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Abstract: The atomization mechanism of lubrication fluid in rolling bearings under high-speed
airflow between the rings was investigated. A simulation model of gas-liquid two-phase flow in
angular contact ball bearings was developed, and the jet lubrication process between the bearing rings
was simulated using FLUENT computational fluid dynamics software (Ansys 19.2). The complex
motion boundary conditions of the rolling elements were addressed through a layered approach.
We can obtain more accurate boundary layer flow field changes and statistics of the diameter of oil
particles in lubricating oil atomization, which lays the foundation for analyzing the law of influence
on lubricating oil atomization. The results show that as the number of boundary layer layers increases,
the influence of the boundary layer flow field on the lubricating oil is more obvious. The oil particle
size is excessively flat, and the concentration of large particles of oil appears to decrease. As the speed
increases, the amount of oil in the cavity decreases, but the oil droplets are also fragmented, which
intensifies the atomization and reduces the particle diameter. This reduces the Sauter Mean Diameter
(SMD), which is not conducive to the lubrication of the bearing. Under different injection pressures,
when the injection pressure is large, it is beneficial to the lubrication of the bearing.

Keywords: angular contact ball bearing; different layers; particle size; different speed; SMD; different
injection pressure

1. Introduction

Under high-speed operating conditions, angular contact ball bearings can support
both axial and radial loads. A larger contact angle allows for a greater axial load capacity.
Oil injection lubrication is a common method for high-speed rolling bearings, offering a
straightforward structure, ease of control, and effective lubrication performance [1,2].

In high-speed operation, lubricating oil in rolling bearings is sprayed through a nozzle
to reach the bearing wall. However, some of the oil atomizes due to interactions with the
high-speed airflow between the rings and impacts from the airflow. Under centrifugal
force, these atomized oil droplets are unable to effectively enter the lubrication zone, which
negatively impacts the lubrication and cooling performance of the bearing. The lubricating
oil entering between the bearing rings interact with the high-speed air flow between the
bearing rings to form a gas-liquid two-phase flow [1,3]. The two-phase flow formed
between the bearing rings by oil injection is fundamentally different from the two-phase
flow formed by oil-gas and oil-mist lubrication [4-8]. This two-phase flow condition has a
certain effect on bearing heat transfer and lubrication. Oil injection lubrication is usually
used for bearings running at higher speeds under low or medium load. It is mainly a
method of high-pressure injection to inject lubricating oil into the bearing to lubricate it.
Therefore, this article uses oil injection lubrication to make the oil enter the bearing cavity
to study the atomization of the oil in the process of entering the cavity.

In recent years, some scholars have studied bearing atomization under different
parameter conditions. For example, Glahn [9-12] et al. used phase Doppler particle
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analyzer (PDPA) technology and numerical calculation methods to study the motion
analysis of oil particles in aero-engine bearing cavity, which laid a foundation for the
research on particle motion track tracking in the future. Szydlo et al. [13] studied that the
change in oil/air ratio has an important influence on the change of oil mist in the pipeline.
Lee [14] et al. changed the number of nozzle holes without changing the total orifice outlet
area, and used two-dimensional PDPA (phase Doppler particle analyzer) to measure the
SMD (Sauter Mean Diameter) and AMD (arithmetic average diameter) droplet diameters.
Di et al. [15] designed a fan nozzle system and conducted atomization experiments to
analyze the effects of oil pressure difference, sector angle, and outlet height on flow and
atomization characteristics. Additionally, the influence of temperature, velocity, and fuel
supply variations on the mean diameter of the droplets was examined. Chen [16] et al. used
a phase Doppler particle analyzer (PDPA) and high-speed photography to measure the
particle characteristics of the spray field of V-shaped cross-hole high-perturbation nozzles
and single-hole nozzles with different included angles and different pore size structures.
At present, research on bearing atomization at home and abroad mainly focuses on the
bearing oil film pressure distribution and its influence on bearing performance at high
speed or ultra-high speed.

