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Abstract: Oil/air two-phase flow distribution in the bearings is the basis for bearing lubrication status
identification and precise thermal analysis of the bearing. In order to understand the fluid behavior
inside the under-race lubrication ball bearing and obtain an accurate oil volume fraction prediction
model. A numerical study of ball bearing with under-race lubrication is carried out to study oil-gas
two-phase distribution inside the bearing, and the influence of several parameters is quantified, like
bearing rotating speed, oil flow rate, oil viscosity, and oil density. The results indicate that the oil
fraction in the bearing cavity between the inner and outer ring shows a periodic distribution along
the circumference direction, and the period is the same as the number of under-race oil supply holes.
Oil distribution alone radial direction is affected by the outer-ring-guiding cage and centrifugal
force, leading to oil accumulation near the outer ring. Different bearing running conditions and oil
characteristics do not change the oil distribution trend alone in circumference and radial direction,
but the difference ratio. Finally, based on the numerical simulation results, a formula for the average
oil volume fraction prediction in the bearing ring cavity is constructed.

Keywords: ball bearing; under-race lubrication; two-phase flow; aero-engine; computational flow
dynamics

1. Introduction

The high-speed roller bearing is the core of the main shaft supporting the structure
of high-speed rotating machines like aero-engine, and its stable and reliable operation is
crucial to ensure the normal operation of the entire engine [1]. With the improvement of the
thrust-to-weight ratio and economy performance of aero-engines, the main-shaft rotating
speed is also increasing, leading to a higher bearing DN (rotating speed (rpm) × inner
diameter (mm)) value and larger bearing heat generation [2]. The challenges of bearing
lubrication and cooling are increasing in the bearing and oil system design. Oil shortages
lead to insufficient lubrication, increased mechanical friction, bearing overheating, and
even oil ignition [3]. On the contrary, too much oil supply could not only increase the
system weight and load but also cause severe fluid viscous friction [4]. Therefore, it is
necessary to accurately understand the behavior of oil within the bearing so as to complete
the precise design of the lubrication system and main-shaft bearing lubrication scheme and
ensure the performance, lifespan, and reliability of the aero-engine.

Traditionally, the main-shaft roller bearing in aero-engines commonly uses jet lubrica-
tion [5]. However, as the bearing DN value increases, the centrifugal force, together with
high-speed rotating rolling elements, makes it difficult for the oil to enter the bearing cav-
ity [6], so under-race lubrication is developed. In under-race lubrication, oil is ejected from
several nozzles and carried by oil scoops connecting with the inner ring. With centrifugal
force caused by high-speed rotation, oil is supplied into the bearing cavity through radial
holes on the inner ring, achieving lubrication and cooling of the bearing. Compared to
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jet lubrication, under-race lubrication provides better lubrication and cooling effects for
high-speed conditions and has been increasingly adopted in modern aero-engine [7].

