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Abstract: Adding axial groove structures to the surface of bearing inner ring is an effective way to
enhance the bearing lubrication efficiency. In this paper, the angular contact ball bearing H7006C
was taken as the research object, and through visual simulations and quantitative experiments,
systematic analyses and discussions were carried out to find out the relationship between groove-
enhancing performance and working conditions. Firstly, simulation models of standard bearing
and groove-added bearing were established. By combining the Volume of Fluid (VOF) model, the
enhancing mechanism of grooves was found. Secondly, the trend of groove-enhancing performance
with the change of rotation speed was studied through simulations and quantitative experiments.
On this basis, through multiple parameter coupling, the effects of oil supply amount and nozzle
diameter on the groove performance were discussed. The results show that the bottom oil layer is
the key for grooves to achieve the lubrication efficiency enhancement, and its distribution can reflect
the groove-enhancing performance. The groove width that best adapts to the change of working
conditions increases with the increase of oil supply amount and nozzle diameter. To maintain the
stability of bottom oil layer, the nozzle diameter should be larger than the groove width. This research
is of great significance to the application of grooves in the lubrication efficiency enhancement of
high-speed bearing.

Keywords: bearing lubrication enhancement; groove structure; multiple parameter coupling

1. Introduction

The complex motions and collisions of bearing assemblies can seriously affect bearing
performance [1]. Collisions can generate much heat, leading to a large temperature rise.
Keeping bearing well-lubricated can reduce bearing friction loss, control the temperature
rise, and improve bearing performance [2]. Among the common lubrication methods,
jet lubrication is widely used in high-speed working conditions for its high lubrication
efficiency [3]. In jet lubrication, oil or oil-air mixture is normally injected from the nozzle
mounted on the side of the bearing into the bearing cavity, then adheres to the bearing
assemblies or flows into the contact area. However, high-speed and high-pressure vortices
form when the bearing rotates at high speed, preventing oil from flowing into the contact
area, resulting in the decrease of bearing lubrication efficiency [4,5]. In order to improve the
bearing lubrication, several studies from the perspective of the optimization of oil supply
parameters have been carried out. Zhang [6] has studied the influence of different oil
supply amount, number of nozzles, injection speed, and rotation speed on the two-phase
flow field in the bearing cavity and compared the friction torque of the bearing under the
nozzles of different diameters. Taking the bearing temperature as the index, Li [7] and
Zheng [8] have studied the effects of the number of nozzles, rotational speed, and nozzle
diameter on the bearing lubrication efficiency under jet lubrication through experiments.
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Although changing the oil supply parameters is a feasible way to improve the bearing
lubrication efficiency, the oil transfer into the contact area is still restricted by the strong
air flow. Therefore, the way of the optimization of the oil supply structure to improve
lubrication efficiency is gaining much attention. A novel guide-type nozzle designed by
Guo [9,10] can improve the utilization rate of oil for using the capillary force to reduce the
influence of the air core inside the nozzle, so oil at the outlets is of higher velocity and easy
to cross the air curtain inside the bearing cavity. NSK Ltd. has manufactured Spinshot
II nozzle, this type of nozzle injects oil to the surface of the inner ring, which reduces
the influence of intense air flow on the oil transfer into the bearing contact area [11]. A
similar type of nozzle has also been designed by NTN Corporation [12], with this nozzle oil
injected into the counterbore of the inner ring and then transported into the bearing cavity
by centrifugal force. Wang [13] compared the oil-air flow inside the bearing cavity between
the traditional nozzle and Spinshot Il nozzle, the results show that with Spinshot II more
oil accumulates near both contact areas of the bearing. However, the inner-ring-oriented
nozzles are still restricted, while oil has high flow resistance when flowing on the inner
ring surface for its liquid-solid contact with the surface. Several scholars have proposed a
method based on groove structure to further improve lubrication efficiency [14-18]. Yan [15]
established a whole bearing simulation model with some axial groove structures added to
the non-contact area of the bearing inner ring, then compared the lubrication state of the
new bearing and the standard one. The results show that the one with grooves has more oil
adhering to the ball surface. The flow process of oil in the axial groove has also been studied,
it can be divided into three stages dominated by the injection velocity, capillary force, and
viscous force, respectively. Through bearing lubrication performance experiments, the
validity of using groove to improve the lubrication efficiency is also verified [16]. Based on
this, studies on the influences of injection angle, injection speed, and groove width on the
groove-enhancing capacity have been carried out [17,18].