At higher speeds, the oil atomizes after entering the bearing cavity. Due to the opening
of the groove, the oil can enter the bearing through the nozzle to achieve better lubrication.
However, after the oil enters the bearing cavity, the influence of high-speed airflow and
other factors on the oil in the lower cavity causes the phenomenon of atomization. The
reduction of oil particle size does not decrease friction loss or surface wear during bearing
operation, nor does it enhance cooling effectiveness. Building on previous studies [17,18],
this paper examines the layered processing of rolling elements under complex moving
boundary conditions. The research focuses on how oil atomizes into very small droplets
due to turbulent radial velocity distribution and the relative movement of surrounding
air after entering the bearing cavity from the nozzle and being influenced by the groove.
Additionally, it analyzes the variation in oil particle diameter under different layering,
rotational speeds, and injection pressures, as well as the trend of the mean diameter of
droplets (SMD) over time and at varying speeds. By observing changes in oil particle size,
this study aims to provide deeper insights into the atomization characteristics of oil within
the cavity.

2. Numerical Calculation Model
2.1. Governing Equations
2.1.1. k — e Model

Because high-speed angular contact ball bearings are in a gas-liquid two-phase flow
state, the flow system in the cavity is considered to be two incompressible and incompatible
fluids, but each phase still meets the basic governing equations of fluid mechanics (the first
phase is air, and the second phase is oil).

Without considering the change in the temperature field, assuming that the gas-phase
medium is adiabatic and incompressible viscous air, the continuity equation of the gas-
phase medium flow between the bearing rings is:

0
aTCi(Mi)—O 1)
u;—velocity vector.
Momentum equation
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In the formula u; is the velocity vector in the j direction; p represents the density, u
represents the dynamic viscosity of the gas-phase medium; p represents the gas-phase
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medium pressure; and S; represents the generalized source term, where the values of i and
jarel,2,and 3.

The equations of the k — ¢ model can make the whole equation closed, which is
convenient for solving the turbulence problem. Due to the high-speed operation of the
bearing, the gas-liquid two-phase shear flow in the bearing cavity will be violent, and eddy
currents will be easily generated under the action of fluid viscosity and the wall surface. In
order to make the numerical simulation closer to the actual situation, the turbulence model
in this paper, the k — e turbulence model [19], is selected for simulation calculation. Then
Equation k and Equation ¢ are as follows:
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where k is turbulent kinetic energy; € denotes the rate of turbulent kinetic energy dissipation.
The variable p signifies density, Gy is the production term of turbulent kinetic energy k
due to the mean velocity gradient, while Gy, is the generation term caused by buoyancy.
Y, represents the contribution of pulsation expansion in compressible turbulence. The
model constants are Cy, = 1.42, Cy, = 1.68; C3, represents empirical constants; oy and o,
are the reciprocal of the turbulent Prandtl numbers (Pr) for the turbulent kinetic energy k
the dissipation rate. Sy and S, represent the custom source terms. Indices i and j can take
values 1, 2, or 3, and the empirical constants in the formula are applicable under certain
circumstances.

2.1.2. Calculation Model

This paper discusses the grid layering of rolling elements in bearings under complex
boundary conditions, inspired by the domain decomposition method. The establishment of
the three-dimensional model can more accurately explore the changing law of oil particle
size distribution in the bearing cavity and the distribution of oil atomization. The domain
decomposition method is a numerical calculation method that decomposes the compu-
tational domain into several subdomains, solves them separately, and calculates them
comprehensively. This method is easily applicable to mathematical models and calculation
formats tailored to each subdomain’s characteristics, enhancing overall practicality and
facilitating the use of parallel algorithms to accelerate calculations.

In simple terms, the region decomposition algorithm divides the domain into several
normalized subregions, transforming the solution of the original problem into solutions for
each subregion.

