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Abstract: Grease-lubricated rolling bearings transition from the churning phase to the channeling
phase. This transition property affects grease life and torque properties. Therefore, the relationship
between grease yield stress and grease degradation during operation, which affects this transition,
has been investigated. However, there have been few studies on grease flow that affects the transition.
In this study, the mechanism of grease reduction on the races was investigated for small bearings
operated at low speeds, where thermal degradation and softening of the grease are less likely to
occur. It was inferred that the grease transfer to the cage affects the channeling transition and that the
amount of transfer varies depending on the initial grease viscosity. These findings can be applied to
grease composition and cage design and are useful in providing bearings with excellent low-torque
characteristics, such as in industrial motor applications.
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1. Introduction

To achieve carbon neutrality, rolling bearings are increasingly shifting from oil lu-
brication to grease lubrication [1]. Grease has complex rheological properties [2,3]. The
frictional torque of bearings with grease lubrication is different from that of bearings with
oil lubrication [4]. With grease lubrication, the torque varies greatly depending on the
lubrication state, which can be either in the churning phase or the channeling phase [5,6].
In the churning phase, the grease is stirred due to the rotational movement of the bearing
induced by the rolling elements and the cage. This stirring leads to an increase in fric-
tional torque. In the channeling phase, most of the grease in the bearing is not in the area
traversed by the rolling elements and cage [7,8]. As a result, there is less stirring of the
grease, and the torque is low [9]. In the initial stages of operation, bearings filled with
grease are typically in the churning phase. Over time, the grease is gradually displaced
from the area traversed by the rolling elements and cage. Eventually, the lubrication state
transitions from the churning phase to the channeling phase [10]. In the channeling phase,
the amount of lubricant near the contact point of the bearing is stable if the effects of grease
degradation, such as evaporation and thickener fiber degradation, are not considered [11].
However, the amount of lubrication changes before the transition to the channeling phase.
Therefore, this transition can affect the efficiency of machinery and equipment. It is thus
desirable to use grease that can quickly transition to the channeling phase after the start of
the bearing operation. Oil bleeding characteristics can be improved by reducing the grease
channeling transition time in the bearing [12].

The channeling transition has been studied in relation to the rheological properties of
greases, and it is widely known that the yield stress of the grease affects the transition [13].
In general, grease undergoes softening and thermal degradation during the churning
process. The churning phase is assumed to end when the shear force of the grease at the
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bearing becomes less than the yield stress of the grease. Cann [14] showed that shear
disrupts the network structure of the thickener during operation and softens the grease.
The rate of degradation and change in the microstructure of these greases depends on the
energy input to the grease. Thus, Chatra et al. used atomic force microscopy (AFM) to
measure the yield stress of grease before and after stirring and correlated it with changes in
microstructure [15,16] and found that the loading energy density and heat transfer entropy
density affect the thermal and mechanical degradation of grease [17]. Methods have also
been proposed to evaluate the degree of grease degradation. Acar et al. [18] and Zhou
et al. [19] estimated yield stress as a function of energy using the Arrhenius equation
and provided grease degradation parameters. Osara et al. [20] also applied fundamental
thermodynamics to grease to derive its characteristic material properties, including yield
stress, and the channeling transition process due to grease degradation is becoming clearer.
On the other hand, for bearings operated at small and/or low rotational speeds, changes in
grease properties due to shear and thermal degradation caused by stirring are expected to
be small. Therefore, it can be inferred that the channeling transition is highly dependent
on the grease flow due to the initial grease characteristics and the bearing geometry. Cen
etal. [21] applied the theory of oil lubrication [22] and showed that the torque characteristics
during operation change depending on the base oil viscosity, rotational speed, and the
size of the contact point between the balls and raceway ring. It has also been shown that
the initial grease-filling amount [16] affects the channeling transition. However, there are
still many unknowns regarding the detailed flow of grease in the bearing leading to the
channeling transition and its relationship to grease viscosity, which must affect the flow.