However, previous studies are all single-factor analyses. In fact, the factors interact
with each other and influence groove performance together. In this paper, through the
oil flow simulations and the quantitative experiments, the basic relationship between
rotational speed and groove enhancement performance is found, the influences of bearing
oil supply amount and nozzle size on grooves are discussed, and the changing law of
groove width is found.

2. Analysis of Lubrication Efficiency Enhancing Mechanism of Groove
2.1. Bearing Simulation Model

The H7006C angular contact ball bearing was treated as the research object in this
paper. The axial grooves were evenly added to the non-contact area on the inner ring
surface, as seen in Figure 1a. Due to its periodic geometry, only 1/17 of the model was
taken to accelerate the calculation speed. Meanwhile, in order to monitor the flow of
lubricating oil on the inner ring surface more intuitively and quantify the amount of oil
entering the raceway, the bearing cage and ball were ignored. Through the extraction of
fluidic domain, the simulation models of the H7006C bearing with groove and the standard
H7006C bearing were obtained, as shown in Figure 1b.

The geometrical parameters and of the nozzle and groove and their positional rela-
tionship are shown in Figure 1c. The main parameters of the grooves include the groove
width w and the groove depth h. In this paper, the research mainly focuses on the groove
width w, the groove depth / is set as 0.2 mm. The nozzle whose diameter 4 is 0.5 mm is
located on the side of the bearing, and the axial distance between nozzle and bearing side
D is 0.5 mm and height H is 0.3 mm, and the injection angle is 30° to the horizontal. The
simulation models were divided into unstructured cells by ICEM CFD, and the meshes
near the non-contact area were refined to increase the calculation accuracy.
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Figure 1. The bearing lubrication simulation model. (a) geometry model, (b) simulation model, (c)
parameters and position relationship.

2.2. Boundary Conditions

The calculations were carried out with Fluent. The inner ring of the bearing was set
as a rotating wall, and the outer ring and nozzle wall were set as a stationary wall. The
nozzle was set as mass-flow-inlet with oil amount 1. The other boundaries were all set as
pressure-outlet. The set-up of boundary conditions is shown in Figure 2.

- pressure outlet

mass-flow inlet

- rotating wall

stationary wall

Figure 2. CFD mesh and boundary conditions.

The Volume of Fluid (VOF) model was used to track the oil-air interface, air was
considered as the main phase, while the secondary phase is oil. The physical properties of
oil are listed in Table 1. The standard k-¢ turbulent model was used due to the intense air
flow motion inside the bearing cavity.

Table 1. Physical properties of oil.

Physical Properties Value Physical Properties Value
Density p (kg/m?) 876 Surface tension 7 (n/m) 0.04
Viscosity u (kg/m-s) 0.058 Contact angle 0c4 (°) 52.8

2.3. Oil-Flow-Enhancing Mechanism of Grooves

Figure 3a shows the oil flow distribution on the inner ring surface of standard bearing
and grooved bearing with m = 4 mL/s and bearing rotating speed n = 10,000 rpm. It can be
found that more oil flows into the grooved bearing raceway, which shows that grooves can
certainly improve the axially flowing capacity of oil. Figure 3b shows the oil distribution on
the axial section of the groove of different bearings. Compared with the standard bearing,
oil flows longer, and its velocity decreases more slowly. The oil distribution in the groove
can be divided into two oil layers. The oil in the groove with a lower axial velocity is
named as “bottom oil layer”. The oil with a higher axial velocity, which flows on the top
of “bottom oil layer”, is named as “top oil layer”. Although the oil in the bottom oil layer
cannot flow into the bearing raceway;, it changes the solid-liquid contact when oil flows on
the standard bearing into fluid contact and decreases oil flowing resistance.
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Figure 3. Oil distribution of bearing with m = 4 mL/s and n = 10,000 rpm. (a) Oil flow distribution
on both bearings, (b) oil distribution on the groove axial section.