Under the guidance of the domain decomposition method, the rolling elements are
divided into different layers (6 layers, 8 layers, and 10 layers). The rolling elements can be
categorized into varying layers. However, an increase in the number of layers results in a
slower calculation rate of the bearing model, thereby reducing efficiency. Conversely, fewer
layers may insufficiently capture the oil atomization dynamics within the cavity. Therefore,
this article discusses the change of the oil in the cavity when the rolling elements are divided
into 6 and 10 layers. Figure 1 is a simplified model of the bearing. The nozzle position is
determined by the results of previous research [20]. In order to make the oil better enter the
bearing cavity and satisfy the lubrication of the bearing, an arc-shaped groove is established
on the inner wall of the outer ring of the bearing. The groove direction is 60°, the length is
3.5 mm, and the width is 0.65 mm. Figure 1 illustrates the case when the rolling element
is divided into 10 layers, and then the model is meshed by software. Because the bearing
model is irregular and it is not easy to divide the mesh, the unstructured tetrahedral mesh
is used to divide the nozzle and the rolling element. The bearing clearance is locally refined,
as shown in Figure 2, and Table 1 is a comparative analysis of different layered values.
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Figure 1. Simplified bearing model and nozzle position. (Unit: mm).
=
Figure 2. Mesh generation the bearing model (10 layers).
Table 1. Comparative analysis of different stratification values.
Number of Number of Number of Convergence Calculation
Layers Grids Iterations Accuracy Time/Thousand Steps (h)

6 501,345 614 1074 12.8

8 514,876 581 10°* 134

10 548,064 563 1074 15

2.1.3. The Uniformity of Oil Atomization

The oil is induced into the bearing cavity through the nozzle and the groove. Under
the influence of high speed and air within the cavity, the oil droplets become atomized.
However, the atomization of the oil droplets is not uniform; thus, relying solely on the av-
erage diameter of the oil droplets is insufficient to fully represent the degree of atomization.
A more comprehensive approach would involve expressing both the size of the droplet
particle diameters and the number and quality of droplets across different diameters. Un-
fortunately, a complete expression for this is still lacking. The Rosin—-Rammler relationship

has been utilized thus far:
D;\"
R =100exp|— 0l % (5)

In the formula, D; represents the droplet diameter; # is an index of the uniformity
of droplet distribution, usually 1.8 < n < 4; R represents the percentage of the total mass
of droplets that exceed a diameter of D; relative to the mass of all droplets; D is the size
constant; i takes 1, 2, or 3.

When oil enters the bearing cavity through the nozzle, the resulting atomization
field exhibits an uneven distribution, characterized by a significant difference between the
maximum and minimum droplet diameters. Therefore, the average droplet diameter serves
as the indicator of atomization fineness. Typically, a relatively uniform atomization field
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is employed to represent the actual atomization field with varying oil droplet sizes. The
particle diameter of this uniform atomization field is the average diameter of the droplets
in the actual atomization field. The expression has volume average diameter and Sauter
Mean Diameter (SMD). Since the size of the droplet diameter is not uniform, assuming that
the liquid is sprayed from a high-speed nozzle and atomized into a large number of small
droplets, the smallest droplet diameter is 0; then:

The average surface area diameter is expressed as:

[P p2gn
Dy = [ “Pmin — )
f max dN

min

The volume average diameter is expressed as:

1/3
[P paN
Dy= | —p— @)
fD max dN
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Sauter Mean Diameter is expressed as:

Jpmx D3AN
D3y = —g—— 8)
/; ani‘:lx D2dN

where N is the number of droplets with a diameter of D.

3. Geometry Model and Meshing
3.1. Geometric Model

The model of angular contact ball bearing in this article is 7306 as the research object,
and its structural parameters are shown in Table 2. The space between the bearing rings is
the calculation domain of the model. Due to the lengthy computation time required for
the overall model, the analysis simplifies the model by retaining only the inner and outer
ring walls while omitting the rolling elements and cage. A 1/12 bearing model is then
employed for numerical simulation and analysis.

Table 2. Bearing parameters.

Outer Inner Bearing Contact Number of Steel
Diameter/mm Diameter/mm Width/mm Angle/(°) Balls/mm
72 30 19 15 12

The overall model is divided using unstructured grids. The number of grids is
2,867,328. The number of grids in the overall model is too large. Due to the periodic
characteristics of the rolling bearing motion, the calculation time is long for the entire
rolling bearing and it is difficult to complete the numerical simulation analysis. “The
calculation object is taken as 1/12 of the integral bearing model, including a rolling body”.
A groove is established to induce oil into the bearing cavity for lubrication; therefore, a
single-period grid model with grooved nozzles is used. In this paper, ICEM CFD (Integrated
Computer Engineering and Manufacturing Computational Fluid Dynamics) methods are
used to conduct gas-phase numerical simulation analysis of rolling bearings.