In high-speed roller bearings, the interaction between the lubricating fluid and the
moving elements causes complex oil-gas two-phase flow within the bearing cavity [8].
Many scholars have conducted extensive research on this topic. As early as 1974, Zaret-
sky et al. [9] experimentally studied the operating characteristics of ball bearings with
contact angles of 20◦ and 24◦ under DN values of 3.0 × 106. The results showed that with
the increase in the total amount of lubricant oil and inner ring cooling flow, the temper-
atures of both the inner and outer rings of under-race lubrication bearings significantly
decreased. Pinel et al. [10,11] conducted an experimental study on the operating charac-
teristics of ball bearings and cylindrical roller bearings with under-race lubrication. They
found a good correlation between the predicted power loss values and the experimental
test values. Parker [12] indirectly derived an estimation expression for the average oil
volume percent inside the ball bearing with jet lubrication based on experimental studies
of thermodynamic characteristics. Cavallaro et al. [13] modified Parker’s [12] formula
for under-race lubrication conditions, taking into account the rotating speed of oil and
changing the inner ring rotating speed to the relative speed between the cage and inner ring.
Hu et al. [14] used the CFD method to study the oil-gas two-phase flow in the jet lubrication
ball bearing. They found that the oil phase distribution inside the bearing is uneven. The
increase in rotating speed would decrease the average oil phase volume fraction, whereas
the effect of the oil flow rate is adverse. Liebrecht et al. [15] investigated the influence of
the location of oil on the total friction torque of a roller bearing with a vertical rotating axis.
Zhang et al. [16] found that as the jet velocity increases, the churning torque decreases,
while as the bearing speed increases, the churning torque increases. Adeniyi et al. [17]
used numerical simulations to study the oil and gas flow between the bearing inner race
and the cage. After leaving the oil inlet hole, the oil forms a wetting area on the inner
surface of the bearing cage, spreading and falling off to both sides. Wu et al. [18] studied
the flow field and temperature distribution of jet lubrication ball bearings by numerical
simulation and experiment. The temperature distribution is affected by the oil volume
fraction, and the higher temperature appears at the position where the oil volume fraction
is lower. Yan et al. [19] used the CFD method to analyze the oil-gas two-phase flow in ball
bearings. Compared with the single nozzle structure, the temperature and pressure of the
double nozzle bearing cavity are relatively low, and the airflow mode of the double nozzle
is more complicated. Gao et al. [20] used the CLSVOF multiphase flow method to track the
oil/air two-phase flow inside the under-race lubrication roller bearing and obtained the
influence of various factors. The results show that there is an optimal oil inlet velocity to
maintain more oil accumulation in the bearing cavity. Jiang et al. [21] studied the oil-air
two-phase flow inside the under-race lubrication ball bearing through CFD simulation and
found that the diffusion degree of oil on the outer ring, cage, ball, and inner ring decreased
in turn. Optimizing the oil inlet hole according to the average oil volume fraction helps to
achieve accurate lubrication of under-race lubrication ball bearings.

In summary, in view of the complicated internal geometry of the bearing and its oper-
ating environment, research on fluid behavior inside under-race lubricating ball bearings is
scarce and early-stage, and the understanding of oil-air two-phase flow inside the bearing
cavity is very limited. The study of oil phase distribution in the bearing is helpful to study
the heat transfer in the bearing. The accurate prediction model for oil volume fraction is
beneficial to the optimization of the oil supplying flow rate for the bearing and bearing drag
and churning loss estimation. As it is quite difficult to accurately obtain oil distribution and
motion behavior in high-speed ball bearings through theoretical or experimental methods,
the numerical simulation method is used in this article. Oil distribution characteristics along
circumferential and radial directions inside the ball bearing with under-race lubrication
are analyzed, as well as the influence of the bearing’s running and lubricating conditions,
such as bearing rotating speed, oil flow rate, oil viscosity, oil density on the oil distribution.
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Finally, a suitable method for estimating the average oil volume percent in the bearing
is established.

2. Model and Method
2.1. Geometric Model

The type of ball bearing used in this article is a deep groove ball bearing, as shown in
Figure 1, including the inner ring, outer ring, spherical roller elements, and the outer ring
guiding cage. The bearing material is generally steel. The specific dimensions of the bearing
are shown in Table 1. There are 6 radial holes in the inner ring arranged uniformly in the
circumference direction. These holes are located on the bottom of the inner ring raceway
and have a diameter of 1 mm. Lubricating oil is supplied to the rotating shaft and flows
into the bearing cavity through these radial holes in the inner ring with centrifugal force.
Therefore, it is much easier for oil to enter the bearing with a higher rotating speed. But,
because the oil does not only have radial motion but circular motion along with the inner
ring, it’s easier for it to escape from both ends of the bearing compared with jet lubrication
in high-speed conditions.
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Figure 1. Geometric model of ball bearing.

Table 1. Structure parameters of the ball bearing.

