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Abstract: The transient lubrication conditions of rolling bearings are different in gearboxes and
bearing testers. It has been observed that samples of qualified rolling bearings tested in rolling
bearing testers often fail and do not meet lifespan requirements when employed in other lubrication
conditions. This may be caused by different factors affecting the bearing in testing and applying
lubrication. Needle roller bearings were selected for this study to investigate the causes of this
phenomenon in terms of lubrication. Based on the computational fluid dynamics (CFD) method,
fluid domain models for the same type of rolling bearings with different lubrication conditions
were established. The transient flow fields of rolling bearings with oil jet lubrication in a tester and
splash lubrication in a planetary gearbox were simulated. The air-oil transient distribution of rolling
bearings in two kinds of lubrication was analyzed. The results indicate that the rotational speed
significantly affected the oil jet lubrication of the needle roller bearing. The average oil volume
fraction rose by 0.2 with the increase in the bearing speed from 1200 r/min to 6000 r/min and by
0.06 with the increase in the oil jet velocity from 8 m/s to 16 m/s. The splash lubrication of the
bearings in the planetary gearbox was directly related to the immersion depth of the rolling bearings
in the initial position. Meanwhile, the splash lubrication of the bearings was also affected by other
factors, including the initial layout of the planetary gears. The increase in speed from 1200 r/min to
6000 r/min made the average oil volume fraction of splash lubrication decrease by 4.4%. The average
oil volume fraction of the bearings with splash lubrication was better than that with oil jet lubrication
by an average of 41.9% when the bearing speed was in the low-speed stage, ranging from 1200 r/min
to 3600 r/min. On the contrary, the bearings with oil jet lubrication were better than those with splash
lubrication by an average of 31.8% when the bearing speed was in the high-speed stage, ranging from
4800 r/min to 6000 r/min.

Keywords: needle roller bearing; planetary gearbox; oil jet lubrication; splash lubrication; computa-
tional fluid dynamics

1. Introduction

Rolling bearing is one of the indispensable components in a transmission system. Due
to space and location constraints, needle roller bearings are commonly used in compact
transmission systems such as planetary gearboxes because of their capacity to withstand
high rotational speeds and heavy shock loads, in addition to being lightweight and highly
rigid. Under normal operating conditions, the bearings in a planetary gearbox do not
have oil jet lubrication devices. Therefore, the rolling bearings and gears are lubricated
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with churning oil [1-3]. Oil jet lubrication, which has the advantages of reducing lubricant
consumption, easy control, and excellent lubrication effects, is used to lubricate high-speed
bearings. The lubricant oil is directly injected into the rolling bearing through a small-
diameter nozzle. However, the mechanism of oil jet lubrication is complex. The diagram of
the principle of an oil jet lubrication system is shown in Figure 1.
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Figure 1. The diagram of the principle of an oil jet lubrication system.

During the design and research phase, rolling bearings are tested using bearing testers
with oil jet lubrication [4,5]. While the performance of rolling bearings can be evaluated,
noticeable differences exist between oil jet lubrication and splash lubrication. Practical engi-
neering cases show that these differences may result in bearings losing efficacy in operating
lubrication conditions. This appears to be closely connected to the two types of lubrication. In
recent years, researchers have conducted a lot of numerical simulation studies [6-8] on the oil
jet lubrication of rolling bearings and the splash lubrication of gearboxes to investigate the
phenomena based on computational fluid dynamics (CFD) [9,10].

In the area of rolling bearings with oil injection lubrication, Liu Hongbin et al. [11,12]
investigated the penetration mechanism and atomization of oil injection lubrication for high-
speed rolling bearings using a numerical-experimental method. The effects of different
rotational speeds and injection speeds on the percentage of oil with large particle sizes in
the bearing cavity were researched. Zheng et al. [13] experimentally analyzed the effects
of oil injection lubrication parameters, such as the ejection angle and the diameter of the
ejection hole. The results showed that the oil jet parameters significantly affect the cooling
and lubrication of high-speed rolling bearings. The fluid domain model of a ball bearing
was established by Zhang et al. [14] based on CFD. The flow field in the bearing cavity at
different operating speeds and jet velocities was numerically calculated and researched.
The results indicated that the oil volume fraction in the ball bearing cavity decreases
when the rolling bearing speed or jet velocity increases. Liu et al. [15] developed a fluid—
structure coupling numerical model of an oil-jet-lubricated cylindrical roller bearing in a
high-power gearbox, in which the slip mesh model and volume of fluid (VOF) method
were used. Heat sources defined as the transient thermal boundary were imposed on the
rollers. The experiment validated the simulation results. It indicated that the oil flow rate,
speed, waviness amplitude, oil viscosity, and nozzle number significantly influence the
lubricating characteristics of rolling bearings. A multiphase numerical simulation and
the corresponding tests were conducted to investigate the stratified air-oil flow inside
jet cooling ball bearings by Wu et al. [16-18]. It was discovered that the oil distribution
of the volume fraction affects the temperature distribution of rolling bearings. A higher
temperature always appears in the lower oil volume fraction region.