3.2. Boundary Setting and Numerical Analysis Method

Due to the previous research on the bearing by gas flow, the nozzle is set as the
velocity inlet, the small end face is the pressure inlet, and the large end face is the pressure
outlet. The nozzle is fixed, and the bearing inner ring, cage, and rolling elements impose
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corresponding rotational boundary conditions. The rotational speeds of the rolling elements
and the cage can be calculated as:

Dy, cos

) ©)

Here, n; is the inner ring speed, « is the contact angle, Dy is the rolling element pitch
circle diameter, and dp, is the bearing pitch circle diameter. At the same time, this article
also considers the rotational speeds of the rolling elements, which are achieved by setting
different speed boundaries on the outer surface of the rolling elements. Due to the layering
of the rolling elements in this article, different speed boundaries are established for the
rolling elements. Additionally, through stratification, accurate calculation and analysis of
the boundary layer oil size at different rotation speed positions of rolling elements can be
carried out.

The VOF (Volume of Fluid) model is a surface tracking method, that is, when you
need to obtain one or more interfaces that do not bind to fluids under a fixed Euler grid,
you can use this model. This paper uses the VOF multiphase flow model to capture the
distribution and movement of the gas-liquid two-phase flow inside the bearing cavity and
uses the discrete phase model to obtain the distribution of oil particle sizes. The specific
calculation parameters are presented in Table 3 below.

Table 3. Specific calculation parameters.

Parameter Main Phase (Air) Secondary Phase (60CST Turbine Oil)
Density/(kg/m?) 1.225 876
Viscosity/(Pa-s) 1.79 x 1075 0.05877

The speed is specified based on the design conditions of high-speed rolling bearings.
The standard wall function method is applied at the wall surface, while the other boundaries
are defined as adiabatic solid walls with a non-slip condition.

When the oil enters the bearing cavity, it is driven by external force; the liquid enters
from the nozzle and the groove is induced to enter the bearing cavity. The turbulent radial
velocity and the interaction with the surrounding air cause the liquid to be atomized into
small droplets. The discrete phase model (DPM) is also known as the particle trajectory
model. For the multiphase flow formed by a continuous medium and a discontinuous
medium, the continuous fluid is called the continuous phase, and the discontinuous
material is called the dispersed phase. We define the discrete phase by setting the boundary
conditions of the discrete phase model in the model setting panel, and solve it through
calculations. In the result post-processing, we select particle tracking, particle diameter, etc.
to analyze the oil particle size in the discrete phase.

4. Results and Analysis
4.1. The Effect of Rolling Element Layering on the Particle Size Between Bearing Rings

When the rolling elements of the bearing are in different layers, the oil entering
the groove through the nozzle remains consistent. After stratification, the distribution
characteristics of oil at different locations can be accurately analyzed. Figure 3 shows the
distribution diagram of the oil particle size of the cross section at z = 0 in the axial direction.
In Figure 3a,b, the rolling elements are layered. After the oil enters the bearing cavity, the
varying layers of rolling elements generate distinct vortices that influence the distribution
of oil within the cavity. Consequently, the atomization distribution of the oil also varies
throughout the cavity. When the rolling element is divided into six layers, the size of the
vortex formed is not nearly the same because of the different boundary conditions set by
the layering. Therefore, the oil with large particle size is mostly distributed between the
small end face and the cage, while the oil with large particle size is less noticeable in the
area near the rolling body. When the rolling body is divided into 10 layers, the oil in the
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cavity is influenced by eddy currents, so that the oil with large particle size will spread
and the oil with small particle size will increase. The atomization distribution becomes
more pronounced. Thus, when the rolling elements are more stratified, the oil atomization
distribution in the cavity is more obvious.
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Figure 3. Oil phase cloud image of oil particle size distribution in the cavity with different layers of

rolling body. (a) Turbulence intensity distribution diagram of rolling body in 6 layers at axial section
(z = 0), (b) Turbulence intensity distribution diagram of rolling body in 10 layers at axial section (z = 0).