Structure Parameters Value

Outer race diameter 200 mm
Inner race diameter 133.35 mm

Pitch diameter 167 mm
Width 40 mm

Ball diameter 22 mm
Number of balls 20

Curvature coefficient of inner and outer
raceways 0.52/0.515

2.2. Fluid Domain Meshing

In this article, to capture oil flow and distribution characteristics in bearing cavities
with under-race lubrication, the fluid domain between the inner and outer rings is extracted,
except the solid domain of spherical rollers and the cage. Besides, two circular fluid domains
are added on both sides of the bearing to monitor the oil’s splashing. On account of complex
relative motion inside the bearing, the fluid domain is separated into four parts, as shown in
Figure 2, including the hole region, the ball region, the main fluid region, and the external
fluid region. The hole region has six radial cylindrical channels on the inner ring and
rotates around the bearing center with the inner ring’s rotating speed. The main fluid
region is the cavity between the inner and outer ring, and it rotates with the cage speed to
represent the rollers’ revolution. The ball region consists of 20 hollow spherical domains
with one homocentric roller in each one. The ball region revolves together with the main
fluid region and rotates by its own rotating axis (the connection line of two roller-raceway
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contact points) at the same time. The extended external fluid region is located on both
sides of the main fluid region to provide a reasonable boundary environment for the oil-air
two-phase flow simulation.
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Figure 2. Ball bearing fluid domain.

The software ANSYS2020R1 Mesh is employed to discretize the fluid domain in ball
bearing with under-race lubrication, as shown in Figure 3. Due to the complex internal
structure of the bearing, the entire fluid region is meshed using tetrahedral unstructured
mesh, and the slit in the contact zone is locally refined to improve the mesh quality, such as
the contract zones between balls and inner ring, balls and outer ring, balls and the cage,
and the cage and guide face.
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Figure 3. Computational mesh structure and boundary condition.

In order to exclude the influence of the guiding model on simulation results, three
different mesh models are compared for independence determination. The oil volume
fraction inside the bearing is analyzed, and the result is listed in Table 2. The bearing
rotating speed is 5000 rpm, with an oil flow rate of 3 L/min, oil viscosity of 0.0046 Pa·s, and
oil density of 938.6 kg/m3. It could be found that the calculated results are similar, and to
ensure calculation accuracy with acceptable computational cost, a mesh with 3,143,919 cells
and 598,702 nodes is selected.

Table 2. Mesh independence verification.

Number of Grids Oil Volume Fraction

2,286,395 0.0133
3,143,919 0.0135
4,164,156 0.0136

2.3. Two-Phase Flow Model

The VOF model is used to capture the complex oil-air two-phase distribution character-
istics in the under-race lubrication ball-bearing cavity. It uses a volume fraction function to
represent the location of different fluid-free surfaces and the volume occupied by different
fluids, better capturing the interface between different phases [22]. In the VOF method, a



Appl. Sci. 2024, 14, 3770 5 of 17

volume fraction φoil is used to define the oil phase volume fraction; the volume fraction of
the air phase is (1 − φoil). If φoil = 1, it means that the cell is full of oil; if φoil = 0, it means
that the cell is full of air; if 0 < φoil < 1, it means that the cell is in an oil-air two-phase
mixing state. The volume fraction φoil can be solved by the following equation:

∂

∂t
(φoilρoil) +∇(φoilρoilµoil) = Sαoil +

( .
moa −

.
mao

)
(1)

where ρoil is the oil density,
.

moa is the mass transfer rate from the oil phase to the gas
phase per unit volume,

.
mao is the mass transfer rate from the gas phase to the oil phase

per unit volume, and Sαoil is the source term defined by the volume fraction equation. The
relationship between the volume fractions of the oil phase and gas phase is as follows:

φoil + φair = 1 (2)

The equivalent density and viscosity of oil-gas two-phase can be expressed as follows:

ρ = φoilρoil + (1 − φoil)ρair (3)

µ = φoilµoil + (1 − φoil)µair (4)