Since the bottom oil layer in the groove is the key to achieving the enhancement of
bearing lubrication efficiency, its distribution area may affect its oil-flow-enhancing capacity.
The oil distribution on the bottom wall of the groove was taken as the index D,; to evaluate
the enhancing capacity of the groove on bearing lubrication efficiency, which is defined as
follows:

Aot

Dy =
o Agraove

)
where: A,; is the area of the oil distribution on the bottom wall.

Agroove 18 the area of the bottom wall.

Meanwhile, the amount of oil that flows into the bearing raceway was taken as the
other index M,;. Both indexes were acquired through CFD-post, and the methods are
shown in Figure 4.
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raceway entrance

bottom wall of the groove
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Figure 4. Index acquisition methods. (a) D, (b) M.

(b)

Ay is the sum of the areas where the oil volume fraction is no less than 0.5. It should
be stressed that if no bottom oil layer exists in the groove, the index D,; was taken as 0.
For instance, as shown in Figure 5, the oil distribution on the axial section of the groove
is similar to that of the standard bearing, which indicates that only a low amount of
oil can be enhanced by the groove. In this case, oil is more likely to spread and deflect
circumferentially, which is hard for the bottom oil layer to form.

Velocity w
- T - bottomoil

; layer collapses

C, R, T, GO0 Ty T Ny T T
0 %0 "0 "0 "0 0, %, ¥, 0, Qo‘bo

oil can’t be enhanced

Figure 5. The oil flow collapses inside the groove.
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3. Effect of Rotation Speed on the Enhancing Capacity of Grooves
3.1. Simulation Results and Discussion

Figure 6 shows both indexes of different groove widths with the change of bearing
rotation speed, where the bars stand for index M,; and curves stand for D,;. When the
bearing rotation speed is 1000 rpm, the wider the groove is, the larger M,; is. This is
because more oil can be filled in the groove with the increase of the groove width, thereby
improving the efficiency on the oil flow. However, M,; decreases with the increase of the
rotation speed due to the increased centrifugal force and the deflection effect. Besides, the
wider grooves show a more obvious downward trend. The reason is that as the groove
width increases, the restriction of the groove side walls on the oil flow is reduced, oil is
more susceptible to the deflection of the bearing, resulting in the decrease of the stability of
the bottom oil layer, and the drag reduction effect on the top oil layer is greatly reduced,
which can be seen in Figure 4.

1.00
25F - standard
- w = 0.3mm
20F B v = 0.4mm| J0.75
- w =0.5mm
%\0 L5F -w = (.6mm
- [ |w=0.7mm| 40.50 Q‘s
E@
1.0 F
40.25
05F
0.0 ¥ 0.00

4000 7000 10,000 12,000 15,000 20,000
rotation speed(rpm)

1000

Figure 6. Change in the enhancing capacity of different grooves.

From the curves that show the change of D,; with rotation speed, it can be seen that
the at lower rotation speed, D,; is larger with wider grooves, but when rotation speed
increases to 10,000 rpm, no more bottom oil layer exists in the grooves with width w 0.6 or
0.7 mm. The downward trend of D,; is gentler when the width w is 0.3 or 0.4 mm. It can
be seen that the downward trend of M,; is similar to that of D,;, which indicates that the
distribution of the bottom oil layer can reflect the enhancing capacity of the grooves. In
the working conditions described above, the groove with width w = 0.3 mm behaves well
and can adapt to the changes of rotation speed best. This kind of width is called “the most
adaptive width” in the following part of the article. Besides, for each certain rotation speed,
there is an optimal width that has the best enhancing capacity, this is called “the optimal
width” in the following part of the article.