It can be seen from Figure 4 that when the rolling elements are divided into six layers
in Figure 4a, the oil in the bearing cavity is affected by its stratification, and the particle size
distribution of the oil in the cavity changes significantly. The large particle size oil diffuses,
and the oil near the small end face decreases. Although it is affected by the airflow, the
large-size oil is still distributed near the rolling elements. As shown in Figure 4b, dividing
the rolling element into 10 layers still results in influence from the vortex generated by the
airflow. However, the large-diameter oil gradually diffuses between the outer ring raceway
and the rolling elements. Increased stratification significantly alters turbulence intensity,
enhancing oil diffusion within the bearing cavity. However, during this diffusion process,
larger oil droplets experience minimal change, indicating that the varying stratification of
the rolling elements affects the distribution of oil atomization in the bearing cavity.

From the comparison of the results of Figures 3 and 4, after the oil enters the bearing
cavity, when the rolling elements are in different layers, the oil distribution in the cavity
is not the same. Dividing the rolling elements into 10 layers enhances oil distribution
dispersion, facilitating clearer visualization of oil atomization in the bearing cavity—an
effect not observed in prior bearing studies.
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Figure 4. Cloud diagram of the change of oil particle size in different layered cavities of rolling
elements at the same time. (a) The rolling body is divided into 6 layers, (b) The rolling body is divided
into 10 layers.

4.2. Oil Atomization in Different Layered Bearing Cavities of Rolling Elements at the Same Time

Figure 5 depicts the change in the percentage of oil particle size in the cavity under
the condition of different layers of rolling elements at the same time when the speed is
1.0 x 10° r/min. The atomization of oil between bearing rings can be seen from the change
in the percentage of particle size. As illustrated in the figure, when the rolling body is
divided into 10 layers, the oil particle size increases up to 40 pum. However, beyond this
size, airflow resistance within the bearing cavity and cage causes larger oil droplets to break
apart, significantly reducing the proportion of larger oil particles. When the rolling body is
divided into 10 layers, the oil with larger particle size is relatively larger. However, with
the increase in time, the oil of large particle size decreases less, and the atomization is less,
which is still conducive to the lubrication of the bearing. When the rolling body is divided
into six layers, the proportion of large oil particles is relatively low. The greater influence of
eddy currents in the cavity exacerbates atomization and further reduces the presence of
larger oil droplets, which is detrimental to bearing lubrication.

Further analysis of Figure 5 reveals the relationship between oil droplet size percentage
and the degree of atomization as follows:

1. Oil droplet size significantly impacts atomization: smaller droplets are more easily
carried away by airflow, enhancing atomization, while larger droplets tend to aggre-
gate into a liquid film, leading to decreased atomization. Thus, an increase in droplet
size generally results in reduced atomization.

2. The configuration of rolling elements affects fluid flow characteristics. A greater
number of layers can create complex flow patterns, such as vortices, that influence
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oil droplet dispersion and atomization. Specifically, increased layers may facilitate
droplet collisions and merging, resulting in fewer smaller droplets and reduced
atomization. Additionally, air resistance is significant, as larger droplets are more
prone to breakup, which can enhance atomization. Therefore, the relationship between
oil droplet size and atomization is non-linear and impacted by factors such as fluid
dynamics, air resistance, and lubrication effectiveness.

3.  Atomization degree significantly impacts lubrication performance: moderate atom-
ization enhances coverage, while excessive atomization can rupture the oil film,
compromising efficiency.

4. Maintaining an optimal balance of oil droplet size and atomization is crucial for
effective lubrication performance.

18-
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Figure 5. Variation of oil particle size of different layers of rolling elements at the same time.

4.3. The Influence of Different Speeds on the Characteristics of Oil Atomization in the Cavity

Figure 6 presents a distribution diagram of the SMD of the mist field oil in the case
of different rotation speeds and different stratifications with time changes of the rolling
elements in the cavity. As shown in the figure, when the rolling body is in different layers,
the oil particle size at the surface is initially small, and the volume of oil entering the
bearing cavity through the groove is limited. Consequently, the proportion of large oil
particles is also low, resulting in a reduced amount of oil reaching the rolling body and
a small Sauter Mean Diameter (SMD) of the oil particles at the outset. With the change
of time, the oil in the bearing cavity gradually increases, the SMD of the oil particles
is higher, the atomization quality is poor, and the lubrication effect is better. As time
increases and rotation speed rises, strong airflow and the rolling body contribute to a
decrease in the size of large oil particles, leading to enhanced atomization. Consequently,
the Sauter Mean Diameter (SMD) gradually decreases, improving atomization quality but
adversely affecting bearing lubrication. However, when the rolling elements are divided
into 10 layers, the more stratified arrangement results in a smaller vortex around them,
leading to a reduced influence on the oil in the cavity. Therefore, when the rolling elements
are divided into 10 layers, the impact on bearing lubrication is relatively small, which is
beneficial to the lubrication of the bearing.