2.4. Turbulence Model

The components in the ball bearing have a relatively high-velocity difference when
rotating at high speed, which will form complex turbulent flows in the bearing. Due to the
influence of factors such as large curvature flow and high strain rate inside the bearing, the
RNG κ-ε turbulence model is adopted [23]. The RNG κ-ε turbulence model adapts well to
the VOF model. The turbulent kinetic energy and dissipation rate equations are as follows:

∂

∂t
(ρk) +

∂

∂xi
(ρkµi) =

∂

∂xj

[
αkµe f f

∂k
∂xj

]
+ Gk − ρε (5)

∂

∂t
(ρε) +

∂

∂xi
(ρεµi) =

∂

∂xj

[
αεµe f f

∂ε

∂xj

]
+ C1εGk

ε

k
− ρC2ε

ε2

k
(6)

Among them:
µe f f = µ + µt (7)

µt = ρCµ
k2

ε
(8)

where k is turbulent kinetic energy, ε is turbulent dissipation, µi is time-averaged velocity,
Gk is the generation of turbulent kinetic energy due to mean velocity gradients, µeff is
effective dynamic viscosity, µt is turbulent viscosity, C1ε, and C2ε are constant terms.

2.5. Revolution and Self-Rotation Speed

When the bearing is in motion, the outer ring is stationary, and the inner ring rotates,
while the balls have both revolution and self-rotating speed. The oil supply hole speed is
the same as the inner ring speed, while the main flow region and ball revolution speed are
the same as the cage speed. The cage speed is as follows [24]:

nm =
ni
2

(
1 − D cos α

dm

)
(9)

The rotating speed of the cage relative to the inner ring:

nmi = nm − ni (10)
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Assuming that there is no serious sliding at the contact between the inner ring raceway
and the ball, the linear velocity of the ball at the contact point should be equal to the linear
velocity of the raceway:

vm =
1
2

ωmdm(1 −
D cos α

dm
) =

1
2

ωrD (11)

Since n is proportional to ω, and the Formula (10) is substituted into:

nr = (nm − ni)
dm

D
(1 − D cos α

dm
) (12)

Substituting Formula (9) into Formula (12), the self-rotation speed of the balls is
as follows:

nr =
dmni
2D

[
1 −

(
D cos α

dm

)2
]

(13)

where nm is the cage speed; ni is the inner ring speed; D is the diameter of the ball; α is the
contact angle; dm is the pitch diameter; nr is the ball’s self-rotation speed; nmi is the rotating
speed of cage relative to inner ring; vm is the cage linear velocity; ωm is the cage angular
velocity; ωr is the ball angular velocity.

2.6. Numerical Method

The software ANSYS2020R1 Fluent is used to investigate the complicated oil–air
two-phase flow inside the under-race lubrication ball bearing. In numerical calculations,
the inlet boundary of the computational region is set as a velocity inlet condition, and the
outlet boundaries on both sides of the bearing are set as pressure outlet boundary conditions.
Two assumptions in the calculation process are isothermal conditions and hydrodynamics.
The sliding mesh method is used to simulate the motion of various regions inside the
bearing. At initialization, the gas phase volume fraction of the entire bearing fluid region
is set to 1, and the oil phase volume fraction is set to 0. Air is set as the main phase,
and oil is set as the secondary phase. The type of lubricating oil is Mobil Jet Oil II. The
SIMPLE algorithm is used for pressure-velocity coupling of the two-phase flow inside
the bearing. The pressure term uses the PRESTO! format, and the momentum, turbulent
kinetic energy, and turbulent dissipation rate are discretized using the upwind scheme.
To avoid divergence issues that may occur during the solution of nonlinear equations,
under-relaxation iteration is used. During the calculation process, the inlet and outlet flow
rates of the flow field and the average oil phase volume fraction inside the bearing are
monitored. When the difference in inlet and outlet flow rates is around 1% and the average
oil volume fraction inside the bearing remains basically unchanged, it is considered as
converged, and the calculation is stopped to determine the final result.