When it comes to the splash lubrication of rolling bearings in gearboxes, the literature
is sparse. However, other simulations of gearboxes are also informative. Moshammer
et al. [19] simulated the splash lubrication of a gearbox and verified it via experiments,
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which showed that the simulation method can describe the flow field. Concli et al. [20]
applied the innovative mesh handling technique to planetary gears to study the internal
lubrication and the related power dissipations based on CFD simulations without geo-
metrical simplifications. However, the lubrication of rolling bearings was ignored. H6hn
et al. [21] experimentally investigated the effect of the oil immersion depth on the tem-
perature rise in gears. They found that the temperature rises faster when the gearbox is
immersed in a lower depth of oil and that the churning power loss incurred at higher
depths of oil immersion is higher. Mastrone et al. [22] applied a new meshing strategy to
the numerical analysis of a planetary gearbox based on CFD. The simulation results were
compared with the experiment by using a transparent housing cover. In the study, for the
first time, experimental observations and CFD simulation were successfully combined to
evaluate the numerical approach used to predict oil distribution and contribute to a better
understanding of oil flow in planetary gears. Liu et al. [23] developed a highly detailed
CFD model of a splash-lubricated planetary test gearbox of an FZG internal gear test rig. It
predicted the lubricant distribution in the planetary gearbox. Nevertheless, the issue of
distributing cylindrical roller bearings did not raise any significant concern.

In summary, the studies mentioned above concentrated on the oil jet lubrication of
rolling bearings or the splash lubrication of gearboxes, investigating the oil jet parameters,
oil immersion depths, and rotational speeds, and giving relevant conclusions and laws.
However, the lubrication of rolling bearings in gearboxes has rarely been studied. Com-
parative analyses of rolling bearings with oil jet lubrication and in gearboxes with splash
lubrication are also relatively sparse.

In this paper, needle roller bearings commonly used in planetary gearboxes were
selected for this study to investigate the air—oil transient distribution of rolling bearings
with oil jet lubrication and in a gearbox with splash lubrication. The CFD models of the
lubricant prediction for two types of lubrication were established based on the dynamic
mesh model and SST k-w turbulence model, using FLUENT 2021R1 software for its good
stability and high accuracy. The effects of different rotational speeds, oil jet velocities, and
oil filling levels on the lubricant distribution characteristics of the rolling bearings for the
two types of lubrication were analyzed.

At present, there are few full models including rolling bearing simulations of gearbox
lubrication. A bearing design using oil jet lubrication cannot completely meet the require-
ments for gearbox transmission. In this paper, a full gearbox splash lubrication model
was compared with oil jet lubrication for the first time. Based on the above reasons, the
advantages of CFD visualization were utilized to perform lubrication simulations of the
gearbox. Furthermore, the mentioned phenomenon, wherein qualified rolling bearings
that are tested in bearing testers using oil jet lubrication often fail when used with other
lubrications, was explained by comparing the simulation results of the rolling bearings
with the two types of lubrication. This study contributes to helping researchers understand
the distinctions between rolling bearings with two types of lubrication and guiding the
design of bearings and the prediction of service life.

2. Materials and Methods
2.1. CFD Numerical Calculation Model
2.1.1. Governing Equations

This study focused on the transient flow field of rolling bearings. It is necessary to
establish the governing equations of a fluid to simulate the turbulent motion of the fluid in
different operating conditions. Without considering the influence of the temperature, it is
assumed that the flow field consists of only two incompatible and incompressible media:
oil and air. The continuity equation is:

Ju  ov  ow

oyt a0 (1)
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where 1, v, and w are the velocity vectors; x, y, and z represent directions. The momentum
equation is:
Apu;) | 9 dp 9T
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where p is the static pressure; 7j; is the stress tensor; and g; and F; are the gravitational
volume force and external volume force in the i-direction, respectively. F; includes other
model-related source terms, such as porous media and custom source terms. The stress

tensor is expressed as:
. du; aM] 2 duy
Tij = lﬂ (ax/ + axl>1 5”8715” 3)

2.1.2. SST k-w Turbulence Model

The SST k-w turbulence model takes the transport of turbulent shear stresses in
turbulent viscosity into account and adds an eddy viscosity limiter to solve the problem of
eddy viscosity overestimation. At present, the research on fluid flow belongs to turbulence.
In the fully developed flow region, the model switches to the k-¢ formulation to avoid
being too sensitive to the inlet-free incoming flow. As a result, the SST k-w turbulence
model was selected. The equations are as follows:

d(pk) = o(pku;) o ue\ ok
T‘i‘ axi —aixl ]1"‘;]( 87(1 +Gk Yk+Sk+Gb (4)
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where k denotes the turbulent kinetic energy; w represents the specific dissipation rate; p is
the fluid density; Gy represents the generation of turbulent kinetic energy due to the mean
velocity gradients; G, represents the generation of w; Y} and Y, represent the dissipation
of k and w due to turbulence; Sy and S, are user-defined source terms; and G, and G,
indicate the effect of buoyancy on turbulence.