The purpose of this study is to clarify the relationship between grease flow and grease
viscosity characteristics that affect the channeling transition for small bearings operated at
low speeds. Bearings operated under such conditions are less affected by changes in grease
properties due to grease degradation and grease flow due to centrifugal force. Therefore,
the channeling phase transition was considered to depend on the reduction of grease on
the bearing race. To understand the mechanism of this grease reduction, a model of grease
reduction near the contact point was constructed based on observations of grease on the
bearing race and cage after operation. Grease flow was then simulated, and the effect of
grease viscosity properties on the flow was examined. Finally, the grease reduction model
was validated by examining the relationship between the channeling phase transition time
and grease viscosity properties using 12 grease types with different base oil viscosities and
thickener types.

2. Proposed Mechanism of Transition to Channeling Phase in Bearings
2.1. Observation of Grease Flow in Bearing

For small bearings operating at low speeds, the shear forces acting on the grease are
small, so the increase in bearing temperature and grease degradation are almost negligible.
Consequently, the effect of the lower yield stress of the grease on the channeling transition
is minimal. In addition, the centrifugal force due to bearing rotation is small and does not
affect grease flow. Therefore, the lubrication condition of the bearing is determined by the
flow of grease in the space through which the balls pass. To identify the factors affecting
the channeling transition, grease flow in the bearing was observed.

Figure 1 shows the bearing operating equipment, and Table 1 shows the test conditions.
The testing equipment is designed to apply load from the axial direction, and the frictional
torque during operation can be detected by a load cell. The thrust ball bearing (NTN 51204)
is used for testing and could be easily disassembled for observation. The materials of the
test bearing are steel for the rings and balls and glass-fiber reinforced nylon for the cage.
The ball diameter is 9/32 inches, and the P.C.D. (pitch circle diameter) of the ball is 30 mm.
The sample grease consisted of polyolester base oil and urea thickener. Figure 2 shows the
grease distribution in a raceway after testing. Branch-shaped grease residue remained in
the race. Grease accumulated on the ring shoulder along the direction of the ball rolling.
The latter grease arrangement was not observed in element tests, such as the ball-on-disk
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test [23]. It is thus assumed that the grease flow depends on the geometry of the bearing.
The bearing cage also affects the grease flow. Therefore, the influence of these factors on
grease reduction in the race was investigated.

Table 1. Test conditions for grease flow observations.

Bearing 51204
Rotational speed (min~1) 1200
Time (s) 100
Axial load (N) 20
Grease amount (g) 0.1
Room temperature (°C) 25
; —] Load
| !
I 1
T !
| ! H
| ! |
| | | %
Hydrostatic guide [ —1 || i Test bearing
i e ] '
i e ;] Load cell
: 1 ’
[ 1

Figure 1. Bearing operation test equipment.

Shoulder Race Shoulder
| | [
e
i

Branch-like grease distribution

X

Grease accumulation on shoulders
Figure 2. Grease distribution in the raceway after testing.

2.2. Effect of Bearing Shoulders on Grease Flow

Figure 3a shows a diagram of the observed grease flow near the contact point in the
ball-on-disk test, and Figure 3b shows the estimated grease flow near the contact point
based on the remaining grease on the bearing ring shown in Figure 2. In the ball-on-disk
test, the grease near the contact point takes a butterfly shape. In front of the contact point,
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the grease moves in two directions, namely toward and away from the center of the track,
as shown by the arrows labeled “(0” in the Figure, because the clearance between the
ball and the disk becomes smaller toward the contact point. Behind the contact point, the
grease moves in the direction of the arrows labeled “(2” in the Figure, forming a side band
because the clearance becomes larger as the ball rotates. However, in the bearing test, the
grease near the contact point does not take a butterfly shape. Because there is a large space
between the ball and the shoulder, grease that flows onto the shoulder in front of the contact
point accumulates on it. In other words, this grease is not resupplied within the race except
by oil separation. The ring shoulder affects grease reduction near the contact point in the
early stages of bearing operation (i.e., when the race contains a large amount of grease).
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Dis(\gp Ring™~___~~

Grease /

£y o)

Grease

/%

)
|

c Grease flow

~ontact

point . .
Contact point

“
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Grease flow

% ‘ Ball rotation

p—

direction

Ball rotation " f Y
Side ha'nd direction Shoulder Race Shoulder

(a) Ball-on-disk test (b) Bearing test
Figure 3. Schematic diagram of grease flow near the contact point.