3. Results and Discussion
3.1. Distribution Characteristics of Oil and Gas Two-Phase Inside the Bearing

As shown in Figure 4, this is the flow streamline diagram of the moving fluid region
inside the bearing obtained through analysis. The bearing rotating speed is 11,000 rpm, the
oil flow rate is 3 L/min, the oil viscosity is 0.0046 Pa·s, and the oil density is 938.6 kg/m3.
Due to the influence of the cage and ball, the oil enters the bearing and generates a vortex.
Because the ball rotates at a high speed, the oil follows the rotation of the ball and centrifugal
force to move from the cage pocket to the outer ring zone and finally exits from the end face.

As shown in Figure 5, the state of the oil-gas mixture and the oil phase accumulation
process inside the bearing are presented at different times. The amount of oil inside the
bearing gradually increases with time until it reaches a stable state. When the time is
0.0025 s, the oil has just entered the bearing, and there is still very little oil inside the
bearing. As the time progresses to 0.01 s, the oil inside the bearing continues to accumulate.
When the time reaches 0.04 s, the distribution of oil inside the bearing has stabilized. It
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can also be observed from the figure that there is more oil phase distribution near the
under-race oil supply holes, while there is less oil in other positions. The following will
analyze in detail the characteristics of oil-gas two-phase distribution in the bearing ring
cavity and the influence of different parameters.
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3.2. The Effect of Bearing Rotating Speed

As shown in Figure 6, the oil-gas two-phase distribution cloud images inside the
bearing at different bearing rotating speeds are presented. The oil flow rate is 3 L/min, the
oil viscosity is 0.0046 Pa·s, and the oil density is 938.6 kg/m3. At different rotating speed
conditions, the oil is mainly distributed near the outer ring of the bearing. With the increase
of bearing rotating speed, the oil phase inside the bearing gradually decreases. Figure 7
shows the volume fraction of the oil phase inside the bearing along the circumference at
different speeds. The oil exhibits periodic distribution in the bearing, with a period that is
the same as the number of supply holes. The volume fraction of the oil phase is larger near
the supply holes and smaller far away from them. With the bearing rotating speed increases,
the rotating speed of the cage and ball also increases, resulting in a larger centrifugal force
on the oil. The oil velocity inside the bearing becomes faster, making the oil distribution
more uniform, but at the same time, the volume fraction of the oil phase decreases. Figure 8
shows the volume fraction of the oil phase inside the bearing along the radial direction
at different rotating speeds. The oil mainly concentrates near the outer ring, which is
consistent with the cloud image results shown in Figure 6. With the increase of the bearing
rotating speed, the radial distribution of oil inside the bearing remains unchanged. Under
the influence of increased bearing rotating speed, the centrifugal force on oil continues to
increase. Under the guidance of the outer ring, it becomes easier for oil to be thrown to the
outer ring rather than accumulate between the cage and inner ring, resulting in an increase
in the volume fraction of the oil phase near the outer ring.
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As shown in Figure 9, the volume fractions of the oil phase near the inner and outer
rings of the bearing, as well as the average oil phase volume fraction inside the bearing,
are presented at different bearing rotating speeds. With the increase of bearing rotating
speed, both the volume fractions of the oil phase near the inner and outer rings of the
bearing decrease, and the average oil phase volume fraction inside the bearing decreases
approximately linearly. When the bearing rotating speed increases from 5000 rpm to
17,000 rpm, the volume fraction of the oil phase near the inner ring of the bearing decreases
by 66%, the volume fraction near the outer ring decreases by 69%, and the average oil
phase volume fraction inside the bearing decreases by 66%. It can be seen that when the
bearing rotating speed increases, the oil supply should be increased to ensure lubrication
and cooling in the bearing.
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As shown in Figure 10, the ratio of oil phase volume fraction between the zone of outer
and inner rings inside the bearing under different bearing rotating speeds is presented.
With the increase of bearing rotating speed, the distribution difference of oil between the
inner and outer rings decreases. When the bearing rotating speed is 5000 rpm, the volume
fraction of the oil phase near the outer ring is approximately 4.59 times that near the inner
ring. When the speed increases to 17,000 rpm, the volume fraction of the oil phase near
the outer ring is 3.52 times that near the inner ring. This indicates that as the bearing
rotating speed increases, the radial distribution of oil inside the bearing also tends to be
more uniform.
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3.3. The Effect of Oil Flow Rate