2.1.3. Multiphase Model

This study needed to analyze the oil-gas two-phase model. The air and oil around
rolling bearings and gears form a complex flow field under the influence of rotation. To
represent the interface between the lubricant and the air, the volume of fluid (VOF) [24]
model was adopted to trace the phase interface between the two incompatible fluids. The
VOF model simulates the flow of two or more fluids that cannot mix by calculating the
volume fraction of phases in a grid cell. For one of the phases g, the volume fraction
equation within the control cell is:

o«

Pq’Tj+Pq‘vq'V(“q) = Sa, (6)
where p; is the density of phase g; v, is the velocity of phase q; S,, is the source term;
and a, is the volume fraction of phase g. Since the studies of the rolling bearings in two
types of lubrication only had two phases, the equation can be simplified to obtain the
following conclusions.

Qgir + 0gip = 1 @)

where w,;, is the volume fraction of the air phase; a,;; is the volume fraction of the oil phase.

Based on the above equation, it can be concluded that when a,; = 0, the control unit is
full of oil; when a,;, = 1, the control unit is filled with air; and when 0 < a,;, < 1, an oil-air
interface is contained in the control unit. The solution of the continuity equation of the
volume fraction allows us to trace the oil-air interface.
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2.1.4. Dynamic Mesh Model

Since the dynamic mesh technique can fulfill the mesh motion more realistically in the
transient calculation, it was used to simulate the rigid boundary motion of rollers, inner
and outer rings, and gears. The methods of smoothing and re-meshing were used to update
the volume mesh in the deforming regions. The default parameters were selected for the
spring smoothing method. Furthermore, the maximum cell skewness was set to 0.7 for the
re-meshing method. The reason for this setting was that when the mesh skewness exceeds
0.7, it can better reconstruct areas with poor mesh quality. The re-meshing method was
used to agglomerate cells that violated the skewness or size criteria and re-mesh these cells
or faces. The mesh quality of local reconstruction was guaranteed to avoid negative volume.
The smoothing method is suitable for small deformations while keeping the number of
nodes unchanged. The basic idea of this method is to consider the nodes as ideal springs to
each other and update the node positions by calculating the spring force balance.

—

— i -
Fi=) kij(Ax;—Ax;) 8)
j

where 7; is the number of neighboring nodes connected to node i; k;; is the spring constant

between node i and j, and A?i are AY j the displacements of node i and its neighbor j.

k
kij = ——— )
— —
B
where k. is the value for the spring constant factor. The value range is 0~1, where the larger
the value, the wider the range of influence.

2.2. Computational Domains and Meshing
2.2.1. Computational Domains

The computational domains of the two kinds of lubrication were obtained via Boolean
operation after building the needle roller bearing (HKH1214-RS) and the planetary gearbox
in the modeling software, as shown in Figures 2 and 3. Moreover, the primary model
of the planetary gearbox before simplification is shown in Figure 3b. The structural pa-
rameters of the needle roller bearing and the gears in the planetary gearbox are shown in
Tables 1 and 2. The clearance between the needle rollers and the inner and outer raceways
has an important effect on the meshing and the subsequent solution results, so it was kept
at an appropriate value in the fluid domain of the rolling bearing. Given that it is extremely
difficult to mesh the narrow backlash of the zone in the fluid domain of the planetary
gearbox, it was necessary to widen the backlash of the meshing zone appropriately [25].
The unimportant features were removed and appropriately simplified.

Needle roller

i

\’ 4 :Fluid domain
(a (b) (c)

Figure 2. Computational domain of the needle roller bearing with oil jet lubrication: (a) isometric
view; (b) front view; and (c) fluid domain.
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Figure 3. Computational domain of the needle roller bearing in the planetary gearbox with splash

lubrication: (a) simplified model; (b) planetary gearbox system.

Table 1. Values of structural parameters of needle roller bearings.

Parameter Value
Outer diameter (mm) 18
Inner diameter (mm) 12

Width (mm) 14
Number of rollers 9

Table 2. Structural parameter values of planetary gearboxes.

Parameter Planetary Gear 1 Planetary Gear 2 Ring Gear
Modulus (mm) 1.5 1.5 1.5
Number of teeth 45 24 87
Pressure angle (°) 20 20 20
Tooth width (mm) 6.5 6.5 6.5

2.2.2. Meshing of Computational Domains

An unstructured tetrahedral mesh was used to generate the computational domains
of the needle roller bearing in the planetary gearbox with splash lubrication and the needle
roller bearing with oil jet lubrication. Considering the calculation accuracy and the amount
of calculation, the grid cells of the nozzles, the clearances between the needle rollers
and raceways in the computational domain of the needle roller bearing, and the narrow
backlash of the gear meshing zone in the computational domain of the planetary gearbox
were refined. The capture curvature and capture proximity were set to ‘Yes’, setting the
curvature normal angle and num. of cells across the gap to 16° and 3, respectively. These
settings could refine mesh cells in the specified area based on the defined curvature and
narrow gap. The average element qualities of the computational domain for the needle
rolling bearing and the planetary gearbox were 0.81 and 0.85, respectively. The number of
cells in the entire fluid domains of the needle roller bearing with oil injection lubrication
and in the planetary gearbox with splash lubrication was approximately 0.7 million and
6.5 million. The meshes of the two computational domains are shown in Figures 4 and 5.