2.3. Effect of Cage on Grease Flow

Element tests such as the ball-on-disk test use no cage. A paper [24] has noted the
influence of the cage on grease flow during bearing operation, but the effect of the cage
on the reduction of grease in the race is unclear. To study the effect of the cage on grease
flow, torque measurements were performed for bearings with and without a cage. The test
conditions were the same as those in Table 1. For bearings without a cage, torque increases
due to ball-to-ball contact. However, under these conditions, the torque increase due to this
effect is less than 3% of the total torque and can thus be ignored. Figure 4 shows the torque
measurement results. There was no difference in torque values measured with and without
a cage in the initial 30 s of operation. Thus, it was inferred that the reduction of grease near
the contact point in the early stages of operation depends on grease flow to the shoulder. In
contrast, after 30 s, the torque measured with a cage is smaller than that measured without
a cage.
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Figure 4. Results of torque measurement conducted with and without cage.
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Figure 5 shows the grease on the cage and balls after the test. As shown, grease
accumulated on the cage. This indicates that the grease on the balls was scraped off and
adhered at the pocket edges of the cage. This flow contributes to the reduction of grease
near the contact point. Therefore, when examining the channeling properties of various
types of grease in bearings, it is necessary to consider grease flow due to the cage.

Figure 5. Photograph of grease on cage and balls after test.

2.4. Mechanism of Grease Reduction on Lubricated Surfaces

In previous sections, the reduction of grease near the contact point was shown to be
influenced by the shoulder and cage of the bearing. The flow of grease to the shoulder
strongly depends on the geometry of the balls and races. The amount of grease scraped off
by the cage is inferred to depend on the clearance in the cage pocket and the shape of the
grease residue on the balls. Therefore, we investigated the effect of the shape of the grease
residue on the balls on the amount of grease scraped off.

Figure 6 shows the generation of branch-like grease residue behind the contact point.
The A, B, C, and D in the Figure show the position behind the contact point. Behind
the contact point, the grease elongates mainly in the direction normal to the race due to
the increase in the clearance between the ball and the race. Then, as shown in A, a neck
develops in the grease. As the grease moves to B, the neck becomes thinner due to a further
increase in the clearance. Finally, the grease breaks, as shown in C. The grease adhered to
the ball then reaches the cage as the ball rotates. At this point, the grease on the ball with a
thickness greater than the clearance of the cage pocket is removed by the edge of the cage
pocket, as shown in D.

The steady-state flow behavior of grease exhibits complex strain-response behavior to
stress [25]. In the range of yield stress, grease viscosity decreases rapidly with increasing
shear rate stress, and in the high shear rate range, viscosity asymptotically approaches a
value like that of oil. These changes are influenced by changes in the grease thickener net-
work [26], so the flow differs from grease to grease even at the same shear rate. In addition,
Abdulrazagq et al. [27] have analyzed viscoelastic fluids, such as grease, during elongational
deformation and found that the yield stress threshold, surface tension coefficient, and
viscosity ratio in the material during elongation affect the elongation characteristics. Here,
the grease reduction due to the cage is considered when the deformation of the fluid with
yield stress is conical and parabolic, as in the results of Nelson et al. [28]. Figure 7 shows the
grease shape during elongation. For simplicity, the model is for grease elongation between
parallel disks. In the parabolic case (Case B), the angle of the bottom surface with respect to
the direction of elongation is large and decreases as it approaches the broken surface. This
shape varies depending on the test conditions and the viscosity characteristics of the grease.
The outline shape of the grease when it breaks is assumed to be an ellipse. The angle of the
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bottom grease surface with respect to the direction of elongation is 90°, and the angle of the
break surface is 0°.

Rotational direction

—

Ring

- Grease

Cage pocket clearance

Cage

/"
Grease removed by

Grease Ball ) cage
Ring
A B C D

Figure 6. Generation of branch-like grease residue behind the contact point.