As shown in Figure 11, the oil-gas two-phase distribution inside the bearing at different
oil flow rates is presented. The bearing rotating speed is 11,000 rpm, the oil viscosity is
0.0046 Pa·s, and the oil density is 938.6 kg/m3. With the increase in oil flow rate, the oil
phase inside the bearing gradually increases, and it mainly concentrates near the outer
ring. Figure 12 shows the volume fraction of the oil phase inside the bearing along the
circumference at different oil flow rates. Under the action of the cage and balls, the oil
gathered at the supply holes increases with the increase of the oil flow rate. The fluctuation
of the oil volume fraction along the circumference increases, and the uniformity decreases.
The radial distribution of oil inside the bearing remains unchanged, mainly concentrated
near the outer ring (as shown in Figures 13 and 14). The distribution gap between the outer
and inner rings of oil increases with the increase in flow rate, as shown in Figure 15. The
decrease in the lubricating oil flow rate will lead to insufficient lubrication of bearings, and
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it is difficult to take away the heat generated; the increase in oil flow rate will lead to an
increase in fluid viscous friction. Therefore, for the oil flow rate, it is necessary to ensure
lubrication while taking away the heat generated by the bearing.
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3.4. The Effect of Oil Viscosity

The viscosity has a significant impact on the flow performance of oil. As shown in
Figure 16, the oil-gas two-phase distribution inside the bearing at different oil viscosities is
presented. The bearing rotating speed is 11,000 rpm, the oil flow rate is 3 L/min, and the
oil density is 938.6 kg/m3. With the increase of oil viscosity, the volume fraction of the oil
phase inside the bearing slightly increases and remains concentrated near the outer ring.
The circumferential distribution of the oil phase inside the bearing tends to be more uniform
as the oil viscosity increases, as shown in Figure 17. As shown in Figures 18 and 19, with the
increase of oil viscosity, the volume fractions of the oil phase near the inner and outer rings
of the bearing, as well as the average volume fraction of the oil phase inside the bearing, all
increase. More oil gathers near the outer ring of the bearing. However, compared to the
bearing rotating speed and oil flow rate, the oil viscosity has a less significant impact on the
volume fraction of the oil phase inside the bearing. There is a trend of decreasing and then
increasing differences in oil distribution between the inner and outer rings of the bearing
(Figure 20). The decrease in oil viscosity will affect the lubrication effect of the bearing, and
the increase in oil viscosity will lead to the increase of fluid viscous friction. Therefore, the
viscosity of lubricating oil should also be kept in a reasonable range.
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3.5. The Effect of Oil Density

Even under large pressure and temperature variations, the density of oil does not
change significantly. Within this range, the oil-gas two-phase distribution inside the bearing
remains unchanged, as shown in Figure 21. The bearing rotating speed is 11,000 rpm, the
oil flow rate is 3 L/min, and the oil viscosity is 0.0046 Pa·s. Within the range of oil density
variations, the distribution of the oil phase inside the bearing remains basically unchanged,
including circumferential distribution (Figure 22) and radial distribution (Figures 23 and 24),
with the oil phase volume fraction of the outer ring being approximately 3.71 times that of
the inner ring. (Figure 25)
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3.6. Fitting of the Formula for the Average Oil Volume Percent Inside the Bearing

The average oil volume percent inside the bearing is the basis for judging the lubrica-
tion state of the bearing and is also the foundation for analyzing the fluid viscosity friction
of the bearing. In order to predict the oil distribution inside the under-race lubrication ball
bearing at different operating conditions, a multiple linear regression method is used to
fit and establish an estimation method for the average oil volume percent in the bearing
ring cavity. Through the above analysis, due to the insignificant impact of oil density
changes on the average oil volume percent, only the effects of three sensitive parameters,
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namely bearing rotating speed, oil flow rate, and oil viscosity, were considered. The fitted
expression is as follows:

Xoil = 1593
Q0.949µ0.117

N0.875 (14)

where Xoil is the average oil volume percent inside the bearing; Q is the oil flow rate,
expressed in L/min; µ is the oil viscosity, expressed in Pa·s; N is the bearing rotating speed,
expressed in rpm.