Figure 7 shows the change curve of oil particle size at the same time with different
speeds and layers. The variation in oil particle size reflects the atomization process within
the cavity. As shown in the figure, different rotational speeds influence oil particle size
changes. For rolling elements divided into six layers, at a speed of 1.0 x 10° r/min, the
particle size trend increases until it reaches 35 pm. At 1.5 X 10° r/min, this trend continues
up to 40 um. Beyond this point, as further increases in speed occur, air resistance affects
larger oil particles, causing their size to gradually decrease. Due to the high speed, larger
particles are more significantly impacted, leading to a faster reduction in their proportion,
while smaller particles increase, potentially resulting in atomization.
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Figure 6. SMD change curve at different speeds and different layers.
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Figure 7. Variation of particle size of different layers of oil at different speeds.

In contrast, when the rolling elements are divided into 10 layers, the upward trend
in particle size persists up to 45 um at 1.0 x 10° r/min. Here, larger particles are more
prevalent due to reduced turbulence intensity near the rolling elements, which benefits lubri-
cation as a significant volume of oil enters the bearing cavity. However, at 1.5 x 10° r/min,
the high speed limits oil entry into the bearing cavity. Additionally, the cage effect reduces
the presence of larger particles, which may lead to atomization. Thus, at elevated rota-
tional speeds, regardless of layer stratification, larger oil particles in the bearing cavity
diminish while smaller particles increase, exacerbating atomization and compromising
lubrication effectiveness.

4.4. Oil Atomization in the Cavity Under Different Layers and Different Injection Pressures

Figure 8 shows the change of the oil particle size in the bearing cavity under different
injection pressure conditions when the rolling elements are divided into six layers at a
constant speed of 1.0 x 10° r/min. From the figure, it can be seen that when the injection
pressure is 0.1 MPa, the line graph of the proportion of oil with large particle size gradually
rises before reaching 40 um, after which the proportion decreases more rapidly. Despite the
stratification of rolling elements, the rotation induces air resistance and centrifugal force,
leading to a gradual decrease in the size of larger oil particles. This reduction exacerbates
atomization within the cavity. At injection pressures of 0.3 MPa and 0.6 MPa, increasing
the injection pressure increases the volume of oil entering the bearing cavity. Consequently,
the volume of larger oil particles increases. Although the rolling elements are stratified,
air resistance and the formation of eddy currents around them negatively impact the
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lubrication of oil within the bearing cavity. The proportion of oil with larger particle size
decreases slowly, and the increase in the amount of oil is beneficial to the lubrication of the
bearing. Therefore, when the spray pressure is high, the atomization in the cavity is not
intensified, which benefits the lubrication of the bearing.

12+

percent (%)

0 20 40 60 80 100

particle diameter (um)

Figure 8. Variation of oil particle size in the bearing cavity under different injection pressures (6 layers
of rolling elements).

Figure 9 shows the change in oil particle size in the bearing cavity when the rolling
elements are divided into 10 layers. From the figure, it can be observed that under high
injection pressure conditions, the oil injected into the bearing cavity initially increases due to
the rise in injection pressure, resulting in an upward trend of the broken line. At an injection
pressure of 0.1 MPa, particle sizes greater than 40 pm are influenced by the stratification
of rolling elements, leading to airflow resistance that generates vortices near them. This
phenomenon adversely affects lubrication within the bearing. Additionally, factors such as
the cage effect and centrifugal force contribute to the breakdown and potential atomization
of oil over time, resulting in a reduced proportion of larger oil particles and a more
pronounced atomization effect in the bearing cavity. When the injection pressure is 0.3 MPa
and 0.6 MPa, the oil intake only increases at the beginning, and the broken line also rises
to a certain value, then the particle size of oil shows a downward trend. This is because
the amount of oil in the bearing cavity is large, and the proportion of large particle size oil
decreases more slowly. Therefore, an increase in oil injection pressure is beneficial to the
lubrication of the bearing cavity.
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0 20 40 60 80 100

particle diameter (um)

Figure 9. Variation of oil particle size in the bearing cavity under different injection pressures (the
rolling elements are divided into 10 layers).

