within 2–5 %, and the maximum error
between the predicted value of the lubricant temperature and the
experimental results was 3.18 ◦C. Furthermore, the temperature
distribution predicted by the FETNM was highly consistent with
the infrared camera measurements. These results demonstrate
that the proposed FETNM is capable of accurately predicting the
thermal equilibrium characteristics of the gearbox.

(2) With increasing rotation speed, the bearing friction, gear meshing
and churning power losses in the gearbox all tend to increase.
When the input gear speed increased from 2104 rpm to
5259 rpm, the total power loss increased by 2159 W, and the
temperature of the bearing and lubricant increased by approxi-
mately 53 ◦C. When the input gear speed exceeds 4208 rpm, the
churning loss surpasses the power loss of any single bearing,
which becomes one of the major sources of power loss in the
gearbox.

(3) The influences of hi and ho on the thermal equilibrium charac-
teristics of the gearbox were analyzed. With the power loss in the
gearbox kept constant, when the hi increases from a 50 %
reduction to a 50 % magnification, the temperature of the com-
ponents and lubricant changed by only approximately 1–2 ◦C. In
contrast, when the samemodification is applied to ho, the thermal
equilibrium temperature of the gearbox decreases by approxi-
mately 82 ◦C. The main function of the lubricant is to remove the
heat generated by the components in time rather than to cool
directly. The main heat dissipation mechanism of the gearbox is
through heat exchange with the surrounding air.

The gearbox running-in experiments in this research were carried out
under laboratory conditions, which are different from the actual oper-
ating conditions. In future work, the influence of external airflow
outside the gearbox on the thermal equilibrium under actual HST
operating conditions can be studied, with an in-depth exploration of its
impact on the heat dissipation mechanism. This will provide systematic
theoretical guidance and methods for optimizing the layout of compo-
nents beneath the train and the design of the gearbox surface.
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