As shown in Figure 26, this is a comparison of the calculated results obtained using the
formulas mentioned in this paper with those in references Parker’s [12] and Cavallaro’s [13].
It can be seen from the figure that the results obtained using Parker’s [12] formula are
higher than those obtained using the other two formulas. This is because Parker’s [12]
formula provides an estimation expression for the average oil volume percent inside jet
lubrication ball bearings, while Cavallaro’s [13] formula is more suitable for under-race
lubrication bearings. In this case, the expression provided in this paper is considered
reliable as it is in close agreement with Cavallaro’s [13] formula.
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4. Conclusions

In this paper, the problem of oil-gas two-phase flow inside the under-race lubrication
ball bearing is studied using numerical simulation. The effects of factors such as bearing ro-
tating speed, oil flow rate, oil viscosity, and oil density on the oil-gas two-phase distribution
and average oil volume percent inside the bearing are investigated. Finally, a numerical
analysis-based calculation method for the average oil volume percent inside the ring-race
lubrication ball bearing is developed. The following conclusions are drawn:

(1) In the under-race lubrication ball bearing, the oil phase exhibits a periodic distribution
along the circumference, with a period that is equal to the number of supply holes.
The oil phase is more abundant near the supply holes and decreases in abundance as
it moves away from them. In the radial direction, due to the centrifugal force and the
outer ring guiding cage, the oil phase is mainly concentrated near the outer ring.

(2) With the increase of bearing rotating speed, the oil phase tends to distribute more
evenly in both the circumferential and radial directions inside the bearing. As the oil
flow rate increases, the oil within the bearing exhibits greater fluctuation in both the
circumferential and radial directions. As the oil viscosity increases, the oil distributes
more evenly in the circumferential direction, but the radial distribution uniformity
decreases. Oil density does not significantly alter the oil distribution characteristics
within the bearing.



Appl. Sci. 2024, 14, 3770 16 of 17

(3) With the increase of bearing rotating speed, the oil phase volume fractions near the
inner and outer rings of the bearing gradually decrease. The increase in oil flow rate
will gradually increase the volume fraction of the oil phase near the inner and outer
rings of the bearing, with more oil accumulating around the outer ring compared to
the inner ring. The increase of oil viscosity will also increase the accumulation of oil
phase near the inner and outer rings of the bearing, but the difference in oil phase
between the two regions experiences a process of first decreasing and then increasing.
The oil density basically does not change the oil phase distribution near the inner and
outer rings.

(4) The average oil volume percent in the bearing ring cavity is primarily influenced by
three parameters: bearing rotating speed, oil flow rate, and oil viscosity. The change
in oil density has a relatively small range and can be neglected when estimating the
average oil volume percent.
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Notation

.
mao mass transfer rate from the gas phase to the oil phase per unit volume
.

moa mass transfer rate from the oil phase to the gas phase per unit volume
Sαoil source term defined by the volume fraction equation
φair air phase volume fraction
φoil oil phase volume fraction
C1ε, C2ε constant terms
D ball diameter
dm pitch diameter
Gk generation of turbulent kinetic energy due to mean velocity gradients
k turbulent kinetic energy
ni inner ring speed
nm cage speed
nmi rotating speed of cage relative to inner ring
nr ball’s self-rotation speed
vm cage linear velocity
α contact angle
ε turbulent dissipation
µoil oil viscosity
µair air viscosity
µeff effective dynamic viscosity
µi time-averaged velocity
µt turbulent viscosity
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ρair air density
ρoil oil density
ωm cage angular velocity
ωr ball angular velocity
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