) '717' Elongation

)

Grease removed \

Grease . ’ \
h y. “\ .
: ' z N
’ o . — -
Case A: conical shape Case B: parabolic shape

Figure 7. Grease deformation shape during elongation.

Consider grease reduction due to grease removal by the cage in the conical shape case.
With the initial grease volume denoted as Vjy and the bottom area denoted as A, the grease
height on one side at the first break, &, can be expressed as

_ 3%

=y

)
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Next, assume that the grease with a thickness greater than the pocket clearance c on
one side of the break is removed by the cage. The bottom area of the cone to be removed,
A, can be expressed as

(I’ll - C)ZA
Ac = T 2)
The amount of grease reduction by the cage at the first break, AV, can be expressed as
avy = m=9°A ®)
T a2

Next, consider the amount of grease reduction after the second break. In a bearing,
the grease on the ball and race collects in front of the contact point. It then moves behind
the contact point and elongates again. Therefore, the grease height at the second break, hy,
can be expressed by Equation (6) based on the relationship between Equations (4) and (5).
Here, the area of the bottom surface A is assumed to be constant (i.e., unchanged from the

first break).
Vo— AV, Ahy

=2 (4)

I = > (Vo — AVY) 5)
h _ 3

hy = hy — (12}1120) 6)

Considering that the grease beyond the pocket clearance c is removed, as in the first
break, the second reduction of grease, AV;, can be expressed as

(o —c)°A

AV, =
2 31,2

()
Therefore, the amount of grease present on the balls and races after n breaks, V,,, is

expressed as

" (b, —c)’A

Vi=Vo— )
k=1 3y?

(®)

Now, consider grease reduction due to grease removal by the cage in the parabolic
shape case. The outline of the grease, when it breaks, is a function of the following ellipse:

2
flg) = (1 1= W A o

where the y-axis is the direction of elongation. From Equation (9), the initial grease volume
Vo can be expressed as

h
v
;—}/Fﬁ@f@/ (10)

Under the assumption that grease thicker than the pocket clearance c is eliminated,
the first reduction of grease, AV, can be expressed as

hy
avi = [ i) dy (11)

c
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Therefore, the amount of grease on the ball and race after n breaks, V,, is expressed as

hy
Ve=Vo— ) / 7 fa(y)2dy (12)
k=1 P

Figure 8 shows the relative volume of grease remaining versus the number of elon-
gations obtained from Equations (8) and (12). The initial volume V) is based on a conical
shape at 45° to the direction of elongation, and the pocket clearance c is half the radius
of the bottom area. In both cases, the grease volume decreased as a power law function
of the number of elongations. The conical shape has a smaller decrease in volume than
the parabolic shape. Therefore, it is qualitatively shown that the channeling transition for
rolling bearings depends on the shape of the grease residue behind the contact point. In
bearings, the cage pocket clearance may change depending on the operating conditions.
However, it is inferred that the relationship between the relative channeling properties of
each grease due to differences in flow during elongation is not affected.

T T T : T : T
1' ® Conical shape
o T o Parabolic shape
g I * e ® .
° o e e L
s | o, ]
2051 ° 5 .
© o o
s
@
" 1 " 1 " 1 " 1 "
0O 2 4 6 8 10

Number of elongations
Figure 8. Relative volume of remaining grease versus number of elongations.

3. Material and Method
3.1. Grease Properties for Flow during Elongation

The viscosity of grease depends on shear rate and temperature [29]. Since the subject
of this study is small bearings operated at low speeds, heat generation is low, and the effect
of temperature on grease viscosity is considered negligible. Therefore, grease viscosity
is used as a representative property to simulate the elongational flow by numerical fluid
analysis.

3.1.1. Grease Model

The Cross Power law [30] expressed in Equation (13) is applied to the grease viscosity
property model:
My=0 — Ny=c0
—_— 13
1+ (my)" 13)

where 7 is the apparent viscosity of the grease, 17—« is the viscosity at infinite shear rate,
11y=0 is the viscosity at zero shear rate, m is the time at which the linear behavior changes to
a power law, and 7 is the flow index.