Lubricants 2024, 12, 39

7 of 22

Figure 5. Fluid domain meshing in the planetary gearbox with splash lubrication.

2.2.3. Boundary Conditions and Simulation Parameter Settings

The upper nozzle was set as the velocity inlet, while the lower nozzle was set as the
pressure outlet in the fluid domain of the needle roller bearing with oil jet lubrication. The
setting of the oil filling level was realized via the patch function in the initialization. Other
boundary condition settings including the rotation of the cage, the autorotation of the
needle rollers in the bearing computational domain, and the autorotation of the planetary
gears in the planetary gearbox computational domain were described with compiled user-
defined function (UDF) files. The formula for the rotational speed and the formula for the
autorotational speed of the rollers are as follows:

Mo Dy cosa

= —-(1 T) (10)
_ dmno Dy cosa 2
me = o 1 (50 )1 an

where 7, is the rotational speed of the cage; ny is the autorotational speed of the needle
rollers; Dy, is the diameter of the needle roller; p; is the diameter of the bearing pitch circle;
and w is the contact angle.

The influence of gravity was considered, and the value was set as 9.81 m/s2. To ensure
calculation convergence and accuracy, the SIMPLE algorithm for the coupled pressure—
velocity solution was adopted, and the pressure term discretization was in PRESTO format.
Meanwhile, the relaxation factor was appropriately reduced to ensure the stability of the
calculation. The time step was also set at a suitable value of 2 x 107°. The oil-gas two-
phase flow field and distribution in the computational domain were realized by setting up
the multiphase model. The fluid materials of the two computational domains were air and
oil. The physical properties of the density and viscosity of the air were 1.225 kg/m? and
1.7894 x 1075 kg/(m-s). The mineral oil FVA4 with a viscosity grade of ISO VG460 [26] was
used as the lubricant for the computational domains. The main properties of the lubricant
are listed in Table 3. All simulations of the two computational domains were carried out at
an oil sump temperature of 40 °C.
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Table 3. Properties of the lubricant.

Parameter Symbol FVA4
ISO VG - 460
Density at 40 °C in kg/m? o (15°C) 882
Kinematic viscosity at 40 °C in mm?2 /s v (40 °C) 480
Kinematic viscosity at 100 °C in mm?/s v (100 °C) 31.5

3. Results and Discussion

This research focused on the air—oil transient distribution of needle roller bearings
with oil jet lubrication and in a planetary gearbox with splash lubrication. The rotational
speeds and the oil jet velocities of the needle roller bearings with oil jet lubrication were
investigated for the transient oil distribution. Meanwhile, the rotational speeds and oil
filling levels of the needle roller bearing in the planetary gearbox with splash lubrication
were analyzed. The simulation results of the bearing with the two types of lubrication are
compared herein.

3.1. Simulation Results and Discussion of Oil Jet Lubrication

The quantity of oil to be injected into the fluid domain can be determined according
to dy, - n [27]. The nozzle diameter in the oil jet lubrication was set as 0.8 mm. When the
influence of the oil jet velocities, which varied from 8 m/s to 16 m/s with a gradient of
2 m/s, was considered for the transient oil distribution, the rotational speed at 1200 r/min
was used as the constant. When the influence of the rotational speeds, which varied from
1200 to 6000 r/min with a gradient of 1200 r/min, was considered, the jet velocity at 12 m/s
was used as the constant. The operating conditions of the needle roller bearing with oil jet
lubrication are summarized in Table 4.

Table 4. Operating conditions of the oil jet lubrication.

Simulation Lubri Fluid Domain Oil Jet Velocity Bearing Speed
ubricant .o . .

Name Temperature in °C in m/s in rpm
Jet-1 8

Jet-2 10

Jet-3 12 1200
Jet-4 14

Jet-5 16

Jet-6 FVA4 40 1200
Jet-7 2400
Jet-8 12 3600
Jet-9 4800
Jet-10 6000

The lubricant entered from the end face into the fluid domain. This led to an uneven
distribution of oil in the axis direction. Two cross-sections were selected as references to
analyze the lubrication of the rollers on the axis. The positions of the two cross-sections
(Z =0.001 mm; Z = 0.004 mm) in the fluid domain are shown in Figure 6.

Figure 7 demonstrates the air-oil transient distributions for the needle roller bearing at
different injection speeds when the rotational speed was constant. As shown in the pictures,
the lubricant entered from the injector nozzle and began to accumulate near the vicinity of the
injector nozzle. Subsequently, it gradually spread out and dispersed in the fluid domain as
the needle rollers and cage rotated. Finally, the lubricant spread further into the fluid domain
to the contact areas via the autorotation of the needle rollers. It can be seen that the more
lubricant there was in the fluid domain of the bearing, the more noticeable the lubricant was
on the needle roller surfaces with the increase in the oil jet velocity compared with the state
of the oil distribution in the fluid domain at the same moment. However, the lubricant was
distributed more and unevenly on both sides of the bearing. On the one hand, this was because
the lubricant injected from the nozzle took a long time to spread out in time at the low rotational
speed. On the other hand, this was due to the shading of the rollers and cage end surfaces,
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which caused a large amount of oil to accumulate near the injection nozzle. The large amount of
lubricant on the opposite side of the nozzle was the result of the increase in the oil jet velocity.
Although the rise in the oil jet velocity improved the lubrication to some extent, the effect was
not apparent for a little oil on the roller surfaces.