3.2. Experimental Verification
3.2.1. Experimental System

The experimental system is shown in Figure 7a. It was made up of a motorized spindle,
mechanical spindle, electronic balance, oil supply structure, and a simplified bearing inner
ring. The simplified bearing inner ring, called “simplified ring” in the following part of the
article, is divided into the upstair area and the downstair area, as shown in Figure 7b. The
upstair area seen as the non-contact area has grooves and the downstair area seen as the
bearing raceway can collect oil by using oil-absorbing tissue. The ring was installed on the
end of the mechanical spindle. The nozzle of oil supply structure was set at the top of the
ring. The inclination angle between the nozzle and the horizontal plane was 30°. During
the experiments, first, the spindle speed was set to the experimental speed and then the oil
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supply structure was turned on. After 30 min, the increased weights of tissues were treated
as the results, which reflects the flowing capacity of oil. To improve the accuracy of the
results, seven experiments were carried out for each rotation speed of each ring, five from
which with the smallest variance were selected, and the average value of them was taken
as the final result.

nozzle “ PR
& tissue mechanica
;

4 spindle

w
o

 S—
—_—

f clamping
device

Figure 7. Experiment system and the simplified ring. (a) experiment system (b) simplified ring.

3.2.2. Results and Discussion

Several simplified rings were manufactured, including one ring without groove as the
standard bearing, and three rings with different grooves widths, respectively 0.3, 0.5, and
0.7 mm. The increased weights of oil on these four rings were achieved when the spindles
rotated at the speed of 1000, 3000, and 5000 rpm., as shown in Figure 8. The results show
that at each rotation speed, the weight increase of rings with groove widths of 0.3 and
0.5 mm is larger than the weight increase of the ring without groove, which shows that
proper grooves can enhance the oil flow capacity and let more oil flow into bearing raceway.
Secondly, at the same speed, as the groove width increases, the weight increase shows a
trend of first increasing and then decreasing, indicating for each rotation speed, there is an
optimal width for the grooves. The decreasing trend of weight increase of the ring with
a groove width of 0.5 mm is sharper than that of the ring with a groove width of 0.3 mm
with the change of speed. This result shows a similar phenomenon to the simulation one
that the decline of M,; of wider grooves is larger than that of narrower grooves.

300

I standard

B v = 0.3mm
B+ = 0.5mm
[ w = 0.7mm

N

W

(=}
T

(o]
(=3
(=]

increased weights(mg)

1000 3000 5000
rotation speed(rpm)

Figure 8. The increased weights of tissue on different rings.

4. Influence of Oil Supply Situation on the Enhancing Capacity of the Grooves
4.1. Influence of Oil Supply Amount on the Groove Width under Different Rotation Speed
Since oil supply is related to the bearing lubrication performance, it may affect the

enhancing capacity of the grooves. The bars and the curves in Figure 9 represent the indexes
M, and D,; at oil supply amounts of 4 mL/s and 8 mL/s, respectively. As can be seen, at
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each rotation speed, the amount of oil flowing into the bearing raceway increases with the
increase of oil supply amount. The reason is when the oil supply amount increases, the
oil sprayed from the nozzle has higher kinetic energy, which can help resist friction loss,
so that the oil flowing on the non-contact area surface may have a larger axially flowing
speed, thus improving its axial flowing capacity. Besides, more oil flowing into the groove
is beneficial to the form of the bottom oil layer and provides a better drag reduction effect
for the top oil layer. In addition, it can be seen from the downward trend that the most
suitable groove width value increases with the increase of the o0il supply amount, from
0.3 mm at4 mL/s to 0.5 mm at 8 mL/s.

20 1.0 5.0 1.0
B = 0.3mm I+ - 0.3mm
[ = 0.4mm [ = 0.4mm
[ > = 0.5mmfq 0.8 40F B+ - 0.5mmd 0.8
=i - w = 0.6mm w = 0.6mm
= 0.6 = 3.0 0.6\
210 s 2 s
= 04 =20 0.4
0.5
0.2 1.0 0.2
0.0 0.0
4000 7000 10,000 15,000 20,000 4000 7000 10,00015,00020,000
rotation speed(rpm) rotation speed(rpm)
(a) (b)

Figure 9. M,;; and D,;; under different oil supply amounts. (a) Oil supply amount m =4 mL/s, (b)
Oil supply amount m = 8 mL/s.