The coefficients of the Cross—Power law for the model used in the analysis are shown
in Table 2. Figure 9 shows the relationship between the shear rate and the apparent
viscosity for each type of grease. The coefficients for Grease A and Grease B were obtained
by measuring the viscosity of the grease using a rotational viscometer (HAAKE MARS,
Thermo Scientific). They differ in viscosity at each shear rate and in the flow index (i.e., the
rate of change of viscosity with respect to shear rate). Grease C was set as the coefficient
whose viscosity is half that of grease A at each shear rate to investigate the effect of
absolute viscosity.

N = Hy=co +
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Table 2. Coefficients of the Cross—Power law.

Sample Grease A Grease B Grease C
1y=0 (Pas) 130,000 70,000 65,000
Ny=co (Pa-s) 0.056 0.056 0.028
m 300 350 300
n 0.94 0.8 0.94
100,000
10,000 |

1000

—_
(=
(=]

Apparent grease viscosity (Pa-s)
=

0 1 10 100 1000 10,000 100,000

Shear rate (s)

Grease A_caluclation model ~——— Grease B_calculation model

Grease C_calculation model ® Grease A_measurement

© Grease B measurement

Figure 9. Relationship between shear rate and apparent grease viscosity.

3.1.2. Grease Elongation Model

OpenFOAM v11 [31], an open-source computational fluid dynamics software, was
used for the analysis. The two-phase interDyMFoam solver developed for dynamic mesh
processing is based on the interFoam solver for static meshes. The governing equations are
the following equation of continuity and the Navier-Stokes equation.

aui .
5 =0 (14)
d(ou;) 0 . 9 0 ouj  Ju; '
o +87c]-(pu]ul) = aTcl—i_aTc] ”(aTcl“LaTc]) + fi (15)

where t is time, f is the external force term, p is density, and  is the viscosity coefficient.

The solver tracks the interface between two fluids using the Volume of Fluid (VOEF)
method [32]. The VOF method is an excellent tool for simulating complex free surface
deformation, including dam break. The solver that deforms the mesh as the rigid body
moves is implemented.

Figure 10 shows the grease elongation analysis model. The analysis is performed
with the top surface fixed and the bottom surface moving until the grease breakage. The
computational domain is the hatched area 0.5 mm from the bottom surface, which is
5° in the circumferential direction relative to the initial grease configuration. To reduce
calculation time, the circumferential cross section is defined to be axisymmetric in the
circumferential direction, and the upper surface is plane-symmetric in the upper direction
of the Figure. Hexa mesh is used for the mesh, and the mesh elements are 30 x 500. The
number of meshes is not changed in the calculation, but a moving mesh is applied in
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which the mesh size increases in the vertical direction as the analysis domain moves. The
elongation speed is set to 5 mm-s~!. Additional analysis is performed at an elongation
speed of 10 mm-s~! for Grease A to investigate the effect of velocity on grease flow. The
grease shape and the shear rate for the grease at each point of the mesh are calculated.

Initial grease placement

$#7.4 mm
Top surface (no slip) . /
N
Imm
osmm [ N\ Y e
Analysis domain ‘ Bottom surface (no slip)
(hatching section) ' 5 0r10 mm-s™!

Figure 10. Analytical model of grease elongation between two disks.

3.2. Channeling Properties of Bearings
3.2.1. Sample Grease

The composition of the greases used in the tests is shown in Table 3. Four types of
base oil and thickener are used. The flow index is determined from the shear viscosity
properties at 25 °C and obtained using a rotational viscometer (HAAKE MARS, Thermo
Fisher Scientific, New York, NY, USA).

Table 3. Composition of greases used in the test.