According to the comparative analysis of Figures 8 and 9, when the rolling body is
stratified into six layers, the volume of larger oil particles exhibits a significant decrease over
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time with changes in pressure. In contrast, when the rolling body is divided into 10 layers,
the variation in the volume of larger oil particles occurs more gradually in response to
pressure changes. With the change of pressure, the rolling elements are differently layered,
and the particle size of the oil also changes, so the oil atomization in the cavity is not all
the same.

5. Test Verification
5.1. Test Sample Selection

The LYC7306C angular contact ball bearing was used as the test bearing. The specific
parameters of the test bearing are shown in Table 4. The bearing lubricant can be turbine oil.

Table 4. Test bearing parameters.

Parameter Value

Bearing inner diameter 4/mm 30
Bearing outer diameter D/mm 72
Bearing width B/mm 19
Contact angle a/° 15

Groove width/mm 0.65

Groove depth/mm 0.25

Dynamic bearing load rating Cr/kN 32.5

Bearing static load Cy/kN 20.3

A camera from the ACS-1 series of high-speed cameras produced by Japan’s NAC
company was used as shown in Figure 10 to monitor the changes in the size of the oil
droplets in the bearing cavity. The software Cine Viewer Application (Ansys 19.2) was
used, matched with the camera for processing, as shown in Figure 11.

Figure 11. Cine Viewer Application software interface.
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5.2. Test Conditions and Methods

This experiment was conducted using the BGT-1A bearing comprehensive perfor-
mance testing machine. The spindle features frequency conversion speed regulation, and
the test time can be preset, the load is stable, and the computer can automatically record
and save the data. Figure 12 illustrates the improved device of the testing machine.

Filler opening Nozzle

Return opening

Surpeof [erpey

Figure 12. The modified loading and lubrication device.

The test primarily verifies the influence of bearing speed and injection pressure on the
oil film thickness between the bearing rings, and it compares and analyzes the simulation
results to validate their accuracy. Since the bearing operates at a high speed, it generates
more severe vibrations in the test system; therefore, a specific initial load must be applied
to ensure smooth operation of the bearing. To ensure the smooth operation of the bearing,
extensive repeated measurements determined that the optimal axial load and radial load
are 50 N and 100 N, respectively. The nozzle design is adjustable in the vertical direction to
modify the spray angle.

The test bearing was operated for 12 h at a speed of 1000 r/min with an oil supply rate
of 0.07 L/min. Relevant test conditions, including bearing speed and fuel injection pressure,
were adjusted accordingly. A high-speed camera was activated through the tempered
glass of the bearing end cap to capture the trend of oil entering the bearing chamber
via the nozzle. Video processing software (CV 3.6.800) compatible with the high-speed
camera was used to analyze the recorded oil flow. Figure 13 illustrates the principle of oil
injection lubrication.
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Figure 13. Principle diagram of oil injection lubrication.

5.3. Test Results and Analysis

Figure 14 illustrates the variation of the oil particle size ratio in the bearing cavity at a
specific oil supply speed and varying rotational speeds; this change in the particle size ratio
can be used to assess the oil atomization within the cavity. Through comparative simulation
and testing, it was observed that as bearing speed increases, the ratio of larger particles in
the bearing cavity gradually decreases while the proportion of smaller particles increases.
Over time, particle fragmentation occurs, resulting in an intensified oil mist within the
cavity. When the bearing speed is constant, the particle size ratio of larger oil particles in
the simulation data is slightly greater than that in the experimental data, indicating that the
oil particle size in the bearing cavity varies with speed. Furthermore, the data obtained
from the experiment is smaller than that derived from the simulations. This discrepancy
occurs because some oil ejected from the bearing chamber is captured by Flowmeter 2
on the return pipe, leading to a reduced actual oil volume within the bearing chamber.
However, the trends of the simulation and experimental data are generally consistent, and
the error is relatively small, thus validating the effectiveness of the simulation.