For D,j, the results show that as the oil supply amount increases, D,; at each groove
width increases. This is because the increase in the oil supply amount can increase the
oil amount of the bottom oil layer in the groove and can supplement the oil that leaves
the groove structure due to the deflection of the bearing, which effectively improves the
dynamic stability of the bottom oil layer. Besides, the bottom o0il layer can form in the
groove with w = 0.6 mm at high rotation speed with oil supply amount increasing and
its upward trend is more obvious than that of groove with w = 0.3 mm, which is owing
to the larger capacity of wider groove for oil to feed in. Therefore, the improvement of
oil-flow-enhancing capacity of wider grooves seems more obvious than the narrower ones.

4.2. Influence of Nozzle Diameter d on the Groove Width under Different Rotation Speed

The change of the nozzle diameter d will affect the oil flow area, so the enhancing
capacity of the groove may also change. The indexes M,;; and D,; at nozzle diameter of 0.4
and 0.6 mm are shown by bars and curves of Figure 10, respectively. The wide groove is
better at low speed, but the downward trend is greater. Besides, M,; of each groove width
at each rotation speed decreases with the increase of nozzle diameter. The reason is that
there is a negative relationship between the nozzle diameter and the sprayed velocity when
the oil supply amount is a fixed value, oil has lower kinetic energy if it is sprayed from
larger nozzles, after it enters the grooves, it will get easier to flow out of the grooves due to
the deflection caused by the bearing rotation, resulting in a shorter bottom oil layer and a
weaker drag reduction efficiency.
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Figure 10. M,; and D,; under different oil supply amount. (a) Nozzle diameter d = 0.4 mm, (b)
nozzle diameter d = 0.6 mm.

For D,;;, at a low rotation speed, the smaller nozzle has a larger D,;; because it sprays
faster oil, which helps the expansion of the bottom oil layer. However, with the increase of
rotation speed, the bottom oil layer of the smaller nozzle is less stable. When the nozzle
diameter is larger than 0.5 mm, the bottom oil layer can form and remain stable in the
groove of width 0.5 mm, but it becomes unstable when the nozzle diameter is 0.4 mm.
Besides, the increase of nozzle diameter results in the increase of stability of the bottom
oil layer in wider grooves, the oil layer under the 0.6 mm nozzle does not collapse until
15,000 rpm, while under other diameters, it collapses at 10,000 rpm. The downward trend
of D,;; at each nozzle diameter is also similar to that of M,;. When nozzle diameter d is 0.4
and 0.5 mm, the most adaptive width of groove is 0.3 mm, but when nozzle diameter d
is 0.6 mm, the most adaptive width of groove increases to 0.4 mm. From the curves, can
we learn that at high rotation speed D,; of groove of width 0.3 mm almost equals that of
groove of width 0.4 mm, ideally the oil which can be enhanced can be seen in Figure 11,
however, for a fixed oil supply amount, the amount of enhanced oil decreases with the
increase of nozzle diameter, this amount becomes the lowest when groove width is 0.3 mm,
resulting in a significant shrink of M,; at high speed. To maintain the stability of the bottom
oil layer, it is suggested that the groove width should be no more than the nozzle diameter.

can’t be
enhanced

can be
enhanced

can be can’t be
enhanced enhanced

groove wall groove wall;

? AL

Figure 11. Simplified schematic diagram of enhanced oil.

5. Conclusions

By analyzing the flow characteristics of oil on the surface of different bearings, the
enhancing mechanism of groove was analyzed. The enhancing capacity of different grooves
was compared through simulations and experiments and the coupling effects of rotation
speed, oil supply amount, nozzle diameter on the enhancing capacity were discussed. The
conclusions are as follows:
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1.  The oil distribution in the groove can be divided into the top oil layer and the bottom
oil layer. The bottom oil layer is the key for groove to achieve oil flow enhancement.

2. The trend of the experimental results is in good agreement with the trend of the
simulation results. Compared with that of the groove of width 0.5 mm, the enhancing
capacity of groove of width 0.3 mm seems more adaptive to the increase of rotation
speed from 1000 to 5000 rpm.

3. The most adaptive width increases with the increase of oil supply amount and nozzle
diameter. To achieve better enhancing capacity, the groove width should be no bigger
than the nozzle diameter.
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