Z=0.001m

Z=0.004m

Figure 6. Schematic representation of the positions of cross-sections Z = 0.001 m and Z = 0.004 m in
the fluid domain.
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Figure 7. Air-oil distributions inside the bearing at different jet velocities; The black arrow indicates
the direction of rotation: (a) Jet-1; (b) Jet-2; (c) Jet-3; (d) Jet-4; and (e) Jet-5.
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Figure 8 shows the air-oil transient distributions at the different oil jet velocities and
the same moment for cross-section Z = 0.001 m and cross-section Z = 0.004 m, where the
positions of the two cross-sections in the fluid domain are shown in Figure 6. Cross-section
Z =0.004 m was closer to the injector, and cross-section Z = 0.001 m was further away. It is
evident that the closer the cross-section was to the nozzle, the more oil it contained. From
the nozzle in the negative direction of the Z-axis, the oil distribution of the cross-section
gradually decreased. Furthermore, the oil volume fraction in the two cross-sections slowly
increased when the jet velocity increased.

Oil.Volume Fraction Oil Volume Fraction
1.0 1.0
I 0.9 I 09
08 08
07 07
06 06
‘ 0.4 ‘ 04
03
02
I 0.1

0.0

7=0.001m Jet-1 7=0.004m

Oflehume Fracton Oil.Volume Fraction
I 09
08
07
06

‘ 04
03

02 02
I 0.1 - - l 0.1
00 00

7=0.001m Jet-3 7=0.004m ’ 7=0.001m Jet-4 7=0.004m

(c) (d)

Oil.Volume Fraction
1.0

09
08
07

L o6

N oa
03

0.2
I01
0.0

Z=0.00lm  Jet5  Z=0.004m
(e)

Figure 8. Oil volume fraction contours in cross-section Z = 0.001 m and cross-section Z = 0.004 m at

different jet velocities; The black arrow indicates the direction of rotation: (a) Jet-6; (b) Jet-7; (c) Jet-8;
(d) Jet-9; and (e) Jet-10.

The air-oil transient distributions in the bearing with oil jet lubrication at different
speeds are shown in Figure 9. The jet velocity was approximately 14 m/s. It can be
observed that both the end faces were filled with oil while the bearing was at a lower speed.
When the speed increased to 2400 r/min, the needle rollers were exposed to the air, and
microbubbles were mixed into the oil around the outer ring. At a high speed, such as
4800 r/min or 6000 r/min, much more o0il was thrown into the outer ring with the increase
in the centrifugal force. Furthermore, the oil thrown into the outer ring was dragged to the
inner ring via the autorotation of the rollers. In the high-speed stage, the air-oil distribution
inside the bearing tended to be uniform. From the view of the end face, most of the oil that
gathered near the nozzle began to disperse in the rotation direction of the bearing as the
speed gradually reached 6000 r/min.

The oil volume fraction contours in cross-section Z = 0.001 m and cross-section
Z = 0.004 m with different speeds are shown in Figure 10. It can be seen that the oil
lubricated very few needle rollers in the low-speed stage and highly gathered around the
end face. The amount of oil in cross-section Z = 0.004 m was more than in cross-section
Z =0.001 m because Z = 0.004 m was closer to the nozzle. As the bearing speed continued
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to increase, it can be found that the oil phase occupied a smaller region around both the
inner ring and the outer ring. With the air constantly mixed into the lubricant, the oil-air
two-phase flow field closely surrounded the roller surfaces. More oil entered the contact

areas of the rollers.
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0.0

Oil.Volume Fraction
1.0

I 0.9

0.8
0.7

06
03
0.2
I 0.1
0.0

Oil.Volume Fraction

1.0
I 0.9
0.8
0.7

0.6
I 0.4
0.3
0.2
I:

0.0

Oil.Volume Fraction

Oil.Volume Fraction
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Figure 9. Air-oil distributions inside the bearing at different speeds: (a) Jet-6; (b) Jet-7; (c) Jet-8;

(d) Jet-9; and (e) Jet-10.
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7=0.001m Jet-10 7=0.004m
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Figure 10. Oil volume fraction contours in cross-section Z = 0.001 m and cross-section Z = 0.004 m at
different speeds: (a) Jet-6; (b) Jet-7; (c) Jet-8; (d) Jet-9; and (e) Jet-10.