Kinetic Viscosity of Thickener

Sample Base Oil Worked Flow
Content Rate .
Grease (mm2-s—1 @40 °C) Type (mass%) Penetration Index, n
Al 32 Lithium soap 7.0 241 0.90
A2 72 Lithium soap 7.0 230 0.85
A3 104 Lithium soap 7.0 234 0.80
A4 167 Lithium soap 7.0 215 0.79
Bl 32 Alicyclic 16.0 244 0.80
diurea

B2 72 Alicyclic 16.0 236 0.73
diurea

B3 104 Alicyclic 16.0 206 0.70
diurea

B4 167 Alicyclic 16.0 175 0.68
diurea

C1 ) Aliphatic 9.0 251 0.87
diurea

2 167 Aliphatic 9.0 223 0.78
diurea

D1 32 Aromatic 21.4 298 0.77
diurea

D2 167 Aromatic 214 262 0.69
diurea

3.2.2. Operating Conditions for Bearings

To evaluate the channeling properties of each grease, the torque during bearing
operation is measured. Table 4 shows the test conditions. The groove ball bearing (NTN
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6204) was used for testing. The materials of the test bearing were steel for the rings and
balls and glass-fiber-reinforced nylon for the cage. The ball diameter was 5/16 inch, and
the P.C.D. (pitch circle diameter) of the ball was 34.5 mm. The axial load was 20 N, and the
inner ring rotational speed was 1200 min~!. Grease was sealed on the races of the inner
and outer rings. The amount of grease was about 10% of the total space volume for the
bearing corresponding to that space. Figure 11 shows an example of torque during bearing
operation. The rolling resistance depends on the amount of lubricant at the contact point
between the ball and the race. When the amount of lubricant at the inlet of the contact point
decreases, the oil film decreases, and the rolling resistance, which affects torque, decreases
rapidly. The channeling phase is defined as the bearing operating condition after this
phenomenon occurred. The operating time until this phenomenon occurred is evaluated as
the channeling phase transition time.

Table 4. Test conditions for torque measurements.

Bearing 6204
Rotational speed (min~1) 1200
Axial load (N) 20
Room temperature (°C) 25
Number of tests 2
Churning phase Channeling phase

Torque

Channeling phase transition time

Time

Figure 11. Example of bearing torque during operation.

4. Result and Discussion
4.1. Grease Flow Analysis during Elongation

Figure 12 shows the simulation and experimental results for the grease shape when the
grease breaks during elongation. To confirm the validity of the grease flow in the analysis,
experiments were conducted with Grease A and Grease B using the same system as that
in the simulation. The grease shapes obtained in the analysis and the experiment are in
good agreement. Therefore, the grease flow during elongation could be reproduced by
the viscosity model based on the Cross—Power law. Next, consider the effect of apparent
viscosity on grease flow. The shapes of Grease A and Grease C are almost the same,
including differences in the elongation speed. The grease viscosity properties, except for
the flow index, have little influence on the flow. Grease B has a different flow index than
Grease A and Grease C and, thus, has a different shape.
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Simulation

Experiment

vy
o N

Grease A Grease B Grease C Grease A
5 mm-s! 5 mm-s! 5 mm-s! 10 mm-s!

De
X

Figure 12. Shape of grease when it breaks during elongation.

This difference is evident from the shear rate distribution during elongation, shown
in Figure 13. For an elongation speed of 5 mm-s~!, Grease B flowed more than Grease
A and Grease C. The shear rate near the wall was large only for Grease B, for which the
entire grease flowed, including that near the wall. Since there is a relationship between
shear rate and grease viscosity, as shown in Figure 9, the shear rate distribution in Figure 13
represents the viscosity distribution. For Grease B, which has a small flow index value,
the viscosity ratio near the wall surface and at the maximum neck was small, whereas for
Grease A and Grease C, which have large flow index values, the viscosity ratio was large.
The viscosity ratio caused differences in grease flow. For the same grease, the viscosity ratio
does not change even if the elongation speed and the viscosity change. Therefore, the effect
of elongation speed on grease shape was almost negligible.

Grease A Grease B Grease C Grease A - 10.000

5 mm-s™!

Flow index

Simulation

5 mm-s! 5 mm-s! 10 mm-s!
100
1

.01
Shear rate, 5!

Figure 13. Shear rate distribution during grease flow obtained in simulation.

Figure 14 shows the simulated grease shape when the grease breaks at the flow index
values from 0.7 to 1.0. The values of the coefficients other than the flow index are the same
as for Grease A. The higher the value of the flow index, the smaller the elongation rate.
The breakage shape became conical when the elongation ratio was small and parabolic
when the elongation ratio was small. Thus, the smaller the flow index, the more grease is
removed by the cage, which is inferred to promote the channeling transition in the bearing.