—#— simulation data
£ 461 —o— test data

1.0 1.2 1.4 1.6 1.8 2.0 22

n/1 04(r/min)

Figure 14. Variation of the proportion of oil with large particle size in the bearing cavity with speed.

Figure 15 shows the size change of large-particle oil in the bearing cavity under test
conditions when the bearing speed is 2.2 x 10* r/min. It can be seen from the figure that
under the same injection pressure, the proportion of large-particle oil in the bearing cavity
obtained from the simulated data is slightly higher than that from the experimental data.
With the increase in injection pressure, the proportion of large-particle oil in the rolling
bearing chamber increases non-linearly; however, with the continuous increase in injection
pressure, the proportion of large-particle oil in the bearing chamber increases slightly.
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However, the value of the simulated data is slightly higher than that of the experimental
data. The reasons are the same as above, so it will not be described too much.
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Figure 15. The proportion of large-particle oil in the bearing cavity varies with the injection pressure.

6. Conclusions and Prospects

The research in this paper is based on the previous numerical simulation method of

gas-liquid two-phase flow between bearing rings, with further calculations and analysis of
oil atomization in the bearing cavity in the case of rolling element stratification.

1.

After the oil enters the bearing cavity and the rolling elements are stratified, the oil
distribution in the cavity is relatively dispersed. Because of the different stratification
of the rolling elements, the effect on the oil distribution in the cavity is different.
Therefore, it is more intuitive to see the distribution of oil atomization in the bearing
cavity, and it is beneficial to the research of bearing lubrication.

At different speeds and under varying stratification conditions, the number of rolling
elements in the cavity increase over time, while the amount of larger oil particles
decreases. The SMD (Sauter Mean Diameter) of the oil particle size decreases, and the
improved atomization quality is not conducive to the lubrication. However, when
the rolling elements are divided into 10 layers, their increased stratification leads
to smaller vortices forming around them, resulting in a minimal impact on the oil
entering the cavity; thus, the effect on bearing lubrication is relatively minor.

When the bearing is divided into 6 layers and 10 layers at different speeds, the
distribution of large oil particles is not pronounced. As the rotational speed increases,
the amount of oil entering the bearing cavity from the nozzle decreases, leading
to a gradual reduction of large oil particles in the cavity. Additionally, due to the
vortices created by stratification and the rotation of the rolling elements, the larger oil
particles in the cavity are broken down, resulting in a more pronounced atomization
distribution within the cavity. This phenomenon is detrimental to the lubrication of
the bearing.

Under the same time and speed but with varying injection pressures, the rolling
elements may be stratified differently; however, as the injection pressure increases, the
amount of oil in the bearing cavity also increases, leading to a higher proportion of
larger oil particles. Consequently, different injection pressures result in variations in
the size of oil particles within the cavity. An increase in injection pressure is beneficial
for the lubrication of the bearing.

This study opens several avenues for future research to enhance the understanding of

oil atomization and lubrication in rolling bearings:

1.

Atomization Techniques: Investigating various atomization methods can optimize
oil distribution in bearing cavities. Experimental setups should assess how these
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techniques influence droplet size and distribution, contributing to improved lubrica-
tion efficiency.

2. Dynamic Analysis of Layered Elements: Conducting detailed dynamic analyses
of multi-layered rolling elements will clarify their impact on oil distribution and
lubrication performance under different operational conditions.

3. Operational Conditions: Expanding the scope of studies to include diverse speeds,
loads, and temperatures will provide insights into how these factors affect oil atom-
ization and lubrication, leading to better bearing design.

4.  Injection Pressure Optimization: Research should focus on optimizing injection pres-
sure settings tailored to specific applications, developing guidelines that enhance
lubrication by adjusting pressure based on operational requirements.

5. Advanced Lubricants: Exploring advanced lubricants or additives could reveal ways
to improve oil atomization and lubrication performance across varying conditions,
with potential benefits for bearing efficiency and longevity.

By pursuing these directions, we can achieve a deeper understanding of the inter-
play between oil atomization and bearing lubrication, ultimately enhancing mechanical
performance and reliability across various applications.
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