The parametric simulation results of the average oil volume fraction for all roller
surfaces can more directly present the influences of different jet velocities and different
bearing speeds. It can be seen that the average oil volume fraction rose by 46% as the
jet velocity increased from 8 m/s to 16 m/s, as shown in Figure 11a. Furthermore, the
average oil volume fraction increased by 63% with the increase in the bearing speed, as
shown in Figure 11b. The results also show that the rotational speed had a slightly greater
influence than the oil jet velocity. The average oil volume fractions in the cross-sections
are displayed in Figure 12. With the rise in the jet velocity from 8 m/s to 16 m/s, the
oil in cross-section Z = 0.004 m rose by 0.058, while that in Z = 0.001 m increased slowly
by 0.018 because the lubricant sprayed from the nozzle did not diffuse significantly in
Z =0.001 m. The oil volume fraction in cross-section Z = 0.004 m increased at a faster rate
than that in cross-section Z = 0.001 m, as shown in Figure 12a. This is because Z = 0.004 m
was closer to the nozzle than Z = 0.001 m, making it easier to capture oil. However, with the
rise in the rotational speed from 1200 r/min to 6000 r/min, the average volume fractions in
7 =0.001 m and Z = 0.004 m rose by 0.18 and 0.19, respectively. The average oil volume
fraction in Z = 0.004 m almost increased at the same rate as that in Z = 0.001 m, as shown
in Figure 12b. The reason for this is that the increase in the rotational speed makes the
lubricant quickly spread on the surface of the rollers compared with increasing the oil
jet velocity.
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Figure 11. Average oil volume fractions on the roller surfaces: (a) oil volume fractions at different jet
velocities; (b) oil volume fractions at different bearing speeds.
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Figure 12. Average oil volume fractions of the cross-sections: (a) average oil volume fractions in the
cross-sections at the different oil jet velocities; (b) average oil volume fractions in the cross-sections at
the different speeds.

3.2. Simulation Results and Discussion of Splash Lubrication

The speed gradient setting of the bearings in the planetary gearbox was the same
as for the bearings with oil jet lubrication. The planetary gear speeds were set using the
aforementioned formula conversion. To ensure that both the gears and their meshing
zones were adequately lubricated, a certain amount of lubricant in the planetary gearbox
was needed to form an oil ring. According to the calculation method in reference [28],
the oil filling level at H = 52.5 mm was used as a reference. The initial oil filling level
was set as shown in Figure 13. While the influence of the bearing speed, which varied
from 1200 r/min to 6000 r/min with a gradient of 1200 r/min, was considered for the
air-oil transient distribution, the reference level was used as the constant. Furthermore,
when the influence of the oil filling level, which varied from 42.5 mm to 62.5 mm with
a gradient of 5 mm, was considered for the air-oil transient distribution, the rotational
speed at 4800 r/min was used as the constant. The operating conditions of the needle roller
bearing in the planetary gearbox with splash lubrication are summarized in Table 5.

The air-oil transient distribution in the gearbox after one rotation of the planetary
gears is shown in Figure 14. It can be observed that the oil was dragged out of the oil sump
and continuously churned in the gearbox by the planetary gears. A large amount of oil
was thrown into the wall via centrifugal force and formed an oil ring. The cross-sections of
Z = — 0.008 mm and Z = 0.0003 mm were selected to observe the lubrication of components
inside the gearbox deeply, the positions of which are presented in Figure 13. The cross-
sections in Figure 14 illustrate sufficient lubrication for the planetary gears and the ring
gear in the gearbox with splash lubrication. However, the needle roller bearings only had a
small amount of oil entering the raceways when the planetary gears started to rotate from
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the standstill position. It can be seen that in the low-speed stage, the sump oil was not
sufficiently dragged out. This resulted in a small amount of oil splashing onto the bearing
end face as it passed through the oil sump. As the speed increased, the oil was well and
rapidly dragged out to the right side of the gearbox, and the bearing passed through the oil
sump with little oil entering. The air-oil distributions in the cross-sections indicate that the
oil was unevenly distributed in the bearing and was mainly distributed in the contact area
of the rollers and the outer ring.

Oil.Volume Fraction
1.0
I 0.9
0.8
0.7
‘ ‘0.6

047 Ty K -
Beati fing-3

Z=0.0003mm

al
0.3 AF N ey
i (e

i
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0.0 1_ L

Figure 13. Initial oil filling level setting and the positions of cross-sections.

Table 5. Operating conditions of the splash lubrication.

Simulation . Oil Sump Bearing Speed  Oil Filling Level
Lubricant " o . . .

Name Temperature in °C in r/min in mm
Spl-1 1200

Spl-2 2400

Spl-3 3600 52.5
Spl-4 4800

Spl-5 6000

Spl-6 FVA4 40 05
Spl-7 47.5
Spl-8 4800 52.5
Spl-9 57.5
Spl-10 62.5

To gain deeper insight into the transient lubrication of the needle roller bearings in
the planetary gearbox, the air-oil transient distribution on the surface for components is
reported for the considered operating conditions, as shown in Figure 15. The lubrication
of the bearings below the centerline of the gearbox was superior to that of the bearing
above the centerline in the initial position. This is because the oil filling level was slightly
higher than the outer ring of the bearing, and a certain amount of oil entered the raceway
at the beginning. The planetary gears had already dragged most of the oil out of the sump
before the bearing above the centerline rotated to the bottom. This can well explain why
the surfaces of the bearing above the centerline were almost devoid of oil. Moreover, the
increase in the bearing speed brought about a decline in the average oil volume fraction
in bearing-1 and bearing-2, while that in bearing-3 slowly rose, as shown in the curve
diagram below.