A

0.7 0.94 1.0

hd
A A

Figure 14. Relationship between flow index and grease shape.




Lubricants 2024, 12,13

13 of 16

4.2. Evaluation of Channeling Properties of Bearings

Figure 15 shows the relationship between the channeling phase transition time and the
flow index. The temperature increase for the bearing during the test was less than 1 °C, and
grease degradation was considered to have an effect. A strong correlation (R? = 0.931) was
obtained between the channeling phase transition time and the flow index. The smaller the
value of the flow index, the shorter the channeling phase transition time. This is consistent
with the discussion presented in Section 4.1. Therefore, the rate of change of grease viscosity
with respect to grease shear rate is important for grease channeling properties in bearings
operated at low speeds. In addition, Table 3 shows that for the same base oil viscosity,
the flow index is smaller for greases with higher thickener content. This suggests that the
higher the thickener content, the smaller the viscosity reduction effect on shear rate change
and the shorter the channeling phase transition time.

10,000
=
d y =18,500 x!36 b |
R= R2=10.931 o
= "'
5] R
£ 1000 e .-
‘§ .'u'
= K
i ° 'b [
9 -
g [ ]
& 100 }
&b [ Nad
S s
g
<
[ @] 10 1 1 1
0.6 0.7 0.8 0.9 1

Flow index
Figure 15. Relationship between channeling phase transition time and flow index.

4.3. Relationship between Channeling Phase Transition Time and Rotational Speed

The effect of the bearing rotation speed on the channeling phase transition time is
investigated. The test conditions are shown in Table 5. The rotational speeds are 600, 1200,
and 1500 min—!, and the sample grease is A1 (Table 3).

Table 5. Test conditions for bearing rotation speed test.

Bearing 6204
Rotational speed (minfl) 600, 1200, 1800
Axial load (N) 20
Room temperature (°C) 25

Number of tests 2
Grease Al

Figure 16 shows the channeling phase transition time for each rotational speed. The
channeling phase transition time decreased with increasing rotational speed. From the
simulation results in Section 4.1, the rotational speed is expected to have little effect on
the flow of grease during elongation behind the contact point. Thus, it is assumed that
the channeling properties depend on the number of times the grease on the ball surface is
scraped off by the cage.
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Figure 17 shows the relationship between the total number of inner ring rotations
up to the channeling phase transition and rotational speed. The total number of rotations
was constant regardless of the rotational speed. The results indicate that the grease flow
behind the contact point is independent of rotational speed and that the channeling phase
transition time is determined by the number of times the cage removes grease from the ball.
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Figure 17. Relationship between rotational speed and number of total inner ring rotations up to
channeling phase transition.

5. Conclusions

In this study, the mechanism of grease reduction on the races was investigated for
small bearings operated at low speeds, where thermal degradation and softening of the
grease are less likely to occur. Per the results, the following findings were obtained:

Observation of grease distribution in the bearing after operation showed that grease
accumulation on the bearing shoulder and grease scraping off the ball surface by the
cage affect the transition from the churning phase to the channeling phase of the grease
lubrication state in the bearing. Torque measurements with and without cages indicate that
the transition to the channeling phase was strongly influenced by the reduction of grease
on the race by the cage.

Numerical fluid analysis was conducted based on the assumption that the grease
removed by the cage is influenced by the grease flow behind the contact point between the
ball and the race. The results showed that the elongation flow was dependent on the rate
of change of viscosity with respect to the shear rate of the grease. The channeling phase
transition time in bearings was evaluated and found to be highly correlated with the rate
of change of grease viscosity with respect to shear rate. This indicates that the grease flow
behind the contact point changes the amount of grease removed by the cage and affects
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the channeling phase transition time in the bearing. It was also inferred that the higher the
thickener content of the grease, the lower the rate of change of viscosity with respect to the
shear rate and the shorter the channeling transition.

In summary, these findings can be applied to grease composition and cage design
and are useful in providing bearings with excellent low-torque characteristics, such as in
industrial motor applications.
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