The Spl-6~5pl-10 operating conditions were simulated to investigate the air-oil tran-
sient distribution inside the planetary gearbox at different oil filling levels. The air-oil
transient distributions after one rotation of the planetary gears are shown in Figure 16.
From the view of the transient flow field in the gearbox, the oil was dragged out of the
sump and transported to other parts. It can be seen that more 0il was splashed axially
into the front area of the gearbox and the oil ring became more and more pronounced as
the oil filling level increased. The oil ring was not apparent for the low filling levels, such
as Spl-6 or Spl-7. The air-oil distributions in the cross-sections demonstrate that it is very
difficult for splashed oil to enter the raceways at low oil levels due to the absence of oil in
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the raceways in the initial position. For the high filling levels, such as Spl-9 or Spl-10, it
can be seen that the cross-sections of the bearings below the centerline were filled with a
large amount of oil compared with the low filling levels, while that in the bearing above
the centerline was almost the same as in Spl-6 and Spl-7.

Oil.Volume Fraction @

Oil.

S
D
5
[}
o
I
o
g
g

Oil.Volume Fraction

I

Figure 14. Air-oil distributions inside the planetary gearbox at different speeds; The black arrow
indicates the direction of rotation: (a) Spl-1; (b) Spl-2; (c) Spl-3; (d) Spl-4; and (e) Spl-5.
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Figure 15. Air-oil distributions on the surfaces inside the planetary gearbox at different speeds; The
white arrow indicates the direction of rotation: (a) Spl-1; (b) Spl-2; (c) Spl-3; (d) Spl-4; and (e) Spl-5.

The air-oil transient distributions on the surface are presented for the Spl-6~Spl-10
operating conditions in Figure 17. It can be observed that at low oil levels, there was very
little oil on the bearing surfaces and only a small amount of oil on the roller end faces.
With the increase in the oil filling level, the lubrication of the bearings below the centerline
became better, while that of bearing-1 did not change much. After the beginning, the rapid
rotation of the planetary gears kept most of the oil flow circumferentially in the gearbox,
and it was difficult to lubricate the needle rollers via the axial flow of the oil when the
bearings passed through the oil sump. Based on the above analysis, it can be inferred that
this phenomenon is related to the position of the bearings and the oil filling level. On the
one hand, elevating the oil level enhances the lubrication of the bearings. On the other
hand, it also leads to an increase in the churning power loss.
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Figure 16. Air-oil distributions inside the planetary gearbox at different oil filling levels: (a) Spl-6;
(b) Spl-7; (c) Spl-8; (d) Spl-9; and (e) Spl-10.
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Figure 17. Air-oil distributions on the surface inside the planetary gearbox at different oil filling
levels: (a) Spl-6; (b) Spl-7; (c) Spl-8; (d) Spl-9; and (e) Spl-10.

The average oil volume fractions on the roller surfaces with different speeds and oil
filling levels are shown in Figure 18. It can be seen that the average oil volume fraction on
bearing-2 was more than that on the others and slowly decreased by 13%, while that on
bearing-3 increased by 30% with the increase in speed. Furthermore, the average oil volume
fraction on bearing-1 decreased by 82%. However, the results present that the average oil
volume fractions on bearing-2 and bearing-3 rose rapidly by 0.47 and 0.41, while that on
bearing-1 remained essentially stable. Moreover, increasing the oil filling level made the
lubrication of the bearings more effective, apart from bearing-1, as shown in Figure 18b.

In this section, the simulation of the transient lubrication of the needle roller bearings
inside the planetary gearbox was presented. The influences of speeds and oil filling levels
on the splash lubrication of the planetary gearbox were analyzed. In the simulations
from Spl-1 to Spl-10, it was consistently noted that irrespective of the speed and oil filling



Lubricants 2024, 12, 39

19 of 22

level employed, bearing-1 endured an insufficiency of oil. This may have been caused
by the inadequate oil churning of the planetary gears. The reason behind this could be
explained by the number of revolutions of the planetary gears. Furthermore, the layout and
initial positions of the planetary gears also make a difference. However, there are certain
differences and simplifications between the simulation model and the actual operating
conditions. The bearings of each branch are fully lubricated after multiple turns of operation
for planetary gears during practical operation. In this paper, although the steady state of
the flow field could not be completely simulated owing to the computational time and the
limitations of the model, the tendency of the flow field still had some good reference values.
It can be concluded from Spl-1 to Spl-5 that planetary gears operating at a lower speed for
a while are beneficial for the sufficient lubrication of each branch bearing.
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Figure 18. Average oil volume fractions on the roller surfaces: (a) average oil volume fractions with
different speeds; (b) average oil volume fractions with different oil filling levels.

3.3. Comparative Analysis of Needle Roller Bearings with Two Types of Lubrication

The oil jet lubrication of the needle roller bearings was greatly affected by the rotational
speed and, secondly, by the oil jet velocity based on the simulation results. In the case of
a reasonable bearing speed and oil jet velocity, bearings could be fully lubricated after a
very short period with oil jet lubrication. The splash lubrication of needle roller bearings
inside the gearbox was highly dependent on the initial positions of the bearings and the
oil filling level. Although raising the speed improved the lubrication of the gears, the
average oil volume fractions on bearing-1 and bearing-2 showed a decreasing trend, as
shown in Figure 18. When the oil filling level was below the bearings, there was very little
lubricant on the rollers, as shown in Figure 14a,b. In contrast with this circumstance, the
results of high filling levels are shown in Figure 14d,e. Analyzing Jet-5 and Spl-1 shows
that the average volume fractions on bearing-1 and bearing-3 were higher than that on the
bearing with oil jet lubrication and increased by 9.2% and 22%. Nevertheless, the average
oil volume fractions on bearing-1 and bearing-2 decreased as the speed rose. Comparing
Jet-9, Spl-6, and Spl-7, it can be seen that at the same rotational speed, the average volume
fraction on every bearing with oil jet lubrication was more than that with splash lubrication
and increased by 0.12 and 0.15 when the oil filling levels were at 42.5 mm and 47.5 mm,
respectively. However, comparing Jet-9, Spl-9, and Spl-10, the splash lubrication of every
bearing in the gearbox was better than oil jet lubrication. The average o0il volume fraction
on every bearing increased by 0.16 and 0.31 when the oil filling levels were at 57.5 mm
and 62.5 mm, respectively. According to Figures 11b and 18a, a comparison curve of
the bearing with oil jet lubrication and splash lubrication could be drawn, as shown in
Figure 19. This curve selects splash lubrication as the reference, presenting the percentage
of oil jet lubrication exceeding splash lubrication. When the lubrication curve is below the
horizontal axis, the vertical axis indicates the extent to which oil jet lubrication is lower
than splash lubrication. On the contrary, it describes the percentage of oil jet lubrication
exceeding splash lubrication. It can be seen that the splash lubrication of the bearings was
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better than oil jet lubrication while the bearings were at a lower speed. In the high-speed
stage, the result was the opposite. Based on the above analysis, it can be concluded that
splash lubrication is adverse for high-speed planetary gearboxes. However, a planetary
gearbox can be operated at a low speed for a period of time to ensure sufficient lubrication
of the bearings before high-speed operation.

The percentage of oil jet lubrication exceeding splash lubrication
100%
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25% /
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-25%
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Figure 19. Comparison curve of the bearing with splash lubrication and oil jet lubrication.

4. Conclusions

In this paper, the CFD method was used to predict the air-oil transient distributions
of bearings with oil jet lubrication and bearings in a planetary gearbox with splash lubrica-
tion. The influences of the oil jet velocities and bearing speeds on oil jet lubrication were
investigated. The different oil filling levels and bearing speeds were simulated for the
comparative analysis with oil jet lubrication. The reason for the differences between the
needle roller bearings with the two kinds of lubrication was analyzed by comparing the
simulated results. The main conclusions are as follows:

1.  The rotational speed had a significant effect on the oil jet lubrication of the needle
roller bearings. The average oil volume fraction rose by 0.2 with the increase in the
bearing speed from 1200 r/min to 6000 r/min and by 0.06 with the increase in the
oil jet velocity from 8 m/s to 16 m/s. The oil volume fraction on the bearing at a
high speed was not very high, but it was well lubricated due to the constant flow of
lubricant through the nozzle. A large amount of oil accumulated near the nozzle at
lower speeds. Although the oil jet velocity had a great influence on the lubrication, a
large amount of oil accumulated near the nozzle at lower speeds.

2. The splash lubrication of the bearings in the planetary gearbox was directly related to
the immersion depth of the bearings in the initial position. The increase in speed from
1200 r/min to 6000 r/min made the bearing lubrication decrease by 4.4%. The average
oil volume fraction rose by 0.28 with the increase in the oil filling level. In the simu-
lations from Spl-1 to Spl-10, the bearing above the centerline was under insufficient
lubrication. This was caused by the inadequate oil churning of the planetary gears.
Moreover, there was no apparent change with the speed and oil filling level increases.

3. The average oil volume fraction on the bearings with splash lubrication was better
than that with oil jet lubrication by an average of 41.9% when the bearing speed was
in the low-speed stage ranging from 1200 r/min to 3600 r/min. On the contrary, the
average oil volume fraction on the bearings with oil jet lubrication was better than
that with splash lubrication by an average of 31.8% when the bearing speed was in
the high-speed stage ranging from 4800 r/min to 6000 r/min.

In summary, although the transient simulations of the oil jet lubrication of the bearings
and the splash lubrication of the planetary gearbox were relatively short and the calculations
did not reach a steady state, the law of the air-oil distribution state in the fluid domain and
the oil volume fraction on the surface had some similarities whether it was transient or
steady-state at different bearing speeds, jet velocities, and oil filling levels. Hence, this study
still provides reference values for gearbox visualization analysis. Moreover, the evolution
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of the lubrication law under different working conditions was discussed. Quantitative
analysis was beneficial in determining the optimal oil jet quantity under certain working
conditions. By comparing the differences and similarities between bearings under two
conditions, we explored whether the oil jet lubrication law and results were consistent
with those of the splash lubrication of the bearings in the gearbox. These analyses provide
reference values for practical engineering applications. In addition, further analysis is
needed for the research on the steady state of the bearings in the gearbox with splash
lubrication and the validation of the simulation analysis and experimental results.
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